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Abstract

Alteration in cell voltage of industrial cells after each feeding of fresh alumina is initially small and accelerates to
become extremely fast immediately prior to the incipience of the anode effect. Estimates of the components of the
cell voltage on the basis of a mathematical model particularly taking account of the action of the gaseous phase
underneath the anode are compared with experimental data from industrial cells. The fundamental agreement (in
spite of inevitable model insufficiencies) supports the view that the anode effect is induced as the actual anodic
current density approaches the limiting one.
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1. Introduction

It is known that the incipience of the anode effect in
aluminium electrolysis is preceded by an initially very
slow increase in the cell voltage, which gradually
accelerates until the voltage increases extremely rapidly
immediately prior to the anode effect. The final increase
in the voltage by some volts within a few milliseconds is
considered as the incipience of the anode effect. This
behaviour has been reported repeatedly [1, 2]. Data
obtained in industrial cells have been published by
Taylor et al. [3], Thonstad et al. [4] and by Meyer and
Earley [5], Figure 1. A corresponding very rapid de-
crease of current in potentiostatic experiments was
observed in aqueous solution [6].

The mechanism inducing the anode effect continues to
be a controversial subject, although numerous workers
have attempted to elucidate it within the past one and a
half centuries after the first description of the effect [1].
New interest has been focused on the anode effect when
the environmental problems linked with the emission of
the perfluorocarbon gases CF4 and C,F¢ prior to, and
mainly during, the occurrence of the anode effect were
recognized. These are powerful greenhouse gases with
extremely long lifetimes. To decide on the controlling
mechanism of the anode effect, mathematical models
have been found to be suitable tools [8—11]. Their
quantitative evaluation gave rise to the conclusion that
the anode effect is induced by the combined action of
wettability and fluid dynamics of bubble release when
the limiting current density is attained in continuous cell
operation. The explanation combines findings and
conclusions with respect to the effect of wetting [12,
13] and those on gas release with the finding by
Thonstad [14] of the impact of the limiting current
density. The action of hydrodynamics on the tendency
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Fig. 1. Cell voltage prior to the onset of anode effect in industrial cells.
Key: () Taylor et al. [3], (A) Meyer and Earley [5], (®) Thonstad
et al. [4], (%, ¥) own measurements. Broken line is calculated.

of forming sparks was studied in a very different field,
namely in electrochemical machining, by Cougar and
coworkers [15].

The object of the present paper is a quantitative
analysis of the drastic increase in cell voltage as
observed in industrial cells [3, 4] by means of a
mathematical model. The steady decrease in alumina
concentration in combined action with the resulting
deterioration of wettability and in turn the decrease in
current passing the anode surface facing downwards will
be taken into account to improve the model. A
comparison with experimental results obtained on
industrial cells is expected to deliver information on
the mechanism of the anode effect.

2. Variation of alumina concentration with time

From the depletion of oxygen-containing ions, ex-
pressed as that of alumina (subscript A), according to
Faraday’s law

dNA _ ]SA
dt — (n/vA)F (m)

and with the assumption of uniform alumina bulk
concentration ca. in the melt of a total volume
being larger than the interelectrode volume YA by a
factor K;, the variation in the alumina concentration
follows as

dCAoo _ ]SA (2)
dt — (n/va)FK YA

Although it is known that there are slight concentration
gradients in industrial cells, estimates show that mixing
is sufficiently rapid to ensure nearly uniform concentra-
tion in the melt some time after adding fresh alumina.
Substituting the concentration by the mass fraction (or
mass content) of alumina w in the liquid bulk,

CAvo = W E 3)

gives the time prior to the onset of the anode effect
provided no further alumina is fed,

(l’l/l)A)FKl Y/’L

te—t=-—r——Tly

([/A)SAMA _Wc) (4)

where 7. denotes the point of time when reaching the
critical alumina content w,.

