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Abstract

This paper presents a numerical model for the horizontal continuous casting of cast iron (HCCCI). A computational three-dimensional (3D)
steady-state, coupled with fluid flow and heat transfer simulation model was developed and validated against experimental results to study
the shell thickness and solidification of ductile cast iron. The study introduces the influence of an air gap at the melt-mould interface, which
has long been known to have a detrimental effect on the efficiency of the process. The effect of the length and thickness of the melt-mould
air gaps (also referred to as top air gaps) on solidification and remelting of the solid strand is studied. Parametric studies on top air gaps
suggested a substantial effect on the solid and eutectic area at the top-outlet end of the die when the length of air gas was varied. This study
serves to create a foundational and working model with the overall objective of process optimisation and analyzing the effect of operating

process input parameters on the shell thickness of the strand.
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1. Introduction

With the advent of high-performance computing combined
with the increased availability of data in manufacturing industries,
the role of computational models has become more significant than
ever for understanding and analyzing process performance,
designing, optimizing, and robustness of the manufacturing
process. Today, complex manufacturing processes are often
addressed with multi-physics models involving numerical heat
transfer, computational fluid dynamics (CFD) and computational
solid mechanics along with thermodynamic and kinetic models [1-
2]. CFD has been extensively used in metal casting and simulating
the flow of molten metals in molds [3-5]. The multi-physics
involved in horizontal continuous casting (HCC) of cast iron (ClI)
are complex, non-linear, and exhibit thermal, flow, metallurgical,
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kinetic, hydrodynamic, and thermo-mechanic effects for a given
solidification of a casting process [6].

Continuous casting is a form of permanent mold process
whereby molten metal is solidified into a semi-finished billet,
bloom, or slab for subsequent processing and can be employed for
both ferrous and non-ferrous metals [7]. Horizontal continuous
casting, one kind of continuous casting, is a promising and efficient
method of producing near-net-shape, high-quality, ferrous cast
products (e.g., grey, ductile, and Ni-resist irons and steel), as well
as nonferrous alloys (e.g., aluminium and copper). The principal
advantage of the continuous casting method, besides energy
savings, and a convenient ready-to-machine form, is that Cl with a
finer and denser graphite structure is produced [8]. Also, the
process has a 92% to 95% casting yield, because it eliminates
traditional feeder needs. By maintaining an adequate balance
among the metal chemistry, temperature, melt level in the receiver,
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and the drawing and cooling parameters, it is possible to produce
defect-free, high-quality continuous-cast bars [6-9].

Historically, the process of HCCCI is relatively new, originally
developed in Europe after World War 1l as an alternate method of
producing CI bar stock without patterns and conventional molding
methods and was first installed commercially in the USA, at Wells
Manufacturing Co. in 1962 [10]. In specialized continuous casting
plants, liquid metal is prepared in a central melting plant from
which it is distributed to several casting units. Water-cooled
graphite or copper die is attached to the receiver, and a bar is pulled
out by an extraction system, which controls stroke length and
frequency. A special mechanism cuts and breaks the bars to
required lengths. Liquid metal in the receiver plays the role of a
preheated riser that continuously supplies liquid metal to feed the
bar during solidification [6-9].

There are several mathematical models available in the
literature for the solidification of HCC of steel via individual or a
combination of fluid, thermal and mechanical modelling [11-18].
However, such knowledge is not available for CI. There are
previous studies on CI modelling by Zhang, Thompson, and Croft
[19-21] attempts to understand the interfacial heat transfer
coefficient between the metal and the mold in a 2D study, where
the studied heat transfer mechanism was conduction only. Lerner
[22] proposes a systemic modelling method and attempts to
understand the HCC process as a whole, and to do process
optimization through solidification modelling of HCC ductile iron
bars. In general, the mentioned models have assumed heat transfer
effects only as it solves their problem statement and does not couple
with the fluid flow because of complications and high
computational requirements [23].

