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Abstract

Tundish, as a continuous metallurgical operator, provides steel for continuous casting molds with optimum flow rates,
constant temperatures, uniform chemical compositions, and low porosity. The cleanliness of the molten steel entering
the mold is affected by the type of flow pattern and the performance of the tundish in flotation and removal of non-me-
tallic impurities. In this paper, the fluid flow and heat transfer in a tundish in 2 cases, without an obstacle and with an
obstacle, the turbo-stop, which is installed at its bottom and across the melt input, is simulated using the Ansys Fluent at
melt heights of 0.5, 0.65, and 0.75 m. Results show that the formation of the second circulating flow inside the obstacle
is the most important reason for the input melt velocity reduction. Increasing the melt height leads to a more uniform and
less turbulent flow. Furthermore, increasing the melt height from 0.5 m to 0.75 m leads to a 3 % reduction in the average
flow velocity. The highest heat transfer loss is from the top surface of the tundish and thus, the most temperature gradient
exists at the top surface of the melt. The flow movement paths from the tundish input show that the melt flow velocity
towards the sides of the tundish is increased with the melt height inside it. Furthermore, higher melt height causes the
formation of higher stagnant melt volume inside the tundish, which negatively influences the inclusion of absorption by
the slag.
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1. Introduction tundish provides sufficient melt for creating and
maintaining a continuous flow to the mold even

The melt in the ladle is distributed in casting lines during ladle substitutions. The ladles are periodical-
using a distributor device called tundish, Fig. 1. The ly filled and returned from the steel-making process.
casting time period is mainly influenced by the melt Furthermore, the tundish can act as a filter container
height inside the tundish. According to the hydrostatic by floating the inclusions as a slag layer. If solid im-
pressure of the melt, more melt exits from the outlet purity particles are allowed to remain in the product,
nozzles as the melt inside the tundish is increased [1]. then surface defects such as the porosity and expan-
In the steel continuous casting process, the sion scab can be formed in the subsequent rolling

processes or lead to the internal local stress con-
centration which can decrease the fatigue lifetime
of the product. To produce high-quality products,
the molten steel needs to be protected from inter-
acting with the air by the slag coverage on the melt
free-surface and use the ceramic-made nozzles be-
3697, Tehran, Iran . .
1. Assistant Professor tween the containers. Otherwise, the oxygen of the
2 PhD air reacts with the steel which leads to the formation
3. Assistant professor of detrimental oxide inclusions [2-4].
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Fig. 1. Tundish of the South Kave Steel (SKS) Company.

Various numerical and experimental studies have
been conducted to investigate the flow in the tundish by
researchers [5-7]. Most researchers in the experimental
method simulate water at room temperature and at uni-
form temperature and steady-state flow. Mickey and
Thomas [8] and Sousa Rocha, et al. [9] have done math-
ematical modeling to analyze the flow in a tundish with
a specific geometry. They simulated the three-dimen-
sional flow of molten steel and its temperature changes
in tundish in both steady and unsteady states using the
K-¢ turbulence model. They used the Lagrangian track-
ing model to analyze particle motion. In this research,
the residence time and density of the number of particles
with different sizes have been investigated. In a study of
a ten-strand tundish in the form of physical modeling, it
was found that among the ten tundish outlets, the output
that has the minimum residence time and the emergence
of the detector is observed earlier has the worst perfor-
mance in separating the inclusions. Also, the distribution
of the number of inclusions between the strands is the
same for each size of the inclusions and the descending
order of the number of inclusions is based on the de-
scending order of the average retention time between the
strands [10]. Other research [11-14] Using mathematical
and physical modeling, the effect of using flow control
equipment on porosity separation has been investigated.

In other studies, a novel swirling flow generator
(SFG) is intended to be installed around the inlet of the
submerged entry nozzle (SEN) in the tundish to gener-
ate a swirling flow in the SEN by utilizing gravitation-
al potential energy. The radial pressure gradient force
causes inclusion particles to move toward the center. In
the central area in the SEN, the collision rate between
inclusion particles and bubbles increases significantly.
Thus, bubble injection in swirling flow is beneficial to
the removal of inclusion particles [15, 16]. The use of ex-
periments and numerical simulations for flow behaviors
of the tundish has been done by researchers. CFD model-
ing methods were employed in the studies. The obtained
CFD results were compared with the results of laboratory
tests (using a tundish water model) [17, 18].

