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Abstract

Air-water models, as a substitute for CO,-cryolite systems, have
been widely applied to study the complex bubble driven liquid
flow that occurs in the aluminium electrolysis process. The
argument for using the air-water system is that the kinematic
viscosity of water is very similar to that of cryolite (1.005x10°
m2s?t for water at 20°C and 1.43x10°® m2s? for cryolite at
960°C). Thus, similar liquid flow dynamics will result as long as
the same volume of gas is used. A recent study [1] showed that
for a fixed bubble size, the CO, bubble in cryolite leads to a
larger bubble sliding velocity under the anode and a smaller
bubble thickness than the air bubble in water.

In this paper, the effect of property differences between the two
systems was investigated in detail. The study is based on a
computational fluid dynamics (CFD) model with the volume-of-
fluid (VOF) method to predict the bubble shapes. It was found
that the contact angle is a dominant factor affecting the bubble
dynamics between the two systems. The findings will help to
select substitutive systems to better understand complex flow
dynamics in aluminium electrolytic cells.

Introduction

In Hall-Héroult cells, a direct current flows from carbon anodes
and passes through the electrolyte-metal layers into the carbon
cathode. The aluminium liquid is electrically produced from
alumina on the surface of cathode, and pumped out regularly in
1-2 days. The carbon anode is consumed at a rate of about 1.5 cm
per day, which produces of a gas emission about 0.002 m*s*-m
[2]. The anodic bubbles glide under the anode, and release from
the anode. Obviously, the cell resistance [3,4,5,6], current
distribution [2,5], alumina mixing [7], bath circulation and heat
exchange [8,9,10,11] are influenced by the presence and motion
of gas bubbles. A better knowledge of gas bubble dynamics is
essential to increase the fundamental understandings of
aluminium electrolytic process.

However, it is hard to investigate the bubble behaviour directly
due to the high temperature and corrosive environment in
commercial cells. As a substitute for CO,-cryolite system, air-
water models [1,3,4,6,12,13,16,17,18,19,20,21,22] have been
widely applied to study the complex bubble driven liquid flow
with the advantage of easier operation and measurement. In air-
water models, compressed air is forced through porous material
“anodes” to simulate the gas generation, while water or other
aqueous solutions (adding some organic solvent to change

surface tension [9,14,15]) are used as electrolyte. A detailed
application of air-water models in recent decades has been
reviewed in our previous works [1].

The standpoint for using the air-water system is that the
kinematic viscosity of water is very similar to that of cryolite, as
shown in Table 1.

Properties COat Cryolite Air Water
P 960°C | at960°C | at25°Cc | at2s°C
Density
(gl 0.4 2100 1.225 998.2
Dynamic VISCosity| 37,105 | 30x10% | 1.789x10° | 1.003x10°
(kg/m-s)
Kinematic 5 40,105 | 1.43x10° | 1.46x10° | 1.005x10°
viscosity (m?/s)

Surface tension

(N/m) 0.132 0.072
Contact angle 120 60
(degree)

Table 1. Physical properties of the CO,-cryolite and Air-water systems

With the similar Kkinematic viscosity, similar liquid flow
dynamics will be resulted as long as the same volume of gas is
used. However, the other gas and liquid properties, such as
surface tension, contact angle and gas and liquid density, are
quite different in the substitutive systems and the real CO,-
cryolite system. In fact, there is good evidence that the bubble
shape and motion are strongly influenced by the liquid properties
[24]. The question arises as to the similarity and difference
between results from the two systems.

In our previous work [1], a comparison for some fixed size
bubbles between the two systems was discussed based on a
computational fluid dynamics (CFD) model with the volume-of-
fluid (VOF) method. The results demonstrate that a larger bubble
sliding velocity and a smaller bubble thickness were obtained in
the CO,-cryolite system compared to the air-water system. The
bubble morphology was quite different in the two systems as
well.

This paper presents additional comparison of the two systems
using the CFD-VOF model to further investigate relationship
between properties and bubble dynamics. The CFD-VOF model
is based on similar simulation conditions to those of the previous
studies [1]. The mesh adaption technology is optimized from
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level 4 to level 3 for saving computing time and resource in this
work.

