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Numerical simulation of liquid aluminum leakage in casting process
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Abstract: A model was built to simulate liquid aluminum leakage during the casting process, including transient trough
flow, orifice outflow, and spread, to prevent the explosion. A comparison between the simulation data and the
theoretical calculation results verifies that the model has remarkable adaptability and high accuracy. Although the height
of liquid aluminum in the mixing furnace and outlet radius are changed, the molten aluminum will not leak during the
casting process. The aluminum in the trough moves forward in a wave-like motion and causes a leakage. The spread of
the leaked aluminum resembles a long strip on the ground. The leakage amount and spread area of liquid aluminum
increase with increasing the height of liquid aluminum in the mixing furnace.
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(VOF) model

1 Introduction

Molten metals are used for forging ingots, such
as aluminum and aluminum alloys [1]. Explosions
can occur when a high-temperature molten metal
contacts an evaporable and cryogenic liquid, such
as water [2]. According to data collected by the
Aluminum Industry Association, there were 1877
explosions of molten metals from 1980 to 2002, of
which 614 occurred during the casting process [3].
Hence, preventing explosions caused by the contact
of molten metal with water is critical to the metal
casting process.

The casting process of liquid aluminum is
shown in Fig. 1. The aluminum produced by an
electrolytic cell is poured into a mixing furnace for
homogenization. The liquid aluminum flows into
troughs from the mixing furnace outlet, and the
high-temperature molten aluminum is transported
through the troughs to each casting mold on the

conveyor. The liquid aluminum in the mold is
cooled to become an aluminum ingot. Due to the
existence of a sprinkling cooling zone, water is
distributed on the ground of the casting workshop.
If molten aluminum leaks and contacts the water,
there is a risk of explosion.

At present, many researchers have investigated
the problem of explosions caused by the contact
between molten metals and water, and they mainly
focus on the explosion mechanism and explosion
effects [4—7]. LIU et al [8] experimentally studied
the explosion mechanism between high-temperature
molten aluminum and water by changing the
temperature and contact ratio of aluminum to water.
They found that explosions occur when the ratio of
aluminum to water is within a certain range. The
higher the water temperature is, the less likely an
explosion will occur. LOWERY and ROBERTS [9]
introduced organic coatings, such as Wise Chem
E-212-F that can prevent the explosion of a molten
metal; BABAITSEV and KUZNETSOV [10]
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Fig. 1 Liquid aluminum casting process

created a method to predict the blast energy of
accidental interactions between molten metal and
water, which can calculate the boundaries of the
damage zones and provide a basis for the design of
explosion-proof building equipment. WOLOSHYN
et al [11] abandoned the traditional overpressure
assessment method and used a computational fluid
dynamics (CFD) modeling method to study the
overpressure  generated by  aluminum—water
explosions in a casting workshop. According to the
prediction results, this approach can provide a
reference for the explosion-proof design of control
rooms and other equipment. Unlike other works,
this study is focused on the leakage process of
liquid aluminum. The CFD modeling method is
used to simulate the leakage process, which exhibits
advantages of high safety, high accuracy and low
cost. The critical conditions of leakage, the leakage
pattern of liquid aluminum and its spread form on
the ground are also studied. If the leakage state and
the spread pattern, as well as the sensitivity of
factors affecting the leakage and spread range of
liquid aluminum are known, the influence and
damage of leakage accidents can be minimized in
terms of time and efficiency.

2 Computational models

2.1 Geometric model

The equipment involved in the start-up phase
of the liquid aluminum casting process includes a
mixing furnace and troughs, and they are modeled
and meshed using ICEM software. The size of the
model is based on the industrial equipment of the
Taiyuan East Aluminum Co. Ltd., China. The center
of the mixing furnace outlet is located in the middle
position of the sidewall, which is 0.9 m away from
the bottom and 1.3 m away from the side. The
global mesh size is set to be 70 mm, and a local
refinement of 30 mm is also applied to the mixing
furnace outlet and troughs, as shown in Fig. 2.
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Fig. 2 Geometric model and mesh: (a) Geometric model;
(b) Mesh