3. Bubble coverage

Gas bubbles in contact with the electrode affect the true
current density and act on the cell voltage, particularly
through the ohmic resistance and the anodic over-



potential. It is generally understood that hampered gas
release from electrodes facing downwards, results in the
formation of large bubbles through coalescence [16-18].
Immediately behind these macrobubbles, the anode
surface is free of bubbles and fully active. Very soon it
becomes covered by small bubbles, growing at active
nucleation sites at the anode surface, until they are
engulfed by the subsequent macrobubble. Therefore, it
has been shown to be appropriate to distinguish between
macrobubbles covering an area A* and forming a
fractional bubble coverage [10]
J— A*

0" = (5)

and a corresponding bubble coverage pertinent to small
bubbles,

- A**
0 = TR (6)

The total fractional bubble coverage is, hence,

© =1 (1-09(1-0) (7)

4. Components of the cell voltage

Some of the components forming the cell voltage are
independent of the alumina concentration. The cathodic
overpotential is about n, ~ 0.05 V [19], and the ohmic
drop in the electrodes may be set approximately at
0.35 V in the cathode and at 0.25 V in the anode for an
industrial cell with prebaked anodes and a nominal
current density of I/A=7500 A m~? (including the in-
tercell bus bars). All other fractions of the cell voltage
depend on the alumina concentration and vary more or
less during operation, particularly near the onset of the
anode effect.

4.1. Reversible potential

The equilibrium potential of the reaction

AlLOs3 + %C — 2Al+ %COZ

is calculated from

3/2

RT. dia

E = |Ey— —=In—"—92 (8)
oF aaL0;4¢

where Eg = —1.186 V at 970 °C. Al, CO, and C are in
their standard states (i.e. @ = 1). The activity of Al,O3
can be calculated from

anLo, = 21.8wH — L1w (9)

Equation 9 correlates data by Dewing and Thonstad [20]
and is applicable up to alumina saturation.
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4.2. Charge transfer overpotential

The anodic charge transfer overpotential under consid-
eration of diffusion of reactant A according to the
concentration-corrected Butler—Volmer equation for
J> jois

RT.  (j/jo)

A oF (1 —-L) (10)

Jiim

It is advisable to divide the anode area into two regions
taking into account that the initially plane underside of
the anode is rounded off. Calculations by Zoric et al.
[21] have shown that it assumes a definite form after
only a few days of operation, whereas the central area
remains essentially plane. Gas release in the side area is
facilitated, and any effect of gas may be considered
negligible there. On the central area, large bubbles
formed by coalescence control the current distribution
and ohmic voltage drop. If the fraction of the initial area
lost by rounding off is f5 and if the fraction of the total
current passing through the marginal area fo4 and the
anode side walls is f1, then the actual current density of
the central area is

N (| (1-f)
TTAT /(1 -0) 41— fa)(1-0)(1-06")

(11)

Zoric et al. [21] found that the value fo depends on the

gap to neighbouring anodes and to frozen ledge. The

fraction f; in smooth operation is about 8§ to 20% [21].

From mass transfer of reactant A,
I(1-11)

W - kAA(l _fA)(l - ®*)(CAoo - CAW)

follows the limiting current density for cay — 0.

(12)

P ]lim(l _fI) _
=T = (-0 (1 -07)

(n/va)Fkacas
1 _ ®**

(13)

From various experimental investigations [19], a Tafel
line

A _ _J J
g =05+ 025 le s = 0108 In (14)

Jo

may be derived, corresponding to an exchange current
density jo = 100 A m™2. The charge transfer overpoten-
tial, Equation 10, results in

I/A

(1=0%)(1-/a) _
1=/i

Ny =0.108V In

(I/4)Ma
(n/l)A)FkAWpL

(15)

Jo(1-07)

The macrobubble coverage ® has been shown [8] to be
controlled by wettability and fluid dynamics, whereas
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the coverage due to small bubbles, ®*, is strongly
dependent on the actual current density, that is, the
current density on the area not covered (or shielded) by
large bubbles. The action of the alumina bulk concen-
tration is then twofold: It affects wettability and, in
combined action with fluid dynamics, it affects the
bubble coverage and thus the actual current density, and
it directly controls the limiting current density.