The South Kave Steel (SKS) company, one of the
largest steel-production companies in Iran, has a plan
for removing the inclusion from the melt and producing
clean steel. The tundish type of this company is com-

23

pletely different from those used in other steel-making
factories in terms of the tundish geometry, dimensions
and melt capacity, input melt place, and the number of
outlet nozzles. Therefore, the tundish of this company in
2 cases, without an obstacle and with an obstacle, tur-
bo-stop, is modeled and simulated in current research.
This will be used as the first phase of a larger research
program which will provide for a comprehensive study
of the distribution of nonmetallic inclusions flowing
through tundish steel.

2. Materials and research methods

In the discussion of modeling, different steps should
be taken. In the initial stage, it is necessary to define a
specific model for the geometry of the problem. This will
be done by Solid Works software and the model with a
different format will be saved for reading in Ansys Fluent
computing software. Finally, by selecting the appropriate
modules for modeling, the constructed model is called.
Since the flow of fluid at the inlet and outlet areas is tur-
bulent, in order to mathematically model such a system,
it is necessary to apply a series of assumptions to simpli-
fy the system:

A: The free surface is considered smooth. Due to the
presence of slag coating on the melt, in most cases, re-
searchers have avoided wavy movements on the melt
surface and considered the surface to be smooth.

B: Any trapping of air or gas when the melt stream enters
is avoided.

C: Since the density of molten steel is a function of tem-
perature, floating forces will be generated due to the
temperature difference between different points of the
fluid. The presence of these buoyancy forces affects the
behavior of the fluid flow in the tundish, so it will be
effective in removing and floating impurities. There-
fore, heat transfer is another important consideration in
tundish operations. Basically, temperature changes in
tundish melt are caused by the discharge of melt at differ-
ent temperatures from the pan to tundish, as well as heat
loss through the walls (conductive heat transfer to the
atmosphere) and through the slag coating (radiant heat
transfer) [13].
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2.1. Tundish geometry

The geometric characteristics of the six-strand tundish
used in South Kave Steel (SKS) Company are shown in
Fig. 2. The height of the melt inside the tundish is be-
tween 50 and 80 cm, but its application range, which is
mostly used in steel-making, is 60 to 65 cm. The diameter
of the outlet nozzles is 17 mm. For modeling the obstacle
geometry at the tundish bottom (in case 2), the obstacle
is supposed to be a cylinder with a height of 27 cm, an
internal diameter of 23 cm, and a wall thickness of 2 cm.

2.2. The governing equations

Navier-Stokes equations are used to solve the fluid
dynamics inside the tundish [19].
1) Continuity equation

dp
Fri p(Vu) =0 Eq. (1)
2) Momentum equation
o O
Pt plu-Vliu=—VP + . V:u + pg

Where t is time, p is the fluid density, u is velocity,
p is pressure, g is the acceleration of gravity, and x, » is
effective turbulent viscosity. Which is x, 7" the sum of u
molecular viscosity and y, turbulent viscosity.

kZ
Hepr =+ Mg = pt+ pC,— Eq. (3)

and C# = 0.09

3) Turbulence equations

Two standard equations are used to express the model
k-¢ in turbulence modeling, £ which are two equations
for the kinetic energy transfer of turbulence, and ¢ its dis-
placement rate. The equation for turbulent kinetic energy
is as follows.

ok Ok _ 0 <+,ut)ak o
pat P axi _ax] K Oy ax] @@
+ Gy — pe

The G, kinetic energy production of turbulence is
from the mean velocity gradient and is obtained from Eq.

5.
ou; (0u; OJu;
G = Y (0% %% Eq. (5)
k He axi (c')x] axi
The turbulent energy dissipation rate is obtained from
Eq. 6.
ae+ deu; 0 ( +ut) de | Eq.(6)
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That x,and x,are the Cartesian components of velocity
and the experimental turbulence constants are shown in
Table 1.
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Fig. 2. Tundish geometric characteristics.

Table 1. The proposed experimental constants of turbulence [19].
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4) Energy equation

An energy equation is needed to calculate the tem-
perature of the molten fluid.

0
(PE) +V-[u(E+P)] =V "+

P

That T is temperature and z, i is the viscous dissi-
pation term and & is effective conductivity and from

the relation kgff:k-l-k , it follows that £, is the turbulent
thermal conductivity. The energy E is obtained from Eq.
8.Also, is and is reference temperature and is constant
pressure heat capacity.
P u?
E=h——+—

p 2

T . .
Also, h = fT ; CpdT isand T_is reference tem-
re ;
perature and C,, is constant pressure heat capacity.

