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Abstract—The effect of the electrolyte chemical composition and overheating on the size of a sideledge
formed in an aluminum-smelting bath is investigated theoretically. Three electrolyte compositions are cho-
sen: sodium cryolite with the cryolite ratio (CR) = 2.7, cryolite (CR) = 2.7 + 5 wt % CaF2, and cryolite
(CR) = 2.7 + 5 wt % CaF2 + 5 wt % Al2O3. The electrolyte liquidus overheating temperatures are 5, 10, 15
and 20oC. The calculations are performed using the finite-element method. A simplified design of an alumi-
num cell with a prebaked anode is used. To calculate the temperature field, a mathematical model in the
Boussinesq approximation is used. The model contains the Navier–Stokes equation, the thermal conductiv-
ity equation, and the incompressibility equation. The key role of electrolyte overheating on the sideledge for-
mation is established. The resulting sideledge profile depends on the heat transfer coefficients and thermal
properties of materials. The smallest sideledge thickness with the same electrolyte overheating is observed in
cryolite with CR = 2.7, 5 wt % CaF2, and 5% by weight of Al2O3, and formed sideledge profiles for cryolite
with KO = 2.7 and cryolite with KO = 2.7 and 5 wt % CaF2 almost coincide. The thickness of the sideledge
formed with overheating of 5 K is from 7 cm or more, and the difference in temperature between the sideledge
touching the electrolyte and airborne block wall is 20–25 K. Almost complete sideledge disappearance occurs
when the electrolyte liquidus is overheated by 20 K.

Keywords: aluminum, sideledge, temperature field, modeling, finite element method, electrolyzer, overheating
DOI: 10.3103/S1067821218050188

INTRODUCTION
The main tendency in the development of alumi-

num industry in recent years is an increase in the cur-
rent load of electrolysis baths. Fifteen years ago, appa-
ratuses with a current of 80 kA were considered high-
amperage [1]; on the contrary, high-amperage instal-
lations are those with a current load higher than
400 kA [2, 3]. The rise in power of electrolyzers makes
elevated demands to construction materials and, in
addition, leads to an increase in heat f lows, which
makes heat equilibrium more unstable. This is the
cause of the formation instability of the protective
sideledge and shortening of the bath service life.

The main parameter determining the sideledge
sizes and structure is electrolyte overheating, i.e., the
excess of the electrolyzer working temperature over the
melt liquidus temperature [4, 5]. This parameter
should be held constant; however, any variations in the
salt-bath composition will cause a variation in the liq-
uidus temperature, which will affect the overheating

magnitude. Alumina and calcium fluoride additives
substantially affect the melt liquidus temperature. The
variation in their content also affects other properties
such as heat and electrical conductivity, which also
affects the temperature distribution in the electrolyzer
volume. The determination of the sideledge profile in
actual conditions for various electrolyte compositions
requires numerous repetitions of experimental investi-
gations and, consequently, the time necessary for this
purpose, which is impossible in practice under condi-
tions of an industrial electrolyzer in operation. There-
fore, modeling formation processes of the protective
layer of the solidified electrolyte on the sidewall of the
aluminum electrolyzer unit becomes topical.

The electrolyzer temperature field can be modeled
using the finite element method (FEM) [6–8]. The
introduction of the “finite element” notion makes it
possible to overcome the problem of an infinite
amount of connection points of the solid body by its
division into finite elements (of the computable
471
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amount) interacting between each other only in con-
nection points.

This method started to be applied to model the
processes occurring in an aluminum electrolyzer as far
back as 30 years ago [9]. Initially these were partial
problems which concerned separate electrolyzer con-
structions, but models for the apparatuses in general
started to be developed with time. The FEM is most
often used to model the temperature distribution in
the electrolyzer volume depending on the influence of
various factors. Analyzing temperature fields can be
also fulfilled using other methods. In particular,
researchers at Auckland University developed their
own program for calculating this characteristic of the
aluminum electrolyzer based on the solution by the
FEM [10, 11].