4.2.1. Mass transfer coefficient

In industrial cells, where the anode effect has been
shown to occur at large values of the bubble coverage
®* [9], the resulting current density on the active area
A(1 — ®") (not covered by macrobubbles) is large
enough to render microconvection induced by small
bubbles the controlling mass transfer mechanism [9].
The mass transfer coefficient may be estimated from [22,
23]

_ [(1 _ﬁ)erG #x0). *x10.5 03
b= e e
(16)

with the abbreviation

DART

(/) Fd (17)

0.5
C = 1.89[ ] Sc0013

where fg denotes the gas evolution efficiency, i.e. the
fraction of the total amount of electrochemically gen-
erated substance (CO, + CO) evolved as gas in the
form of bubbles grown at the electrode surface [24]. At
large values of the current density, more strictly at
values ® — 1, the gas evolution efficiency fg approaches
unity [25]. Evaluation of experimental data [26] and
recent theoretical investigations [27] have shown that
fG = 1 is a reasonable value for all values of @ > 0.2,
which applies to aluminium electrolysis.

4.2.2. Fractional coverage due to small bubbles
The fractional coverage due to small bubbles depends
on the current density and may be expressed in
modification of a previous relationship [26] by

o~ [ai] (%)
with (7/A)max = 300 kKA m~2 derived from experimental
data [28]. The empirical equation (18) applies to
electrodes facing upwards with stagnant aqueous elec-
trolytes. Flowing electrolytes lower the bubble coverage
substantially [29-31]. This effect will here tentatively be
taken into account by a factor 0.5. Adaptation to
anodes in alumina reduction cells gives

1/4 , 1- £ 0.3
U/ A) . » (1= fa)(1 — ©7)

0" =0.5 (19)

The numerical evaluation below will show that the effect
of the uncertain factor on the result is small, and the
induced inaccuracy is irrelevant.

4.2.3. Fractional coverage due to large bubbles

From a mass balance of gas evolved at the anode surface
facing downwards and gas released to the edge of anode,
it follows that [8]

I eg(l-fi)RT 4 ©
A(1 = fa)(n/vg)FpoHL ~ fg

(20)

The bubble velocity depends on the bubble height H,
and it may simply be taken into account by a linear
relationship [9],

v H
= 21
Hmax ( )

Umax

The bubble height of large gas bubbles varies with the
contact angle ¢/, which depends on the alumina concen-
tration and may be estimated from [§]

222\
H:b\/1+cos19:b(l+coslokw) (22)
with the Laplace parameter
p=— 2 (23)
(pL — PG)g

where K ~ 2 is at present a tentative value derived from
diverging experimental results [9]. A maximum velocity
Umax May be attributed to the maximum bubble height at
¥ = 0. With fg = 1, Equation 20 takes the form

-/

O =Ky —ss 24
T+ cos 22 (24)
with the abbreviation
1 26pRTA/L
K=l V2RTA/ (25)
A (1 _fA)(n/DB)FpK3bUmax

4.3. Diffusion overpotential of dissolved gas

Since the melt adjacent to the anode is supersaturated
with dissolved gas, the activity of the product CO,
(subscript B) deviates from the standard state. Such
supersaturation may attain large values at gas-evolving
electrodes [32, 33]. The diffusion overpotential is

RT In (CBW> v

"B =7—7=r —

B (n/vp)F CBoo
The concentration ratio follows from mass transfer of

dissolved gas from electrode to liquid bulk on the active
area,

(26)



dNB_[(l 7ﬁ)8B_ *
& (o) KpA(1 — fa)(1 — ©")(cpw — cBx)
(27)
to result in
oo KT T IsB(l—fI)
B (n/v)F A(1 = fa)(1 — ©%)(n/vB)FKpcBoo
(28)

where cpy, denotes the concentration of dissolved gas in
bulk of the melt, being approximately equal to the
saturation concentration [34].

