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No knowledge can be certain, if it is not based upon 
mathematics or upon some other knowledge which is itself 
based upon the mathematical sciences. 

-Leonardo da Vinci* (1425-1519) 

 

 

* Leonardo da Vinci was the first one who observed the water 
flow phenomenon in 1509, as elegantly illustrated in his sketch 
“A seated old man and four studies of swirling water”. 
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ABSTRACT 

 

Two aspects on macroscopic mixing in a continuous flow system – metallurgical tundish were 

studied. Specifically, 1) the first focus was on salt solution tracer mixing, which is important 

for tundish design from perspectives of tracer technology and Residence Time Distributions 

(RTD) as well as for the understanding of the macroscopic mixing in tundishes. The different 

amounts of salt solution tracer mixing in a tundish were studied by using both physical models 

and mathematical models. The disturbance of KCl salt tracer on the flow in the tundish with 

respect to different amounts is like the “butterfly effect”, i.e. only a slight increase of the amount 

of tracer, the flow field might be disturbed. This, in turn, will result in a shifted RTD curve. 2) 

The second focus was on Eulerian modeling of inclusions macroscopic transport and removal, 

which is important for tundish design from perspectives of inclusions removal and to provide 

information of macroscopic removal of inclusions. In the study, an approach that combined the 

meso-scale inclusions deposition at turbulent boundary layers of steel-slag interface and the 

macroscopic transport of inclusions in the tundish was used. The theoretical calculation results 

showed that the effect of the roughness on the deposition velocity of small inclusions (radius 

of 1 μm) were more pronounced than that for the big inclusions (up to the radius of 9 μm). The 

dynamic inclusions removal studies showed that the tundish with a weir and a dam exhibited a 

better performance with respect to the removal of bigger inclusions (radii of 5 μm, 7 μm and 9 

μm) than that of the case without weirs and dams. However, the tundish without weirs and dams 

showed a higher removal ratio of smaller inclusions (radius of 1 μm). 
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1. INTRODUCTION 

The industrial tests and usage of tundishes was started in the 1970’s when continuous casting was 

broadly developed to replace the ingot casting. A sketch of tundishes in the continuous casting process 

are shown in Figure 1. Traditionally, the tundish is an intermediate vessel which is placed between a 

discontinuous teeming ladle and a continuous casting mold(s). In this thesis, the studies were focused 

on a single strand tundish for continuous casting of slabs. 

 

 
Figure 1. A sketch of tundishes and continuous casting. 

 

In the early part of the 1980’s, the concept of tundish metallurgy was put forward by Heaslip and 

McLean [1]. The studies and industrial attempts on the fluid flow in tundishes are summarized 

chronologically in Table 1. Also, the studied parts in this thesis are noted in the table. In the following 

text, the research activities during each decade will be highlighted. 

{1} Decade 1970 to 1980. 

Some pioneer work was carried out to study the fluid flow in tundish by water model experiments [2]. 

{2} Decade 1980 to 1990. 

The tundish metallurgy was developed as summarized in review papers [3-4] and in a book [5]. Besides, 

there are many publications on water models [5-15], mathematical models [16-28] and industrial trials [29-34]. 

The water models on flow in tundishes were widely studied with focus on slag entrapment [7] and 

inclusions removal [8,9,12-15]. Meanwhile, the CFD (Computational Fluid Dynamics) model studies on 

tundishes began in 1985. The earliest publications on simulations of macroscopic transport and removal 

of inclusions by Lagrangian approaches and by Eulerian approaches could be dated back to Debroy and 

Sychterz [16] in 1985 and Tacke and Ludwig [22] in 1987, respectively. It is worth to mention that Szekely 

and co-workers contributed a lot to the early CFD simulations of flows in tundishes [5,20,21,23-26] and also 

to simulations on secondary refining reactors [35]. 

The industrial trials were focused on optimization of the flow in tundishes [3,29,32], investigations on 

inclusions removal [3,31], usage of ceramic foam filters [34] and gas bubbling in tundishes [3,14,27], and 

application of induction heating [30], plasma heating [33], and electromagnetic stirring [24-25] in tundishes. 

{3}Decade 1990 to 2000. 

The development of tundish metallurgy was summarized in several review papers [36-41]. The water 

models and CFD models were summarized by Mazumdar and Guthrie [41]. The industrial issues were 

summarized by Marique [37]. Besides, different configurations of slab tundishes were reviewed by Wolf 
[39]. 

The water models [42-50] were continuously developed. The focus were on inclusions removal [46,48,50] and 

gas bubbling [45,48] in tundishes. On the other hand, many studies were focused on the design of flow 

control devices [39,51-56] in tundishes. The design of turbulence inhibitor [54-56] (or turbo stopper) was a 

success. Meanwhile, the centrifugal flow tundish [57-58] was designed. 

Tundish

Ladle

(a) Vertical slab casting

Ladle

Tundish

(b) Multi-strand casting
Billets, Blooms, Round, Beam-blank
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In this decade, the macroscopic mixing in tundishes were widely and deeply studied. The focus were on 

the buoyancy flow which arise from 1) the density difference in water models between the salt solution 

tracer and water, e.g. in the work [59,60] and 2) the temperature difference between steel in the teeming 

ladle and steel in the tundish with respect to the start of a new ladle as well as at the end of an old ladle, 

e.g. in the work [61-72]. Besides, many studies were focused on the inter-grade mixing [73-83] in tundishes 

and moulds with respect to the chemical concentration change. In addition, the alloy trimming in 

tundishes were studied [43,84]  and reported [85]. 

The studies on CFD model were also developed. The focus were on the macroscopic transport and 

removal of inclusions either by Eulerian approaches [86-91] or by Lagrangian approaches [83,92-95]. It is 

worth to mention Miki and Thomas’s [90] work which greatly improved the knowledge on inclusions 

collisions and inclusions removal in tundishes. Besides, the free-surfaces in tundishes were simulated 

by Yeh et al. [96]. 

Attentions were also paid on the transient operation phenomena [97], e.g. the flow during an initial filling 
[98], the temperature control during a ladle change [99] as well as the inter-grade mixing. 

The cleanliness of steel during tundish operations were deeply studied based on many industrial tests 
[100-116]. The contamination of steel by the acid tundish slag [107-109], refractory [110] and re-oxidation from 

air [111-116] were emphasized. In addition, optimization of the chemical composition of tundish slags were 

studied [107-109]. 

{4} Decade 2000 to 2010. 

The development of tundish metallurgy were summarized in a review paper by Chattopadhyay et al. 
[117], in a chapter by Schade [118] and in a book by Sahai and Emi [119]. 

The important developments in tundish metallurgy were mainly on the slag entrapment and transient 

operation issues. The ladle slag carry-over to tundish was reported [120-121]. The slag entrapment in 

tundishes were studied via CFD modeling and industrial sampling analysis by Solhed et al. [122-124]. Also 

some studies [125-129] reported the use of the Volume-of-Fluid (VOF) model to study the slag eye in 

tundishes. Among them, the slag eye has been studied by the use of oil-water physical models [127,129]. 

The CFD models were greatly developed in this decade. CFD models with validations of velocity 

measurements from water models were extensively studied by the RWTH Aachen group [130-138]. Also, 

a general guidance for CFD simulations of tundishes was put forward [136-137]. Moreover, some studies 
[136,139-143] focused on the comparison of the predictions by different turbulence models. Besides, the 

turbulent structure e.g. the horse shoe vortex in tundishes were illustrated [132,133,144]. The trajectories of 

inclusions simulated by the Lagrangian method were extensively studied [145-153]. It is worth to mention 

Rückert et al.’s [153] work, which focused on a modified description of the inclusions separation from the 

top surface in tundishes. 

The studies [154-160] on inter-grade mixing for plain carbon steel grades were continued. Meanwhile, the 

tundish operations for special steel grades were developed from the perspectives of design of flow 

control devices [161-162] and practical issues [118,163]. 

Besides, there were a great number of publications that focused on 1) the Residence Time Distribution 

(RTD) of the tracer in water models with respect to different flow control designs and 2) CFD simulation 

of the flow in these designs. These studies were summarized in a review paper [117]. 

In addition, some studies focused on unexpected operations, e.g. the influence of the submerged depth 

of the inlet [164], off-centered inlet stream [165], dam worn [166] and nozzle blockage [138,149,150,166] etc. on 

the fluid flow in tundish. 

{5}From 2010 to 2015. 

The industrial interests were to combine the sensors monitoring, sampling analysis, CFD, and water 

models as process design and control tools [167]. It seems that the major problems related to tundish 

metallurgy research had somehow been solved. Most of the work during these 5 years were similar to 

the studies presented during the past decades, except for some slight modifications or extensions. It is 

worth to mention the works that focused on the drainage of tundish [168], inclusions during transient 

operations [169], the re-oxidation of steel in tundish [170-171], the design of chemical composition of the 

tundish slag [172], the assessment of turbulence models combined with VOF model in a tundish [173] and 

the study on entrapment of slag in a tundish during transient operation [174]. Besides, the studies on 

unexpected operations were continued, e.g. a misalignment of ladle shroud [175], an influence of the argon 

flow rate at the inlet on the slag entrapment in tundish [176] and the influence of the submerged depth of 

the inlet [177] on the fluid flow in tundishes. 
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Table 1. A summary of the previous studies focusing on tundish metallurgy. 

Category Time Aspects References note 

Industrial 

Aspects 

1970-1980 Start to use tundish and some industrial experiments.  [2]  
1980-1990 New tundish technologies, and sensors & monitoring 

techniques were greatly developed. 

[3,4,29-34]  

1990-2000 Improve of the cleanliness in tundish. 

Design of different shapes of tundishes and different 

flow control devices in tundishes. 

[37,39,100-116]  

2000-2010 Maintain good cleanliness for transient operation stages. [118,120-121,126]  
2010-2015 Combined Sensors monitoring + Sampling + CFD 

+Water models as process design and control tools. 

[167]  

Water 

models 

and CFD 

models in 

general 

1980-1990 Earlier pioneer attempts on water modeling. [2,5-15]  
1985-1990 Earlier pioneer works on CFD simulations of the fluid 

flow and inclusions removal in tundish. 

[16-28]  

1990-2015 A great numbers of studies to test the new flow control 

devices by water models and CFD simulations. 

[39,41,51-56, 117]  

2001-2010 Water modeling studies focusing on velocity 

measurement and their CFD validations. 

[130-138]  

2003-2015 Assessments of turbulence models on the predictability 

of flows in tundishes. 

[136,139-143,173] *1 

Specific 

phenome

nological 

studies 

1983-2015 Gas bubbling in tundishes. [3,14,27,45,48]  
1984-2015 Inclusions removal from the top surface of tundishes by 

water model and CFD simulations. 

[8,9,12-16,22,25, 

46,48,50,86-95] 
*2 

1985-2013 Tundish flux composition design. [3,107-109,172]  
1986-2014 Induction heating and plasma heating in tundishes. [30,33]  
1988-2000 Electromagnetic stirring and centrifugal flow in tundish. [24,25,57,58]  
1990-2008 Studies on the inter-grade mixing. [73-83,154-160]  
1990-2015 Alloy trimming in tundishes. [43,84,85]  
1991-2000 Studies on the buoyancy effect from temperature 

difference in steel systems. 

[61-72]  

1992,1995 Studies on the buoyancy effect from tracer density 

differences based on water modeling studies. 

[59,60] *3 

1992-2000 CFD simulation on the free surface of fluid (water or 

steel) in tundish. 

[96,173]  

1992-2015 Transient operation phenomena: initial filling, refilling, 

and drain processes in tundishes. 

[97-

99,132,168,174] 
 

2001-2015 Water-oil model and CFD models on the slag eye near 

the inlet area of tundishes, and the slag entrapment in 

tundishes. 

[122-129,174]  

2002-2015 Some ignored aspects on the industrial operation in 

tundishes, e.g. submerged depths of the inlet, 

misalignment of the ladle shroud, nozzle blockage, and 

dam worn etc. 

[138,149,150,164-

166,175-177] 
 

*1: Part of the focus in Supplement III. 

*2: The focus of Supplements IV and V. 

*3: The focus of Supplements I, II, and III. 
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On reviewing from the literatures, it seems that some important aspects are missing in the published 

work. Specifically, 1) the issue of a water model and CFD model of salt solution tracer mixing, which 

is important for tundish design from a RTD perspective as well as for the understanding of the 

macroscopic mixing in a tundish and 2) the issue of Eulerian model of inclusions transport and removal, 

which is important for a tundish design from an inclusions removal perspective as well as to provide 

information of the macroscopic removal of inclusions in industrial operations. The topics of this thesis 

are summarized in Figure 2. 

 (1) Tracer mixing. First, researchers were aware of the strong sink flow which is induced by the salt 

solution tracer, as addressed by Damle and Sahai [60] in 1995. However, still the tracer, e.g. KCl, NaCl 

solutions have been widely used in water models during the past 20 years regardless of the effect of its 

density on the flow. Thus, an estimation of a proper/safe amount of the tracer for water modeling 

experiments is required. Thus, to determine what amount of salt tracer is reasonable to use and if it 

fulfills the condition that the tracer should not disturb the flow in tundish? That is the main motivation 

of supplement I. Second, since the salt tracer are invisible in water, the flow behavior of the denser 

tracer is unknown and cannot be measured. It requires an accurate CFD model study that mirrors the 

reality of the denser tracer flow, to perform this study. However, the density and other properties together 

with the exact amount of salt tracer were not considered in most of the CFD simulations for the RTD 

studies. The motivation of supplement II is to establish a reasonable CFD model and to determine what 

the flow looks like for the denser salt tracers with respect to different amounts of tracers. Third, after 

comparing the measured and calculated RTD curves, it was found that the current CFD models showed 

a good agreement for bigger amounts of salt tracers. However, the result was not acceptable for small 

amounts of salt tracers. Thus, to improve CFD model simulations for small amounts of salt tracer is the 

motivation of supplement III. To achieve this, different methodologies for modeling of turbulence were 

used. Besides, the results were compared to the experimental RTD curves as an assessment of turbulence 

models, as is pointed out in Table 1. 

(2) The importance of the removal inclusions in tundish is well known. However, the deposition of 

inclusions at the turbulent boundary layer of steel-slag interface in tundish has not been well understood. 

To the author’s knowledge, the first and possibly the only study on this topic is from Jonsson [178]. In the 

work, a free-flight Eulerian deposition model was used to heuristically study the inclusion deposition at 

the steel-slag interface and at the walls in a tundish. The motivation of supplement IV is to improve the 

understanding on this issue. To achieve this, the friction velocity at the steel-slag interface was estimated 

by CFD simulation. Thereafter, the friction velocity was used in a unified Eulerian deposition model. 

Previously, in macroscopic Eulerian CFD models the removal rate of inclusions to the slag in tundishes 

were usually described by the Stokes rising velocity multiplied by the mass concentration of inclusions 

and the area of the surface. This approach was firstly put forward by Tacke and Ludwig [22] in 1987. To 

improve the understanding of the inclusion removal in tundish was the motivation of supplement V. To 

achieve this, the Stokes rising velocity was replaced by the deposition velocity that was calculated from 

supplement IV. 
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Figure 2. Scope of this thesis. 
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2. METHODOLOGY 

2.1 Water modeling study 

The experimental apparatus are shown in Figure 3. A schematic diagram is shown in Supplement I 

(Fig. 3). The geometry of the water modeling tundish is shown in Figure 4 (a). The tracer technology 
[179] and Residence Time Distribution (RTD) curves were studied. More details on the water model 

procedure (stimulus-response) and tracer technology were documented in Supplement I and in 

Supplement III, respectively. The studied salt tracer amounts were 50, 75, 100, 150 and 250mL and 

the water volume in the tundish were 248L. 

 

 

Figure 3. Photo of water model experiment apparatus. 

 
Figure 4 (a). Geometry of the water model of a tundish (all size are in mm). 

 
Figure 4 (b). Geometry of the tundish used in the CFD model. 

 

Ladle

Tundish

Volumetric 
Flowrate 
Meters

Data 
recorder

Computer

Plexiglass Tundish



7 

 

2.2 CFD model and numerical model 

The geometry of the tundish for tracer mixing study (Supplement II and III) was identical to the 

geometry in Figure 4 (a). In addition, the geometry of the tundish for liquid steel and inclusions study 

(Supplement IV and V) was 2.5 times enlarged compared to the water modeling tundish in Figure 4 

(a). The tundish in the CFD model is shown in Figure 4 (b). The commercial code PHOENICS® [180] 

was used to solve the equations. The grid independent and time step independent studies were 

documented in Supplement II. The descriptions of the unified Eulerian deposition model as well as the 

validation were documented in Supplement IV. 

     2.2.1 Tracer mixing study 

A unique feature for tracer mixing simulation was the density of the mixture of tracer and water was 

coupled in the other equations. The method was used in the work of Grip et al. [181]. Besides, the amounts 

of tracer were taken into consideration in the CFD models. On the other hand, a density decoupled 

simulation was studied. In this case, the Density Decoupled Scalar Transport Equation (DD STE) was 

solved. The RTD curves and fluid flow results from the density coupled and decoupled simulations were 

compared to study the effect of the tracer on the flow in water in the tundish. The detailed descriptions 

were documented in Supplement II. 

    2.2.2 Inclusion transport and removal study 

The basic idea of the methodology of inclusion macroscopic transport and removal is shown in Figure 

5. The methodology from Ni et al. [182] was used to study the inclusions deposition in Supplement IV. 

The key element was that the friction velocity calculated from CFD simulations was used as an input 

parameter in the Eulerian deposition calculation. In turn, the calculated deposition velocity was 

regressed as a function of the friction velocity and it was visualized via a CFD framework. In 

Supplement V, the deposition velocity was set as a constant in different zones. Furthermore, the 

deposition velocity was used to replace the widely used Stokes rising velocity in the boundary conditions 

for the inclusions removal at the steel-slag interface in tundishes. Finally, the dynamic removal curve 

for inclusions were obtained. 

 

   2.2.3 Choices of turbulence model 

Readers may feel confused for the different choices of turbulence models in each supplement. The 

information is given in Table 2. The Chen-Kim k-ε model [183] showed a good performance in 

macroscopic mixing of larger amounts of salt tracers in Supplement II and it is also retained in 

Supplement V for the study on macroscopic transport of inclusions. Besides, the five turbulence models 

were studied and assessed for the smaller amounts of tracer simulations in Supplement III. The low 

Reynolds number turbulence model LVEL [187] and a high-resolution grids near the steel-slag interface 

were used to mirror the turbulent boundary layers in Supplement IV. Finally the grids that were used 

in Supplements II, III and V were much similar. The detailed mathematical forms of the turbulence 

models were provided in Supplement III. 
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Figure 5. Sketch of the methodology used for the inclusions studies in Supplements IV and V. 

 

Table 2. The choices of turbulence models and the studied purpose. 

Turbulence models Supplement II Supplement III Supplement IV Supplement V 
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3. RESULTS 

In this part, the important results are highlighted. Interested readers are referred to the corresponding 

Supplements for more details. 

 

3.1 Water modeling experiments (Supplement I) 

The measured RTD curves are shown in Figure 6. These figures represent a corrected versions of Fig 6 

in Supplement I. The fluctuating features of the measured RTD curves were illustrated, i.e. the shadows 

in Figure 6 represent the experimental data that includes 3 to 5 independent runs. 

 
Figure 6. RTD curves of the water modeling experiments (a) KCl tracer and (b) NaCl tracer. 

The results showed the RTD curve of the 250mL and 150mL salt tracer shifted to the left side of the 

RTD curve representing a 50mL salt tracer addition. Besides, the RTD results for KCl and NaCl tracer 

are similar. The statistical analysis on the plug volume, dead volume fraction etc. were documented in 

Supplement I. 

 

 

3.2 CFD simulation on larger amounts of KCl solution tracers (Supplement II) 

As a first step, KCl tracer properties such as the KCl molecule diffusion, the water molecule self-

diffusion in KCl solution, and the KCl solution viscosity were evaluated. In Supplement II (Table II), 

it was shown that the case that implemented with KCl density + KCl molecule diffusion showed better 

agreement with the experimental RTD curve (250mL) than the case that only took the KCl density into 

account. However, the case that only implemented with KCl density was based on a coarse mesh, while 

the other cases were all based on a finer mesh. In a recent result, the same mesh was used for the 

calculation that only considered the KCl density. It was difficult to distinguish the difference between 

the RTD curves of the case that considered the density and the case that considered both the density and 

molecule diffusion. As an update for Supplement II, all the properties of tracers (except for the density) 

that were implemented in the CFD model will not affect the calculated RTD curves. 

The calculated and measured RTD curves for the tracer additions corresponding to 250mL, 150mL and 

100mL are shown in Figure 7. It indicates that the current CFD model is reliable to simulate the mixing 

when adding large amounts of KCl tracers in this tundish. In addition, the current CFD model predictions 

also showed a good agreement with the experiment results of black ink tracer propagation. The results 

of the black ink experiments are provided in Supplement II. 
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Figure 7. Model predictions and experimental results of the RTD curves for the following KCl tracer 

additions: 250mL, 150mL, and 100mL. 

 

3.3 CFD simulation on smaller amounts of KCl solution tracers (Supplement III) 

The calculated and measured RTD curves for a 75mL KCl tracer addition are shown in Figure 8. The 

predictions of LVEL model is closer to the measured RTD curve than the predictions of Chen-Kim k-ε 

model. 

 

Figure 8. Model predictions and experimental results of the RTD curves for 75mL KCl tracer additions. 
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The calculated and measured RTD curves for a 50mL KCl tracer addition are shown in Figure 9. The 

predictions of LVEL and LES models showed a good agreement with the experimental data. However, 

the other three RANS models, namely Chen-Kim k-ε mode, MMK model and EARSM model all showed 

shifted RTD curves. More details on the evolution of streamlines of these five models are presented and 

discussed in Supplement III. 

  

  

  

 

Figure 9. Model predictions and experimental results of the RTD curves for 50mL KCl tracer additions. 
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3.4 A summary of the tracer issue (Supplement III) 

It is clear that the models in Supplement II and Supplement III could accurately mirror the reality of 

the denser tracer flow with respect to larger amount of additions (100, 150 and 250mL) and smaller 

amount of additions (50 and 75mL), respectively. 

The evolution of the streamlines of a density-decoupled scalar transport equation (DDSTE) simulation, 

WALE model simulation for 50mL KCl tracer mixing and Chen-Kim k-ε model simulation for 250mL 

KCl tracer mixing are shown in Figure 10, Figure 11 and Figure 12, respectively. It is shown that for 

the addition of 50mL KCl tracer the streamlines will not be disturbed severely. However, for the addition 

of 250mL KCl tracer, the strong sink flow was formed and the tracer flowed to the outlet very fast. 

 

 

 

 
Figure 10. Streamlines of model predictions by using the density decoupled scalar transport equation 

(DD STE) including before and subsequent to the breakthrough time (Red color: mass fraction tracer of 

1×10-5; bule color: mass fraction tracer of 0). 

 

 

 
Figure 11. Snapshots of streamlines of model predictions for the 50mL KCl tracer addition case, by 

using the WALE model including before and subsequent to the breakthrough time (Red color: mass 

fraction tracer of 1×10-5; bule color: mass fraction tracer of 0). 

 

 

 

 

 

36s DDSTE 48s DDSTE 60s DDSTE

75s DDSTE 90s DDSTE 120s DDSTE

138s DDSTE 180s DDSTE

30s WALE 42s WALE 54.75s WALE

75s WALE 90s WALE 112.5s WALE

126s WALE 135s WALE 148.5s WALE

162s WALE 175.5s WALE 189s WALE
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Figure 12. Streamlines of model predictions for the 250mL KCl tracer addition case, by using the 

Chen-Kim model including before and subsequent to the breakthrough time (Red color: mass fraction 

tracer of 1×10-5; bule color: mass fraction tracer of 0.). 

 

The disturbance of a KCl salt tracer addition with respect to different amounts is like the “butterfly 

effect”. It is showed that for a slight increase of the amount of tracer, the flow field might be disturbed. 

This, in turn, will result in a shifted RTD curve. The detailed discussions were documented in 

Supplement III. 

Finally, the measured RTD curves and the calculated RTD curve of DDSTE are compared in Figure 13. 

This might be an answer to the question that “what amount of salt tracer is reasonable to use and if it 

fulfills the condition that the tracer should not disturb the flow in tundish?” For the present tundish, the 

50mL could be a reasonable choice both from the analysis of the streamlines in Figure 10 to 12 and the 

RTD curves in Figure 13. 

 

 

Figure 13. A comparison of the experimental data for 50mL and 250mL KCl solution tracer addition 

with the simulation results using the DD STE model. 

 

 

 

 

24s Chen-Kim 250mL 30s Chen-Kim 250mL 36s Chen-Kim 250mL

42s Chen-Kim 250mL 54s Chen-Kim 250mL 66s Chen-Kim 250mL

75s Chen-Kim 250mL 90s Chen-Kim 250mL 112.5s Chen-Kim 250mL
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3.5 Eulerian model of inclusions deposition at the turbulent boundary layer of steel-slag interface 

in tundish (Supplement IV) 

From a CFD simulation of the steel-slag interface in a tundish, by assuming the slag behaved like a wall, 

the friction velocity was obtained. It was within the range of 0.0003 m/s to 0.0074 m/s. Furthermore, 

the thickness of the turbulent boundary layer at y+=30 were within the range of 3.4 mm to 80.6 mm. In 

other words, the turbulent boundary layer of steel-slag interface is much thicker than the size of 

inclusions. Thus, it is important to study the inclusions deposition at the turbulent boundary layer. 

A typical result is shown in Figure 14. In the figure, the friction velocities were taken from the CFD 

simulations. The highest friction velocity value was found in the region near the inlet, and lowest value 

was found in the region near the upward location of the outlet. From the results of inclusion depositions 

at a smooth surface (Figure 14 (a)), the deposition velocities are almost independent of the interface 

friction velocity. However, for the results of deposition at a rough surface (roughness of 0.5mm) as 

shown in Figure 14 (b), the deposition velocity are greatly increased with the friction velocity for all 

the groups of inclusions. Furthermore, compared with the Stokes velocities, the deposition velocities are 

higher than the Stokes velocities as the friction velocity is increased. Take the 1 μm inclusion as an 

example, the highest deposition velocity was 4.78×10-5 m/s, which is 37.5 times of the corresponding 

Stokes velocity. 

 

 

Figure 14. A comparison of deposition velocities of inclusions of different sizes with respect to the 

friction velocity at the interface to the Stokes velocity, (a) results at a smooth surface (the data are almost 

overlapped) and (b) results at a rough surface with roughness of 0.5mm. 

For the specific interface in the tundish, the deposition velocity at the top surface near the inlet was 

higher than that at the other parts of the surface. More details were given in Supplement IV. 

 

3.6 CFD simulation of inclusions macro transport and dynamic removal at the slag in tundish 

(Supplement V) 

The dynamic removal ratios of inclusions were higher for larger inclusions than for smaller inclusions 

and they were higher for rough surfaces than for smooth surfaces. The general tendency for the meso-

scale study (Supplement IV) and the macro-scale dynamic removal (Supplement V) agrees well with 

respect to a fixed tundish geometry. 

Furthermore, the comparisons of the inclusions removal curves in two tundish designs, i.e. one with and 

one without a weir and a dam, are given in Figure 15 (a) and Figure 15 (b). The magnified results are 

given in Figure 15 (c) and Figure 15 (d). It could be found that the tundish with a weir and a dam 

exhibited a better performance for removal of bigger inclusions (radius of 5 μm, 7 μm and 9 μm) than 

that for the case without weir and dam. On the contrary, the tundish without weir and dam showed a 

higher removal ratio of smaller inclusions (radius of 1 μm). After a combined analysis of flow patterns 

in two tundish designs (provided in Supplement V), it seems that a flow that is parallel to the surface is 
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favorable for removal of bigger inclusions. However, smaller inclusions have higher theoretical 

deposition velocities at the zones close to the inlet than in the other zones. Therefore, the parallel flow 

near the inlet zone is favorable for removal of smaller inclusions, such as in the design without weir and 

dam. 

 

 

 
Figure 15. Comparison of inclusions removal curves for the inclusions with radius of (a) 1, 3μm (b) 5, 

7 and 9 μm in different tundish designs i.e. with and without weir and dam cases. Note: (c) and (d) are 

magnified versions of the (a) and (b), respectively. The roughness value of the steel-slag interface is 

0.5mm. 
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4. CONCLUDING REMARKS 

An overview of the results of supplements are presented in Table 2. 

Table 2. A summary of the results in supplements 

Supp

leme

nt 

Topics Major findings 

I Water 

modeling 

experiments 

1. The experimental RTD curve of larger amounts of salt solution tracer 

shifted to the left side of the RTD curve of smaller amounts. 

2. The experimental RTD curves for KCl and NaCl solution were similar. 

II CFD 

simulations 

on larger 

amounts of 

KCl solution 

tracers 

1.  In CFD models, the influence of implementing some of the KCl solution 

tracer properties on the calculated RTD curves were negligible. The 

properties are i) the tracer molecule diffusion coefficient, ii) water molecule 

self-diffusion coefficient in KCl solution and iii) the viscosity of KCl 

solution. 

2. After implementing the properties of the tracer density and the tracer 

molecule diffusion coefficient and using Chen-Kim k-ε turbulence model, the 

current CFD model was reliable to simulate the i) propagation of a black ink 

tracer and ii) the RTD curves for larger amounts of KCl solution tracers, say 

100mL, 150mL and 250mL. 

III CFD 

simulations 

smaller 

amounts of 

KCl solution 

tracers 

1. The turbulence model approaches i) low Reynolds number turbulence 

model LVEL and ii) Large Eddy Simulation (Wall-Adapting Local Eddy-

viscosity) renders better predictions of the mixing of smaller amounts of 

tracers than the performance of iii) RANS models: Chen-Kim k-ε, MMK k-

ε, Explicit Algebraic Reynolds Stress Model. 

2. The CFD models that used LVEL, or LES turbulence models were reliable 

to simulate the RTD curve for smaller amount of KCl solution tracers, say 

50mL and 75mL. 

A summary 

of the tracer 

issue 

1. After comparing the validated CFD simulations of smaller amounts 

(Supplement III) and larger amounts (Supplement II) of KCl solution 

tracer, it was found that in an upward flow the denser tracer will, sooner or 

later (dependent on the tracer amount), sink to the bottom.  

2. From a physical modeling perspective, the tracer issue is like the "butterfly 

effect". It is showed that for a slight increase of the amount of tracer, the flow 

field might be disturbed. This, in turn, will result in a shifted RTD curve. 

3. For the present tundish geometry, when judged from the measured RTD 

curve and the calculated RTD curve (without density effect), the 50mL of 

KCl solution tracer could safely be used in the water model studies (water 

volume: 248L). However, a disturbance of the tracer on the water flow still 

exists and it cannot be neglected. 

IV 1D Eulerian 

model of 

inclusions 

deposition at 

the turbulent 

boundary 

layer of 

steel-slag 

interface in 

tundish 

1. By using LVEL turbulent model and high resolution grids near the steel-

slag interface, the friction velocity was obtained from CFD simulations. In 

turn, the thickness of the turbulent boundary layer at y+=30 were within the 

range of 3.4 mm to 80.6 mm, which is much thicker than the corresponding 

thickness regarding SEN walls. 

2. Calculations using the unified Eulerian model showed that, for a group of 

inclusions with a fixed size, the deposition velocity increases with an 

increased friction velocity for a rough interface. However, it was almost 

independent of the friction velocity for a smooth interface. 

3. The increased effective roughness height resulted in an abrupt increase of 

the deposition velocity. In addition, the value of the deposition velocity for 

small inclusions (radius of 1 μm) at a rough interface was one order of 

magnitude higher than the Stokes velocity for the same size. 
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Supp

leme

nt 

Topics Major findings 

V CFD 

simulation of 

inclusions 

macro 

transport and 

dynamic 

removal 

from the slag 

in tundish 

1. The macroscopic transport of inclusions were studied by using an Eulerian 

model and using Chen-Kim k-ε turbulence model. In the studied size range 

of the inclusions: radius 1 to 9 μm, the removal ratio is higher for larger 

inclusions than for smaller inclusions. Besides, The rough surface will be 

beneficial for the removal of smaller inclusions. 

2. The dynamic processes of inclusions removal were studied. Regarding the 

cases when inclusions are partially or fully absorbed at a smooth steel-slag 

interface, the proportions of the dynamic removal ratio values between the 

partially absorbed cases and the fully absorbed case are close to the set partial 

absorption proportions, say 25 pct, 50 pct, and 75 pct. 

3. For different tundish designs, the tundish with a weir and a dam showed a 

good performance with respect to the removal of larger inclusions (radius of 

3 to 9 μm) but not so good for smaller inclusions (radius of 1 μm), compared 

to the tundish without weir and dam. 
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5. CONCLUSIONS 

The results of this thesis contributed to two major areas related to the macroscopic mixing in a 

continuous flow system - tundish. 

The understandings of the tracer technology were improved by studying the different amounts of salt 

solution tracer mixing in a continuous reactor by using both physical models and mathematical models. 

The “butterfly effect” related to the amount of salt solution tracers on the flow was illustrated. 

Besides, the understanding on the predictability of turbulence models on the salt tracer mixing was 

improved. 

The understandings of inclusions deposition and dynamic removal at the steel-slag interface in tundishes 

were improved by using a unified Eulerian deposition model and a CFD model, respectively. The 

approach combined the meso-scale inclusions deposition at turbulent boundary layers of steel-slag 

interface and the macroscopic transport of inclusions in the reactor. The effect of roughness of the steel-

slag interface on the deposition of inclusions were studied. The roles of the flow pattern and the 

deposition on the dynamic removal of inclusions were explained. 
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6. FUTURE WORK 

Tracer mixing issues: 

1. A non-isothermal water modeling study of salt tracer mixing will be interesting to gain a better 

understanding of the influence of both thermal buoyancy and density difference induced 

buoyancy effects on the flow in a reactor. 

2. The CFD simulation on this case might be challenging. Nevertheless, it would be a fantastic 

candidate case for assessments of the methodology of mixing models and strategies of 

turbulence modeling in CFD models. 

Inclusion transport issues: 

1. Experimental studies on the roughness on inclusions removal with focus on a steel-slag interface 

condition. 

2. Efforts to find out the mechanisms and interactions of the inclusions removal, slaggy droplets 

entrainment into steel and re-oxidation at the slag eye in tundishes. 

