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Mathematical simulation of gas induced bath flow in
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Abstract: A mathematical model describing the bubble driven bath flow in a drained cell with a center sump was presented,

which spanned the fluid around half an anode and was developed to simulate the flow fields. The calculated results show reasonable

agreement with the experiment. Then the model was developed to a full cell model, and bath flow pattern in the whole cell was

predicted and analyzed. The flow pattern variation with the changes of the ACD, anode slope, anode immersion depth and current

density, especially the fluid secondary recirculation, was modeled. According to the results, side channel or slots feeding tech-

nique was recommended in such a drained cell.
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1 INTRODUCTION

In the past several decades, there has been consider-
able interests in gas induced bath flow in the currently
used HalFHeroult cells' ™. Physical modeling, generally
water model, is a means that researchers tended to apply,
with which, the high temperature and corrosive molten bath
and metal pad could be replaced by water and organic liq
uid at room temperature, and bubble behavior and liquid
flow pattern could be directly measured and observed.
Physical modeling is simple and cost saving as well'®'% .

Physical modeling is oriented to partial liquid flow in
a cell, the flow field features around a single anode can
be well represented. For better understanding of the fluid
flow phenomena in a whole cell, mathematical modeling
should be used.

In the past lots of work focused on the gas induced
flow fields. The mechanism for modeling two phase flow
was studied by Johansen in 1989''"!, using a Lagrangian
particle tracking algorithm incorporating an approximate
drag coefficient calculation for spherical bubbles. Fraser
et al''® applied this algorithm to the calculation of 2D H-
H cell bath circulation in 1990. Purdie et al' ™ calculated
the bath flow field in 3D using the computational fluid dy-
namics( CFD) package FLUENT in 1993. Nevertheless,
all these previous studies are limited to the currently used
H-H cells.

The bath flow field in a drained cell is different from
that of currently used H-H cells. From the previous
work! ! it can be seen that, in a currently used cell pre-

baked anode was, when an anode bottom is horizontal,
bubbles drag the bath to move disorderly in the interpolar
gap; after the anode has been used for a period of time,
the bottom edges were rounded, bubbles then would drive
the bath to move in all directions under the anode to the
slots and channels. While more than 90 pet of the bub-
bles under a drained cell anode moved along the length of
the slope, the majority of the bath in the interpolar gap
was driven to move from the bottom to the top of the
slope.

In the previous work!'*!, the flow pattern was stud-
ied through water modeling, secondary recirculations were
observed in the fluid. In this paper a mathematical model
based on Euleriar Lagrangian formulation, was set up to
simulate the water model. Then the model was improved
to predict the steady state fluid flow in three dimensions in
a drained cell which was retrofitted from a 160 kA H-H
cell. With such a model, it was possible to optimize the
flow fields through improving the design of the cell cavity,
and appropriate selection of parameters such as anode tilt,
anode immersion depth, slot and channel width, and even
the alumina feeding points as well. Initial characteristic
dimensions of a hypothetical drained cell are listed in

Tablel.

2  GOVERNING EQUATIONS FOR TWO PHASE
FLOW

The  EuleriamrLagrangian  formulation — conr
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Table 1 Characteristic dimensions of
hypothetical drained cell

Value

Parameter

9.45x4.1x0.52
1.45%0.66x 0. 54

Cell cavity dimensions/ m

Anode dimensions/ m

Width of sump/ mm 250
Depth of sump/ mm 150

ASD/ mm 475
Number of anodes 24

putes the two phases with different schemes, wherein the
liquidt phase equations are solved in a Eulerian frame of
reference, similar to a single-phase calculation, and the
bubble phase equations are solved with bubbles in a La-
grangian frame of Ref. [ 15].

2.1 Liquid phase equations

The equations governing the motion of the liquid
phase are the time averaged balances of mass and momen-
tum which can be expressed as follows.