The formation of air gaps in the horizontal continuous casting
process at the metal-mould interface is an undesired but commonly
observed phenomenon [24]. The development of these gaps has
been extensively studied through thermomechanical modelling for
various alloys. These air gaps primarily arise when the thickness of
the solidified shell increases, which then contracts away from the
mould wall. This happens as a result of net thermomechanical
stresses and is a function of multiple factors, of which some of the
major ones are shrinkage, ferrostatic pressure of the molten core,
pulling speed, superheat, and several other complex mechanisms
[25-28]. The air gaps act as a thermal resistance to the flow of heat
from the molten metal, thus limiting the solidification in the mould.
In extreme cases, in a practical working foundry, this limiting effect
can very well be the cause of a burst-out, resulting in the shutdown
of the production activities [29].

The overall objective behind this study is to perform process
optimisation for the HCCCI unit at Tasso A/S. The process
optimisation deals with mapping the relationship between
operating input process parameters such as melt velocity, inlet melt
temperature, and water flowrate to the solidification of outside
shell. However, in order to produce such mapping, a fast yet simple
working model that can resemble the real-world as close as possible
was produced to study the trends of the input parameters on the
solidification. Therefore, the objective for this particular study is to
establish a model that would have the most precise top air gap
formations, which is then used as the base model for process
optimisation studies. Furthermore, the study also addresses the
effect of length and thickness of top air gaps on the solid, austenitic,
and eutectic shell thickness.
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The present paper presents a 3D steady-state numerical model
that captures the solidification of CI in the die-casting of a
horizontal continuous casting unit. The multi-physics model takes
into account coupled fluid flow and heat transfer. The phase change
of the alloy is integrated into the model through heat release over
specific temperature spans. The simulations are validated against
experimental data from an industrial casting line, and the numerical
model is exploited to study the relationship between the melt-mold
air gaps and the shell thickness. The rest of the paper is organized
as follows: Section 2 describes the experimental setup used to
validate the model. Section 3 provides an overview of the
numerical model, while the results and accompanying discussion
are presented in Section 4. The conclusions are summarized in
Section 5.

2. Experimental Setup

Fig. 1 schematically shows the horizontal continuous casting
process at Tasso A/S, which is divided into three units. The receiver
unit accepts and holds the molten CI melt from the furnaces. The
inductor unit is responsible for maintaining an appropriate
temperature in the receiver. The die-casting unit, highlighted in
blue, is where the solidification of the melt takes place and
comprises of graphite die, which is in immediate contact with
cooling water (indicated as CW_out and CW_in Fig. 1). The die-
casting unit represents the system boundaries for the modelling task
in this study.
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Fig. 1. Schematic of the horizontal continuous casting unit at
Tasso A/S

For validation of the simulation model, experiments were set up in
the die-casting unit as shown in Fig. 2 , which involved inserting
sensors and recording temperatures in the graphite die. Three
thermocouples were placed on both the top (1-3 in Fig. 2) and the
bottom (5-7 in Fig. 2) of the die, 30 mm from the melt surface. For
practical reasons, the sensors were kept 30 mm apart from each
other. The sensors on top and bottom were placed 50 mm, 100mm,
and 150mm into the die from the inlet of the melt. In addition, one
thermocouple (4 and 8 in Fig. 2) on each side of the die was inserted
100 mm into the graphite die. The dimensions of the simulated
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section of the strand were 200 x 290 x 300 mm (height x breadth x
length).

1: 03,1 x 100 mm

2: 03,1 x 150 mm

3: 03,1 x 50 mm

4: 03,1 x 100 mm

5: 03,1 x 50 mm

6: 03,1 x 150 mm

7: 03,1 x 100 mm

8: 03,1 x 100 mm
BOTTOM

Fig. 2. Thermocodples placed in the Graphite Die
3. Numerical Model

3.1. Governing Equations

In this study, the solidification of molten melt in the graphite
die was addressed by modelling the fundamental principles of
integrated fluid flow and heat transfer for the entire die-casting unit.
The model adopted the following assumptions:

1. The CI was modelled as an incompressible (i.e., constant
density) Newtonian fluid, such that the mass conversation
translates into volume conversation.

