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Unsteady RANS simulation of oscillating mould �ows
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SUMMARY

Mould �ow oscillations are of major importance for the performance of the continuous casting process.
They are suspected to promote entrainment of slag and other unwanted secondary phases into the
melt pool. These oscillating turbulent �ows are investigated by means of numerical simulations. The
numerical model is based on the equation of continuity and the unsteady Reynolds averaged Navier–
Stokes equations. The system of �ow equations is closed by a Reynolds stress turbulence model in
combination with non-equilibrium wall functions.
The unsteady simulation resolves low-frequency oscillations of the �ow �eld. These frequencies and

numerically resolved mean values are in agreement with results of corresponding model experiments.
The proposed model should be advantageous in order to investigate the mechanisms of the oscillations

and the process of slag entrainment in more detail. Copyright ? 2006 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Detailed knowledge of �ow features in continuous casting moulds is highly desirable because
this �ow region is of major importance for the quality of the �nal strand. Industrial-scale
experiments are almost impossible due to the physical and chemical properties of the melt.
Hence, an improved understanding of the heat and �uid �ow processes in these facilities
requires mainly numerical modelling [1]. Numerical simulations combined with laboratory-
scale isothermal model experiments have been applied successfully in order to resolve the
main features of mould �ows, see, e.g. Reference [2] for a review.
Figure 1(a) displays a common mould con�guration. The melt pool is continuously fed

through the ports of the submerged entry nozzle (SEN) while the solidifying steel is driven
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Figure 1. Typical mould geometry and details of the investigated con�guration:
(a) geometry; and (b) model con�guration.
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Figure 2. Main features of mould �ows.

downwards to the strand. The pool is bounded by opposed pairs of the narrow and the wide
face of the mould.
Figure 1(b) shows the mould geometry, which is investigated in the present paper. The

sizes correspond to the 0.4-scale water model experiment of Yuan et al. [3]. The �ow enters
the mould through two ports of the cylindrical SEN and leaves through three outlet ports.
The lengths of the mould are given in mm. The size of a SEN port is 30× 30mm2 whereas
the size of an outlet port is 23× 80mm2.
Prominent features of the mould �ow �eld are sketched in Figure 2. Jet �ows (1) develop

immediately downstream of the SEN ports. These jets are splitted and de�ected by the mould
narrow faces. Secondary jet streams (2) are directed downwards to the lower bulk of the
mould. The Reynolds numbers of the jet �ows (1) are Rej ∼ 12 000, based on the hydro-
dynamic diameter dp = 30mm of the SEN ports and the maximum velocity uj=0:45m=s in
the jet. The Reynolds number of the bulk �ow in the mould is Reb ∼ 3000, based on the
hydrodynamic diameter dm =150mm of the mould and the mean velocity um=0:02m=s of
the mould �ow. Other secondary jet streams are driven upwards and form rotating eddies (3).
These eddies stimulate funnel-shaped vortices (4) and waves (5) at the top surface of the
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melt pool. Actually, these transient surface processes are of great interest. They are suspected
to promote steel quality problems due to slag and bubble entrainment into the melt [4].
Recently, some e�orts have been made in order to resolve the unsteady behaviour of mould

�ows in more detail. Gupta et al. [5] observed in a water model study, that the mould �ow
patterns are oscillating. Other authors investigated transient mould �ow features by means of
numerical simulations, e.g. in References [3, 4, 6].
Huang et al. [4] investigate transitions from uneven to even mould �ows numerically.

