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Abstract—A new nonstationary three-dimensional mathematical model of an aluminum reduction cell which
makes it possible to perform coupled thermoelectric and magneto-hydrodynamic calculation while taking
into account sideledge formation is presented. The model takes into account the nonlinear dependence of the
coefficients of electrical conductivity and thermal conductivity of materials on temperature, as well as, for fer-
romagnetic materials, the nonlinear dependence of magnetization on the magnetic field strength. The heat-
transfer coefficients on the outer surfaces include radiant and convective components of heat transfer and are
functions of the ambient temperature and the local surface temperature. In the energy equation, internal
sources of heat are taken into account due to the flow of electric current, exothermic reactions, and additional
thermal effects associated with the raw material loading and phase transitions. To obtain a numerical solu-
tion, the control volume method is applied. Experimental testing of the developed mathematical model is
performed on the SSBME aluminum reduction cell. This paper presents the calculated and experimental data
of magnetic, electric, thermal, and hydrodynamic fields. A comparison of the calculation results with the
results of industrial experiments shows that the model reflects the physical processes taking place in the alu-
minum reduction cell with accuracy sufficient for engineering calculations. The calculated values of electrical
voltage, magnetic induction, and temperature practically coincide with the measured ones. Values obtained
from calculating the direction of velocity in the metal pad and the shape of the sideledge profile differ insig-
nificantly from the experimental values. This model can be used to estimate the performance and design
parameters of the operation of new and modernized aluminum electrolysis cells. Further studies will be aimed

at clarifying the calculated results by improving the mathematical model.
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INTRODUCTION

The improvement of tools for mathematically sim-
ulating the physical fields of an aluminum reduction
cell (ARC) is due to the necessity for a detailed study
of physicochemical processes under various regime
and structural changes of its operation. The aluminum
reduction cell refers to facilities where multiplysical
processes with complicated interconnection take
place. Presently, the mathematical simulation of phys-
ical fields of ARC allows accounting many physical
processes with a sufficient accuracy.

A number of works are devoted to simulating mag-
netic hydrodynamics (MHD) in ARC [1-6 and
related references]. As a rule, MHD is computed in
the approximation of shallow water without taking
heat exchange and the shape of operation cavity
(SOC) into account. Works [7, 8] present the results of
a three-dimensional simulation of APXe and AP6X
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reduction cells obtained using the ALUCELL pack-
age, whose main purpose is the possibility of the cou-
pled computation of MHD stability of the bath, disso-
lution, and the transfer of alumina in electrolyte, as
well as heat fields.

The authors of [9] presented a three-dimensional
model assigned for determining SOC and optimiza-
tion of ARC construction. This work includes a com-
putational study of three busbar designs for thermal
and hydrodynamic states of reduction cell operating at
a current strength of 400 kA. The software solution is
performed as follows: first, electromagnetic and ther-
mal problems are solved in the Ansys package; then
inner heat sources and magnetic Lorentz forces are
passed to the Fluent application. The hydrodynamic
problem taking into account the crystallization of the
electrolyte is solved in Fluent. SOC is determined by
the introduction of an additional component into the
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Navier—Stokes equation, which represents the volume
force responsible for slowing down the melt. In this
way, solutions to thermoelectric and hydrodynamic
problems in [9] are not coupled, which in our opinion
may lead to inaccurate results.

In our work, we suggest a new three-dimensional
nonstationary mathematical model that allows per-
forming a coupled computational analysis of electro-
lyte and metal flow under magnetic and gravitational
forces, as well as smelting chamber shape. At the same
time, we applied the Ansys CFX commercial software
system, assigned for solving problems of computa-
tional hydrodynamics, and specific application Blums
5.07, which allows computing magnetic fields in the
volume of a reduction cell. Computation results were
compared with data from industrial experiments.

MATHEMATICAL MODEL

Motion of metal and electrolyte is simulated using
a homogeneous model, according to which both
phases have identical fields of velocity, temperature,
and turbulence. A change in the phase content is sim-
ulated by the introduction of additional variables r,—
the volume fraction of each phase at a given point.
Electrolyte and metal are counted incompressible liq-
uids. The following equations of hydrodynamics are
used [10, 11].