3. Efforts to develop a unified multi-scale approach to combine the macroscopic transport, meso-

scale deposition at the turbulent boundary layers and the micro-scale inclusions motion, wetting 

behavior and dissolution in slags. 
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Effects of Salt Tracer Amount, Concentration and
Kind on the Fluid Flow Behavior in a Hydrodynamic
Model of Continuous Casting Tundish

Chao Chen,� Guoguang Cheng, Haibo Sun, Zibing Hou, Xinchao Wang, and Jiaquan Zhang

The hydrodynamic modeling method that widely used to simulate the fluid flow was

reconsidered and discussed in this paper. The effects of injected salt tracer amount,

concentration and kind on the fluid flow behavior in a hydrodynamic model tundish were

investigated. The results were compared with the mathematical modeling calculation

results, that the tracer density effect was eliminated. The residence time distribution

(RTD) curve of tracer introduced deviated to the left side of the calculated curve, besides

the deviation was increased as dimensionless tracer amount (the ratio of tracer amount to

hydrodynamic model tundish volume) increased from 0.202� 10�3 to 1.008� 10�3. The

results of tracer concentration study were similar, namely the deviation was increased

with concentration increased; on the other hand, the deformation of a ‘‘stair-shape’’ RTD

curve occurred when tracer concentration was much lower (at dimensionless tracer

amount of 0.168� 10�3 with converting to saturated solution). Besides, the effect of tracer

kind on the accuracy of hydrodynamic modeling was also studied; the measurements of

KCl solution with lower density than that of NaCl solution exhibited more of accuracy.

Finally, the optimized tracer in hydrodynamic model tundish of present work is saturated

KCl solution with dimensionless tracer amount of 0.202� 10�3.

1. Introduction

The innovated technologies concentrated on both iron-

making and steelmaking processes have been developed

in recent decades. However, some researchers focus on

finding new experiment methods or optimizing the exist-

ing methods, since the obsolete experiment methods are

sometimes inaccurate. For example, Zhang et al.[1,2] and

Ericsson[3] investigated the filling process of sampler and

effect of sampler type on the inclusion characteristics

determination, respectively; also Li and Chu[4] studied

the method of nitrogen detection in high nitrogen steel;

in addition Michelic et al.[5] proposed a method for

inclusions analysis with special regard to the measured

sample area; furthermore Kanbe et al.[6,7] developed an

Extreme Value Distribution method for large inclusions

analysis. Similarly, the hydrodynamic modeling method

that widely used to simulate the fluid flow will be recon-

sidered and discussed in this paper.

Many steelmakers focus on the effect of tundish oper-

ation on steel cleanliness and redesign their tundish fur-

niture.[8–10] And the fluid flow in tundish is essential to

inclusion removal.[11,12] Besides, physical modeling simu-

lation has been widely used to visualize the liquid steel

flow in continuous casting tundish and mould,[13] especi-

ally tundish in recent decades.[14,15] In addition, the

stimulus-response technique and residence time distri-

bution (RTD) curve have been commonly studied.[16–21]

After tracer was injected into the tundish from the ladle

shroud, plotting the concentration of tracer in the tundish

exit as a function of time is RTD curve. Moreover, the tracer

itself has a significant effect on the RTD curve detection.

Taylor et al.[22] reviewed the tracer in mixing time pre-

diction of gas-stirred ladles. On the contrary, many inves-

tigators have paid more of attention to describe the fluid

flow behavior, while only little information is known about

the tracer effect in tundish. In addition, the tracer selection

was only mentioned in several words scattered in papers all

over the world. Acid, salt solution, dye solution, potassium

permanganate and purple food have been used as

tracer,[23] while from the view of measurement accuracy,

high frequency of conductivity measurement and easy

access to, salt solution such as KCl and NaCl solution have

been widely used[24–33] as summarized in Table 1.

From Table 1, the model tundish volume changed from

75 to 1270 L, and the injected tracer amount varied from 20
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to 250 mL. To better understand the tracer effect, the ratio

of tracer amount to hydrodynamic model tundish volume

is defined as Dimensionless tracer amount, abbreviated as

Dta. In Table 1, based on the solute equilibrium, the unsa-

turated tracer amount was converted to an equal saturated

solution amount to calculate the Dta. The value of Dta

exhibits a large range from 0.191� 10�3 to 1.053� 10�3,

and the difference is nearly an order of magnitude.

The density of salt tracer and water is quiet different

(1162.3 and 998.21 kg m�3 for saturated KCl solution and

water at 208C), Damle and Sahai[24] reported the buoyancy

force introduced by tracer significantly influenced the fluid

flow, the tracer laden fluid which was entrained in the

inlet stream was inclined to flow along the bottom of

the tundish. Vassilicos and Sinha[34] also reported the

density effect of tracer when they studied the RTD curve

results by 3 mL HCl-pH electrode hydrodynamic modeling

method, 250 mL KCl-conductivity hydrodynamic model-

ing method, 50lb Cu tracking in plant tundish and com-

puted results as shown in Figure 1, finally they suggested

that the tracer effect require further investigation if larger

quantities of tracer were used. For instance, will the RTD

curve deform if the salt tracer amount changed from

250 mL? And how about the tracer is not saturated?

Further the tracer is NaCl instead of KCl solution?

In this paper, these questions will be studied, and

the effect of salt tracer injected amount, concentration

and kind on the fluid flow behavior in tundish by

hydrodynamic modeling experiment will be discussed. It

will be beneficial for regulate the test method of hydro-

dynamic modeling to reduce the experiment error, and

more realistic simulation on the actual fluid flow in plant

tundish.

2. Experiments

The experiment methods and investigated cases are listed

in Table 2.

2.1. Hydrodynamic Modeling Experiment

The geometry and physical dimensions of hydrodynamic

model tundish is shown in Figure 2. A schematic diagram

of hydrodynamic model equipment is shown in Figure 3. The

model tundish was made of plexiglass. And the ratio of geo-

metrical similarity of model tundish to the prototype tundish

was 0.4, and Froude similarity number was maintained to be

Investigators Year Tracer Model tundish

volumea) [L]

Dimensionless

tracer amount
Kind Concentration Amount [mL]

Damle and Sahai[24] 1995 KCl Saturated 50 190 0.263� 10�3

Sinha and Vassilicos[25] 1999 KCl Saturated 250 1270 0.197� 10�3

Kim et al.[26] 2001 KCl 40 g/100 cc water 30 135 0.222� 10�3

Zhong et al.[27] 2006 NaCl 4 mol/L 200 317 0.474� 10�3

Zhong et al.[28] 2007 NaCl Saturated 250 274 0.912� 10�3

Kumar et al.[29] 2007 KCl 200 g/L 20 75 0.191� 10�3

Wei et al.[30] 2007 KCl Saturated 250 478.7 0.522� 10�3

Jiang et al.[31] 2010 KCl Saturated 200 229 0.873� 10�3

Chen et al.[32] 2011 KCl Saturated 50 95.8 0.522� 10�3

Yang et al.[33] 2012 NaCl Saturated 100 95 1.053� 10�3

a)Some tundish volume data are deduced from the melt weight and model scale factor, or total volume flow rate and theoretical mean
residence time.

Table 1. Salt solution tracer employed in hydrodynamic model tundish.

Figure 1. Experiment and computed RTD curves-results from
Vassilicos and Sinha.[34]
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equivalent. The RTD curve was obtained by stimulus-

response technique, the details are involved in Table 2.

2.2. Mathematical Modeling

The mathematical modeling study using the commercial

software Fluent 6.3 was employed to simulate the actual

fluid flow in real tundish. The complete description of this

model can be seen as follows:

2.2.1. Fluid Flow Model

The modeling of flow pattern of liquid steel in the tundish

was simulated by solving the continuity and momentum

equations with consideration of turbulent conditions. The

governing equations expressed in Cartesian coordinate are:

Continuity equation :
@r

@t
þ @ðruiÞ

@xi
¼ 0 (1)

Momentum equation :
@ðruiÞ

@t
þ r

@uiuj

@xj

¼ @

@xi
meff

@ui

@xj
þ @uj

@xi

� �� �
� @P

@xi
(2)

where, the effective viscosity coefficient, meff, depends

mainly on the turbulence parameters k and ", which was

obtained by solving the following two transport equations.

Tundish details A 27 t single-strand trough-type tundish with weir & dam furniture, turbulence inhibitor,

and stopper rod was studied. The geometry and physical dimensions of hydrodynamic

model tundish can be seen in Figure 2. The volume of water model tundish was 248 L,

and the scale factor was 0.4

Hydrodynamic

model method

Stimulus–response technique: after tracer injected from ladle nozzle, the electrical conductivity

was measured by conductivity probes installed below the tundish nozzle, data are collected

by DJ800 data recorder within 25 min, the tracer concentration (converted from electrical

conductivity value) as a function of time are plotted as RTD curve

Hydrodynamic

model study

cases

Tracer injected

amount

Amount/mL 50, 75, 100, 125, 150, 175, 200, 225, 250 mL

saturated solution

Dta/� 103 0.202, 0.302, 0.403, 0.504, 0.605, 0.706, 0.806,

0.907, 1.008

Tracer concentration Saturation of 25%, 33%, 50%, 67%, 100%

solution of 125 mL

Tracer kind KCl solution and NaCl solution of all

above cases involved

Mathematical

model study

The modeling of flow pattern and temperature field of liquid steel in the tundish was simulated

by solving the continuity and momentum equations with consideration of turbulent conditions.

Based on the calculated melt flow and heat distribution above, the evolution of tracer

concentration in mass-fraction units was solved with time by the species transport equation,

where the physical properties of tracer was the same with the liquid steel in the tundish

to negate the effect of density

Table 2. Experiment methods and investigated cases.

Figure 2. Geometry and physical dimensions of the hydro-
dynamic model tundish and its furniture (all size are in mm). Figure 3. Schematic diagram of hydrodynamic model equipment.
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Standard k–" equations:

r
@k

@t
þ ui

@k

@xi

� �
¼ @

@xi

meff

sk

@k

@xi

� �
þ mt

@ui

@xj

@ui

@xj
þ @uj

@xi

� �
� r" (3)

r
@"

@t
þ uj

@"

@xj

� �
¼ @

@xj

meff

s"

@"

@xj

� �

þ C1mt

"

K

@uj

@xi

@ui

@xj
þ @uj

@xi

� �
� C2

"

K
r"

(4)

The subscript, i and j, in the equations above represent

the three coordinate directions(x, y, and z), respectively.

The values of the constants in the turbulent model (sk,

s", C1, C2, Cm, Prt) are 1.00, 1.30, 1.44, 1.92, 0.09, 0.90,

respectively.

2.2.2. Tracer Diffusion Model

Based on the calculated melt flow above, the evolution of

tracer concentration in mass-fraction units was solved

with time by the following species transport equation,

where the physical properties of tracer was the same with

the liquid steel in the tundish in order to eliminate the

density effect of tracer.

@ðrciÞ
@t
þ @ðruiciÞ

@xi
¼ @

@xi
rDeff

@ci

@t

� �
(5)

where, the effective diffusivity, Deff , is the sum of the

molecular(Dm) and turbulent(Dt) diffusivity:

Deff ¼ Dl þ Dt ¼ Dl þ
meff

rSct
(6)

where, Sct is the turbulent Schmidt number.

2.2.3. Boundary Condition

Only a half of the tundish was simulated due to its sym-

metrical feature. The mesh for the computational domain,

shown in the Figure 4, was divided into a non-uniform grid

of 111 350 cells. The physical properties of the molten steel

and operation conditions employed in the mathematical

model are listed in Table 3.

For the boundary condition of melt flow calculation, the

vertical average velocity was assumed to be uniform at the

cross section of the shroud and the exit of the tundish, and

the value of zero was set for the other two components

velocity(x,y). The values of turbulent parameters k and "

can be calculated by the formula:

k ¼ 0:01v2
in (7)

" ¼ 2k
3
2Dnozzle (8)

Non-slip conditions were considered for all walls of the

tundish and the devices. Zero normal gradients of all vari-

ables at the symmetry plane and frictionless conditions

were applied at the free surface of molten steel.

Based on the previously calculated fluid flow field, the

tracer was injected in the shroud with the mass fraction of 1

at one time point, and then was reset to 0 for the subse-

quence time steps. Zero concentration gradient is set for all

walls, free surface, the outlet plane, and the symmetry

plane in the tundish.

2.2.4. Model Verification

The molten steel flow in plant tundish was the best stand-

ard to validate the hydrodynamic model. However, the

technique of Cu tracking in molten steel may also lead

to errors as a result of the density difference between Cu

and steel. So in this study, the mathematical modeling, that

simulated the molten steel flow in plant tundish, was used

to validate the hydrodynamic model and further to com-

pare the experiment results as standard.

In our previous study,[35] the black ink dispersion in the

hydrodynamic model tundish at different time under

physical (P) model and its corresponding tracer dispersion

in the real plant tundish under the mathematical (M)

model were compared as shown in Figure 5. As can be

seen, the agreement of tracer dispersion between the

hydrodynamic modeling and mathematical modeling

was fairly good.

Figure 4. Mesh employed in the mathematical model.

Parameter Data Parameter Data

Density [kg m�3] 7000 Tundish capacity [m3] 3.876(27 t)

Viscosity [kg m�1 s�1] 0.00807 Inlet velocity [m s�1] 1.458

Specific heat [J kg�1 K�1] 800 Submergence depth [m] 0.23

Table 3. Physical properties and operation conditions.
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For this case, the density difference between black ink

and water was negligible, so the mathematical modeling

can be used to simulate and exhibit the fluid flow without

the influence of tracer density.

2.3. RTD Curve Analysis Model

After RTD curve was obtained, the analysis model and key

parameters are listed in Table 4. Dead volume fraction has

been commonly used to evaluate the active degree in

tundish, and dispersed plug volume fraction has been

mainly considered to evaluate the efficiency of inclusions

captured by tundish cover, besides the minimum resi-

dence time and peak time reflect the fluid flow path in

tundish.

3. Results

3.1. Injected Tracer Amount

With tracer amount varies, the RTD curves of two con-

ditions (50 and 250 mL saturated solution) comparing with

the calculated result are shown in Figure 6. The calculated

curve is very smooth with rounded peak while rough curves

with steeper initial rise, this tendency may be result from

the diffusive effect of tracer as reported by Vassilicos and

Sinha.[34] As shown in Figure 6a, with KCl tracer injected,

similar to Figure 1, the RTD curves deviate to the left side of

the calculated curve; the deviation is even bigger with more

of tracer introduced. This phenomenon is also found when

NaCl tracer employed as shown in Figure 6b.

The minimum residence time tmin, peak time tpeak, dead

volume Vd and dispersed plug volume Vdp as a function of

Figure 5. Black ink dispersion in the hydrodynamic model and its comparison with mathematical model at different time, a) 0.8s,
b) 2s, c) 32s, and d) 56s.[35]

Formula The meaning of parameters

Minimum residence time tmin Time of the first appearance concentration

of tracer

Peak time tpeak Time of attain peak concentration of tracer

Dead volume fraction Vd
[36]

Vd ¼ 1�Qa

Q
� tc

t
,

tc ¼

P2t

t¼0

C tð Þ � t

P2t

t¼0

C tð Þ
, t ¼ V

q

Mean residence time: t

Measured mean time up to 2t: tc

Volume of liquid in tundish: V

Volumetric flow rate: q

The concentration of tracer at time t: C(t)

Dimensionless time: u

Dispersed plug volume

fraction Vdp
[37]

Vdp ¼
tmin þ tpeak

2t
The area under the dimensionless RTD curve

as dimensionless time u � 2: Qa/Q

Table 4. Analysis model for RTD curve and key parameters.
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Dimensionless tracer amount are shown in Figure 7. For

the case of NaCl tracking, the variation of tmin and tpeak are

quiet different, the value of tmin is decreased with increas-

ing Dta, the tendency is not obvious with Dta exceed

0.806� 10�3. Increasing the tracer amount Dta, the value

of tpeak first decreases and then increases, as a result

the minimum peak of tpeak exists at Dta of 0.806� 10�3.

The results of KCl tracking are similar to that of NaCl.

The calculated tmin and tpeak are shown in Figure 7a

as the straight line of dashed and solid, respectively. It is

obviously that the significant deviation exists between

the hydrodynamic model measurement and calculated

result, the case with NaCl tracking is much worse than

that of KCl tracking.

Vd and Vdp have been commonly used to evaluate the

fluid flow behavior in tundish. These values are calculated

by the models described in Table 4, the variation are shown

in Figure 7b. The variation of Vdp is similar to that of tpeak,

since the calculation model of Vdp is linear related to the

average value of tpeak and tmin. The value of Vd increases

with increasing Dta, while the situation is quiet different

for KCl and NaCl solution. For the case of KCl tracking, the

value of Vd changes greatly with Dta at both lower and

higher value, while this change is slightly with Dta in

the range of 0.3�0.8� 10�3. In comparison, for NaCl

tracking, Vd first increases greatly with increasing Dta to

0.706� 10�3, and then decreases slightly with Dta exceeds

0.706� 10�3. The solid and dashed lines are referred to

calculated Vdp and Vd, respectively. The values of Vdp

and Vd vary within a large range and deviate to the calcu-

lated result may lead to misunderstand of the reality fluid

flow. Besides, Vd is much more closer to calculated value

for KCl tracking than NaCl for Dta is below 0.8� 10�3.

3.2. Tracer Concentration

Similarly, the RTD curves of two conditions (saturation of

25 and 100%, 125 mL saturated solution) comparing with

the calculated result are shown in Figure 8. As shown

in Figure 8a, similar to Figure 1 and 6, the RTD curves

deviate to the left side comparing with the calculated

curve, the deviation is enhanced with increasing the KCl

tracer concentration. Similar results of NaCl tracer are

shown in Figure 8b. It is noteworthy that the RTD curve

deformed into ‘‘stair-shape’’ curve of 25% KCl and NaCl

Figure 6. Relationship between RTD curve and injected tracer amount.

Figure 7. Relationship between RTD results and inject tracer amount.
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solution as circled in Figure 8a and b. This phenomenon

also occurred in the 33% cases. However this ‘‘stair-shape’’

RTD curve was rarely reported and this curve will be dis-

cussed later.

The minimum residence time tmin, peak time tpeak, dead

volume Vd and dispersed plug volume Vdp as a function of

tracer concentration are shown in Figure 9. As shown

in Figure 9a, for both kinds of tracer, the value of tmin

and tpeak are reduced with increasing tracer concentration,

besides Vdp shares the similar variation with tmin and tpeak

as shown in Figure 9b. On the contrary, for the results of

NaCl tracking, Vd decreases with increasing tracer concen-

tration, this value changes slightly in the concentration

range of 33–50% comparing with the steep rise of 50%

case, the results of KCl tracking are similar.

In addition, the value of measured Vd of 25% KCl

solution (0.163) is lower than the calculated value

(0.180) as the dashed line in Figure 9b indicates, the

possible reason may be the error from ‘‘stair-shape’’

RTD curve. So in hydrodynamic model experiments, the

‘‘stair-shape’’ RTD curves which deteriorate the accuracy

of measured results should be avoided.

3.3. Tracer Kind

As summarized in Table 1, there is no consistent opinion on

the selection of two kinds of tracers, although some research-

ers prefer NaCl solution to KCl solution. As discussed before,

the RTD curve with smaller deviation to calculated curve and

the values of tmin, Vd closer to the calculated result for KCl

tracking than that of NaCl tracking. The RTD curves of two

kinds of tracers (50 mL saturated solution) comparing with

the calculated result are shown in Figure 10, in this figure the

start period (u from 0.15 to 0.5) of RTD curves are concerned.

It is obviously that the curve of KCl tracking is closer to the

calculated curve than that of NaCl tracking.

4. Discussion

4.1. Mechanism Analysis

Figure 11 describes the tracer flow behavior in tundish

briefly. The tracer flow in tundish is influenced by three

Figure 8. Relationship between RTD curve and injected tracer concentration.

Figure 9. Relationship between RTD results and inject tracer concentration.
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factors, namely inertia force of the main stream due to the

incoming flow from ladle nozzle, buoyancy force due to the

density difference between the tracer and water, diffusion

effect caused by differences of the tracer concentration in

tundish. However, the actual fluid flow is influenced only

by the inertia force.

After the tracer injected from the ladle nozzle, it flows

along with the mainstream (as the black arrow indicates

in Figure 11) directly to the exit by inertial force, at the

same time the solute of tracer diffuses to the region of

lower solute concentration (as the gray arrows indicates

in Figure 11). Then as the incoming fluid switched to water,

a large number of tracer solute that diffuse to the tundish

before are spread to the tundish exit by diffusion. The

minimum residence time tmin is strongly influenced by

the flow of mainstream, while the peak time tpeak is deter-

mined by both the mainstream and diffusion.

With small amount of tracer injected, the mainstream

flow changes slightly comparing with the no tracer-effect

situation. In this case, inertia force dominates rather than

buoyancy force. With increasing tracer injected amount,

the amount of tracer flow along with the mainstream also

increases, the accumulation of denser tracer will cause

strong buoyancy force as shown in Figure 11, as a result

the stream tends to flow downward, and the measured tmin

and tpeak are reduced. On the other hand, with Dta increas-

ing exceeds 0.806� 10�3, the influence of buoyancy force is

limited while diffusion plays an important role, as a result

the tmin changes slightly; furthermore, the amount of tracer

solute that diffuses to the region far away from the tundish

exit are increased, as a result the time to attain the peak

concentration of tracer is prolonged, that is why the mini-

mum peak of tpeak is existed at Dta of 0.806� 10�3 as shown

in Figure 7a.

The variation of dispersed plug volume is closely related

to the tmin and tpeak, and the dead volume is related to the

measured mean time tc as listed in Table 4. As shown in

Figure 6, the RTD curve deviates to the left side of the

calculated curve, that is to say, the tracer flows out from

the tundish earlier with more of tracer introduced, so the

measured mean time decreases and dead volume increases.

4.2. Stair-Shape Curve

The mechanism explain also can be applied to the case of

tracer concentration varies, the increasing of concen-

tration is essentially the number of tracer solute increases,

the fluid flow in tundish is also influenced by the inertia

force, buoyancy force and diffusion effect.

The ‘‘stair-shape’’ curves as shown in Figure 8 were

occurred, as the tracer concentration was much lower.

This was because the injected tracer concentration was

too low for the conductivity probe to reach the small

changes of tracer concentration, so the measured concen-

tration without change in a short period, as the horizontal

line indicates. When the tracer concentration change was

large enough to reach the conductivity probe accuracy, the

measured value decreased as the vertical line shows.

These two lines form the ‘‘step’’ and further the ‘‘stair’’.

This curve may cause errors to the real flow.

4.3. Optimized Tracer

The variation of the density of KCl and NaCl solution with

solute concentration is shown in Figure 12 (the data are

Figure 11. Schematic diagram of the injected tracer flow behav-
ior in tundish.

Figure 10. The RTD curve obtained by KCl and NaCl solution.

Figure 12. Density of aqueous KCl and NaCl solution as func-
tion of solute concentration (data form Ref [38]).
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taken from Ref [38]). As shown in Figure 12, the density of

saturated NaCl solution (1197.2 kg m�3) is larger than that

of saturated KCl solution (1162.3 kg m�3). Moreover the

NaCl solution is denser than KCl solution at the same

solute concentration. With denser NaCl solution intro-

duced, the fluid flow in tundish changes significantly

which will lead to the great deviation of RTD curve as

shown in Figure 10. In summary, the KCl solution is recom-

mended in hydrodynamic modeling.

Taking the results closer to the real case into account,

smaller amount or lower concentrated tracer are preferred;

on the other hand, with excessive smaller amount or lower

concentrated tracer introduced, the RTD curve will deform

as a result of the conductivity signal under the equipment

measure accuracy.

The RTD curves of typical cases are shown in Figure 13.

The cases that ‘‘stair-shape’’ RTD curve deformation

occurred (such as 125 mL of 25%, 33% solution as shown

in Figure 13a and b) should be avoided considering the

accuracy of results. With the tracer concentration

increased to 50%, the ‘‘stair-shape’’ curve disappeared

as shown in Figure 13c. However, in this case the tracer

concentration near the peak point of RTD curve seems

much smaller than the calculated results; the difference

may lead to errors. Compared with the results shown

in Figure 13, 50 mL saturated KCl solution is the optimized

tracer in the present study, meanwhile the number of

Dta is 0.202� 10�3 (50 mL/248 L). In this case, the tracer

amount is the smallest without deformation in RTD curve

such as ‘‘stair-shape’’ curve which may cause errors.

4.4. Further Work

The optimized tracer in this study is based on the present

tundish (single-strand trough-type) with widely used weir

& dam furniture. However, whether this optimized tracer

amount 0.202� 10�3 can be reasonable applied in multi-

strand tundish or also single-strand tundish without fur-

niture still needs further investigations. But, it is believed

that the density effect still exist in the other tundishes, and

the similar work also can be done for mixing time measure-

ment of gas-stirred ladles. At last not least, the improve-

ment of the conductivity probe accuracy is an urgent

demand, so even small amount of tracer or even non-

saturated tracer can be used to reduce the experiment

errors.

5. Conclusions

The effects of injected salt tracer amount, concentration

and kind on the fluid flow behavior in continuous casting

tundish are investigated by hydrodynamic modeling

experiment; these results are compared with the math-

ematical modeling calculated results, the findings are

concluded as follows:

(1) Tracer amount influences the measured RTD curve in

hydrodynamic modeling of tundish significantly. The

RTD curve of salt tracer tracking is deviated to the left

Figure 13. RTD curves of different cases.
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side of the calculated curve, this deviation is even big-

ger with increasing tracer amount from 50 to 250 mL.

(2) Tracer concentration also influences the measured

RTD curve greatly. The deviation to calculated curve

increases with increasing tracer saturation from 25 to

100%. However, the RTD curve deformed into ‘‘stair-

shape’’ curve as the concentration of salt tracer was

much lower.

(3) The kind of salt tracer such as KCl and NaCl solution

also influences the hydrodynamic modeling results.

The results of KCl tracking are closer to the calculated

results than that of NaCl tracking.

(4) The two aspects namely results closer to the real case

and avoiding the conductivity signal under the equip-

ment measure accuracy must be taken into account

simultaneously when chose the tracer in experiment.

The ratio of tracer amount to hydrodynamic model

tundish volume is defined as Dimensionless tracer

amount (abbreviated as Dta) that can be used to

regulate the use of tracer. In the present work, the

optimized tracer is saturated KCl solution with Dta

of 0.202� 10�3.
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A Mathematical Modeling Study of Tracer Mixing
in a Continuous Casting Tundish

CHAO CHEN, LAGE TORD INGEMAR JONSSON, ANDERS TILLIANDER,
GUOGUANG CHENG, and PÄR GÖRAN JÖNSSON

A mathematical model based on a water model was developed to study the tracer mixing in a
single strand tundish. The mixing behavior of black ink and KCl solution was simulated by a
mixed composition fluid model, and the data were validated by water modeling results. In
addition, a model that solves the scalar transport equation (STE) without any physical prop-
erties of the tracer was studied and the results were compared to predictions using the density-
coupled model. Furthermore, the mixing behaviors of different amounts of KCl tracers were
investigated. Before the model was established, KCl tracer properties such as the KCl molecule
diffusion (KMD), the water molecule self-diffusion (WSD) in KCl solution, and the KCl
solution viscosity (KV) were evaluated. The RTD curve of 250 mL KCl for the KMD case was
closer to the water modeling results than that of the case implemented with only density.
Moreover, the ensemble average deviation of the RTD curves of the cases implemented with
KMD+WSD, KMD+KV, and KMD+WSD+KV to the KMD case is less than 0.7 pct.
Thus, the water self-diffusion and KV were neglected, while the KCl density and KMD were
implemented in the current study. The flow pattern of black ink was similar to the STE result
i.e., the fluid flowed upwards toward the top surface and formed a large circulating flow at the
outlet nozzle. The flow behavior of the 100, 150, and 250 mL KCl cases exhibited a strong
tendency to sink to the tundish bottom, and subsequently flow through the holes in the dam.
Thereafter, it propagated toward the outlet nozzle. Regarding the KCl tracer amount, the tracer
concentration propagated to the outlet nozzle much faster for the larger amount case than for
the smaller amount cases. However, the flow pattern for the 50 mL KCl case was somewhat
different. The fluid propagated to the top surface which acted like black ink during the initial
injection, and subsequently the fluid flowed throughout the holes at a much slower pace. The
breakthrough time and peak concentration of RTD curves of model predictions and water
modeling results showed a good agreement (all difference within 12.5 pct) for the 100, 150, and
250 mL KCl cases.

DOI: 10.1007/s11663-014-0190-0
� The Minerals, Metals & Materials Society and ASM International 2014

I. INTRODUCTION

A continuous casting tundish represents an interme-
diate vessel placed between a discontinuous teeming-
ladle and a mould to enable a continuous casting of

steel. In addition, the tundish has been developed to
carry out metallurgical operations such as inclusions
removal, temperature and chemical composition
homogenization, and alloy trimming as summarized by
Mazumdar and Guthrie.[1] Overall, the fluid flow in a
tundish has been widely studied using a concept of
residence time distribution (RTD), which was first
developed by Danckwerts[2] in the Chemical Engineering
Science field. A detailed explanation and discussion of
RTD can be found in Reference 3. In the steelmaking
industry, two categories of RTD have been investi-
gated,[4] i.e., (1) a continuous addition of tracers (step
input)—F diagram which can be used to describe the
chemical composition mixing during grade change
operations; (2) an instantaneous addition of tracer
(pulse input)—C diagram which has been used to
roughly describe the fluid flow in a tundish, and further
to optimize flow control devices such as weirs, dams,
and baffles in a tundish. Besides, the most important use
for RTD studies is to determine a mathematical model
that represents the behavior of flow and mixing realis-
tically enough to yield useful information for system
design and analysis.[5] The mathematical modeling study
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of instantaneous addition of tracer mixing and RTD C
diagram are summarized in Table I.

Many of the mathematical models in literatures,
which were not listed in Table I since the model methods
were similar to that of He and Sahai[6] in 1987, have
studied the RTD curve by solving an extra scalar
transport equation (STE) (also called a species transport
equation) without considering the density differences of
tracers.

One pioneer work was done by Vassilicos and Sinha[8]

in 1992. They compared the mathematical predictions
(both with and without a tracer density effect) with
3 mL HCl-pH electrode water modeling results, 250 mL
KCl-conductivity water modeling results, and 50 lb Cu
tracking in a liquid steel tundish. Their result showed a
discrepancy between the mathematical modeling results
(both with and without the tracer density effect) and
experiment results using 250 mL KCl tracer. More
specifically, the mathematical model yielded a more
gradually rising curve and a higher peak time than the
physical modeling results.

In 1995, Damle and Sahai[10] studied the buoyancy
force using the density difference between a KCl
solution tracer and water. The fluid density was set as
a linear function of the KCl solute concentration. They
found a strong sink flow near the tundish walls.

Recently, Chen et al.[15,16] studied the effect of salt
tracer amounts on the water modeling results in a
tundish and a gas-stirred ladle, respectively. They
summarized their water modeling RTD results and
addressed that larger amounts of denser salt tracer will
influence the RTD curve significantly.[15] However, the
flow field was not measured for the salt tracer water
modeling experiments. On the other hand, the mathe-
matical model in paper[15] was based on a liquid steel
flow and omitted the effect of the tracer density on the
results. Thus, a thoroughly mathematical model is
required to visualize the fluid flow for different amounts
of KCl tracers. The tracer amount effect study will
benefit the RTD studies in continuous flow systems not
only for steelmaking tundishes but also for studies in the
chemical engineering field.

In this study, a mathematical model based on Chen
et al.’s[15] 0.4-scaled water model tundish was developed
to study the tracer mixing in a tundish. A mixed
composition fluid model was used to describe the water
and tracer phases. The model and numerical methods
will be described in Section II. In addition, the verifica-
tion of this model will be illustrated in Section III–A.
Moreover, in Section III–B, the simulations are vali-
dated with the experimental results, i.e., the propagation
of a neutrally buoyant black ink and a KCl salt solution
in water. Besides the density of tracer, the effects of
properties of the tracer such as a tracer molecule
diffusion, a water molecule self-diffusion (WSD) in
tracer solution, and a tracer viscosity on the RTD curve
predictions will be discussed in Section III–C. Thereaf-
ter, some of the properties of tracer are implemented in
the mathematical model. Furthermore, the black ink
and KCl solution flow behaviors in the water model
tundish will be discussed in Sect. III–D. Moreover, the
effect of the amount of denser KCl salt solution on the
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ó
p
ez
-R

a
m
ir
ez

et
a
l.

2
0
0
1

–
�

�
�

�
–

–
�

–
�

–
–

–
–

–
–

�
–

1
3

A
h
n
et

a
l.

2
0
0
7

–
�

–
�

�
–

–
–

�
–

–
–

�
–

–
�

–
–

1
4

K
o
it
zs
ch

et
a
l.

2
0
0
7

�
–

–
�

–
–

–
�

–
�

–
–

–
–

�–
–

–
–

–
P
re
se
n
t
st
u
d
y

2
0
1
4

�
–

�
�

–
�

–
�

–
�

–
–

–
�

�
–

�
–

*
A

k
in
em

a
ti
c
eq
u
a
ti
o
n
o
f
th
e
h
ei
g
h
t
fu
n
ct
io
n
w
a
s
u
se
d
to

re
p
re
se
n
t
th
e
fr
ee

su
rf
a
ce

co
n
fi
g
u
ra
ti
o
n
.

*
*
T
h
e
b
re
a
k
th
ro
u
g
h
ti
m
e,

m
ea
n
re
si
d
en
ce

ti
m
e
d
a
ta

w
er
e
u
se
d
fo
r
v
a
li
d
a
ti
o
n
.

�
W
a
te
r
a
n
d
st
ee
l
w
er
e
st
u
d
ie
d
b
y
th
e
sa
m
e
m
et
h
o
d
.

�
�
T
h
e
d
en
si
ty

o
f
m
ix
tu
re

fl
u
id

a
s
a
fu
n
ct
io
n
o
f
tr
a
ce
r
m
a
ss

co
n
ce
n
tr
a
ti
o
n
w
a
s
co
u
p
le
d
in

th
e
g
o
v
er
n
in
g
eq
u
a
ti
o
n
s.

