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Abstract: Aluminum production is a high energy consumption process so that maintaining funda-
mental compositions in balance and optimal conditions are essential. The molten electrolyte and 
melted aluminum are primary materials and their boundary needs to be monitored from time to time. 
An automatic measurement technic is presented in the paper to substitute for the traditional manual 
measurement work that is dull, poor efficiency and dangerous for operators. The boundary forming 
mechanism is analyzed, the vertical profile of electric potential is simulated, an automatic instrument 
is developed to sense the potential distribution, and a strategy is provided to identify the boundary 
according to the potential curves. Finally, some practical results are compared with manual mea-
surements, which shows good consistency. 
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1  Introduction 

The production of aluminum via electrolysis is a 
highly energy-consuming and carbon-emitting process. 
The production of one ton of aluminum requires 
13,500kwh of electricity and discharges about 10 tons 
of 𝐶𝑂ଶ .Therefore, an optimal and efficient balance 
state is an essential consideration, which depends on 
the process parameters in time. 

The boundary of the liquefied aluminum and 
electrolyte is a fundamental parameter which directly 
reflect the current production status of the electrolytic 

cell. The electrolyte is used to maintain the 
electrochemical reaction and stabilize the heat 
balance in the cell. The liquefied aluminum is the 
carrier to stabilize the magnetic field, protect the 
cathode from oxidation. But in most of factories, the 
boundary is measured with a F-shape steel rod by 
operators. The operator inserts the rod into the 
electrolytic cell, lifts it up after a moment, gazes the 
color fading, and find the ambiguous boundary 
according to the different colors. That’s a dull and 
dangerous operation. Hence, an automatic 
measurement technic is represented in the paper. 
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In this paper, an automatic measurement technic 
is represented. The electrolytic cell is modeled in 3D 
and the electric field is simulated. Since the electrical 
conductivity of air-electrolyte-aluminum is different 
and the position of the boundary is related to the 
change of electrical potential. A method is proposed to 
determine the boundary based on the electrical 
potential distribution. Results are good, which are 
comparable to the manual measurement. This way, it 
can help to automate the measurement of electrolyte 
and aluminum boundaries in the electrolytic cell, thus 
reducing carbon emissions and improving energy 
efficiency.  

2  The Electrolysis Process and the Boun-
dary Formation 

2.1  The Principle of Aluminum Electrolysis 

To extract aluminum from alumina, the ore 
should be melted and then be electrolyzed in liquid 
phase under huge electric currents. Due to the 
extremely high melting point of alumina, 2054°C, the 
melting process is too difficult to be economical. Until 
1886, when American Hall and French Héroult each 
independently invented the method of aluminum 
refining by electrolysis of cryolite and alumina molten 
salt, which opened the aluminum electrolysis industry. 
In Hall-Héroult's aluminum electrolysis process, the 
raw material alumina is mixed with corrosive 𝑁𝑎ଷ𝐴𝑙𝐹, which can be melted into electrolyte just at 
950°C. Then, carbon material is used as the anode and 
cathode, and under the action of thousands of amperes 
in direct current, the anode participates in 
electrochemical reaction and the cathode precipitates 
aluminum. 

Fig.1 shows the structure of an electrolytic cell 
briefly, which consists of carbon anode and cathode 
bars with about 4V differential potential. The huge 
anode current goes through the high temperature ice 
crystal   in molten state, leads to reduce reactions 
represented by the formula 2.1: ଵଶ 𝐴𝑙ଶ𝑂ଷ(𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑) + ଷସ 𝑥𝐶(𝑠) = 𝐴𝑙(𝑙) +             ଷସ ቀ2 − ଵ௫ቁ 𝐶𝑂ଶ(𝑔) + ଷଶ ቀଵ௫ − 1ቁ 𝐶𝑂(𝑔)        (2.1) 

 
 

Fig.1  Brief Structure of Aluminum Electrolytic Cell 
 

2.2  Molten Electrolyte and Aluminum Dela-
mination Mechanism 

Under the electrochemical reaction, the molten 
aluminum is electrolyzed above the carbon lining. At 
1000°C, the density of molten cryolite is 2.095 g/c𝑚ଷ

 
and aluminum is 2.289  g/c𝑚ଷ . Hence, gravity 
separation will occur and will reduce the reoxidation of 
the aluminum by the 𝐶𝑂ଶ gas formed on the anode 
surfaces. 

As shown in Fig.2, in the carbon anode area, due 
to the anodic reaction: 12 𝐴𝑙ଶ𝑂ଷ(𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑) + 32 C(solid) =              Al(l) + ଷଶ 𝐶𝑂(𝑔𝑎𝑠)     (2.2) 12 𝐴𝑙ଶ𝑂ଷ(𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑) + 34 C(solid) =              Al(l) + ଷସ 𝐶𝑂ଶ(𝑔𝑎𝑠)  (2.3) 

As the reaction proceeds, more electroactive 
substances are consumed below and to the side of the 
anode carbon block where 𝐶𝑂ଶ and CO gas are gen-
erated. The gas will adhere under the carbon block, 
producing a concentration gradient with convection. 
The aluminum liquid generated by the electrochemical 
reaction is deposited to the cathode carbon lining by 
convection, under the influence of gravity. 