» Continuity equation of phase o

2 (pr)+V (pur,) =0 (00 =1.2), ()
where p is the density of mixture and u is its average
velocity.

» Continuity equation of mixture:

(p)+V (pu) = 0 @
ot

* Navier—Stokes equation taking turbulence into
account in the Reynolds approximation and stress
tensor:

(pu;) + i(p“i“j)

9
ot ox;

g . 0 du, Ou; 2. dy
=_9 L 9 |\ &L L5 9 3
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e du, O, 2( auk]
—puiu; =W | —t+—L |- =| pk +u, —= |5,
pu;u; ut[ax axj 3 PR+ 1 ox, )

J 1
Here u;, u; are components of average velocity vector;
u' is fluctuation velocity; 7, is volume fraction of phase
o; k is turbulent kinetic energy; U, |, are coefficients of
dynamic and turbulent viscosity, correspondingly;
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8,7 is the Kronecker symbol; p is static pressure; and
F. is the electromagnetic Lorentz force:

F, = JxB,
where J is current density; B is magnetic induction;

and F, is the volume force, which determines buoy-
ancy:

Fb = (p(x - pref)g’

where p,, is the density of component o; p, is refer-
ence density; F; is the force slowing the flow down at
temperatures below that of electrolyte liquidus:

K =—h(T)u,

where A(T) is the function of temperature, which takes
values 0 and 10° kg/(m?s) at temperatures above and
below temperature of electrolyte liquidus correspond-
ingly.

This model of crystallization was suggested in work
[12] for the first time and has been successfully applied
in many computational problems with phase transi-
tions since then, for example in [1].

Parameters of two-phase mixture in equations are
computed as follows:

2 2
P=D FaPor M= Fally (4)
o=l o=1

Heat exchange and crystallization in the melt are
determined from the solution of energy equation

a 2 a 2
_Z(rocpochoc) + _z (r(xupoch(x)
at o=l1 axi o=1
0 0 ©
= 7\‘eff _T + QI + Qchem'
ox; ox;
Here 4 is enthalpy; Q, is the heat effect, which is

responsible for heat release in control volumes of the
model caused by the flowing of the electric current:

0,=J-J/o, (6)

where o is electric conductivity; Q.. is the heat effect
from exothermal chemical reactions flowing in liquid
electrolyte and metal, as well as additional thermal
effects; and A is the coefficient of efficient heat con-
ductivity:

2
heir = D 1o (g +40), (7)
o=l

where A, is the coefficient of heat conductivity of
phase o A, is the turbulent coefficient of heat con-
ductivity:

c
A =2 8)
Pr,
where Pr, is the turbulent Prandtl number; ¢, is iso-
baric heat capacity.
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Table 1. Thermal effects of the main reactions

Reaction

Area of reaction

Thermal effect of reaction at = 960°C

4A]l + 3C = A14C3
A]4C3 + 9CO2(g) = 2A]2O3 + ]2C0(g)

2Na + COZ(g) = Nazo + CO(g)
2A1(sol) + 3C02(g) = 3A1203(501) + 3C0(g)

3Na20 + 2A1F3 = 6NaF + A1203
3Ca0 + 2A]F3 = 3C3F2 + A1203
2AIF; + 3H,0 = ALO; + 6HF

S+ 0,=S0,

On the surface of cathode
On the boundary of gas layer
with electrolyte under anode

On the boundary of gas layer
with electrolyte under anode

On the boundary of gas layer
with electrolyte under anode

At alumina feeding points

At alumina feeding points
At raw material (cryolite, aluminum
fluoride, alumina) feeding points

On the lower surface of anode
contacting with electrolyte

On the lower surface of anode
contacting with electrolyte

On the surface of anodes contacting
with air

Lateral part of anode immersed

7161.94 kI /kgc
6460 kJ/kg ),c.,

2770.74 kJ /kgn,

14725.93 kJ /kg,

4757.66 kJ /kgna0
2755.45 kI /kecqo

—1758.02 kI /kg o,

—7842.81 kJ /keg
—4602.59 kJ /kgg
32923 kJ /kgg

1040 kI /kgc

COy) + C(s) = 2COy

into electrolyte

Table 1 presents thermal effects of chemical reac-
tions and their areas. Additional thermal effects
appear at the expense of heating of alumina and alu-
minum fluoride, heat of water evaporation, and heat
of phase transition Al,O5 (Y — o). Work [13] describes
the mentioned heat effects and simulation methodol-
ogy in more detail.

