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The quantitative description and theoretical research on the stability of the
electromagnetic field interfacial wave in aluminum electrolysis cells are the
key to achieving high energy efficiency and operational safety. The magneto-
hydrodynamics equations were established based on the theory of electro-
magnetics and hydrodynamics and applied to a 500-kA cell. The Fourier series
expansion and finite element methods were used for modeling and simulation
of interfacial stability. Detailed analysis was conducted on wave mode cou-
pling regimes by custom code in MATLAB. Based on the characteristics of
total modulus, a modal analysis method was proposed to clarify how anode–
cathode distance (ACD) and length-width ratio of cells affected interfacial
stability. The results indicate that the stability is enhanced as the increase of
ACD for a 500-kA electrolysis cell and the critical ACD is derived as 0.041 m,
which is preferable for stabilizing the cell and reducing energy consumption.

INTRODUCTION

With the development of large-scale cell capacity,
the horizontal current with a magnetic background
field plays a decisive role in deciding cell stability
and energy consumption. The potential safety haz-
ards in industrial production have been exposed
because of the interfacial wave instability, which is
the limitation in the development of large-scale
applications.1–3 Hence, investigating the mecha-
nism of magneto-hydrodynamics (MHD) stability
and maintaining the electromagnetic field interfa-
cial stability are of significant importance to the
safety production of the large-scale cells.4,5

Intensive investigations and multiple mathemat-
ical models have been carried out to evaluate MHD
stability during past decades. Sele6 studied the
transient waves on the metal surface and explained
the mechanism of the rotating wave. Urata et al.7,8

observed the two-liquid layer system and proposed
‘‘the MHD equations’’, one for magneto-interfacial
wave motion containing an electromagnetic force

term and another for the distribution of electrical
currents, and then found that the instability was
governed by the distribution of the vertical compo-
nent of the magnetic field. Sneyd et al.9 showed that
the instability can occur via mode interactions and
similar frequencies, and two modes may become
unstable. A criterion for instability was presented
by Davidson et al.10,11 A two-dimensional shallow-
water equation was established to analyze the
mechanisms of the instability in the cell. The
coupling mechanism resulted in the instability of
the magnetic fluid within a certain range. Several
works had been devoted to the MHD stability
models for three-dimensions.12–15 They presented
new expressions for quantities and assessed the
impact of busbar configuration, current density,
anode–cathode distance, and irregular cathode sur-
faces on the MHD stability.

The close coupling between two immiscible fluids
and electromagnetic field also brings many chal-
lenges for numerical simulation. Bojarevics
et al.16–20 introduced a stability criterion with the
use of perturbation techniques and the coupling
mechanism for the horizontal motion of the mag-
neto-fluid. It was the first attempt to apply the
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distribution of friction resistance into the model. In
addition, the numerical results for 500-kA cells were
used to analyze the cell stability under a combina-
tion of the effects.21,22 The linear model reflected the
characteristics of interfacial stability to a certain
extent based on reasonable assumptions. Sun
et al.23 established a non-linear coupling model
and investigated the impact of the fluid flow rate on
stability. Kadkhodabeigi et al.24 added friction to
the model in the form of a source term, and
developed a nonlinear electromagnetic field wave
equation based on assumptions. Molokov et al.25–27

presented the classification of instability modes
based on the asymptotic theory for high values of
the ratio of Lorentz force and gravity, and then
proposed obstacles to suppress the interfacial wave
instability. Some studies referred to the operation
process of simulation software to calculate MHD
stability, which provided some methods for
research. Ruan et al.28 and Yang et al.29 analyzed
the MHD instability in reduction cells with the
Lyapunov method, and observed that there were
three types of status for fluid flow motion in
reduction cells. Li et al.30,31 developed a finite
element model to examine the interfacial wave with
a novel cathode structure and solved it by the
Maxwell equations.

