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Abstract: The Navier Stokes equation with the “ k-€ two equation turbulence model was employed to describe three dimension

flow of melt in aluminum electrolysis cells. For a 160 kA cell with two current risers, the source, i.e. the electromagnetic force,

in the momentum equations was solved based on the simulation results of magnetic and temperature fields. Numerical simulation on

the three- dimension steady state flow of melt was carried out. The results obtained about the velocities of molten metal on different

planes, the metal/ bath interface shape and the electromagnetic force distribution, were analyzed. An iron rod dissolution tech-

nique, which is based on the rate of dissolution of iron rods inserted into the melt, was used to measure the velocities of metal

pad. The simulation and measurement show that there are two interaction vortexes in horizontal direction. The predictions are in

well agreement with the measured results for flow pattern and velocities. It is worthwhile that in the three- dimension simulation,

there is also a little change of metal velocities from level to level due to the difference of horizontal current on each level.
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1 INTRODUCTION

Magnetohydrodynamics ( MHD) plays an important

' In recent years, not only in

role in cell performance
the new cell designing but also in increasing amperage in
existing lines, more attentions have been paid on the
study of MHD'? . Two approaches have been used for de-
termining the MHD behavior of the cells: mathematical
modeling and practical measurements' . Many mathemat-
ical models of MHD have been proposed'*'. More rigorous
models have been developed and implemented only after
the computers with high speed are available. The chal-
lenges in hydrodynamics models are three-dimension flow,
viscosity models and dynamic behavior, such as waves of
low frequency!”. Usual practical measurements involve
magnetic field distribution, metal velocity and metal/ bath
interface shape using direct or indirect methods'® 7. A
freeze profile and electric current distribution in the col-
lector bars and anode rods are taken to determine the
boundary conditions of mathematical models. The mea
surements are usually used to confirm the reliability and
reasonableness of the mathematical models.

Calculations and measurements of metal velocities in
a side-by-side cell technology, in which an 160 kA cell
with two anode risers at the upstream corners is used,

have been carried out. The results are reported in this pa-

per.

2 HYDRODYNAMICS MODEL

The system consists of two liquids ( electrolyte and
molten aluminum) , one solid( alumina) and one gas( car-
bon dioxide) . The flow zones in the system are presented
in Fig. 1.
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Fig. 1 Sketch of flowing space

In the electrolyte zone, there are alumina and CO»
bubbles. At the bottom of the liquid metal, the alumina
particles can be accumulated since some of them can pass
through the electrolyte/ metal interface to sink. Strictly
speaking, therefore, the space marked by “electrolyte” is
one of three-phase flow containing gas, liquid and solid.

<

And the space marked by “metal” is one of two-phase
flow involving liquid and solid. The electrolyte zone can
be further divided into two zones: zone 2 and zone 3.

Zone 2, which is immediately above the electrolyte/ metal
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interface, is free of CO, bubbles. Zone 3, which is
around the anode, is bubble-dominated.

Since the cell tank is made of rigid and stationary
wall, internal driving forces must exist to make the fluid
move. Two primary driving forces can be identified. One
is the electrical and magnetic fields and the other is dis-
turbance of bubble formed from the chemical reaction.
There is the third driving force brought about by the ther-
mal gradient. This force, however, is of less importance
and can be ignored.

To simulate metal pad flow in aluminum electrolysis
cells, the following assumptions were made!® .

1) The electrolyte and the metal melt are immisci-
ble. The simulating space is confined to zone 1.

2) In the metal, any accumulation of alumina at the
bottom is neglected. The two-phase flow is, therefore, re-
duced to a single-phase flow.

3) The metal flow is assumed to be incompressible
and steady.

4) The electrolyte/ metal interface is assumed to be
free surface.

The fundamental physical laws applicable to describe
the fluid motion in this system are the Navier-Stokes e
quations with the %-€ turbulent model'”’ .

Continuity equation:

R g

Momentum equation:

du D
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where u, x denote the velocity of liquid metal and the
coordinate directions, respectively( the subscripts i, j=

1, 2, 3 refer to three coordinate directions in x, vy, z), k
is the turbulent kinetic energy, € is the turbulence dissi-
pation rate, p is pressure, [ is metal density, g is the
acceleration due to gravity, Fj stands for volume force( in-
cluding electromagnetic force and buoyancy force), ey is
effective viscosity( Her= H+ Hp, His the molecule vis-

cosity and My is turbulent viscosity) . Furthermore, the

following values were taken to be Cu= 0.09, C;= 1.44,
C=1.92, G=1.0, Ce= 1.3.