We used the Shear Stress Transport (SST) k—m tur-
bulence model in computations [10].

Magnetic fields on the volume of reduction cell
were accepted as constant in time. The electric field
was determined from equation

E=-V-o ©)

where @ is the electric potential.

To compute the distribution of the density of the
electric current in the volume of the bath and mag-
netic induction, we need a solution of Maxwell’s equa-
tion set. They are represented below in stationary
form:

* Faraday’s induction law:

VXE =0 (10)
» theorem about circulation of magnetic field:
VXB/XZXOJ, (11)
» Gaussian theorem for electric charge:
V-E =gq/e,, (12)
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» Gaussian theorem for magnetic field:
V-B=0. (13)

Here, E is the strength of electric field, B is magnetic
induction, ¢ is the volume density of the electric
charge, %, = 41 x 10~7 H/m is the magnetic constant,
and 7 is the magnetic permeability of medium.

The density of the electric current is connected
with the strength of the electric field, as well as the
velocity of melt motion and magnetic induction, by
the following dependency:

J=0(E+vxB). (14)

The electric conductivity of materials (o) is a func-
tion of temperature. The continuity equation of the
electric current is denoted as

V.-J=0. (15)

‘When solving the magnetic problem for ferromag-
netic materials (steel anode and cathode shell, steel
conductor wires located in bake blocks, steel riffled
sheets for providing motion of transport in the body of
reduction cell and cooling of lateral surfaces of cath-
ode cover at the expense of natural convection), the
nonlinear dependence of magnetization on the mag-
netic field was taken into account.

BOUNDARY CONDITIONS
For solving thermal problem on outer surfaces con-
tacting with air, we set an effective coefficient of heat

No.1 2020
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Fig. 1. General view of the model for computing magnetic
fields in Blums 5.07.

release which accounts for convective and radiation
components. Coefficients of heat release were func-
tions of temperature of surrounding environment,
local temperature, and orientation of the outer sur-
face. Computations were performed for an environ-
mental temperature of 0°C. For the electric problem,
we set a current intensity of 170 kA on an anode busbar
and zero electric potential on cathode busbar.

The normal component of current density was
equal to zero on all outer surfaces of the model. At the
border exceeding the sizes of three electrolysis cells,
the normal component of magnetic induction is also
taken equal to zero. To solve the hydrodynamic prob-
lem on the inner surfaces of the lining in contact with
metal and electrolyte, the conditions are set for the
normal and tangent components of the velocity to be
equal to zero.

SOFTWARE SOLUTION

Reduction cell SSBME with the following techno-
logical parameters was chosen for simulation:

Current intensity, kKA 170
Metal level, mm 300
Electrolyte level, mm 200

Initially magnetic fields were computed in Blums,
from where values of magnetic induction in the vol-
ume of electrolyte and metal were defined and
imported to ANSYS CFX, where a coupled solution of
thermal and electric problems, as well as magnetic
hydrodynamics, was performed taking free surface
metal—electrolyte and formation of SOC into account.

Figure 1 presents the model created in Blums 5.07.
Busbar with three pipes was used for simulation. The
influence of magnetic fields of neighbor reduction
cells and reduction cells of neighbor row was
accounted in computation. The magnetization curve,
representing the dependency of induction on the
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Fig. 2. Grid used for the complex model.

strength of magnetic field B(H), was used for ferro-
magnetic materials. Detailed description of package
Blums and its application methods for simulating
magnetic fields is presented in [14].

Figure 2 presents finite element mesh used for cou-
pled computations in ANSYS CFX, which consists of
3 x 10 elements and 2.5 x 10° nodes.

All the computations were carried out in nonsta-
tionary formulation. Values of coefficients of thermal
and electric conductivity of materials were accepted as
dependencies on temperature.

RESULTS AND DISCUSSION

Computations allowed determining the tempera-
ture and electric and magnetic fields, as well as the
velocity field in metal and electrolyte, shape of the
metal—electrolyte boundary, and SCS. It can be seen
in Fig. 3 that the vertical component of magnetic
induction, which, together with horizontal currents in
metal is the main reason for horizontal Lorentz forces
and thus plays the main role in the MHD stability of
reduction cell, is in the range B, = —0.012—0.011 T.

