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Abstract: A series of simulations by mathematical and physical modeling on fluid flow, mass and heat transfer in continuous casting
tundishes have been carried out. It was found by computational fluid dynamics (CFD) simulation that in most cases tundish flow
must be treated as a non-isothermal reactor due to the existence of temperature difference between the transport ladle and the tundish.
The critical conditions when the non-isothermal flow in the tundish can not be neglected have been found by CFD simulation and

water modeling. A direct measurement in a 40 t tundish has confirmed the simulation results.
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1 Introduction

From early 1950’s, continuous casting (CC) tech-
nology for treating liquid steel obtained by a series
metallurgical processes to produce solid by-products
has been used worldwide instead of using mould
casting which has been used in industry for about a
century. The tundish which locates between the trans-
port ladle and the continuous casting machine acts as a
reactor distributing liquid steel to one or more casting
strands, to smooth the casting flow stream which sig-
nificantly influences the product quality, and to con-
trol casting speed. The annual increase of the tundish
production capacity in China during past 1-2 decades
was more than 4 million ton of steel. Thousands of
tundishes are operating in Chinese steel industry at
present. So, the study of tundish processes attracts
great attentions from many metallurgists including
simulation engineers [1-5].

With an aim to improve the flow pattern of liquid
steel in 40, 10 and 8 t tundishes, and sequentially to
improve bath temperature homogenization, inclusion
separation, efc., a series of Computational Fluid Dy-
namics (CFD) simulations including physical model-
ing and a direct measurement in industrial tundishes
have been carried out in this paper. Basic results are
presented with a discussion on the existence of non-
isothermal flow and its influence on metallurgical re-
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sults.

2 Mathematical model

2.1 Isothermal condition

The investigation of metallurgical processes in
continuous casting tundishes is an important subject.
A 3-D mathematical model was developed to simulate
hydrodynamics and the associated heat and mass
transfer phenomena in tundishes under the isothermal
condition, using k-¢& two equations model to describe
turbulent flow. And the following governing transport
equations need to be solved.

Continuity equation:
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where G is the generation term, given by

ou, | du; ou
G= —L 5
H ox, [axj * ox; ] ()

The effective viscosity p.s is the sum of laminar vis-
cosity (u,) and turbulent viscosity ( 4, ). And the tur-

bulent viscosity is related to the turbulent energy and
its dissipation rate by

=Cppk?/e (6)

Constants adopted in the above model are the values
recommended by Launder and Spalding [6].

Thermal energy conservation equation:
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Tracer diffusion equation:
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2.2 Non-isothermal condition

Besides the above equations, several other consid-
erations were made for non-isothermal fluid flow. In
the non-isothermal system, the fluid flow and heat
transfer are governed by both inertia force and thermal
buoyancy force caused by density change. The control
equation was simplified by Boussinessq approxima-
tion, viz., the influence of buoyancy force was consid-
ered only in generation term. The momentum equation
employing Boussinessq approximation may be written
in the Cartesian tensor notation as follows [5,7-9]:

or 3, o o | e o

(P-po)g 9

In the above equation, p, is a reference density,

and it is very important to choose it when calculating.
The relation of molten steel density with temperature
is given by [10]

p =8523-0.8358T, kg/m? (10)

Other equations and their treatment are the same as
those based on isothermal conditions.

3 Results and discussion

3.1 Process simulation in tundishes considered as
isothermal reactors

(1) Investigation for an § t tundish in Guangzhou
Steel Plant.

In Guangzhou Steel Plant there is a small caster
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working for producing billets, three strands parallelly
working with a casting machine. Due to the layout
limit in the plant, the tundish was designed with an
eccentric location of the inlet flow to three outlet noz-
zles as shown in figure 1. The liquid steel poured into
the tundish flows to each of the three nozzies with
significant different time which leads to clogging
problem at the far located nozzle and overheating
problem at the nearest nozzle. This has been con-
firmed in figure 2 by the residence time distribution
curves of the three nozzles predicted by CFD simula-
tion.
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Figure 1 Location of steel inlet flow and three casting
outlet nozzles in the 8 t tundish (unit: mm).
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Figure 2 Predicted residence time distribution curves in
the 8 t tundish before reconstruction.

The project was defined to find an optimum design
to set up dams to control steel flow reaching each noz-
zle with almost equal time. V-type dam design has
been proposed in this work after several choices of
design have been evaluated by CFD simulation using
homemade codes. Figure 3 shows the comparison of
tlow pattern before and after the dam set-up. The av-
erage residence time of three strands in the new tun-
dish were evaluated by physical modeling as 335, 398
and 370 s respectively, and evaluated by CFD calcu-
lation as 325, 383 and 338 s respectively. It was
greatly improved by the dam set-up.

(2) Investigation for a 10 t tundish in Xinyu Iron &
Steel Co.
One contract project offered by Xinyu Iron & Steel

Co. was to find the proper design of a pair of dams for
a 10 t slab casting tundish. Mathematical simulation
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confirmed by physical modeling proposed a design of
the dam flow control system and illustrates the im-
provement in figure 4 on the flow pattern and tem-
perature distribution in the tundish.
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Figure 3 Comparison of flow pattern simulated by CFD
before and after dam set-up: (a) before reconstruction; (b)
after reconstruction ( with a V-type dam with holes ).
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Figure 4 CFD simulation results on flow control for a 10 t
slab casting tundish (flow pattern and temperature field): (a)
without flow control; (b) with a pair of dams.