2. The effects of gravity, volume force, surface tension, and
thermal radiation are not taken into account.

3. The thermo-physical properties are constant except for the
specific heat.

4. No shrinkage or contraction of the metal is considered in the
model.

5. Liquid metal continues to exhibit the properties of liquid
below the solidus temperature Ts, thus heat transfer from the
solidified shell is the same as the heat transfer from the liquid
melt.

6.  The process does not change with time (i.e., runs in steady-
state)

In regard to the above assumptions, the velocity and
temperature fields can be found by considering the following
governing equations, which dictate the conservation of mass,
momentum and energy:

v.(0)= 0 1)
V.(pU) = —Vp + uv2lU + Fy )
V.((pC,)UT) = V. (kVT) ©)
V2T, =0 )

Where p is the density, U is the velocity vector, p is the
pressure, w is the viscosity, ﬁB is the body force, T is the
temperature, k is the thermal conductivity, and Ty is the solid
temperature. The specific heat, Cp, in Equation 3 is modelled as the
sum of specific and latent heat in the phase change region [30]. The
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latent heat released in the different phases, demarcated by
temperatures as shown in Table 1, is evaluated by calculating the
change in fraction of solid as given by Equation 5, which in turn is
given by the Lever Rule [31]

afs (To—Tm)
AT (1-k)(Ty-T)2 ®)

Where f; is the solid fraction, T, is the liquidus temperature and
Ty is the melting point of the pure CI. The range of temperatures
and latent heat emitted in the two phases are provided in Table 1.
These temperatures are available from the cooling curve taken as
part of the foundry’s quality assurance procedure using the ITACA
system [32].

The rationale for not choosing a constant velocity of melt
across at any cross-section of the die, and instead, solving the flow
field is because the Prandtl Number is in the range of 0.3 to 1.5,
which means a comparable convective and conductive heat transfer
mechanism is active [33]. Since the convective heat transfer is the
result of the flow field, it becomes important to solve the flow to
get the temperature gradients. Furthermore, the fluid flow entering
the system is affected by many things: inlet flow rate, movement of
the solid shell, natural convection, solidification, and shrinkage
[23].

0.014
0.012
0.010
E 0.008 —— Pulling Length
0.006
0.004
0.002
0.000
T u T T T r T
0 0 40 (1] 80 100 120
seconds

Fig. 3. Pulling parameters for a respective production day

The melt velocity U is modelled as a steady-state velocity as
shown in Equation 5 and Equation 6, which in practice is a function
of the pulling parameters, namely pulling length and pulling
interval [34]. An example as shown in Fig. 3 displaying the pulling
parameters for a respective production day, wherein the strand is
being pulled 15 mm every second for 2 seconds followed by a
stationary strand (Omm pull) for the next 16 seconds.

tczvit+(1+:—z) 6)

x4 L Vt
U=—=(1+ 7
() K
Where L is the length of the Graphite die; v, is pulling velocity

of the strand; is pause duration; t; is drawing duration; t, is
duration of the strand in the die.
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3.2. Model setup

The governing equations are solved using a finite volume-
based computational fluid dynamics solver in Ansys Fluent [35].
The software has previously with success been applied to simulate
other manufacturing processes such as tape casting [36-37] and
additive manufacturing [38-40] A coupled pressure-velocity
algorithm is applied to solve the governing equations. A second-
order discretization scheme is adopted for the pressure equation,
and a second-order upwind scheme is employed for the
discretization of momentum and energy equations.

The die-casting unit is modelled as a 3-dimensional problem
and is meshed using approximately 10 million tetrahedron cells in
the entire domain, see the model in Fig. 4. The fluid flow in the
melt domain is modelled as a laminar flow and the water domain is
simulated as a turbulent flow as per their respective Reynolds
number [41]. The heat transfer throughout the die is modelled,
coupled with the heat transfer and the latent heat of solidification.
Conjugate heat transfer is modelled through boundary coupling of
solid/fluid and solid/solid regions [35].