Here, uneven �ow means that the �ow rates through the left and the right port of the SEN
are di�erent, whereas they are of the same intensity in case of even �ow. The transient model
is based on the Reynolds averaged �ow equations. The k–� turbulence model of Launder and
Spalding [7] is employed in order to close the model equations. The simulation is started with
initial values provided by steady uneven �ow but with even �ow boundary conditions. The
solution domain contains 3× 104 grid cells, the time step width is �t=6:67 s and computation
time is 40 h on an IBM RS 6000 for 200 s of �ow time. The authors �nd that the initially
oscillating behaviour of the �ow �eld is damped after �=200 s �ow time. They expect that
these oscillations will be stronger in the steel caster and that the numerical results are strongly
in�uenced by numerical viscosity, i.e. truncation errors due to the approximations in the
numerical model.
Yuan et al. [3] compare results of a large-eddy simulation (LES) with experimental

data from PIV measurements at the water model experiment sketched in Figure 1.
The speci�cations of the LES model are 1:5× 106 grid cells, subgrid-scale k model and
time step width �t=0:3ms. Computation time is 24 h on a Pentium IV 3.2GHz PC for 1 s
of �ow time. The authors �nd a good agreement between the time-averaged �ow �elds of
the experiment and of the simulation. However, transient �ow data in selected points near the
free top surface of the mould reveal some marked discrepancies. Instantaneous velocity data
from the experiment expose di�erent frequency regimes in the �ow, high frequencies due to
turbulent �uctuations and some distinct low frequencies due to long-term oscillations of the
mould �ow. On the contrary, LES data resolve only high frequencies of the turbulent �ow.
The LES, which covered a time interval of 51 s of �ow time, cannot represent the long-term
oscillating behaviour adequately.
Ramos-Banderas et al. [6] compare results of a LES with experimental data from a

water model study, too. Unfortunately, numerical parameters of the LES are not given in the
paper. The authors �nd acceptable qualitative agreement between experimental and numeri-
cal resolved �ow structures. However, there are also some marked di�erences, e.g. about the
transient behaviour of the rotating eddies (feature (3) in Figure 2). The authors conclude, that
the capacities of the LES to resolve unsteady instantaneous �ow �elds in moulds are only
limited.
Clearly, LES is the best method in order to investigate details of the turbulence of mould

�ows. However, an e�cient and realizable numerical simulation of long-term oscillating mould
�ows is still an open goal. Therefore, a new numerical model of transient mould �ows is
presented in the paper. It is based on unsteady Reynolds averaged �ow equations in combi-
nation with a Reynolds stress turbulence model. This approach is commonly termed URANS
model. A more detailed discussion of URANS simulations is given, e.g. in References [8, 9].
URANS models have been successfully applied to other �ow con�gurations, which are

closely connected to mould �ows: (i) unsteady �ows in an induction furnace crucible [10],
(ii) jet into a cavity and (iii) unsteady separated �ow past a cylinder. Mataoui et al. [11]
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investigate interactions between a plane turbulent jet into a rectangular cavity. Here, the
Reynolds number of the jet �ow is Re=4000. The authors compare the results of a URANS
simulation to corresponding measurements at a wind tunnel experiment. They �nd di�erent
�ow regimes (stable, unstable oscillations and stable oscillations), which depend on the loca-
tion of the jet entrance in the cavity. The �ow regimes are found in the experiment and in
the numerical simulation as well.
Predictions of unsteady separated �ows past cylinders are basic tests of URANS models.

Among others, Iaccarino et al. [9], Catalano et al. [12] and Johansen et al. [13] have suc-
cessfully performed such URANS simulations. Predicted Strouhal numbers of the shedding
cycle in the cylinder wake are in accordance with corresponding experimental measurements.
In this paper, an URANS model is employed in order to investigate long-term oscillations

of mould �ows. The transient results of the simulation runs are inspected and analysed in
detail. Qualitative and quantitative features of the oscillating �ows will be compared with
experimental �ndings from the isothermal water model study reported by Yuan et al. [3].