§
T
h
e
tw

o
-fl
u
id

m
o
d
el
a
ss
u
m
ed

th
a
t
th
e
sy
st
em

w
er
e
co
n
si
st
ed

o
f
tw

o
fl
u
id
s
i.
e.
,
tu
rb
u
le
n
t
a
n
d
n
o
n
-t
u
rb
u
le
n
t
fl
u
id
.
T
ra
n
sp
o
rt
eq
u
a
ti
o
n
s
w
er
e
so
lv
ed

fo
r
th
e
v
a
ri
a
b
le
s
o
f
ea
ch

fl
u
id
.
M
o
re

d
et
a
il
s
ca
n
b
e
fo
u
n
d
in

[9
] .

§§
T
h
e
b
re
a
k
th
ro
u
g
h
ti
m
es

o
f
b
o
th

w
a
te
r
a
n
d
st
ee
l
sy
st
em

w
er
e
u
se
d
fo
r
v
a
li
d
a
ti
o
n
.

–
T
h
e
b
re
a
k
th
ro
u
g
h
ti
m
e,

p
ea
k
co
n
ce
n
tr
a
ti
o
n
ti
m
e
a
n
d
a
v
er
a
g
ed

ti
m
e
o
f
th
e
R
T
D

cu
rv
e
w
er
e
st
u
d
ie
d
.

–
–
B
o
th

co
lo
r
d
y
e
m
ea
su
re
m
en
t
a
n
d
P
L
IF

m
ea
su
re
m
en
t
w
er
e
u
se
d
to

co
m
p
a
re

w
it
h
C
F
D

re
su
lt
s.

170—VOLUME 46B, FEBRUARY 2015 METALLURGICAL AND MATERIALS TRANSACTIONS B



fluid flow and corresponding RTD curves will be
discussed in Section III–E. Subsequently, conclusion
remarks will be presented in Section IV.

II. MODEL DESCRIPTION

A. Model Assumptions

The three dimensional mathematical model is based
on the following assumptions:

1. The present model is a full size tundish based on the
water modeling geometry[15] as shown in Figure 1(a).

2. Chen–Kim k–e turbulence model[17] is used to
describe the turbulence phenomenon in the tundish.

3. Both water and tracers are assumed as liquid phases.
4. The top surface is flat and frictionless.
5. The heat transfer process is neglected.
6. The chemical reactions are not accounted for.

B. Governing Equations

Continuity equation

@q
@t
þ @

@xi
quið Þ ¼ 0 ½1�

Momentum equation

@ quið Þ
@t
þ
@ qujui
� �

@xj
¼� @p

@xj
þ @

@xj
leff

@ui
@xj
þ @uj
@xi

� �� �
�qgd3j

½2�

where effective viscosity is the sum of laminar viscosity
and turbulence viscosityleff ¼ ll þ lt, p is the pressure
and q is the density. The gravity, g, is active in the
negative z direction as the Kronecker delta operator d3j
(equals 1 when j = 3) indicates.

C. Turbulence Model

The turbulence viscosity is given as follows:

lt ¼ qCl
k2

e
½3�

where Cl is a constant that equals to 0.09.[18]

The equations of kinetic energy and dissipation rate in
Chen–Kim k–e turbulence model[17] are as follows:

q
@k

@t
þ @

@xi
qkui �

lt

rk

@k

@xi

� �
¼ q Pk � eð Þ ½4�

q
@e
@t
þ @

@xi
qeui �

lt

re

@e
@xi

� �
¼ q

e
k

C1ePk � C2eeð Þ þ qC3e
P2
k

k

½5�

where C1e = 1.15, C2e = 1.9, C3e = 0.25, rk = 0.75,
re = 1.15, are the constants in the turbulence mod-
el.[17] The production rate of turbulence kinetic energy
Pk is related to the mean strain of the velocity field
and expressed as follows:

Pk ¼
lt

q
@ui
@xj
þ @uj
@xi

� �2

þ2 @ui
@xi

� �2

þ @uj
@xj

� �2
 !" #

½6�

The Chen–Kim k–e turbulence model[17] assumes a
spectral non-equilibrium and existence of both turbu-
lence production rate time scale k/Pk and a turbulence
dissipation rate time scale k/e. In Eq. [5], as the third
term at the RHS, an extra source term represents
the turbulence energy transfer rate from large-scale
to small-scale turbulence which is controlled by
the production-range timescale. This turbulence
model was used for the RTD simulations for the
tundish.[19]

D. Treatment of Tracer

1. The mixed composition fluid model
The mixed composition fluid model is used to predict

the tracer flow within the water as follows:

@

@t
qWcWð Þ þ @

@xi
qWuicWð Þ ¼ @

@xi
qWDeff

@cW
@xi

� �
½7�

@

@t
qTcTð Þ þ @

@xi
qTuicTð Þ ¼ @

@xi
qTDeff

@cT
@xi

� �
½8�

where the local value of the mass concentration for
water cW initially has a value of 1 in the regions where
only water is present and has a value of 0 in the regions
where initially only a tracer is present. Similarly, cT has
values of 0 and 1 in the regions where the tundish
initially contains only water and tracer. This method
was also used by Grip et al.[20]

The effective diffusion coefficient is the sum of a
molecule diffusion coefficient and a turbulence diffusion

Fig. 1—Tundish geometry.
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coefficientDeff ¼ Dl þDt. The turbulence diffusion coef-
ficient can be expressed as follows:

Dt ¼
lt

qSct
½9�

where Sct is the turbulence Schmidt number, which was
set as 1.0 in the model.

The density of the mixing fluid in all the continuity,
momentum, and turbulence equations are calculated as
follows:

1

q
¼ cW

cW þ cT

1

qW

þ cT
cW þ cT

1

qT

½10�

where qW andqT are the density of water and tracer,
respectively.

The laminar viscosity of the mixing fluid (only for
KCl tracer) in all the governing equations are calculated
by Kaminsky’s[21] modified Jones–Dole equation[22] as
follows:

ll ¼ lw � 1þ A �
ffiffiffiffi
C
p
þ B � CþD � C2

	 

½11a�

where lw is the dynamic viscosity of water; A, B, D
are coefficients which will be discussed later; C is the
mole concentration of a KCl solute (mol/L) and can
be written as follows:

C ¼ cT
cW þ cT

� CSaturated ½12�

where CSaturated is the mole concentration of the KCl
solute in saturated KCl solution, equals to 3.742 mol/
L.[23]

2. Solving the scalar transport equations (STE) only
Apart from the mixed composition fluid model, a

simple single phase scalar transport model (abbreviated
as STE for further discussions) without considering the
tracer density difference was used to describe the scalar
concentration distribution and variation with the incom-
ing stream in the tundish. Rigidly, this scalar was not the
physical tracer as discussed before, and this tracer could
be a passive transport scalar. In this case, the following
equation is solved:

@

@t
qWc1ð Þ þ @

@xi
qWuic1ð Þ ¼ @

@xi
qWDeff

@c1
@xi

� �
½13�

where c1 has values 0 and 1 in the regions where the
tundish initially contains only water and scalar, respec-
tively. The density and viscosity of the scalar were
assumed to be the same as for water. The laminar
diffusion coefficient of the passive scalar was not
considered in the Eq. [13]. Also, the velocity field ui
was already known from a steady state simulation and
remained constant during the calculation.

E. Boundary Conditions

1. The inlet velocity in the z direction is set as a constant
value �0.906 m/s determined by the experiment
volumetric flow rate.

2. The turbulence intensity is assumed to be 1 pct in the
inlet.

3. The pressure is set to a constant at the outlet and is
equal to the atmospheric pressure.

4. The top surface is flat and frictionless.
5. The x–z plane at the middle of the y direction of

tundish is set as a symmetry plane where the velocity
in y direction is set as zero.

6. The roughness of the inlet shroud, turbo stopper,
stopper rod and the raised part of the tundish bottom
near the stopper rod, as shown in Figure 1(b), are set
to 1 9 10�5 m. Furthermore, the roughness in other
solid walls is set to 2 9 10�6 m. Also, a log-law wall
function is employed at all solid walls.

F. Initial Conditions

The tracer injection is a pulsating process within a
time interval:

1. During the tracer injection time, cW = 1.0 and
cT = 0 in the whole region cells except the tracer
injection cells, while in the tracer injection cells,
cW = 0 and cT = 1.0.

2. After the injection time steps, cW = 1.0 and cT = 0
in the tracer injection cells.

In this study, the tracer injection cells are 6 cells
(height 0.056 m) beneath the inlet in the pipe. The
injection time period for a black ink tracer is 0.12 sec-
onds, which corresponds to a volume of 50 mL in the
water model experiment. The injection time period for
KCl saturated salt solution tracers are 0.12, 0.24, 0.36,
and 0.6 seconds which corresponds to 50, 100, 150, and
250 mL in the water model experiment, respectively.

G. Properties

1. Density

At 298.15 K (25 �C), the density of water is 998.2 kg/
m3; the tracer density is 1163.2 kg/m3[23] for the KCl
saturated solution and 950 kg/m3 for the black ink
tracer, respectively.

2. Tracer molecule diffusion coefficient

The molecule diffusion coefficient of KCl at 298.15 K
(25 �C) is 1.994 9 10�9m2/s, which can be derived as
follows[24]:

DKCl ¼
zKþ þ zCl�j jð Þ �DKþ �DCl�

zKþ �DKþ þ zCl�j j �DCl�

¼ 1þ 1ð Þ � 1:957� 10�9 � 2:032� 10�9

1� 1:957� 10�9 þ 1� 2:032� 10�9

¼ 1:994� 10�9m2
�
s

½14�

where zKþ and zCl� refer to the charge of the K+ cation
and Cl� anion, respectively; DKþ and DCl� refer to the
diffusion coefficient of the K+ cation and Cl� anion,
respectively.
The molecule diffusion coefficient of black ink in

water is 2.818 9 10�10 m2/s at 298.15 K (25 �C).[25]
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3. Water self-diffusion coefficient

The molecule diffusion coefficient of water in a KCl
solution is 2.216 9 10�9 m2/s at 298.15 K (25 �C).[26]

4. KCl solution viscosity

As shown in Eq. [11a], the Jones–Dole coefficient A
describes the impact of the interionic forces on the
viscosity. Moreover, it is generally positive and is
estimated using the Falkenhagen equation.[27] The value
0.0050 was estimated for a KCl solution at 298.15 K
(25 �C).[28] The Jones–Dole coefficient B was found to
be an additive property of ions and to give a useful
measure of ion-solvent interactions.[29] The value
�0.0155 was set for the B coefficient based on a
regression analysis.[30] Also, the coefficient D was set
as 0.0055. Thereby, the KCl solution viscosity (KV)
formula can be rewritten as follows:

ll ¼ lw � 1þ 0:005 �
ffiffiffiffi
C
p
� 0:0155 � Cþ 0:0055 � C2

	 


½11b�

The KV formula [11b] predicted values compared to
reported data[23] are shown in Figure 2. It should be
mentioned that there does not exists a formula that fits
all the viscosity values within the whole concentration
range. Essentially, the mixing process is considerably
fast. Therefore, most part in the computational domain
will remain a dilute concentration. While the saturated
KV is important for the injection region. The formula
[11b] is accurate for both dilute and saturated solutions,
and is reasonable to use in the present study.

H. Numerical Procedure

The solution of the governing equations with bound-
ary conditions and initial conditions were obtained by
using the commercial software package PHOENICS[31]

which is based on the finite volume method. The
geometry and the coordinate system are shown in
Figure 1(b), the computational domain in the Cartesian
coordinate system was discretized into 193 9 79 9 117
cut-cell grids as illustrated in Figure 3.

To reduce numerical diffusion, the discretizations of
all terms in the governing equations were done by
using a SMART scheme.[32] The solution algorithms
for velocity and pressure were using the Semi-Implicit
Method for Pressure-Linked Equations ShorTened,
abbreviated as SIMPLEST method,[31] which is a
modified version of the well-known SIMPLE
method.[33]

The initialization of the transient simulation case was
based on a steady-state simulation result. The steady-
state calculation needed 19,000 iterations to reach a cut
off error of 1 9 10�5. For the transient simulation, the
time step was gradually increased e.g., 0.12, 0.15, 0.1875,
0.225, 0.27, 0.315, 0.36, 0.45, 0.552, 0.69, 0.805, 0.966,
and 1.15 seconds and 40 to 80 iterations were used in
each time step. A typical calculation for a 1500 seconds
transient simulation took about 536 hour on a pc Intel
core i7 with a 3.4 GHz processor and 32 GB RAM. In
the STE model, the time step was fixed at 0.12 seconds
and 30 iterations, and it took 1008 hour for a 1500 sec-
onds transient simulation.

III. RESULTS AND DISCUSSION

In Section III–A through III–C, the mathematical
model is evaluated both from a mathematical and a
physical point of view. The grid independence study and
time step independence study are described in Sec-
tion III–A for verification i.e., ‘‘solve the equations
right’’.[34,35] In Section III–B, the mathematical model
results are compared to the water modeling results for
validation i.e., ‘‘solve the right equations’’.[34] Further-
more, in III–C, some properties besides the density of
the KCl solution are evaluated for developing a realistic
model. In particular, the effects of a KCl molecule
diffusion (KMD) in water, a WSD in KCl solution, and
a KV on the obtained RTD curve predictions are
discussed. In the following sections, the mixing behavior
of black ink and KCl tracer are compared to the STE
model results in Section III–D. Thereafter, the effect of

Fig. 2—Compare of the KCl solution viscosity data[23] and predict
values (formula [11b]).

Fig. 3—Mesh used in the present study. (a) Front view, (b) top view.
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the amount of KCl tracer on the mixing behavior in
tundish is discussed in Sectiom III–E.

A. Model Verification

1. Model verification-grid independence
Apart from the normal grid in Figure 3, a coarser

mesh with 168 9 71 9 70 cut-cell grids and a finer mesh
with 280 9 109 9 144 cut-cell grids were used in the
grid independence study. Three monitor lines were used
to compare the velocity magnitudes, as shown in
Figure 4. Line 1 is vertically located from the center of
inlet to the center bottom of the Turbo stopper; line 2 is
horizontally located from Turbo stopper through the
holes in dam to the tundish right side wall; line 3 is
vertically located from the top of the stopper rod to the
outlet.

The velocity magnitude distribution along three
monitor lines was examined for the three types of grids,
as shown in Figure 5. The ensemble average deviation of
all the data points of the velocity magnitude for the
coarse grid and fine grid to the medium grid are (9.5 and
3.6 pct), (17.4 and 24.7 pct), (1.6 and 5.3 pct) at Line 1,
Line 2 and Line 3, respectively. The velocities magnitude
at Line 2 is of the order of 10 mm/s which is smaller
than 0.8 and 0.6 m/s at Line 1 and Line 3, respectively.
As a result, the deviation between the results of different
grids becomes more pronounced and the percentage is as
large as 24.7 pct at Line 2. Anyway, the deviation is
acceptable and the velocity magnitude distribution is
similar to prove a mesh independence. In the end, the
medium fine mesh with 193 9 79 9 117 grids was
chosen for the remaining simulations.

2. Model verification-time step independence
Based on the medium fine mesh in Figure 3, six

different time steps i.e., 0.06, 0.075, 0.10, 0.12, 0.15, and
0.2 seconds were examined to evaluate the time step
independence. The basic case was a KCl tracer with an
injection time of 0.6 seconds, which corresponds to the
addition of 250 mL KCl tracer. A monitor point is
located at the center bottom of the Turbo stopper as
shown in Figure 6.

The tracer mass concentration cT variation with time
at the monitor point during the initial injection time
period is compared in Figure 7. The ensemble average
deviation analysis was not studied since the data

sampling intervals (in this case, the same as time steps)
for the six different time steps are different. Rigidly, the
data at the common multiple of all the time steps, i.e.,
0.6 and 1.2 seconds can be compared, as indicated by
the dash lines in Figure 7. Moreover, the results of time
steps of 0.06 and 0.20 seconds represent the upper and
lower limits of all the time steps at 0.6 seconds, and vice

Fig. 4—Schematic sketch of the monitor lines used in the grid inde-
pendence study.

Fig. 5—Velocity magnitude distribution along three monitor lines (a)
line 1 (b) line 2 (c) line 3.
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versa at 1.2 seconds. Thus, the deviation of the tracer
mass concentration cT for the result of time step of
0.12 seconds to the results of time steps of 0.06 and
0.20 seconds are (12.4 and 8.7 pct), (37.9 and 20.5 pct)
at 0.6 and 1.2 seconds, respectively.

The injection time should also be considered for the
time step settings as well. The injection times for KCl
tracers are 0.12, 0.24, 0.36, and 0.6 seconds which
correspond to amounts of 50, 100, 150, and 250 mL.
This requires that the time step should be equal to or
smaller than 0.12 seconds such as 0.06, 0.04 seconds etc.
From the compromise of the model accuracy and the
computation time needed, a value of 0.12 seconds was
selected as time step for the initial injection period.
Thereafter, the time step was gradually increased as
described in Section II–I.

B. Model Validation

1. Steady state velocity field
The steady state velocity fields are shown in Figure 8.
As shown in the Figure 8(a), the inlet stream hits the

Turbo stopper and is rebound toward the surface.
Furthermore, the rebound fluid is directed toward the

tundish left wall and weir, which results in a circulating
flow. Also, there is a strong bypassing flow above the
dam directed toward the surface. From Figures 8(b) and
(c), the fluid flows through the dam holes in an upward
direction. From Figure 8(d), the fluid flow into the
tundish outlet-nozzle follows a sudden contraction
shape.

2. Black ink dispersion validation
In the mathematical model of black ink, the density

and molecule diffusion coefficient of black ink were
considered in the model. However, the water self-
diffusion and viscosity properties were not studied.
The black ink was recorded by photographs during

the water modeling experiments. These photos consisted
of overlapped x–z planes. The ink concentration iso-
surfaces were used for the validation instead of the
concentration contours. The 0.1 pct value of the max-
imum concentration of the whole computational do-
main in the present time step was chosen for the iso-
surfaces. This is due to that this value can, to some
degree, represent the propagation edge of black ink. A
comparison of the results are shown in Figure 9. The
agreement of the dispersion profiles between the black
ink water model and the mathematical model simulation
are fairly good.
In Figures 9(a) and (b), the black ink flows toward to

top surface at 0.96 and 6 seconds. There is a difference
between the experimental and mathematical modeling
results for the data taken at 6 seconds. In the mathe-
matical modeling, the ink concentration has dispersed to
the weir but has not reached the weir as water modeling
result shows. This difference may be attributed to the
fluctuation of the free surface during the black ink
injection period which was not considered in the
mathematical model. The fluctuation may promote the
dispersion of black ink to the weir; on the other hand,
the weir located near the inlet also enhances the wave
fluctuation by reducing the space for the wave propa-
gation. Overall, the wave motion occurs at the free
surface near the tundish inlet as was stressed by Szekely
and Ilegbusi[4]

In Figure 9(c), the mathematical model predicts that
the stream approaches the dam, which is similar to what
is found in the water modeling results. From the point-
of-view of a fluid visualization, the black ink exhibits a
good visibility[36] and it’s easier to distinguish than that
in the predictions even at diluted solutions. While in
mathematical model, the iso-surface concentration value
was based on 0.1 pct value of the maximum concentra-
tion in the whole computational domain. This criterion
could not be universal and precise enough to describe
the ink propagation shape to the same accuracy as
found in the experimental results. This could also lead to
difficulties to validate the black ink dispersion predic-
tions.
In Figure 9(d), it is shown that the mathematical

model can predict the mixing of the stream bypass above
the dam and the stream flow throughout the holes fairly
well. These two streams start to mix at a time of
70 seconds. In addition, the results at time 109.875 sec-
onds are shown in Figure 9(e). The black ink is diluted

Fig. 6—Schematic sketch of the monitor point used in the time step
independence study.

Fig. 7—The tracer mass concentration cT at the monitor point as a
function of time.
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and opaque in the water modeling photos. However, the
propagation shape is similar between the simulations
and the experiments.

Besides, the black ink material itself consist of small
amounts of solid carbon particles that will result in a
much higher viscosity than water. It should be men-
tioned that the physical phenomenon[37] as well as the
mechanisms of ink dispersion is very complex. The ink
dispersion has been an important topic for the ink
industry, ink painting in paper, etc.[38,39] Therefore, it is
important to point out that the present mathematical
model for predicting black ink dispersion is reasonably
accurate, as shown by the reasonable agreement with the
experimental data.

3. KCl solution RTD validation
In the present study, the influence of the mass

concentration of tracer on the density is coupled in all
the governing equations, which describes the effect of
tracer density on fluid flow and tracer concentration
dispersion. In this section, only the density was consid-
ered (abbreviated as OD in the further discussion). The
effect of other tracer properties will be discussed in the
following sections.

During the water modeling trials, the KCl solution
concentration was measured by a conductivity probe
located in the outlet as described in Reference 15. The
instantaneous concentration at the outlet is plotted as a
function of time, i.e., the RTD curve. A comparison of

the experiment and the mathematical RTD curve is
shown in Table II(1). The dimensionless time was a
ratio of the physical time and mean residence time.
Moreover, the later was deduced from the ratio of
water volume in the tundish and the volumetric flow
rate. In the present study, the mean residence time is
595.3 seconds.[15] The dimensionless concentration was
normalized in order to ensure that the area under the
RTD curve is unity.
Before the discussion, it should be mentioned that

the data sampling interval for the water modeling trials
was 0.5 seconds. However, the data sampling interval
for the calculations were gradually increased from 0.12
to 1.15 seconds, as described in Section II–I. Rigidly,
the data at the exactly same time point, i.e., the
common multiple of data sampling intervals of water
modeling trials and calculations, can be used for
validation. Essentially, there are 180 qualified data
points. Therefore, the ensemble average deviation
analysis of the every single points for the RTD
predictions and water modeling results are not studied.
Instead, the maximum deviation of these 180 points is
studied for two stages (1) before reaching the peak
concentration of RTD curve, and (2) after the peak.
Anyway, the maximum deviation could be a robust
comparison. On the other hand, the breakthrough time
and peak concentration are compared as well. The
same analysis method will applied to the cases in the
remaining part of the paper.

Fig. 8—Steady state velocity field. (a) Front view at the center plane, (b) top view at the holes plane, (c) front view at the holes plane, (d) front
view near the outlet.
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From the RTD curve shape in Table II(1), the
mathematical RTD curve is smooth, which is a result
from the eddy viscosity turbulence model. Furthermore,
the breakthrough time, i.e., the time when the tracer
flow to the outlet, is difficult to predict compared to the
steep increase of the RTD curve found in the water
modeling experiments. In the remaining part of the
paper, the breakthrough time of the mathematical
model is taken as the time when the tracer mass
concentration cT reaches a value of 0.1 pct of the peak
concentration in the RTD curve. In this study, the
dimensionless breakthrough time is 0.103 (physical time:
61.425 seconds), which is acceptable (difference within
4.8 pct) compared to the value of 0.108 (physical time:
64.5 seconds) which was obtained in the water modeling
results. Moreover, the dimensionless peak concentration
of the prediction and the water modeling result are
1.545 and 1.529 (difference: 1.0 pct), respectively.

Furthermore, the maximum deviations of the dimen-
sionless mass concentration for the prediction to the
water modeling results are 1.065 and 0.270 at the stages
before reach the peak of RTD and after the peak,
respectively. The very big discrepancy at the stage before
reach the peak of RTD was due to the shift of the
predicted RTD curve. Overall, this comparison shows
that the present mathematical model to simulate KCl
tracer addition in a tundish is reasonable.

C. Tracer Properties Discussion

The properties beside the density of tracer are evaluated
in this paragraph for developing a realistic model. The
properties like the KCl molecule diffusion, the water self-
diffusion inKCl solution, and the viscosity ofKCl solution
are sequentially implemented into the case where only the
density of the KCl solution is considered.

1. KCl molecule diffusion
The RTD curve of the model implemented with the

density of the KCl solution and the KMD is shown in
Table II(2). A comparison of the RTD curves of KMD
and OD as well as water modeling results is shown in
Figure 10. This figure is magnified and the x-axis of
dimensionless time is fixed to have values less than 0.7.
The RTD curve of KMD case is closer to the water
modeling results than that of OD case, for data taken at
dimensionless times from 0.1 to 0.2.
The comparison of all the cases and experiment

results are summarized in Table III. The dimensionless
breakthrough time of KMD is 0.111 (physical time
66.3 seconds), which is slightly higher than the results
0.103 of OD. This also indicates that the tracer flows to
the outlet is somehow delayed with respect to the KMD.
The peak concentration for the KMD and OD case

are 1.423 and 1.545, respectively. From the classical

Fig. 9—Black ink dispersion photo in the water model compared to tracer concentration iso-surface of predictions at time (a) 0.96 s, (b) 6 s, (c)
32.1 s, (d) 69.9 s, (e) 109.875 s.
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Table II. A Comparison of the RTD Curves for an Addition of 250 mL of a KCl Solution in the Water Modeling Experiments

and Mathematical Model Predictions with Different Tracer Properties

(1) KCl density only (OD) (2) KCl density+KCl molecule diffusion (KMD)

(3) KCl density+KCl molecule diffusion+
water self-diffusion in KCl solution (KMD+WSD)

(4) KCl density+KCl molecule diffusion+
KCl solution viscosity (KMD+KV)

(5) KCl density+KCl molecule diffusion+
water self-diffusion+KCl solution viscosity (KMD+WSD+KV)
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chemical reaction engineering theory,[40] it is clear that a
high peak concentration indicates a weak mixing inside
the vessel. The present result shows that the mixing is
improved when the KMD is taken into account.

Moreover, the maximum deviation of the dimension-
less mass concentration for the prediction of KMD case
to the water modeling results are 0.708 and 0.251 at the
stages before reach the peak of RTD and after the peak,
respectively. Compared to the results of OD case, i.e.,
1.065 and 0.270, the accuracy of prediction to experi-
mental results are improved for the KMD case.

At last, it should be mentioned that the OD result was
based on the coarser 168 9 71 9 70 grids while the
KMD and all the remaining cases were based on the
medium fine mesh with 193 9 79 9 117 grids. Apart
from the KMD, the mesh difference could also, to some
extent, influence the differences in the results.

2. KCl molecule diffusion and water self-diffusion
in KCl solution
A water self-diffusion coefficient (abbreviated as

WSD) was also implemented in the model that already
considered the KCl density and KMD. The RTD curve
is shown in Table II(3). The peak concentration of
KMD+WSD is 1.433, which is little higher than the
values of 1.423 for the KMD case. Compared to the
RTD curves of KMD+WSD and KMD, it’s not easy
to distinguish a difference between the results. Besides,
the concentration contours of both cases are exactly the
same. Thus the results are not presented here.

3. KCl molecule diffusion and viscosity of KCl
The viscosity of a KCl solution (abbreviated as KV)

in Eq. [11b] was implemented in the model besides the
KCl density and KMD as already were accounted for.
The RTD curve is shown in Table II(4). The differences
between the RTD curves of KMD+KV and KMD
cases are also difficult to identify.

4. Combination of the KCl molecule diffusion, water
self-diffusion in KCl solution and viscosity of KCl
The RTD curve of the case that combined all the

effects of tracer properties is shown in Table II(5). The
following ensemble average deviation formula is used to
quantitatively analyze the difference between one case
and the reference cases OD or KMD.

Devi ¼ 1

n

Xn

i¼1

cT ið Þ � cT;j ið Þ
�� ��

cT;j ið Þ

� �
j ¼ OD; or KMD caseð Þ

½15�

where cT ið Þ and cT;j ið Þ are the mass concentration of
tracer at i th sampling time of the studying and reference
case, respectively.
From Table III, the ensemble average deviation of the

RTD curves of the cases implemented with KMD,
KMD+WSD, KMD+KV, and KMD+WSD+KV

Table III. Comparison of the Cases with Different Tracer Properties

Case

Breakthrough
Time

(Dimensionless)

Peak
Concentration
(Dimensionless)

Maximum Deviations of Dimen-
sionless Concentration to the

Experiment Result*
Ensemble Average Deviation
to the Calculated RTD**

Before Reaching
the Peak of
RTD Curve

After the Peak of
RTD Curve

To the OD
Case (pct)

To the Density+
KMD Case (pct)

Only Density (OD) 0.103 1.545 1.065 0.270 – –
Den+KMD 0.111 1.423 0.708 0.251 7.5 –
Den+KMD+WSD 0.111 1.433 0.711 0.249 7.3 0.69
Den+KMD+KV 0.111 1.433 0.713 0.249 7.3 0.66
Den+KMD
+WSD+KV

0.111 1.433 0.713 0.249 7.3 0.66

Experiment 0.108 1.529 – – – –

* The deviation value of dimensionless concentration was got from the difference of simulation and water modeling experiment at the exactly same
time points. As a result of the difference of data sampling intervals of simulation and experiment, there are only 180 qualified data points for each
case. Thus, the maximum deviations are presented for a robust comparison. More description can be found in Section III–B–3.

** The data sampling intervals as well as the number of data points are exactly the same for all the simulation cases. As a result, the ensemble
average deviation was studied for the every single data points of the RTD curve.

Fig. 10—A comparison of the RTD curves of mathematical model
predictions that implemented with KCl solution density only and
that implemented with both density and KCl molecule diffusion.
(Magnified figure and the x-axis of dimensionless time is fixed to less
than 0.7).
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cases to the OD case are about 7.3 pct. While the
ensemble average deviation of the cases implemented
with KMD+WSD, KMD+KV, and KMD+
WSD+KV to the KMD case are less than 0.7 pct. In
other words, the KMD case is accurate enough. The
properties such as the WSD and KV will influence the
RTD curve slightly.

Regarding the maximum deviation of the dimension-
less mass concentration of stages before reach the peak,
and after the peak, and peak concentration, the cases
implemented with KMD, KMD+WSD, KMD+KV,
and KMD+WSD+KV are ranged from 0.708 to
0.713 (difference: 0.7 pct), 0.249 to 0.251 (difference:
0.8 pct), 1.423 to 1.433 (difference: 0.7 pct), respectively.
Besides, the breakthrough time is exactly the same i.e.,
0.111 for all these cases. The results are very similar.
Again, the comparison also proved that the properties
such as the WSD and KV show small effect (within
0.8 pct) on the RTD curve results for the KMD case.

5. Summary
Regarding the physical properties of tracer, the KCl

density and KMD are important. Therefore, they were
implemented in the present study. The accuracy of the
mathematical model was not greatly improved when
considering the water self-diffusion and KCl viscosity
(difference within 0.8 pct). Therefore, the two properties
are neglected in the following studies.

D. Compare the Mixing of Black Ink and KCl Tracer

The studied cases are summarized in Table IV. The
STE case is described in Section II–D–2, this model
neglects all the properties of the tracer. However, the
density and KMD are implemented in the mixed
composition fluid model for black ink and KCl tracer
cases.

The concentration contours of black ink, KCl, and
STE result during the initial injection 15 seconds are
summarized in Table V. Before this discussion, it should
be mentioned that the STE and mixed composition fluid
models are two different models. Furthermore, that the
tracer amount of black ink (50 mL) and 250 mL KCl is

also different. Therefore, the scales in each concentra-
tion contour figure are different. Fortunately, one can
compare the contour profiles for a concentration distri-
bution. That also applies to the following discussion
focusing on the KCl tracer amount.
The tracer density effect can be identified from the

results at 2.40 seconds. As can be seen, the concentra-
tion propagation height of black ink is much higher
than for STE, while the height of 250 mL KCl is lower.
The propagation height indicates that the black ink
flows upwards toward the top surface somewhat faster
than for the STE case. This is due to that the density
of black ink is lower than for water. After 3.60 sec-
onds, the KCl tracer shows a strong trend to sink to
the bottom, which is different from the other two cases.
Thereafter, the KCl tracer flows close to the bottom of
tundish and even approaches to the dam after 15 sec-
onds.
The concentration contours evolution of STE, black

ink, and 250 mL KCl are shown in Figures 11, 12, and
13, respectively. As shown in Figures 11, the STE result
shows a strong tendency that the fluid flow is directed
upwards through the holes where it is mixed with the
bypassing stream that passes the top of the dam at
105 seconds. The mixed stream flows to the right side
wall of tundish in the figure and forms a large circulating
flow, which is directed downwards toward the outlet
part at 180 seconds. From Figure 12, the black ink flow
pattern is quite similar as for the STE results. The black
ink density is only 4.8 pct lower than that of water, so
the difference of the flow pattern is not obvious. On the
contrary, the density of the KCl saturated solution is
16.4 pct larger than that of water. The 250 mL KCl
result is quite different, as shown in Figure 13. The fluid
propagates to the dam at 19.92 seconds. Thereafter, the
stream flows through the holes and sinks to the bottom.
The evolution of the concentration contours after the
stream approaches the step in the tundish bottom is
shown in Figure 14. The concentration contour forms a
large circular shape at 49.8 seconds and falls down to
the lower tundish bottom at 57.6 seconds. Thereafter,
this ‘‘concentration eddy’’ propagates to the right side
wall of the tundish after a while.

Table IV. A Summary of the Predicted Case

Study
Cases

Tracer
Category

Tracer
Amount
(mL)

Dimensionless
Amount*

Tracer Properties in Model

Tracer
Effect

Discussion

KCl
Amount

DiscussionDensity

Molecule
Diffusion
of Tracer

Self-diffusion
of Water*2 Viscosity**

STE same with
water

50 0.202 9 10�3 – – – – � –

Black ink black ink 50 0.202 9 10�3 � � – – � –
KCl 50 mL KCl 50 0.202 9 10�3 � � – – – �
KCl 100 mL KCl 100 0.403 9 10�3 � � – – – �
KCl 150 mL KCl 150 0.605 9 10�3 � � – – – �
KCl 250 mL KCl 250 0.806 9 10�3 � � – – � �

* The dimensionless amount can be deduced from the ratio of tracer amount to the water volume in tundish water model.[15] The water volume in
the water modeling experiment is 248L.[15]

** The effects of self-diffusion of water and KCl viscosity were neglected.
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Table V. Concentration Contours of STE, Black Ink, 250 mL KCl Cases During the Initial Injection Time

Time Scalar Transport Equation Black Ink 250mL KCl
0.96s

2.40s

3.60s

4.80s

6.00s

9.00s

15.00s
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TheRTDcurve of black ink, 250 mLKCl, and STE are
compared in Figure 15. The dimensionless breakthrough
times are 0.203 and 0.218 (difference: 6.7 pct) for the
black ink and STE results, respectively. In addition, the
dimensionless peak concentrations are 1.220 and 1.174
(difference: 3.8 pct) for the two cases. The RTD curves of
these two cases are very close, which was due to that the
flow pattern of black ink and STE are similar. On the
contrary, the RTD curve of 250 mL KCl is shifted to the
left compared to the data from the other two cases. This
shift could be attributed to the KCl tracer flow pattern,
i.e., the tracer flow is directed toward to the bottom, flows
through the holes in dam, and propagates to the outlet
nozzle. However, for the black ink and STE cases, the
fluid reaches the outlet followedby a large circulating flow
close to the top surface at around 180 seconds. The peak
concentration for the KCl 250 mL case is a little higher
than for the other two cases. This indicates a weaker
mixing in theKCl 250 mL case compared to the STE case.
The results also indicated that the density effect of a KCl
tracer should be considered in the studies of RTD curves.