Top Air Gaps
___-Steel bi
Melt-Graphite
. Water
« Iron
- Graphite *, Corner Air
__~ Gaps

—= Meclt

Fig. 4. Geometric Visualization of the Model with Corner and
Top Air Gaps

The inlet boundary conditions imposed for the melt and water
domains were velocity and mass flow, whereas pressure outlet
boundary conditions were imposed on the same. The liquid adheres
to the solid surfaces with a no-slip condition. All external walls
exposed to the atmosphere have been assigned a zero heat flux
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Latent Heat T.to J/kg 17% - -

in Austenitic  Tes of L
Phase
Latent Heat Testo J/kg 83% - -
in Eutectic Ts of L
Phase
Liquidus To °C 1185 - -
Temperature
Equilibrium  Tes °C 1145 - -
Start Temp
Solidus Ts °C 1100 - -
Temperature

Table 2.

Simulation Process parameters.

Units Melt Water

Inlet Velocity mm/s 2 -
Inlet Temperature  °C 1230 38
Inlet Mass Kgls - 2
Flowrate

3.3. Air gaps

Air gaps exist by design at the corners of the graphite die, both
at the top and bottom, where it meets the cooler to avoid the excess
corner cooling, see Fig. 4. In addition, air gaps are formed at the
top metal-mould interface towards the outlet of the die. In practice,
the length of the air gaps is not constant but varies continuously
according to the operational pulling length and waiting time.

To study the effect of the metal-mould air gaps, different
models are set up as shown in Table 3. The model | is with no air
gap between the metal and mould. Models (11-VI) account for
different lengths of the air gap starting from the outlet/rear end of
the strand and extending into the die. Model VII presents the
scenario where the top corner air gaps were removed from the
model. Model V111 takes into account an increased thickness of the
top air gap. Model VII and Model VIII were compared with Model
1V because of their equal length of air gaps.

Table 3.
Design parameters for simulation models

condition, such that the total system is adiabatic. Simulation  Length of Air  Thickness of ~ Top Corner
Table 1 and Table 2 present all thermo-physical properties and Model Gap (mm) Air Gap (mm) _Air Gaps
process parameters used in the simulations, respectively. I 0 0 Yes
I 50 1 Yes
Table 1. Il 75 1 Yes
Thermophysical properties. Sourced from [42] except T, Tes, [\ 100 1 Yes
and Ts which were obtained from the ITACA system [32]. \Y 125 1 Yes
Thermophysical Properties VI 150 1 Yes
Property  Symbol  Units Melt Water Air Vi 100 1 No
Specific Cy J/kgKk 850 4182 1006.43
Heat
Thermal k W/mK 33 0.6 0.0242
Conductivity
Viscosity u kg/ms  0.01003 0.001003 1.789%4e-
05
Total Latent L JIkg 230000 - -
Heat
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4. Results & Discussions

4.1. Temperature Fields

Fig. 5 illustrates the solidification and remelting at the central
plane for the entire length of the strand for Model I1V. The left
image in Fig. 5 represents the temperature gradient, whereas the
right image showcases the solid shell based on the temperatures.
The strand was considered solidified when the temperatures are
below 1100 °C. The solid shell forms a short distance into the die
and continues to grow as the strand travels into the die. Until the
point A in figure 5, where the airgap form on the top side of the
strand, the shell grows at same rate at the top and the bottom of the
strand. When the air gap is formed the heat flow on the top of the
strand is reduced, leading to a partial remelting of the solid shell.
This remelting initiates 20-30 mm after the top air gaps starts
because the heat transfer in the air domain acts as a thermal
insulator due to its low conductivity (See Table 1) and that local
heat redistribution from the hot liquid core occurs because of this
sudden drop in the heat flux in the immediate vicinity of the top
part of the strand, as seen in Table 4.

