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ABSTRACT 
 
A dimensional analysis based on the dissipation rate of turbulent kinetic energy 
led to a monomial relationship between the appropriate inhibitor height and the 
product of the nozzle Reynolds, nozzle Froude and nozzle immersion Froude 
numbers. It is inferred from this analysis, assisted by tracer injection 
experiments and fluid flow simulations, that the inhibitor design which 
maintains most of the evolution of the dissipation rate of kinetic energy inside its 
confined volume provides the smallest axial diffusion (or dispersion modulus) of 
a tracer along the tundish length. Therefore, smaller axial diffusion allows higher 
volume fractions of fluid flowing through a plug flow pattern without leaving 
stagnant regions in the tundish. Additional benefits include small shear strains at 
the metal-slag interface inducing a closed region by the slag layer in the ladle 
shroud surroundings. Through the theory of fluid flow turbulence it is concluded 
that the smaller axial diffusion is a consequence of large linear accelerations of 
ÅÄÄÉÅÓ ÁÔ ÔÈÅ 4ÁÙÌÏÒȭÓ ÏÒ +ÏÌÍÏÇÏÒÏÖȭÓ ÓÃÁÌÅÓ ÉÎÓÉÄÅ ÔÈÅ ÉÎÈÉÂÉÔÏÒ ÖÏÌÕÍÅȢ 4ÈÅ 
inhibitor design which dissipates faster the kinetic energy and decreases sooner 
the sizes of fluid dissipative eddies brings a rapid decrease of the mixing lengths 
destroying tracer concentration gradients inside its volume. All these findings 
are applied to the calculation of residual inclusions inside the tundish floating 
under the Stokes regime using a modifier factor in a model corresponding to a 
well mixed reactor. 
 
Key words: Turbulent kinetic energy, turbulence inhibitors, acceleration of 
eddies, dissipation rate, dimensional analysis. 

 
 
INTRODUCTION 
 
Since the tundish was recognized as a metallurgical 
reactor rather than a vessel to distribute steel in each 
strand much research was devoted to control steel flow 
through manipulation of turbulence. Aims of flow control 
include a wide variety of aspects such as elimination of 
heavy skulls at the end of a casting sequence, maintenance 
of liquid steel out from the action of the surrounding air, 
enhancement of inclusions flotation , thermal and chemical 
homogenization and decreased slag entrapment during 
lade change operations etc.  

Ultimate attainment of all these goals is often very 
difficult and tundish designers must set priorities 
emphasizing some of them over the others. Steel flow in a 

bare tundish is disordered and chaotic yielding bypass 
streams with large superheating to the nearest strands 
that carry out all inclusions are leaving the ladle.  

First approaches used to control flow involved sets of 
weirs and dams (Koria et al., 1994; Sahai et al., 1996; 
Mazumdar et al., 1997; Barron-Meza et al., 2000; Singh et 
al., 1993; Yeh et al., 1993; Craig et al., 2001; Zorzut et al., 
2007) were followed during the last two decades by the 
usage of turbulence inhibitors (Nájera-Bastida et al., 2007; 
Morales et al., 2000; Bolger et al., 1994; Sheng et al., 1998) 
and combinations of dams or baffles with turbulence 
inhibitors (Morales et al., 1999; López-Ramírez et al., 
2001; Morales et al., 2000; Solorio-Diaz et al., 2007) and  
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Table 1: Dimensional matrix of main variables for fluid flow in a 

tundish. 

 

Variable Symbol Dimension 

Height inhibitor 
  

Gravity 
  

Kinematic viscosity 
  

Water level 
  

Nozzle penetration 
  

Casting speed 
  

 
 
even steel heating tundish-modeling and simulation 
(Barron-Meza et al., 2000) looking for thermal 
homogenization especially during ladle change operations.  

