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The article presents the method of optimization of flow modifying devices arrangement in the casting tundish, which
create the favourable conditions for removal of inclusions. The numerical simulation of velocity field of steel flow in the
tundish is coupled with the optimization procedure, consisting in search for Pareto-optimal set of geometric parameters of
the tundish. The problem under study concerns the system of two lower and one upper dams. The calculations employing
finite elements method were carried out in the two dimensional system. The simulation model was constructed on the basis
of ADINA-F commercial program. Optimization criteria were formulated for the residence time of steel in the tundish and
the velocity components in the sub-surface layer. The codes developed by the authors were applied, which allowed for fully
automatic coupling of optimization module with ADINA-F program. As a result the set of six geometric parameters describing
the optimal dams arrangement was obtained.
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Artykut przedstawia metod¢ wyznaczania optymalnego rozmieszczenia przegréd ksztattujacych przeptyw w kadzi posred-
niej odlewania ciagglego pod wzgledem korzystnych warunkéw dla usuwania wtracen niemetalicznych. Numeryczna symulacja
pola predkosci przeplywu stali w kadzi posredniej zostala sprz¢zona z procedura optymalizacyjna, polegajaca na znalezieniu
optymalnego w sensie Pareto zbioru parametréw geometrycznych kadzi. Obiektem optymalizacji byl ukiad dwoéch przegréd
dolnych i jednej gérnej. Obliczenia przy pomocy metody elementéw skoriczonych zrealizowano w uktadzie dwuwymiarowym.
Model symulacji zostal zbudowany na bazie komercyjnego programu ADINA-F. Kryteria optymalizacji zostaly wyrazone
poprzez czas przebywania stali w kadzi oraz przez skladowe predkosci stali w warstwie powierzchniowej. Uzyto kodéw
opracowanych przez autoréw, co pozwolilo na catkowicie automatyczne sprzezenie modulu optymalizujacego z programem
ADINA-F. W wyniku obliczen uzyskano zestaw szeSciu parametréw geometrycznych, opisujgcych optymalny ukiad przegréd.

1. Introduction The operation of casting tundish is characterized
with the flow pattern and resulting residence time

of liquid steel, which in turn control the removal of

requirements resulting from its applications as the final
product, needs the effective control of the properties of
liquid steel supplied to continuous casting machine as
well as the parameters of casting. The main factors de-
termining the quality of steel ingot are: the casting tem-
perature, content of non-metallic inclusions, the position
and stability of liquid steel meniscus and composition
and properties of casting powder [1]. First three of these
parameters are usually controlled in a casting tundish,
which is becoming important metallurgical reactor, in
which the steel is finally treated prior to casting in a
mould.

non-metallic inclusions. The inclusions, mainly oxides
are the unavoidable result of steel deoxidisation in indus-
trial conditions are still present in considerable amount
in the casting ladle. An additional amount of inclusions
is being formed during lowering the temperature of steel
as a result of shift of thermodynamic equilibrium be-
tween steel and oxide phase. The technological experi-
ence shows that if the ladle operation is effective in in-
clusions removal, it is also effective in flow tranquillising
and temperature equalizing. The inclusions are removed
according to two modes: swimming out to the top slag or
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sticking to the tundish walls [2, 3]. Thus, the flow pattern
in the tundish should promote these two processes. The
zone of strongly turbulent flow, in which the inclusion
particles coagulate, should be restricted to the tundish re-
gion close to the ladle outflow. In the prevailing part the
tundish volume the plug flow is expected, which allows
for the swimming out the inclusions and their absorption
in top slag. The flow pattern of liquid steel in the tundish
in many cases is established by means of so called flow
modifying devices (FMD). The optimum dimensions and
positions of these devices are the question, which can be
answered on the ground of physical modelling, industrial
experiments and numerical simulations. The numerical
methods allow for determination of steel velocity field in
the tundish of chosen geometry. The approximate solu-
tions based on the theory of elementary reactors [4, 5],
as well as complete finite element solutions of Navier —
Stokes equation [6, 7], were obtained for several cases.
The aim of the present work is the demonstration of the
possibilities arising from the application of optimisation
procedure for designing arrangement of the FMD in two
strand tundish. Two kinds of vertical devices were taken
into consideration: upper dam and lower dam.