The model was verified by a comparison of com-
puted data with experimental results. Magnetic induc-
tion was measured using a MAL-3.2 magnetometer by
blank and front sides at 3 points located at identical
distances in space between border and anode (Fig. 3).
The results are gathered in Table 2. A comparison of
computed and experimental values of magnetic induc-
tion is presented in Table 3, where it can be seen that
they qualitatively correlate with each other.

In order to estimate the correctness of the solution
to the problem of distribution of electric potential,
computed and experimental values of voltage loss in
the reduction cell were compared. It can be seen from
Fig. 4 that values of voltage drop are almost identical
in all respects, which is also an indirect indicator of the
correctness of dependencies of electric conductivity on
the temperature set in the model. The computation
Vol. 61
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Fig. 3. Magnetic induction on metal—electrolyte interface with measurement points 1—6 (inlet edge on the bottom).
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Fig. 4. Velocity field and circulation contours on metal—electrolyte interface (inlet edge on the left).

methodology of the average voltage presented in Table 4
is described in [15].

Computations showed the formation of the four
main stationary vortices in the corners of the bath
(Fig. 4). The maximal value of the computed velocity
constituted v = 31 cm/s. The industrial measurement
of velocities in metal is very approximate. It is per-
formed by the immersion of steel bars into liquid alu-
minum for some time; then, by the shape of their ero-
sive damage, directions and values of the average
velocity are determined during the experiment [16].

Experimentally obtained directions of the average
velocity are presented in Fig. 4 by black and white
arrows. Black arrows do not deviate by more than 90°
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from the direction of computed velocities, while white
arrows exceed this value. It can be seen that 8 out of
25 experimental values deviate from computed direc-
tions of metal motion by more than 90°.

Figure 5 presents the metal—electrolyte interface.
Static skewness of levels of cathode metal has maxi-
mum of 6 cm and minimum of —5 cm with respect to
relatively initial level. The highest level of liquid metal
is reached at the collision site of two flows from oppo-
site vortices, and the lowest value is observed in the
centers of the vortices.

Figure 6 presents the computed shape of the lower
ledge and upper ledge. The upper ledge is a frozen
electrolyte above the level of liquid metal and below

Vol.61 No.1 2020
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Table 2. Results of a measurement of magnetic induction in the space of cathode metal of reduction cells

No. of aluminum Meas. points
reduction cell (see Fri)g. 3) By, mT By, miT B, mt

1 1 —4.1 10.2 -8.7

2 -9.0 1.0 3.6

3 -5.2 -9.5 12.9

4 7.8 —8.6 -9.5

5 9.4 2.3 1.1

6 4.5 11.5 11.5

) 1 —6.1 12.5 =175

2 -8.7 2.3 1.2

3 —-8.3 —10.2 12.2

4 6.5 =71 —10.5

5 9.8 1.5 -0.5

6 5.0 10.1 11.3

3 1 -5.2 12.5 -8.3

2 -8.6 3.1 0.3

3 =75 —10.5 13.2

4 6.3 -8.1 —11.2

5 7.6 1.7 2.0

6 5.3 10.2 10.5

Average by ARC 1 -5.1 11.7 —8.2

2 -8.8 2.1 1.7

3 -7.0 —10.1 12.8

4 6.9 -7.9 —-10.4

5 8.9 1.8 0.9

6 4.9 10.6 11.1

Table 3. Computed and experimental average values of magnetic induction
Meas. points B,, mT By, mT B,, mT

(see fig. 3) exp. comp. exp. comp. exp. comp.
1 -5.1 -7.3 11.7 7.9 -8.2 —6.3
2 -8.8 -8.6 2.1 -2.1 1.7 14
3 -7.0 —7.4 —10.1 -9.8 12.8 8.7
4 6.9 7.2 7.9 —-8.2 -10.4 -8.7
5 8.9 8.9 1.8 -2.1 0.9 -0.5
6 4.9 6.7 10.6 6.5 11.1 7.7

Table 4. Computed and experimental values of a potential
drop in the reduction cell

Electric balance figure Computation | Experiment
Potential drop, V:

in anode 0.554 0.554

in electrolyte 1.571 1.573

in lower shell 0.315 0.303

in bus arrangement 0.370 0.360
Average voltage, V 4.644 4.636
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this level it is an lower ledge. According to computa-
tions, lower ledge falls under the projection of the
anode, which is confirmed by multiple measurements
on existing SSBME reduction cells, which operate at
parameters close to the ones accepted in the model.
The shape and sizes of the upper ledge also correspond
to measured values. The computed thickness of lower
ledge in the space between the border and anode
turned out to be 3—7 cm less than the experimental
value, which is on average 14 cm.