The geometric dimensions and material
properties are listed in Table 1. The density of
liquid aluminum varies little with temperature, so
the density is set as a constant [13]. In metal casting,
viscosity is an important rheological parameter for
understanding the hydrodynamics and kinetics of
reactions [14]. The viscosity of liquid metals is
essential to predict the flow of fluid in many
metallurgical manufacturing processes [15]. The
variable viscosity has a great influence on the flow
of liquid aluminum in the casting process and
cannot be set as a constant. The viscosity of liquid
metals is generally measured by an oscillating
viscometer and rotational viscometer [16]. In an
oscillating viscometer, the crucible moves along the
vertical axis, and liquid metal in the crucible
dampens the movement by the absorption and
dissipation of the internal friction energy. The
viscosity of liquid metals is determined from the
decrement and time period of motion [17,18]. A
rotational viscometer is used to measure the torque
necessary to rotate a spindle immersed in the liquid
metal at a constant angular velocity [19].
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Table 1 Geometric sizes of model and material properties
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Material property of liquid aluminum Value Geometric size Value
DenSIty/(kgm_3) 2345 Mleng furnace/m 7.6%2.6x1.5
. R Radius of mixing furnace outlet/m 0.04
Specific heat/(J-kg -K ) 1088
_— Outlet trough/m 0.4x0.2x0.5
Th 1 ivi ‘m ‘K ")[12 21
ermal conductivity/(W-m )2l 6 Short trough/m 1.6x0.2x0.5
. . -1, -1
Viscosity/(kgm s ) UDF Transition trough/m 0.6x0.2x0.8
Relative molecular mass/(g-mol ") 27 Long trough/m 4x0.2x0.2
MORARU [20], KAPTAY [21] and GAO 1.5 o (2
—a—
et al [22] summarized the viscosity formulas for 1.4+ —— Egi %3%
.. . . —a— Eq. (4)
llguld .met-als and alloys. For liquid aluminum, t.he 13} \ Tl
viscosity is generally calculated by the Arrhenius 2, A\ \
formula when the temperature is above the melting = \
oint: S L1t \
P Z 1.0 ™ Sy
n=0exp[ E/(RT)] ONEE ‘\.\ T
09r
where E is the activation energy for viscous flow, 7 \ My,
is the pre-exponential viscosity, 7 is the temperature 08r ,\:
1 07 L 1 L 1 Il 1
and R is the gas constant. 900 950 1000 1050 1100 1150 1200 1250

MALYSHEV et al [23], SUN et al [24] and
BATTEZZATI and GREER [25] used different
methods to obtain the formulas for calculating the
viscosity of liquid aluminum:

n=1.1603x1073(942/7)" %" (1049/T)" 182802 ()
n=3.101x10"*exp(1309/T) (3)
n=1.49x10"*exp(1987.29/T) 4)

where 7 is the viscosity.

Based on Egs. (2)—(4), temperature—viscosity
curves were drawn and compared with data in
chemistry and physics handbook to find the best
formula for calculating the viscosity of liquid
aluminum in a temperature range from 933 K
(melting point) to 1223 K [26], as shown in Fig. 3.
Compared with Eq. (2), Eq. (3) and Eq. (4) both
conform to the Arrhenius formula, but the variation
trend of liquid aluminum viscosity with temperature
calculated by Eq. (3) differs greatly from the
variation trend of handbook data. The results
calculated by Eq. (4) are in good agreement with
the handbook data, and the tendency of the
viscosity decreasing with increasing temperature is
similar to that of the handbook data, so it is more
accurate to choose Eq. (4) to calculate the change of
the viscosity with temperature. Equation (4) was
subsequently compiled as

Temperature/K

Fig. 3 Comparison of viscosity formulas with handbook
of chemistry and physics

oo, T<933K

- 1.49x10™* exp(1987.29/T), )
933K <T <1223K

0.76, T >1223K

The viscosity of liquid aluminum is divided
into three sections according to the temperature
interval. When the temperature of liquid aluminum
is lower than the melting point (933 K), the
aluminum is a solid phase without viscosity. The
viscosity of liquid aluminum is set to be infinity to
approximate a solid. When the temperature of liquid
aluminum is between 933 and 1223 K, the viscosity
is calculated according to Eq. (4). In the third
section, when the temperature of liquid aluminum is
greater than 1223 K, the viscosity changes little and
is set to be a fixed value.