2. Numerical model

The numerical modelling of physicochemical pro-
cesses in metallurgy of steel is an exceptionally complex
task. At the present level of development of numerical
methods, full numerical analysis of processes occurring
in majority of metallurgical reactors is very difficult.
For this reason, several simplifying assumptions were
made in FEM solution applied in the present work. It
is obvious that the analysis involving more phenomena
results in higher computation costs. As the procedure of
optimization requires multiple solutions of complex nu-
merical problem, the simplifications of numerical model
are necessary. On the basis of significance analysis of
respective process parameters the following assumptions
were accepted for the purpose of the present work:

e The modelled system is regarded as two dimen-
sional, symmetrical with respect to shorter axis of the
tundish. This assumption leads to decrease of agreement
between numerical solution and real process, resulting
mainly from the lack of symmetry in positions of out-
flow ports with regard to longer axis of the tundish, and
from variation of metal flow with the distance from the
tundish walls. However, the three dimensional solution
would require enormously long calculation time. Calcu-
lation time is a great obstacle especially in optimization
cases, as FEM simulations are carried out for each opti-
misation step, so cumulated computation time could be
extremely long.

e The model of incompressible viscous liquid of
constant viscosity is applied. The viscosity of 1 kg/m-s
and density equal to 7000 kg/m*® were assumed. This
simplified description of the material was considered ad-
equate, because presented FEM solution does not solve
real industrial problem, and qualitative agreement is suf-
ficient for optimization procedure. The assumption of
liquid metal incompressibility seems fully justified. The
measurable effects of liquid steel compressibility do not
appear at the velocities significantly lower than sound
velocity. Assumption of constant viscosity allows to ne-
glect the effects resulting from the variation of tempe-
rature and chemical composition of steel. The influence
of temperature field in the tundish on viscosity and in-
directly on the whole process is of some importance.
However, including the temperature field in the analy-
sis would considerably increase the complexity of the
problem and time of calculations. For this reason cons-
tant temperature of steel in the tundish was assumed in
the present case. Moreover, the dependence of viscosi-
ty on chemical composition of steel and on amount of
non-metallic inclusions cannot be introduced into calcu-
lations, what is due to the lack of appropriate models as
well as experimental data.

e The model does not take into account the physi-
cal interaction between metal and slag at their interface.
The behaviour of slag is also neglected at the level of
FEM calculations. However, the criteria of optimization
involve the properties of metal surface layer, which are
correct from the point of view of metallurgical process.

e The details of impact pad in the inlet region of
tundish are not taken into account in FEM calculations.

e The considered model of casting tundish does not
take into account the zone of strong turbulent mixing in
the inflow region. This zone is as a rule partly isolated
from the main volume of tundish by means of turbulence
inhibitor (“turbostop”) or lower dam [8], or alternatively
the upper dam [9]. Turbulent mixing zone plays impor-
tant role in removal of inclusions. The turbulent collision
of inclusions particles is the main mode of their coagula-
tion. Larger particles are more susceptible to swimming
out from steel and assimilation in top slag.

e The simulated process is transient. The steel flow
through casting tundish is stationary during the majority
of process duration, thus the assumption of stationary
process might be justified. However, one of the opti-
mization criteria adopted in the present work requires
the residence time of elementary metal volume in the
tundish to be maximal. For this reason the transient so-
lution was applied.

e No-slip boundary condition is assumed on tundish
wall, as well as on the surfaces of FMDs. Metal surface
is treated as a wall with full slip boundary condition.



