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In order to understand the impact of anode change on heat transfer and magnetohydrodynamic
flow in aluminum smelting cells, a transient three-dimensional (3D) coupled mathematical
model has been developed. The solutions of the mass, momentum, and energy conservation
equations were simultaneously implemented by the finite volume method with full coupling of
the Joule heating and Lorentz force through solving the electrical potential equation. The
volume of fluid approach was employed to describe the two-phase flow. The phase change of
molten electrolyte (bath) as well as molten aluminum (metal) was modeled by an
enthalpy—based technique, where the mushy zone is treated as a porous medium with a
porosity equal to the liquid fraction. The effect of the new anode temperature on recovery time
was also analyzed. A reasonable agreement between the test data and simulated results is
obtained. The results indicate that the temperature of the bath under cold anodes first decreases
reaching the minimal value and rises under the effect of increasing Joule heating, and finally
returns to steady state. The colder bath decays the velocity, and the around ledge becomes
thicker. The lowest temperature of the bath below new anodes increases from 1118 K to 1143 K
(845 °C to 870 °C) with the new anode temperature ranging from 298 K to 498 K (25°C to

225°C), and the recovery time reduces from 22.5 to 20 hours.
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I. INTRODUCTION

ALUMINUM is used in various products and
industries such as transportation, construction, and
medicine. More than 40 million tons of aluminum are
produced per year, mostly in China, Russia, and
Canada.l"

The Hall-Héroult process is used to transform alu-
mina (Al,O3) into aluminum as shown in Figure 1. A
direct electric current passes through a bath layer
between anodes and cathodes. The overall electrochem-
ical reaction taking place in the aluminum smelting cell
can be expressed as 2A1,03+ 3C + electricity —
4A1 + 3COa,.

The carbon entering into this reaction comes from the
anodes. Therefore, anodes are constantly consumed by
the process and need to be periodically replaced.
Typically, an anode can last approximately 20 days in
a cell. Considering a cell with 40 anodes, this means that
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almost every day one pair of anodes needs to be replaced
in the cell.*)

Anode change can significantly affect the thermal
balance within the cell. New anodes are usually in room
temperature much colder than old anodes. The bath in
the cell is kept only 5 K to 15 K (5 °C to 15 °C) above
its primary temperature of crystallization, which would
be frozen if cold anodes are added. Moreover, the
influence can prolong more than 24 hours."> However,
a well-maintained thermal balance of the cell provides
the foundation for better operation and higher energy
efficiency. Therefore, it is necessary to understand the
effect of new anode on heat transfer and magnetohy-
drodynamic (MHD) flow in the cell.

Considering the complex transient and coupled phe-
nomena taking place in the replacement of anodes, the
understanding of heat transfer and fluid flow is chal-
lengeable. It is difficult to observe the varying of the
temperature distribution in the entire cell by measure-
ment. With the continuous improvement of computa-
tional resources, numerical simulation has become an
attractive method to achieve this objective. Cheung
et al!® have developed a thermal model to estimate
temperature field and bath ledge thickness in a cell under
different anode current distributions. The flow field
however was ignored. Dupuis er all” and Safa er al®
investigated thermal behavior coupled with MHD flow.
They used finite element method to calculate electro-
magnetic and temperature fields, and then the fluid flow
and phase change were studied. Their results indicated
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Fig. 1-—Schematic of aluminum reduction cell.

that the velocity field had a strong effect on the ledge
shape, and the fluid flow in the cell was asymmetrical.
However, they employed a one-way coupled approach,
i.e., the fluid flow did not affect the current distribution.
In the present work, the interplay between the current
distribution and the fluid flow was included.

As mentioned above, there is currently a lack of works
concerning the impact of anode change on the heat
transfer and MHD flow in the cell. A transient 3D
coupled mathematical model has been developed to
study the effect of the anode replacement in aluminum
smelting cells. The normal conditions of the heat transfer
and MHD flow in the cell were investigated, and then the
transient conditions were demonstrated when new
anodes were substituted. Moreover, it is supposed that
the impact can be reduced if new anodes are warmer.!®!
The influence of new anode temperature on recovery
time of cell thermal balance was also analyzed.

