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the residual for mass fraction was below 1×10–5. The time step 
was 0.01 sec. Calculated 2000 sec. which allowed to generate 
the RTD curve.

Experimental research was carried out using the physical 
model of CC device. This model has a segmented structure. The 
individual structural elements belong to the main and auxiliary 
segments, which guarantee the fulfillment of the assumed func-
tionalities of the test stand. The main segment of the model is 
this construction element in which phenomena relevant from the 
point of view of the expected results of the experiment occur. 
Similarity rules are met only in the main segment – the tundish 
model. The physical model view is shown in Fig. 3. This model 
is described in detail in [15].

Fig. 3. View of physical model of steel continuous casting device

The method of measurement and the category of obtained 
results are of great importance in the implementation of model 
research. The experiments carried out on the water model were 
twofold: qualitative and quantitative. Material transparency 
(PMMA), from which the model object’s walls are made, enables 
direct observation of the liquid flow, after introducing to it marker 
(KMnO4) coloring water, which visualizes its movement. The 
movement of liquids, similarly to the mixing phenomena occur-
ring in the tundish model, was examined qualitatively, recording 
the course of the experiment using high resolution video cameras. 
The image of flows was recorded in two planes – central and 
lateral (see Fig. 4). This arrangement of the cameras allowed for 

uninterrupted observation of the model liquid circulation. The 
mirror placed over the tundish model allowed to additionally 
conduct observations from above.

In contrast, in quantitative experiments, determination of 
RTD characteristics (F-type curves), KMnO4 was replaced with 
aqueous NaCl solution. The signals constituting the basis for 
drawing RTD curves are generated by conductometers that are 
installed in selected points of the working space of the tundish 
model (inlet and outlets). The voltage generated in half-second 
intervals by the conductometer is the equivalent of changes in 
the marker concentration in the water. This non-contact measure-
ment does not affect the nature of the flow of the model liquid 
in the model’s working space.

3. Results and discussion

The tests carried out in order to map the liquid flow structure 
in the tundish model were divided into two stages: qualitative 
analysis of the flow and mixing (process visualization) and 
quantitative analysis of the flow and mixing (by RTD curve 
F-type analysis).

For identical conditions of water flow in the tested object, 
available experimental material was confronted with data from 
CFD simulations.

Figs. 5 and 6 show selected CFD results (for RANS and 
LES methods) of liquid flow and experimentally determined 
distributions of marker concentration obtained experimentally 
(physical modeling).

Analysis of the qualitative compatibility of CFD simula-
tions with the results of the experiment reveals that the RANS 
method is better suited to identifying the character of the model 
liquid flow in the working space of tundish model.

Fig. 7 shows a summary of RTD characteristics (F type) ob-
tained from CFD (for RANS and LES methods) and experimental 
measurements. They were used for quantitative assessment.

In order to directly compare the characteristics of the 
physical modeling, the values of the marker concentration were 
converted to a dimensionless value, so its minimum value is 0, 
and the maximum value equal to 1. The dependence described 
in detail in [5,15] was exploited for this purpose.

Analyzing the curves shown in Fig. 7, noticeable differences 
are visible for the LES method. In the initial phase, i.e. from the 
moment t = 0 to the time t = 400 seconds, the curve deviates 
significantly from the others. There is a slight difference between 
measured and calculated data for individual curves. These dif-
ferences are revealed in the form of a shift curves, but the rate of 
marker concentration increase is largely consistent. The observed 
shift of curves obtained for the water model as a function of time 
in relation to the numerical results (time of reaching the marker 
to outlets – see Table 4) is caused by: a difficult to grasp the 
moment of start in water modeling and numerical idealization 
of marker introduction.

The characteristics obtained on the experimental and CFD-
RANS routes show high quality compliance.Fig. 4. Diagram of analyzed tundish model with marked control planes
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The error value (see Table 5) for CFD-LES calculations 
is much higher than for CFD-RANS. The error value for the 
RANS method does not exceed 11%. It can be concluded that 
the mathematical model of the liquid flow based on the RANS 
method well reflects changes in the marker concentration (flow) 
in the studied tundish model. This statement justifies the fact that 
an 11% error is generally considered acceptable when assessing 
reliable flow characteristics.

TABLE 5

Relative error of tracer concentration (CFD and laboratory 
experiment)

Numbering of outlets

1 2
for two outlets
1 2

E
rr

or
 v

al
ue

,
%

CFD-RANS
Minimum –1.0 1.7 

–1.0 11.0
Maximum 10.5 11.0

CFD-LES
Minimum –2.1 –0.5 

–2.1 30.0
Maximum 30.0 28.8

Analyzing the presented comparison of results in terms of 
the qualitative and quantitative compatibility of CFD simulations 

with the results of a laboratory experiment, it should be stated that 
in the description of the turbulent nature of the flow of the model 
liquid in the tundish model, the RANS method is better suited.

4. Summary and statements

CFD simulations of liquid steel flow in a tundish (or water 
in the model) is a complex hydrodynamic issue in which the 
reality should be reflected in a number of features characterizing 
such flows. Constituting the appropriate mathematical model, 
you have to choose among the available hydrodynamic models 
of phenomena and possible initial and boundary conditions. 
Usually, such a choice is a compromise between the precision 
of the solution and the time of calculation. It must therefore be 
preceded by testing calculations that allow estimating the level 
of errors caused by the assumed simplifications. It is also good 
practice to use a different test method (physical modeling or par-
tial measurements on a real object) with numerical calculations 
in order to supplement and verify the obtained results.

In the course of a comparative analysis of the empirical 
results of measurements from the water model with the results of 
numerical simulations – identifying the three-dimensional turbu-
lent nature of liquid flow in the working space of the examined 
tundish – it was shown that the obtained results are significantly 
influenced by the appropriate choice of the turbulence model. 
A qualitative and quantitative comparison of the test results 
obtained from both research techniques showed that the results 
of experimental measurements were closer to the results of CFD 
simulations using the RANS method.

Based on the model tests carried out, it was found that:
– CFD simulations using the k-e turbulence model, allow to 

identify the nature of liquid flow, as well as to determine 
the volume of flow zones in the tundish under test with 
a possible, acceptable error loading such designation, not 
exceeding 11%,

– for the RANS method, the calculation time is twice shorter 
to achieve a convergent solution.
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Fig. 7. Summary of RTD F-type characteristics obtained in the water 
model and CFD simulations (RANS and LES)

TABLE 4

Time to reach the marker for outlets

Method Time, s
CFD-RANS 92
CFD-LES 65

Water model-outlet 1 85
Water model-outlet 2 83