Reducing energy consumption is the priority in
developing new technologies for the aluminum
electrolysis industry. One important measurement
technology is to reduce the anode–cathode distance
(ACD), but this increases MHD instability and
affects production instability. Tian et al.32,33 pro-
posed a ‘‘three-layer composition model’’ of ACD
based on the structural aspect. Xu et al.34 and
Zhang et al.35 established a nonlinear MHD shal-
low-water model and proposed a critical ACD based
on the qualitative view of the interface deformation
degree. Lu et al.36 studied the effect of ACD on the
thermo-electrical behavior by ANSYS. Hua et al.37

presented a CFD-based multiphase MHD flow
model and bath–metal interface deformation. Con-
ceptually similar to aluminum electrolysis cells,
MHD stability of bath–metal interfaces also appears
in liquid–metal batteries.38,39 A long-wave interface
instability was studied by Weber et al.40 and
Horstmann et al.,41 and a nonlinear shallow-water
model was presented by Zikanov.42 A wave coupling
model for the analysis of interfacial waves was
suggested by the studies of liquid–metal batteries.

According to the literature, a two-dimensional
model used in the study of interfacial stability is an
effective approximation. Although there are many
studies on MHD stability for different kinds of
models, the mechanism for describing the electro-
magnetic field interfacial wave based on the modal
analysis is not clear. The critical ACD which can
obtain excellent production targets under the pro-
duction of low voltages has also rarely been studied.
As far as we know, there is no published literature
describing the interfacial stability based on a

quantitative analysis method or that has studied
the critical ACD that takes into consideration the
wave mode coupling in a 500-kA cell.

In this work, based on the electromagnetic calcu-
lations with ANSYS of a 500-kA cell, after fitting the
magnetic field distribution at the magnetic fluid
interface, the coupled interfacial wave equations
were solved by the Fourier series method and the
finite element method (FEM). The Fourier and
energy spectrum representing the stability of inter-
facial wave were solved by custom code MATLAB,
and the contributing modulus of the unstable com-
ponent was calculated. A modal analysis method
was proposed to quantitatively measure the stabil-
ity of the interfacial wave. Detailed analysis was
focused on a series of ACD which played an
important role in the stability of electromagnetic
field interfacial wave, and the ACD maintaining the
stability of the interface, as well as reducing energy
consumption, was derived. To verify the feasibility
of the modal analysis method on other parameters,
we used modal analysis on a series of length–width
ratios (LWR) and compared the total modal to
obtain the effect of LWR on the stability.

MODEL DESCRIPTION

Physical Model and Basic Assumptions

In the process of aluminum electrolysis, the melt
flow is a typical multiphase flow, which consists of
two fluids, the metal and the bath, as well as
discrete anode bubble and alumina particle phases.
In addition to gravity and the electromagnetic and
viscous force, the melt in the cell may be affected by
bubble forces and interphase forces. It would be
very difficult and unachievable to incorporate each
of these factors into the model. This paper focuses
on the coupling among the electromagnetic field,
flow field, and status of the fluid flow. According to
Ref. 43, the results from two-dimensional and three-
dimensional models were compared and they did not
differ much. However, the computational volume of
transient study using three-dimensional model is
huge and it consumes a lot of resources. Thus, a two-
dimensional model is an effective approximation to
the object of study.

Several assumptions are made as follows:

1. The vertical flow is ignored and the horizontal
velocity is only considered for the numerical
analysis of MHD stability in a two-dimensional
dynamic model.8,44

2. The phases of anode bubbles and alumina
particles are ignored.

3. No temperature change effects on physical
properties, which are stable in the electrolysis
process, are taken into consideration. And there
is no mass transfer between the metal and bath.

The shape of the aluminum electrolysis cell was
geometrically simplified to a rectangular shape with
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a horizontal length Lx of 19.24 m and width Ly of
3.58 m. The horizontal aluminum h1 was 0.20 m
and the anode–cathode distance h2 was 0.04 m.
Other production processes and material properties
used in the computation of MHD were obtained
from a 500-kA field cell, which are shown in Table S-
I (refer to the online supplementary material).