E. Effect of KCl Tracer Amount on Mixing

The concentration contour evolution of 50, 100, 150,
and 250 mL KCl solutions during the initial injections is

summarized in Table VI. Generally, there is a trend that
the larger the KCl tracer amount the more the fluid
sinks to the bottom. The 50 mL KCl case has a flow
pattern that is similar to the STE case and which is
different from the other three cases. Moreover, the
concentration propagates to the top surface at 9 sec-
onds. However, at 9 seconds, the concentration of
100 mL KCl starts to reach the bottom; in the 250 mL
KCl case, the concentration has already propagated to
the position of the weir.
The concentration contours of the four cases at

19.2 seconds are compared in Figure 16. In the 50 mL
KCl case, the concentration still propagates to the top
surface, which is similar to the black ink and STE cases.
The other three cases show a similar tendency. The
slight difference is the location of the front edge of the
concentration contour i.e., the larger amount of KCl
tracer, the farther the location of the front edge from the
turbo stopper.
The concentration contours of the four cases when the

KCl tracer propagates to the holes in dam, flow through
the holes, and flow to the step at the bottom of tundish
are compared in Figures 17,18, and 19, respectively. In
Figure 17, the times at which the KCl concentration
approaches to the holes of the 50, 100, 150, and 250 mL
KCl are 75, 33.75, 25.8, and 20.52 seconds, respectively.

Fig. 11—Concentration contours of the scalar in the dam holes plane when using the scalar transport equation model at (a) 54 s, (b) 75 s, (c)
105 s, (d) 135 s, (e) 180 s.
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In Figure 19, the times at which the KCl concentration
propagates to the step at the bottom of tundish are 150,
85.3125, 68.25, and 52.5 seconds, respectively. Gener-
ally, the tracer concentration propagates to the holes in
the dam and then flows to the step of the tundish much
faster for larger KCl tracer amounts than for smaller
amounts. The time intervals of tracer flow through the
holes to the step are estimated as the time interval of
Figure 17 and 19, i.e., 75, 51.5625, 42.45, and 31.98 sec-
onds. As shown in Figure 18(a), the KCl concentration
propagates horizontally through the holes for the 50 mL
KCl case. Moreover, a strong bypassing flow also exists
above the dam. While for the other three cases in
Figures 18 and 19, the tracer flow sinks to the bottom
after it has passed through the holes. In addition, a small
portion of tracer concentration ‘‘climb’’ along the dam
to the top of the dam and is thereafter directed
downward.

The RTD curves of additions of 50, 100, 150, and
250 mL KCl are compared to the experimental RTD
curve in Table VII. The RTD curves in Table VII are
collected and redrawn in Figure 20 (Magnified figure
and the x-axis of dimensionless time is fixed to have
values less than 1.0). The dimensionless breakthrough
time and dimensionless peak concentration are com-

pared in Table VIII. From the general shape of the
RTD curves in Table VII, the agreement of mathemat-
ical model and experimental RTD curves are good for
the 100, 150 and 250 mL KCl cases. However, the
predicted 50 mL KCl RTD curve shifts to the right side
compared to the experimental RTD curve at a dimen-
sionless time of 0.054. The differences between model
predictions and water modeling results for the dimen-
sionless breakthrough time and dimensionless peak
concentration are (24.6 and 12.1 pct), (12.5 and
0.8 pct), (2.8 and 3.3 pct), (2.8 and 7.0 pct), for the 50,
100, 150, and 250 mL KCl cases, respectively. The
difference is less than 12.5 pct for the 100, 150, and
250 mL KCl cases, which is acceptable. However, the
difference is bigger for the 50 mL KCl case. As shown in
Figure 20, the prediction for the 50 mL KCl case shifts
to the right side of the experiment result at a value of
about 0.1 for the dimensionless time. This requires
further investigations in the future.
From Table VIII, the dimensionless breakthrough

time of the water modeling (and calculation results)
decreases from 0.222 (0.276) to 0.108 (0.111) when the
KCl tracer amount increases from 50 to 250 mL. The
tendency is the same for both the water modeling and
calculation results.

Fig. 12—Concentration contours of black ink in the dam holes plane when using the mixed composition fluid model at (a) 49.5 s, (b) 75 s, (c)
106.5 s, (d) 135 s, (e) 178.2 s.
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Fig. 13—Concentration contours of 250 mL KCl in the dam holes plane when using the mixed composition fluid model at (a) 19.92 s, (b)
24.12 s, (c) 30 s, (d) 45 s.

Fig. 14—Concentration contours of 250 mL KCl in the dam holes plane when using the mixed composition fluid model at (a) 49.8 s, (b) 52.5 s,
(c) 57.6 s, (d) 63 s, (e) 69 s, (f) 78 s.
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From the above analysis as well as the results in
Table VI and Figures 16 through 20, the effect of KCl
tracer amount on mixing could be concluded as the

larger amounts of KCl tracer, the stronger the tracer
flow sinks to the bottom and the faster the tracer
propagate to the holes of dam then to the step of the
tundish, and subsequently to the outlet nozzle.

IV. CONCLUSIONS

The mixed composition fluid model was used to
simulate the tracer mixing in continuous casting tundish.
The following conclusions were obtained:

1. After implementing the tracer properties such as the
tracer density and the tracer molecule diffusion
coefficient, the mixed composition fluid model was
found to be reliable to simulate the black ink tracer
and KCl tracer mixing in a tundish.

2. Other tracer properties such as the water self-diffusion
coefficient in a KCl solution and the KCl solution
viscosity only influenced the mixing and RTD curves
slightly. In particular, the ensemble average deviation
of the RTD curves of the cases that implemented with
the properties such as the water self-diffusion or the
viscosity of KCl solution, and even both to the case

Table VI. Concentration Contours of Mathematical Models Predictions of Additions of 50, 100, 150, and 250 mL KCl During the

Initial Injection Time

Time 50mL KCl 100mL KCl 150mL KCl 250mL KCl
2.40s

3.60s

4.80s

6.00s

9.00s

Fig. 15—Comparison of the mathematical model RTD curves pre-
diction of 1) black ink 50 mL case, 2) KCl solution 250 mL case,
and 3) scalar transport equation.
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that implemented with density of KCl solution and
KMDare less than 0.7 pct. Therefore, these properties
were neglected in the further calculations in the present
study.

3. The black ink, which density is 4.8 pct less than
water, showed a similar concentration propagation
tendency compared to the case by solving STE
without considering the tracer properties effect. The

Fig. 16—A comparison of the concentration contours in the center plane at 19.2 s when using the mixed composition fluid model (a) 50 mL
KCl, (b) 100 mL KCl, (c) 150 mL KCl, and (d) 250 mL KCl.

Fig. 17—A comparison of the concentration contours in the dam holes plane when KCl tracer propagates to the holes in dam (a) 50 mL KCl
75 s, (b) 100 mL KCl 33.75 s, (c) 150 mL KCl 25.8 s, and (d) 250 mL KCl 20.52 s.

186—VOLUME 46B, FEBRUARY 2015 METALLURGICAL AND MATERIALS TRANSACTIONS B



general flow pattern showed that the fluid flowed
upwards through the holes in the dam and mixed
with the bypassing stream that passed the top of the
dam. Thereafter, the fluid propagated to the outlet
followed by a big circulating flow close to the top
surface of tundish. The calculated RTD curves of the
black ink and STE results are very close. The differ-
ences between the black ink and STE results for the

breakthrough time and peak concentration are
6.7 pct and 3.8 pct, respectively.

4. The KCl solution, which density is 16.4 pct higher
than water, exhibited a strong tendency to sink at the
bottom and subsequently to flow to the outlet nozzle
much earlier than for the black ink case.

5. The calculated flow patterns for the 100, 150, and
250 mL KCl cases were similar, i.e., the fluid sink to

Fig. 18—A comparison of the concentration contours in the dam holes plane when KCl tracer flow through the holes in dam (a) 50 mL KCl
105 s, (b) 100 mL KCl 45 s, (c) 150 mL KCl 32.25 s, and (d) 250 mL KCl 24.72 s.

Fig. 19—A comparison of the concentration contours in the dam holes plane when KCl tracer flow to the step at the bottom of tundish (a)
50 mL KCl 150 s, (b) 100 mL KCl 85.3125 s, (c) 150 mL KCl 68.25 s, and (d) 250 mL KCl 52.5 s.
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the bottom since the initial injection period and
subsequently flowed through the holes in the dam
and propagated to the outlet nozzle directly. The
difference between the three cases was that the KCl
concentration of the larger amount case propagated
to the outlet nozzle much faster than the smaller
amount cases.

6. The calculated flow pattern of 50 mL KCl case was
different with the other three cases. The concentra-
tion propagated to the top surface which act like
black ink during the initial injection period, and
subsequently the fluid flowed through the holes in the
dam more slowly.

7. The calculated RTD curves of 250 mL KCl shifted to
the left side compared to the STE results. The results
also indicated that the density effect of a KCl tracer
should be considered for these kinds of studies. The
agreement between the calculated and experimental
RTD curves is good for the 250, 150, and 100 mL

Table VII. A Comparison of the Mathematical Model Predictions and Experimental RTD Curves of 50, 100, 150, 250 mL KCl

50 mL KCl 100 mL KCl

150 mL KCl 250 mL KCl

Fig. 20—RTD curves of mathematical model predictions and experi-
ments cases the following KCl additions: 50, 100, 150, and 250 mL.
(Magnified figure and the x-axis of dimensionless time is fixed to less
than 1.0).
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KCl cases. The differences between model predictions
of the three cases and water modeling results for the
breakthrough time and peak concentration are less
than 12.5 pct. The discrepancy of the experimental
and calculated RTD curve of the 50 mL KCl case
requires further investigation. It is possible that the
mixed composition fluid model used in combination
with eddy viscosity models is less suitable for cases
with mixing of very small amounts of heavy tracers.
This is due to that individual eddies cannot be cap-
tured by eddy-viscosity model and that influence the
calculated mixing and thus the modeled density.
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NOMENCLATURE AND ACRONYMS

GREEK SYMBOLS

q Mass density (kg/m3)
qT Tracer density (kg/m3)
qW Water density (kg/m3)
leff Effective viscosity (kg/m s)
ll Laminar viscosity (kg/m s)
lt Turbulence viscosity (kg/m s)
lW Dynamic viscosity of water (kg/m s)
k Turbulence kinetic energy (m2/s2)
e Turbulence kinetic energy dissipation rate (m2/s3)
Pk Turbulence kinetic energy production rate (m2/s3)
dij Kronecker delta operator

LATIN SYMBOLS

A, B, D Coefficients in Jones–Dole equation
cT Local value of the mass

concentration for tracer
cW Local value of the mass

concentration for water

c1 Local value of the mass
concentration for the scalar in scalar
transport equation

C Mole concentration of KCl solute
(mol/L)

CSaturated Saturated mole concentration of
KCl solute (mol/L)

ClC1eC2eC3erkre Constants in turbulence model
cT ið Þ and cT;j ið Þ Are the mass concentration of tracer

at i th sampling time of the studying
and reference case, respectively.

DCl� Diffusion coefficient of the Cl�

anion (m2/s)
Deff Effective diffusion coefficient (m2/s)
DKCl Molecule diffusion coefficient of KCl

(m2/s)
DKþ Diffusion coefficient of the K+

cation (m2/s)
Dl Laminar diffusion coefficient (m2/s)
Dt Turbulence diffusion coefficient (m2/

s)
Devi Deviation of studying and reference

of case
p Pressure (Pa)
Sct Turbulence Schmidt number
u Velocity vector (m/s)
zKþ The charge of the K+ cation
zCl� The charge of the Cl� anion

SUB/SUPERSCRIPTS

i Index i
j Index j
k Index for turbulence kinetic energy
e Index for turbulence kinetic energy dissipation rate

ACRONYM

RHS Right hand side
RTD Residence time distribution
SIMPLE Semi-implicit method for pressure-linked

equations
SIMPLEST Semi-implicit method for pressure-linked

equations shortened
SMART Sharp and monotonic algorithm for

realistic transport

Table VIII. A Comparison of the Dimensionless Breakthrough Time, Dimensionless Peak Concentration of Mathematical Model

Predictions and Water Modeling Results for Cases the Following KCl Additions: 50, 100, 150, and 250 mL

50 mL KCl 100 mL KCl 150 mL KCl 250 mL KCl

Dimensionless breakthrough time mathematical model 0.276 0.186 0.147 0.111
water modeling 0.222 0.165 0.143 0.108

Dimensionless peak concentration mathematical model 1.186 1.533 1.480 1.423
water modeling 1.350 1.546 1.433 1.529
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STE Scalar transport equation
OD Only density effect
KMD KCl molecule diffusion
KV KCl viscosity
WSD Water molecule self-diffusion

REFERENCES
1. D. Mazumdar and R.I.L. Guthrie: ISIJ Int., 1999, vol. 39 (6),

pp. 524–47.
2. P.V. Danckwerts: Chem. Eng. Sci., 1953, vol. 2 (1), pp. 1–13.
3. E.B. Nauman: in Handbook of Industrial Mixing: Science and

Practice, Chap. 1, E.L. Paul, V.A. Atiemo-Obeng, and S.M.
Kresta, eds., Wiley, New Jersey, 2004, pp. 1–17.

4. J. Szekely and O.J. Ilegbusi: The Physical and Mathematical
Modeling of Tundish Operations, Springer, Berlin, 1989, pp. 36–52.

5. N.S. Tavare: AIChE J., 1986, vol. 32 (5), pp. 705–32.
6. Y. He and Y. Sahai: Metall. Trans. B, 1987, vol. 18B, pp. 81–92.
7. J.L. Yeh, W.S. Hwang and C.L. Chou: J. Mater. Eng. Perform.,

1992, vol. 1, no. 5, pp. 625–36.
8. A. Vassilicos, and A.K. Sinha: 10th Process Technol. Conf. Proc.,

Toronto, I&S Society, April 5–8, 1992, pp. 187–207.
9. O.J. Ilegbusi: ISIJ Int., 1994, vol. 34 (9), pp. 732–38.
10. C. Damle and Y. Sahai: ISIJ Int., 1995, vol. 35 (2), pp. 163–69.
11. A. Robert and D. Mazumdar: Steel Res. Int., 2001, vol. 72 (3),

pp. 97–105.
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and P. Novotny: Densities of Aqueous Solutions of Inorganic
Substances, Elsevier, Amsterdam 1985.]
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Erratum to: A Mathematical Modeling Study of Tracer 

Mixing in a Continuous Casting Tundish 
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Erratum to: METALL. MATER. TRANS. B DOI: 10.1007/s11663-014-0190-0 

First, the Eq. [7] and Eq. [8] are corrected as follows: 
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The Eq. [13] is corrected as follows: 
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Specifically, in the transport equations for the mass fraction of water, tracer, and the scalar (Eq. [7], Eq. 

[8], and Eq. [13], respectively). The density properties were the density of the mixture in Eq. [10] instead 

of the density of the water or the tracer itself. 

Second, the update of one of the result in the article. Regarding the result (1) KCl density only (OD) in 

Table II and the text in p. 179: “Apart from the KCl molecule diffusion, the mesh difference could also, 

to some extent, influence the differences in the results.” The result (1) KCl density only (OD) was based 

on a mesh of 168×71×70 grids, while the other results (2) to (5) were based on a mesh of 193×79×117 

grids. A new simulation for the (1) KCl density only (OD) were recently made based on a mesh of 

193×79×117 grids to maintain the consistency. It was difficult to distinguish the difference between the 

RTD curves of the case that implemented with density only (OD) and the case implemented with both 

density and KCl molecule diffusion (KMD). 

To conclude, all the properties of tracer (except for the density) that implemented in the CFD model 

could not affect the calculated RTD curves. 
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Abstract 

In an earlier research (Chen et al. 2015a) a mathematical model was established to simulate tracer mixing 

(a KCl solution). The predicted Residence Time Distribution (RTD) curves showed good agreements 

with experimental RTD curves for larger amounts of tracer additions. However, for smaller additions 

(50mL) of a KCl solution into water, the predicted RTD curves tended to deviate from the experimental 

RTD curves for a tundish (a continuous flow reactor). The current paper focuses on the possibilities that 

the predictability for smaller additions could be resolved by using a suitable turbulence model. The 

performance of five different turbulence models representing different modelling techniques and levels 

of complexity were tested in combination with using a density-coupled mixed composition fluid model 

to simulate the mixing, i.e. the following models: LVEL, Chen-Kim k-ε, MMK k-ε, Explicit Algebraic 

Reynolds Stress Model (EARSM), and Wall-Adapting Local Eddy-viscosity (WALE) Large Eddy 

Simulation (LES). The results indicate that models that tend to resolve turbulence structures renders 

better predictions of the mixing process of smaller tracer amounts. In addition, the influence of different 

tracer amounts on the flow in tundish was assessed. The simulation results for 75mL, 100mL, 150mL, 

and 250mL KCl tracer additions were compared. The results showed that in an upward flow the tracer 

will, sooner or later (dependent on the tracer amount), sink to the bottom. This is due to the higher 

density of the tracer compared to the density of water.  From a physical modeling perspective, this issue 

is like the “butterfly effect”. It is showed that for a slight increase of the amount of tracer, the flow field 

might be disturbed. This, in turn, will result in a shifted RTD curve. 
 

Highlights 

Investigation of mixing of a small amount of KCl tracer in a continuous flow reactor. 

The "butterfly effect" on the flow for different amounts of KCl tracer additions. 

The turbulence models' predictability of RTD for small amounts of tracer additions. 

The RTDs of LES (WALE) and LVEL models showed better agreement with measured RTD. 

The RANS models:  Chen-Kim, MMK and EARSM showed similar and shifted RTD curves. 

 

Key words: RTD, CFD, Mixing, Tracer, Tundish, Turbulence models 

 

1. Introduction 

Mixing phenomena by means of tracer technology are vitally important to understand the flow in 

chemical and metallurgical reactors. The terminology Residence Time Distribution (RTD) in continuous 

flow systems was firstly put forward by Danckwerts (1953) and Talyor (1953) and later further 

developed by Zwietering (1959). As summarized by Levenspiel (2002), the RTD connected with the 

tracer technology has been widely studied and it has also been applied in studies of chemical reactors, 
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in physiology, in oceanography etc. In an earlier research (Chen et al. 2012), the effect of the amount of 

KCl (and NaCl) solution tracer additions on the measured RTD curves in a continuous flow system-

metallurgical tundish was studied. The tracer amounts in the study were varied from 50mL to 250mL, 

while keeping the water volume in the tundish as 248L. It was found that the measured RTD curves for 

a 250mL addition shifted to the left side of the RTD curve for the 50mL addition case. Judged from the 

measured RTD curve and a calculated RTD curve (without density coupling), Chen et al. (2012) put 

forward the “hypothesis” that the 50mL KCl solution tracer doesn't or only slightly disturbs the flow. 

Thus, it could safely be used in water models. In other words, the disturbances of the 50mL KCl addition 

could be ignored compared to the cases of 100mL, 150mL, and 250mL KCl tracer additions. To illustrate 

the flow of different amounts of KCl solution tracers, a mathematical model (Chen et al. 2015a) was 

established to simulate the tracer mixing. In addition, the predicted RTD curves were compared to the 

measured RTD curves. Though the model performance was good for larger amounts (e.g. 100mL, 

150mL, and 250mL) of a denser KCl tracer addition, it appeared to be more difficult to predict the 

addition of smaller amounts (e.g. 50mL). The first motivation of this study is to get a better insight and 

understanding of the mechanism behind the shifting of the RTD curves, caused by different tracer 

amounts. 

A validated model is important for system design and analysis, as pointed out by Tavare (1986): “The 

single most important use for RTD studies is to determine a mathematical model that represents the 

behavior of flow and mixing realistically enough to yield useful information for system design and 

analysis. Naturally the closeness of the predicted response to actual tracer response curve will depend 

on how well the model mirror reality.” Thus, it is important to improve the mathematical model’s 

prediction accuracy of the RTD curves for the smaller amounts of KCl solution tracers. This represents 

a second motivation of this study. To improve the accuracy of modeling of segregation due to the finite 

disintegration rate of large concentration eddies, suitable turbulence models are needed. In this study, 

five measured data-sets representing five RTD measurements of 50mL of KCl tracer in a tundish with 

a water volume of 248L are used to evaluate the performance and function of five different turbulence 

models. These, in turn, represent four different turbulence modelling techniques. The turbulence models 

(LVEL, Chen-Kim k-ε model, MMK k-ε model, EARSM, WALE) combined with the density-coupled 

mixed-composition-fluid model are used to simulate the mixing process. The predicted RTD curves for 

each of the models are compared to the measured RTD curves to evaluate the different models functions 

and performances and to elucidate the flow pattern of the small amounts of KCl tracer additions into a 

tundish. 

A third motivation of this study is to determine the influence of different tracer amounts on the flow in 

a tundish by comparing the predicted results of 100mL, 150mL, and 250mL KCl tracer additions (Chen 

et al. 2015a)  and the results of 50mL and 75mL KCl tracer additions from the present study. This means 

that the hypothesis of Chen et al. (2012) that a small amount of KCl solution tracer doesn't or only 

slightly disturbs the flow in the reactor is tested as well. Finally, some suggestions are given for the 

improvement of the “tracer technology” for reactor design and the corresponding aspects of CFD model 

validations. 

 

2. Background 

In this section, the background of this study in terms of the physical phenomena, industrial problems, 

modeling perspective and the reasons for the choices of turbulence models are discussed in more detail. 

2.1 Problems of addition tracers to water models 

The terminology a continuous flow reactor is used from Themelis (1995), the fluid is continuous flow 

into and out from the tundish. Specifically, the tundish is an intermediate vessel placed between a 

discontinuous teeming ladle and a continuous casting mold(s). The primary function is to distribute the 

steel to different molds, as well as to function as a buffer, i.e. to reserve liquid steel and to permit a ladle 

exchange without an interruption of the sequence casting. Moreover, the tundish has been developed to 

carry out metallurgical operations such as inclusions removal, temperature control, and alloy injection 

(Mazumdar and Guthrie 1999). The geometrical configuration in the tundish was reviewed by Wolf 

(1996). In the present work, a classical “a point inlet and a point outlet” tundish (Ilegbusi and Szekely 

1988) of a boat-shape (or called trough type) was studied as is shown in Figure 1. 
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The RTD curve has been widely used in tundish studies. The RTD related issues e.g. residence time, 

plug volume fraction, dead volume fraction are used to roughly estimate the usefulness of a reactor 

design to promote an inclusion removal. This is a key issue to produce clean and high quality steel. 

In the metallurgical industry, the visualization of mixing in high temperature molten metal and 

measurements of the liquid metal velocities under the industrial scale are very difficult. Therefore 

process metallurgists have used water and the scaled-down vessels made by plexiglass to study the liquid 

steel flow in industrial reactors. This is possible since the kinematic viscosities of water at room 

temperature and high temperature molten steel are similar. Thus, the so-called water modeling (also 

called physical modeling) (Harris and Young 1982) has been widely used in metallurgical research. 

Earlier attempts (Levenspiel et al. 1970, Levenspiel and Turner 1970, Turner 1970) were made to 

illustrate the interpretation of the residence-time distribution by a pulse-injection of tracer. Also, the 

terminology “tracer technology” was addressed by a review of Levenspiel (2002). 

The salt solution tracer and conductivity measurement has been widely used both in metallurgical and 

chemical engineering studies. To name a few, the KCl solution (Ohki and Inoue 1970) or NaCl solution 

(Reith et al. 1968, Moustiri et al. 2001) have been used as tracers to measure the axial dispersion 

coefficient in bubble columns. Similarly, the NaCl solution has been used as tracer to measure the 

mixing time in 1) mechanically agitated tanks (Lu et al. 1997), 2) gas-liquid stirred tanks (Zhang et al. 

2009), and 3) external loop airlift reactors (Weiland and Onken 1981, Gavrilescu and Tudose 1997, Vial 

et al. 2005). In the present study, the focus is on a salt tracer e.g. a KCl solution. It is also necessary to 

mention that another group of visualization tracers from the flow visualization perspective exist, as 

summarized by Smits and Lim (2012). 

From an experimental perspective, many attempts have been made to test the influence of tracer 

additions on the mixing time, measured by tracer-addition positions and monitor-sensor locations in 

metallurgical ladles (Krishna Murthy et al. 1986). This has also been done in bubble column reactors 

(Joshi 2001) and in an agitated vessels in the chemical engineering field (Bujalski et al. 2002). 

Besides the above mentioned research, some attention have been paid to the fluid flow and mixing. This 

could be affected by 1) the buoyancy induced from the temperature difference of the incoming stream 

and 2) the buoyancy induced from the difference of the density of the tracer. Due to the high temperature 

nature in the metallurgical industry, process metallurgists are focused on the first issue, i.e. the influence 

of temperature variations in the incoming stream on the flow in the tundish. Moreover, the focus is to 

establish a non-isothermal water model, e.g. as described in the work of Chakraborty and Sahai 

(1991a,1992a,1992b), Lowry and Sahai (1992), Godiwalla et al. (1993), Barreto et al. (1996), Damle 

and Sahai (1996), Sinha and Vassilicos (1999), Sheng and Jonsson (1999, 2000), and Wang et al. (2014). 

Regarding the density induced buoyancy issue in the pioneer work of Vassilicos and Sinha (1992), the 

simulated RTD curves in tundish with and without tracer density effects were compared. It was found 

that the effect of the density of a KCl tracer on the RTD curves in water in a tundish was negligible. 

However, they also found a noticeable effect of the density of a copper tracer on the RTD in liquid steel. 

In the work of Damle and Sahai 1995, the sink flow in tundish, which was caused by the buoyancy of 

the denser KCl tracer, was addressed. Also, noted is that efforts have been made by geophysicists who 

are working on groundwater issues. The density effect of salt water or seawater on flow of the freshwater 

was addressed by Koch and Zhang (1992) and further evaluated by Jalbert et al. (2000) and Beinhorn et 

al. (2005). Thereafter, the coupling of a variable-density solute concentration has been widely used in 

groundwater simulations. This issue has been recalled recently from process science researchers. Kolhe 

et al. 2011 experimentally tested the difference between 0.3 and 3 mole/L KCl solution tracer additions 

on the measurement of the axial dispersion coefficient in a pulsed sieve plate column. The results were 

similar for the different tracer amounts. This may be due to that very small volumes of tracer solutions 

(5mL) were injected in a relatively large volume column. In the simulation work of Chen et al. (2014), 

it was found that the denser KCl tracer (with a volume of 250mL) showed a strong tendency to flow 

downwards, while the neutrally buoyant visualizing tracer-black ink showed a tendency to flow upwards. 

Another result (Chen et al. 2015a) showed that the RTD curves of black ink is close to the RTD curves 

of a passive scalar. However the RTD of a 250mL KCl tracer addition shift to the left when it is 

compared to a RTD curve of a passive scalar. 

Generally, the principal tracer techniques are categorized as a step input and a pulse input (Szekely and 

Ilegbusi 1989). For a pulse input, it is well believed that the tracer injection interval is very small 

compared to the mean residence time. Thus, the influx of the tracer is not expected to affect the local 
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velocity field (Tripathi and Ajmani 2005). However, there is no infinite small quantity of tracer. 

Therefore, the injection of a finite amount of tracer may represent an intermediate case between the ideal 

pulse input and step input. In other words, the finite amount of tracer may disturb the flow and influence 

the measured data. However, in water modeling experiments, the amount of denser tracers are often 

selected arbitrarily. Specifically, the volume ratio of the tracer to the water in the vessel is selected to 

have values between 0.19×10-3 and 1.05×10-3 in a continuous flow system (tundish) (Chen et al. 2012); 

between 0.0076×10-3 and 19.6×10-3 in a batch reactor (ladle) (Chen et al. 2013). Indeed, the amount of 

tracer is quite scattered. Unfortunately, in most of the papers the issues with the amounts of tracers 

caused a disturbed flow and the mixing for a reactor scale have been neglected. Recently, the effect of 

the amount of a dense tracer addition on the RTD measurements in metallurgical reactors was studied, 

e.g. a tundish (Chen et al. 2012) and in a gas-stirred ladle (Chen et al. 2013). Furthermore, for the tundish, 

both experimental (Chen et al. 2012) and mathematical results (Chen et al. 2015a) have demonstrated 

that the denser KCl tracer will flow out to the outlet much faster for cases with larger  additions compared 

to cases with smaller  additions. Accordingly, the RTD curve for the larger additions shift to the left side 

of the RTD curve for the case with smaller additions, as is shown in Figure 2. 

So what is the real flow field for a dense KCl tracer case? Could the measured RTD curves represent 

the passive-scalar tracer flows? Could it be reasonable for researchers to use the distorted RTD 

measurement data for a validation of their mathematical models? These questions are crucial to address 

when using the RTD and tracer techniques. 

As mentioned in the introduction part, the “hypothesis” was put forward by Chen et al. (2012) that the 

50mL KCl solution tracer doesn't or only slightly disturbs the flow. Thus, it could safely be used in 

water model experiments to study mixing phenomena. However, the flow field of this small amount 

(50mL) of KCl tracer was unknown, due to the lack of actual velocity measurements. In addition, the 

mathematical model by Chen et al. (2015a) showed difficulties to simulate a 50mL KCl tracer addition. 

Thus, an improved and reasonable mathematical model description of a 50mL KCl tracer addition as 

well as the mixing in water is required for a good understanding of the physical phenomenon. This, in 

turn, will be required to test or to challenge the hypothesis of Chen et al. (2012). 

2.2 Issues regarding CFD modelling 

To our knowledge, the earlier publications on the mathematical model prediction of RTD curves in 

tundishes are the studies of He and Sahai (1986, 1987) and Szekely and El-Kaddah (1986). In these 

studies, the RTD was modeled by solving a scalar transport equation (STE). Subsequently, predictions 

of RTD in tundishes by using STE-method have been continuously improved. These includes the 

optimization work on the near wall node location (Chakraborty and Sahai, 1991b), the precisely 

description of the free surface in the tundish (Yeh et al. 1992), the coupling the density of tracer in the 

STE (Vassilicos and Sinha 1992), and the application of a two-fluid turbulence model to predict the 

RTD (Ilegbusi 1994). Furthermore, the cell numbers, outlet boundary conditions, locations of the inlet 

boundary, and the choice of two turbulence models have been tested and assessed in the work of Kumar 

et al. (2004). Also, predictions focusing on the tracking of the RTD of particles tracers were carried out 

in the work of Ahn et al. (2007) and Schwarze et al. (2015). 

Generally, the RTD in water model tundishes require a measuring time of about 15 to 50 minutes. To 

simplify the solution process, many studies utilized the method of a “frozen flow field” i.e. the STE is 

solved while the momentum and turbulence equations are closed. This approach suggests that the tracer 

does not affect the flow field. Bujalski et al. (2002) tried two approaches i.e. a “frozen” flow field and a 

non-“frozen” to simulate the tracer mixing in a baffled vessel agitated by a Rushton turbine. It was found 

that the interaction between the flow field and the development of the concentration field had a small 

effect on the results. In addition, Marshall and Bakker (2004) concluded that the “species blending” 

method, i.e. solving only a single scalar transport equation (same as the “frozen” flow field method) to 

compute the species blending is fully compatible with the experimental data for the impellers. 

However, CFD predictions in the literature have sometimes showed a good agreement with experimental 

values and sometimes not. This is suspected to be caused by deficiencies caused by the lack of 1) 

coupling of properties of tracer (e.g. density, diffusion coefficient etc.) and 2) the consideration of the 

precise amount of a “mathematical tracer”. 

Aspect 1) was discussed in section 2.1.1. Regarding aspect 2), it is clear that in many cases the 

“mathematical tracer” was treated from the perspective of using a tracer injection interval. For example 
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1 second or 5 seconds.  Joshi (2001), Ekambara and Joshi (2003) mentioned that the tracer quantity in 

the numerical tests have no effect on the mixing time in a bubble column reactor. However, when the 

density of the KCl tracer is coupled in the simulation, the amount of the “mathematical tracer” may 

influence the predictions. 

In a previous research, Chen et al. 2015a applied the mixed composition fluid model (which was first 

developed by Grip et al. (1997)) and coupled the density of the mixture (tracer and water) to the 

momentum and turbulence equations to simulate the different amounts of KCl tracer additions (50ml, 

100ml, 150ml, 250ml) and the influence on the mixing in a tundish with volume of water of 248L. In 

the work of Chen et al. (2015a), the predicted RTD results of 100ml, 150ml, and 250ml cases agreed 

very well with the measured RTD results (difference within 12.5%). This agreement supports the 

extension of the model to simulate a continuous alloy injection as well as a mixing of alloys in a tundish 

(Chen et al. 2015b). However, the predicted RTD curve for a 50ml addition case shifted a lot with respect 

to the response time compared to the measured RTD curve. A comparison of the 50mL and 250mL case 

is shown in Figure 2. Thus, the model have difficulties to predict a smaller amount of tracer mixing in 

a tundish, although the model predicts good results for larger  tracer addition amounts. 

The motivation of the present investigation focusing on the mathematical model perspective is to 

understand the issue concerning the mixing of smaller amounts of a denser KCl tracer. Furthermore, to 

improve the prediction ability of the present model and to make it reliable to predict smaller amounts of 

tracer additions (e.g. the KCl 50mL case). The smaller tracer amount issue is thought to be caused either 

by deficiencies 1) in the turbulence modeling or 2) in the modeling of mixing, i.e. the mixed composition 

fluid model. The first hypothesis in the present investigation is that the smaller amount mixing issue can 

be explained by turbulence. Therefore, in the present study, several turbulence models are tested and 

compared both to each other as well as to experimental results for the prediction of mixing of small 

amount (50mL) of KCl tracers in a tundish. 

