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Abstract 

A three-dimensional (3-D) model was developed to study the 
influence of cathode shape on current density, electromagnetic 
force and metal heave in 300 kA aluminum reduction cell. The 
new design is inclined cathode surface that makes horizontal 
current density in the metal pad as small as possible so as to 
simultaneously minimize power consumption. Results show that 
compared to plane cathode, cathode with 4.5° inclination can 
decrease 44.7 pet of horizontal current density. Cathode with 4.5° 
inclination and cylindrical protrusions can decrease 32.5 pet of 
horizontal electromagnetic force and 1.36 cm of metal heave in 
the metal pad. 

internal components can still affect electromagnetic forces and 
distort metal flow [17], For existing cells, the busbar 
configuration can't easily be changed but current distribution 
improvement is possible by modifications of internal components 
during cell replacements. 

The present paper investigates current density distribution and 
interface deformation from the point of cathode design. A 3-D 
model was established to investigate effect of various cathode 
inclinations on current density and inclined cathode with 
cylindrical protrusions on metal heave. 

Mathematical model 

Introduction 

In a typical Hall-Héroult cell, current flows from anodes to metal 
through high-resistivity electrolyte in which alumina is dissolved 
[1], Intense magnetic flux density (B) created due to high current 
in the busbars interacts with the current density vectors (J) 
flowing in the metal pad to generate magnetohydrodynamics 
(MHD) forces [2], The MHD forces drive the metal flow and 
deform the metal pad so reduction of anode cathode distance 
(ACD) is constrained to avoid anodes immersed in the molten 
metal. The power is mostly consumed in electrolyte layer which 
has a relatively high resistivity. The aluminum industry is 
committed to increase MHD stability as greater stability of metal 
will aid in lowering ACD to save power consumption. At present 
one of the most urgent task is to achieve well-ordered 
electromagnetic force acting on melt flow in the cell. 
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Figure 1. Sectional plane of inclined cathode assembly 

Figure 1 represents the sectional plan of inclined cathode, 
proposed by Feng in 2011 [18], Voltage drop between A and Β is 
the same when current flows through path 1 or path 2. 

/ , (R\ + R2) = / , (R3 + R4) (1) 

Among much research on the topic, the most concern has been to 
improve busbar configuration and current distribution 
characteristics of components in aluminum reduction cell. Liang 
[3] reported comprehensive methods of busbar design from 
magnetic field compensation, busbar configuration, busbar section 
selection and short circuit in large aluminum reduction cells. Li [4] 
employed genetic algorithm for the numerical optimization of the 
busbar configuration based on MHD instability indicator. Gupta et 
al. [5] analyzed various busbar configurations and validated that 
new magnetic compensation effectively improves the magnetic 
field, metal flow profile and metal heave. Both W. Tao [6] and Y. 
Liu [7] simulated vertical collector bars in order to reduce the 
horizontal current and vertical magnetic field strength. Several 
designs have been adopted to compensate for external magnetic 
fields with side risers to reduce instability [8], All these researches 
show satisfactory magnetic field improvement by optimizing 
busbar configuration. In other investigations, design modifications 
to cathode [9-15], collector bars [16], sidewall [8] were suggested 
in order to render the current density more uniform. Between 
improving busbar configuration and current distribution, the latter 
is more important. Even with a perfect busbar configuration, cell 
magnetic stability cannot be achieved without normal current 
distribution because uncontrolled change of current intensity in 

/ , i?l+i?2 
(2) / , i?3+i?4 

Rl, R2 resistance of cathode, collector bar in path 1. 

Ii, h current in path 1 and path 2. 

R3, R4 resistance of aluminum, cathode in path 2. 

0 cathode inclination 

Resistance of aluminum is relatively small compared to cathode 
and collector bar, the equation is simplified to 

I, _ R\+R2 
I, ~ R4 (3) 

Increasing resistance of cathode in path 2 R4 will reduce 
horizontal current I2 in aluminum if other parameters are constant. 
Using similar principle, Biais [15] changed bottom cathode design 
to reduce horizontal currents. 
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In this model, two stages for the current density and wave were 
adopted: First in ANSYS current density and Lorentz force are 
solved. Then in CFX velocity and interface deformation are 
solved using Lorentz forces found in first stage as source terms in 
the Na vier-Stokes equations. 

For electromagnetic analysis in ANSYS, electric potential V is 
solved from the Laplace equation. 

V-(aVV) = 0 (4) 

where σ is electrical conductivity, Fis electric potential. 

The current density J is calculated from equation (5). 

J = - a V F (5) 

The magnetic field is calculated using Maxwell equations. 

VxH =J (6) 

Β = μΗ (7) 

where: Η is magnetic field strength, Β is the magnetic induction, J 
is current density, μ is permeability. 

The Lorentz force resulting from interaction of the 
electromagnetic fields is given by the following: 

F,=JxB (8) 

First the steady 3D electromagnetic field is solved and then we 
solve Navier-Stokes equation and k-ε turbulence equation to 
calculate flow field. The homogeneous VOF (Volume of Fluid) 
method was used for interface tracking [19]. 
Navier-Stokes equations: 

p| i-L + ν . V v I = -Vp + μ , # ( v = v ) + pg + Fa (9) 

Where: ν is velocity, ρ is pressure, μ ^ is effective dynamic 
viscosity,/) is density; FEM is electromagnetic force. 