2.2 Volume of fluid (VOF) model

The VOF model tracks the interface between
aluminum and air by solving a continuity equation
for one or more volume fractions of the phase [27].
For the gth phase, the equation has the following
form:
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1 0
p—q[a(%pqﬂv-(%;?quq)] =0 (6)
where ¢ is the time; a,, p, and u, are the volume
fraction, density and velocity of the gth phase,
respectively.

The velocity field is shared between the phases
and a single momentum equation that is solved
throughout the domain:

d
E(pu) +V - (puu) =
—VP+V - [u(Vu+Vu' )+ pg+F (7)

where u and p are the mixture viscosity and density,
P is the pressure, g is acceleration of gravity, and F
represents the forces [28].

The energy equation, also shared among the
phases, is shown below:

%(pE) £V - [u(pE + P)| =V -(ksVT) ®)

where T is temperature and k. is effective thermal
conductivity [29].

2.3 Turbulent model

The flow of liquid aluminum in the troughs is
turbulent. A more accurate realizable k—¢ model
was used to address the turbulent flow. It is an
improvement of the standard turbulence model and
has better accuracy for the divergence ratio of flat
and cylindrical jets. The model used a standard wall
function for near-wall treatment.

2.4 Boundary conditions and solution strategies

The setting of boundary conditions is directly
related to the correctness of the calculation results.
The upper outlet of the mixing furnace was set as
pressure outlet boundary conditions, and the outlet
pressure was atmospheric pressure. The liquid
aluminum outlet of the mixing furnace was set as
the internal boundary condition so that the liquid
aluminum in the mixing furnace can freely flow
out [30]. The other boundaries were set as wall
boundary conditions [31]. The initial temperature of
liquid aluminum in the mixing furnace was set to be
1023 K.

The calculation was performed on ANSYS
FLUENT v. 17.0 and carried out by using the 3D
double-precision pressure-based solver. Pressure—
velocity coupling was computed by the PISO
algorithm. For momentum and energy, the second-

order upwind dispersion was selected. The
PRESTO dispersion was selected for pressure
dispersion, and a first-order upwind dispersion was
selected for other parameters. The time step was
0.0001 s. All other settings were kept at the default
values.

3 Results and discussion

3.1 Mesh independence verification

To determine the independence of the
calculation results for the numbers of meshes, four
similar cases with different mesh numbers were
investigated. After a typical simulation, the mass
flow of liquid aluminum was compared. The
verification results are listed in Table 2 when the
outlet radius of the mixing furnace is 0.08 m and
the height of liquid aluminum is 1.3 m. The relative
deviation of the mass flow is 0.95% between No. 2
and No. 3, and the relative deviation of the mass
flow is 0.025% between No. 3 and No. 4. Therefore,
according to the verification results and excessive
computations, No. 3 is retained for the rest of the
present work. Its mesh number is 943782.

Table 2 Results of mesh independence verification
No. Mesh number

Mass flow rate/(kg-s ')

1 420235 82.47
2 550378 81.82
3 943782 81.04
4 1113119 81.02

3.2 Critical conditions of leakage

The outlet radius of the mixing furnace was
increased under different aluminum heights to
determine the critical conditions of leakage during
the casting process. The outlet radius of the mixing
furnace (R) of 0.04, 0.06 and 0.08 m, and the height
of liquid aluminum (H) of 1.0, 1.1, 1.2, 1.3, 1.4 and
1.5 m were used. The mass flow of liquid aluminum
was monitored at the outlet of the mixing furnace,
and two points that monitor the temperature of
liquid aluminum were set. The monitoring points
were located at the 1/4 and 3/4 of the long trough
and they were 1 mm away from the bottom of the
trough. The distribution of monitoring points is
shown in Fig. 2.

The outflow process of aluminum from the
outlet of the mixing furnace is a typical problem of
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thin-walled small orifice free outflow in fluid
mechanics. The characteristic equation of thin-
walled small orifice free outflow is [32,33]

0, = tpA2gH ©)

where u'is the discharge coefficient, g=9.81 m/s’, 4
is the orifice area, and H is the height of the liquid
aluminum in the furnace (above the small orifice).
u' was set to be 0.62 [34]. The comparisons
between the simulation data and the theoretical
calculation results that are calculated according to
Eq. (9) are shown in Fig. 4. The stable mass flow
rate at the outlet of the mixing furnace increases
with the height of the liquid aluminum and outlet
radius. The relative error under different conditions
is less than 6%, with a minimum of 0.2%, which
verifies the reliability and adaptability of the model
to simulate the aluminum casting process.