Mass conservation

gz—jam - 0 (1)
Momentum conservation
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u; and u'; are the mean and fluctuating parts of

where
the velocity component in the direction x;, p the pres
sure, [} the liquid density, M. and F the effective and
turbulent viscosity of the liquid respectively, a; the liquid
G the Kro-
necker delta function, F; the momentum exchange be-
tween the gas and the liquid. The distribution of the tur
bulent viscosity is obtained from
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Cuis an empirical coefficient,

fraction, k the turbulence kinetic energy,

where € dissipation rate
of turbulence. The effective viscosity is represented as a

linear combination of the molecular M and eddy compo-

nents Y
Hg= KB+ B (3)
k and € are obtained by solving the following £ —€
equations.
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where Py, is the additional turbulent energy production
rate produced by shear work due to bubble rising. The

constants employed in calculations are listed in Table 2

Table 2 Constants used in model' ' *°!
[of] Cu C[ Cz O Og
0.9 0.09 1.44 1.92 1.0 1.3

2.2 Gas phase equations
The analysis of the motion of the gas bubbles was
conducted in a Lagrangian frame of reference. In it, the
change rate of velocity of a discrete bubble with respect to
time can be expre%%ed as
dV; 3
=1L _ _ i
iz © 4 pgdzCDRe(V U) +
8 ow 1. dV Ou;
0%y 20a~ Uag)*
a
(1- )& (8)
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where V; and U; are the instantaneous components of
bubble and liquid velocities in the direction x;, ¢ the
time, (} and (O, the density of bath and gas, d}, the diam-
eter of a sphere of equal volume of a bubble, Cp the drag
coefficient which is experimentally determined, g; the ac-
celeration due to gravity, Re the relative Reynolds number

which can be calculated as

lv- vl
e Qaulv= 0l (5

2. 3 Momentum interaction between bubble and
bath
The momentum interaction terms ( source terms) F;
in the liquid motion governing equations are calculated by
summing the momentum exchanged by each bubble within
the system passing through a palticular control volume.

NAVMZJ. i d2€D Re(Vi— U;)dt
(10)

where ¢ is the volumetric flow rate of the gas, N is the
total number of bubbles calculated, AV the control vol-
ume, n the number of bubbles visit that control volume,
tr the bubbles residence time.

3 BOUNDARY CONDITIONS

The computational domain spanned half of an anode,
the meshed model was shown in Fig. 1. The cathode
sloped surface, top of the metal surface, and the side and
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end wall were modeled as flat wall, using logarithmic wall
functions for velocity. When a bubble encountered the
upper surface of the bath, it escaped from the surface as
the same in reality, so the momentum interaction calcula-
tion was terminated for this bubble. Bubbles were as
sumed to be nonspherical and with a shape factor of 0. 9.
Bubbles were set randomly at the bottom of the anode ini-

tially.

Fig. 1 Meshed half anode model

The model calculations were carried out on the comr
mercial CFD package CFX4. 3, using the standard & —€
model and the equations were solved with SIMPLE algo-
rithm.

4 RESULTS AND ANALYSIS

Compare the flow pattern calculated with that of
measured in the previous work of physical modeling, rea
sonable agreement was found between them. The fluid
secondary recirculation existed in the interpolar gap and
also formed between the slot and interpolar gap. The main
flow in the slot went to the center channel on the right,
part of the flow at the bottom of the slot entered the inter-
polar gap directly. Great turbulence was found in the side
channel and slot.

Fluid velocities were calculated and the velocities at
the points which were in accord with the two points where
the measurements were conducted in the physical model-
ing were obtained. Then average value of the two velocity
was calculated. The average velocities calculated under
different slopes with the results measured in physical mod-
eling are shown in Fig. 2. Compared the results with that
of the measured, maximum difference was 1. 3 cm/s,
about 5%, so the two were still in good agreement with
each other.