Eq. (8)

2.3. Thermal properties and boundary con-
ditions

The mass flow rate of the inlet melt to the tundish

is 50 kg s and its temperature is 1530°C, which
is close to the actual conditions. Melt density is a
function of temperature and is equal to p=7010-
0.883(7-1818). The viscosity is 0.007 kg m™!' s and
the heat capacity is 720 J kg' K' and the thermal
conductivity is 33 W m™' K. Because the walls of
the melt and the top surface of the melt exchange heat
with the surrounding environment, and because the
temperature of the melt and the melt is higher than
the ambient temperature, heat is transferred from the
melt to the environment and the melt temperature
decreases. Based on previous studies [19, 20], the
amount of heat loss from the top surface of the melt,
hard floor, and hard walls are 15, 1.5, and 3.5 kW/m?,
respectively (Table 2).

Because of the symmetry in the overall geometry
of the tundish, only half of the tundish is considered
the computational domain, which according to Fig.
3, one side of the domain is defined by the symmetry
boundary condition. The side walls and the floor of
the ramp are marked with the condition of non-slip.
The upper level of the solution amplitude is emp-
ty space, which is why the condition without shear
stress is used. The melt flow inlet at the top of the
slope is considered the velocity input and the melt
flow output at the bottom of the geometry is con-
sidered the pressure output (pressure equal to atmo-
spheric pressure).

Table 2. Thermal properties of the melt and boundary conditions of heat dissipation [19].

Thermal properties heat transfer loss
melt density p = 7010 — 0.883(T melt top surface 15 kW m™2
—1818)
melt viscosity 0.007 kgm~1s~1 tundish bottom 1.5 KW m~2
thermal capacity 720 J kg 1K™? tundish walls 3.5 kW m2
thermal conduction 33 Wm™1K™?
coefficient

Tinbk Fos b b

Fig. 3. Model of solution domain created in Ansys software
a) without an obstacle b) with an obstacle.

25



M. Mohammadi Soleymani et al. / International Journal of ISSI, Vol. 19(2022), No. 2, 22-32

Since the height of the melted fluid inside the tundish
is variable, in the present study, the amount of melt
height inside the tundish is considered in three states of
50, 65, and 75 cm, based on which three solution ampli-
tudes are modeled. In the present study, the variable h
indicates the amount of melt height within the tundish.
The meshes used for each case (different heights) ranged
from 3.3 to 3.7 million grids. At the same time, the
sensitivity analysis for the suitable mesh has also been
done. A model similar to reference [19] was run in An-
sys Fluent and the results were consistent. The tem-
perature at different points of the Tundish and the exit
speed of the nozzle in industrial trials were calculated
and the results were consistent with the modeling of this
research.

3. Results and discussion

In this study, the tundish behavior of the flow pattern
and heat distribution in 2 cases, without an obstacle and
with an obstacle, turbo-stop, was investigated. Figs 4 and
5 show part of the movement path of the input melt to the
tundish at two melt heights of h = 0.5m and h = 0.75m
without an obstacle and with obstacle case. As observed,

5
zﬂ‘ﬁ a

the input melt flow to the tundish impacts the bottom
surface (or obstacle bottom surface) inside the tundish
vertically and uniformly due to the high velocity of the
input flow. After impacting the obstacle walls, the flow
moves upward and then the fluid flow circulation inside
the tundish is started. The highest fluid flow velocity and
turbulence occur in the middle part of the tundish which
is nearer the input melt flow region. At the end of the
tundish, the existent melt is less affected by the tundish
input. A comparison between Figs. 4 and 5 shows that
the movement and turbulence of the molten fluid flow
are increased at the middle and end part of the tundish re-
spectively, by decreasing and increasing the melt height
inside the tundish. Furthermore, it can be inferred from
the comparison that the direct input fluid flow effect and
mixing and turbulence in the flow are reduced as the melt
height is increased. Therefore, to have a more laminar
flow that enhances the movement of inclusion towards
the free surface of the fluid, the melt height is better to
be increased. Besides, according to Figs. 4 and 5, the re-
flected flow from the nearer wall to the input melt region
moves to a higher height. Therefore, reducing the inten-
sity of this flow would be a proper way for decreasing the
turbulence in the inclusion.

WVelocity Magnitide [n/s]
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Fig. 4. Part of the path of the incoming melt to Tundish (h = 0.5m)
a) without an obstacle b) with an obstacle.