100 =, o 4 — Simulation
90 - o, 0, 2 — Calculation
~ R=0.08 m
' 80t
80
< 701
k> R=0.06
£ 60l m
£ 50
=
w 401
S 30t R=0.04 m
201 //
10 C 1 1 1 1 1
1.0 1.1 1: 1.3 1.4 1.5

Liquid aluminum height/m

Fig. 4 Comparison between simulation data and
theoretical calculation results

Although the mass flow rate can reach a
maximum of 101.7 kg/s according to the simulation
results, the liquid aluminum will not leak during the

liquid aluminum casting process, as shown in Fig. 5.

Under different conditions, the heights of aluminum
in the long trough are lower than the critical height
of leakage (height of long trough: 0.2 m), indicating
that there will not be a leakage during the casting
process. The phase distribution cloud diagram is
inserted in Fig. 5(a) when the level of the aluminum
is the highest in the long trough. It can be
concluded that if the outlet radius of the mixing
furnace is increased, even if the mixing furnace is
filled with liquid aluminum, the liquid aluminum
casting process will not leak.

0.22 (a) Critical height
020 = Volume gl:gctinn of Al
0.18
0.16
£
= 0.14 |
20
2O paan
0.10F —a R50108$/ R
0.08F a—= R -
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006r o—__m
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Liquid aluminum height/m

(b) Temperature/K

Fig. 5 Aluminum heights in long trough under different
conditions (a) and temperature field at 1.4 s (b) and 5 s (¢)
(R=0.08 m, H=1.3 m)

The temperature field is shown in Figs. 5(b, c).
The model was sliced at Z=1.3 m (the centerline of
the troughs). The liquid aluminum flows out from
the mixing furnace outlet and then flows along the
various troughs. The heat transfer process mainly
includes four aspects: convection heat transfer
between liquid aluminum and air, convection heat
transfer between liquid aluminum and troughs, heat
conduction inside the troughs and heat radiation
from the troughs to air. The molten aluminum
flowing in the troughs continuously conducts
convective heat transfer with the air, and the heat of
the aluminum is gradually transferred to the air
nearby, raising its temperature, and then gradually
diffuses outwards. At the same time, the trough that
first contacts the molten aluminum first radiates
heat to the air, and the temperature of the air that
contacts the trough wall gradually increases. The
longer the heat transfer time, the wider the range of
heat transfer.
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3.3 Leakage pattern and spread form of liquid

aluminum

A simulation study was carried out on the
overflow leakage of liquid aluminum due to an
outlet blockage of a trough. The outlet of the trough
was closed to prevent the liquid aluminum from
flowing out of the trough, and the long trough was
filled with liquid aluminum in advance. When the
liquid aluminum in the mixing furnace flows to the
long trough, overflow leakage will occur. The
temperature of liquid aluminum that is added into
the long trough is obtained by averaging the stable
temperature of two monitoring points, as given in
Table 3. This is also the temperature at which the
liquid aluminum begins to leak.

Table 3 Temperature of liquid aluminum in long trough

Outlet radius, Liquid aluminum Temperature/
R/m height, H/m K
1.0 985
1.1 1012
0.04
1.2 1015
1.3 1017
1.0 1008
0.06 1.1 1015
' 1.2 1018
1.3 1020
1.0 1012
1.1 1016
0.08
1.2 1018
1.3 1020

The ground roughness was set, and the wall
law that contained the roughness function was used
to calculate the influence of ground roughness on
the spread of leaked aluminum. For rough walls, the
wall law of average velocity has the following
form:

uu PAY,

Ly ) AB (10)
t,/p k Y7
w*=C, k" (11)

where u, is the velocity at the grid point near the
wall; 7, is the wall shear stress; 1/k is the slope; £’
is a constant related to the surface roughness; Ay, is
the distance from the near wall node p to the solid
wall; C, is the empirical constant; AB is a function
measuring the wall roughness and is zero for
smooth walls. For homogeneous and rough walls,

AB is related to dimensionless rough height K .
When K¢ <2.25, AB=0.