Table 4.
Heat transfer parameters
Heat Transfer Melt-mould Melt-top air
Parameters interface gap interface
Avg. Heat Flux 462 11
(KW/m2)

Temperature
Met Center Plane

1230
F 1
| 125

‘ { 1073

€]

Fig. 5. 3D representation of solidified shell at the center (Top);
2D representation of solidified shell at the center (Bottom)
[A: Maximum Shell thickness at Melt Center - TOP.

B: Solid Shell Thickness at Outlet Melt Center - TOP.

C: Remelting.

D: Solid Shell Thickness at Outlet Melt Center - BOTTOM]
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4.2. Validation Results

Fig. 6 showcases the experimental and numerical temperature
at various locations in the graphite die as outlined in section 0. The
measured data is representative of a production day imitating the
simulation operating process conditions.

At any instant of time, the bottom temperatures were 30+5 °C
higher than top temperatures at a certain cross-sectional location
along the length of the die, depicting a higher cooling at the bottom.
The main reason for this is because of bigger design corner air gaps
at the top between the graphite die and the water cooler in
comparison to the bottom between the graphite die and the water
cooler as illustrated in Fig. 4. A similar trend was also seen in the
simulations with higher cooling in the bottom temperatures as seen
in Fig. 6.

The top and the bottom temperatures along the length of the
graphite die in the experiments and simulation displayed a similar
trend, with lower temperatures at 150mm and higher temperatures
at 50mm, as represented by the two black dotted lines for top and
bottom part of the die, respectively.

The temperatures in the simulations were constant because of
their steady-state nature at any point in the die, however, the
experimental temperatures varied, as seen through the box plot,
because of the variation in the melt inlet temperatures. The melt
inlet temperatures into the die exhibited a certain range of
temperatures with the highest being at the time of pouring the melt
into the receiving unit and the lowest being just before the pouring.
The time between two consecutive melt pourings varied between
20-30 minutes resulting in the variation of inlet temperatures.
Another different experiment [43] showed that the difference
between the upper and lower limit of melt inlet temperatures to the
graphite die was 1444 °C, whereas for the simulation models the
melt inlet temperatures were constant.

Furthermore, it was observed from Fig. 6 that the difference
between the upper and lower limit of top temperatures was 20+5
°C, while bottom temperatures had a bigger range of 35+5 °C as
can be seen in the bottom temperature box plots that have a bigger
height as compared to the top temperature box plots. This is
because, apart from the difference in design corner air gaps, the
bottom strand carries the complete weight of the liquid metal giving
a good contact between die and strand, resulting in more cooling
than on the top side. The improved contact on the bottom side of
the strand means that the heat transfer coefficient on that surface is
larger than it is on the top side. This difference in cooling is not
large, but large enough to have been captured experimentally.
However, it is clear that the airgap that forms on the top side of the
mould has significant influence on the thickness of the solid shell
as it leaves the die. To optimize the production rate, it is imperative
to understand the factors that influence the formation of the airgap.
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Fig. 6. Simulated and measured temperatures in a graphite die.
The experimental data is presented by the box plot

4.3. Effect of Air gaps on Solid Shell Thickness
and Remelting

Fig. 7 shows the top and bottom outlet shell thickness and
remelting at the top. For models (I-V1), in the top part of the strand,
it was observed that the remelting of the solid shell increased
polynomially (order 2) when the length of the top air gaps increased
from 0 to 150 mm, in increments of 25 mm, and a similar but
inverse trend for outlet shell thickness. It was also observed that
when the thickness of the metal mould air gap was doubled from
1mm to 2mm (Model 1V vs Model VI11), there was only a marginal
impact on the increase in remelting. Furthermore, it was noticed
that removing the design corner air gap had a significant impact on
remelting, which decreased by 35% (Model IV vs Model VII).