2. NUMERICAL MODEL

2.1. URANS equations

The mould �ow is considered as incompressible and isothermal, hence the �uid motion is
described by the equation of continuity and the Navier–Stokes equations

@ui
@xi
=0 (1)

@ui
@t
+
@
@xj
(ujui)=−1

�
@p
@xi

+
@
@xj

(
�
@ui
@xj

)
(2)

Here, ui is the velocity and p is the pressure. The material parameters are density
�=1000 kg=m3 and kinematic viscosity �=10−6 m2=s. The mould �ow contains large co-
herent structures, whose oscillations should be resolved. Therefore, the URANS model is
based on a triple decomposition of the �ow quantities �

�(t)=�+ �̃(t) + �′(t) (3)

where � is the mean of a �ow quantity, �̃ and �′ indicate resolved oscillations and turbulent
�uctuations, respectively. It is assumed, that the time scale �osc of �̃ is signi�cantly larger than
the characteristic turbulent time scale �turb and that time-�ltered quantities are determined by

〈�〉=�+ �̃(t)= 1
�

∫ t0+�

t0
� dt (4)

with �turb����osc. Finally, the mean quantity results from a long-term average of �

�= lim
t∞→∞

1
t∞

∫ t0+t∞

t0
� dt (5)
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The time-�ltered equation of continuity and the time-�ltered Navier–Stokes equations are

@〈ui〉
@xi

=0 (6)
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With the turbulent stress tensor

�ij=(〈uj〉〈ui〉 − 〈ujui〉) (8)

the unknown time-�ltered velocity products 〈ujui〉 in Equation (7) are replaced by the product
of the resolved time-�ltered velocities 〈uj〉〈ui〉:
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Equations (6) and (9) give the resolved �ow �eld, where the velocity 〈ui〉 and the pressure 〈p〉
are assumed to be implicitly time-�ltered. The turbulent stress tensor �ij in Equation (9) gives
the contributions of the unresolved turbulent �uctuations on the resolved �ow. The individual
stresses must be provided by a suitable turbulence model. For this purpose, the Reynolds
stress model in the basic formulation of Launder et al. [14] is employed. Here, the turbulent
stresses are given by

@�ij
@t
+ 〈ul〉@�ij@xl =D

mod
ij +Dij + Pij + Rmodij + �modij (10)

The following terms of Equation (7) are in the closed form:

1. production

Pij= − �il @〈uj〉@xl
− �jl @〈ui〉@xl

(11)

2. molecular dissipation

Dij= �
@2�ij
@x2l

(12)

The remaining terms have to be approximated. The turbulent di�usion Dmodij is modelled due
to a scalar gradient approach [15]:
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The pressure strain term Rmodij is modelled due to the proposal of Launder et al. [14]

Rmodij =
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�
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]
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2
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] (14)

Regarding the modelling of the dissipation, it is assumed, that the Reynolds numbers of
the �ow are su�ciently high in order to guarantee that Kolmogorovs assumption of local
isotropy of the smallest scales is ful�lled where dissipation overwhelmingly occurs. Then, the
dissipation rate �modij can be modelled by

�modij = �
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(15)

Finally, the quantities �t , �, k, P and C in Equations (13)–(15) are modelled like in k–�
models, i.e.

�t = c�
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�
(16)
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The coe�cients in the Reynolds stress model are �xed to �k =0:82, c1 = 1:8, c2 = 0:6, c�=0:09,
��=1:0, c�1 = 1:44, c�2 = 1:92. These coe�cients have been recommended by Gibson and
Launder [16].

2.2. Boundary conditions and initial values

The boundary conditions imposed for the numerical simulations are as follows:

• The velocity in the SEN ports is uSEN =0:45m=s. This �ts to the corresponding �ow
rate V̇ =0:71 l=s in the experiment conducted by Yuan et al. [3]. The velocity is directed
downwards at a �xed angle of 30◦ with respect to the top mould surface. This value
is deduced from the time-averaged PIV data in Reference [3] as the emphasis of the
present paper is placed on the �ow behaviour within the mould. Boundary conditions for
the turbulence in the inlet are estimated from the supposed turbulence intensity ti= 0:1
and the hydrodynamic diameter dp = 30mm of the SEN ports.
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• A pressure boundary condition pOUT =105 Pa (ambient pressure) is imposed at the outlet
ports.