4.4. Ohmic interelectrode resistance

On the central area, the ohmic interelectrode resistance
between the anode surface facing downwards and the
cathode is controlled by macrobubbles and by small
bubbles in contact with the electrode. Large bubbles
cause a nonuniform current distribution at the cathode
depending on the bubble radius R. The varying length of
the current path in the melt may be taken into account
by a simple model from which the ohmic interelectrode
voltage drop in the horizontal gap results in

I(1-RH)Y . H R
A(1 = fa)k { +6 (Y(l—@*)+0'l4Y—H>
(29)

+Y(1H—**®*) <1 —1@)** - 1)}

where H** denotes the height of small bubbles. An
estimate shows that the effect of small bubbles on the
ohmic resistance is negligibly small, because H** < Y
and the particular bubble coverage of small bubbles ®**
is much smaller than unity at the incipience of the anode
effect. The total bubble coverage ® and its components
®* and ©*", shown in Figure 2, ensure the simplifica-
tion. The ohmic potential drop results in

Uqg =

I(1-/)Y S(H 1 R
U, 1+0" = 0.14———
°=atu—roel O \vize TV v
(30)
where H is given by Equation 20. The conductivity of
the melt, x, depends on the content of alumina, w, on
that of other components, and on temperature [35],

Kk = 100 exp (1.977 — 2w — 1.31wair, — 0.6wcyr,

— 1~06WMgF2 — 0.19WKF + 1~21WLiF —

T )Qm
(31)

and may be approximated for 960 °C and industrial
melt composition for values w < 0.06 by

12041<) 1

K = (224 — 400w) (32)

Qm
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Fig. 2. Fractional bubble coverages of macrobubbles (a) and total
bubble coverage (b).

At the anode side area with large inclination, bubbles
move with much higher velocity, and their action on
current distribution is approximately negligible. Sup-
posing that an ohmic resistance of the current fi/
passing through the side walls is not substantially
affected by the alteration in current and set constant,
we obtain

IfY
AfAK

Uq = (33)

Combination of Equations 30 and 33 with elimination
of the current fraction fi, gives the interelectrode voltage
drop,

~1
Iy 1= fa

Uo=—|/a
Ax 1+®*<%+0.14ﬁ)

(34)

The fraction of the total current passing through the side
walls of the anode, fi, is essentially affected by the ohmic
resistance due to large bubbles, and it thus varies with
the fractional gas coverage ®*. Comparison with
Equation 33 gives

L_

1+1+®*( o+ 0.1455,)

Si=

5. Results

The above equations were applied to a typical industrial
cell with prebaked anodes, Table 1. We consider an
initial underside area of 1 m? operating at a nominal
current density 7/4 = 7500 A m~2 and a temperature of
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Table 1. Typical data of an industrial sidebreak cell with prebaked
anodes

I/A 7500 A m~>

A 1.0 m?

AL 0.24 m

n/l)A 6

n/vp 3.5

EA 0.95

EB 1

Umax 03ms™!

d 40 x 10°® m

T 960 °C

p 103000 Pa

oL 2050 kg m™>

Y 0.14 kg s>

Da 1.5x 107 m? s~
Dg 1x107° m?s™!
M 0.102 kg mol™"
L 27x103 kgm™' 57!
K 2

Ia 0.15

960 °C. The fraction f of the initially plane anode area
rounded off by anode wear during operation, may be set
to fa = 0.15 [21].

The factor K,, Equation 25, depends strongly on
operational data, some of which are not ascertained.
Introduction of typical industrial data [9] with reason-
able values of the ratio 4/L and the melt velocity vy, as
estimated from model observations [9], gives K; ~ 0.6.
Further, the mass transfer coefficient from Equation 16
results in ky = 0.00027 to 0.0003 m s~'. To adapt the
present model results to data of industrial cells, both
values were slightly modified: K; =0.2 and ks =
0.0001 m s™' were used. The bubble coverage ®** of
small bubbles was derived from Equations 19 and 35.