The boundary of electrolyte and aluminum can’t 
be flat in the actual operation. Because the magneto-
hydrodynamics forces are generated in the aluminum 
metal caused by the interaction between the magnetic 
fields produced by the passage of high-amperage DC 
electrical current through nearby conductor bars and 
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the electrical current flow in the aluminum metal in 
electrolysis cells. The large electric currents, 300–500 
kA, pass through the electrically conducting liquids 
and generate powerful magnetic fields in the electro-
lytic cell. These strong magnetohydrodynamics forces 
increase metal velocity, metal wave height and fre-
quency, and distortion of the aluminum–electrolyte 
boundary. 

 

 
 

Fig.2  Formation of the Boundary [4] 
 

3  Potential Distribution Simulation 

3.1  Electrical Conductivity of Molten Cryo-
lite and Their Mixtures 

Wang[2] have measured the conductivity of mix-

tures obtained by adding ALF3, 𝐴𝐿ଶ𝑂ଷ、𝐶𝑎𝐹ଶ、𝑀𝑔𝐹ଶ 
and 𝐿𝑖𝐹 to molten cryolite. Based on measurement 
results, the multiple regression equation for the con-
ductivity of the cryolite melt system was obtained. 
The composition of the cryolite electrolyte used by 
Wang[2] for the determination of conductivity is shown 
in Table 1. 

The melting point of cryolite electrolyte fluc-
tuates in the range of 900 to 1000°C. Its conductivity 
data is described by the regression equation as fol-
lows: 

𝑙𝑛𝜅 = 1.9105 + 0.1620 · 𝐶𝑅 − 17.38 ×10ିଷ𝜔(𝐴𝐿ଷ𝑂ଷ) − 3.955 × 10ିଷ𝜔(𝐶𝑎𝐹ଶ) − 9.227 ×10ିଷ𝜔(𝑀𝑔𝐹ଶ) + 21.55 × 10ିଷ𝜔(𝐿𝑖𝐹) − 1.7457 ×10ଷ𝑇                (3.1) 𝜅 is the conductivity, 𝛺ିଵ𝑐𝑚ିଵ; 𝜔 is the mass 
fraction of the mixture additive, %; CR is the 𝑁𝑎𝐹/𝐴𝐿𝐹ଷ molar ratio; T is the temperature, K; The 
standard error of 𝑙𝑛𝜅 in equation (3.1) is ±0.0232. 

 
Table 1  Composition of Cryolite Electrolytes Determined 

by Wang[2] 

Composition Scope/% Range of changes/%

n(NaF)/n(ALF3) 2.2~2.9 2.20,2.55,2.90 

AL2O3 0~60 0,3.0,6.0 

CaF2 0~8.0 0,4.0,8.0 

MgF2 0~8.0 0,4.0,8.0 

LiF 0~8.0 0,4.0,8.0 
 

According to the above equation combined with 
the conclusions of Híveš et al[3], the conductivity of 
the electrolyte at 1000°C is about 2.5 𝛺ିଵ𝑐𝑚ିଵ . 
However, the conductivity of molten aluminum solu-
tion is not lower than that of pure aluminum due to its 
use as a phase state of aluminum and enhanced 
movement of freely movable electrons within alumi-
num at 1000°C. At 20°C, the conductivity of alumi-
num is 3.77×10ଽ𝛺ିଵ𝑐𝑚ିଵ, in contrast to the electro-
lyte at 1000°C, which is no greater than 3.0𝛺ିଵ𝑐𝑚ିଵ. 
There is a difference of nine orders of magnitude in 
the conductivity of these two substances. This huge 
disparity gives us the theoretical basis for the mea-
surement. 

3.2  Simulation Results 

The electric field in aluminum reduc-tion cell, 
including the electric field gener-ated by conductor 
current, belongs to static electric field. Laplace 
equation is used to describe the conductive part of 
aluminum reduction cell, seeing Fig.2. 

       𝜎௫ డమడమ௫మ + 𝜎௬ డమడమ௬మ + 𝜎௭ డమడమ௭మ = 0
      

(3.2) 

                 ∑ 𝑈 = ∑ 𝐼 ∙ 𝑅          (3.3) 
U-electric potential, 
I-current, 
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R-resistance, 𝜎௫, 𝜎௬, 𝜎௭-conductivity in the direction of x, y and z. 
Here some assumptions are given as following. 
(1) The end of the steel bar embedded in the ca-

thode carbon block is taken as the reference point, and 
the aluminum liquid is regarded as equipotential in the 
aluminum liquid layer due to the high conductivity. 