Mathematical Model

The Navier–Stokes equation has been applied in
the aluminum electrolysis, and the basic governing
equations are:

r �U ¼ 0 ð1Þ

q
@U

@t
þU � rU

� �
¼ �rPþ lr2U þ qgrH þ F ð2Þ

where U is the velocity of the fluid flow, P is the
pressure, q is the density of the fluid, l is the
kinematic viscosity of the fluid flow, t is the time, g
is acceleration of gravity, H is the height of bath–
metal interface, and F is Lorentz factor.

All relevant physical quantities can be separated
into stationary and non-stationary parts. The sta-
tionary part describes a stationary physical system.
The addition of the non-stationary part of physical
quantities is expressed as harmonic function about
time, and the function is:

H ¼ H0 þ h � eixt ð3Þ

where P, U, and F can also be expressed as above.
The non-stationary part has been substituted into
Eqs. 1 and 2, and the divergence of the equation was
taken. Based on the free boundary condition, the
wave equation can be obtained as:

q1

h1
þ q2

h2

� �
@2n
@t2

� gDqr2n ¼ �rðf 1 � f 2Þ ð4Þ

where q1 and q2 are the density of the metal and the
bath, h1 and h2 are the depth of the metal layer and
ACD, n is the disturbance wave height of metal
surface, and f1 and f2 are the perturbing electro-
magnetic force of the metal and the bath,
respectively.

The electromagnetic force in the metal layer is an
important part of the perturbation, which is gener-
ated by the perturbed current density and magnetic
flux density in the vertical direction Bz. The per-
turbing electromagnetic force f2 in the bath layer is
ignored. Equation 4 is simplified as:

q1

h1
þ q2

h2

� �
@2n
@t2

� gDqr2n ¼ r1
@u
@y

@Bz

@x
� @u

@x

@Bz

@y

� �

ð5Þ

where u is the electrical potential, and r1 is the
electrical conductivity of metal. The boundary con-
duction of the wave equation is:

gDq
@n
@n

¼ r1Bz ny
@u
@x

� nx
@u
@y

� �
ð6Þ

Since the conductivity of the metal is much larger
than that of the anode carbon, and the conductivity
of the anode carbon is much larger than that of the
bath, the potential equation proposed by Segatz
et al.43 can be simplified as:

h1h2r2u ¼ �Jz

r1
n ð7Þ

The boundary conduction of the potential equa-
tion is:

@u
@n

¼ 0 ð8Þ

where Jz is the vertical current in the bath. The
flowchart shows the establishment of the mathe-
matical model for the study, and is shown in
supplementary Fig. S-1 (refer to the online supple-
mentary material).

Numerical Methods

According to the mathematical model section,
interfacial stability equations are partial differen-
tial equations. These are transformed into eigen-
values using FEM. Supplementary Fig. S-2 shows
the schemes of the numerical methods. In response
to the above proposed set of equations for stability,
the Fourier series method has been used to expand
the disturbance part of the physical quantity into
the sum of a series of Fourier components according
to the principle of numerical analysis. The Fourier
component function is defined as:

gm;n ¼ 2ffiffiffiffiffiffiffiffiffiffiffi
LxLy

p em;n cos
mp
Lx

x

� �
cos

np
Ly

y

� �
ð9Þ

where the basic function gm;n satisfies the normal-
ized orthogonality in different modes.

The expression used is shown in:

em;n ¼
1; m;n 6¼ 0
1ffiffi
2

p ; mn ¼ 0;m 6¼ n
1
2 ; m ¼ n ¼ 0

8<
: ð10Þ

The solutions to the equation of wave potential
can be expressed as linear combinations of infinite
series at different frequencies, as:

n x; y; tð Þ ¼
X
m;n

nm;ngm;ne
ixt ð11Þ

u x; y; tð Þ ¼
X
m;n

um;ngm;ne
ixt ð12Þ

where nm,n and um,n are the mode components (m,n)
of the wave height n and potential u at frequency x,
respectively.
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Derived from Eqs. 7, 8 and 11, 12, the potential
equation which represents the wave height of the
metal can be obtained in Eq. 13:

u ¼ b
X
m;n

1

Dm;n
nm;ngm;ne

ixt ð13Þ

where b ¼ Jz

r1h1h2
and Dm;n ¼ mp

Lx

� �2
þ np

Ly

� �2
.