• The top surface of the mould remains �at. A no-shear condition is applied here. This
condition should model the behaviour of the free surface in the water model experiment.

• No-slip conditions at all rigid walls. The velocity and the turbulence quantities close to
the wall are determined according to non-equilibrium wall functions [17], see below.

The basic ideas of the non-equilibrium wall function approach are as follows:

1. The ordinary wall functions are sensitized to pressure-gradient e�ects. Therefore, the
functional relationship of the log-of-the-wall law is enhanced from u+ =f(y+) to
u+ =f(y+; p+). Here, y+ is the non-dimensional wall normal distance, whereas u+ and
p+ are the non-dimensional velocity and the non-dimensional pressure gradient tangential
to the wall, respectively.

2. Commonly, turbulence production and dissipation are assumed to be in equilibrium in
the wall-neighbouring cells. With the framework of the non-equilibrium wall function,
this condition is relaxed and turbulence production is allowed to deviate from dissipation.

The concept of non-equilibrium wall functions should result in a better description of near-
wall �ows with separation, reattachment, and impingement, which have to be dealt with in
the present study.
The results of steady RANS simulations of the problem with corresponding boundary

conditions provide initial values for the URANS simulation.

2.3. Numerical details

Equations (6), (9), (10) and (17) are solved by the �nite-volume method. The commercial
code FLUENT version 6.1 is employed for this purpose. The lower bound of the
period � of the time �lter can be estimated from the turbulence quantities k and �, as ex-
plained, e.g. in Johansen et al. [13]. The mean values in the mould �ow determined by
the ordinary RANS approach are km=0:604× 10−3 m2=s2 and �m=1:03× 10−3 m2=s3. Then,
the characteristic turbulent time scale �turb can be estimated as

�turb =
km
�m

� 0:6 s (21)

Consequently, the temporal �ltering, Equation (4), is implicitly included in Equations (6),
(9), (10) and (17) as long as the period � of the time �lter is larger than the turbulent time
scale �turb, i.e. ���turb.
Time and space discretization schemes are implicit three-level time discretization, QUICK

[18] upwind interpolation and central di�erencing for derivatives. Pressure interpolation on the
non-staggered grid is performed due to Rhie and Chow’s method [19]. The SIMPLE algorithm
[20] is used for the iterative solution of all equations.
The iteration process for the initial RANS solution has been stopped, when the residuals of

all quantities are lower than 0.002. In the unsteady simulations, 20 iterations are performed
at each time step. Commonly, the residuals of all quantities are close to 0.001 after these 20
iterations.
Figure 3(a) gives the solution domain which has to be meshed. The dimensions of

the domain are given in Figure 1(b). The numerical grids consist of hexahedral cells.

Copyright ? 2006 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2006; 52:883–902



890 R. SCHWARZE

Figure 3. Grid details: (a) mould geometry; (b) SEN; and (c) outlet.

Table I. Speci�cations of simulations.

Grid �t1 �t2 �t3

Coarse C1 C2 C3
Fine — — F

Attention has been paid in order to guarantee that the cells are almost equilateral and rectan-
gular. Only grid regions near the SEN (Figure 3(b)) and towards the outlet (Figure 3(c)) do
not meet these conditions. The regular mesh should help to minimize discretization errors.
The resolution of the boundary layer at the wide face determines the meshing process. Here,

two opposed requirements have to be ful�lled: (i) The �rst grid point has to be placed outside
the viscous sublayer. Commonly, y+¿20 is assumed as a suitable limit. (ii) The remaining
part of the boundary layer has to be resolved at least with 8–10 grid points [21].
Two di�erent numerical grids have been used in the simulations: The coarse grid consists of