3.2 Process simulation in tondishes under non-
isothermal conditions

It is known that during the steel casting process,
steel temperature in the transport ladle and the tundish
will not be equal. In most cases, steel temperature in
the ladle is higher than that in the tundish (existing a
positive temperature difference), but there could be a
negative temperature difference when the last tons of
steel pour from the ladle to the tundish. In past 40-50

years after continuous casting technology was used in
steel industry the tundish was considered almost as an
isothermal reactor as it was dealt with in the above
sections for Guanggang and Xingang plants. It is in-
teresting to investigate the non-isothermal phenome-
non (also can be called as natural convection, thermal
convection or thermal-driven buoyancy flow) in tun-
dishes and its influence on metallurgical processes
concerning productivity and product quality.

(1) Simulation of initial formation process of non-
isothermal flow in tundishes.

In industrial practice the temperature difference of
liquid steel between the ladle and the tundish could be
vary from 100°C to 20°C. A CFD simulation de-
scribes the formation process of non-isothermal flow
in the water tundish model when the temperature dif-
ferences of 20°C (hotter water poured) and —20°C
(colder water poured) were taken into consideration as
the initial entry condition, respectively. In figare 5 the
simulation results show the complete different flow
patterns for positive and negative temperature differ-
ence. When hotter water was poured into the tundish
the entry water flow took an upper route closing to the
tundish surface to reach the outlet nozzle and formed a
dead zone above the central bottom of the tundish, but
an opposite phenomenon could be seen when colder
water flowed in. Obviously, the reaction condition of
metallurgical processes to be finished in the tundish
will significantly changed. The CFD simulation for
non-isothermal flow in the water model tundish was
fully confirmed by water model experiment (figure 6).

It must be noted that fluid flow in a reactor like the
tundish is very sensitive to temperature difference. If
the sensitivity of flow pattern to temperature change in
the tundish is described by a number Zb (buoyancy
force / inert force), it would be found experimentally
that the value of Zb is related to temperature as
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Putting water and steel concerned properties into
equation (11) with consideration of tundish processing
conditions, get Zb = 18.31xIAT1. Through CFD simu-
lation and physical modeling, it has been found that
the critical condition when the non-isothermal flow in
the tundish can’t be neglected was £2°C. Then, the
critical value of Zb, under which non-isothermal fluid
flow began to exist in the tundish was 36.62. It means
that the tundish process in most cases must be consid-
ered as a non-isothermal flow system and the existing

= P8l ag (11)
0
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concepts for tundish design and process control in in-
dustry should be modified.

Figure 5 CFD illustration pictures of non-isothermal flow
formation in the tundish when positive and negative tem-
perature differences between the ladle and the tundish, (a)
hotter water poured into the tundish bath; (b) colder water
poured into the tundish bath.

(2) Simulation results in evaluation of a 40 t slab
tundish process.

In 1999 a steel plant equipped with 2x150 t LD
converters and a 40 t slab casting tundish has been put
into operation in Meishan Iron & Steel (Group) Co. in
China. A contract project was made to identify the ba-
sic property of the tundish process under production
condition: the dominant flow in their tundish is iso-
thermal or non-isothermal? For most production con-
ditions in the plant the steel temperature in the ladle is
about 40°C higher than that in the tundish. A CFD
simulation done for this system was compared with
data of temperature stratification and tracing material
residence time obtained by directly measurement un-
der production condition.

Flow Pattern:

The CFD prediction of flow pattern and tempera-
ture distribution in the 40 t slab tundish when steel
temperature in the ladle is higher than that of in the
tundish shows that molten steel flow in the tundish is a
non-isothermal flow under production condition in
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Meishan Iron & Steel Co. (figure 7).

Figure 6 Photos of non-isothermal flow formation in the
water model of the tundish: (a) hotter water poured into the
tundish bath; (b) colder water poured into the tundish bath.
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Figure 7 Predicted flow (a) and temperature field (b) by
CFD simulation in the 40 t tundish under production condi-
tion.

Residence time:

One of the basic metallurgical properties of tundish
reactors is the mass residence time which indicates the
flowing route and pattern of liquid steel passing
through the tundish, the mixing and homogenization
condition, the location and dimensions of the dead
zone, efc. A direct measurement of residence time that
the predicted residence time obtained by CFD simula-
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tion based on non-isothermal flow is in good agree-
ment with measured data. Figure 8 shows the resi-
dence time of a tracer in the 40 t tundish obtained by
direct measurement and CFD simulation based on
isothermal and non-isothermal flow. The average resi-
dence time of molten steel flowing through the tundish
were 670 s and 640 s, respectively, predicted by CFD
simulation and direct measurement.
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Figure 8 Comparison of residence time distribution (RTD)
of a tracer obtained by CFD simulation and direct meas-
urement in the 40 t slab casting tundish.

4 Conclusions

(1) CFD simulation and water model investigation
combined with limited direct observation in prototype
is an effective method to understand the transport and
reaction phenomena in metallurgical reactors and to
develop the proper control technology.

(2) The isothermal flow would not be the dominant
flow in steel casting tundishes for most production
conditions. The liquid steel flow in the tundish is very

sensitive to the temperature difference between the
transport ladle and the tundish even the difference is
only several degrees.

(3) Tt has been found that in the 40 t tundish in
Meishan Iron & Steel (Group) Co., the average resi-
dence time were 670 s predicted by CFD simulation
and confirmed by direct measuremenc.
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