Specific works related with turbulence inhibitors are 
sometimes called pouring boxes. Madias et al. (1999) 
designed a pouring box and a pair of baffles to control steel 
flow in a six strand linear-tundish. Although the flow 
pattern improved, the flow final results indicated 
considerably differences of the RTD curves for all the 
strands. Jha et al. (2001) tested the effect of the position of 
strands with respect to the central tundish-bottom 
longitudinal axis of a six strand linear tundish equipped 
with a pouring box. The best strand position for a 
symmetric flow is the central plane with a 210 mm height 
box.  

Morales et al. (2000) designed a turbulence inhibitor 
with an irregular geometry, for an asymmetric three 
strand delta-tundish. These authors proved that using only 
a turbulence inhibitor is good enough to provide 
homogenous responses to the three strands when a tracer 
is injected through the ladle shroud. This design proved 
the usefulness of turbulence inhibitors not only to control 
turbulence but re-orienting the flow as well.  

Tripathi et al. (2005) reported improvement of flow by 
rounding the corners of the tundish in the pouring box of a 
six strand delta tundish. Previous to this work, García-
Demedices et al. (2001) had reported that by making 
wider the pouring box of a six strand T-tundish it was 
possible to reduce the eye opening induced by the steel 
entry around the ladle shroud. Turbulence inhibitors 
proved their good performance to control turbulence 
improving responses of RTD curves even under conditions 
of gas bubbling to assist floatation of inclusions (Vargas-
Zamora et al., 2004).  

There is no doubt that these devices had represented a 
breakthrough in the field of tundish design. However, it is 
also certain that the design of turbulence inhibitors was 
based more on personal experience than on engineering 
grounds. Therefore, in the present work the authors 
analyze the performance of these flow controllers from the 
perspective of the dissipation rate of turbulent kinetic 
energy.  

 
 

 
A hypothesis is established as proposing that there is a 

relationship between the dispersion modulus of RTD 
curves and the pattern for dissipating kinetic energy by 
inhibitors. In other words, large dissipation rates of kinetic 
energy inside an inhibitor decreased the axial diffusion 
coefficient of species in steels. This hypothesis will be 
tested in the following lines. If the hypothesis is correct, 
then, it will be possible to design turbulence inhibitors 
based on engineering principles rather than on personal 
experience. 
 
 

DIMENSIONAL ANALYSIS 
 
As a first step in this research a dimensional analysis for 
tundish operations using turbulence inhibitors were  
performed aiming at the establishment of the suitable 
inhibitor height f or some given casting conditions. For that 
purpose, Table 1 shows the dimensional matrix of main 
variables for fluid flow in a tundish using a turbulence 
inhibitor. Since the hypothesis is based on the dissipation 
rate of kinetic energy it would be interesting to find out all 
possible independent combinations of these variables 
leading to dissipation rate of turbulent kinetic energy 
units. Therefore, using dimensional analysis techniques 
(Szirtes, 1998), it is possible to find five independent 
combinations presented in Table 2, among many other 
possible combinations that can be derived from them. 
Various observations based in a previous published work 
(Nájera-Bastida et al., 2007) can be made about the nature 
of those expressions as follows: 
 
- Melt speed in the ladle shroud (LS) and the immersion 
depth of this device are the two most important variables 
that govern dissipation rate of kinetic energy;  
- The dissipation rate of kinetic energy keeps linear 
relationships with bath height and the height of the 
turbulence inhibitor ; 
- In gravity driven flows, dissipation rate of kinetic energy 
maintains a linear relationship with the melt velocity in 
the LS and gravity constant. 
- Dissipation rate of kinetic energy is inversely 
proportional to the square of nozzle depth. In other words, 
deeper position of the nozzle tip implies smaller 
dissipation rates of kinetic energy. 
 
Further matrix manipulations led to four basic 
dimensionless numbers (Table 2). These numbers can be 
related through a monomial equation given by:  

 

                                              (1)  

 
Where, , ,  and  are constants, which eventually, 

must be determined experimentally.  