Dimensionless Analysis and Model Description

Dimensionless Analysis

For a bubble moving in surrounding liquid, it is possible to
identify three important dimensionless numbers to describe its
behaviour. These numbers are listed as following:

Reynolds number: pa _ pu
7]

Eotvos number: o _ A09d°
O

. 4
Morton number: ;0 _ Ang,u3
po

where, p, u and o are the liquid density, viscosity and surface
tension respectively; v and d are the bubble velocity and
equivalent diameter; the term Ap is the density difference
between the liquid and gas bubbles; g is the gravitational
acceleration.

In such a case, the function of bubble morphology and motion
can be expressed as an equation:

Fouee = f (Mo, E0, Re, 6,X) )

where, 6 is the gas-liquid contact angle on the anode surface, X
stands for all other factors, such as surface heterogeneity, surface
roughness and anode inclination.

Introducing another two dimensionless numbers (yye = pv’d
o
and g, _ pv° ) into equation (1) based on the forms of
Apgd
Eo :% and o = we? , the above equation (1) could be

Fr ~ FrxRe*
described as:

Fouwbie = F (Re,We, Fr, 6, X) 2

In equation (2), the three dimensionless numbers also could be
identified by the ratio of bubble controlled forces. The following
equations give the details of each number here.

Reynolds number: o _ 19, _INertial Force
Viscosity Force

5 Inertial Force

Weber Number: e = 2
3 Surface Tension Force

Froude Number: 4Xw
Buoyancy Force

where the inertial force is expressed as%xpu

force is defined as3xzx uud ; the surface tension force is
presented by zxod ; the buoyancy force is described as

24 2; the viscosity

T

ZxApgd?®

6 Yo

For the fixed bubble, Re number describes the viscosity effect in
two systems; the We number expresses the surface tension effect;
the Fr number refers the density difference of liquid and gas in
two systems.

Re_pud _ vd
uo ulp
2 2

We = £V d _v d
o o/p

It is surprising to notice that the controlling item (u/p and o/p)
of the two dimensionless numbers are very close in values (u/p
is 1.43x10°® for cryolite at 960 °C and 1.005x10°® for water at
25 °C; o/p is 6.29x10°° for cryolite at 960 °C and 7.21x10° for
water at 25 °C). This indicates the effect of the viscosity and
surface tension difference play little role on bubble dynamics
difference.

In order to investigate the effect of density difference and contact
angle difference, a case table was made for modelling, as shown
in Table 2.

Contact angle R .
System 60 120
Air-water Case 1 Case 2
CO,-cryolite Case 3 —

Table 2. Simulation cases with different setting

The effect of surface heterogeneity, surface roughness and anode
inclination (item X in equation 2) was not discussed here, as all
these parameters were set the same in all cases.

The contact angle of CO, bubble on carbon anode in electrolyte
is about 60°, and that is 120° for air bubble on plexiglass in
water. In addition to the real air-water system (case 2) and CO,-
cryolite system (case 3), an assumptive air-water case with
contact angle 60 setting (case 1) was established.

The resultant comparison of case 1 and case 2 (same system,
different contact angle) is to investigate the effect of contact
angle, while the comparison of case 1 and case 3 (different
system, same contact angle) is to focus on the effect of density
difference.

Model Description

The CFD-VOF model was well described in previous work [1].
Here, only a brief description is provided. The inlet boundary is 5
mm length with an inlet velocity of 0.25 m/s for a fixed injection
time of 0.32 s. The equivalent diameter of the bubble is 22.6 mm
after gas injection in three cases. The only difference with the
previous model is the mesh adaption scheme, decreased from
level 4 to level 3 to save computing resources and time. Figure 1
shows the sliding velocity and morphologies in different mesh-
adaption cases. Little difference is found between the two cases.

—~

wn

=

£ 4

=

£02 r

(8]

L

>

© 0.1 |

g CO2-Cryolite(contact angle 60, mesh adaption refine level 3)|

5 CO2-Cryolite(contact angle 60, meshadaption refine level 4)
0 L L L L L

0 0.5 1 15 2 2.5 3
Time(s)

Figure 1. The sliding velocity and morphology of gas bubble for different
mesh-adaption cases



Results and Discussion

The bubble behaviour can be divided into three stages: bubble
growth at the nucleation site, bubble sliding alone the anode
bottom and bubble rising in the side channel. The effect of
properties on bubble dynamics is analysed for each of the three
stages here.