The subject of similarity between a water model and
its prototype has been investigated several times, the most
important features of the model cell and industrial cell

.. 5,9, 10, 14
were similar to each other!> % 10 141

Fig. 2 Effect of anode titles on fluid velocity

Based on the water model, the fluid properties were
changed to simulate the bath flow in a 160 kA drained
cell. According to the result it can be seen that the flow
pattern of the bath was just like that of the water that
modeled by physical modeling and mathematical simula-
tion. Second recirculations of the bath were evident in the
ACD and between the ACD and slot. The majority of the
bath dragged by the bubbles run to the side channel, then
went to the slot, through the slot to the center channel; a
small part of the bath went to the slot directly with the
bubbles escaped from the ACD to the slot as shown in
Fig. 3. Flow from the side channel( left side) formed the
upper flow in the slot, which went to the center channel,
and the flow emerged from the ACD at the upper half of
the anode distance and went to the slot, there met the up-
per flow and turned backwardly, formed the lower flow in
the slot, which did not go to the center and returned to
the ACD insteadly at the lower half of the anode distance.
Great turbulence was caused in the slot, ACD and side
channel by bubbles discharging, which is shown in Figs.
476, the contours of the turbulent kinetic energy, dissi-
pation rate and turbulent intensity.

Further calculations were carried out to pre
dict the effects of different modeling factors on the

l.‘ - ' L

Fig. 3 Flow pattern in slot
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Fig. 4 Contours of turbulent kinetic energy ( k)

i
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Fig.5 Concours of turbulent
dissipation rate ( Epsilon)

Fig. 6 Contours of turbulence intensity

flow pattern, especially the fluid secondary recirculation.

4.1 Influence of ACD

When the ACD was reduced from 2.5 to 1 cm, al-
most no fluid secondary recirculation was observed, which
was in good agreement with the results observed in the
water modeling. The net rising flow under the anode start-
ed from the bottom of the slope to the top. However, an
intensified fluid secondary recirculation was formed be-
tween the slot and interpolar gap, part of the rising flow in

the gap mixed with the flow from the side channel at the
edge of the upper end of the slope going to the slot, with-
out entering the side channel; almost all of flow in the
slots mixed with the flow from the center channel at mid-
dle part of the slot and turned down to the interpolar gap
and never went to the center channel. Increased the ACD
from 2.5 to 4 em, fluid secondary recirculation in every
interpolar gap was intensified, not only the speed, but al-
so the layer thickness. Secondary recirculations under the
anodes at or near the middle part of the cell extended all
the way through the length of the anode bottom to the cen-
ter channel, then with the flow from the slots and end
channel back to the interpolar gap again, as to the fluid
under the anodes near the end channel, the secondary re-
circulations were still very weak. The flow in the slots was
also intensified, almost all of the flow there went to the
center channel with greater turbulence than that of the ini-
tially calculated when ACD was 2.5 em. The fluid prop-
erties changing with the variation of the ACD are listed in
Table 3.

4.2 Influence of slope

Increased the degree of the anode bottom slope from
#to 8 and 15°, the fluid secondary recirculation in the
interpolar gap was weakened. When the slope is 8, the
secondary recirculation in the interpolar gap shrank to the
position a little bit lower to the mid-length of the anode,
and there encounters the rising flows from the center
channel and slots, mixes with them, then turns upward
and goes back to the side channel along the anode bot-
tom. Very weak secondary recirculations were observed
under anodes when the slope is increased to 15°, which
extends only a short distance( about one forth of the anode
length) , then mixes with part of the rising flow and goes
to the slots. The velocity of the flow increased with the
degree of the slope, and so does the turbulence which are

listed in Table 4.

4.3 Influence of anode immersion depth

The change of the anode immersion depth had great
influences on the flow pattern under the anodes as well.
When increased the anode immersion depth to 12 em( re-
fer to the upper edge at the bottom of anode), the fluid
secondary recirculation withdrew to the mid-length of the
anode; when increased to 15 em, the secondary recircula
tion was pulled back close to the upper edge of the slope,
about one fifth of the anode length. As the anode immer
sion depth increased, the turbulence in the side channel
and slots decreased, while the amount of flow in the slot
directly to the interpolar gap increased, the fluid proper
ties changing with the variation of the anode immersion
depth are listed in Table 5. When the anode immersion
depth was increased to 12 em, the turbulence in the fluid
increased, however, as it increased to 15 cm, the turbu-
lence decreased. It seemed that there was a
peak of turbulence between 10 and 15 em. Further
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Table 3 Fluid properties variation with ACD