According to Gauss–Green’s Theorem and Eqs. 5
and 9, the matrix equation for eigen-values is shown
below:

q1

h1
þ q2

h2

� �
x2 � gDqDm;n

� �
nm;n

� r1b
X
m0

;n0
Sðm;nÞðm0

;n0 Þ 1=Dm0
;n0

� �
nm0

;n0 ¼ 0 ð14Þ

where

Sðm;nÞðm0
;n0 Þ ¼

@gm;n

@x ;Bz
@g

m
0
;n
0

@y

D E
� @gm;n

@y ;Bz
@g

m
0
;n
0

@x

D E
.

The value of the matrix S indicates:

1. The coupling between two modes becomes
strong, then eigenvalues will be complex and
waves will fluctuate exponentially and become
unstable.

2. The matrix S is an antisymmetric.44

3. No coupling between longitudinal modes nor
between two horizontal modes.

4. The degree of mode coupling is significantly
influenced by the vertical magnetic.

By solving Eq. 14, the eigen-frequency x of MHD is
obtained to determine the stability in the aluminum
electrolysis cell, and is generally in the plural form,
x ¼ xr þ ixs, with its real component xr represent-
ing the fluctuation frequency and the imaginary
part xs representing the fluctuation growth rate.
The fluctuation of the bath–metal interface
decreases with time at xs >0 and increases at xs < 0.

Fitting of Vertical Magnetic Field

The magnetic induction of the vertical magnetic
field in metal is the key to electromagnetic distur-
bance. The least absolute residuals method based on
the custom code in MATLAB has been used to fit the
vertical magnetic field. Through the comparison of
SSR, R-square, Adjusted R-square, RMSE, and
other indicators, the strength of fitting the magnetic
induction in a vertical magnetic field can be defined
as:

Bz ¼
X
p¼5

X
q¼4

apqx
pyq ð15Þ

where the value apq of the parameters used in the
fitting function are shown in supplementary
Table S-II.

RESULTS AND DISCUSSION

MHD Stability Analysis

According to the vertical magnetic field surface
fitting method, the discrete data of the vertical
magnetic field in a 500-kA aluminum electrolysis
cell is fitted by custom code in MATLAB. The
distribution of the steady-state vertical magnetic
field components is shown in Fig. 1.

Applying the relevant parameters and the surface
fitting values of the vertical magnetic field in the
500-kA large aluminum electrolysis cell into Eq. 14,
the characteristic matrix S can be obtained and is
listed in supplementary Table S-III.

According to Table S-III, for a 500-kA large
aluminum electrolysis cell, the corresponding value
of the modes (1, 2) and (3, 0) is the largest in the
matrix S. Thus, the degree of coupling between
these two modes is strongest, which is susceptible to
MHD instability. Through substituting the values of
the characteristic matrix S obtained above and the
relevant parameters of the 500-kA large aluminum
electrolysis cell into Eq. 14, the Fourier and the
intensity spectrum of the cell are solved by custom
code in MATLAB and the results are shown in
Fig. 2.

Figure 2 demonstrates the growth rate and the
energy intensity of the unstable components. The
counts of the peaks represent the number of unsta-
ble frequencies in the MHD system. The number of
unstable frequencies in a 500-kA aluminum elec-
trolysis cell is four, as observed in Fig. 2. They
represent the degree of instability at that frequency.
Among them, the fourth component from left to
right, with the largest energy intensity and the
largest growth rate, is most likely to cause the
instability. A portion of the obtained eigen-fre-
quency contains imaginary parts, indicating that
the MHD system oscillates unsteadily.

It can be seen that the instability components are
mainly concentrated in the lower frequency region
(0.05–0.30 Hz), in which are the characteristic
frequencies of the unstable component with the
largest growth rate and energy intensity, that is
0.3001–0.2866i, with the perturbing frequency of
0.3001 and a period of 21 s. The periods of modes
are 30 s and 23 s, respectively, and they are in good
agreement with the experiment results of typically
20–40 s.44 The main moduli of the eigen-frequency
of 0.3001–0.2866i are listed in Table I.