The numerical model of process was built on the
basis of commercial ADINA-F program, which employs
the finite elements method. The geometry of tundish cho-
sen in the present work is similar to several constructions
appearing in the industrial conditions, e.g. Mittal Steel
Poland, Krakéw Branch. The considered tundish corres-
ponds to two-strand slab caster with two surfaces of sym-
metry. Liquid steel is poured through central shrouded
inlet. In the present work the complete solution of 2D
Navier-Stokes equation was carried out:
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where py, Tjj — stresses, p — density, ¥,Z — gravitation
forces, v, v* — velocities in y, z directions, respectively.

The three- and four-node finite elements were used.
The simulated steel flow in the tundish was modified
with three FMD in the form of vertical dams. Their po-
sitions in the tundish were assumed as variables and
subject to optimization. The dimensions of the tundish
including arrangement of the dams are shown in Fig. 1.
The typical mesh of finite elements is presented in Fig. 2.
An additional layer of elements is introduced at the in-
terface of liquid metal and slag. During the optimization
procedure this layer is treated as a region, where re-
moval of inclusions takes place. Since vertical velocities
at the interface between liquid metal and slag are equal
to zero (due to slip wall boundary condition), the values
of velocity taken into account during optimization are
attributed to the nodes laying below this additional layer
(Fig. 1). Finite element mesh, generated on this layer
have the thickness of one element (10 mm) and variable
number of elements along the length.

The residence time of steel in the tundish is deter-
mined by means of the tracer procedure. Mass transfer
model coupled with Navier-Stokes solution is utilized for
determination of tracer distribution. Tracer is introduced
as virtual material. This additional material has no in-
fluence on velocity field of metal. The virtual tracer is
introduced to the system at the moment, when the sys-
tem reaches stationary state and then is distributed in the
system due to convection. However, small artificial diffu-
sion is introduced due to numerical convergence reason.
Total amount of 0.01 units of the tracer are added during
three time steps between 30 an 33 second of the process
duration. The unit of the tracer is a mass ratio of tracer
to the total mass of the fluid in an elementary volume:

mass ratiOyacer + MAass ratiogee; = 1.
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Fig. 1. Geometric dimensions of the tundish. Only the quarter is
presented

Fig. 2. Example of FEM mesh for the model of casting tundish

Quantity of virtual tracer is recorded in addition-
al layer. Tracer is used only for measuring of material
points’ paths in flowing metal.

ADINA-F program allows the operation in batch
mode, receiving the input data and recording the results
in text files. This makes the coupling of FEM model
with the optimizing program possible. The input data
are prepared in a parametric form, which allows for fully
automatic generation of FEM models for various confi-
gurations of dam arrangement, as well as automatic
transmission of calculations results to optimizing pro-
gramme. In the present project, the calculations were
performed in the cluster environment, consisting of 9
computational nodes.

3. Optimization

The problem of finding the optimal positions of
dams in the tundish is formulated as a task of multi-
criterion optimisation [10]:

minF (X) = {¢1 (X),....4: X), ... 5 X)}  (2)

where X = {x;...X,} — the vector of decision (design) vari-
ables in the space of requested solutions, ¢;, i = 1...m
— the component of F(X) vector belonging to criteria
space and representing single criterion.
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The multicriterion formulation is suitable for the
problems consisting in conflicting and possibly noncom-
mensurable (i.e. having different units) criteria, which
should be simultaneously minimized. As it is shown in
further part of this section, the considered problem falls
into such group of issues.

For the problem under study the vector of decision
variables contains 6 parameters, which describe the po-
sition and height of dams in casting tundish:

X ={di, h1,d», h»,d3, h3} 3)

where: dy,d,,ds — the distances between dams and
hi, hy, hs — the height of the dams (Fig. 1).