The task of this study was to investigate the influ-
ence of the electrolyte composition and its overheating
on the sideledge formation. The calculation of thermal
and electric fields in the electrolyte was performed
with the help of the FEM implemented in the ANSYS
v.17.2 software. We used a simplified design of the alu-
minum electrolyzer with prebaked anodes. Its applica-
tion simplifies calculations without varying the char-
acter of the influence of the electrolyte composition
and overheating on the sideledge parameters. We fur-
ther plan to perform calculations for designs similar to
those used in industry.

COMPUTATIONAL MODEL

To calculate the electrolyzer temperature and elec-
tric fields which affect the sideledge profile, the equa-
tions presented below are solved.

Temperature Field

To describe the convection in liquids and gases,
heat convection equations in the Boussinesq approxi-
mation are applied. The model includes of the equa-
tions of Navier–Stokes, heat conductivity, and incom-
pressibility. Chemical processes occurring in the elec-
trolyte volume are indirectly taken into account in
parameters specified in the mathematical model.

To solve the problems associated with finding the
temperature field, we need the differential heat con-
ductivity equation, which describes the dependence
between temperature, time, and unit volume coordi-
nates:

(1)

where λ is the heat conductivity coefficient, W/(m K);
c is heat capacity, J/(kg K); ρ is the material density,
kg/m3; and Q is the internal heat liberation, W/m3,
which is associated with the Joule heat liberation
during the electric current passage.

⎛ ⎞∂ ∂ ∂ ∂ρ = λ + + +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
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The Navier–Stokes equation has the form

(2)

where v is the liquid f low velocity, m/s; p is the pres-
sure, Pa; η is the dynamic viscosity, Pa s; and g =
9.81 m/s2 is the acceleration of gravity.

To describe the temperature dependence of den-
sity, the linear approximation is applied:

(3)

where ρ0 is the liquid density at equilibrium tempera-
ture Т0, kg/m3; β is the coefficient of volumetric
expansion, K–1; and θ = Т – Т0 is the deviation of
temperature from the equilibrium state, K.

The incompressibility equation is presented in
the form

(4)

Continuous heat f luxes in the electrolyzer volume
caused by heat conduction, convection, and radiation
affect the sideledge formation. Consequently, to solve
the stated problem, all three types of heat transfer
should be taken into account.

The variation in the heat f lux density due to heat
conduction is determined by the Fourier law:

(5)

where i, j, and k are unit vectors in the Cartesian coor-
dinate system.

The heat f lux density on the boundaries of the elec-
trolyte and wall, electrolyte and sideledge, and outer
electrolyzer walls and surrounding air in the case of
convective heat conduction is determined according
to the Newton–Richman formula:

(6)

where αk is the heat emission coefficient at corre-
sponding boundaries, W/(m2 K); and (t1 – t2) is the tem-
perature difference between the wall and medium, K.

The account of the radiation influence on the tem-
perature field is performed based on the temperature
dependence of the integral density stated by the
Stephan–Boltzmann law:

(7)

where с0 = 5.67 × 10–8 W/(m2 K4) = 20.41 ×
10‒8 kJ/(m2 h K4) is the Stephan–Boltzmann con-
stant and ε is the emissivity factor of the radiating
body surface.

To determine the temperature fields, boundary
conditions that will be presented below should be
used.

( )( )∂ρ + ⋅ ∇ = −∇ + ηΔ + ρ
∂0 ( ) ,p T g

t
v

v v v

( ) ( )ρ = ρ − βθ0 1 ,T

=div 0.v

λ
⎛ ⎞∂ ∂ ∂= − + +⎜ ⎟∂ ∂ ∂⎝ ⎠

q i j k ,T T T
x y z

( )= α −k k 1 2 ,q t t

= ε 4
0 ,E c T
OF NON-FERROUS METALS  Vol. 59  No. 5  2018



INFLUENCE OF ELECTROLYTE OVERHEATING AND COMPOSITION 473
Electric Field

The electric field inside any conductor, including
an electrolyte, located in the electrolytic cell is charac-
terized by the following set of equations:

where j is the current density, A/m2; σ is specific con-
ductivity, (Ω m)–1; and E is the electric field strength,
V/m.