2.3 Choices of turbulence models 

Some publications have discussed the predictions of the RTD in tundishes by different turbulence 

models and the details are summarized in Table 1. Jha et al. (2003), Jha and Dash (2004) studied many 

different k-ε models as well as Smagorinksy subgrid model. Also, Oliveira et al. (2006) have compared 

the predictions using the standard k-ε model, Renormalization Group (RNG) k-ε model, and the Wilcox 

k-ω model. In the work of Odenthal et al. (2009), the Realizable k-ε model, the Menter Shear Stress 

Transport (SST) k-ω model, and the Launder-Reece-Rodi (LRR) Reynolds stress model (RSM) were 

employed for RTD predictions in the tundish. In addition, in the work of Jowsa and Cwudziński (2010), 

the Detached Eddy Simulation (DES) model was first used to predict the RTD curves in a tundish. In a 

recent work of Siddiqui and Jha (2014), the predicted F curve by showed a good agreement with KCl 

tracer measurements when using the RNG k-ε model. Besides, the RNG k-ε model was recommended 

for simulations of strong swirling flows in tundishes (Hou and Zou 2005). It should be mentioned that, 

in all of the models, the tracer is treated by scalar transport equations without coupling the density of a 

tracer (at least they didn’t mention that the density was coupled). 

Regarding the tundish geometry, the geometry is a trough-shape bare tundish i.e. without flow control 

devices in the work of Jha et al. (2003), Odenthal et al. (2009), and Siddiqui and Jha (2014). There is an 

advanced pouring box (rectangular shape) installed under the inlet of the tundish in the work of Jha and 

Dash (2004). Also, the weirs and dams are used in the work of Oliveira et al. (2006) and Jowsa and 

Cwudziński (2010). 

In the present study, the geometry of the tundish is shown in Figure 2. The complex design includes a 

curvature-shaped turbo stopper under the inlet, a weir and a dam (with two drain holes), a downward 

step, a raised part of tundish bottom, and a stopper rod. Thus, to predict the complex flow in the geometry 

requires a somehow advanced turbulence model. Regarding the curvature-shaped turbo stopper, 

Odenthal et al. (2001) and Nájera-Bastida et al. (2007) studied flow in this type of turbo stopper in 

tundishes by using the realizable k-ε model and the RSM model, respectively. 

One aim of this study was to investigate the influence of a turbulence-calculation on the modeling of the 

mixing of small amounts of tracer additions in a tundish and to test the hypothesis that the smaller 

amount tracer mixing issue can be explained by turbulence. Therefore, a LES (Large Eddy Simulation) 

model was chosen to simulate turbulence since it resolves eddies above the sub-grid scale. Furthermore, 

two linear EVM (Eddy Viscosity Model) models were chosen, since linear EVM models are 
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computational-efficient and most commonly used in these kind of simulations. In addition, a nonlinear 

EVM model was chosen. Finally, a zero-equation low-Reynolds-number turbulence model was chosen 

since it is simple, computational-efficient and renders interesting results. Specifically, the selected 

models are the following:  

1) The zero-equation low-Reynolds-number turbulence model, LVEL (Aganofer et al. 1996). According 

to the summary of Artemov et al. (2009), the turbulent kinematic viscosity was calculated via Spalding’s 

law of the wall concept (Spalding 1962), which covers the entire laminar and turbulent regimes of the 

flow. A key element of this model is the Poisson-based differential equation for a wall distance. Thus, 

this model is suitable for situations in which the fluid flows through spaces cluttered with many solid 

objects. In this case, the grid density between a nearby solid is often too coarse to use for more advanced 

turbulence models. This model has been used in the electronics packaging design (Rodgers et al. 1999, 

Choi et al. 2008) and showed its accuracy in the predicting of the flow around a surface mounted cube 

(Dhinsa et al. 2004). Another advantage is that the computation time can be saved by using this model. 

By considering the above advantages, the LVEL model was chosen, since it might efficiently improve 

the predictions of the flow in the present tundish that contain many solid walls. In addition, this model 

have been used to study the slag/steel entrapment phenomena in a tundish (Solhed et al. 2002, 2008). 

However, so far this model has not been used to predict the RTD curves in tundishes. 

2) The Chen-Kim k-ε model (Chen and Kim 1987). The standard high-Reynolds-number form of the 

two-equation eddy-viscosity k-ε turbulence (Launder and Spalding 1974) model employs a single time 

scale to characterize the various dynamic processes that occur in turbulent flows. However, turbulence 

comprises fluctuating motions with a spectrum of time scales. In order to remedy this deficiency in the 

standard model, Chen and Kim (1987) made a modification which improves the dynamic response by 

introducing an additional time scale. This model was also used in a previous study by the authors (Chen 

et al. 2015a) and is kept, both for it merits and to enable a comparison with a previously tested model. 

3) The Murakami-Mochida-Kondo (abbreviated as MMK) k-ε model (Tsuchiya et al. 1997, Murakami 

1997). The standard k-ε model is also known to yield unsatisfactory predictions when applied to flows 

around bluff bodies. This is because it fails to reproduce the surface pressure distribution in a good 

manner, due to a tendency to overestimate the turbulent production in the impingement region on the 

frontal area of the body. This deficiency was successfully corrected in enhancements of the so-called 

MMK model by Murakami, Mochida and Kondo (Tsuchiya et al. 1997). Therefore, the MMK model 

was chosen to represent the eddy viscosity models (EVM) as well, since it might improve the prediction 

of flows around bodies like weirs, dams, and stopper-rods, etc. 

4) The Explicit Algebraic Reynolds Stress Model (abbreviated as EARSM hereafter) (Wallin and 

Johansson 2000). According to Franke et al. 2005, the EARSM model represents a class of non-linear 

EVM models derived by a systematic approximation of the second moment closure. In addition, non-

linear EVM models have been suggested to overcome the shortcomings of linear EVM models, while 

retaining their benefits with respect to a good stability and a rapid convergence. The EARSM model has 

earlier been used to simulate the anisotropic turbulent flows in baffled stirred tanks (Feng et al. 2012) 

and bubble column flows (Masood et al. 2014, Masood and Delgado 2014). This model was chosen, 

since it might improve the prediction of anisotropic turbulent flows in the tundish, e.g. in the turbo 

stopper part. 

5) The Wall-Adapting Local Eddy-viscosity (WALE) model (Nicoud and Ducros 1999) is expected to 

clearly display the effects of eddies and eddy resolving turbulence calculations. This is a LES model 

that enables a special wall treatment for the subgrid scales, which might improve the accuracy of the 

predictions in the present tundish containing many walls. This model has earlier been used to study the 

liquid metal flow in a continuous casting mould (Chaudhary et al. 2011). 

To our knowledge, it is the first time that the LVEL, MMK, EARSM, WALE models are used to study 

the RTD curves in tundishes. 

 

 

3. Model Description 

3.1 Model Assumptions 

The three dimensional mathematical model is based on the following assumptions: 
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1) The present model is a full size tundish based on the water modeling geometry, as is shown in Figure 

1. 

2) The heat transfer process is neglected. 

3) The chemical reactions are neglected. 

3.2 Governing equations 

The governing equations are briefly summarized as follows: 

Continuity equation 
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Momentum equation of Reynolds Averaged Navier-Stokes models 

   
jji

i

j

j

i
l

jij

iji guu
xxxx

p

xt
3



























































 uuuuu     (2) 

where p is pressure,   is density, l is laminar viscosity, g is gravity, and 
j3  is the Kronecker delta 

operator (equals 1 when j=3). 

 

3.2.1. Standard k-ε model (Launder and Spalding 1974) 

The standard k-ε model was not studied, but it is summarized in the following, since the general 

governing equations are kept in the MMK k-ε and EARSM models. Note that the Chen-Kim k-ε model 

introduces an additional source term into the ε equation. 

 

The Reynolds stresses 
jiuu    in eq.(2) can be modeled according to the Boussinesq hypothesis and it 

is given by: 
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where k is turbulent kinetic energy per unit mass, and t  is turbulent viscosity, which is given by eddy 

viscosity model as follows: 
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where ε is turbulent kinetic energy dissipation rate. 
C is a model constant which equals to 0.09. 

The equations of turbulent kinetic energy and its dissipation rate in Standard k-ε turbulence model are 

as follows: 
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where 
1C =1.44, 

2C =1.92, 
k =1.00, 

 =1.30, are the model constants. The volumetric production 

rate of turbulence kinetic energy kP  is related to the mean strain of the velocity field and it is expressed 

as follows: 
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1  is the mean strain rate of the velocity field. 

3.2.2. Chen-Kim k-ε model (Chen and Kim 1987) 

The equation of k is the same as eq.(5), and the equation of ε are as follows: 
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where the model constants are modified as 
1C =1.15, 

2C =1.9, 
3C =0.25, 

k =0.75, 
 =1.15. 

This model assumes a spectral non-equilibrium and an existence of both a turbulence production rate 

time scale 
kPk  and a turbulence dissipation rate time scale k . In eq. (8), the third term on the right 

hand side is an extra source term that represents the turbulence energy transfer rate from a large-scale 

eddy to a small-scale eddy. This is controlled by the production-range time scale. 

3.2.3. MMK k-ε model (Tsuchiya et al. 1997) 

The MMK k-ε model differs from the standard k-ε model with respect to that the eddy viscosity is 

computed from the following relationship: 
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where 
C is the same as in standard k-ε model, the multiplier F  is calculated from: 

   SF  ,1min                                                                            (10) 

where 
ijijSSS 2 ,

ijij 2 are strain rate scale and vorticity scale, respectively. 
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1  is the mean vorticity of the velocity field. 

In this model, 
t is expressed as a function of S . The expression for 

kP is the same as eq. (7) in the 

standard k-ε model when 1 S . While in the case of 1 S , the value of 
kP becomes smaller than 

that obtained by the standard k-ε model. 

3.2.4. EARSM (Wallin and Johansson 2000) 

The equation of k and ε are the same as eq.(5) and eq.(6). In addition, the model constants are the same 

as those in the standard k-ε model. The EARSM model differs from standard k-ε model with respect to 

the expressions of the turbulent viscosity 
t and the volumetric production rate of the turbulence kinetic 

energy 
kP . More specifically, 

kP is expressed as follows: 
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The Reynolds stress tensor can be deduced through an additional anisotropy tensor 
 EARSM

ija  and it 

can be expressed as follows: 
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The turbulent viscosity is calculated from the following relationship: 
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The anisotropy tensor is calculated from: 
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where the invariants 
**

lkklS SSII  ,
**

lkklII  ,
***

mklmklSIV  . 

The strain and vorticity tensors are normalized by using the turbulent time scale as follows: 
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where the turbulent time scale is calculated by incorporating the Durbin (1993) time scale realizability 

limitation. This can be written as follows: 

   lCk ,max                                                                              (16) 

where 0.6C and l  is the laminar viscosity. 

The  coefficients in eq.(13) and eq.(14) are: 
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where N is closely related to the production to dissipation ratio. The denominator Q is: 
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Wallin and Johansson (2000) proposed to use a zeroth order perturbation solution and to assume that

cNN  , as follows: 
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where P1 and P2 can be expressed as follows: 
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 where  1
9

4
11  cc , and where the Rotta coefficient 1c  is 1.8 (Rotta 1951). 

3.2.5. WALE model (Nicoud and Ducros 1999) 

Large Eddy Simulation (LES) uses the fact that large eddies of the flow are dependent on the geometry, 

while the smaller scales are more universal (Kolmogorov 1991). This makes it possible to explicitly 

make a solution for the large eddies and to implicitly account for the small eddies by using a Sub-Grid 

Scale model (SGS model). Thus, scales smaller than the grid size are not resolved. However, they are 

accounted for through the subgrid scale tensor ijT  , which is given by: 

 LES

jijiij uuT  uu                                                      (21) 

Here, the overbar denotes an appropriately chosen low-pass filter. The subgrid scale tensor can be 

modeled by using the following eddy-viscosity assumption: 
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The eddy-viscosity in the WALE model reads as follows: 
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where
wC is a constant which was assessed by Kuban et al. (2012) and the values of 0.2 and 0.4 was 

chosen for their discussion. In the present study, 
wC was set to 0.3 (a guess between 0.2 and 0.4). 

However, it should be mentioned that there is no universal 
wC  value for each flow situation. Therefore, 
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the choice of a 
wC  value should be calibrated for the specific domain geometry and the spacing of cells. 

The subgrid characteristic length scalewas set as cubic root of the local cells,   31
zyx  . Here, 

x , y ,and z are the grid spacing in the x,y, and z directions. The varibale
d

ijS is a traceless 

symmetric part of the square of the velocity gradient tensor: 

  222
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1
kkijjiij

d

ij ggg S                                           (24) 

where kjikij ggg 2
, and

j

i
ij

x
g






u
is the velocity gradient tensor. 

3.2.6. LVEL model (Agnofer et al. 1996) 

This model has been named the LVEL model, because all one needs for calculating the effective 

viscosity are: L, the distance from the nearest wall, VEL, the local velocity, and the laminar viscosity. 

3.2.6.1. The mathematics of the model: 

The dimensionless forms of the distance from the wall, y, and velocity parallel to the wall, u, are defined 

as follows: 

*u
y

y
l


,

*u

u
u                                            (25) 

where the friction velocity W

* u and W is the shear stress of the wall. 

For channel-like flows, it can be presumed that a universal velocity profile exists, which connects the
y  and u values. A differentiable formula is used, which covers the entire laminar and turbulent 

regimes. This is sometimes called the Spalding's Law of the Wall (Spalding 1962), and it is expressed 

as follows: 
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where,   is the von Kármán constant (0.417), and E is another constant (8.6) needed to fit the well-

known logarithmic law. 

The effective-viscosity formula is known to fit the experimental data very closely in the laminar sub-

layer close to the wall, in the logarithmic region far away from the wall, and in the intermediate transition 

layer. It entails that the dimensionless effective viscosity  (defined as the ratio of effective viscosity 

to laminar viscosity) can be deduced by the following differentiation: 
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This implies that 1 close to the wall, where u is very small and where u  is large. Also, far away 

from the wall, it is reduced to the well-established relationship   y* . 

3.2.6.2. Solving the equations 

Let the local Reynolds number R be defined as: R = the local value of the absolute velocity of the fluid 

* the distance from the nearest wall / the laminar viscosity. It follows that  yuR *  . Therefore R 

can be computed for every point in the flow by using the following expression: 
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Further, u  can be computed for every point in the flow, by for example using an iterative Newton-

Raphson procedure: 
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As a consequence,  can also be computed for every point in the flow. Therefore, the effective viscosity 

can be computed as follows: 
 

l *LVEL                                                   (30) 

3.3 Treatment of Tracer Additions 

3.3.1 Transport of tracer 

The transport of tracer could be solved by using the following equation: 
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where Scalarc  has values 0 and 1 in the regions where the tundish initially contains only water and scalar, 

respectively. The effective diffusion coefficient is the sum of a molecule diffusion coefficient and a 

turbulence diffusion coefficient
tleff DDD  . Therefore, the turbulence diffusion coefficient can be 

expressed as follows: 

t
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where Sct is the turbulence Schmidt number, which was set as 1 in both of the following two models. 

The turbulent viscosity,
t or t , can be calculated by using eq.(4), eq.(9), eq.(13), eq.(23), and eq.(30) 

for Chen-Kim, MMK, EARSM, WALE, and LVEL models, respectively. 

3.3.2 The mixed composition fluid model (MCFM) 

Essentially, two scalar transport equations (which represent the tracer and water, respectively) are solved 

to predict the tracer mixing in water: 
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where the local value of the mass fraction for water cW initially has a value of 1 in the regions where 

only water is present and has a value of 0 in the regions where only tracer is present initially. Similarly, 

cT has values of 0 and 1 in the regions where the tundish initially contains only water and tracer, 

respectively. 

The density of the mixture of fluid in all the equations is calculated by using a harmonic mean average, 

as follows: 

TTW
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                                                                    (35) 

where 
W and

T are the density of water and tracer, respectively. 

3.3.3 Density decoupled scalar transport equation model (DD-STE) 

In the present study, a density decoupled scalar transport model (abbreviated as DD-STE) without a 

tracer density coupling was studied for comparison. In addition, the “frozen flow field” method was 

used, i.e. closing the momentum and turbulence equations when solving eq. (31). Furthermore, the 

velocity field iu was known from a steady state simulation of the Chen-Kim model. Besides, the laminar 

diffusion coefficient of the passive scalar was neglected. 

3.4 Boundary Conditions 
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1) The inlet velocity in the z direction is set as a constant value of -0.906 m/s, which is determined by 

the experimental volumetric flow rate (Chen et al. 2012). 

2) The turbulence intensity is assumed to be 1% at the inlet. 

3) The pressure is set to a constant value at the outlet and it is equal to the atmospheric pressure. 

4) The top surface is flat and frictionless. 

5) The x-z plane at the middle of the y direction of tundish is set as a symmetry plane, where the velocity 

in y direction is set as zero. 

6) The roughness of the inlet shroud, turbo stopper, stopper rod and the raised part of the tundish bottom 

near the stopper rod, as shown in Figure 1 (b), are set to 1×10-5 m. Furthermore, the roughness at the 

other solid walls is set to 2×10-6 m. In the simulations of Chen-Kim, MMK, EARSM and WALE models, 

a log-law wall function is employed at all solid walls. 

3.5 Initial Conditions 

The tracer injection is a pulsating process that takes place within a time interval. 

1) During the tracer injection time, cW = 1.0 and cT =0 in the whole region cells except for in the tracer 

injection cells, where, cW = 0 and cT =1.0. 

2) After the injection time steps, cW = 1.0 and cT =0 in the tracer injection cells. 

In this study, the tracer injection cells are 6 cells beneath the inlet in the pipe. The injection time period 

for the KCl solution tracers is 0.12s, which corresponds to a 50mL addition (cross section area of the 

inlet×inlet velocity×0.12s) in a water model experiment. Similarly, the injection time is 0.18s for the 

injection of 75mL KCl tracer case. 

3.6 Properties 

At 25oC, the density of water is 998.2kg/m3 and the tracer density is 1163.2kg/m3 for the KCl saturated 

solution (Söhnel and Novotny 1985). Also, the molecule diffusion coefficient of KCl at 25oC is 

1.9938×10-9m2/s (used by Chen et al. (2015a) based on Vanýsek 2012). 

3.7 Numerical Procedure 

1) The solution of the governing equations including the boundary and initial conditions were obtained 

by using the commercial software package PHOENICS (PHOENICS 2012). The LVEL, Chen-Kim, and 

MMK turbulence models were used from the build-in models in PHOENICS. The EARSM, WALE 

turbulence models were coded into PHOENICS by the authors. 

2) The geometry and the coordinate system are shown in Figure 1 (b), the computational domain in the 

Cartesian coordinate system was discretized into 193×79×117 cut-cell grids, as is illustrated in Figure 

3. The grid sensitivity was tested in the earlier publication by Chen et al. (2015a). 

3) The schemes for discretization of all terms in the governing equations were SMART (Gaskell and 

Lau 1988), which is a bounded quadratic upwind scheme. In the WALE simulation, the discretization 

in time was done by using the third-order-implicit Adam-Moulton scheme (Ochoa and Fueyo 2004). 

4) The solution algorithms for the velocity and pressure were the Semi-Implicit Method for Pressure-

Linked Equations ShorTened, abbreviated as the SIMPLEST method (Spalding 1980). This is a 

modified version of the well-known SIMPLE method (Patankar and Spalding 1972). 

5) The steady-state calculation needed 19000 iterations to reach a cut off error of 1×10-5. Also, the 

steady-state velocity files of Chen-Kim model was used as an initial guess for the EARSM steady state 

simulation. 

The initialization of the transient simulation cases using the LVEL, Chen-Kim, MMK, EARSM models 

were based on their steady-state simulation results, respectively. Besides, the steady-state velocity files 

of Chen-Kim model was used as an initial guess for the transient WALE simulation. For the transient 

simulations for the 50mL KCl tracer case, the time step was gradually increased e.g. 0.12s, 0.15s, 

0.1875s, 0.225s, 0.27s, 0.315s, 0.36s, 0.45s, 0.552s, 0.69s, 0.805s, 0.966s, and 1.15s. Furthermore, 30 

to 80 iterations were used for each time step. An exception is for the EARSM model where the maximum 

time step was set to 0.3s due to numerical stability reasons. Besides, for the case of the 75mL KCl tracer 

addition, the time step was increased e.g. 0.09s, 0.12s, 0.15s, .….,(similar to the 50mL case),….., 0.966s, 

and 1.15s. Moreover, the sensitivity of the time steps was tested in a previous paper (Chen et al. 2015a). 

The calculations were performed on a pc Intel core i7 with a 3.4 GHz processor and a 32GB RAM. A 

1500s transient simulation of the 50mL KCl tracer case took about 430h, 612h, 720h, 1360h, and 1228h 
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for the LVEL, Chen-Kim, MMK, EARSM, WALE models, respectively. For the DD-STE case, the time 

step was fixed at 0.12s and it took 1008h for a 1500s transient simulation. For the 75mL KCl tracer case, 

the simulations took about 452h and 610h for the LVEL and Chen-Kim simulations, respectively. 

 

4. Results 

4.1 RTD curves of 50mL KCl tracer case 

The fluctuation of the tracer concentration is amplified and is much clearer in the C-type curves, while 

it tends to attenuate in the F-type curves (addressed by Vassilicos and Sinha 1992). This is due to the 

integration nature of the F curve. Thus, the C curve of RTD was chosen to enable better comparisons. 

The results are shown in Figure 4. The shadow parts of the experimental data consists of 5 independent 

runs. As is seen, the predicted RTD curve of the LVEL model are very close to the experimental RTD 

curves, except for a smaller peak concentration. It’s clear that the predicted RTD curves of the Chen-

Kim, MMK, and EARSM models shifts to the right side of the experimental RTD curves. The predicted 

RTD curves of the WALE and the realizations1 are close to the experimental RTD curves. Meanwhile, 

the tracer concentration field are identical for each run. As shown in Figure 4, the RTD curves for the 

two realizations are quite similar. The difference between the realizations and the WALE simulation is 

that the peak concentration of the former two are higher. Besides, the predicted RTD curve of the WALE 

simulation exhibits a step-like shape during the time period of 100 to 200s. On the other hand, the 

predicted RTD curve of the DD-STE simulation is very close to the experimental RTD curves, which 

will be discussed later. 

The predicted RTD curves by the five turbulence models and the experimental RTD curve are re-plotted 

in the same figure in Figure 5. An additional realization of the WALE model prediction is also included. 

The prediction of the LVEL model shows the best agreement with the experimental data at the initial 

rising stage of the RTD curve. Also, the two predictions of the WALE model shows a “good start”, but 

then a somewhat slower rising compared to the experiment results. The predicted RTD curves by the 

Chen-Kim, MMK, and EARSM models all shifted to the right side of the experimental curve by a time 

of about 50s. This will be discussed later. 

For the predictions of the peak concentration, the models could be ordered as follows from good to less 

good, based on the agreement with experimental data, as follows: WALE>Chen-

Kim>EARSM>LVEL≈MMK. 

Regarding the decaying stage after the peak of the RTD curve, the predictions using the WALE and 

LVEL models exhibit a better agreement with the experimental results than those of the Chen-Kim, 

EARSM, and MMK models. 

The breakthrough time, peak concentration of both experimental and CFD predictions are compared in 

Table 2. The breakthrough time of the CFD predictions are determined by an arbitrarily chosen critical 

value of the mass fraction of the KCl tracer (1×10-6), as is illustrated in Figure 6. Compared to the data 

in Table 2, the breakthrough time for the averaged experimental data as well as the predictions from the 

LVEL, Chen-Kim, MMK, EARSM, and WALE models are 115.2s, 81.0s, 175.5s, 166.65s, 157.68s, and 

126.225s, respectively. The WALE model predicts a breakthrough time which is closest to the averaged 

experimental data. However, it should be mentioned that the breakthrough time of the experimental 

trials No.2 and No.3 are 97.5s and 98.5s, while the time for other trials are somewhat longer, e.g. 124.5s, 

132s, 123.5s. The standard deviation of the breakthrough time of these five trials is 16.1s. On the other 

hand, the breakthrough time of the prediction by using the LVEL model is close to the experimental 

results of trials No.2 and No.3. However, the breakthrough time of the predictions when using the 

EARSM, MMK, and Chen-Kim are 42.48s, 51.45s, and 60.3s longer than the averaged experimental 

                                                           
1 The terminology “realization” was used from Burman and Jonsson (2015): it does not refer to a realization of a 

stochastic process; the governing Navier Stokes equations are deterministic. Specifically, in different realization 

runs, all initial conditions are kept identical, but the flow field is shifted by 10 seconds and 20 seconds from 

112.5s (the moment before the tracer propagated to the outlet) for the realization 1 and 2. 
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breakthrough time. These delayed times are comparable to the 3σ values of the five experimental data 

trials (48.3s). Also, the shift of the RTD curve predictions of these three models to the experimental 

RTD curve are given in Figure 5 and Figure 6. 

 

4.2 The predicted flow pattern of 50mL KCl tracer 

In this section, the predicted flow pattern by using the LVEL and WALE models are emphasized, due 

to the closeness of their predictions to experimental RTD curves. On the other hand, the predictions of 

the Chen-Kim, MMK, and EARSM are also grouped for discussions. Furthermore, the result of the 

density-decoupled STE model is also presented. 

4.2.1. Initial injection of tracer 

The mass concentration contours predicted by the five turbulence models and the DD-STE during the 

initial injection time are compared in Figure 7. The scales (mass fraction of the tracer) are the same for 

the results of the six models at the same moment. 

During the initial injection, the tracer is injected into the turbo stopper and it forms a circulation flow, 

which is constrained by the curvature structure of turbo stopper. Thereafter, the tracer propagates to the 

top surface. The difference between the predictions at the very beginning stage using the different 

models is that the tracer spreading to the span-wise direction of the incoming jet is much stronger for 

the LVEL, Chen-Kim, MMK, EARSM models than for the prediction using the WALE model. This is 

illustrated in the 0.6s result. Thereafter, the tracer propagates to the top surface much faster in the cases 

of the LVEL and WALE models than for the Chen-Kim, MMK, EARSM models. This is illustrated in 

the concentration contours at 1.2s, 2.4s, and 6s. Besides, the tracer propagation of the EVM models 

(Chen-Kim, MMK and EARSM) are similar to that of the passive scalar propagation of the DD STE 

model. 

Overall, the models could be arranged into two groups, i.e. 1) the Chen-Kim, MMK, and EARSM 

models, and 2) the LVEL and WALE models. The predictions of Chen-Kim, MMK, and EARSM 

models are somewhat similar to that of the passive scalar of DD STE model, as illustrated in the results 

in Figure 7. It could be understood as these EVM models failed to capture the eddy fluctuations in the 

turbo stopper, under the condition that the grid size is somewhat coarse in the turbo stopper. On the 

other hand, the general results of the LVEL and WALE models are similar. The tracer propagates faster 

for the predictions of these two models than that of predictions by DD STE model, while the tracer 

propagates even faster for the prediction when using the LVEL model. It is suspected that these two 

models could capture the eddy fluctuations in the turbo stopper. 

 

4.2.2. Before and subsequent to the breakthrough time 

In the remaining discussions, the streamlines at different times for each model are used to illustrate the 

flow pattern and its evolution. Meanwhile, the colors in the streamline represents the mass fraction of 

the tracer. Thus, it is possible to deduce the tracer dispersion by the successive changes of the colored 

part of the streamline. 

Before introducing the results by the density-coupled models, the results by the density-decoupled STE 

simulations are presented in Figure 8. The general routine for the tracer propagation is the following: 1) 

the tracer disperse passes the dam to the top surface, 2) meanwhile some tracer propagates upwards 

through the holes in the dam, 3) the tracer dispersed by the above two ways “meet” at the top surface 

and forms a circulation flow, which subsequently flow downwards to the outlet (e.g. the 150s result). 

The evolution of streamlines before and subsequent to the breakthrough time of the predictions of the 

LVEL, WALE, Chen-Kim, MMK, and EARSM models are shown in Figure 9, 10, 11, 12, and 13, 

respectively. It’s necessary to note that the streamlines are continuously disturbed by the denser KCl 

tracer dispersion, while the streamlines are exactly the same for the density decoupled simulation 

(Figure 8). 
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First, about the prediction of LVEL (Figure 9), the tracer propagates to the outlet in two ways. The first 

way is the tracer that was dispersed by the “circulation flow”2, which is similar to the result of the DD 

STE model. Specifically, the upward flow through the holes and the bypassing flow above the dam 

constitute the circulation flow (e.g. the 36s and 48s results). However, a slight difference is the 

circulation flow, which becomes weaker after 60s compared to that of the DD STE model. In addition, 

a new flow pattern is observed in the result of LVEL, i.e. a sink flow. The second way, i.e. the “sink 

flow” 5 is mainly from the downward flow that passes the top of the dam (see 60s result). However, the 

flow pattern is somewhat complicated, since there is a “battle” between the upward flow through the 

holes and downward flow passing the top of the dam (see the 48s, 60s, 72s, and 80.625s results). It 

seems that no one has won this “battle”. Some of the tracer from the upward flow through the holes still 

have the chance to float to the top and to join the circulation flow (e.g. the 80.625s and 90s results). At 

the same time, a big portion of the tracer that comes from the downward flow passes the top of the dam 

and continues to sink and thereafter finds its way to the outlet (e.g. 80.625s, 90s, and 105s results). 

For the snapshot result of predicted flow using the WALE model (Figure 10), the tracer propagates in 

the same way as that predicted by the LVEL model, except of some differences with respect to the time. 

Also, a circulation flow is formed before 90s. Thereafter, the “battle” starts (e.g. 112.5s) and the tracer 

has propagated to the outlet by the sink flow at 126s (the breakthrough time in Table 2 for the WALE 

model). At a later stage (e.g. 162s), the tracer also propagates to the outlet by the circulation flow. For 

the predictions by the WALE realization (not presented here), it also indicates that the tracer flows to 

the outlet due to the influence of the two flow patterns. But the slight difference is that the tracer that 

propagates to the outlet due to the circulation flow is weaker.  This is due to that the sink flow is stronger 

for the prediction of one WALE realization than the results of another WALE realization. Thus, the 

RTD curves showed slight differences for the two cases during the period 100 to 200s, as is shown in 

Figure 4. Specifically, the RTD curves of one WALE realization shows a tendency of a slow stair-like 

increase, but the RTD of another realization shows a smooth increase. It may be caused by the slight 

difference on the prediction of the fluctuating eddies, i.e. eddies that disperse from the top surface and 

flow downwards to the outlet. Furthermore, by eddies that disperse through the holes and flow 

downwards to the outlet. However, in the experimental RTD curves, fluctuations can also be found 

during that period. Thus, it’s suspected that the predicted fluctuating eddies may correctly mirror the 

reality! In addition, when looking back to the predictions using the LVEL model, the breakthrough time 

is 81.0s (from Table 2). At this moment, the tracer that propagates to the outlet is also followed by the 

similar two flow patterns. Also, it seems that the tracer that propagates due to the sink flow is stronger 

than that which is influenced by the circulation flow (see the 80.625s, 90s, and 105s results in Figure 

10). That’s very similar to the results of the WALE realization model and may also be very close to the 

reality. Regarding the difference of the breakthrough time predicted by WALE and LVEL models (126s 

and 81s), it could be due to the model predictabilities. In addition, the 5 trails of experiment also showed 

a scattered breakthrough time, with a standard deviation of 16.1s. This could be difficult to predict, since 

the real eddies may fluctuate very strongly and randomly. 

Unfortunately, the three EVM models predicted RTD curves that showed a shifted shape compared to 

the experimental RTD curves in Figure 4. The general routines for tracer propagation is, 1) the tracer 

sinks to the bottom of the tundish during the earlier stage (e.g. 36s result in Figure 11 to 13), 2) then it 

propagates to the dam by a horizontal flow close to the tundish bottom (e.g. 48s result), 3) subsequently 

the tracer starts to disperse by the influence of two flow patterns, as discussed before in connection with 

the results for the WALE model. However, the tracer propagates to the outlet by a different pace for the 

two flow patterns, i.e. the sink flow is much faster than the circulation flow (e.g. 189s result of Chen-

Kim, 150s result of MMK, and 156.6s result of EARSM). Regarding the “battle” that was discussed 

before, the upward flow from the holes maintains its upward form before 90s. Thereafter, this flow from 

                                                           
2 The “circulation flow” represents the flow pattern that the tracer (from either the bypassing flow above the top 

of the dam, or the upward flow through the holes in the dam, or even from both) flow upwards to the top surface 

(in the region near the head of the stopper rod) and then flow downwards to the outlet. 

The “sink flow” represents the flow pattern that the tracer (from either the downward flow passing the top of the 

dam, or the downward flow through the holes in the dam, or even from both) flow downwards to the bottom of the 

tundish, and subsequently to the outlet. 

These terminologies will be used in the remaining discussion. A schematic diagram could be found in Figure 22. 
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the holes start to sink to the bottom with a strong rotational movement (see the results at 90s, 120s). 

Meanwhile, a large portion of the bypassing flow above the dam start to sink at about 150s and 

subsequently it propagates to the outlet. The breakthrough times are 175.5s, 166.65s, and 157.68s for 

the Chen-Kim, MMK, and EARSM models (from Table 2). That’s too late compared to the 

experimental data (average: 115.2s). This may be due to that in the predictions, the tracer took a too 

long time to pass the dam and to propagate through the holes in the dam. Thus, it is suspected that the 

shifted RTD predictions are due to the deficiency that these models failed to predict the eddy dispersions 

near the dam. 

 

4.2.3. At the peak and the decay process 

The comparison results of the five models and the DD-STE at the peak time of the RTD curves of each 

model are shown in Figure 14. It is needed to mention that the scale is 20 times of the scales in the 

previous Figure 8 to 13. The predictions of the WALE, Chen-Kim, MMK, and EARSM models all 

show that the tracers are concentrated in a triangle-shape region downwards from the head of the dam 

to the outlet. Furthermore, the tracers are less concentrated at the top surface that is ahead of the stopper 

rod, as shown in Figure 14. However, the prediction of the LVEL model shows a different flow pattern, 

i.e. the tracer is well-mixed in the region between dam and stopper rod. Maybe that’s the reason why 

the predicted RTD curve by the LVEL model showed a lower peak concentration than the experimental 

results. 