In order to put the problem as a task of multicrite-
rion optimization the potential conflicts between criteria
had to be taken into account, i.e. impossibility of obtain-
ing simultaneously the minimum values for all compo-
nents of vector F. The solution of minimization task is
then the set of compromise solutions, termed Pareto set.
For this purpose the definition of vector U domination
over vector V (denoted as U < V) in the Pareto meaning
is introduced:

U<VoeVie{l,...,m},
w <viNIje(l,....m}:u;<v;

“)

The solution U is termed Pareto-optimal if there is
no solution V for which F (V) < F (U). Thus, the solution
of optimisation task (4) consists in construction of the
set of Pareto-optimal solutions. The set of Pareto optima
represents those feasible solutions where no criterion can
be improved without deteriorating at least one other cri-
terion. In the case of non-conflicting criteria, the Pareto
set includes single solution. Otherwise, the set consists
of the compromise solutions by considering trade-offs
between the competing criteria.

In the present work three criteria of solution evalu-
ation were defined. First of them is used as a measure
of residence time of steel in the tundish:

o Y
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where: C — concentration of tracer in sub-surface layer
determined with the coordinates y; and y,, #; and t, —
the time of start of recording tracer concentration and
the time of termination, respectively.

Criterion ¢; expresses how long the tracer is held
in the vicinity of interface between liquid metal and the
slag. Despite no direct physical meaning could be related
to that criterion, the maximization of ¢; is required. The
technological knowledge suggests that elongated pres-

ence of the material in this zone increases the chance of
rising the inclusions to the surface.

Remaining two criteria of solution valuation are
based on the values of components of liquid metal flow
velocity in the sub-surface layer, mentioned in numerical
model description. From the metallurgical point of view,
the most desirable flow pattern in the sub-surface layer
promotes removal of the inclusions. The low velocity
results in lower coagulation rate, leading in turn to the
reduced purification of the metal. On the other hand,
too high velocity of the metal is also unfavourable, due
to the risk of disruption of the slag cover, as well as
snatching particles of slag into the liquid metal. In the
present paper the assumption was made that components
vY and v* would fit the acceptable limits. Consequently,
the corresponding criteria represent deviation of the cal-
culated nodal velocities from the acceptable values:

n P
¢y = [%;f(ﬁ)) +1 (6)

1 n p
¢3=(; i:lf(vi')} +1 (7)
(a-v): v<a
f) = 0 :ve(ab) 8)
v=b): v>b

where: n — amount of grid nodes in sub-surface layer,
i — index of the FE node, v, v¢ — horizontal and vertical
components of nodal velocity vectors, respectively, a, b
— upper and lower limits of tolerable values of velocity
components, p — coeflicient that allows overlinear impact
of the criteria ¢, and ¢3. The values of a and b coef-
ficients are chosen basing on industrial and laboratory
practice. The value of coefficient p was selected on the
basis of numerical experiments in order to achieve faster
convergence of optimization method.

For the problem considered in the present work the
optimisation task is formulated as the minimization of
vector @ of three components:

D (X) = {(=¢1 +P1), (A2 +P2),(p3+P3)}  (9)

where: P; — penalty function for /" criterion, taking the

non-zero value in the following cases:

o the loss of convergence in FEM solution,

o the vector X describes the FMD arrangement, which
is impossible for geometrical reasons,

e the distance between dams is less than d,,;, = 0.05.



The last constraint was introduced because of limitations
in FEM grid generator.

The iterative strategy was employed in order to ap-
proach the Pareto set. The scalar target function W is
defined, basing on the components of vector @®. The
simplex method was chosen as appropriate for minimiza-
tion of scalar function . The Pareto-optimal solutions
found in the course of search for ¥ function minima
are included into the set of solutions. The authors used
two equations, which were employed in construction of
scalar target function:

_i wigi(X)
¥ = S — (10)
2 Wi
=1
¥, = max (—¢i(X;n;n¢i ] (11)

where: w; — the weights attributed to individual criteria
o ¢;”m — the component of criteria for hypothetical ideal
solution X*.