 
 
 
 

Table 2. All possible independent combinations of these variables leading to units of 

dissipation rate of turbulent kinetic energy and derived dimensionless numbers. 

 

Dimensional analysis 

Units of dissipation rate (m2/s3) Dimensionless numbers 

  

 
 

  

  

 

 

 
 
This equation provides the ratio of the tundish height with 
the nozzle penetration as a function of the nozzle Reynolds 
number and the Froude numbers of the nozzle and the 
inhibitor itself. Qualitatively , talking this relation indicates 
a taller inhibitor is recommendable for large nozzle 
Reynolds and larger nozzle and inhibitor Froude numbers 
where the melt velocity, or steel throughput plays a 
preponderant role. Equation 1 also indicates that the 
ÉÎÈÉÂÉÔÏÒȭÓ ÈÅÉÇÈÔ ÆÏÌÌÏ×Ó Á ÃÏÍÐÌÅØ ÒÅÌÁÔÉÏÎ ×ÉÔÈ ÎÏÚÚÌÅ 

immersion given by h proportional to .  

 
 
EXPERIMENTAL WORK AND MATHEMATICAL 
SIMULATIONS 
 
A two-strand slab tundish was considered in this study. 
Four turbulence inhibitors were tested in this tundish. 
Figure 1a to c showed the geometric dimensions of the 
slab tundish. Figures 2 to 5 showed four of the turbulence 
inhibitors tested in the slab tundish. Fluid flow of steel was 
modeled using a 1/3 scale water model of systems 
(Figures 1 to 5) and flow characterizations were 
performed through the analysis of Residence Time 
Distribution (RTD) curves using a pulse injection of a 
colored dye tracer in the ladle shroud as is explained in 
various publications (Sahai et al., 1996; Levenspiel, 1962).  

Table 3 shows the operating conditions of this tundish 
indicating the steel throughputs and their equivalent water 
flow rates calculated according to the Froude criterion 
(Sahai et al., 1992, 1996). Fluid flow of water in the 

tundish model was also simulated using the  model 

of turbulence well described in textbooks and detailed 
reported in other publications (Spalding, 1972; Launder et  

al., 1972; Dash, 1996).  
Usual boundary conditions were used in these 

simulations such as no-slip on all solid surfaces; velocity 
distribution close to all walls obeys the logarithmic law in 
order to link the velocity profile in the boundary layer with 
the bulk flow and the 1/7 law for the velocity distribution 
inside the LS.  

To solve the non-linear Navier-Stokes equations, 
continuity equation, turbulent kinetic energy equation and 
the dissipation rate of turbulent kinetic energy equation 
together with the other auxiliary equations to establish the 
closure for turbulent flows were employed. Second order 
upwind scheme was used for discretization of convective 
term in the governing equations to provide higher order 
accuracy.  

The SIMPLE (Semi-Implicit Method for the Pressure-
Linked Equations) algorithm was used to resolve the 
pressureɀvelocity coupled in the momentum equation. 
Under relaxation factors to ensure a smooth convergence 
are the following; 0.3, 1(isothermal), 1 (isothermal), 0.7, 
0.8, 0.8 and 1 for pressure, density, body forces, 
momentum, turbulent kinetic energy, turbulent dissipation 
rate of kinetic energy and turbulent viscosity, respectively. 
A criterion for convergence was set as the condition when 
the sum of all residuals of flow variables is equal to 10-5. 
 
 
RESULTS AND DISCUSSION 
 
Physical model  
 
Figure 6a shows the RTD curves for the slab tundish and as 
is seen, turbulence inhibitor TI-D yields the tallest peak 
and the longest minimum residence   time  among all cases  



 
 
 
 

 
 

Figure 1. Geometric dimensions of the experimental tundish at 1/3 scale (mm): a)Vertical 

view, b) Lateral view, c) Length of submerged SEN. 