EEl A Solid Shell Thickness at Qutlet Melt Center - TOP
B D: Solid Shell Thickness at Melt Outlet Center - BOTTOM
B C: Remelting -TOP

= > = s

HIL

Fig. 7. Shell thickness and remelting
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4.4, Effect of Air gaps on Austenitic and
Eutectic Shell Thickness

Fig. 8 illustrates the division of the three CI phases - solid
(green), eutectic (yellow), and austenitic (red) shell at the outlet
plane of the strand for the three different lengths of the top air gaps.
It was noticed that the three phases at the bottom half of the outlet
plane had no impact on the size of the top air gaps. This is because
the height of the strand is big enough such that the redistributed
local heat fluxes established at the top do not reach the lower half.
The austenitic shell thickness remained almost the same with the
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increase in length of the top air gaps, however, the eutectic shell
thickness doubled itself when the length of air gaps increased as
seen in Fig. 8.

rrrrr—

50 mm Length 100 mm Length
Top Air Gaps Top Air Gaps
I ‘ (Model I1) ' I (Model V)
150 mm Length

Top Air Gaps

1L

Fig. 8. Outlet plane of the strand (solid-phase: green; eutectic-
phase: yellow; austenitic-phase: red)

4.5. Effect of Air Gaps on Energy

The change of shell thickness is also explicit in the results of
Fig. 9, which explains the total energy leaving from the interface
of the melt in the different models. It is evident from Fig. 9 that the
total energy leaving the system decreases as a result of the increase
in the length of the air gap. Thus, the energy leaving the melt-mould
interface can be viewed as strongly correlated with the remelting of
the strand.

130
= Energy (KW)

125

120 — -
115 — — - .
110 —| A
105 — . = =
100 - - -
e >

- = = >

il

Models

Fig. 9. Energy Leaving the Melt-Mould Boundary

4.6. Burst outs

One of the major reasons for breakouts/burst outs, which is a
catastrophic phenomenon [29] can be explained through the
combined effect of the decrease in solid shell thickness and an
increased eutectic thickness. Furthermore, the strength of the
eutectic phase is the order of a few megapascals [44] and with the
static pressure acting from the height of the liquid-melt column, the
likelihood of the melt escaping through the top surface of the strand
increases even more potentially resulting in a burst-out and
consequently stopping the production.

In this study, we have looked at where the airgap forms to
investigate its effect on the shell thickness and not at how we can
control the formation of the gap. Since the gap forms when the shell
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is thick enough to, at least partially, hold the pressure of the melt,
it should be expected that an increase in production rate will move
the location of the airgap forward in the die and that a reduction in
production rate will move it backwards.

By increasing the production rate, the final shell thickness at the
point where the strand leaves the die will be reduced, so there is a
limit to how high the rate can be to still deliver a sufficiently strong
shell. On the other hand, reducing the production speed will move
the airgap backwards, meaning that there can be significant
remelting of the top side of the strand before it leaves the die. If
remelting becomes pronounced enough to weaken the shell, it is
possible that also a too low production speed will lead to burst outs.

5. Conclusions

The paper presents a numerical model within the paradigms of
multi-physics modelling to simulate the solidification of CI for the
horizontal continuous casting process and consequently understand
the effect of metal-mould air gaps on shell thickness. The
modelling of the molten melt was done through a coupled approach
of fluid flow and heat transfer, and the solidification of metal was
modelled in terms of temperature. The results of the simulations
were validated by installing thermocouples at various locations in
the graphite die for a representative production day, which
showcased similar trends as in the simulations. The main
conclusions derived from this study are listed as follows:

. The length of the air gap towards the outlet-top end of the die
had a significant impact on the outlet shell thickness and
remelting of the strand.

. The length of the air gaps was increased from 0 mm to 150
mm in increments of 25mm, which resulted in a decrease in
the outlet shell thickness quadratically.

. The thickness of the air gap did not have any significant
impact on the shell thickness.

. The position at which the airgap forms depend on the
production process parameters (the die design, the shape of
the strand, production rate and melt temperature).
Understanding how these factors work to influence the
location of the airgap is therefore key to optimize the output
of the production.

. Furthermore, the top corner air gaps that exist by design
showed a substantial decrease in remelting of the strand.
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