Fig. 5. Part of the inlet melt path to the tundish (h = 0.75m)
a) without an obstacle b) with an obstacle.
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The obstacle at the tundish bottom (in the case of an
obstacle) is installed for controlling the entering melt
into the tundish, and the flow paths are shown in Fig. 6
in a magnified view. The input flow moves towards the
tundish bottom with high velocity and after impacting
the obstacle bottom moves upwards due to the obstacle
walls. As observed, part of the reflected upward-moving
flow is driven towards the input flow due to the pressure
reduction near that. Therefore, a secondary circulating
flow is formed inside the obstacle. Part of the obstacle
which is nearer to the tundish wall has the lowest circu-
lating flow.

Fig. 7 shows the melt velocity vector on a longitudi-
nal plane passing through the outputs (in the case without
an obstacle). It should be noted that for a better display
of velocity vectors in low-velocity areas, the maximum
velocity is 0.2 m/s. The melt jet strikes the impact pad
hard on the floor of the tundish and the melt expands
radially. In the upper part of tundish, you can see areas

with above-average speed as well as an area with very
low speed. When the upstream flow from the inlet to the
farthest sides of the tundish, it returns from the bottom to
the inlet area at above-average velocities. This produces
some shock due to the downstream current. Based on Fig.
7, it can be clearly seen that there is less melt flow in
places far from the center of the tundish.

The flow path in the symmetry plane of the tundish
in the case of an obstacle is shown in Fig. 8. The maxi-
mum fluid flow velocity is related to the input flow and
flows on the internal walls of the obstacle. As mentioned
before, the secondary circulating flow inside the obstacle
is harsh, which has a considerable effect on the flow ve-
locity reduction in the tundish. According to Fig. 8, the
melt flow exists in all points of the symmetry plane, but
the velocity is different at different points of the plane.
Finally, a more regular flow can have certain advantages
for the quality of the steel, such as better thermal homog-
enization and greater particle removal.

Fig. 6. The obstacle at the tundish bottom (in the case of an obstacle), which is installed for controlling the entering melt

into the tundish, and the flow paths.

Side Wall

otk

ue ues ues ucu

Welaeiny [ins)

L Wall
ol Tundish

e
{oh—

ulz o= (58 B ax

Fig. 7. The melt velocity vector on a longitudinal plane passing through the outputs (in the case without an obstacle).
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Fig. 8. The flow path at the symmetry plane of the tundish in the case with an obstacle h=0.5m.
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The velocity contours in the symmetry plane of the
tundish in the case of obstacle are shown in Fig. 9 and
Fig. 10 for h = 0.5 m and h = 0.75 m, respectively. The
highest flow velocity belongs to the input flow to the
tundish, which its velocity is remarkably reduced after
impacting the obstacle. The input flow has to move a
longer path as the melt height is increased and because
the density and viscosity of the melt are high, the input
flow velocity is reduced remarkably. Therefore, the im-
pact velocity of the flow onto the obstacle is decreased
with the melt height. Furthermore, it can be concluded
by comparing Figs. 9 and 10 that the circulating flow in-
tensity and flow turbulence are considerably decreased
as the melt height inside the tundish is increased, which
has a considerable effect on the inclusion formation as
well.

The overall absolute velocity contours on the melt-
ed top and side surfaces in 2 cases, without an obstacle,
and with an obstacle, turbo-stop, are shown in Figs 11 to

Vlocity Magnitude s
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3.32
2.95
2.59
222
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1.48
1.11
0.7
0.37
0.0

Fig.

13 for melt heights of 0.5, 0.65, and 0.75 m. The maxi-
mum flow velocity is 0.73 m/s occurring at the melt in-
put to the tundish, for all three melt heights. For a better
contour representation, the maximum velocity is set to
0.5 m/s to better observe the velocity changes. Since the
no-slip boundary condition is applied to the sidewalls of
the tundish, the flow velocity is zero there. As observed,
the maximum flow velocity on the melt surface is not
changed considerably with the melt height and is near-
by the input melt to the tundish. The average velocity
on the melt surface is calculated to be 0.0765, 0.0753,
and 0.0745 m/s for h= 0.5, 0.65, and 0.75 m, respective-
ly. Therefore, the average velocity also does not change
considerably with the melt height. However, the absolute
flow velocity is changed more uniformly near the melt
input as the melt height is increased. Furthermore, the
tundish with a higher melt height has more still regions.
Higher still melt volume in the tundish has a negative
effect on the inclusion absorption .