II. MODEL DESCRIPTION
A. Physical Domain

An actual smelting cell contains many components,
and in order to keep the computational time reasonable,
it was necessary to simplify the geometry. The physical
domain included in the present model is shown in
Figure 2. It represents a part of a typical aluminum
smelting cell with a 300 kA line current and a total of 40
prebaked anodes. The anodes are aligned by pairs in the
cell and are represented by blocks.

The bottom of the anodes is in contact with the bath.
The bath layer is also part of the domain considered. In
practice, the top portion of the anodes is protected from
the air by an anode cover. However, the anode cover
was not included in the present model. As will be
described below, effective heat transfer conditions were
imposed at the surfaces of the upper portion of the
anode blocks. Similarly, the details of the shell of the
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smelting cell were considered through effective heat
transfer conditions at the sidewalls of the bath and metal
layers.

The fluctuated bath-metal interface in the cell causes
the deformation of the bath layer, and as a result the
Joule heating distribution changes.!”! Therefore, it is
necessary to take the metal into account.

In order to limit the computational burden, the gas
formed at the bottom of the anodes was ignored, and all
other components such as the anode assemblies, cath-
odes, and bus bars were disregarded in the present model.

B. Two-Phase Flow

The conservation equations for mass and momentum
were solved in the bath and metal:!'" "*!

dp
°r . -0 1
5 TV (oY) (1]
0 . Loa s o
(;tv) + V- (pVx V)| = =Vp + uet V7 + Fe + Fy + F
2]

where

Fo—JxB 3]

The bath and metal were assumed to be incompress-
ible. The densities change with temperature by Boussi-
nesq approximation. The flow was assumed to be
Newtonian. In the momentum equation, the term F.
was included to account for the Lorentz force which
strongly influences the flow pattern as well as the
bath-metal interface fluctuation.!'*! The buoyancy force
was embodied by Fy. The term Fy was employed to
gradually block the velocity to zero in the mushy zone
as will be described below in next section.
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“pseudo” porous medium in which the porosity gradu-
ally decreased from 1 to 0 as the bath and metal solidi-
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Fig. 2—Mesh model and boundaries.
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Turbulence was modeled with RNG k—& model.!'> An
enhanced wall function was used to cooperate with the

In the present study, it was decided not to calculate
explicitly the magnetic field. This field is dominated b

turbulence model, because the bath near the cell lateral

p
netic field obtained
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the current in the cell and in the neighboring cells were
neglected, and the term 04 / g¢ in Eq. [9] was also

ignored. In addition, the Ohm’s law was

2

wall had a low Prandtl number.'¥ The bath-metal

interface was tracked with the volume of fluid

approach.'”? The continuum sur

the current distribution in the busbar of the cell.

Instead, a typical steady-state ma

4l The influences of

from our previous work was used.

(VOF)

face force model was

implemented to consider the surface tension between the

bath and the metal.

C. Heat Transfer and Phase Change
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As mentioned above in Eq. [2], the velocity field must

be blocked in the solid p

where the source term Q represented the Joule heating.
N

In Eq. [5], melting or solidification of the bath and
metal was modeled with the enthalpy method in which

the liquid fraction was calculated from:

assumed to be insulated where there was no electric
current going through the boundaries.®" Due to the

20210 1t treats

the mushy zone in the momentum equation as a

enthalpy-porosity formulation was used
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Table I. Geometrical, Operating Conditions, and Physical

Properties
Geometry Parameters Value
Anode, m 1.64 x 0.66 x 0.55
No. of anode 40
Bath, m 14.51 x 3.86 x 0.215
Metal, m 14.51 x 3.86 x 0.2
Anode—cathode distance, m 0.05
Physical properties of anode Value
Density, kg/m® 1600
Specific heat, J/(kg K) 889
Thermal conductivity, W/(m K) 6.3
Electrical conductivity, 1/(Q m) 18,500
Physical properties of bath Value
Reference density, kg/m® 2130
Thermal expansion coefficient, 1/K 0.0001
Specific heat, J/(kg K) 1760
Thermal conductivity, W/(m K) 1.69
Electrical conductivity, 1/(Q m) 100 x exp
(245096 — 192977
Viscosity, kg/(m s) 0.002513
Pure solvent melting heat, J/kg 520,000
Solidus temperature, K 1173
Liquidus temperature, K 1213
Physical properties of metal Value
Reference density, kg/m? 2370
Thermal expansion coefficient, 1/K  0.00001
Specific heat, J/(kg K) 1088
Thermal conductivity, W/(m K) 216
Electrical conductivity, 1/(Q m) 2,820,000
Viscosity, kg/(m s) 0.00118
Pure solvent melting heat, J/kg 388,000