It can be concluded from Table I that the unsta-
ble component is formed by the combined action of
several modes, in which the mechanisms of mutual
excitation, such as (1, 1) and (0, 2), are the most
prominent, accounting for about 70% of the total.
Similarly, the mechanisms of mutual excitation of
the other unstable components can be obtained. The
coupling relationships and effects of each mode are
different for various unstable components.
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Effect of ACD

The ACD is the distance from the bottom palm of
the anode to the top surface of the metal, which not
only directly affects the MHD stability but also
greatly reduces the electrolysis energy consumption
by reducing the distance. Therefore, in order to
investigate the influence of ACD on the stability of
the electromagnetic field interfacial wave in large-
scale cells and obtain the assessment index, the
calculation of MHD system stability is applied to a
500-kA cell with ACD of 0.030 m, 0.035 m, 0.040 m,
0.045 m, 0.050 m, 0.055 m, 0.060 m, and 0.070 m,
respectively. The other relevant parameters are the
same in the electrolysis cell, as described in Table S-

I. A series of aluminum electrolysis frequency
spectra are obtained, as shown in Fig. 3a–h.

First, the influence mechanism of ACD is ana-
lyzed from a qualitative point of view. Figure 3 is
similar to the results of the MHD stability analysis
in that the unstable components of the MHD
fluctuations are distributed in a low-frequency
region. The number of peaks characterizes the
number of unstable components of the system,
while the height of the peaks reflects the degree of
instability of the frequency component. Figure 3
shows that the fluctuation growth rate decreases
with increasing ACD, indicating that the MHD
stability increases with increasing ACD in large-
scale cells.

Fig. 1. The distribution of Bz for the 500-kA cell.

Fig. 2. The frequency and intensity spectrum of the 500-kA cell.

Table I. Mainly contributing modulus analysis of the eigen-frequency of 0.3001–0.2866i

Mode xr xs Percentage of contribution value

(1, 0) 0 � 0.0408 2.67
(0, 1) � 0.0972 � 0.0138 7.21
(2, 0) � 0.0065 � 0.0870 2.98
(1, 1) � 0.4203 0.1358 45.52
(0, 2) 0.2775 0.1544 26.78
(3, 0) � 0.0699 � 0.2761 5.32
(2, 1) 0.1918 0.1268 3.64
(1, 2) 0.6988 0 4.36
(0, 3) � 0.2508 0.0035 1.52
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Fig. 3. The frequency and intensity spectra of the 500-kA cell.
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Second, the comparison of the changes in the
stability of electromagnetic field interfacial wave for
each ACD is considered from a quantitative per-
spective in the aluminum electrolysis cell. In this
paper, a modal analysis method and the quantita-
tive index are proposed based on the perspective of
mode coupling, combining with the frequency spec-
tra and the results of the modal analysis. Two
criteria are proposed to evaluate the stability. The
total modulus of the unstable components is used as
the assessment index to determine the stability of
the electromagnetic field interfacial wave and is
defined as:

c1 ¼ x1 þ x2 þ � � � þ xnj j ð16Þ

where x is the eigen-frequency and n is the count of
the unstable components. ACD is added to the total
modulus in the form of a weighting factor as another
criterion, which is defined as:

c2 ¼ x1 þ x2 þ � � � þ xnj j
ACD

ð17Þ

The total modulus is a linear superposition of the
instability components corresponding to each low
cut-off frequency mode. Figure 3 shows that there
are four unstable components under each ACD. The
correlation between ACD and stability is investi-
gated by calculating the corresponding total modu-
lus under each ACD using Eqs. 16 and 17.

In order to understand the effects of different
ACD on the stability, the ACD zone from 0.035 m to
0.045 m is precisely described by calculating the
corresponding total modulus value for every 1-mm
increment. Then, the ACD zone from 0.040 m to
0.041 m is subdivided again by calculating the
corresponding total modulus value for every 0.2-
mm increment. The relationship between ACD and
total modulus is presented more clearly through the
calculation of each ACD increment. The correlation
between the ACD and the total modulus for incre-
ments is shown in Fig. 4a.