The electromagnetic forces can be computed from the
cross product of the electric current density, J, and the
magnetic induction intensity, B. In terms of x, y and z

components, the following expressions can be obtained:

Fx: .]sz_ .]sz (5)
Fy: Jsz_ .]sz (6)
Fz: .]xBy_ .]yBx (7)

The current density can be given with the gradients

of electric potential:

J=- OVE (8)
veJ=0 (9)
where E is the electric potential, O is the electrical

conductivity of melt metal. Because freezing profile influ-
ences strongly the current distribution in metal and bath,
the freezing profile and magnetic field distribution are pro-
vided by simulation of temperature field and magnetic
field, which, moreover, are validated by measurements.

The behavior of the interface can be derived from ap-
plying the Navier-Stokes equation to the two fluids near
the interface. But in the present model the thermal and
gas-driven phenomena are neglected' "' :

p+ Rh= C; (10)
where  C; refers to a constant and h is the depth of met-
al.

Wall boundary conditions for the turbulence equa-
tions were treated as wall function!” . The metal/ bath in-
terface was assumed to be a free surface and was treated

approximately as a symmetry boundary!”'.

3 NUMERICAL SOLUTION AND FLUID PROP-
ERTIES

The above differential equations were discrete by ap-
plying them to each control volume in turn. The coordi
nate system used to represent the relevant values and coef~

ficients is shown in Fig. 2.
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Fig. 2 Coordinate system used in numerical

calculation of values and coefficients
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The conservation equations in discrete form take the gen-
eral form as follows:

q?): AN (bN+ As¢s+ AE¢E+ Aw’qbw+

Ardr+ Aphp+ B (11)

Fig. 3(a) shows the horizontal meshes used in a 160
kA cell. The mesh consists of 71 control volumes in x di-
rection and 21 control volumes in y direction. Fig. 3('b)
gives the vertical meshes consisting of 6 domains in z dir
rection.

The staggered grid, where the velocities are stored
between the neighbor nodes and all other quantities at
nodes, and the revised SIMPLE were employed' '

The main operating parameters in a 160 kA cell and
the physical properties of the molten aluminum are listed

in Table 1 and 2, respectively.

Table 1 Operating parameters

Electric Metal Freeze profile

current/ depth/ Pinch/ Freeze Lateral
e - m height/ m toe / m
160 0.2 0.23 0. 157 0. 082

Table 2  Physical properties of melt metal

. Kinematic Magnetic Electric
Density/ 4
K . L viscosity/ permeability/ conductivity/
(kgem™ °) (mP*s Y (Hem™ Y (Q lem 1)
2270 5.2x10" 4nx 10”7 3.45x 10°

4 RESULTS AND DISCUSSION

Fig. 4 shows a typical flow pattern in the 160 kA cell
predicted by the model. It can be seen from this figure

that there are two interconnected flow loops. The loops lo-
cate at the left and right sides of the longitudinal center-
line of the cell. One near the tap end is slightly greater
than the other near the duct end. The maximum velocity
is 0. 182 8 m/ s and the average velocity is 0. 095 4 m/s.
Also, according to the distribution tendency of metal ve-
locity demonstrated in Fig. 4, the average velocity at the
downstream side is higher than that at the upstream side,
and the velocity at the tap end is higher than that at the
duct end. There is a zone with small velocities in the
vicinity of the upstream and downstream sides between an-
ode 6 and anode 7( The number of anodes are referred to

the downstream side, duct end and tap end.

The main zones with higher velocities are near

The measurements of metal velocity at 18 points were
carried out using an iron rod dissolution method. The lo-
cations measured are shown in Fig. 5. The velocities of
liquid metal are measured three times at the same cell,
and each time spends 8 min. Therefore, three groups of
data can be gotten and shown in Fig. 5 with different line-
type array. The direction of array denotes flow direction of
metal, and the length of array denotes the magnitude of
velocity, which is the average value of three measure-
ments. The maximum velocity obtained is 0. 179 m/ s and
the average value is 0. 143 1 m/s. Two vortexes are also
revealed according to the direction of arrays of measured
results( as shown in Fig. 5) .