Continuity equation: 

k-ε turbulence models 

V-v = 0 

/c 
r|t = c — 

(10) 

(11) 

k is turbulent kinetic energy, e is turbulent kinetic energy 
dissipation rate. 

dk_ 
dt 

+ (ν · V)/i = V η |V/v (12) 

η |V/i . £ ü i G t - C „ — 
p/v k 

(13) 

Where η is kinematic viscosity, η, is turbulent kinematic viscosity, 
ah σε, cfl, CA, C£2 are empirical constants, Gk is turbulent kinetic 
energy production item. 

Four cathode inclination angles were compared to establish the 
extent of change to the current density: 9=0°, 3°, 4.5°, 6°. 

The parameters in the calculations are in table I. 

Parameters Case 1 1 Case 2 | Case 3 
ACD (cm) 
Metal height (cm) 
Bath height (cm) 
Line current (kA) 
Cathode dimension (mm) 

5 
28 

21.5 
300 

3420x525x490 

Results and discussion 
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Figure 2. Y component of horizontal current density at 2/3 height 
of the metal pad 

Figure 2 shows that y component of horizontal current density in 
the metal decreases with the increase of Θ. The location of 
maximum wear and maximum current density at the surface of the 
block is matched [15]. Therefore, a decrease of current density 
will simultaneously reduce wear and prolong cathode life. This 
study found that cathode with 4.5° inclination decreased 44.7 pet 
of horizontal current density than plane cathode. 

Horizontal current density in the metal was reduced with 
increased cathode inclination angle. Nevertheless, for the same 
metal level, metal volume is larger in the cell with 4.5° than with 
6° cathode surface inclination. Since metal thermal stability would 
be better with more metal volume and having higher metal level 
above the protrusions would improve longevity, a 4.5° inclination 
was adopted to calculate flow field and wave. The following three 
cases were modeled: 

Case 1 : Traditional cell with plane cathode. 
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Case 2: Modified cathode with 4.5° inclination. 

Case 3: Modified cathode with 4.5° inclination and cylindrical 
protrusions (Figure 3). 

Case 1 

0.000 0.015 0.030 0.045 0.060 0.075 0.000 

Figure 5. Flow field at 2/3 height of the metal pad (nrs"1), t=100s 

Figure 5 shows velocity at 2/3 height of the metal pad. There are 
two reverse vortices in the metal. Velocity decreases toward the 
center of the vortex. The match between the trend of EtEMF and 
metal flow is noticeable. Cathode inclination and cylindrical 
protrusions reduced the metal flow, nevertheless, they didn't alter 
the flow pattern. The wave data is shown in table II. 

Figure 3, Modified cathode with 4.5° inclination and cylindrical 
protrusions 
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Figure 4. Horizontal electromagnetic force field at 2/3 height of 
the metal pad 

Figure 4 shows horizontal electromagnetic force (HEMF) field at 
2/3 height of the metal pad. Hie maximum HEMF was found to 
be 136 N/m3(case 1), 119 N/m3(case 2) and 92 N/m3(case 3) 
respectively. The HEMF is higher near the wall attributed to the 
presence of external vertical busbars. The decrease of HEMF can 
be explained by the corresponding lower current density attributed 
to cathode inclination and protrusions. The maximum horizontal 
electromagnetic force in case 3 was reduced by 32.5 pet compared 
to case 1. 

Figure 6. Bath-metal interface shape (m) 

Figure 6 is bath-metal interface shape. The peaks of three cases 
are 1.89 cm, 0.68 cm, 0.56 cm. Hie electromagnetic force drives 
the metal flow and form two large heaves located near 1/4 and 3/4 
length of the cell. The radial component of the electromagnetic 
force pushes the metal toward the center of the cell, which is the 
main cause of the heave in the aluminum cell [8], 

Table II. MHD parameters in the metal pad 
Parameters Case 1 Case 2 Case 3 
Average velocity (enrs"1) 3.4 2.1 1.7 
Maximum velocity (enrs"1) 14.2 12.6 9.0 
Percentage above 8 enrs"1 13.5 2.14 1.13 
Percentage below 3 enrs"1 33.8 65 69.8 
Metal heave (cm) 2.72 1.45 1.26 
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Figure 7. Wave curve of metal-bath interface at 1/2 width, x-axis 

Figure 7 shows wave curve of metal-bath interface at 1/2 width, x-
axis. The heaves of three cases are 2.72 cm, 1.45 cm, 1.26 cm 
respectively. Metal heave is reduced by 1.36 cm due to inclination 
and protrusions. 

Conclusion 

A three-dimensional (3-D) model was developed to study the 
influence of cathode shape on current density, electromagnetic 
force and metal heave in 300 kA aluminum reduction cell. 
Electromagnetic field and flow field were calculated in ANSYS 
and CFX. Results show that compared to plane cathode, cathode 
with 4.5° inclination can decrease 44.7 pet of horizontal current 
density. Cathode with 4.5° inclination and cylindrical protrusions 
can decrease 32.5 pet of horizontal electromagnetic force and 1.36 
cm of metal heave in the metal pad. 
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