Melting point, K 933.55 (660.55 °C)

anode gas, an electrical contact resistance was employed
at the anode-bath interface. The detailed geometrical,
operating conditions, and physical properties are listed
in Table 1.°> 3

III. NUMERICAL IMPLEMENTATION

The model was implemented in a commercial code
ANSYS FLUENT14.5. The governing equations for the
electromagnetism, heat transfer, two-phase flow, and
phase change were integrated over each control volume
and solved simultaneously, with an iterative procedure.
The widely used SIMPLE algorithm was employed for
calculating the Navier—Stokes equations. The momen-
tum and energy equations were discretized by the
second-order upwind scheme for a higher accuracy,
and the first order upwind scheme was adopted for other
equations. Before advancing to the next time step, the
iterative procedure was continued until all normalized
unscaled residuals are less than 107°. The current
distribution was described by the MHD module of
ANSYS FLUENT as well as user-defined functions. The
magnetic field in the cell, which was demonstrated in our
previous work,?¥ was interpolated into each control
volume. The Joule heating and Lorentz force were
recalculated at each iteration and incorporated into the
energy and momentum equation as a source terms. The
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physical domain was discretized with a structured
meshes shown in Figure 2, which was created by
ANSYS ICEM 14.5. Mesh independence was thor-
oughly tested. Three families of meshes were generated,
respectively, with 1,850,000, 2,211,000, and 2,480,000
control volumes. After a typical simulation, we com-
pared velocity and temperature of some points in the
cell. The deviation of simulated results between the first
and second mesh is about 7 pct, while approximately
3 pct between the second and third mesh. Furthermore,
the value of y+ in most control volumes of the three
meshes was equal to ~1. Therefore, considering the
expensive computation, the second mesh was retained
for the rest of the present work. A typical simulation
runs lasted around 60 days using 8 cores of 3.30 GHz.

IV. MODEL VALIDATION

The model was validated by comparing the results to
a series of measurements performed on a real smelting
cell and reported in literature.®>* We measured bath
temperature and ledge thickness at several points as
shown in Figure 3(a) when the smelting cell was in
stable operation. In the industrial test, we used the
W3Re/W25Re thermocouple to measure the bath
temperature, and as for the ledge thickness, we
measured by a L-shaped ruler. Figures 3(b) through
(d) display the comparison of the temperature and slag
ledge thickness between the test and simulated results.
A reasonable agreement was observed, which indicates
the reliability of the model. The measurement was very
difficult in practice because of the harsh environment.
The measurement of the temperature was most conve-
nient and relatively accurate, and the measurement
accuracy of the ledge thickness was relatively lower,
because it depended on the experience of the operator.
The measurements show that the temperature at the
middle of the cell is higher than that at two ends
because of less heat loss.

V. RESULTS AND DISCUSSION
A. Description of Steady-State Conditions

The model was first exploited to simulate a situation
in which a steady-state is achieved. This scenario would
represent the situation prevailing before an anode
change is performed, i.e., when a long time has gone
by since the last anode change.

Figure 4 illustrates the electrical streamlines and Joule
heating distributions. The passage of the electric current
from the anodes to the cathodes creates the Joule
heating in the highly resistive bath. Little electric current
flows to the bath through the anode lateral wall-bath
interface because of a higher electrical resistance. The
bath between anodes therefore creates less Joule effect.
Besides, more current moves to the both ends of the cell
resulting in greater Joule heating.