In addition, the results of the five models and the DD-STE during the decay period are shown in Figure 

15. Three typical moments e.g. around 725s, 1205s, and 1500s were chosen. For the 724.5s result of the 

LVEL model, some tracer are left near the left side of the tundish (near the turbo-stopper and weir part, 

see the green part). However, that was not observed in the results of the other models. Besides, at a later 

stage, e.g. 1207.5s, the result of the LVEL model shows that the tracers are locally concentrated in the 

region between the dam and outlet (see the red parts). That’s another difference compared to the results 

of the other models. When the decay period of the predicted RTD curves are compared to the 

experimental RTD curve (Figure 4), the results of the LVEL and WALE models showed a better 

agreements with the experimental data than the other models did. However, it cannot be concluded 

which of the flow patterns of the predictions by the LVEL model or by the WALE model that is superior. 

 

4.3 The predicted flow pattern of other amounts of KCl tracer additions 

In this section, the 75mL KCl solution tracer case was predicted by using the LVEL and Chen-Kim 

models. In addition, the 100mL, 150mL, and 250mL KCl tracer cases were predicted by using the Chen-

Kim model. The flow patterns of the tracers before the breakthrough time are emphasized. 

 

4.3.1. 75mL KCl solution tracer case 

A comparison of the experimental RTD and predicted RTD curves by using the LVEL and Chen-Kim 

models for the 75mL tracer addition is shown in Figure 16. Generally, the predicted RTD curve of the 

LVEL model shows a better agreement with the initial rising stage of the experimental RTD curve than 

that of the Chen-Kim model. However, the predicted RTD curve of the LVEL model shows a smaller 

peak concentration than that of the experimental RTD curve. In addition, the predictions of both models 

show a good agreement with the measured RTD curve for the decay stage. The analysis of the curves in 

terms of breakthrough time, peak concentration etc. are shown in Table 3. The predicted breakthrough 

time for the LVEL model is 27.6s shorter than the averaged measured data. Meanwhile, the predicted 

breakthrough time for the Chen-Kim model is 27.4s longer than the average measured data. This 

differences are comparable to the 2σ value of the four experimental data trials (σ: 12.2s). However, the 

predictions using the LVEL model at the initial rising stage of the RTD curve showed a very good 

agreement with the experimental RTD curve, as is shown in Figure 16. 

The evolution of the streamlines predicted by the LVEL and Chen-Kim models are shown in Figure 17 

and Figure 18, respectively. For the LVEL, the evolution of the 75mL case is much similar to the 50mL 

case of the LVEL model (Figure 9). Two flow patterns, i.e. circulation flow and sink flow can also be 

found. A slight difference is that the sink flow is much stronger in the 75mL case than that in the 50mL 
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case (see the 48s, 60s results in Figure 9 and 17). At a later stage (e.g. 135s), the circulation flow 

becomes much weaker in the 75mL case. It can be seen that the tracer is not concentrated in the region 

close to the right wall of the tundish (see the blue colored part in the 135s result). On the other hand, the 

tracer is well-mixed in the same region in the 50mL case for the LVEL model even at 105s. 

The evolution of the 75mL case when using the Chen-Kim model (Figure 18) is totally different 

compared to the 75mL case using the LVEL model. However, it’s extremely similar to the 50mL case 

of the Chen-Kim model (Figure 11), except with respect to the time. It can be seen that the streamlines 

at 36s, 60s, 105s, 150s, and 180s for the 75mL cases of the Chen-Kim model are quite similar to the 

streamlines at 48s, 75s, 120.15s, 189s, and 220.5s for the 50mL case of the Chen-Kim model, 

respectively. 

 

4.3.2. 100mL, 150mL, 250mL KCl solution tracer addition cases 

A comparison of the experimental RTD and predicted RTD curves by the Chen-Kim models for the 

100mL, 150mL, and 250mL tracer addition cases are shown in Figure 16. The agreement between the 

predicted and experimental RTD curves is good. 

The evolution of streamlines predicted by the Chen-Kim model for the 100mL, 150mL and 250mL cases 

are shown in Figure 19 to Figure 21, respectively. When compared with the 75mL and 50mL 

predictions using the Chen-Kim model (Figure 11 and 18), the general flow pattern is similar while the 

time is different. If the moment when the tracer propagates to the left side of the dam is compared, it is 

54s, 36s, 30s, 24s, and 20s for the cases of a 50mL, 75mL, 100mL, 150mL, and 250mL addition, 

respectively. Similarly, the moment when the tracer is still flows upward through the holes, it is 90s, 

60s, 48s, and 30s for the cases of a 50mL, 75mL, 100mL, and 150mL addition. The 250mL case is an 

exception, since the tracer shows a very strong tendency to sink from the holes of the dam (e.g. see the 

result of 30s in Figure 21). Again, the moment when the tracer propagates to the outlet (judged from 

the streamlines, not from RTD) are 189s, 137.25s, 110.625s, 88.125s, and 66s for the five cases using 

the Chen-Kim models. 

 

5. Discussions 

5.1 The turbulence models 

First, it was found that the predicted RTD curves for a 50mL KCl case (Figure 4) by using the EVM 

models e.g. Chen-Kim, MMK, and EARSM models are smooth. However, in the earlier result of the 

250mL KCl case by using the Chen-Kim model (Figure 2), the RTD curve showed a slight fluctuation 

at the earlier rising stage. In the work of Han and Yoon (1998), the fluctuation of the RTD curve during 

the earlier stage was pointed out when the standard k-ε turbulence model was used. It seems that the 

EVM models could capture the fluctuations, at least to some extent or to some level. 

In the 50mL case, the EVM models failed to the capture the fluctuating eddies for this particular complex 

geometry. As mentioned in the results part, it is suspected that the predictability with respect to the so-

called circulation flow and sink flow may be the reason for the different performances of the models. 

Specifically, the flow pattern is so unique in this tundish geometry. A schematic diagram of the flow 

pattern by all the models for different amounts of KCl solution tracer cases are summarized in Figure 

22. The density-uncoupled STE model shows that the tracer will flow upwards through the holes and 

meet the bypassing flow above the dam. Then, it forms a circulation at the outlet. However, when 50mL 

KCl solution tracer was injected and the density of the tracer was coupled in the simulation, the stream 

that flow upwards through the holes could be modeled either 1) downward (by using the EVM models) 

or 2) struggling i.e. some is upwards while others are downwards (by using the LVEL and WALE 

models). The complexity also exists for the stream that passes the top of the dam. It could be modeled 

by either a strongly downward flow (by using EVM models), or both by a downward and an upward 

flow (by using the LVEL and WALE models). The precise description of the behavior of these two types 

of streams may be the reason for the successful predictions using the LVEL and WALE models. 

When the tracer amount was 75mL, the stream that passes the top of the dam is modeled as either a 

much strongly downward flow (Chen-Kim model), or some are upwards while others are downwards 



18 

 

(LVEL model). For the tracer amount of 100mL, 150mL, 250mL cases, the eddy that passes the top of 

the dam is modeled as a strongly downward directed flow by the Chen-Kim model. 

The turbulence energy is generated in large eddies within a domain and it is cascades to successively 

smaller eddies, before being dissipated at the smallest scales. According to Marshall and Bakker (2004), 

this cascade of turbulence is associated with a cascade of mixing, from macro-mixing on the large scales 

(e.g. length scale of the large eddies), to a meso-mixing through the mid scales (e.g. Taylor scale), to a 

micro-mixing on the subgrid scales (e.g. Kolmogorov scale). Furthermore, in the EVM models, it is 

assumed that the turbulence is in a state of quasi-equilibrium. More specifically, the dissipation that 

occur at the small scales is in balance with the energy transfer from the large scales to subsequently 

smaller scales (Johansson and Wallin, 2012). Thus, the EVM models would hardly resolve all the details 

of a turbulent flow, for example eddies found in the turbo stopper and near the weir and dam. On the 

other hand, in a LES model, all the large structures are resolved, but the small scales are modeled in a 

simplified manner. Regarding the LVEL model, it’s surprising that this model captured the turbulent 

fluctuations in the Unsteady Reynolds Averaged Navier-Stokes (URANS) simulation. The wall distance 

and the velocity based effective viscosity formula could have made it possible to capture the transient 

flow of the denser tracer in this rather complicated domain. 

The authors suspect that the small amount of tracer addition in the present study is dominated by meso-

mixing with varied turbulent scales. Also, that the deficiencies of the quasi-equilibrium state based EVM 

models failed to accurately predict the meso-mixing and the RTD curves. On the contrary, the ability to 

capture the large eddy fluctuations by the LES (WALE) model and the turbulent fluctuations by the 

LVEL model supports the much better predicting of the RTD curves. 

As a concluding remark, Spalding (1971)’s words could be quoted: “It cannot yet be said that any model 

is obviously superior”. In the EARSM model of the present study, the treatment of the tracer by the 

time-averaged expression of mass fraction (eq.(13) and eq.(32)) may be improved, for example by a 

much complicated treatment of the interaction between fluctuating velocity components and fluctuating 

concentration, e.g. the cui
 . However, it should be noted that in the present RTD study, the simulation 

time of the EARSM model by the simplified treatment of tracer case (1360h) is comparable with that of 

the LES model (1228h). Furthermore, although the performance of the EARSM model in predicting the 

RTD in this tundish was not superior to the other EVM models, the performance of the EARSM model 

in predicting the anisotropy turbulent flows in the turbo stopper part may require further studies with 

validation of measurements of velocities vectors or Reynolds stresses. 

However, it’s fantastic that the LVEL model requires only a 430h’s simulation time, but shows very 

good results. This model is recommended to be tested for a more universal usage. 

 

5.2 Tracer amount effect on the flow and RTD measurement 

This section includes some final concluding remarks on the tracer amount issue. 

A schematic diagram of all the cases are shown in Figure 22. In the 50mL KCl tracer case, the denser 

KCl tracer may disturb the flow pattern to a limited extent. A dominating circulation flow still exist, but 

it becomes weaker after around 60s (LVEL) and up to 90s (WALE). On the other hand, the sink flow is 

not strong enough and it only disturb the flow pattern slightly. When the tracer amount was increased 

to 75mL, the circulation flow is much weaker and the sink flow is stronger. In addition, this trend 

becomes much clearer if the tracer amount was increased to 100mL. The tracer amount issue is like the 

“butterfly effect”. A slight increase of the amount of tracer, causes the flow field to be disturbed and it 

results in a shifted RTD curve. It is noted that the 50mL KCl tracer predictions of the LVEL and WALE 

models could mirror the reality best among the studied models.  

A further comparison of the experimental data for two extreme cases (a 50mL and a 250mL) and the 

density-decoupled STE simulation results are shown in Figure 23. A similar figure was presented in the 

work of Chen et al. (2012). However, in the work of Chen et al. (2012), there are deficiencies in the 

CFD model compared to the current model, 1) the liquid steel in an industrial tundish was simulated, 

and not the exactly the water in the plexiglass-made model tundish, and 2) the time step in the simulation 

was 1s, which is somewhat too big during the initial injection period. This is especially true when the 

Courant-Friedrichs-Lewy conditions are considered. On the other hand, Chen et al. (2012) didn’t realize 

the fluctuating features of the measured RTD curves. To improve the deficiencies, the experimental data 

of 5 tirals (for 50mL case) and 3 trials (for 250mL case) are presented in Figure 23. The experimental 
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RTD of 250mL KCl tracer case shifts to the left side of the RTD curves of the DD STE simulations by 

around 75s. On the other hand, the shift in time is around 20s for the measured RTD curves of 50mL. 

Thus, the hypothesis (Chen et al. 2012) that the 50mL for a KCl tracer addition only slightly disturbs 

the flow in tundish is reasonable. 

 

5.3 On the reasonable choice of amount of KCl tracer in water model 

studies 

Could there be a general guidance rule for a reasonable choice of the amount of KCl tracer to be used 

when researchers are working on their own water models of tundishes or other reactors? 

In the pioneer work of Vassilicos and Sinha (1992), the RTD predictions with and without tracer density 

effects were compared. They found that the effect of the density of a KCl tracer addition on the RTD 

curve was negligible. However, they also found a noticeable effect of the density of copper tracers on 

the RTD curve in liquid steel. More specifically, the peak time was shifted from 0.567 to 0.662 and the 

peak concentration changed from 1.012 to 1.067, without and with density effect, respectively. In 

addition, it was found that there was no apparent effect on the minimum residence time. In their work, 

the amount of KCl tracer was 250mL and the volume of water in the tundish was 1210L3. Then, the ratio 

of volume of the KCl tracer to the volume of water was 0.207×10-3. On the other hand, the weight of 

copper was 50lb and the weight of the steel in the tundish was 44.8t4. Similarly, the ratio of the volume 

of copper tracer to the volume of steel in the tundish was 0.444×10-3 (estimated by considering that the 

density of copper is 14% heavier than that of steel). While, in the successive work of Chen et al. (2012), 

Chen et al. (2015a) and in the present work, the ratio of the volumes of the KCl tracer to the volume of 

water in the tundish are 0.202×10-3 and 1.008×10-3 for the 50mL and 250mL cases, respectively. Thus, 

it seems that the tracer influence the RTD curves for the higher volume ratio case. 

To give an example, many researchers have utilized the water modeling RTD data of Singh and Koria 

(1993) to validate their mathematical models. However, it could be found that some of the simulations 

(Jha et al. 2003, Shinde et al. 2006, Tripathi and Ajmani 2005), which used the density-decoupled STE-

method have shown a right side shifted RTD curve compared to the experimental RTD curve. Moreover, 

in the experiment of Singh and Koria 1993, the tundish had a boat like geometry without any flow 

control devices. One could imagine that the denser tracer may propagate to the outlet much easier than 

for the real “passive scalar” behavior in the bare tundish geometry. Furthermore, the volume ratio of 

KCl tracer (20mL) to the water volume5 is roughly estimated as 0.177×10-3. 

The influence of the tracer amount on the RTD curves are summarized in Table 4. However, it’s not 

enough information to conclude a general guidance for a reasonable choice of the amount of KCl tracer 

addition. It’s suspected that the volume ratio of the tracer amount to the water in the tundish could be 

used for rough estimations, although the volumetric flow rate varies as well. It seems that in the cases 

where the ratio is of the level of 0.2×10-3, the tracer might have a negligible effect on the fluid flow and 

the measured RTD curve for complex tundish geometries (the present work and the work of Vassilicos 

and Sinha (1992)). However, one should be careful to select the tracer when studying a bare tundish. 

The tracer amount may disturb the flow field in tundish. Therefore, it will take more efforts to test the 

universality of the effect of the tracer amount in difference tundish geometries, with or without their 

unique flow control devices. 

 

5.4 On the validation of CFD models 

Finally, it should be mentioned that all the predictions are validated with the tracer concentration at the 

outlet. Meanwhile, only the concentration after the breakthrough time of the tracer were recorded. 

However, this breakthrough time is strongly dependent on the flow structure (turbulence eddies) in the 

complex geometry of the tundish. More specifically, the circulation flow in the turbo stopper, the flow 

                                                           
3 The volume data was deduced from the water flowrate 151.3L/minutes multiplying the mean residence time 

480s. 
4 Note: deduced from casting rate 4.28t/min multiplying the mean residence time of steel 628s. 
5 The volume of water in the tundish was 122.8L, which is roughly estimated from the average of the length at 

the top surface (1140mm) and bottom (1m) multiplying with the width of 310mm and the depth of water 0.34m. 
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above the obstacle dam or through the holes in dam, and the downward flow near the tundish step. It’s 

recommended to install more conductivity-measuring tensors in the experimental tundish at these 

locations, e.g. near the weir, at the top surface above of the dam, in the region near the top of the stopper 

rod in future works. Also, the monitored concentration data may provide much more information for 

better CFD model validations. 

It is necessary to mention that the flow in the tundish is not as turbulent as in the mixing tanks or loop 

reactors. So the tracer amount issue might not be so significant in these reactors. However, when the 

deviation of the CFD prediction against the measured RTD curves (or mixing curve) is significant, it’s 

recommend to couple the density and the laminar diffusion coefficient of the KCl solution tracer (and 

amount) in the simulation to improve the simulation results. One could also test the accuracy by 

introducing the coefficient of water molecule self-diffusion in KCl solution and the viscosity of water-

tracer mixtures like in the work of Chen et al. (2015a). In some studies, the mixing time is measured for 

30s or several minutes. Thus, it will not be a time-consuming work to couple the density of the tracer in 

future work. 

 

6. Conclusions 

1) For the CFD modeling using small amounts (50mL) of KCl tracer additions in water in tundishes, the 

predictions of the LVEL and WALE models showed a better agreement with the experimental RTD 

curves than the results of the EVM models (Chen-Kim k-ε, MMK k-ε, and EARSM models). The ability 

to capture the eddy fluctuations by the LES (WALE) model and the turbulent fluctuations by the LVEL 

model may be their merits. 

2) Regarding the tracer amount effect issue, the upward flow of a tracer will, sooner or later (depending 

on the amount), sink to the bottom due to the higher density of the tracer compared to that of the water.  

This issue is like the “butterfly effect”. A slight increase of the amount of tracer, might disturb the flow 

field severely. This in turn, results in a shifted RTD curve.  

3) It is important to make a reasonable choice of the amount of KCl solution tracer addition for water 

models. In the present study, the 50mL KCl tracer addition only slightly disturbed the flow. It seems 

that, in the case that the volume ratio of a KCl solution tracer to the water in tundish is in the level of 

0.2×10-3, the tracer probably has a small effect on the fluid flow and the measured RTD curves in a 

tundish with complex geometries. Thus, it would be of interest to test the performance of a tracer of this 

volume ratio in a simple bare tundish in future work. 
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Nomenclature and Acronyms 

Greek Symbols 

1 3 4 6 9 Coefficients in EARSM model. 

ij    Kronecker delta operator. 

      Subgrid characteristic length scale, [m]. 

x , y , z Grid spacing in x,y,z directions, [m]. 

ε      Turbulence kinetic energy dissipation rate, [m2/s3]. 

eff  Effective viscosity, [kg/m·s]. 

l    Laminar viscosity, [kg/m·s]. 

t
 MMK

t  Turbulence viscosity for Standard k-ε and MMK k-ε model, [kg/m·s]. 

l     Laminar viscosity, [m2/s]. 
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 EARSM

t
 WALE

t  Turbulence viscosity for EARSM and WALE model, [m2/s]. 

 LVEL Effective viscosity for LVEL model, [m2/s]. 
   Dimensionless effective viscosity for LVEL model. 

     Mass density, [kg/m3]. 

T   Tracer density, [kg/m3]. 

W   Water density, [kg/m3]. 

      Turbulent time scale, [s]. 

W   Shear stress of the wall, [Pa]. 

     Vorticity scale, [m/s]. 

ij   Vorticity of the mean velocity field, [m/s]. 

*

ij   Normalized vorticity of the mean velocity field, [m]. 

d

ijS   Traceless symmetric part of the square of the velocity gradient tensor in WALE model. 

 

Latin Symbols 
 EARSM

ija  Anisotropy of Reynolds stresses in EARSM model. 

1c   Rotta coefficient. 

1c   Coefficent in EARSM model. 

Scalarc   Local value of the mass concentration for the scalar in scalar transport equation. 

Tc   Local value of the mass fraction for tracer. 

Wc   Local value of the mass fraction for water. 

C 1C 2C 3C k  
 Constants in Standard and Chen-Kim k-ε turbulence models. 

wC    Constant in WALE model. 

C     Constant in turbulent time scale. 

effD  Effective diffusion coefficient, [m2/s]. 

lD   Laminar diffusion coefficient, [m2/s]. 

tD   Turbulence diffusion coefficient, [m2/s]. 

E     Constant in LVEL model. 

F    Multiplier in MMK k-ε model. 

g    Gravity acceleration, [m/s2]. 

ijg   Velocity gradient tensor in WALE model. 

SII II IV Invariants in EARSM model. 

k      Turbulence kinetic energy, [m2/s2]. 

    von Kármán constant. 

N
cN

1P 2P Q  Variables in EARSM model. 

p      Pressure, [Pa]. 

kP
 EARSM

kP    Volumetric production rate of turbulence kinetic energy for Standard k-ε and EARSM 

models, [m2/s3]. 

R     Local Reynolds number in LVEL model. 

S      Strain rate scale, [m/s]. 

ijS    Mean strain rate of the velocity field, [m/s]. 

*

ijS    Normalized mean strain rate of the velocity field, [m]. 

Sct   Turbulence Schmidt number. 

t       Time, [s]. 
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ijT     Subgrid scale tensor in LES model. 

u     Mean velocity vector, [m/s]. 

u     The velocity parallel to the wall, [m/s]. 
u   Dimensionless velocity parallel to the wall. 
*u   Friction velocity, [m/s]. 

jiuu   Reynolds stresses, [m2/s2]. 

y     The distance from the wall, [m]. 

y   Dimensionless distance from the wall. 

 

Sub/superscripts 
i     Index i. 
j     Index j. 

k    Index for turbulence kinetic energy. 

ε    Index for turbulence kinetic energy dissipation rate. 
(EARSM), (LVEL), (MMK), (WALE) Index for EARSM, LVEL, MMK k-ε, and WALE modes, respectively. 

 

Acronyms 

EVM: Eddy Viscosity Model. 

LES: Large Eddy Simulation. 

LVEL: L-VELocity model. 

MMK: Murakami-Mochida-Kondo k-ε model 

RANS: Reynolds-Averaged Navier-Stokes. 

RTD: Residence Time Distribution. 

DD STE: Density-Decoupled Scalar Transport Equation model. 

WALE: Wall-Adapting Local Eddy-viscosity model. 

EARSM: Explicit Algebraic Reynolds Stress Model. 
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Table 1. A summary of the turbulence models employed for RTD prediction in tundishes. 
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Jha et al. 2003 Y - Y Y Y - Y Y Y Y - - - - - Y - - 

Jha and Dash 2004 Y - Y - Y - Y Y Y - - - - - - - - - 

Oliveira et al. 2006 - - Y - Y - - - - - - Y - - - - - - 

Odenthal et al. 2009 - - Y - - Y - - - - - - Y - Y - - - 

Jowsa and Cwudziński 2010 - - Y - Y Y - - - - - Y - - Y - - Y 

Siddiqui and Jha 2014 - - Y - Y Y - - - - - Y Y - - - - - 
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Table 2. A comparison of the breakthrough time, peak concentration of water modeling results of a 

50mL KCl addition and the mathematical model predictions by the turbulence model of LVEL, Chen-

Kim, MMK, EARSM, and WALE. 
 Water modeling trials Mathematical modeling prediction 

No.1 No.2 No.3 No.4 No.5 averag

e 

LVEL Chen-

Kim 

MMK EARS

M 

WALE Realiz

ation 1 

Realizati

on 2 

DD-

STE 

Dimensionless 

breakthrough 

time 

0.209 0.164 0.165 0.222 0.207 0.194 0.136 0.276 0.265 0.245 0.206 0.212 0.211 0.227 

Breakthrough 

time (s) 
124.5 97.5 98.5 132 123.5 115.2 81.0 175.5 166.65 157.68 126.225 126.45 125.325 134.88 

Dimensionless 

peak 

concentration 

1.415 1.346 1.539 1.350 1.256 1.381 1.014 1.186 1.000 1.120 1.225 1.359 1.422 1.188 

Time of the 

Peak (s) 
255.5 222.0 233.5 226.0 274.5 242.3 316.8 305.64 346.12

5 

282.6 317.16 295.2 295.92 277.68 
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Table 3. A comparison of the breakthrough time, peak concentration of water modeling results of a 

75mL KCl addition and the mathematical model predictions by the turbulence model of LVEL, Chen-

Kim. 
 Water modeling trials Mathematical modeling 

prediction 

No.1 No.2 No.3 No.4 average LVEL Chen-Kim 

Dimensionless 

breakthrough time 
0.178 0.162 0.206 0.201 0.186 0.140 0.231 

Breakthrough time (s) 105.5 96.5 122.5 119.5 111.0 83.4 137.4 

Dimensionless peak 

concentration 
1.609 1.466 1.445 1.497 1.504 1.185 1.491 

Time of the Peak (s) 183.0 204.5 196.5 204.0 197.0 274.68 232.47 

 

Table 4. A summary of the effect of tracer additions on the RTD curves in tundishes. 

 Tracer domain 

liquid 

Density 

ratio of 

tracer to 

liquid 

Volume fraction 

ratio of 

tracer/liquid 

Tundish gemotry Influence of 

tracer on 

RTD* 

Vassilicos and Sinha 

1992 
KCl 

solution 

water 1.19 0.207×10-3 

(250mL/1210L) 

Complex, with 

impact pad, baffle 

with holes, dam 

with notch, and a 

tundish step 

Negligible*1 

Copper Liquid 

steel 

1.14 0.444×10-3 

(50lb/44.8t) 

Noticeable*1 

Chen et al. 2015a KCl 

solution 

water 1.16 1.008×10-3 

(250mL/248L) 

Complex, with 

turbo-stopper, 

weir, dam with 

upward inclined 

holes, and a 

tundish step 

Significant*1 

0.605×10-3 

(150mL/248L) 

Big*1 

0.403×10-3 

(100mL/248L) 

Medium*1 

The present study KCl 

solution 

water 1.16 0.302×10-3 

(75mL/248L) 

Slight*1 

0.202×10-3 

(50mL/248L) 

Slight*1 

Singh and Koria 

1993 

Jha et al. 2003 

Shinde et al. 2006 

Tripathi and Ajmani 

2005 

KCl 

solution 

water Not 

mentioned 
0.177×10-3 

(20mL/122.8L) 

Bare tundish Significant*2 

 

*1: Both the measured and density-coupled model calculated RTD were compared with the density-

decoupled model predicted RTD. 

*2: The measured RTD (Singh and Koria 1993) was compared with the density-decoupled model 

predicted RTD (Jha et al. 2003,Shinde et al. 2006, Tripathi and Ajmani 2005). 
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Figures 

 

 

 

 

 

 

 
(a) Geometry of the water model of a tundish (all size are in mm). 

  
(b) Geometry of the tundish used in the mathematical model. 

Figure 1. Tundish geometry. 
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Figure 2. A comparison of predicted RTD curves by Chen-Kim model and measured RTD curves for 

50mL and 250mL KCl tracer addtions. 
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Figure 3. Mesh used in the present study (a) Front view, (b) Top view. 
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Figure 4. Model predictions and experimental results of the RTD curves for a 50mL KCl tracer 

addition. 
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Figure 5. Comparison of model predictions and experimental results of the RTD curves for a 50mL 

KCl tracer addition. 
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Figure 6. The determination of breakthrough time of the RTD curves of CFD predictions. 
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Figure 7. Concentration contours of model predictions by using the DD STE, LVEL, WALE, Chen-

Kim, MMK, EARSM turbulence models during the initial injection time (at the symmetric plane). 
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Figure 8. Streamlines of model predictions by using the density decoupled scalar transport equation 

(DD STE) including before and subsequent to the breakthrough time (Red color: mass fraction tracer of 

1×10-5; bule color: mass fraction tracer of 0). 

 
 

 

 

 

 
Figure 9. Streamlines of model predictions for the 50mL KCl tracer addition case by using the LVEL 

model including before and subsequent to the breakthrough time (Red color: mass fraction tracer of 

1×10-5; bule color: mass fraction tracer of 0). 
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Figure 10. Snapshots of streamlines of model predictions for the 50mL KCl tracer addition case by 

using the WALE model including before and subsequent to the breakthrough time (Red color: mass 

fraction tracer of 1×10-5; bule color: mass fraction tracer of 0). 

 

 

 

 

 

 

 
Figure 11. Streamlines of model predictions for the 50mL KCl tracer addition case by using the Chen-

Kim model including before and subsequent to the breakthrough time (Red color: mass fraction tracer 

of 1×10-5; bule color: mass fraction tracer of 0). 
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Figure 12. Streamlines of model predictions for the 50mL KCl tracer addition case by the MMK 

model including before and subsequent to the breakthrough time (Red color: mass fraction tracer of 

1×10-5; bule color: mass fraction tracer of 0). 

 

 

 

 

 

 
Figure 13. Streamlines of model predictions for the 50mL KCl tracer addition case by using the 

EARSM model including before and subsequent to the breakthrough time (Red color: mass fraction 

tracer of 1×10-5; bule color: mass fraction tracer of 0). 
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Figure 14. Streamlines of model predictions for the 50mL KCl tracer addition case predicted by five 

models and density-decoupled simulation at the peak time of each model. 

Mass 

fraction 

of tracer 

 

   

   

   

   

   

   
Figure 15. Streamlines of model predictions for the 50mL KCl tracer case predicted by five models 

and density-decoupled simulation at the decay period. 
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Figure 16. Model predictions and experimental results of the RTD curves of 75mL, 100mL, 150mL, 

and 250mL KCl tracer additions. 
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Figure 17. Streamlines of model predictions for the 75mL KCl tracer addition case by using the 

LVEL model including before and subsequent to the breakthrough time (Red color: mass fraction 

tracer of 1×10-5; bule color: mass fraction tracer of 0). 

 

  

  

  
Figure 18. Streamlines of model predictions for the 75mL KCl tracer addition case by using the Chen-

Kim model including before and subsequent to the breakthrough time (Red color: mass fraction tracer 

of 1×10-5; bule color: mass fraction tracer of 0). 
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Figure 19. Streamlines of model predictions for the 100mL KCl tracer addition case by using the 

Chen-Kim model including before and subsequent to the breakthrough time (Red color: mass fraction 

tracer of 1×10-5; bule color: mass fraction tracer of 0.). 

 

 

 
Figure 20. Streamlines of model predictions for the 150mL KCl tracer addition case by using the 

Chen-Kim model including before and subsequent to the breakthrough time (Red color: mass fraction 

tracer of 1×10-5; bule color: mass fraction tracer of 0.). 

 

 

 
Figure 21. Streamlines of model predictions for the 250mL KCl tracer addition case by using the 

Chen-Kim model including before and subsequent to the breakthrough time (Red color: mass fraction 

tracer of 1×10-5; bule color: mass fraction tracer of 0.). 
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Figure 22. Schematic diagram of predictions of different amount of KCl cases. 
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Figure 23. A comparison of the experimental data for a 50mL and a 250mL KCl solution tracer 

additions with the simulation results using the DD STE model. 
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Abstract 

This paper presents predictions of the inclusion deposition at the steel-slag interface in a tundish by 

using a unified Eulerian deposition model. In this model, the effect of Brownian and turbulent diffusion, 

turbophoresis, thermophoresis, buoyancy force and surface roughness on the deposition velocity were 

considered. The influence of the roughness of the steel-slag interface and the friction velocity at the 

interface on the deposition velocity were theoretically studied. For a group of inclusions with a fixed 

size, the deposition velocity was found to increase with an increased friction velocity for a rough 

interface, while the deposition velocity was almost independent of the friction velocity for a smooth 

interface. The increased effective roughness height results in an abrupt increase of the deposition 

velocity. The effect of the roughness on the deposition velocity of small inclusions (radius of 1 μm) 

were more pronounced than that for the big inclusions (up to the radius of 9 μm). In addition, the value 

of the deposition velocity for small inclusions at a rough interface was one order of magnitude higher 

than the Stokes velocity for the same size. For the specific interface in the tundish, the deposition 

velocity at the top surface near the inlet was higher than that at the middle surface near the weir. This in 

turn, was higher than the value at the top surface near the outlet. 
 

Key words: Inclusions, Deposition, Eulerian model, Steel-slag interface, Tundish. 

 

I. INTRODUCTION 

The importance of removal of non-metallic inclusions (hereafter inclusions) from slag/ tundish fluxes 

in secondary refining reactors and/or in tundishes are well known. Many models have been developed 

to predict the inclusions removal from slag under different length scales (micro, meso, and macro). 

1) In the micro scale models, the length scale is the diameter of a single inclusion and is typically less 

than 100 micro meter. Such models could probably be dated back to the pioneer work by Engh et al. [1] 

in 1972. In their work, the penetration of a slaggy-inclusion into the bubble/melt interface was described 

by a force balance equation. Thereafter, in 1983 Ozawa and Mori [2] developed a model for penetration 

of solid particles into liquid metal. Subsequently, in 1992 Nakajima and Okamura [3] developed a model 

for single solid spherical inclusion motion at the steel-slag interface. This model could be categorized 

into a Lagrangian approach, which was based on Newton’s second law. The micro scale model has been 

continuously developed by introducing the turbulent burst theory in 1998 [4], by applying it to liquid 

inclusions in 2005 [5], by introducing the slag dissolution kinetics in 2005 [6], and by improving the theory 

of a slag film rapture in 2008 [7]. In these models, the inclusions were assumed to already have reached 

the steel-slag interface. However, the transport of the inclusions from the melt bulk to the interface was 

neglected. Besides, the historical effects and the Basset force were neglected in these models. 

2) In the macro scale models, the length scale is the metallurgical reactor length scale: e.g. 1-5m. In 

such models, the macroscopic transport was numerically simulated via CFD (Computational Fluid 

Dynamics). The description of the inclusions have been treated either by an Eulerian approach or by a 

Lagrangian approach. 
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2-a) For Eulerian approaches, Tacke and Ludwig [8] first studied the macro transport of inclusions in 

tundishes in 1987 by calculating a concentration field. Besides, the removal of inclusions to slag was 

treated by adding an extra “sink term” of the inclusions concentration equation at the slag boundary 

cells. In addition, the sink term was set as the Stokes rising velocity multiplied with the particle 

concentration of the cell adjacent to the surface. This treatment of inclusions removal to a slag phase 

was retained in most of the subsequent publications. A novel approach was put forward by Hallberg et 

al. [9] in 2005, the Stokes rising velocity in the sink term was replaced by a velocity which is the sum of 

the contribution from Stokes rising velocity and the melt’s vertical velocity component. 

2-b) For Lagrangian approaches, the single/grouped particles motion and trajectories could be tracked. 

Furthermore, the inclusion particles were commonly treated as fully absorbed by the slag. Since 2008, 

a novel approach was developed [10-13]. A critical velocity condition was included in the boundary 

condition at the surface, i.e. the particles were treated as trapped by slag if their velocity was higher than 

the critical velocity, and otherwise they were reflected. The critical velocity was derived from the force 

balance of a shear force and a buoyancy force. Strictly speaking, the single inclusion movement model 
[3-6] could be implemented as a boundary condition for the macro scale Lagrangian models. 