about 300 000 cells. The average spacing of the wall-nearest grid point to the wall is y+ =17.
The �ne grid consists of about 570 000 cells. Here, the average spacing of the wall-nearest
grid point to the wall is y+ =15. Signi�cantly �ner or coarser grids would not resolve the
boundary layer adequately, when wall functions are employed. Either requirement (i) or (ii)
would be strongly violated. On the contrary, a complete resolution of the viscous sublayer
would increase numerical e�orts drastically.
All simulations cover �sim =500 s of �ow time. They are performed with three di�erent

time step widths �t1 = 0:025 s, �t2 = 0:05 s and �t3 = 0:1 s. The speci�cations of the di�erent
simulations are explained in Table I. Computing 1 s of �ow time requires approximately
40min on a Pentium IV 3.0GHz PC for the coarse grid and the time step width �t3.
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3. RESULTS

3.1. Steady �ow

Figures 4 displays features of the steady velocity �eld which has been calculated on the coarse
grid. The basic structure of the �ow is visualized by velocity vector plots in the vertical
centreplane (y=0mm) and near to the mould wide face (y=33mm). The jet streams which
develop downstream of the inlet ports drive two rotating eddies in the upper and two more
eddies in the lower part of the model. The whole �ow �eld is nearly symmetrical with
respect to the mould lateral centreplane, but small deviations from symmetry are evident.
These deviations are found in the RANS simulations on the coarse and on the �ne grid.
Obviously, the numerical model does not reach the symmetrical solution exactly. This

problem seems to be due to the fact, that the mould �ow is inherently unsteady [22]. In a
RANS simulation, each iteration can be interpreted as a small pseudo-time step, hence the
residuals oscillate inde�nitely around the unstable symmetric solution.
The magnitude and the direction of the �ow velocity can be deduced from the velocity

vectors in Figure 4. Longest vectors correspond to the inlet velocity uSEN =0:45m=s. It is
found that the velocity in the upper eddies is substantially higher than in the lower ones.

3.2. Comparison of URANS results with experimental data

The oscillating mould �ow is analysed in detail at several locations in the mould. Figure 5
indicates two points and two horizontal lines in the longitudinal centreplane, where time series
of the velocity are recorded throughout the numerical simulations.
The results are compared with the �ndings of Yuan et al. [3]. They give pro�les of mean

velocity data measured in water model experiments. They also deduce oscillation periods from
these experiments and a corresponding LES simulation.
Mean values of the horizontal velocity u and the vertical velocity w are determined

from a long-term average, Equation (4). Figure 6 shows numerically and experimentally

Figure 4. Velocity vectors in the steady �ow �eld. Longest vectors correspond to the inlet
velocity uSEN =0:45m=s. (a) y=0mm corresponds to the vertical centreplane of the mould;

and (b) y=33mm is near to the mould wide face.
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Figure 5. Points and lines for detailed inspection.
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Figure 6. Mean horizontal velocity u along L1, results are from numerical simulations
(C1, C2, C3, F) and PIV measurements (E1, E2).

determined pro�les of the horizontal velocity u(x) along line L1. Experimental data stem from
PIV measurements [3] at di�erent �ow rates V̇ 1 = 0:65 l=s (denoted as E1) with a velocity
uSEN; E1 = 0:41m=s in the SEN ports and V̇ 2 = 0:92 l=s (denoted as E2) with uSEN; E2 = 0:58m=s.
Both experimental data sets reveal a bump between x=0:2 and 0:25m. These features are
not discussed in Reference [3]. May be systematic errors are made: PIV data were recorded
only for 10 s. Hence, average values of PIV data still include some contributions of long-term
�uctuating components.
Numerical data are deduced from the URANS simulations C1, C2, C3 and F , see Table I,

with V̇ =0:71 l=s. Generally, the numerical values of u are in good agreement with the
experimental results. However, u is markedly overpredicted for x¡0:15m in all cases. This is
probably due to the boundary condition at the top mould surface: In the experiment, there is
a free surface and the �uid can be accelerated vertically by surface waves. On the contrary,

Copyright ? 2006 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2006; 52:883–902