Figure 5 demonstrates the temperature distributions
in the cell. Due to less heat and more heat dissipation,
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Fig. 3—Comparison results when the cell is in steady state. (¢) Positions of the measurement points and lines. This horizontal section is located
at the half height of the bath layer. () Temperature profile along lines 1 and 2. (¢) Temperature profile along lines 3 and 4. (d) Ledge shape

around the cell.

the temperature of the anode upper part is lowest. As
mentioned above, much heat is generated in the bath,
which is sufficient to heat the anodes. The anode’s
bottom therefore becomes warmer. A hotter zone is
observed at the center of the bath layer. The tempera-
ture of the outermost bath sharply decreases giving rise
to a steep thermal gradient around the cell. A similar
temperature distribution is found in the metal. Due to a
better heat conduction property, the temperature of the
metal is more uniform, and the highest temperature and
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the temperature difference drop. The thermal gradient
around the cell happened in the bath disappears.
Figure 6 shows the velocity streamlines and solidifi-
cation in the bath. Two large vortices as well as many
broken eddies appear at both ends of the cell as a result
of the Lorentz force and thermal buoyancy. It can be
seen that the temperature distribution aligns well with
the flow pattern. The stronger flow promotes the heat
transfer around the cell and consequently we found a
ledge formed by the frozen bath. Besides, the bath
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Fig. 4—(a) Electrical streamlines and Joule heating distribution of
the steady-state condition (X = 0.965 m). (b) Joule heating distribu-
tion (Z = 0.225 m, i.e., the half height of the bath layer).

Temperature (K)

1234 (961°C)
1233 (960°C)
1220 (947°C)
1213 (940°C)
1210 (937°C)
1196 (923°C)
1155 (882°C)
1090 (817°C)

Fig. 5—Temperature distributions of the steady-state condition. («a)
X =0965m. (b)) Z =0225m (¢) Z = 0.15 m, i.e., three-fourths
height of metal layer from bottom.

around the cell freezes forming a ledge. Moreover, the
temperature of the bath near the middle of both sides
also decreases and mushy regions are created, and the
mid-mush diminishes under the effect of washing. In
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Liquid Fraction

X (m)

Fig. 6—Velocity streamlines and liquid fraction distribution of the
steady-state condition (Z = 0.225 m).

Temperature (K)

1234 (961°C)
1233 (960°C)
1220 (947°C)
1213 (940°C)
1210 (937°C)
1196 (923°C)
1155 (882°C)
1090 (817°C)

Y (m)

Y (m)

(c)

Fig. 7—Temperature distributions after one hour of the anode
change, and the new anodes are in room temperature (298 K
(25°C)). (@) X = 0.965m. (b) Z = 0.225m. (¢) z = 0.15 m.

particular, the metal is always in liquid phase due to the
excellent thermal conduction capability and lower crys-
tallization temperature.

B. Transient Conditions After Anode Change

In order to study the effect of the anode change, we
simultaneously replace the anodes 20 and 21 by new
anodes with room temperature (298 K (25 °C)). For
simplicity, we still keep a uniform current density at top
surfaces of anodes.
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Fig. 8—Velocity streamlines and liquid fraction distribution after
1 hour of the anode change (Z = 0.225 m).

Figure 7 displays the temperature profiles after
1 hour. The new anodes are still cold. The temperature
of the bath under anodes 20 and 21 decreases from
1210 K to 1190 K (937 °C to 917 °C), and the influence
area is able to extend the bath below anodes 23 and 18.
The temperature of the lower metal also drops as
expected, and the influence region is larger than that in
the bath because of a higher thermal conductivity.
Figure 8 represents the flow pattern and solidification.
The bath under new cold anodes as well as the
surrounding bath gradually solidifies as time progresses.
The contact thermal resistance between the anode and
the solidified shell was not included here. As a result, the
thickness of the ledge around the corner increases.
Besides, the viscosity of the colder bath reduces and
hence decays the flow. The velocity decreases from 0.05
to 0.01 m/s. In spite of the addition of cold anodes, all
metal is still far away from freeze. Figure 9 indicates the
Joule heating distribution. We can find that the Joule
effect under new anodes becomes higher, because the
colder bath electrical conductivity reduces. It can be
inferred that the bath temperature would continuously
decrease while the increasing Joule heating warms the
bath as well as the new anodes. After reaching the lowest
temperature, the temperature of the bath and the new
anodes turns to rise.