The function (10) is widely applied relation, mak-
ing possible the calculation of the target function as
the weighted average from all criteria. Equation (11)
expresses so called “minimax strategy”, which consists
of minimization of maximal distance from the vector
of minimal criteria ®(X"): ¢;.”’" = ¢;(X*). All compo-
nents ¢; of vector ®(X*) take the lowest possible values.
The vector ¢;"’” is most frequently constructed through
optimization, which is carried out separately for each
criterion ¢;. For the sake of calculation time economy,
the approximate solution is applied, which estimates the
components of vector (/);.’"” in the course of optimization.

Since the simultaneous application of all solutions
from Pareto set is usually impossible, in the present work
the index of valuation of solution is introduced, which
is based on the distance between the given solution and
estimated components for ideal solution:

n

3 (6:0%) - g)’

i=1

J = (12)

The quality index given by equation (12) is used
only at the final stage of optimization. The components
¢?”"’, which were estimated during optimization proce-
dure, are used. In contrast to the goal function (11), the
quality index (12) allows selection of the single final
solution on the basis of several Pareto sets and the final
estimation of ¢?”"’.
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4. The results

The calculations were carried out for the series of
the sets of initial parameters, regarding the positions and
heights of all three dams in the tundish. The procedure
of optimization was performed several times, starting
form different initial solutions and resulting in usually
different Pareto sets. The entire optimization procedure
required launching the simulation jointly ca. 2000 times.
The usefulness of both ADINA and the own code in the
cluster computational environment was fully confirmed.
Table 1 contains the values of parameters for criteria
(6)—(8). The values of geometric parameters h, h, and
hs were restricted to the range (0.01-0.8 m).

TABLE 1
Parameters for equations (6)—(8)
Criteria a b p
03 -0.2 0.1 1.5
&3 -0.02 0.02 1.5

The typical variation of Pareto set cardinality dur-
ing consecutive steps of simplex method is present-
ed in Fig. 3a. In the course of optimization, multiple
non-dominated solutions were determined. The mean
values of the geometric parameters and the criteria as
well as their standard deviations at selected step of the
optimization are shown in Fig. 3b. It should be empha-
sized in that figure that Pareto set consisted of very dis-
similar solutions during the optimization. This is a clear
evidence that the conflicting criteria were present in the
optimization problem (9).
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Fig. 3. Illustration of conflicting criteria in the considered optimiza-
tion problem: a) typical variation of Pareto set cardinality during con-
secutive steps of simplex optimization method, b) descriptive statis-
tics (mean values and standard deviations o) calculated for the geo-
metrical parameters and the criteria at 50" step of simplex method.
The standard deviations of geometrical parameters are denoted by
the bars
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The comparison of two the most preferable solutions with respect to the valuation criterion (12): initial solution (row 1) and final solution

(row 2)
Lp. di[m] hi[m] d>[m] hy[m] d3[m] h3[m] & ) #3
1 0.239 0.7248 0.5618 0.6926 0.5370 0.5136 641.86 866.91 4.87
2 0.406 0.0118 0.0510 0.6598 0.0546 0.0100 1002.13 10.50 1

TABLE 2
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Fig. 4. The arrangement of dams in the tundish according to initial (a) and final solution (b). The distribution of the tracer at ¢ = 36s is

presented as the concentration isolines (in mass ratio, defined in description of numerical model)

Nine Pareto-optimal solutions were obtained as a
final result of the optimization. Table 2 contains the
comparison of the two best solutions with respect to
valuation index (12). The best initial solution (Table 2
row 1) was compared to the best final solution (Table 2
row 2). The values of criteria given in Table 2 reveal that
the successful minimization of all criteria was obtained.

The arrangement of FMD as well as the distribution
of the tracer for initial and final solutions is shown in

Fig. 4.