Figure 4a shows that the total modulus reaches
the maximum value of 1.1418 at an ACD of 0.030 m,
then, at an ACD of 0.070 m, the minimum value of
1.0199 is reached, which is 10.68% lower than the
maximum value within the ACD. Figure 4b demon-
strates that the quantitative criterion tends to
decrease with increasing ACD, which means that,
as the ACD increases, the stability of the aluminum
electrolysis cell is improved. In industrial produc-
tion, raising the anode (increasing the ACD) is used
to improve the interfacial wave stability, which
verifies that the modal analysis method is consis-
tent with industrial production.

An approximately positive relationship for the
stability with ACD can be seen from the data. The
ACD is determined not only to avoid a decrease
abruptly in the stability of electromagnetic field
interfacial wave but also to minimize the energy

consumption of the process in the aluminum pro-
duction, which is a problem worthy of the challenge.

The critical ACD is observed as 0.041 m, whereas,
below the critical, the stability decreases abruptly
while, above this threshold, the increase of stability
is insignificant. The change rate of the total mod-
ulus with ACD is the largest, corresponding to the
ACD from 0.040 m to 0.041 m shown in Fig. 4a. A
minimum total modulus of 1.062 is reached at an
ACD of 0.041 m. For the 500-kA cell, the critical
value of ACD is 0.041 m. The observed change trend
of the critical ACD is consistent with the results of
the recent work.

According to the characteristics of the fluid sys-
tem and the composition model, Bojarevics19 used
the numerical results for the 500-kA test cell
(ACD = 0.045 m) to analyze the cell stability under
the combination of the effects. Tian32,33 proposed
that the best ACD is 4.2–4.5 cm. Xu34 established a
MHD shallow-water model and concluded the crit-
ical ACD for a 300-kA cell is 4.3–4.4 cm. Hua37

showed that smaller ACD may lead to larger metal
pad deformation and more fluctuations of the bath–
metal interface. On the premise of maintaining the
stability of the electromagnetic field interfacial
wave, it meets the lowest energy consumption in
the ACD zone of industrial aluminum electrolysis at
an ACD of 0.041 m.

Figure 5 shows the eigen-value frequency spec-
trum of the aluminum electrolysis cell at an ACD of
0.041 m. It can be seen that the eigen-frequency is
the unstable component with the largest period and
the smallest perturbing frequency, in which the
fluctuation growth rate is 0.2100 and the period is
21 s.

The main contributing modulus analysis of the
eigen-frequency are shown in supplementary
Table S-IV. Similar to the case with the ACD of
0.04 m, the mechanisms of mode coupling, such as
(1, 1), (0, 2), are most obvious, accounting for about
70% of the total. The main contributing modulus for
the unstable component with the smallest per-
turbing frequency is at an ACD of 0.041 m, indicat-
ing that the unstable component is mainly
influenced by the effect of one half-wave in the x-
axis, and one half-wave in the y-axis.

The resistivity of the bath and the anode current
density of the electrolysis cell is 0.050 X cm and
0.80 A/cm2, respectively. The voltage drops per unit
length along with the bath based on the bath
composition, electrolysis temperature, and anode
current density is calculated as
0.050 9 0.080 = 0.040 V/cm. Thus, the voltage drop
of the bath at the ACD of 0.041 m is 1.64 V.
According to the comprehensive physical field test
report of a 500-kA cell by Central South Univer-
sity,45 the ACD of the cell is 0.042 m and the voltage
is 4.0 V. By maintaining the critical ACD of 0.041 m
in the electrolysis cell, the voltage can be reduced
from 4.0 V to 3.96 V, in which the production
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process remains stable and the power consumption
can be reduced by 120 kWh per ton of aluminum.