In macro scale models, the mesh are coarse at the turbulent boundary layers, for example one cell or few 

cells. Thus, the transport of inclusions at the turbulent boundary layer (BL) is assumed to be completely 

homogenously in this region. This simplified treatment at the BL hindered the interpretation of the 

deposition process of inclusions. Thus, the meso-scale models are required. 

3) Regarding the meso-scale models, the scale is of the order of 0.1 mm to 1 cm for the turbulent 

boundary layers (BL). The models of deposition of inclusions at the turbulent BL in steelmaking reactors 

are summarized in Table I. According to the summary by Sippola and Nazaroff [14], the deposition 

models could also be grouped as empirical equations, Eulerian models, sublayer models and Lagrangian 

simulations. 

3-a) For example, the Lagrangian approach was used to study the inclusions deposition at the turbulent 

BL at nozzle wall [15-16], inclusion entrapment at the solid-liquid solidification front in continuous casting 

processes [17], and inclusions trajectories at the turbulent BL at the top slag surface in a ladle [18-19]. 

3-b) For the Eulerian models, it could be further categorized as (i) gradient diffusion models, (ii) free-

flight models, and (iii) turbophoretic models [14]. 

Specifically, in 1962 the mass transfer at the turbulent boundary layer was summarized by Levich [20]. 

This was a so-called “the Levich treatment of mass transfer” [21], which could be categorized as (i) a 

gradient diffusion model. This model have been widely used for studying the inclusions ‘diffusion’ at 

the walls of metallurgical reactors such as the ladle. To our knowledge, the earlier publications were 

from Linder [22] in 1974 and Engh and Lindskog [23] in 1975. In their work, the turbulent eddy diffusivity 

was inserted into the Fick’s first law to study the inclusions diffusion to the walls. In addition, the 

inclusions removal rate was assessed by the flux of species per unit area of the wall surface. The 

diffusion species were the volume concentration of particles in the work of Linder [22], and the oxygen 

content in the work of Engh and Lindskog [23]. Besides, the turbulent eddy diffusivity were studied by 

using an empirical formula (proportional to square of the dimensionless distance to the wall, y+) by 

Linder [22], and by using the Prandtl mixing length model by Engh and Lindskog [23]. In a later work, in 

1986 Johansen et al. [24] modified the model, the diffusion species that studied was the normalized 

inclusion mass concentration. Besides, in the model the turbulent eddy diffusivity was studied by another 

formula (proportional to cubic of the dimensionless distance to the wall, y+). A comprehensive 

description of the model was published in the book of Engh et al. [25] in 1992. Furthermore, in 2005 

Hallberg et al. [9] studied the inclusion diffusion removal at the ladle wall by dividing the boundary layer 

into 3 regions in terms of y+. Besides, the turbulent eddy diffusivity was varied at the three layers i.e. 

viscous sublayer, buffer layer, and turbulent region. Finally, the inclusion concentration was integrated 

at the three layers. 

On the other hand, in 2006, Jonsson [26] reported an application of a (ii) free-flight Eulerian deposition 

model to study the inclusion deposition at the steel-slag interface and walls in a tundish and a ladle. To 

our knowledge, this is possibly the first and the only attempt to use that model to study the deposition 

at the steel-slag interface in a tundish. In addition, some more results on the deposition at the steel-slag 

interface of gas-stirred ladles were published in a review paper [18]. 

Both the (i) gradient diffusion model and (ii) free-flight models were tried to capture the physics of 

deposition by solving the particle continuity equation alone. The (iii) turbophoretic models (also called 
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the unified Eulerian deposition model) have been developed that solve both the particle continuity and 

momentum conservation equations. Besides, the Reynolds averaging for the particle continuum was 

considered. Finally, the deposition velocity could be obtained by solving a set of simplified equations. 

Historically, the unified Eulerian deposition model was first developed by Johansen [27] in 1991. This 

model was improved both by Young and Leeming [28] and Guha [29] in 1997. The wall boundary 

conditions for the model was improved by Young and Leeming [28]. While the physical meaning of the 

effects of thermophoresis, turbophoresis, electrostatic forces, gravity, lift force and surface roughness 

were comprehensively illustrated by Guha [29-30]. The unified Eulerian model has been used in aerosol 

particle deposition in HVAC (heating, ventilating and air conditioning) systems and many other research 

and engineering fields. Recently, this model was applied in inclusions deposition onto the vertical SEN 

nozzle walls by Ni et al. [31-33]. 

To conclude, most of the studies were focused on the deposition of inclusions onto refractory walls 

(ladle wall and SEN). Studies on the deposition rates or velocities1 of inclusions at a steel-slag interface 

are very few.  

In this paper, the inclusions deposition velocity at the steel-slag interface in a tundish is studied via the 

meso-scale unified Eulerian deposition model [27-31]. It was assumed that the turbulent diffusivity and 

RMS (root mean squared) velocity of inclusions are equal to that of the liquid steel [31]. In addition, a 

one-way coupling was used. The reliability of this approach in an inclusions-molten steel system was 

preliminarily discussed by Ni et al. [32]. 

The schematic flow charts of the present study are illustrated in Figure 1. Specifically, firstly, the flow 

in a tundish was simulated by using the commercial software PHOENICS®. The flow in the turbulent 

boundary layer was simulated via a low Reynolds number turbulence model and using high-resolution 

grids near the steel-slag interface. Secondly, the calculated friction velocities at the steel-slag interface 

were used as input parameters for the unified Eulerian deposition model. Thereafter, the deposition 

velocity of the inclusions of different size at the steel-slag interface was numerically calculated by the 

unified Eulerian deposition model. Thirdly, a formula of deposition velocity as a function of friction 

velocities were obtained by fitted expressions. Finally, the spatial distribution of the deposition velocity 

at the steel-slag interface were visualized in PHOENICS® by the fitted expressions. 

 

II. MODEL DESCRIPTIONS 

A. Computational Fluid Dynamics Model 

    1. Model Assumptions and Boundary Conditions 

The geometry of the present tundish for liquid steel production is 2.5 times enlarged compared to the 

water modeling tundish in the previous work [34]. Thus, the geometrical parameters of the present tundish 

are not repeated. The three dimensional CFD model are based on the following assumptions and 

boundary conditions: 

(1) The heat transfer was neglected. 

(2) The top slag phase was treated as a stationary wall with a roughness of 0.0005 m [26]. 

(3) The liquid steel is an incompressible Newtonian fluid. The density and kinematic viscosity of steel 

at 1793.15 K (1500 oC) are 7020 kg/m3 and 8.5×10-7 m2/s, respectively [35]. 

(4) The roughness of all the walls in the tundish were 0.00027 m [36]. 

(5) The inlet velocity was set as 1.43 m/s, which corresponds to the casting speed of 1.2 m/min and cross 

section of 1.03 m×0.2 m of the slab. 

(6) The pressure at the outlet was set to be constant and equal to the atmospheric pressure. 

(7) The zero-equation low-Reynolds-number turbulence model, LVEL [37] was used to describe the 

turbulent flow in the tundish. 

 

    2. Turbulence Model 

                                                           
1 The terminology deposition rate refers to a variable with the unit of [kg/s]. The terminology deposition velocity 

is with the unit of [m/s]. The deposition velocity was derived from the deposition rate per unit area divided by the 

density of the particles. However, this deposition velocity is neither the fluid velocity nor the individual particle 

velocity that with a physical meaning. 
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The detailed descriptions of LVEL model could be found in literatures [37,38]. In this model, the variables 

L, the distance from the nearest wall, VEL, the local velocity, and the laminar viscosity are required in 

order to calculate the effective viscosity. Specifically, the turbulent kinematic viscosity was calculated 

via Spalding’s law [39] of the wall, which covers the entire laminar and turbulent regimes of the flow. 

The dimensionless effective viscosity  (defined as the ratio of the effective viscosity eff to laminar 

viscosity  ) can be deduced by the following differentiation: 

     

























62
1exp*1

32
uu

uu
E





                                       [1] 

where,   is the von Kármán constant (0.417), E is constant (8.6) needed to fit the well-known 

logarithmic law, *uuu   is the dimensionless velocity parallel to the wall, the friction velocity is 

fu W

*  where W  is the shear stress of the wall and
f  is the density of fluid (steel). Similarly, 

*yuy   is the dimensionless distance from the wall and   is the kinematic viscosity of steel, which 

also will be used in the deposition model later. 

Eq. [1] implies that 1 close to the wall, where u is very small and where u  is large. Also, far away 

from the wall, it is reduced to the well-established relationship   y* . 

Besides, a key element of the LVEL model is the Poisson-based differential equation for a wall distance 
[40]. In addition, the u was solved by an iterative Newton-Raphson procedure [37]. 

 

   3. Numerical Procedure 

The solution of fluid flow were obtained by using the commercial software PHOENICS®[41]. The 

computational domain was discretized into 206×79×161 cut cells as illustrated in Figure 2. The mesh 

is similar to that used in [34], except for the use of a very fine mesh near the steel-slag interface. The size 

of cell that adjacent to the interface was 1 mm. The HYBRID scheme [42] was used for the discretization 

of the convection terms. The steady state calculations needed 6500 sweeps to reach a cut off error of 

1×10-5. 

 

B. Deposition Model and Validation 

    1. Deposition Model 

Detailed descriptions of the unified Eulerian deposition model can be found in [27-31]. First, it should be 

emphasized that the following key assumptions (or limits) of this model exist: (1) the liquid steel-

inclusion particle system is assumed to be a dilute suspension system (particle cloud). The particle cloud 

are treated as a continuum. (2) It also assumes a one-way coupling, i.e. the inclusions do not affect the 

turbulent eddies of steel flow. (3) The inclusion particles are assumed to be spherical and mono-

dispersed. The inclusion-inclusion collisions are neglected at the turbulent boundary layer. (4) The mass 

and momentum conservation equations of the particle cloud are expressed in an Eulerian frame of 

reference [43]. The equations are simplified for a fully developed flow [30]. In addition, the simplifications 

of the equations were elegantly derived by Young and Leeming [28], and are not reproduced here. The 

model are briefly described in APPENDIX, and the deposition velocity are numerically calculated by 

the software MATLAB®. 

 

    2. Validation 

The difference between the previous study [31-32] and the present study is the buoyancy force was 

implemented in Eq. [A9], i.e. the second term at the RHS. The Eulerian deposition model was validated 
[31] with the experimental data of particle deposition velocity at vertical pipes, where the gravity was not 

considered. In the present study, the buoyancy for inclusions deposition at the steel-slag interface are 

considered. Thus, the experimental data of the gravity-driven particle deposition onto horizontal walls 

at floor were chosen for validation. In these cases, the buoyancy and the gravity play a similar role for 

inclusions deposition to the top surface in a liquid steel system and for particles deposition onto the floor 

surface in an air system, respectively. The input parameters of the aerosol particle and air system are the 

same as those used in a previous study [31]. The validation with the experimental data of Sehmel [50] and 
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Sippola and Nazaroff [51], with respect to the friction velocity, are shown in Figure 3 (a) and (b), 

respectively. The agreement is good for the extension of this model to study the inclusion-liquid steel 

system. 

 

III. RESULTS AND DISCUSSIONS 

 

A. Friction Velocities at the Steel-Slag Interface 

 

The results from CFD simulations are shown in Table II. The thickness of the BL at y+=30 are also 

given from the following formula: 

*30

30

uy








                                                                                [2] 

The friction velocity varied within an order of magnitude. Specifically, the friction velocities are higher 

at the inlet zone (exclude the slag eye part) and lower at the outlet zone. And vice visa for the thickness 

of the BL. 

 

B. Theoretical Inclusion Deposition Velocities 

 

In this part, the second step described in Figure 1 was achieved. The input parameters and properties in 

the Eulerian deposition model are summarized in Table III. The Al2O3 type inclusions are studied. In 

the present study, the inclusions with radius of 1 μm, 3 μm, 5 μm, 7 μm and 9 μm were of interest. The 

deposition of inclusions with a bigger size should be studied by a Lagrangian method or a modified 

Eulerian method implemented with inclusion-steel two-way coupling. The roughness values were 

chosen as 0 (smooth), 0.25 mm, 0.5 mm, 0.75 mm and 1 mm. Besides, the friction velocities were used 

in the range of 3×10-4 to 7.5×10-3 m/s, which was from results of the CFD simulation (Table II). 

The deposition velocity of inclusions at the steel-slag interface is influenced by the inclusion size, the 

roughness of the steel-slag interface, and the friction velocity of the interface. The deposition velocity 

as a function of friction velocity at the interface for different size groups of inclusions are shown in 

Figure 4. The general tendency in these figures are the larger the roughness value the higher the 

deposition velocity. This tendency is more notable for the bigger friction velocities. As an example, for 

the inclusions with radius of 1 μm as shown in Figure 4 (a), for a fixed friction velocity 0.007 m/s, the 

deposition velocity at the rough surface with a roughness value of 1 mm are about two orders of 

magnitude higher than that at the smooth surface. However, the deposition velocities are independent of 

the roughness value when the friction velocities are smaller than 0.001 m/s. That was due to that the 

influence of the roughness value on the deposition is negligible for a lower friction velocity case in 

which the BL is thick. Furthermore, there exists a threshold friction velocity for the influence of the 

roughness on the deposition velocity, e.g. about 0.001 m/s for the inclusions with radius of 1 μm. 

Similarly, the threshold friction velocities are about 0.0017 m/s, 0.0023 m/s, 0.0028 m/s and 0.0033 m/s 

for the inclusions with radius of 3 μm, 5 μm, 7 μm and 9 μm as shown in Figure 4 (b) to (e), respectively. 

On the other hand, a comparison of the deposition velocities of different size of inclusions are shown in 

Figure 5. The data was selected from Figure 4. The Stokes velocities for different size groups are also 

presented in Figure 5, and it was calculated based on the following formula: 
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                                                                                  [3] 

where
P and r are the density 3690 kg/m3 and radius of the particles (inclusions). The Stokes velocities 

are valid for the particle Reynolds number ReP<2 [52]. In the present study, the ReP for the inclusion with 

a radius of 9 μm is 2.09×10-3. In addition, the ReP values for the smaller inclusions (with a radius of 1 

to 7 μm) are smaller than that value. These are preliminary conditions for using the Eq. [3]. 

From the results of inclusion depositions at a smooth surface, the deposition velocity are almost 

independent of the interface friction velocity for the inclusions with a radius of 3 to 9 μm as shown in 

Figure 5 (a). The deposition velocity are slightly increased with the friction velocity for the 1 μm case. 

Specifically, the deposition velocity are 1.24×10-6 m/s and 1.71×10-6 m/s for a friction velocity of 0.5 

mm/s and 7.5 mm/s for the 1 μm case. Additionally, the percentage of the increase is 37.9 pct. 
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However, for the results of deposition at the rough surface (roughness of 0.5mm) as shown in Figure 5 

(b), the deposition velocity are greatly increased with the friction velocity for all the groups of inclusions. 

Again, take the 1 μm case as an example. It is notable that the deposition velocity are 1.24×10-6 m/s and 

4.78×10-5 m/s for the friction velocity of 0.5mm/s and 7.5mm/s. The increase is about 37.5 times. 

Furthermore, when compared with the Stokes velocities, the deposition velocity are higher than the 

Stokes velocity with the increasing of the friction velocity. That was due to the thinner boundary layer 

for a higher friction velocity case as mentioned previously. Besides, that tendency are more obvious for 

the small size of inclusions. 

In many studies, which was followed by Tacke and Ludwig [8], the drift flux term [53], which represents 

the buoyancy of the inclusions, was implemented into the transport equations for the inclusion 

concentration in macroscopic transport models. Meanwhile, the Stokes velocities have been used to 

calculate the inclusions removal/absorption velocity at the steel-slag interface. The approach of Hallberg 

et al. [9] was to modify the removal velocity by a sum of the contribution from the melt’s local vertical 

velocity component and the Stokes velocity. This treatment is the same as the concept of the drift flux. 

In other words, it was assumed that the deposition velocity at the turbulent BL was dominated by the 

inertial impact. In the present study, the effect of thermophoresis, turbophoresis, buoyancy and surface 

roughness on the deposition were considered. 

 

C. Inclusions Deposition velocities at the Steel-Slag Interface 

 

In this part, the third step as described in Figure 1 was achieved. The fitted function for the deposition 

velocity vs the friction velocity are based on the following expression: 
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where c1 to c7 are coefficients. The fitted coefficients for the inclusions with a radius of 1 μm are listed 

in Table IV. The Eq. [4] and the coefficients were inserted into PHOENICS and the spatial distribution 

of the deposition velocity at the steel-slag interface were visualized. The deposition velocity of 

inclusions with a radius of 1 μm at a smooth interface and a rough interface (with roughness value of 

0.5mm) are visualized in Figure 6 and Figure 7, respectively. 

The flow pattern in this tundish was reported in a previous paper [34]. The streamlines of the flow are 

illustrated in Figure 8. At the inlet region, the inlet stream was rebound from the turbo-stopper and 

toward the surface and pushing the slag to the surrounding walls. Thus, a slag eye was formed in a water 

model experiment of this tundish [54]. In the middle region, the fluid flow was directed toward the surface 

by the weir and dam and subsequently paralleling near the surface. At the outlet (near the stopper rod 

region), the fluid flow downwardly to the outlet by a circulation flow. 

For the smooth interface (Figure 6), the deposition velocity are within the range of 1.21×10-6 m/s to 

1.71×10-6 m/s. The highest deposition velocity is located near the inlet (upper top surface of the turbo-

stopper). Besides, the deposition velocity are decreasing as a function of the distance from the inlet. On 

the other hand, the deposition velocity in the top middle region is about 1.4×10-6 m/s, which is 

comparable to the deposition velocity at the inlet region. In addition, the deposition velocity is much 

smaller at the top surface near the stopper rod and outlet. 

As shown in Figure 7, for the rough interface results, the deposition velocity are within the range of 

1×10-5 m/s to 3×10-5 m/s for the region that near the inlet, 2.2×10-6 m/s to 5×10-6 m/s for the region of 

the middle part, and 1.2×10-6 m/s to 1.45×10-6 m/s for the region that near the outlet. The deposition 

velocity at the region that near the inlet was about one order of magnitude higher than the deposition 

velocity at the top middle surface. While for the results of the smooth surface, the deposition velocity 

were comparable for the two regions. That could be a notable difference between the smooth and rough 

surfaces. Furthermore, the deposition velocities in Figure 6 and Figure 7 were due to the dual influence 

of the surface roughness and the spatial distribution of the friction velocity. 

 

D. Uncertainties and Discussions 

 

In the CFD simulations, the tundish slag was treated as a wall. This was due to the fact that in some 

industrial operations, the tundish slags were basic [55-60] and stiff. Thus, the influence of slag on steel 
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flow could be assumed like a “wall” on the top of the surface. However, the waving of the interface [61] 

was not the focus in this study and thus neglected. 

Regarding the Eulerian deposition model and theories, the neglecting of the interaction of roughness 

element and the turbulent boundary layers are the weakness. Specifically, the thickness of the turbulent 

boundary layer varied from 3.44 mm to 80.6 mm as shown in Table II. The turbulent boundary layer is 

thin at the region near the slag eye and thick at the region near the outlet part. Meanwhile, the effective 

roughness height was chosen as 0.5mm [26] for the simulations as shown in Figure 5(b) and Figure 7. 

The roughness value 0.5 mm is comparable to the thinnest BL near the slag eye. A schematic sketch of 

the relationship between the different length-scales are shown in Figure 9. For a lower friction velocity 

and a thick BL case, e.g. the flow at the interface near the outlet. As shown in Figure 9(a), the roughness 

height is far less than the BL thickness and the influence of the roughness element on the turbulent flow 

variables can be negligible. For example, the variables are turbulent viscosity 
turb  in Eq. [A6], and the 

Reynolds stress 
yyVV ff
  or the RMS velocity of fluid in Eq. [A11]. However, for a higher friction velocity 

and a thin BL case, e.g. the flow at the interface near the inlet and the flow near the walls in a Submerged 

Entry Nozzle [32]. In Figure 9(b), even when roughness height is identical (0.5mm), the roughness height 

is comparable to the BL thickness. In addition, Dawson [62] discussed this effect for a nozzle wall. It was 

pointed out that the eddies shed by the roughness elements if the roughness elements extend beyond the 

viscous sub-layer [62]. Thus, the influence of the roughness element on the flow at the boundary layer 

may be considered in future work. 

In addition, the experimental studies by Yung et al. [63], Rashidi et al. [64] and Kaftori et al. [65-68] have 

shown that the particles is consistent with the motion of funnel vortex structures in a boundary layer 

near a wall. This movement cannot be interpreted by the Eulerian models. Furthermore, a Lagrangian 

simulation [69] or a Direct Numerical Simulation (DNS) are required to track the motion of inclusions at 

the boundary layers both for the walls and steel-slag interface for metallurgical usage. 

From metallurgical modeling requirement, the knowledge regarding the input parameter, i.e. roughness 

of the steel-slag interface are to be improved. The roughness value 0.5 mm was used in the simulation 

by Jonsson [26], and 1 mm was chosen by Johansen et al. [24]. From the results of the quenched samples 

from the industrial steel-slag interface, Solhed et al. [38,70,71] showed the interface was not flat but waving 

in tundishes. The samples from ladle interface [72] also showed the waving interface. In addition, Chung 

and Cramb [73] observed that the perturbations of the liquid Fe-Al alloy-slag interface was ranging from 

0.7 μm to 0.6 mm. Thus, the assumptions that the interface was a flat wall with roughness elements with 

constant heights are quite simple. Besides, the shape of the steel-slag interface is strongly depend on 1) 

the Kelvin-Helmholtz shear instability from the flow condition in the tundish [38,70,71] under a macro or 

meso scales, and 2) the Marangoni flow [73,74], under a meso or micro scales. In turn, the roughness 

parameter may varied spatially at the interface in tundish due to the local flow conditions and the 

interfacial phenomenon. 

Furthermore, the deformation of the interface [61] and turbulent bursting [63,75,76] at the interface may 

require reasonable descriptions in this Eulerian model. 

To extend, this model was from the perspective of fluid dynamics and deposition theories. The huge 

difference between the aerosol particle deposition at walls and inclusion deposition in steel-slag 

interface or refractory walls is the interfacial phenomenon. Thus, to combine the engulfment of different 

type of inclusions by the different type of slags and the later dissolution step are of great interests. 

 

IV. CONCLUSIONS 

The inclusions deposition velocity at the steel-slag interface in a tundish was studied by an Eulerian 

model. The following conclusions were obtained. 

1. From a CFD simulation of the steel-slag interface in a tundish, by assuming the slag behaved 

like a wall, the friction velocity was obtained by using a low Reynolds number turbulent model 

LVEL and high resolution grids near the interface. The friction velocity was within the range of 

0.0003 m/s to 0.0074 m/s. The highest value was in the region near the inlet, and lowest value 

was in the region near the upward location of the outlet. The friction velocity at the steel-slag 

interface was two orders of magnitude smaller than it at the SEN walls, i.e. 0.01 m/s to 0.6m/s 
[32]. Furthermore, the thickness of the turbulent boundary layer at y+=30 were within the range 
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of 3.4 mm to 80.6 mm. As a comparison, the thickness for SEN walls were within the range of 

42.5 μm to 2.55 mm. 

2. By using the friction velocity from CFD simulation, the inclusions deposition velocity were 

calculated by the unified Eulerian model. The effect of roughness of the steel-slag interface and 

the friction velocity at the interface on the deposition velocity were theoretically studied. For a 

group of inclusions with a fixed size, the deposition velocity was found to increase with an 

increased friction velocities for a rough interface, while the deposition velocity was almost 

independent of the friction velocity for a smooth interface. 

3. The increased effective roughness height results in an abrupt increase of deposition velocity. 

The effect of roughness on the deposition velocity of small inclusions (radius of 1 μm) were 

more pronounced than for the big inclusions (up to the radius of 9 μm). In addition, the value of 

the deposition velocity for small inclusions at a rough interface was one order of magnitude 

higher than the Stokes velocity for the same size. This information may be noticed for future 

simulations on inclusion removal. 

4. For the specific steel-slag interface in the tundish, the deposition velocity was higher at the top 

surface near the inlet than it was at the middle surface near the weir, which in turn was higher 

than it at the top surface near the outlet. 

5. To 1) improve the descriptions of the roughness element on the turbulent flow in the boundary 

layer, 2) introduce the descriptions of the waving or deformation of the interface and turbulent 

bursting phenomenon in the Eulerian models, and 3) gain a better understanding of the shape 

and the roughness parameters of a steel-slag interface for different steel grades and different 

type of slags under the specific local flow conditions, are most favorable and urgent as future 

work. 
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APPENDIX 

Eulerian Deposition Model 

1. Model Descriptions 

The dimensionless particle deposition velocity 

depV  is defined as follows: 

*

P

*

dep

dep
u

CJ

u

V
V                                                                                                       [A1] 

where J is the deposition flux onto the steel-slag interface (hereafter interface) and 
PC is the particle 

mass concentration (with the unit of mass of particles per unit volume). In addition, 
0PP CCC   is the 

dimensionless particle mass concentration and 
0C is the bulk concentration. 

The equation for 

depV  which is derived from particle continuity equation, can be expressed as follows 

by Eq. [A2]: 
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where 
BD and p are Brownian diffusivity and turbulent diffusivity for particles. 

TD  is the coefficient of 

diffusion due to temperature gradient. *C

P

C

P uVV yy  is the dimensionless form of the particle convective 

velocity in the y direction. 

The Brownian diffusivity for particles 
BD can be calculated by the following relationship: 
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where k is the Boltzmann constant, T is the absolute temperature, 
f is the density of fluid (steel), r is 

the radius of the particle. 



















Kn

55.0
exp8.0514.2Kn1cC                                                                    [A4] 

is the Cunningham correction factor [44] which describes the rarefied effect of particles in a gas system 
[30] and retained the in inclusion-steel system [31].  

 r2λKn                                                                                                             [A5] 

is the Knudsen number where λ is the mean free length of the fluid. 

The turbulent diffusivity for particles p is assumed as equal to the fluid turbulent viscosity 
turb

[45]. It is 

necessary to mention that this assumption is quite robust. More specifically, it is only valid in a 

homogeneously turbulent flow field under a long time limit. The following expression from Johansen 
[27] was used for the fluid turbulent viscosity: 
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The 
TD is calculated from the following relationship [29]: 

 TkDD  1BT
                                                                                                   [A7] 

where   is the thermophoretic force coefficient and is expressed by [46,29]: 

  
  r

rr

λ2Kn72.81Kn84.61

Kn36.4λ634.2 2

f







                                                                          [A8] 

where 
rλ is the ratio of the thermal conductivity of the fluid to that of the particles. 

The particle momentum equation in the normal direction (y-direction) to the interface is normalized in 

Eq. [A9] as follows: 
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where
P is the density of particles, g is the gravity acceleration rate (9.81m/s2). 

C  is the normalized 

form of the Cunningham corrected particle relaxation time, which could be expressed as follows: 
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where 
P is the particle relaxation time that follows from Stokes drag. 

The variable 
yyVV PP
 is the ensemble-averaged squared particle fluctuating velocity (

yVP
 ) normal to the 

interface [27]. The variable 
yyVV PP
 was assumed to be equal to the Reynolds normal stress of the fluid 

yyVV ff
  

[31]. The latter could be obtained by the relationship 
2

2

fff 








yyy VVV  , where the RMS velocity of fluid 

was modified by Guha [29-30] from the result of Kallio and Reeks [47] and are expressed as follows: 
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    2. Boundary Conditions, Properties, and Numerical Solution 

At the upper 2  boundary 60y , the dimensionless particle convective velocity 0C

P 

yV  and the 

dimensionless particle mass concentration 1P C , i.e. the same with the bulk concentration. The location 

of the lower 2 boundary is affected by the interface roughness [29]. The expression of Wood [48] was used 

at the lower boundary as follows: 

  *45.045.0 urkrky SS                                                                             [A12] 

where 
Sk and 

Sk  are the roughness height and its normalized form, respectively. At the lower boundary, 

the dimensionless particle mass concentration 0P C , which represents that no inclusions exist at the 

interface. 

The treatment of the thermophoretic force by Guha [29] and the temperature file at the turbulent BL from 

Kay and Nedderman [49] are retained in this study. Specifically, the temperature can be obtained as 

follows: 
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where   )3060ln(5.2Pr515ln5Pr60  T .
IT is the temperature at the interface, T is the temperature 

difference between the upper boundary and the interface, and Pr is Prandtl number. The properties in 

this model are summarized in Table III.  

The numerical solution procedure is provided in [31]. Essentially, the one dimensional turbulent BL was 

discretized into 10000 grids. The grid independence was studied by Ni et al. [31]. First,    0A2Eq. 



y

with the BCs were solved and the inclusion mass concentration profile were obtained. Second, the C

PyV

of all the grids were obtained by solving the discretized Eq. [A9] with the BCs. Finally, the deposition 

velocity was calculated by using Eq. [A2] with the inputs of inclusion mass concentration and C

PyV . 

 

 

                                                           
2 The “upper” and “lower” boundary represents the upper and lower of the height of the boundary layer. For the 

steel-slag interface, on the contrary, the lower boundary is located at the top of the interface and vice visa for the 

upper boundary. The deposition of inclusion at the interface is in the upward direction. 
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Tables 

Table I. A summary of the meso-scale models employed to predict inclusion depositions at turbulent 

boundary layers in steelmaking reactors. 
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Linder [22] 1974 Y - - - Y - - - - - 

Engh and Lindskog [23] 1975 Y - - - Y - - - - - 

Johansen et al. [24] 1986 Y - - - Y - - Y - - 

Engh et al. [25] 1992 Y - - - Y Y - - - - 

Mukai et al. [15] 1999 - - - Y - Y - - - - 

Hallberg et al. [9] 2005 Y - - - Y - - - - - 

Jonsson [26] 2006 - Y - - Y - Y Y Y - 

Jönsson et al. [18] 2007 - Y - - - - - Y - - 

- - - Y - - - Y - - 

Long et al. [16] 2010 - - - Y - Y - - - - 

Miki et al. [17] 2011 - - - Y - - - - - Y 

Ni et al. [31-33] 2014 - - Y - - Y - - - - 

The present study 2015 - - Y - - - - - Y - 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table II. Friction velocities and derived thickness of turbulent boundary layer from CFD simulation. 

 Friction velocity[m/s] Thickness of boundary 

layer [m] at y+=30 

Near the inlet but exclude the slag eye part 1.73×10-3 to 7.41×10-3 3.44×10-3 to 1.47×10-2 

Middle part after weir 8.37×10-4 to 3.54×10-3 7.21×10-3 to 3.05×10-2 

Near the outlet (stopper rod) part 3.16×10-4 to 2.24×10-3 1.14×10-2 to 8.06×10-2 
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Table III. Values of the parameters used in the Eulerian deposition model 

Liquid steel density f [kg/m3] 7020 

Liquid  steel kinematic viscosity  [m2/s] 8.5×10-7 

Inclusion density P [kg/m3] 3690 

Mean free length of steel λ [m] 1×10-10 [31] 

Ratio of the thermal conductivity of steel to that of the inclusions rλ  37 [31] 

Temperature T for 
BD calculation [K] 1823 

Interface temperature IT [K] 1818 

Temperature difference between the upper boundary and the interface T [K] 5 

Prandtl number 0.08 

 

Roughness height 
Sk [m] 

0 

2.5×10-4 

5×10-4 [26] 

7.5×10-4 

1×10-3 [24] 

Radius of inclusion r [m] 1×10-6 

3×10-6 

5×10-6 

7×10-6 

9×10-6 

 

 

 

Table IV. Fitted Coefficients of Eq. [4] for Different Deposition Conditions 
Inclusion 

radius 

Roughne

ss (mm) 
c1 c2 c3 c4 c5 c6 c7 

1 μm Smooth 0 0 0 0 6.589×10-7 6.672×10-5 1.21×10-6 

0.5 0 0 3517 70.11 0.1677 -0.0005412 1.504×10-6 
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Figures 

  
Figure 1. The schematic flow charts of the present study. 

 

 

Figure 2. Mesh used in the present study. 
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Figure 3. Comparison of the calculated deposition velocities with the experimental data of aerosol 

particle deposition on floors. 

 

 



17 

 

 

 

 

 



18 

 

 

 
 

Figure 4. Deposition velocities of different-size inclusions vs friction velocity at the interface with 

respect to the roughness, the inclusions with a radius of (a) 1 μm, (b) 3 μm, (c) 5 μm, (d) 7 μm, and (e) 

9 μm. 
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Figure 5. A comparison of deposition velocities of different-size inclusions with respect to the friction 

velocity at the interface to the Stokes velocity, (a) results at a smooth surface (the data are almost 

overlapped) and (b) results at a rough surface with roughness of 0.5mm. 
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Figure 6. Deposition velocity at the interface (smooth) for inclusions with a radius of 1 μm. 

 

Figure 7. Deposition velocity at the interface (roughness 0.5mm) for inclusions with a radius of 1 μm, 

(a) (b) (c) are different scales. 

(a)

(b)

(c)
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Figure 8. Streamline of the flow in the tundish. 
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Figure 9. Schematic sketch of the length-scale relationship between the boundary layer thickness and 

roughness elements. 
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Abstract 

This paper presents Computational Fluid Dynamics (CFD) simulation results of inclusions macroscopic 

transport as well as dynamic removal in tundishes. A novel treatment was implemented by using the 

calculated deposition velocity to replace the widely used Stokes rising velocity in the boundary 

conditions for inclusions removal at the steel-slag interface in tundishes. Moreover, the deposition 

velocities at the turbulent boundary layer of steel-slag interface in tundishes were calculated by using a 

unified Eulerian deposition model from a previous study. In this study, the dynamic removal for different 

size groups of inclusions at different steel-slag interfaces (smooth or rough) with different absorption 

conditions at the interface (partially or fully absorbed) in two tundish designs were studied. The results 

showed that the dynamic removal ratios were higher for larger inclusions than for smaller inclusions. 

Besides, the dynamic removal ratio was higher for rough interfaces than for smooth interfaces. On the 

other hand, regarding the cases when inclusions are partially or fully absorbed at a smooth steel-slag 

interface, the proportions of the dynamic removal ratio values between the partially absorbed cases and 

the fully absorbed case are close to the set partial absorption proportions, say 25 pct, 50 pct, and 75 pct. 