Fig. 5a presents the integral of tracer concentration
calculated for sub-surface layer, for both initial and fi-
nal solutions. The single strong peak is observed on the
curves. Such an effect is typical for the selected method
of the tracer addition to the system [6] and its occur-
rence is the premise that the FE model reproduces prop-
erly the behaviour of the simulated system. It is seen in
the Fig. 5 that for the final solution tracer concentration
maintains higher value for a longer period. This obser-
vation is confirmed by the corresponding values of cri-



terion ¢, increasing in consecutive time steps (Fig. 5b).
Such behaviour is favourable for inclusions removal to a
top slag.
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Fig. 5. Integral of tracer concentration (a) and corresponding values
of ¢, criterion (b) in subsequent time steps. Open symbols correspond
to the initial solution, while filled symbols to the final solution

Fig. 6 demonstrates the comparison of velocity com-
ponents v’ and v* for initial and final solutions. The flow
pattern for the best initial solution is unacceptable with
respect to the parameters specified in Table 1 and marked
with horizontal dashed lines in Fig. 6. It is apparent that
as a result of optimization the values of velocity com-
ponents were moved to the acceptable regions. It is also
seen in that figure that distribution of velocities is much
smoother in the case of final solution. Typical distribu-
tion of flow velocity in the tundish is presented in Fig. 7.

The arrangement of dams in all obtained
Pareto-optimal solutions is similar. The typical arrange-
ment is presented in Fig. 4b. It is interesting that in this
solution the heights of two lower dams £, and h3 are
reduced to lower acceptable limit, which implies their
elimination. Simultaneously, the highest values of tracer
residence time in the tundish were obtained. For the ob-
tained Pareto set the correlation of construction parame-
ters and valuation criteria were carried out. The highest
values of correlation were obtained for the parameters d;
and 1, (R?> = 0.961) and criteria ¢; and ¢, (R = 0.956).
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Fig. 6. The velocity distribution in sub-surface layer and correspond-
ing values of ¢; and ¢, criteria: a) W component, b) v component.
Open symbols — initial solution, filled symbols — final solution. The
range of acceptable values were marked with dashed line

Fig. 7. Distribution of velocity magnitude at r = 36s for initial (top)
and final (bottom) solution

The obtained results suggest that presented opti-
mization approach allows obtaining of non-obvious re-
sults. The arrangement that requires only one dam in-
stead of three FMD is remarkably better due to econom-
ical reasons.



5. Conclusions

In the present work the method of multicriterion
optimization was adopted to solve the problem of op-
timal arrangement of flow modifying devices in cast-
ing tundish. Application of multicriterion optimization
seems fully adequate due to noncommensurable and con-
flicting criteria defined for evaluation of the solutions.
The methodology worked out allows for considerably un-
bounded choice of numerical models of casting tundish
as well as the valuation criteria of solutions. The ob-
tained results prove the suitability of the above method
in the search for optimum arrangement of dams. The so-
lutions found in the course of calculations are evidently
better in comparison to initial solution.

Optimization of first dam position is not fully reli-
able. In real, industry solutions, first dam is responsible
for turbulence flow zone, while turbulence effects are not
taken into account in the present work.

The optimization criteria used in the present work
are formulated for the tundish region, in which plug flow
is solely excepted. Introduction of the additional criteria
for turbulent mixing zone might allow solving the real
cases. Verification of the model is only possible on the
ground of comparison with operational results of indus-
trial casting tundish. The choice of optimization criteria
is dependent on the demands of customer. Any amount
of criteria may be involved in the model, which is due
to generic multicriterion approach applied. Their precise
description and the significance have to be adapted to
expectation of customer.

In the present work the commercial FEM codes
ADINA-F were utilized in construction of the model of

Received: 10 .... 2005.

casting tundish. However, the structure of optimization
module makes possible the connection with any oth-
er commercial codes (e.g. FLUENT) or with the codes
prepared individually for specific unit. The method em-
ployed in the present work may be also applied to oth-
er metallurgical processes, for which reliable numerical
models exist.
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