Equality (8) is the charge conservation law and rep-
resents the generalized form of the first Kirchhoff law
in the differential form, Eq. (9) reflects the connection
between the electric-field strength and current den-
sity, and equality (10) shows that the field of constant
currents has an eddy-free character and reflects the
second Kirchhoff law in the differential form. Here-
with, Eq. (8) turns out equivalent to the equality

(11)

where ϕ is the electric field potential, V.
Based on expressions (9) and (11), we can write the

differential equation of the Ohm law in the form

(12)

The solution of problems on the distribution of the
electric field potential is in general reduced to the inte-
gration of the totality of differential Eqs. (8), (9), and
(10) under definite boundary conditions. It follows
from formulas (8), (9), and (11) that

(13)

The specific electrolyte conductivity (σ) entering
Eq. (13) can depend on coordinates of the point under
consideration σ(x, y, z). The variation in the electro-
lyte specific conductivity during the current f lowing
can be as a rule neglected for industrial electrolyzers,
systems of the anticorrosion protection of apparatuses,
and in many other cases of applying the electrolytic
cells—i.e., σ = const. Equation (13) transforms into
the Laplace differential equation in this case:

(14)

The determination of the electric current is in most
cases reduced to the solution of this equation at corre-
sponding boundary conditions. When deriving it in
the form of the expression for potential ϕ (x, y, z), we
can also easily calculate other parameters of the elec-
trolyzer electric field. For example, to determine the
components along coordinate axes of the current den-
sity vector, we can use relationship (12):

(15)
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In this study, we accepted the following boundary
conditions corresponding to average values for indus-
trial electrolyzers [15, 16]:

• anode current density j = 0.85 A/cm2;
• convective heat exchange coefficients for various

media:
αk = 12 W/(m2 K) for aluminum lead (the sur-

rounding medium temperature is 35°С);
αk = 1000 W/(m2 K) for the electrolyte medium

(the surrounding medium temperature corresponds to
the cryolite liquidus temperature with overheating by
5, 10, 15, or 20°C);

αk = 20 W/(m2 °C) for a steel case (the surrounding
medium temperature is supposed to be equal 35оС).

• the zero potential was specified on the lower
cathode surface.

The radiation thermal distribution was determined
based on using the reference data on the emissivity (ε)
of each material. The data on the properties of con-
struction materials of the electrolyzer necessary for
calculations are presented in [17–23].

Calculations were performed for three electrolyte
compositions:

(1) cryolite with cryolite ratio (CR) = 2.7;
(2) cryolite with CR = 2.7 + 5 wt % CaF2;
(3) cryolite with CR = 2.7 + 5 wt % CaF2+ 5 wt %

Al2О3.
Properties of electrolytes (the liquidus tempera-

ture, density, electrical conductivity, heat conductiv-
ity, and dynamic viscosity) were calculated based on
the published data [12].

GEOMETRIC MODEL 
OF THE ALUMINUM ELECTROLYZER

To calculate the sideledge profile, we selected a
simplified model of the aluminum electrolyzer with a
prebaked anode (Fig. 1). A steel electrolyzer case has
outer sizes of 189 × 120 × 268 cm. Aluminum cathode
and anode current leads are used in the design. The
current lead is connected with the anode with the help
of a steel three-phase “spider”. The electrolyte with
molten aluminum is arranged in a coal bottom, the
design of which is simplified in a model. The distance
between the cathode and anode is 5 cm and, between
the sidewall bordering with the electrolyte and anode,
it is 40 cm. The electrolyte boundaries are created by
side blocks made of SiC. The space between the outer
steel case and bottom is filled by a heat insulation and
dry barrier mixture.

The constructed geometric model of the electro-
lyzer is divided into finite elements (Fig. 2), the maxi-
mal size of which is 2 cm and the minimal one is
0.05 cm. These sizes depend on the degree of varying
the parameters; therefore, the finite element size in
the electrolyte bulk is smallest.
l. 59  No. 5  2018
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Fig. 2. Geometric model of the aluminum electrolyzer
divided into finite elements.