Furthermore, the removal of inclusions in two tundish designs, i.e. with and without a weir and a dam 

were compared. Specifically, the tundish with a weir and a dam exhibited a better performance with 

respect to the removal of bigger inclusions (radii of 5 μm, 7 μm, and 9 μm) than that of the case without 

weir and dam. That was found to be due to the strong paralleling flow near the top surface, in the case 

with a weir and a dam. However, the tundish without weir and dam showed a higher removal ratio of 

smaller inclusions (radius of 1 μm). The reason could be the presence of a paralleling flow near the inlet 

zone, which is favorable for removal of smaller inclusions. 

 

Key words: Tundish, weir and dam, inclusions removal 

 

I. INTRODUCTION 

The removal of non-metallic inclusions (hereafter inclusions) in continuous casting tundishes have been 

widely studied via 1) water modeling experiments, 2) analyses of industrial samples, 3) empirical, semi-

empirical, analytical and phenomenological models, and 4) CFD (Computational Fluid Dynamics) 

simulations. Traditionally, a tundish played a role as “filter” for the removal of larger inclusions [1]. 

Many water model experiments [2-10] and the corresponding CFD simulations [8-10] have verified that the 

larger particles are easy to float to the water surface in a tundish. However, the deficiencies of water 

model experiments are 1) the size of the buoyant particles are usually bigger than 20 μm, which cannot 

be applied to study the small sizes of inclusions in a steel system; 2) in some models the surface is a free 

surface, i.e. water was exposed to the air. This approach fails to interpret the influence of friction of the 

tundish slag on the flow of liquid steel; and 3) the lack of “thermodynamic similarities” [11] in comparison 

to a steel-inclusion system. These deficiencies may hinder the understandings of inclusion removal to a 

tundish slag with respect to the small size inclusions, deposition at the turbulent boundary layers at steel-

slag interface, and the wetting of inclusions by slag, respectively. 
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CFD simulations of the inclusions motion and removal in tundishes have widely been studied by 

Lagrangian approaches [8-28] and by Eulerian approaches [1,29-36]. The earliest publications on the two 

approaches could be dated back to Debroy and Sychterz [12] in 1985 and Tacke and Ludwig [29] in 1987, 

respectively. Strictly speaking, the Lagrangian approach is more suitable to use to study the larger 

inclusions while the Eulerian approach is more suitable to use for groups of small inclusions. 

It was often neglected that the inclusions deposition at turbulent boundary layers (hereafter BL). For 

larger inclusions or for a relatively thin BL case, the deposition is not very important since the relative 

large inclusion could penetrate the boundary layer [37]. However, that issue should not be neglected for 

smaller inclusions or for a relatively thick BL. The inclusions diffusion deposition onto the ladle walls 

was studied by Linder [38], Engh and Lindskog [39], Johansen et al. [40] and subsequently Hallberg et al. 
[41]. In a previous study [42], the CFD simulation results showed that the turbulent BL for the steel-slag 

interface in tundish was about two orders of magnitude thicker than that for the Submerged Entry 

Nozzles (SEN) [43]. Thus, the descriptions of the small inclusion deposition at the turbulent BL of steel-

slag interface are required. To our knowledge, the studies on this topic are few. In 2006, Jonsson [44] 

applied a free-flight Eulerian deposition model to study the inclusion deposition at the steel-slag 

interface and walls both in a tundish and in a ladle. In a previous study [42], a unified Eulerian deposition 

model was used to study the inclusion deposition at the steel-slag interface in a tundish. The results 

showed that the deposition velocity for small size inclusion was about one order of magnitude larger 

than the corresponding Stokes rising velocities. 

Back to the macroscopic transport CFD models, most Eulerian approaches followed the work of Tacke 

and Ludwig [29]. Specifically, the removal of inclusions to the slag was treated by adding an extra “sink 

term” of the inclusions concentration equation at the slag boundary cells. In addition, the sink term was 

set as the Stokes rising velocity multiplied with the particle concentration of the cell adjacent to the 

surface. Thereafter, this treatment was questioned by Kaufmann et al. [32] in 1993. Their doubts were 

that the inclusion removal rate could be smaller than the supply rate, i.e. that there exist a partially 

absorbed condition for inclusions at the interface. In an improved treatment from Hallberg et al. [41] in 

2005, the Stokes rising velocity in the sink term was replaced by a velocity which is the sum of the 

contribution from Stokes rising velocity and the melt’s vertical velocity component. In the present study, 

the deposition velocity [42] that calculated by a deposition model will be used as the velocity in the sink 

term for the inclusions concentration equation, which is thought to be an improvement compared to the 

approach of Tacke and Ludwig [29]. In addition, three cases where inclusions are partially, i.e. 75 pct, 50 

pct and 25 pct or fully absorbed at a smooth steel-slag interface were studied, which could be an answer 

to the question raised by Kaufmann et al. [32]. 

On the other hand, the continuous casting tundish is a continuous reactor [45]. That’s the essential 

difference with the studies on inclusions removal in the batch reactors, e.g. ladle, RH etc. of secondary 

refining. It was well known that in these batch reactors the inclusion content or total oxygen content was 

exponentially decreasing with an increased input of the stirring power [39,46-48], i.e. time of stirring. 

However, the removal curve for tundishes is more complicated. The result of sampling from an industrial 

tundish [49] showed the total oxygen content decreased as a function of the casting time. Besides, from 

some industrial results [50-54], the inclusions number density was abrupt increased during the ladle change 

stage. While it was also reported [55-56] that the total oxygen content during the ladle change stage was 

not significantly different from the steady state casting. Thus, in the present study the predictions on the 

inclusions dynamic removal to the tundish slag were studied. The results could be further used to 

evaluate the degree of re-oxidation in tundishes during the ladle change stage. 

In addition, the function of weir and dam or baffles on the inclusions removal have been questioned [57]. 

Thus, two tundish designs i.e. one with and one without weir and dam, are studied and compared with 

respect to their ability to remove inclusions from steel to the slag. 

 

II. MODEL DESCRIPTIONS 

A. Model Assumptions 

The geometry of the present tundish for liquid steel production is 2.5 times enlarged compared to the 

water modeling tundish in the previous work [58]. The three dimensional CFD model is based on the 

following assumptions: 
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(1) The heat transfer was neglected and the steel system was assumed to be isothermal. 

(2) The top slag phase was treated as a stationary wall with a roughness of 0.0005 m [44]. 

(3) The liquid steel is an incompressible Newtonian fluid. The density and kinematic viscosity of steel 

at 1793.15 K (1500 oC) are 7020 kg/m3 and 8.5×10-7 m2/s, respectively [59]. 

(4) The Chen-Kim k-ε turbulence model [60] was used to describe the macroscopic turbulent flow in the 

tundish. That was from the merits that the model exhibited a good performance for modeling of a black 

ink tracer and larger amounts of KCl salt solution tracer mixing in tundish [58]. 

 

B. CFD Model and boundary conditions 

The detailed descriptions of the governing equations and turbulence model were described in a previous 

work [58]. The continuity equation, momentum equations, turbulence equations and scalar transport 

equation for a finite control volume can be expressed by the following general form [61]: 
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where the four terms are time dependent term, convection transport, diffusion and source terms for 

variable  , respectively. The physical meanings of variables are:  the density of the fluid, u velocity 

vector, 
  the diffusion coefficient. The variable   could be a constant, velocity vector, scalar, 

turbulent kinetic energy and its dissipation rate and the corresponding equations are continuity, 

momentum, scalar transport and turbulence equations. 

The boundary conditions used are: 

(1) The roughness of all the walls in the tundish were 0.00027 m [62]. A logarithmic-law wall function 
[63] was used for the walls and the top slag “wall”. 

(2) The inlet velocity was set as 1.43 m/s, which corresponds to the casting speed of 1.2 m/min and cross 

section of 1.03 m×0.2 m of the slab. 

(3) The pressure at the outlet was set to be constant and equal to the atmospheric pressure. 

 

C. Treatment of inclusions 

In Eulerian framework, the transport equations of inclusions are described as follows: 
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where 
nC represents the concentration of inclusions [number/kg], n denotes the group number. The 

diffusion coefficient for the inclusion clouds 
nC was assumed to be the same as the turbulence viscosity 

calculated from the turbulence model. 

 

   1. Drift velocity 

The term 
3p iu  in Eq. [2] denotes the drift velocity that is active in positive z direction (toward top 

surface), where 
3i is the Kronecker delta operator (equals 1 when i=3, i.e. for the z-coordinate). The 

drift velocity pu can be obtained from the Stokes rising velocity as follows: 
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where 
P and r are the density (3690 kg/m3) and radius of the inclusions particles,   is kinematic 

viscosity of steel, and g is gravitational acceleration rate, 9.81 m/s2. Strictly, the Eq. [3] is only valid for 

the particle Reynolds number ReP<2 [64]. The reliability of use of Eq. [3] is discussed in a previous work 
[42]. 

The drift velocity was activated at the cells [x=1 to nx; y=1 to ny; z=1 to (nz-1)], where nx, ny and nz 

denotes the total number of cells in the x, y and z directions. In other words, it was activated at the whole 

computational domain and it excluded the cells that are located at the z=nz layer adjacent to the top 

surface. The reason for this treatment will be provided later in the text. 
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   2. Deposition flux 

At the cells at the z=nz layer adjacent to the top surface, the source term 
nCS in Eq. [2] was activated. 

This source term is expressed as follows: 

V

A
CVSC  ndepn

                                                                                                              [4] 

where V dep is the deposition velocity calculated in a previous work [42]. The variables A and V denote 

the local top surface area and corresponding volume of a specific finite control volume. 

As a further note, the buoyancy force was included in the calculation of deposition velocity [42]. Thus, at 

the cells of the z=nz layer adjacent to the top surface, the drift velocity was deactivated while the 

deposition flux (source term) was activated. 

 

   3. Analysis of inclusions removal 

Since the tundish is a continuous reactor, the inclusions were continuously flowed into and out from the 

system. It will be difficult to quantitatively study the filtering ability of the tundish system if it was 

treated like “inter-grade mixing”, i.e. the incoming stream holds a concentration value of inclusions and 

the steel in tundish holds another value. Thus, the pulsate injection of “tracer” technology [65,58] was used 

here, i.e. the incoming stream holds a concentration of inclusions during a very short time period, say 

0.015s and switched to a zero inclusion concentration afterwards. Meanwhile, the zero inclusion 

concentration was kept as an initial condition for the tundish system. Physically speaking, this pulsating 

injection could be regarded as an injection of a small amount of “dirty steel” into the “perfect clean steel” 

in the tundish. The process was taken from the analogy of the salt tracer injection at the inlet of water 

model tundishes [66]. 

The dynamic removal ratio 
0n,R t
of nth group of inclusions at time t0 could be obtained by the following 

formula: 
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where ∆t is the time step and CTotal is the total amount of inclusion concentration that was injected into 

the system. The numerator and denominator in Eq. [5] have the units of number/kg. 

 

D. Numerical process 

The solutions were carried out by using the commercial software PHOENICS® [67]. The mesh were 

206×79×121 and 206×71×112 in Cartesian coordinates for the cases that with and without the weir and 

dam as shown in Figure 1. The mesh was similar to a case which has been described in a previous work 
[58]. Also, in that work the mesh sensitivity was studied and hence it was not reproduced in the current 

study. The convection terms were discretized by using a SMART scheme [68]. The solution algorithms 

for velocity and pressure were the Semi-Implicit Method for Pressure-Linked Equations ShorTened 

(SIMPLEST) method [69]. 

A steady state simulation was initially calculated to reach a cut off error of 1×10-5. To reduce the 

calculation load, a frozen field method was thereafter used for the transient simulations of inclusions. 

Specifically, the velocities, turbulence properties were obtained from the steady state simulation. 

Thereafter, only Eq. [2] was solved. The time step was gradually increased e.g. 0.015s, 0.05s, 0.06s, 

0.075s, 0.1s, 0.125s, 0.15s, 0.18s, 0.2s, 0.25s, 0.3s, 0.4s, 0.5s, 0.6s, 0.75s, 0.9s, 1s, 1.25s, 1.5s, 1.8s, 

2.25s, 2.7s, and 3s. The iteration number for each time step was 25. A typical calculation for a 3000s 

transient simulation took about 164h on a pc Intel core i7-5820K CPU equipped with a 3.3 GHz 

processor and a 32GB RAM. 

 

E. Studied cases 

Two categories of tundishes were studied, namely one with weir and dam (hereafter WD) and one 

without WD. For each tundish geometry, first the influence of rough surface was studied. The deposition 
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velocity in Eq. [4] was varied as 1) smooth interface, 2) roughness 0.5mm and 3) roughness 1.0mm. 

Thereafter, the partially absorbed cases were studied. In these cases, the deposition velocity in Eq. [4] 

was set to be 75 pct, 50 pct, and 25 pct of the corresponding deposition velocity of the smooth interface 

case. Thus, in total 12 cases were studied. In each case, the radius of the inclusions were set to 1 μm, 3 

μm, 5 μm, 7 μm and 9 μm, respectively. 

Specifically, the deposition velocity was calculated, which has been illustrated in a previous work [42]. 

To simplify, the deposition velocities were set to be constants in the different zones as shown in Figure 

2. The values of the zones were selected based on a previous result [42]. The settings for the smooth and 

rough surfaces are presented in Table I and Table II for the cases with and without WD, respectively. 

The settings for the partially absorbed cases are not given in these tables. As explained previously, the 

deposition velocities for the partially absorbed cases in each group of inclusions were set as 75 pct, 50 

pct, and 25 pct of the corresponding deposition velocity at the smooth steel-slag interface. As an example, 

the deposition velocities of inclusions with radius of 1 μm at all the zones are 1.194×10-6 m/s at the 

smooth surface. Consequently, in the 75 pct, 50 pct and 25 pct absorption cases, the deposition velocities 

are set to 0.896×10-6 m/s, 0.597×10-6 m/s and 0.299×10-6 m/s, respectively. That also apply to the other 

inclusion size groups. 

 

III. RESULTS AND DISCUSSIONS 

In this section, the influence of different factors on the inclusion removal e.g. the different size of 

inclusions, at different steel-slag interface conditions (smooth or rough), partially absorbed conditions 

at the steel-slag interface and for different tundish designs, will be presented in Section III-A, III-B, III-

C and III-D, respectively. The flow pattern in two tundish designs will be compared in Section III-E. 

Subsequently, the dynamic process of removal of inclusions will be discussed in Section III-F. Finally, 

the uncertainties will be mentioned in Section III-G. 

 

A. Removal ratio for different groups of inclusions 

The removal curves for different groups of inclusions are compared in Figure 3. The removal ratios for 

larger inclusions are higher than that for smaller inclusions. Specifically, the removal ratios at 3000s are 

0.140 pct, 1.18 pct, 3.174 pct, 5.973 pct and 9.407 pct for inclusions with a radius of 1 μm, 3 μm, 5 μm, 

7 μm and 9 μm in the tundish with a weir and a dam, respectively. The corresponding ratios are 0.140 

pct, 1.155 pct, 3.025 pct, 5.557 pct and 8.593 pct in the tundish without weir and dam. When comparing 

the two tundish designs, the inclusions were removed at a slightly higher rate in the tundish with WD 

than in the tundish without WD. These results are valid for smooth surface conditions. The influence of 

a rough surface will be discussed in the following section. 

 

B. Removal ratio of inclusions under different roughness conditions at the steel-slag interface 

The comparison of inclusions removal curves for smooth surface and rough surfaces with roughness 

values of 0.5 mm and 1 mm are shown in Figure 4. The results of each group of inclusions are presented 

in a single figure. Generally, the inclusions were removed more at a rough surface than at a smooth 

surface. However, the influence of the roughness value on the ratio of inclusions removal is less 

significant for bigger inclusions than it is for smaller inclusions. All the data are collected and presented 

in Table III. For the inclusions with a radius of 1 μm in a tundish with WD, the removal ratios at 3000s 

are 0.140 pct, 0.482 pct, and 2.618 pct for smooth surface, surface with roughness value of 0.5 mm, and 

surface with roughness value of 1 mm, respectively. The latter two results (rough surface) are 3.4 and 

18.7 times of the ratio at a smooth surface. Correspondingly, for inclusions with a radius of 9 μm, the 

removal ratios at 3000s are 9.407 pct, 10.106 pct and 11.226 pct, respectively. The latter two results 

(rough surface) are 1.07 and 1.19 times of the result at a smooth surface. 

 

C. Removal ratio of inclusions under partially absorbed conditions at the steel-slag interface 

The comparison of inclusions removal curves for 100 pct, 75 pct, 50 pct and 25 pct absorption at a 

smooth steel-slag interface are shown in Figure 5. The results of each group of inclusions are presented 

in a single figure. It could be found that the general tendency of the removal curves are similar for these 
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cases. The removal ratios at 3000s are collected and presented in Table IV. For the inclusions with a 

radius of 1 μm, the proportions of the removal ratio values between the partially absorbed cases and the 

fully absorbed case are strictly identical to the set partial absorption proportions. As an example, the 

removal ratio for 50 pct absorption case is 0.070 pct, which is half of the removal ratio i.e. 0.140 pct of 

the fully absorbed case. For the bigger inclusions (radius: 9 μm), the result for 50 pct absorption case is 

5.036 pct, which is slightly higher than half of the fully absorbed case (half value: 4.704 pct). 

Nevertheless, the proportions of the removal ratio values between the partially absorbed cases and the 

fully absorbed case are more or less close to the set partial absorption proportions. 

 

D. Comparison of the inclusions removal for two tundish designs 

The comparisons of the inclusions removal curves in the two tundish designs are given in Figure 6 (a) 

and Figure 6 (b). The results of a surface with a roughness of 0.5mm were selected. The inclusions with 

a radius of 1 μm were removed more efficiently in the tundish without WD than for the case with WD. 

The removal ratios at 3000s are 0.689 pct and 0.482 pct (Table III). Similarly for inclusions with a 

radius of 3 μm, the removal ratios at 3000s for the tundish without WD and with WD cases are 1.686 

pct and 1.642 pct (Table III), respectively. However, the removal curves were more complicated as 

shown in Figure 6 (a) as well as in the magnified curve in Figure 6 (c). The removal ratio for the case 

without WD is higher than that for the case with WD before 240s. Subsequently, it becomes lower 

during the time between 240 and 2250s. Thereafter, it increases after 2250s. 

On the contrary, the inclusions with radii of 5 to 9 μm were removed more efficiently in the tundish with 

WD than for the case without WD, as is shown in Figure 6 (b). The removal ratios at 3000s for the case 

with WD and without WD are (3.650 pct and 3.477 pct), (6.548 pct and 5.993 pct), and (10.106 pct and 

9.184 pct) for the inclusions with radii of 5 μm, 7 μm, and 9 μm, respectively. Figure 6 (d) is a magnified 

version of Figure 6 (b) with a focus on the initial 360s. The removal ratio for the case with WD is 

slightly lower than that for the case with WD before 170s. Thereafter, it becomes higher at a longer time. 

The transition time 170s was valid for the inclusions with radii of 5 μm, 7 μm (not shown in Figure 6 

(d)), and 9 μm. The results show that the inclusions removal is a dynamic process, so it is necessary to 

study the detailed flow patterns in tundishes. 

 

E. Comparison of the flow patterns for two tundish designs 

The streamlines of two tundish designs are compared in Figure 7. Similar to a previous study [70], the 

concentration of inclusions at the computational cells with a value higher than 0.01 pct of the total 

amount of concentration was marked by black color in the streamlines. In this way, it was possible to 

figure out the flow and inclusions dispersion by the successive changes of the colored part of the 

streamlines. 

For the case with WD, the flow pattern is similar to the results of a previous study [58] i.e., 1) the fluid 

rebounded from the turbo stopper and towards the top surface near the inlet region, 2) the fluid flowed 

upwards toward the top surface with the aid of the weir and dam, 3) also the fluid flowed upwards 

towards the surface through the holes in the dam, 4) thereafter it formed a strong paralleling flow near 

the top surface, and finally 5) the fluid flowed downwards from the top of the stopper rod towards the 

outlet. 

For the case without WD, the flow pattern is more complicated, i.e., 1) the fluid is also rebounded from 

the turbo stopper and directed towards the top surface near the inlet region, 2) thereafter it formed a 

weak paralleling flow near the inlet region, 3) then it was destroyed and formed a vortex in the middle 

part of the tundish, and finally 4) the fluid flowed downwards from the tundish step towards the outlet. 

As a note, the vortex may not be clearly observed from the front view of the tundish as shown in Figure 

7 (b). It is worth to mention that a horse shoe vortex was illustrated for bare tundishes (without flow 

control devices) [71-73]. 

 

F. Discussions on dynamic process of inclusions removal 

As shown in a previous study [42], the deposition velocity of inclusions at the turbulent boundary layer 

of steel-slag interface depends on the size of inclusions and roughness value of the interface. However, 

the previous study [42] was based on a one dimensional theoretical deposition model under a meso-scale, 
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while the dynamic removal of inclusions in the tundish under a macro-scale was the focus in the present 

paper. As discussed in Section III-A and III-B, the inclusions removal ratios were higher for larger 

inclusions than for smaller inclusions and they were higher for rough surfaces than for smooth surfaces. 

The general tendency for the meso-scale study [42] and the macro-scale dynamic removal agrees well 

with respect to this fixed tundish geometry. 

The removal ratio for different tundish geometries are somehow complicated as mentioned in Section 

III-D. Specifically, the tundish design with a weir and a dam showed a good filter performance for larger 

inclusions, e.g. radii of 5 μm, 7 μm, and 9 μm. On the contrary, the tundish design without weir and dam 

showed a good performance for smaller inclusions, i.e. radius of 1 μm. However, the results for 

inclusions with a radius of 3 μm were the most complicated. The tundish design with WD showed a 

good performance during 240s to 2250s and not as good as in the case without WD for the period before 

240s and after 2250s. It also exists a competitive transition time of two tundish designs for the inclusions 

with radii of 5 to 9 μm. This time was 170s, as was pointed out in Section III-D. 

From the flow pattern shown in Figure 7, it is obvious that inlet stream was rebounded from the turbo 

stopper and flowed upwards toward the top surface during the initial 30s. This flow pattern is similar 

for both tundish designs, since the weir and dam will not significantly influence the flow in this region. 

That could be an explanation for the same removal ratios before 30s in the two tundish designs for larger 

inclusions (Figure 6 (d)). Subsequently during 30 to 90s (Figure 7), the flow pattern for the case with 

WD was 1) the fluid flows downwards to the bottom of tundish with the aid of the weir and 2) the fluid 

starts to flow upwards to the surface both by a flow bypassing the head of the dam and through the 

upwardly inclined holes in the dam. Meanwhile, the flow for the case without WD was the following: 

1) the flow that rebounded from the turbo stopper continues to flow parallel to the surface (zone 3 and 

zone 4 in Figure 2 (b)) and 2) the flow forms a vortex in the middle part of the tundish. 

Based on the above analysis, it could be found that the inclusions were greatly removed from the parallel 

flow in the case without WD. On the contrary, it was very hard for inclusions to be removed in the case 

with WD during the period 30 to 90s. That could be an explanation for the removal ratio during 30 to 

90s in Figure 6 (d). After 90s, the flow pattern for the case with WD had developed into a strong parallel 

flow close to the top surface. Thus, the inclusions removal ratio was greatly increased as is shown in 

Figure 6(d). Meanwhile, the flow pattern for the case without WD was a downwards directed flow 

towards the outlet. That could be the reason that the inclusions removal for the case without WD is not 

apparent compared to the results for the case with WD. 

The above analysis was only valid for the removal of bigger inclusions in the two tundish designs. As 

shown in Figure 2, Table I and Table II, the deposition velocities for bigger inclusions, say 9 μm, are 

almost similar in all the zones. For the smaller inclusions, the apparent difference is that the deposition 

velocities were much higher for the regions near the inlet than in the other parts. As an example, for the 

case without WD and for a surface with a roughness value of 0.5 mm as is shown in Figure 2(b) and 

Table II, the deposition velocities at zone 2, zone 3, zone 4, zone 6, and zone 7 (in Figure 2 (b)) were 

(25×10-6 m/s, 12×10-6 m/s, 3.5×10-6 m/s, 1.7×10-6 m/s, and 1.2×10-6 m/s) and (104×10-6 m/s, 98.25×10-

6 m/s, 98.24×10-6 m/s, 98.09×10-6 m/s, and 98.07×10-6 m/s) for inclusions with radii of 1 μm and 9 μm, 

respectively. For smaller inclusions, the deposition velocity at the zones close to the inlet is one order 

of magnitude higher than the values at the other zones. However, for bigger inclusions, the deposition 

velocities for all the zones are quite close, i.e. the difference between each zones is within the range of 

6 pct. In other words, if the flow pattern and dynamic process were not taken into consideration, the 

smaller inclusions are likely to be removed in the zones that are close to the inlet. Also, the larger 

inclusions have the same chance to be removed in any zone at the top surface. Furthermore, when the 

flow pattern and dynamic process were considered, the parallel flow to the surface is a dominant factor 

for the removal of bigger inclusions. This was addressed by Chakraborty [16] and Javurek et al. [74]. 

Specifically, a flow that parallels to the surface is favorable for the removal of bigger inclusions such as 

in the design with WD. However, for smaller inclusions, the theoretical deposition velocities are much 

higher at the zones that are near the inlet than in the other zones. Therefore, the parallel flow near the 

inlet zone is favorable for the removal of smaller inclusions such as in the design without WD. That 

could be an explanation why the removal ratio of small inclusions were much higher for the case with 

WD than that for the case without WD, as is shown in Figure 6 (c). 
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G. Uncertainties 

As described in the previous work [42], the reasonable selection of a roughness value for the steel-slag 

interface in tundishes was questioned. Thus, in the present study, both the roughness value 0.5 mm 

which was used by Jonsson [44] for the interface in tundish and the value 1 mm which was used by 

Johansen et al. [40] for an interface in ladle were selected. It is worth to mention that in a recently reported 

experiment [75] the effect of roughness of MgO substrate on the size distribution of inclusions were 

studied. The studied roughness were 6.492 nm and 408 nm. However, it requires more experimental 

work to investigate the influence of the roughness of a steel-slag interface on the inclusion removal. 

The present study showed results from a combined meso-scale and macro-scale perspective, while it 

still failed to capture the individual inclusion’s motion behavior at the steel-slag interface from a micro-

scale perspective. The micro-scale based models have been published in the literatures [76-78]. However, 

the attempt to link the macroscopic, meso-scale, and micro-scales are of great interests. Thus, it will be 

an important future work to gain a better understanding of how inclusions are removed from steels to 

slags. 

Finally, in the present study, the slag eye in tundish was treated in a simplified manner. The inclusions 

removal at the slag eye was excluded. Besides, the inclusions deposition velocities in the region near 

the slag eye, e.g. zone 2 in Figure 2, were set as constants. However, in the reality the entrapment of 

slag droplets in steel could be severe in the slag eye region [79-82]. On the other hand, the re-oxidation by 

the air [52,83-87] at the exposed slag eye region as well as the reduction of oxides from slag [88-91] and 

refractory [92] to steel could generate even more inclusions. Furthermore, the transient operations in 

tundishes e.g. re-oxidation during the initial filling and ladle change [87,93], ladle slag carry-over to 

tundishes [94-95], and tundish slag entrapment during ladle change [96] should be considered as well. These 

issues were beyond the scope of this paper, but these could be considered in future work. 

 

IV. CONCLUSIONS 

The dynamic removal of inclusions in two tundish designs was studied. A novel treatment was to use 

the calculated deposition velocity [42] as boundary conditions for the inclusions removal at the steel-slag 

interface in tundishes. The following main conclusions were obtained. 

1. For the studied size of inclusions (radii of 1 μm to 9μm), the dynamic removal ratio of inclusions 

were higher for larger inclusions than for smaller inclusions. 

2. For the studied steel-slag interface conditions, i.e. smooth, rough with roughness value of 

0.5mm, and 1mm, the dynamic removal ratio of inclusions were higher for rough surfaces than 

for smooth surfaces. The influence of the surface roughness on the removal ratio of small 

inclusions (radius of 1 μm) was more pronounced than it was for the bigger inclusions. 

3. Regarding the cases that inclusions are partially absorbed at a smooth steel-slag interface. For 

the calculated removal ratio values at 3000s, the proportions between the partially absorbed 

cases and the fully absorbed case are close to the set partial absorption proportions, say 25 pct, 

50 pct, and 75 pct. 

4. For the two tundish designs, i.e. with and without weir and dam, the results of a rough surface 

with a roughness of 0.5mm showed that the tundish with a weir and a dam exhibited a better 

performance in removing bigger inclusions (radii of 5 μm, 7 μm and 9 μm) than that for the case 

without weir and dam. On the contrary, the tundish without weir and dam showed a higher 

removal ratio of smaller inclusions (radius of 1 μm). 

5. Combined with the analysis of flow patterns in two tundish designs, it seems that a flow that is 

parallel to the surface is favorable for removal of bigger inclusions. This was, for example, seen 

in the design with a weir and a dam. However, smaller inclusions have higher theoretical 

deposition velocities at the zones close to the inlet than in the other zones. Therefore, the parallel 

flow near the inlet zone is favorable for removal of smaller inclusions, such as in the design 

without weir and dam. 
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Tables 

Table I. Deposition velocity values for the Zones presented in Figure 2(a) for the tundish case with a 

weir and a dam. 

Radius of 

inclusions 

Studied case 

with WD 

Deposition velocities ×106 m/s 

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 

1 μm Smooth 1.194 

R 0.5mm 2.5 15 1.3 1.3 3.5 1.2 

R 1.0mm 20 100 3 3 10 1.4 

3 μm Smooth 10.21 

R 0.5mm 11.7 30 10.95 10.8 11.5 11.1 

R 1.0mm 25 115 10.67 10.67 16 10.67 

5 μm Smooth 28.25 

R 0.5mm 30.4 45 30.2 30.2 30.4 30.2 

R 1.0mm 40 130 30.4 30.4 33 30.5 

7 μm Smooth 55.31 

R 0.5mm 59.5 65 59.5 59.5 59.5 59.3 

R 1.0mm 65 145 59.6 59.6 60.2 59.6 

9 μm Smooth 91.38 

R 0.5mm 98.23 104 98.1 98.1 98.3 98.1 

R 1.0mm 110 160 97.9 98.2 98 97.8 

 

 

 

Table II. Deposition velocity values for the Zones presented in Figure 2(b) for the tundish case 

without weir and dam. 

Radius of 

inclusions 

Studied case 

with WD 

Deposition velocities ×106 m/s 

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 

1 μm Smooth 1.194 

R 0.5mm 3 25 12 3.5 2.6 1.7 1.2 

R 1.0mm 22 110 40 11 6 4.4 1.4 

3 μm Smooth 10.21 

R 0.5mm 12 35 16 11.3 11 10.75 11 

R 1.0mm 25 125 45 16.5 15 12 10.67 

5 μm Smooth 28.25 

R 0.5mm 30.45 45 32 30.45 30.4 30.46 30.3 

R 1.0mm 33 140 56 32 31 30.14 30.5 

7 μm Smooth 55.31 

R 0.5mm 60 64 60 59.45 59.4 59.51 59.32 

R 1.0mm 75 155 80 59.5 59.1 59.2 59.6 

9 μm Smooth 91.38 

R 0.5mm 98.3 104 98.25 98.24 98.1 98.09 98.07 

R 1.0mm 105 170 110 97.6 97.8 98.3 97.8 
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Table III. Inclusions removal ratios at 3000s for smooth and rough surface conditions in two tundish 

designs. 

Radius of 

inclusions 

Studied case Inclusions removal ratio at 3000s [%] 

Smooth Roughness 0.5mm Roughness 1.0mm 

1 μm with WD 0.140 0.482 2.618 

no WD 0.140 0.689 2.727 

3 μm with WD 1.180 1.642 3.549 

no WD 1.155 1.686 3.622 

5 μm with WD 3.174 3.650 5.400 

no WD 3.025 3.477 5.190 

7 μm with WD 5.973 6.548 7.936 

no WD 5.557 5.993 7.730 

9 μm with WD 9.407 10.106 11.226 

no WD 8.593 9.184 10.305 

 

 

Table IV. Inclusions removal ratios at 3000s for partially and fully absorbed conditions at a smooth 

steel-slag interface in two tundish designs. 

Radius of 

inclusions 

Studied 

case 

Inclusions removal ratio at 3000s [%] 

Smooth (100% 

Absorb) 

75% Absorb 50% Absorb 25% Absorb 

1 μm with WD 0.140 0.105 0.070 0.035 

no WD 0.140 0.105 0.070 0.035 

3 μm with WD 1.180 0.889 0.597 0.299 

no WD 1.155 0.874 0.588 0.297 

5 μm with WD 3.174 2.408 1.624 0.822 

no WD 3.025 2.319 1.582 0.811 

7 μm with WD 5.973 4.577 3.119 1.595 

no WD 5.557 4.324 3.001 1.570 

9 μm with WD 9.407 7.296 5.036 2.611 

no WD 8.593 6.790 4.805 2.577 
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Figures 

 

 

Figure 1. Mesh used in the present study. 

a) Front view of with WD case

b) Top view of with WD case

c) Front view of without WD case

d) Top view of without WD case



15 

 

 

 

Figure 2. Divided Zones used in the implementation of the deposition flux. 
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Figure 3. A comparison of the inclusion removal curves for different size groups of inclusions at a 

smooth steel-slag interface in tundishes (a) with and (b) without a weir and a dam. 
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Figure 4. A comparison of the inclusions removal curves for inclusions with radii of (a) 1μm (b) 3μm 

(c) 5μm (d) 7μm and (e) 9μm and for different conditions of the steel-slag interfaces. Data are given for 

the tundish with a weir and a dam case. 
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Figure 5. A comparison of the inclusions removal curves for inclusions with radii of (a) 1μm (b) 5μm 

and (c) 9μm for different absorption conditions at the steel-slag interface. Data are given for the tundish 

with a weir and a dam case. 
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Figure 6. A comparison of the inclusions removal curves for inclusions with radii of (a) 1, 3μm (b) 5, 

7 and 9 μm in different tundish designs i.e. with and without a weir and a dam. Note: (c) and (d) are 

magnified versions of (a) and (b), respectively. The roughness value of the steel-slag interface is 

0.5mm. 
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                  (a) with a weir and a dam                                             (b) without weir and dam 

Figure 7. Evolution of streamlines of two tundish designs (a) with and (b) without a weir and a dam for 

the removal of inclusions with a radius of 9 μm. (Black color: 0.01% of the total amount of inclusions). 
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