C. Effect of New Anode Temperature

In this section, anodes 20 and 21 are replaced by
warmer anodes. We assume the temperature of the two
new anodes is 298 K, 398 K, and 498 K (25 °C, 125 °C,
and 225 °C), respectively. The current density imposed
on the top surface of anodes remains unchanged.
Figure 10 illustrates the temperature variation of six
points in 1 day after anode change. These points are
located in the bath under anodes 20 and 21. It can be
seen that the bath temperature first decreases reaching
the minimal value and rises, and finally achieves
stability, as pointed out in the preceding discussion.
The lowest temperature at points 17 and 22 is the
minimum, and they need more recovery time, because
the two points lying at the outermost edge suffer more
heat loss. Here the recovery time is defined as the time
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Fig. 9—Joule heating distribution after 1 hour of the anode change
(Z = 0.225 m).

the new anodes need for achieving stability. Further-
more, the changing rule is similar for the three cases.
The lowest temperature however increases from 1118 K
to 1143 K (845 °C to 870 °C) while the new anode
temperature ranges from 298 K to 498 K (25 °C to
225 °C), and the recovery time reduces from 22.5 to
20 hours as shown in Figure 11.

VI. CONCLUSIONS

In order to study the effect of the anode change on the
heat transfer and MHD flow in aluminum smelting cells,
a transient 3D coupled mathematical model has been
developed. The solutions of the mass, momentum, and
energy conservation equations were simultaneously
implemented by the finite volume method with full
coupling of the Joule heating and Lorentz force through
solving the electrical potential equation. The VOF
approach was employed to solve the two-phase flow.
The phase change of bath and metal was modeled by an
enthalpy—based technique, where the mushy zone is
treated as a porous medium with a porosity equal to the
liquid fraction. The impact of the new anode tempera-
ture was also analyzed. The simulation closely agrees
with the experiment. Under normal conditions, lower
temperature regions are located at the both sides of the
cell where two pairs of large vortices are found. A bath
ledge is formed around the cell. After anode change, the
temperature of the bath under cold anodes first
decreases reaching the minimal value and rises under
the effect of the increasing Joule heating, and finally
achieves the steady state. The colder bath decays the
velocity, and the around ledge becomes thicker. The
influence area of the new anodes can extend to the
surrounding anodes, and the influence region in the
metal is larger than that in the bath. In spite of the
addition of cold anodes, all metal is still in liquid phase.
The lowest temperature of the bath below new anodes
increases from 1118 K to 1143 K (845 °C to 870 °C)
with the new anode temperature ranging from 298 K to
498 K (25 °C to 225 °C), and the recovery time reduces
from 22.5 to 20 hours.
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Fig. 10—Temperature variation of six points in one day after anode change, and the six points are located in the bath under anodes 20 and 21.
(a) New anode temperature is 298 K (25 °C). () New anode temperature is 398 K (125 °C). (¢) New anode temperature is 498 K (225 °C).
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NOMENCLATURE
A Magnetic potential vector (V s)/m
Amush  Mushy zone constant kg/(m® s)
B Magnetic flux density, T
Cp Heat capacity, J/(kg K)
E Electric field intensity (N/C)
E. Lorentz force, N/m3
F, Buoyancy force, N/m?
Fy Damping force, N/m?
fi Liquid fraction
H Enthalpy, J/kg
h Sensible enthalpy, J/kg
Prer Reference enthalpy, J ékg
J Current density, A/m

ket Effective thermal conductivity, W/(m K)
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Latent heat, J/kg
Pressure, Pa

Joule heating, W/m?
Temperature, K
Reference temperature, K
Liquidus temperature, K
Solidus temperature, K
Time, s

Velocity, m/s

GREEK SYMBOLS

4o  Vacuum permittivity of metal, F/m

Uer  Effective viscosity (Pa s)
p Density, kg/m®
o Electrical conductivity, 1/(Q m)
¢ Electrical potential, V
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