 
 
involving the bare tundish and the tundish with TI-A, TI-B 
and TI-C inhibitors. After the good performance of TI-D 
arrangement follows the TI-C arrangement, while TI-A and 
TIB arrangements maintain similar flow characteristics 
from the point of view of curve tallness and minimum 
residence time of the tracer. To validate the mathematical 
model with the experimental measurements, RTD curves 
for the bare tundish and TI-D arrangement are plotted 
(Figure 6b). This comparison shows a very good 
agreement between mathematical and physical results 

providing the ground to assume here that the 
mathematical model has the capability to predict 
reasonable reliable results. Naturally, as would be 
expected, the bare tundish yields the shortest RTD curve 
and the smallest minimum residence time. In order to 
estimate, qualitatively, the shear stresses at the bath 
surface an oil layer, 15 mm thick, was spread on the liquid 
surface and the experiments were repeated. Qualitative 
results consisted of observations about the water eye 
opening   magnitude    around    the    LS  and  Figure 7 to e  



 
 
 
 

 
 

Figure 2. Geometric dimensions of TI-A (mm): a) Top plan view, b) Side view. 

 
 
showed those openings for the bare tundish and 
arrangements TI-A, TI-B, TIC and TI-D, respectively.  

It is evident that using inhibitors A, B and C induce very 
large water eyes which are even bigger than that of the 
bare tundish. In contrast with those results arrangement 
TI-D or inhibitor D maintains the oil layer integrity at all 
times leading to a better flow control. This affirmation is 
additionally corroborated through the mixing front of the 
tracer, four seconds after its injection through the LS, for 
each case examined here. Figure 8a to e and Figure 9a to 
9e shows the tracer fronts obtained experimentally and 
mathematically for each case, the bare tundish and the 
ÔÕÎÄÉÓÈ ×ÉÔÈ 4)ȭÓ !ȟ "ȟ # ÁÎÄ $ȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÂÁÒÅ 
tundish yields a mixing with large axial dispersion forming 
a very irregular mixing front. Apparent axial mixing 
decreases in order of inhibitors A, B, C and D as is shown in  

 
Figure 8e for TI-D arrangement, while TI-D yields an 
approximate flat mixing front compared with the rest of 
those inhibitors.  
 
 
Mathematical model  
 
Figure 10a to e showed the simulated velocity fields 
through the ladle shroud longitudinal planes for the bare 
tundish, and ÔÈÅ ÔÕÎÄÉÓÈ ×ÉÔÈ 4)ȭÓ !ȟ "ȟ # ÁÎÄ $ȟ 
respectively. In the bare tundish the entering jet drags 
fluid toward the tundish bottom leaving a dome where it 
flows toward the outlet. Magnitudes of velocity vectors are 
particularly large in the jet impinging region inducing a 
strong stirring motion  in the pouring region. 
Arrangements  TI-A  and  TI-B  yield very similar flows; the  



 
 
 
 

 
 

Figure 3. Geometric dimensions of TI-B (mm): a) Top plan view, b) Side view. 

 
 
fluid is redirected toward the entering jet due to the 
presence of the inhibitors while very large velocity vectors 
are confined inside these devices. On the bath surface, 
close to the ladle shroud there are formations of 
recirculating flows with high fluid velocities which 
explains the shearing effects on the oil layer (Figure 7b and 
c).  

In the upper right corner of both cases, a region of fluid 
with small velocities is observed and the fluid comes 
almost vertically toward the outlet. Design TI-C produces 

streams of fluid directed toward the ladle shroud but with 
less inclination than the previous two cases. The eye of the 
recirculating flow now deeper in the bath is larger and 
remains close to the entry jet. Velocity vectors from this 
flow in the bath surface are considerably large and this 
explains also the shearing effects on the oil layer (Figure 
7d). The upper right tundish corner now shows a stagnant 
region where the fluid moves with very small velocities. 
Stream flowing through the outlet comes, apparently, from 
regions closer to  the tundish  wall. Design  TI-D  induces  a  



 
 
 
 

 
 

Figure 4. Geometric dimensions of TI-C (mm): a) Top plan view, b) Side view. 