Increasing bubble coverage with decreasing alumina
fraction w raises the ohmic resistance. The fraction
1 — f1 of the total current passing through the horizontal
central anode area follows from Equation 35 with an
interpolar distance ¥ = 0.045 m, a height H of macro-
bubbles from Equation 22 with a radius R = 0.1 m, is
shown in Figure 3. The value of the radius results from
observations of bubble volumes of about 100 ml made
by Zoric and Solheim [18] on an industrial cell with
prebaked anodes.

The anodic charge transfer overpotential was calcu-
lated from Equation 15, where the mass transfer
coefficient from Equation 16 was calculated with
Cr =579 %10 m? (sA)™°, fg=1 and ey =0.95,
taking account of the fact that alumina is formed by
reoxidation in the interelectrode gap.

An estimate of the overpotential component 5y due to
dissolved gas is more problematic. The solubility of CO,
in cryolite melt is about ¢y ~ 1 mol m™> [36, 37], but
the solubility of CO is unknown hitherto and may be
much lower (as is the case with O, [37]). The diffusion
coefficient of dissolved CO, in cryolite melts,
Dg ~ 107 m? s7! [36], is of the same order as that of
alumina, permitting at least a rough estimate of the mass
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Fig. 3. Average current density of the central anode area against the
alumina content. Nominal current density 7/4 = 7500 A m™>.
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Fig. 4. Long-term increase in cell voltage prior to the onset of anode
effect, present model.

transfer coefficient kg ~ kp. Fortunately, 5y results in
small values, and uncertainties will not substantially
affect an estimate of the overall cell voltage.

The dependence of the cell voltage on time if no fresh
alumina is added until the anode effect occurs, results
from combination of Equations 4, 24 and 35 with
pL = 2050 kg m™ and M, = 0.102 Kg mol™', as shown
in Figure 4.

6. Discussion

The cell voltage and its components are shown in
Figure 5. It is seen that the cell voltage, as well as the
ohmic potential drop in the melt, exhibit minima,
whereas the anodic overpotential increases steadily as
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the alumina content w decreases. The lines are the result
of several interactive effects.

Due to the increase in the bubble coverage values with
decreasing alumina content, Figure 2, the nominal
current density of the central anode area, 1/A(1 — f1)/
(I — fa), decreases, as seen from Figure 3. However, the
increasing bubble coverage results in a strong increase in
the actual current density, Equation 12, until the
limiting current density, Equation 13, is attained, and
the anode effect occurs.

The largest voltage component is the ohmic drop in
the melt, Ug. Its minimum, Figure 6, is the result of two
antagonistic effects: (i) the increase in electrical conduc-
tivity with decreasing alumina content, according to
Equation 32, is predominant at large w values; and (ii)
the increasing bubble coverage, mainly of ®*, as seen
from Equation 35, becomes the controlling parameter at
small alumina contents, because the actual current
density increases, although the current through the
anode underside is decreased.

Figure 6 shows also the ohmic potential drop calcu-
lated from Equation 34 for a bubble-free electrolyte.
The result is in agreement with the finding by Haupin
[38], showing an increase of 0.15 to 0.4V due to
bubbles. An equation to estimate the incremental ohmic
drop due to bubbles proposed by Zoric and Solheim
[18], gives values that are far higher.

Particular attention is due to the anodic concentration
overpotentials referring to alumina, 7, and to the
dissolved gaseous product, g, see Figure 7. The com-
ponent ny increases steadily and moderately as the
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Fig. 7. Anodic charge transfer overpotential (a) and concentration
overpotential (b) prior to the onset of the anode effect, calculated from
Equations 15 and 28.

alumina content decreases, because the bubble coverage
increases and, hence, the actual current density. The
corresponding increase in the component 15, is initially
equally moderate, but becomes faster as the actual
current density approaches the limiting current density,
finally leading to an extremely strong increase. The
corresponding critical alumina content depends strongly
on the mass transfer coefficient ks, calculated from
Equation 16, that is seen to be greatly affected by the
bubble coverage.