(2) The cell wall and its surroundings are not 
conductive, and the current flows out of the cathode 
carbon block after passing through the electrolyte and 
aluminum liquid. 

(3) The electrolyte properties are uniform in the 
whole cell. 

 

 
 

Fig.3  The Simulated Potential Distribution  
All over the Cell 

 
In 3D modeling, the fluctuation of electrolyte 

and aluminum have been ignored. The main parts in-
clude anode rod, carbon anode, electrolyte, aluminum, 
carbon lining and cathode bars. In the simulation, we 
select the conductivity and relative permittivity of 
anode rod, electrolyte, aluminum liquid, carbon block, 
etc. The conductivity of electrolyte is less than 
3.0Ωିଵ · 𝑐𝑚ିଵ according to the previous section, and 
here we select it to be 2.0Ωିଵ · 𝑐𝑚ିଵ at high temper-
ature. The conductivity of aluminum liquid is taken as 3.77 × 10ଽΩିଵ · 𝑐𝑚ିଵ, and the carbon anode potential 
is set to be 5V. The simulation result is shown in 
Fig.3. 

In Fig.3, the colors fade from red to blue 
representing the gradual decay of potential from 5 V 
to 0 V. The cathode steel rods locate at the bottom 
where the potential is zero, and the anode carbon 

block on top of the cell provides the highest potential, 
5V. It falls gradually in the electrolyte and slightly in 
the aluminum. Although the aluminum conductivity is 
significantly large, it’s not iso-potential because of the 
huge current going through. The potential downward 
tendency appears a turning point just at the boundary 
layer. 

4  Determination of the Boundary 

4.1  Potential Distribution Detection 

We developed an automatic measurement setup to 
detect the potential distribution vertically in the cell, 
which consists of a probe rod driven by a motor, a 
probe travel encoder, a potential acquisition unit and a 
minicomputer, partially referring to Fig.4. 

 

 
 

Fig.4  Detect the Potential Distribution in an  
Aluminum Electrolytic Cell 

 

4.2  Data Analysis 

The potential changes during the probe rod des-
cending and ascending, seeing Fig.5. 

While initiating a measurement procedure, the 
probe rod descends in air step by step from the highest 
position A (Fig.3), and the potential maintains about 
zero, which is corresponding to the segment A~B in 
Fig.4. It will sharply arise once the probe rod contacts 
the electrolyte, seeing the cliff line at point B in Fig.5. 

After that, the probe rod will insert into the mol-
ten electrolyte, and the potential will drop conti-
nuously in a certain rate until the boundary being 



INSTRUMENTATION, Vol. 9, No. 3, September 2022  63 
 
 
 
 
 

reached, seeing the segment B~C in Fig.5. 
The boundary position is at a knee point C under 

where the potential will drop in a relatively small rate, 
which means the probe rod inserting into the molten 
aluminum layer, seeing the segment C~D.  

When the maximum travel is approached, the 
probe rod will change direction and ascend step by 
step. The potential varies in opposite tendency, seeing 
the right side in Fig.5. 

 

 
 

Fig.5  The Potential Distribution with Probe Rod Positions 

 

4.3  Boundary Determination 

In order to get the depth of the boundary, we 
should identify 2 knee points, the air-electrolyte in-
terface point B and the electrolyte-aluminum interface 
point C. The distance between point B and C is the 
boundary depth. 

Determination of point B: Let the probe rod des-
cend step by step and monitor the differential potential 
at each step. The point B can be acknowledged if a 
preset threshold is reached. 

Determination of point C: it’s identified in the 
similar way except a relatively small threshold is 
adopted. 

In fact, the measurement can be carried both in 
descending and ascending travel. Two groups of knee 
points B, C and B’, C’, or calculated depths 153mm 
and 158mm, are reasonable. We take their average, 
156mm, as the final result. 

We took measurements in three consecutive days, 
and the calculated boundary depths were 156mm, 
178mm and 152mm. At the same time, carefully con-
ducted manual measurements were 170mm, 160mm 
and 160mm. The differences are less than 5% which is 
acceptable in practice. The errors come from the 
viscous hanging along the probe rod. As shown in 
Table 2. 

 
Table 2  Comparison of Manual and  

Automatic Measurements 

 Date Manual  
measurement 

Automatic 
measurement Difference

Depth 
of the 

boundary

Day1 170 178 4% 

Day2 160 156 2.5% 

Day3 160 152 5% 

 

5  Conclusion 

Through analyzing the electrochemical process 
conducted in aluminum production, and simulating 
the electric field distribution in electrolytic cells, we 
developed a technic to measure the electric potential 
automatically and determine the depth of boundary 
between molten electrolyte and aluminum. That’s sig-
nificant to substitute the poor efficiency and danger-
ous measurement work manually and is necessary to 
maintain efficient and optimal production. 
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