The stability of the electromagnetic field interfa-
cial wave can be maintained by raising the anode
and increasing the ACD in the industrial production
process. However, a higher ACD can also cause the
voltage to rise, increasing power consumption. To
maintain the stability and reduce the power con-
sumption, it would be more efficient to keep the
ACD at 0.041 m. The stability analysis can provide
guidance for the MHD design for large-scale alu-
minum electrolysis cells.

Effect of LWR in Cells

The structural parameters of an aluminum elec-
trolysis cell are important factors that affect the
electromagnetic field, flow field distribution, and the
stability of the electromagnetic field interfacial
wave. Among these, the design of LWR is

particularly important compared to other parame-
ters. In this study, in order to investigate the
influence of LWR changes on the stability, six sets
of 500-kA electrolysis cells with different LWR have
been used to calculate the MHD stability. Except for
the LWR, all the other parameters of the cells are
consistent with those in Table S-I, where the anode–
cathode distance is 0.040 m and the aluminum level
is 0.20 m. The LWR parameters of each cell are
shown in supplementary Table S-V.

The wave spectra of electromagnetic field inter-
facial stability in aluminum electrolysis cells is
shown in Fig. 6a–f. The maximum fluctuation
growth rate decreases from 0.3855 s�1 to
0.2866 s�1, a decrease of 25.65%. The natural
frequency decreases from 0.5 to 0.3 corresponding
to the maximum fluctuation growth rate. The
maximum fluctuation growth rate and natural
frequency of LWR1 to LWR6 tend to decrease with
increasing the LWR in the cell, while the electro-
magnetic field interfacial wave moves towards a
more stable trend.

The relationship between the LWR of each cell in
Fig. 6a–f and its corresponding stability assessment
coefficient is shown in Fig. 7, from which it can be
seen that the total moduli of LWR1, LWR3, and
LWR6 are 1.47388, 1.3440, and 1.1293, respectively.
With increasing the LWR in the cell, the total
modulus obviously decreases, and the bath–metal
interfacial wave tends to develop in a stable direc-
tion, which means that the increasing LWR can
effectively enhance the stability of the electromag-
netic field interfacial wave in the aluminum cell.
The conclusion can be made that it is appropriate to
increase the LWR in a limited range. Figure 7 also
shows that the LWR changes from 3.6 to 4.5, the
change rate of the total modulus value is 0.37. When
the LWR is less than 3.6 and greater than 4.5, the
change rate of the corresponding total modulus is

Fig. 4. Two criteria to evaluate the stability.

Fig. 5. The frequency spectrum of the 500-kA cell.
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Fig. 6. The frequency spectra of aluminum electrolysis cells.
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0.034 and 0.073, respectively. The change of the
LWR has little effect on the stability of the electro-
magnetic field interfacial wave. The influence of the
increasing LWR on the stability is significant when
the LWR changes from 3.6 to 4.5. It can provide a
theoretical guidance for the design of large-scale
aluminum electrolysis cells.

CONCLUSION

A modal analysis method based on the mechanism
of mode coupling and the characteristic of total
modulus has been proposed to quantitatively
describe the stability. The discrete data of the
vertical component of the magnetic field were fitted
to a continuous function by the least absolute
residuals method. The Fourier series method and
FEM were used to obtain the eigenvalue equation.
The mechanism of each unstable component at
different eigen-frequencies were analyzed by cus-
tom code in MATLAB. The critical ACD was com-
puted and obtained to improve the stability of
certain cell designs. The results are summarized
below:

1. Based on theories of electromagnetics and a
shallow-water model, the governing equations
for describing the bath–metal interfacial wave
were established.

2. The frequency spectra and the main contribut-
ing moduli of eigen-frequency were obtained by
the Fourier series method and FEM. The calcu-
lations indicate that there are four unstable fre-
quencies in a 500-kA aluminum electrolysis cell,
mainly in the range of 0.05–0.30 Hz. According
to quantitative and qualitative analysis, the
characteristics of the total modulus are effective
for stability assessment.

3. The modal analysis has been investigated with
the ACD as the variable. The results show that
increasing the ACD is beneficial to improving

the stability of the cell. The critical ACD which
can realize the economical and efficient produc-
tion is 0.041 m.
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