Bubble Growth

The three cases with different settings were simulated by the
commercial software ANSYS-Fluent with the VOF model. In this
study, gas is injected into the liquid to simulate gas generation.
The growth morphologies of bubbles at different times (0.005s,
0.01s, 0.02s, 0.03s, 0.04s, 0.06s, 0.1s) are plotted in Figure 2.
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Figure 2. Bubble growth morphologies for different cases (a), case 1
Air-water (contact angle 60°) (b), case 2 Air-water (contact angle 120°)
(c), case 3 CO,-cryolite (contact angle 60°)

Initially, a single bubble grows at the nucleation point due to the
gas injection. A change of half-ellipsoidal to half-spherical shape
on bubbles occurs following continued gas injection. When the
bubble diameter grows to a certain value (the maximum
thickness), the bubble is squeezed to a flat shape by buoyancy,
forming a ‘pancake’ shape. Then, the bubble expands along the
surface rapidly. In such a process, the bubble maintains
symmetry about the inlet axis, which means the small inclination
angle of anode (1.5°) has little influence on bubble formation in
this stage.

It also can be seen that the bubble shape in case 1 and case 3 is
surprisingly similar, both of them quite different with that in case
2. The bubbles attach more closely to the anode bottom in case
1 and 3 due to the lack of wettability of liquid on the anode
surface. Comparison of case 1 and case 3 implies the effect of
density difference of gas and liquid on bubble dynamics is very
small.

Since the bubbles are irregular and complex in shape, the mean
bubble thickness would provide more information of the bubble
growth characteristic.
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Figure 3. Bubble layer thickness growth curve

Figure 3 shows the functions of bubble thickness with time for all
simulation cases in air-water system and CO,-cryolite system.
For all cases, the bubble thickness grows rapidly at first,

increases slowly after a period of time and finally reaches a
maximum value (hya). Then, a slight decrease of bubble depth
occurs in three cases (hyy), the bubble layer maintaining a stable
level after that.

According to Hartland [22], the formulas for the maximum and
limiting thickness of a stationary bubble under a downward
surface were given:

e

P = (019 (7~ 0)" +1203(7~0) ~0083) < | o ] ®)
h|im:me\/I (4)
(p=Py)9

where ¢ is the contact angle.

Zhang [1] calculated the maximum and limiting heights of CO,
bubbles in molten cryolite to be 2.8 mm and 2.5 mm, and that of
air bubbles in water to be 4.9 mm and 4.7 mm. These results are
agreed with our simulation. With the same equations, Vekony
[20] calculated the maximum and limiting heights of 4.19 mm
and 3.95 mm in molten cryolite and 4.44 mm and 4.18mm in

water. As the term V-9 on the right hand side of equation (3)
and (4) gives a similar value for the two systems, the difference
of CO, bubble thickness (about 1.4 mm) in their studies resulted
from the only difference - the contact angle.

Figure 2 and Figure 3 show the difference in bubble growth is
dominated by the contact angle obviously.

Bubble slidin

The large bubbles travel along the inclined anode surface,
coalescing with any small bubbles they encounter [13,19]. The
motion of bubbles plays an important role in driving electrolyte
flow. In this section, the bubbles are qualified by their
morphology and velocity to investigate the dominant factor in
bubble difference.

In Figure 4, bubble morphologies for the same case at different
times show a high degree of similarity. The bubbles present a
bigger thickness and a smaller length in cases 2 than that in case
1 and case 3 for the same size bubbles. The contact angle
dominates the bubble difference just as it does in bubble growth
stage.

(c)
Figure 4. Bubbles sliding underneath the anode in different times  (a),
case 1 Air-water (contact angle 60°) (b), case 2 Air-water (contact angle
120°) (c), case 3 CO,-cryolite (contact angle 60°)
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Figure 5. Bubble sliding velocity as function of time (a), case 1 Air-

water (contact angle 60°) (b), case 2 Air-water (contact angle 120°)
(c), case 3 CO,-cryolite (contact angle 60°)



Figure 5 shows the bubble sliding velocity along the anode
bottom in three cases. As gas injection stops, the bubble starts to
slide along the inclination anode under the combined effects of
skin friction and buoyancy. After reaching to the peak velocity,
the velocity drops to the smaller value, and then increases for
next fluctuation. The velocity curve in case 1 is very consistent
with that in case 3. But there is a significant decrease in the
velocity in case 2.