9. The velocity contours in the symmetry plane of the tundish in the case of

obstacle h=0.5m.

hagnamude [inss]
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Fig. 10. The velocity contours in the symmetry plane of the tundish in the
case of obstacle h=0.75m.
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Fig. 11. The overall absolute velocity contours on the
melted top and side surfaces h=0.5m
a) without an obstacle b) with an obstacle.
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Fig. 12. The overall absolute velocity contours on
the melted top and side surfaces h=0.65m
a) without an obstacle b) with an obstacle.
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Fig. 13. The overall absolute velocity contours on
the melted top and side surfaces h=0.75m
a) without an obstacle b) with an obstacle.
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Fig. 14 shows the velocity vectors on a longitudinal
surface passing the outlets for h=0.5 and 0.75m (in the
case of an obstacle). It should be mentioned that the max-
imum velocity is considered to be 0.12 m/s for a better
representation of the velocity vectors in low-velocity re-
gions. In both conditions, the circulating flow regions are
clearly observed with a higher intensity at h=0.5m, which
influences the slag. As the melt height is increased, the
outlet flow velocity is increased, leading to faster casting.

Figs 15 and 16 show the absolute temperature and
velocity counters on the lateral walls of the tundish and
the upper surface of the melt (in the case without an ob-
stacle), which cause heat loss to the environment, respec-

Velocity Magnitude [m/s]

0.12
0.1
0.10
0.08
Q.07
0.06

Side Wall

tively. For a better display of fluid velocity counters, the
maximum velocity value in this contour is 0.45 m/s. In
these two Figs, a very good correlation is observed be-
tween fluid dynamics and temperature distribution; as the
melt moves faster, it loses more heat due to an increase
in the amount of heat transfer coefficient. The difference
between the inlet temperature (1530°C) and the coldest
tundish point (1518°C) is only 12°C. One of the ways to
make the outlet flow of the tundish more uniform is to
make the melt in the tundish more uniform in terms of
heat. Accordingly, the use of turbo stops (obstacles) to
melt movement in the tundish is recommended to make
the melt flow more uniform.

ree Surface

0.05
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Fig. 14. The velocity vectors on a longitudinal surface passing the outlets for h=0.5m
and 0.75m (in the case of an obstacle).
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Fig. 15. The absolute velocity counters on the lateral walls of the tundish and the upper surface of the melt
h=0.5m (in the case without an obstacle).
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Fig. 16. The absolute temperature counters on the lateral walls of the tundish and the upper surface of the melt
h=0.5m (in the case without an obstacle).
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The melt temperature contours on the top and side sur-
faces of the tundish in the case of an obstacle are shown
in Fig. 17 and Fig. 18, respectively. The average tempera-
ture on top and side surfaces is 1524.2°C and 1524°C
respectively for h=0.5m and h=0.75m, which is almost
the same value. However, surfaces with the maximum
temperature, at the top surface of the melt, are reduced
with the melt height. Since the density of the molten steel
is varied with the temperature, the buoyancy forces are
formed in the tundish due to the temperature difference
in the melt. The presence of the buoyancy forces chang-
es the flow behavior such that the inclusion removal and
floating are influenced by them. Therefore, the heat trans-
fer in the tundish is another important factor that needs to
be considered. The temperature changes of the melt are
due to pouring melt with different temperatures from the
ladle and heat losses from the tundish walls, through the
conduction, and the slag coverage through the radiation.
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Fig. 17. The melt temperature contours on the top and
side surfaces of the tundish in the case of an obstacle
h=0.5m.
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Fig. 18. The melt temperature contours on the top and
side surfaces of the tundish in the case of an obstacle
h=0.75m.

4. Conclusions

The following results are obtained from modeling and

simulation of the steel continuous casting tundish for

evaluating and comparing the flow pattern:

* The use of turbo stops to melt movement in the tundish
makes the melt flow more uniform, and a more regu-
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lar flow can have certain advantages for the quality of
the steel, such as better thermal homogenization and
greater particle removal.

» Astrong circulating flow is formed inside the tundish
because the input melt flow directly enters the obsta-
cle center.

e The molten fluid flow turbulence is reduced by in-
creasing the melt height in the tundish.

* Analysis of the input flow into the tundish indicates
that the input flow has a maximum and minimum ef-
fect on the middle and side regions of the tundish,
respectively.

* The average flow velocity on the top surface of the
melt is decreased by %3 by increasing the melt height
from 0.5 to 0.75 meters.

* Since the heat transfer and loss are highly dependent
on the velocity of the molten fluid flow, increasing the
melt height leads to a more laminar fluid flow inside
the tundish and thus the heat loss and temperature
gradient inside the tundish are reduced.

+ Tundish with a higher melt height has more static melt
areas which negatively influence the amount of par-
ticle absorption.
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