 
 
small recirculating flow located also close to the ladle 
shroud and to the bath surface, however, fluid velocities 
are very small and shearing effects with the oil layer are 
small allowing the oil layer to remain closed (Figure 7e). 
The flow is now divided in three parts; the pouring region, 
the outlet region and the volume in between both regions. 
This last region is characterized by small vectors, while the 
outlet region remains stirred with flow of liquid following 
an angle close to the vertical outlet axis.  

Figure 11a to e showed the transversal planes located in 
the ladle shroud for each design under study. In the bare 
tundish, the fluid impacts the bottom and flows toward the 

walls ascending upwards, therefore, in the bath surface 
flows toward the ladle shroud at relatively high velocities. 
Inhibitors A and B work very similarly to each other and 
that explains their likely performance. In both cases it is 
observed that after impacting the bottom the fluid affected 
by the walls of those inhibitors is directed toward the 
upper region of the ladle shroud. Once the streams reach 
the bath surface the fluid flows toward the ladle shroud 
with velocities higher than 0.08 m/s. Inhibitor C works 
also similar to inhibitors A and B, although, velocity 
vectors after impacting the bottom are slightly smaller. 
Inhibitor   D   performs  quite  different   to its predecessors  



 
 
 
 

 
 

Figure 5. Geometric dimensions of TI-D (mm): a) Top plan view and b) Side view. 

 
 

Table 3. Experimental conditions. 

 

Parameter Model 

Water volume for 40 ton 0.216 m3 

Water model depth at 40 ton 0.380 m 

Nozzle penetration 0.164 m 

Water flow rate 0.00107 m3 s-1 

 

Physical properties of water 

Density (kg / m3) Viscosity (Pa-s) Surface tension ( N/m) 

1000 0.001 0.0730 
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Figure 6. a) RTD curves - dimensionless concentration versus dimensionless time for the five cases 

studied and b) Comparison between RTD experimental and mathematical.  

 
 

 
 

Figure 7. Oil layer opening using all designs of inhibitors: a) Bare tundish, b) TI-A, c) TI-B, d) TI-C and e) 

TI-D. 

 
 
(Figure 11e); it forms a recirculating flow at each side of 
the ladle shroud and velocity vectors in the bath surface 
are smaller than in any of the other cases earlier examined. 

RTD Curves 
 
Flow    parameters  were   estimated  from t he RTD curves 



 
 
 
 

 
 

Figure 8. Mixing of a dye tracer 4 seconds after its injection using all designs of inhibitors: a) 

Bare tundish, b) TI-A, c) TI-B, d) TI-C and e) TI-D. 

 
 

 
 

Figure 9. Mathematical tracer fronts using all designs of inhibitors: a) Bare tundish, b) TI-A, c) TI-B, d) TI-C and e) TI-D. 

 
 
 (Figure 6a); first, the fraction of fluid flowing under a plug 
flow pattern is obtained from the minimum residence time 
(Szekely et al; 1976): 
 

                                                        (2)  

Where the minimum residence time and  is the 

calculated mean residence time given by the ratio of liquid 

volume and liquid flow rates . The actual mean 

residence time is calculated through: 



 
 
 
 

 
 

Figure 10. Flow fields visualized by velocity vectors at the symmetric-vertical plane: a) Bare tundish, 

b) TI-A, c) TI-B, d) TI-C and e) TI-D. 

 
  

                              

(3)  
 
Once the time is known, the fraction of fluid under dead 
conditions is calculated through the following equation: 

  

                                                    (4)  

 
Finally, the fraction under back mixing conditions is 
calculated through the difference of 1 and the addition of 
volume fractions of fluid under plug flow and dead regions: 