The mean velocity and terminal velocity of bubbles is shown in
Table 3. The similar velocities in case 1 and 3 indicates the effect
of density difference plays little role in bubble motion difference.
While the velocity in case 2 is slightly lower than that in the case
2 that implies that the dominate factor in bubble sliding process is
the contact angle.

Contact 60° 120°
angle
System

Mean Terminal Mean Terminal
Velocity | Velocity | Velocity | Velocity

Air-water [ 0.199m/s | 0.203m/s | 0.155m/s | 0.173m/s
COy-cryolite |0.202m/s|0.210m/s | —— —_—

Table 3. Bubble mean and terminal velocity in different cases

The velocity difference is due to the bubble shape difference:
with a smaller thickness and a sharper head, the sliding bubble
receives a smaller friction on the gas-liquid interface.
Consequently, the resistance around the bubble is smaller in case
1 than that in case 2.

Figure 4 and Figure 5 illustrate the contact angle plays a more
important role than density difference in bubble sliding stage.

Bubble rising

As bubbles release from anode edge, the bubbles rise in the side
channel until escaping from the liquid. The release of bubbles is
not only a main driver for the circulation of electrolyte, it can
also introduces some fluctuations at the metal-bath interface.

Figure 6 shows the bubble morphologies in the side channel at
three different times for each case. It can be seen the bubbles
break into smaller ones while rising. The small bubbles closely
follow their parental bubbles for some time. Similar bubble
morphology is shown in case 1 and case 3, in which the bubbles
climb along the side wall all the way. Conversely, the bubble in
case 2 climbs along the side wall at the beginning, and detaches
away from the side wall later. Some gas is trapped at the edge.
The trapped gas in case 1 and case 3 is obviously more than that
in case 2. On the other hand, the rising bubble in case 2 is bigger.

The mean velocities of bubbles in three different cases also are

shown in Figure 6. The velocity in case 1 is close to that in case 3.

Both of them are larger than the velocity in case 2. From the
comparison of case 1 and case 2, the effect of contact angle can
be seen: the bubble morphologies are quite different between two
cases, and the bubble velocity is smaller in case 2 as well. The
morphology difference is responsible for the velocity difference.

With the same contact angle, the bubble velocity in the CO,-
cryolite system is a slightly larger than that in air-water system
(comparison of case 1 and case 3). This may due to subtle
difference in bubble shape resulting from different kinematic
viscosity or relative density.

The comparison shows the contact angle plays a dominant role in
determining the difference in bubble rising stage.

3.25s 3.45s
Rising Velocity: 0.261m/s

@)
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Rising Velocity: 0.205m/s
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Figure 6. Bubbles rising in the side channel (a), case 1 Air-water
(contact angle 60°) (b), case 2 Air-water (contact angle 120°) (c), case
3 CO,-cryolite (contact angle 60°)

Conclusions

This work investigates the effect of the property difference on the
bubble dynamics differences between the CO,-cryolite and Air-
water systems.

From the dimensionless analysis, the Re number and We number
are quite similar in two systems that indicates the effect of
viscosity and surface tension would be very small. The other
properties (density difference and contact angle) were studied
using an advanced VOF-CFD model with mesh adaption
technology.



This work solved the problems presented in previous paper [1].
The larger sliding velocity and smaller thickness of CO, bubbles
in cryolite compared with air bubbles in water is due to the
difference in the contact angle. With lower contact angle, the
bubble has a smaller thickness and a sharper head. In such a case,
a higher sliding velocity is resulted due to the smaller resistance
in the surrounding liquid.

The contact angle also plays a dominant role in bubble rising. In
the same air-water system, the bubble climbs along the anode
side wall in case 1, while the bubbles detach from the side wall
after a period of time and rise freely in liquid in case 2. The rising
velocity is smaller in case 2 as well, which is due to the
morphology difference.

This work has identified the dominant factors affecting the
difference in bubble dynamics between the two systems. The
findings will be helpful in selecting the substitutive systems (for
example, changing the contact angle of the air-water system),
which would provide a better understanding of the complex flow
dynamics in aluminium electrolytic cells.
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