When 2.25< K¢ <90,
1 K$-225
= +CK{ -
[ 87.85 sKs |
sin(0.4258In K¢ —0.811) (12)
When K >90,
AB:%ln(HCSK;) (13)
+ u*
K¢ = pKs— (14)
y7i

where Ks is the height of the physical roughness
and Cs is the roughness constant.

Once the physical roughness height and the
roughness constant are known, the value of the
roughness function can be calculated, and the
influence of ground roughness on the average
temperature, wall shear stress and turbulence
intensity can be calculated through the wall law that
contains the roughness function. The cement
ground of the factory is homogeneous and rough.
The roughness height was set to be 0.004 m, and
the roughness constant was 0.5.

The model was sliced at Z=1.3m (the
centerline of the troughs), and the liquid aluminum
leakage pattern is shown in Fig. 6. Due to the
impact of liquid aluminum flowing from the
previous trough, the liquid aluminum rapidly

" (a)

Volume
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et 0.95
0.85
v ® =] 0.75
2\ —10.65
5 5

Volume
fraction of Al

Volume
fraction of Al

Fig. 6 Leakage patterns of aluminum at different time
(R=0.08 m, H=1.3 m): (a) 1 s; (b)2s;(c) 4.8 s
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increases to form a protrusion and makes liquid
aluminum leak on the start of the long trough, as
shown in Fig. 6(a). Then, the liquid aluminum in
the long trough surges to the end in a wave-like
motion. The end of the long trough begins to leak
gradually. The leakage time at the start and end of
the long trough is different, and this will inevitably
results in a unique distribution of leaked aluminum
on the ground.

As the leakage gradually increases, the spread
distribution of liquid aluminum presents a regular
pattern on the ground. The leaked aluminum
exhibits a long strip shape distribution on the
ground, where the start of the strip is wide and the
end of the strip is narrow. This is due to the
different leakage times at the start and end of the
long trough. The spread form of the leaked
aluminum on the ground at different time is shown
in Fig. 7.
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Fig. 7 Spread form of leaked aluminum on ground at
different time (R=0.08 m, H=1.3 m): (a) 1.6 s; (b) 2.6 s;
(c)4.8s

3.4 Leakage amount and spread area

The mass flow of the leaked aluminum was
monitored, and the mass flow monitoring curve was
drawn. The curves were integrated to obtain the
leakage of liquid aluminum over a period of time.
Figure 8 shows the total leakage amount and spread
area when the time is 4.8 s after the start of the
leakage.
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Fig. 8 Leakage amount (a) and spread area (b) (4.8 s)

The leakage amount of liquid aluminum
increases with the height of liquid aluminum in the
mixing furnace and outlet radius. When the outlet
radius is the same, the spread area increases with
the height of liquid aluminum; however, the spread
area of R=0.06 m is larger than that of R=0.08 m
when the height of aluminum in the mixing furnace
is lower than 1.2 m. The reason is that the boundary
layer sizes of liquid aluminum and air are different.
The boundary layer of R=0.06 m is larger than that
of R=0.08 m, and the proportion of liquid aluminum
to air is small. When calculating the spread area of
liquid aluminum, the boundary layer is taken into
account. Therefore, the leakage amount of
R=0.06 m is less than that of R=0.08 m, but the
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spread area is greater than that of R=0.08 m when
the liquid aluminum in the mixing furnace is lower
than 1.2 m.

4 Conclusions

(1) Under different mixing furnace outlet radii
(R=0.04, 0.06, 0.08 m), even if the mixing furnace
is filled with liquid aluminum (H=1.5 m) and the
mass flow is 101.7 kg/s, the liquid aluminum during
casting process will not leak.

(2) During the liquid aluminum leakage
process, the upstream liquid aluminum initially
impinges on the aluminum at the beginning of the
long trough, forming a protrusion and causing
liquid aluminum leakage. Then, the liquid
aluminum in the long trough surges to the end in a
wave-like manner, causing continuous liquid
aluminum leakage. There is a time difference
between the beginning and the end of the long
trough, which is also the reason why the leaked
aluminum presents a long strip on the ground with a
wide beginning and a narrow end.

(3) The leakage amount of liquid aluminum
increases with the height and outlet radius; the
spread area increases with the height of liquid
aluminum. The influence of outlet radius on the
spread area is complicated due to the existence of a
boundary layer between the liquid aluminum and
air.
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