OSCILLATING MOULD FLOWS 893

in the numerical model, the top surface of the mould is assumed to be �at and the �uid in
the surface is accelerated horizontally towards the SEN.
From the inspection of the calculated pro�les, it follows (i) all pro�les of u are close to

each other. Only between x=0:13 and 0:25m, slight variations between C1 ( ), C2 (�) and
C3 (O) are present, (ii) C1 ( ) and C2 (�) are nearly identical, and (iii) the di�erences
between C3 (O) and F (◦) are small.
Figure 7 shows numerical and experimental data of the mean vertical velocity w(x) along

line L2. Here, experimental data stem from PIV measurements in the left half (denoted as
EL) and in the right half (denoted as ER) of the mould. These pro�les are deduced from 10
sets of 200-s time averages. Nevertheless, there is a marked di�erence between the pro�le
in the left and in the right half. Yuan et al. [3] assume, that transient �ow structures with
periods longer than 200 s exist in the �ow, which can lead to asymmetric velocity pro�les.
Again, the numerical data sets of w are in reasonable agreement with the experimental

�ndings. But there is also a noticeable di�erence: The URANS simulation predicts an upward
�ow with w ∼ 0:05m=s between x=0 and 0:1m, whereas the PIV data reveal upward veloc-
ities of only 0.01m=s. Again, it can be assumed, that this di�erence is due to the expected
long-term �uctuations in the lower mould, as explained in Reference [3].
The comparison of the di�erent numerical pro�les reveals (i) the pro�les of w are close

to each other, too. Only for x¿0:34m, a small di�erence between C3 (O) and the other
numerical pro�les is found. (ii) The zero-crossing of w at x=0:17m is well resolved in all
simulation runs, and (iii) the di�erences between C3 (O) and F (◦) are again very small.
Figure 8 gives the time record of the time-�ltered velocity 〈u〉P1 at point P1 in simulation

C1. The oscillating behaviour of the �ow is evident. The amplitudes of 〈u〉P1 are roughly
twice the mean value uP1 = − 0:10m=s of u in P1. This is again in good agreement with the
experimental observations of Yuan et al. [3], they report oscillation amplitudes between 0:01
and −0:24m=s for the horizontal velocity.
Figure 9 compares the �rst 250 s of 〈u〉P1 in P1 from the simulations with di�erent time

step widths and grids. Obviously, the in�uence of the time-step and the grid resolution
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Figure 7. Mean vertical velocity w along L2, results are from numerical simulations
(C1, C2, C3, F) and PIV measurements (EL, ER).
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Figure 9. Time-�ltered horizontal velocity 〈u〉P1: (a) C1, C3; and (b) C2, F .
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on the oscillation amplitudes is small, the oscillations extend between 0 and −0:22m=s in
all cases.
The in�uence of the grid resolution on the oscillation periods is small, too. The periods

in simulations F and C3 are nearly the same. On the contrary, the time step width �t
of the simulation can a�ect the results signi�cantly. The oscillation periods in simulations
C1 (�t1 = 0:025 s) and C2 (�t2 = 0:05 s) are close to each other, whereas the periods in
simulations C3 and F (�t3 = 0:1 s) are markedly longer.
Fast Fourier transforms of the time records are given in Figure 10. All spectra exhibit

a distinct peak frequency f1. Only in the spectrum of simulation C1, a second peak is
evident. The Fourier transforms con�rm the previous interpretations of the time records: The
peak frequencies of simulations C1, f1;C1 = 0:032Hz, and C2, f1;C2 = 0:029Hz, are markedly
higher than the frequencies of simulations C3, f1;C3 = 0:024Hz, and F , f1;F =0:023Hz.
Figure 11 gives the time record of the time-�ltered horizontal velocity 〈u〉P2 at point P2

in simulation C1. Here, the signal corresponds to the superposition of at least two di�erent
oscillation frequencies.
The corresponding fast Fourier transform of simulation C1, Figure 12(a), con�rms this