It can be seen from Figs. 4 and 5 that the calculated
results about the flow patterns and the values of velocity
are essentially in agreement with those measured.

It is found in the three-dimension simulations that
there are also some discrepancies of velocities in the ver

TE

DE

" R e I 3 A RO S | S B S e e A 2

| | s i ] S i 2
ety

z
= =g e S e e B o
e e i
EEwERE i S T e e e

.M

-L‘

Fig. 3 Mesh distribution for a 160 kA cell

(a) —Horizontal meshes; (b) —Vertical meshes in longitudinal direction
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tical section( as shown in Fig. 6), but the changes from
level to level are very consistent and reasonable, which
are influenced by different friction forces and current dis-
tribution. This is just the difference between three-dimen-
sion and quasi three-dimension simulation. It is worth-
while to point out that the length of array in Fig. 6 doesn t
represent the real value of velocity, because this is only
the project of velocity vector on the vertical plane.

Fig. 7 shows the electromagnetic force distribution in
the horizontal direction. It can clearly be seen that the
distribution is asymmetrical. The force at the upstream
side is greater than that at the downstream side. The elec-
tromagnetic force drives the liquid metal to move towards
the center of the cell at the upstream side, and then di-
verge from the center at the downstream side, thus, form-
ing two vortexes. The maximum intensity of the force is 67

N/m’.

Fig. 8 presents the metal/ bath interface shape. The
maximum height of the interface is 0. 21 m, and the mint
mum is 0. 175 m. It is obvious that the interface is in a
form of wave.

S CONCLUSION

The two methods of simulation and measurement for
the velocity of liquid metal in the electro-lysis cells pre-
sented here are valuable for evaluating of the cell. The va-
lidity of the three-dimension mathematical model and the
simulation technique has been confirmed in the present
work, which can be used for optimizing the design and op-
eration of cells.
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Downstream side 0.18 m/s
- — e S Y. T, S LY L) , -~ -t e ¥ pma g — -
Fem—TmIXY ) D omem=T Rl
A e, S e — n
el =y X | 2 2 ST
723NV | 14725538
— E - -
! J; coT TN 4 =~ 27T >\ )
yoy s/ - oM
DE o ro. ) TE
- S J v o)
| \ L Lo 2 BATR P
! YT s VNSNS DD/
DD mmr s VNN D2/
{ - — e ' NN N . :: :“:
i v =~ = =~ s N :': : ~— ;
p ow I o e m . S e B T
. - - - - o - . i ol — e e ” F)
Upstream side
Fig. 4 Predicted metal flow pattern on horizontal plane
g p p
Downstream
N i
-~ N\ ’, [
Y N 10 - T2
2 12
; 11 0 9 6 3 2 T
., ! 8 7 5 4 1 \
ts N BN
DE 4 X! =77 SITS s 13 JE
B ; \—‘
| 2 n 10 g 8 7 6 5 4 3 2 1 {14
I’f L .
N
& \h‘\ 3&‘\ ’t’; 2 ! A\
L ™ - ' N
Upstream side
Fig. 5 Measured metal velocity on horizontal plane
= £ £ £ £ E 3
Fig. 6 Predicted metal flow pattern on vertical plane in transverse direction



« 212+ Trans. Nonferrous Met. Soc. China Feb. 2003
Downstream side 15 N/m3
v \ ! / PR
RS T S S B B I A/
- ~— - ~ LY L [4 4 I'd r ”~ - -
tt— - — - - -, » " » - - - o - - —
-t . -— —— - - - » L] - ~ - - — g -
- - ~ / 4 | L | \ \ L [
I Y Y Y A | | 1 \ t NN e ™
T . - Y \ “

DE ’ﬁ-,.’/ﬁ,//i AN T8NNSR
e il A A | N TN TN
/-/' e Y Y A YN NN o
e i R A A | VL N NN NN
//' Il R S I N N

" T e ” f 4 LY NN - e e -.‘\
A B VNN A L m a N
Upstream side

Fig.7 Predicted horizontal electromagnetic force distribution

Fig. 8 Predicted metal/ bath interface shape
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