The variation in cell voltage with the alumina content
is mainly affected by the reaction potential, the anodic
overpotential and the ohmic potential drop in the melt.
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During the very last period prior to the onset of the
anode effect, the increase in the anodic overpotential due
to alumina becomes predominant, exceeding the other
voltage components and finally provoking the onset of
the anode effect. The overpotential component due to
dissolved gas, g, remains small and does not contribute
substantially to the anode effect. Both the voltage
increase due to the ohmic potential drop and to the
anodic overpotential are induced by the macrobubble
coverage ®". It is the dominating quantity in controlling
the critical alumina content wg, and it may attain large
values [9]. On the other hand, the bubble coverage due
to small bubbles, ®**, (which is uncertain due to the
hitherto unknown effect of the flow velocity) varies only
slightly and is of little influence, even on the mass
transfer coefficient k.

The cell voltage during the very last 10 s prior to the
onset of anode effect, calculated from Equation 4 with
K; =2, is shown in Figure 8, demonstrating a drastic
increase, which, according to the present model, is
caused by approaching the limiting current density.

The calculated cell voltage during the time after the
alumina feeding was stopped until the onset of the
anode effect, is shown as the broken line in Figure 1,
together with the above-mentioned published data [3-5]
and new recordings obtained in industrial sidebreak
cells. The agreement is satisfactory, except for the last
100 ms immediately prior to the incipience of the anode
effect. This discrepancy may reflect a major change in
the electrolysis conditions, possibly due to codischarge
of fluoride ions as a result of the depletion of oxygen-
containing ions [39]. It leads to the formation of
perfluorocarbon gases, which are known to be formed
at the onset of the anode effect [40], and which are
definitely associated with an increase in cell voltage [41].
As long as the alumina concentration at the interface
remains sufficiently high — low values being sufficient —
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Fig. 8. Increase in cell voltage during the last 10 s prior to the onset of
anode effect, present model.

the formation of perfluorocarbons does not occur [42].
As the alumina concentration approaches zero, code-
position of fluorine compounds starts [43], and these are
known to reduce the wettability of the surface [16, 44].

Another reason for the discrepancy may be a faulty
assessment of the real point of time for the incipience of
the anode effect: A lag of only a few milliseconds results
in a substantial deviation from the theoretical line in
Figure 1.

In industrial cells, a critical alumina content results
from Equation 12:

e I(1 - f1) My
C AL = fa)(1 — ©%) (n/va) Fkapy

(36)

A precise prediction of the critical value is not possible
at present owing to several approximations in the
model. Above all, the assumption of perfect mixing in
the interelectrode space is questionable. Equation 4
disregards the melt outside the interelectrode space and
is restricted to the central anode area where the anode
effect is initiated. Furthermore, the true size of the gas
bubbles and the resulting bubble coverage are uncertain.

Nonetheless, Equation 36 provides valuable informa-
tion. It is seen that the value w, is controlled by the
nominal current density //4, the form of the rounded-
off side walls expressed by fa, the fraction of current, fi,
passing through the central area, the fractional bubble
coverage due to macrobubbles, ®*, and the mass
transfer coefficient ka, /i and ®* are interrelated ac-
cording to Equation 35. Equation 16 shows that Ku
depends on f; and on both bubble coverages, ®" and
®™, but the effect of the latter is negligible in the range
0.15 < @ < 0.4 [22]. Since ®" depends on I/4 and on
/1, (Equations 24 and 25), the critical alumina content w
at constant nominal current density //4 is essentially
a function only of the bubble coverage due to macro-
bubbles, ®*. As further seen from Equation 24, ®F
depends on the contact angle and on the parameter K,
which takes account of the anode geometry, pressure
and temperature, and flow velocity. This confirms the
finding [9, 10] that the incipience of the anode effect is
the result of the combined action of fluid dynamics and
wettability of the anode surface. Their variation explains
why the critical content w, in industrial cells varies over
a wide range (0.005 < w, < 0.025). The finding supports
conclusions on the mechanism of the anode effect to be
discussed separately [45].
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