interpretation. Two dominating frequency peaks f2;C1;1 = 0:032Hz and f2;C1;2 = 0:06Hz exist
in the spectrum. The spectra of the other simulations C2, C3 and F show two peaks as well.
However, corresponding to point P1, the peak frequencies of simulations C1 and case C2 are
signi�cantly higher than the peak frequencies of simulations C3 and F .
In Table II, the results of the simulations are compared with the experimental observations

and the �ndings of the LES simulation by Yuan et al. [3]. They estimate an oscillation
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Figure 10. Fast Fourier transform of ũP1 = 〈u〉P1 − uP1 in P1: (a) C1, C3; and (b) C2, F .
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Figure 11. Time-�ltered horizontal velocity 〈u〉P2 at point P2, simulation C1.
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Figure 12. Fast Fourier transform of ũP2 = 〈u〉P2 − uP2 in P2: (a) C1, C3; and (b) C2, F .

period �PIV � 45 s from the PIV measurements of u just beneath the upper mould surface
as well. In the LES, u at the narrow face (at point P2) is found to oscillate with periods
�LES ∼ 18 s. Here, however, it has to be emphasized that the LES covers only 51 s of �ow
time. Hence, the LES cannot resolve the longer period adequately.
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Table II. Oscillation periods in simulations and experiment.

C1 C2 C3 F LES [3] Experiment [3]

P1 �1 [s] 31 34 43 45 — 45
P2 �2;1 [s] 31 34 43 45 — —

�2;2 [s] 17 17 21 22 18 —
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Figure 13. Oscillation period of 〈u〉P1 at point P1, simulation C1.

Although the periods of the URANS simulations are in reasonable agreement with the data
of Yuan et al. [3], signi�cant di�erences are evident: The periods �1 in case C1 and C2 are
about 30% shorter than in the experiment. It can be assumed, that these di�erences have to be
addressed to the boundary condition at the top mould surface, too. As it has been discussed
before, the prescribed �at top surface in the numerical model may cause a stronger horizontal
acceleration of the �uid in the surface. This will in turn lead to a faster oscillation of 〈u〉 in
P1 and P2.
Finally, two important results can be deduced from the comparison of the mean values and

frequencies:

1. The in�uence of the grid size on the mean values, on the oscillation amplitudes, and on
the oscillation frequencies is small.

2. The time step width impacts the oscillation amplitudes and the mean values of the
velocity only slightly. On the contrary, the periods of the �ow oscillations are noticeable
shifted, when the time step width is not proper chosen.

3.3. Features of the oscillating �ow

The structure of time-�ltered velocity �elds in the transient �ows di�er markedly from the
steady state. Therefore, the behaviour of the velocity �eld is investigated for one oscilla-
tion period 369 s6t6400 s in the simulation run C1, Figure 13. Features of the �ow at
t=369 and 381 s are displayed in Figure 14. As all turbulent �uctuations are removed by the
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Figure 14. Time-�ltered velocity vectors 〈u〉 in the transient �ow: (a) t=369 s, y=0mm;
(b) t=369 s, y=33mm; (c) t=381 s, y=0mm; and (d) t=381 s, y=33mm.
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time-�ltering procedure, these results cannot be compared directly with instantaneous �ow
maps, e.g. from PIV measurements or LES simulations. At t=369 and 381 s, 〈u〉P1 is very
near to its minimum and maximum value, respectively, Figure 13.
In the transient �ow �eld, basic components, i.e. the jet streams, the upper and the lower

rotating eddies, are still present. But they are not symmetrical. At t=369 s, the upper right
eddy is elongated, whereas the upper left eddy is shrinked with respect to the steady solution,
Figures 14(a), (b) and 4. Later at t=381 s, the alternations of the eddies are nearly inverted,
Figure 14(c) and (d).
It is found, that the complete mould �ow takes part in the oscillatory motion. This result

is in good agreement with the qualitative observations of Gupta et al. [5]. They also report,
that the complete mould �ow pattern is mostly asymmetrical and oscillating.