Fig. 3. Sideledge profile at various values of overheating for
sample 3 (cryolite + 5 wt % CaF2 + 5 wt % Al2O3).
(1) Overheating 5, (2) 10, (3) 15, and (4) 20 K.
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Fig. 4. Variation in the sideledge profile depending on the
electrolyte composition with 5-K overheating. (1) Cryolite
(CR = 2.7), (2) cryolite + 5 wt % CaF2, and (3) cryolite +
5 wt % CaF2 + 5 wt % Al2O3.
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Fig. 1. Geometric model of the aluminum electrolyzer.
(1) Current lead (aluminum), (2) anode, (3) spider (steel),
(4) electrolyte, (5) side block (SiC), (6) liquid aluminum,
(7) alumina, (8) dry barrier mixture, (9) bottom block
(graphite), (10) bottom mass, (11) heat insulation (ther-
moinsulating vermiculite, fire-resistant chamotte),
(12) cathode current leads, (13) steel blooms, and
(14) steel case.
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RESULTS OF CALCULATIONS

The results of calculating the sideledge profile at
various values of overheating and electrolyte composi-
tions are presented in Figs. 3 and 4 (the distance from
the side block to the anode is counted along X axis,
and the electrolyte height is counted along Y axis).

It is seen from Fig. 3 that overheating most strongly
affects the sideledge formation. The maximal
sideledge thickness is observed with 5-K overheating,
while the complete sideledge disappearance is possible
with 20-K overheating. The influence of the electro-
lyte composition with invariable 5-K overheating is
rather limited (Fig. 4). They aspire to hold just this its
value when producing aluminum.

The results of calculations point to the fact that the
appearance of the smallest sideledge thickness should
be expected for alumina-containing cryolite, other
conditions being equal. This is explained by the fact
RUSSIAN JOURNAL 
that the presence of alumina in the melt substantially
decreases the coefficient of heat conductivity of the
electrolyte, which leads to a small decrease in the
sideledge volume. Other parameters affect the sideledge
indirectly through the melt overheating, which can
occur for various reasons and first and foremost—due
to an increase in the electrolyzer power.

Model calculations of various researchers show the
direct correlation between overheating and sideledge
thickness; however, no agreement is attained in
numerical evaluations. According to the authors of
[7], the variation in overheating from 9 to 15 K insig-
nificantly affects the sideledge thickness, while the
results presented in [8] forecast the sideledge disap-
pearance with 15-K overheating. Herewith, the maxi-
mal sideledge thickness with the 5-K overheating is
from 7 cm, while the temperature difference between
the sideledge touching the electrolyte and side block
wall is 20–25 K.
OF NON-FERROUS METALS  Vol. 59  No. 5  2018
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Our calculations also show the sideledge disap-
pearance at 20-K overheating. It is highly likely that
such divergences are associated with the use of various
calculation parameters, first and foremost, heat trans-
fer coefficients, which considerably differ by various
authors [13, 14].

CONCLUSIONS
Model calculations of the sideledge profile for var-

ious electrolyte compositions and for various values of
melt overheating are performed by the finite element
method. It is revealed that overheating exerts a deci-
sive influence on the sideledge coating shape and
sizes. Its thickness for the 5-K overheating is from
7 cm and larger, while it almost disappears with 20-K
overheating.

The electrolyte properties with fixed overheating
insignificantly affect the sideledge profile. However,
the presence of alumina in electrolyte somewhat
decreases its thickness, because Al2O3 lowers the coef-
ficient of heat conductivity of the melt. The variation
in the electrolyte composition indirectly affects the
formed sideledge profile because this leads to a varia-
tion in the liquidus temperature and, consequently,
the magnitude of overheating.

The proposed mathematical model can be used to
calculate the more complex, from the viewpoint of this
process, industrial electrolyzer designs having other
sizes and a bath shape.
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