Maximum velocity/ Maximum turbulent

Maximum turbulent . . .
Maximum turbulent intensity/

ACD/ em —— kinetig:. e{l(%zrgy/ dissip%t.ior} 3mte/ %
(m*s™?) (m*s™ )
1.0 0.289 2.24x 1072 1.68 12.2
2.5 0.344 1.20x 10" 2 2.58x 107! 8. 86
4.0 0.358 1.10x 1072 8.06% 10" ? 8.49
Table 4 Fluid properties variation with slope
Slope angle/ Maximum velocity/ Mgty b lort Maxunum torhulert Maximum turbulent intensity/
o -9 kinetic energy/ dissipation rate/
) (m*s™ ") (m?*s™?) (m?s™?) P
4 0.344 1.20x 10" 2 2.58x 107! 8. 86
8 0. 369 3.74% 107 6.84x 10" 15.7
15 0.410 4.00% 10" 2 7.46x 107! 16.3

Table 5 Fluid properties variation with anode immersion depth

Immersion depth/ Maximum velocity/

Maximum turbulent
kinetic energy/

Maximum turbulent

T Maximum turbulent
dissipation rate/

cm (m*s” l) (mz' -2 (mz' - 3) intensity/ %
10 0.344 1.20x 10”2 2.58x 107! 8. 86
12 0.335 1.37x 107 2 1.73x 10" ! 9.73
15 0. 350 1.11x 1072 2.01x 107! 8.54

study would focus on this phenomenon. In addition, it
could be seen that the anode immersion depth had little

influence on the fluid flow velocities.

4.4 Influence of current density

According to the results calculated, the influence of
the current density on the bath flow pattern was not as
large as that of the ACD, degree of slope and anode im-
mersion depth, however, the maximum velocity in the in-
terpolar gap increased with the increase of it.

Other factors such as the dimensions of the slot,
ASD ( anode-side wall distance) and dimensions of the
center channel also have impacts on the flow pattern in

the cell, which were not presented here.
5 CONCLUSIONS

The combined Eulerian-Lagrangian formulation of
gas-liquid- phase momentum is suitable for the calculation
of gas driven bath flow in a drained style aluminum reduc
tion cell. Bath flow pattern, especially the secondary re-
circulation of the bath flow in the interpolar gap was pre-
dicted and observed. Good agreement was found between

the results calculated and measured in the previous work.

According to the results calculated, it can be seen
that the fluid secondary recirculations in the interpolar gap
and slot were nearly unavoidable. Not only small vortices
exist in the interpolar gap, but big fluid recirculation
forms between the slot and interpolar gap, part of the flu-
id in the slots go to the interpolar gap directly without go-
ing to the center channel, and on the other hand, part of
the fluid in the interpolar gap enter the slots with the bub-
bles escaped there without going to the side channel. This
may be quite unfavorable for the alumina dissolution and
transfer, especially if the currently used center feeding
technique is applied on a drained cell, since large amount
of exhausted bath would not reach the center channel,
therefore, could not be refreshed with alumina.

The flow in the center channel is dominated by the
downward flow, and if the alumina is fed there, the alu-
mina particles would be held down by the flow and deposit
to the cell bottom easily.

As the bath flow turbulence is responsible for mixing
of the liquid phase and dispersion of the alumina parti-
cles, the turbulence caused by the bubbles discharging in
the side channel and slots would be quite helpful for the
alumina mixing. It would be reasonable to install the alu-

mina feeders at either position. The center feeding tech-
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nique that applies on most of the currently used large
scale prebaked cells may be no longer suitable.

The fluid secondary recirculation in the interpolar
gap moves in the same direction as that of the aluminum
drainage. Big drag force would be imposed on the alu-
minum droplet which is deposited on the cathode surface
during the electrolysis, and greatly contributes to its
drainage process, however, the bubbles dispersed in the
bath flow would react with the aluminum and lower the

current efficiency.
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