Such a difference in values of thickness of lower
ledge can be explained as follows. There are two main
Vol. 61
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Fig. 6. Shape of operation space of reduction cell SSBME.

mathematical models describing the process of forma-
tion of lower ledge. The first is concluded in the fact
that heat transfer from the inner melt to the surround-
ing environment is checked and the metal—lower ledge
interface is estimated by the temperature of the liqui-
dus of the electrolyte in the area of the liquid metal. In
particular, the estimate of SOC was determined in this
way in works [17—19]. Data obtained on the basis of
the second model imply that the formation of lower
ledge may significantly influence the presence of a thin
electrolyte film between the lower ledge and metal. This
model is described in more detail in [20, 21].

The computed and experimental temperatures of
electrolyte in the space between the border block and
anode coincide and constitute 949°C. Figure 7 pres-
ents the temperature field of the cathode cover. It can
be seen that it is heated nonuniformly due to various
(by the surface of borders and bottom blocks) values of
coefficient of convective heat exchange and tempera-
ture of metal. It may be noted that temperatures of lat-
eral walls of the cover are several degrees higher where
vortices form in metal or electrolyte, which is
explained by the effective transfer of heat from the

RUSSIAN JOURNAL OF NON-FERROUS METALS

Vol. 61

Fig. 7. Distribution of temperature in shell (inlet edge on
the right).

center of the bath to border walls. The maximal tem-
perature of the cover constituted 317°C.

Figure 8 shows the computed temperature at the
bottom of the cover and the point where industrial
measurements were performed. Table 5 presents a

Number of cross section

Fig. 8. Distribution of temperature in the bottom side of
the shell (inlet edge on the left).
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Table 5. Computed and experimental values of temperature (°C) of the bottom side of the shell, averaged by three alumi-

num reduction cells

Number of cross section (see Fig. 8)

No.
of point | | 2 3 4 5 6 7 8 9 |10 | 11 | 12| 13| 14| 15| 16
| |37 | 47| 52| 53|50 | 52|55 | 55|55 |53 |53 |55 |53|51|46 |36
34 42 44 44 | 48 44 | 48 44 44 48 44 48 44 | 44 | 42 34
2 |60 | 7L | 78 |75 | 75 |76 | 77 | 77 |18 | 74 |77 | 72 | 73 | 75 | 67 | 54
47 71 77 77 77 77 77 77 77 77 77 77 77 77 71 47
5 |61 | 76 | 81 | 84 |84 |84 81 | 83 | 82 | 81 |82 |79 |8 |7 |6 | 6l
52 76 79 80 80 80 80 80 80 80 80 80 80 79 76 52
4 | 35|66 |76 | 78 |79 (79 | 73 |75 |79 |76 | 77 |78 |18 | 75 | 69 | 6l
47 71 77 77 77 77 77 77 77 77 77 77 77 77 71 47
s | 32| 40 | 49 | 53 | S0 | 50 | 46 | 48 | 48 | 48 | 50 | 50 | 52 | 50 | 46 | 38
34 | 42 | 44 | 44 | 48 | 44 | 48 | 44 | 44 | 48 | 44 | 48 | 44 | 44 | 42 | 34
Numerator is the experiment and denominator is the computation.
comparison of computed and experimental values of ic flow in aluminum reduction cell, JOM, 2016, no. 68,
temperature of the cover bottom obtained for three pp. 610-622.
reduction cells at a temperature of the surrounding air 2. Yang Song, Jianping Peng, Yuezhong Di, Yaown Wang,
of 0°C. It can be seen from Table 5 and Fig. 8 that com- and Naixiang Feng, Performance of the cathodes with
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