3.4. Flow beneath the top-surface

The behaviour of the upper rotating eddies is of special interest for the casting process.
Figure 15 shows these eddies for one oscillating period of the �ow between t=369 and 400 s
in the simulation run C1. The right eddy is found to roll up to the SEN from t=369 to 381 s.
Subsequently, the right eddy swings back and reaches nearly its initial position at t=400 s.
The left eddy rolls up and swings back at a phase shift of a half period with respect to

Figure 15. Velocity vectors 〈u〉 in the vertical centreplane at y=0mm: (a) t = 369 s;
(b) t = 375 s; (c) t = 381 s; (d) t = 388 s; (e) t = 394 s; and (f) t = 400 s.
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Figure 16. Velocity vectors 〈u〉 in a horizontal plane at z=−0:01m beneath the top mould surface:
(a) t = 369 s; (b) t = 375 s; (c) t = 381 s; (d) t = 388 s; (e) t = 394 s; and (f) t = 400 s.

the right eddy. When an eddy rolls up towards the SEN, the amplitude of the near-surface
velocity increases. On the contrary, the amplitude of the near-surface velocity decreases, when
the eddy swings back to its initial position.
The oscillations of the upper rotating eddies drive important secondary �ows near the SEN.

Vectors of the time-�ltered velocity 〈u〉 in a horizontal plane just beneath the top mould
surface are given in Figure 16. At t=369 s, the velocity from the left side of the SEN is
much larger than the velocity from the right, Figure 16(a). An overall �ow to the right can
be identi�ed. This �ow drives a strong vortex shedding on the right side of the SEN.
Between t=375 and 381 s, the �ow pattern changes signi�cantly. Due to the roll up of the

right eddy, Figure 15(b), the velocity from the right side of the SEN begins to overwhelm
the velocity from the left side, Figure 16(b). Now, the overall �ow direction is to the left
side and �rst vortex structures can be seen on the left of the SEN. Vortex shedding on the
left side of the SEN has developed until t=381 s, Figure 16(c).
Finally, the �ow pattern returns back into its initial structure at t=400 s with a strong

vortex shedding on the right side of the SEN, Figure 16(f). Now, the right eddy has been
returned nearly into its initial position and begins to roll up, Figure 15(f).
These vortex shedding phenomena are of major importance for the continuous casting pro-

cess. Funnel-shaped vortices can develop at the top mould surface, if vorticity exceeds critical
limits. This funnel-shaped vortex tubes can be easily identi�ed in water model experiments.

4. SUMMARY AND OUTLOOK

A numerical model of an oscillating continuous casting mould �ow is presented. It is based
on the unsteady Reynolds averaged equations (URANS) in combination with a Reynolds
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stress turbulence model. Non-equilibrium wall functions are employed in order to describe
the near-wall region of the turbulent �ows.
Results of the URANS simulations are compared with corresponding results of a water

model experiment and a large-eddy simulation (LES), which have been conducted by other
authors. Mean values, amplitudes and frequencies which are deduced from the URANS data
are in agreement with corresponding experimental observations and data from the LES sim-
ulation. However, the computational e�orts of the URANS simulations are much lower than
the ones of a LES simulation.
The numerical model can be used in order to examine the e�ects of the long-term �ow

oscillations on the performance of the continuous casting process of steel. An upgrade of the
numerical model with respect to wavy free-surface �ows should be made. This would permit
the investigation of surface wave generation, which are frequently suspected to promote slag
entrainment into the melt. In the present approach, the numerical model presumes, that the free
mould surface remains �at. This simpli�cation may be responsible slight deviations between
numerical results and experimental data.
A complete description of the mould �ow dynamics should also incorporate the �ow in the

SEN. This would permit a more detailed prediction of the velocity in the SEN ports, which
also tends to an oscillating behaviour.
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