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Abstract: Because of the increasingly prominent problem of alumina content inhomogeneity in large or super-scale aluminum 

reduction cells, a transient numerical model for the alumina mixing process was developed for a 400 kA cell, and the relationship 

between the alumina content distribution and electrolyte flow field was analyzed. In the ANSYS software platform, several 

numerical simulation cases were presented to display the influence of the feeder configuration on the alumina mixing characteristics. 

The results showed that a large vortex flow of the molten electrolyte is beneficial for alumina mixing and uniform distribution in the 

inner areas of the vortexes. The alumina particles reach the inter-electrode zone in 10−15 s from the beginning of the feeding action, 

and the risk of early precipitation occurs in 10−25 s after the feeding. It was also found that a suitable grouping of feeders could 

reduce the content fluctuation and gradient. Therefore, a feeding on demand strategy was proposed, and the simulation results 

showed that although the spatial characteristics are not changed, the uniformity of the alumina content was markedly improved. 
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1 Introduction 
 

Alumina is one of the most important raw materials 

in the aluminum electrolysis industry. Its uniform 

distribution inside a molten electrolyte is conducive to a 

more stable magnetohydrodynamic (MHD) equilibrium, 

fewer pollutant emissions and a longer cell life. 

Otherwise, the distribution will seriously affect 

production. For example, if the alumina concentration is 

too high, alumina precipitation will occur, which can 

significantly reduce the current efficiency. However, if 

the concentration is too low, the anode effect (AE) will 

occur, which will dramatically increase the energy 

consumption and pollute emissions. Therefore, the 

alumina concentration distribution has become a key 

factor in achieving better economic and technological 

indexes in modern large-scale aluminum reduction cells 

in China [1]. 

Because of the high temperature, corrosive 

conditions of the electrolyte and the complex mixing and 

dissolution behavior of alumina, studies on the alumina 

concentration in industrial cells are extremely difficult, 

and computational fluid dynamics (CFD) is the only 

effective research approach. Many studies have been 

conducted in the past few years. PONCSAK et al [2] 

performed studies in a simulation cell, and the results 

showed that the alumina mixing time was shortened 

when the feeder was positioned in the cross area between 

the center channel and the gap between the anodes. 

FENG et al [3,4] studied the transport of alumina with 

CFD, and the alumina feeding and consumption were 

considered using a multicomponent model. Similar 

studies were also carried out by ZHAN et al [6−9]. 

ZHANG et al [10,11] analyzed the alumina concentration 

distribution using a vortex structure method. The above 

studies mainly focused on the modeling method and 

alumina transport mechanism, and location optimization 

was performed in some studies. 

However, very few studies have been conducted on 

the relationship between the alumina concentration and 

the feeder configuration, especially for large scale cells 
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that are over 400 kA. These studies are important for 

theoretical research and practice. As the cell size 

increases, the uniformity of the alumina concentration 

becomes a problem in many industrial cells. This can 

lead to failure of the control system, fluctuation in the 

cell status and high energy consumption. 

Therefore, a transient numerical model for the 

alumina mixing process was developed based on the 

characteristics of a feeder system in the present 400 kA 

industrial cells, and the relationship between the alumina 

concentration distribution and electrolyte flow field was 

analyzed. Several application cases were calculated to 

study the influences of the feeder configuration, which 

mainly included the feeding sequence and feeder size, on 

alumina mixing behaviors. 

 

2 Mathematic model 
 

2.1 Electrolyte−gas two phase flow and alumina 

multicomponent model 

The melt flow is governed by the laws of mass 

conservation, momentum conservation and energy 

conservation, which can be described by the Navier− 

Stokes equations: 
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where rα, ρα, 
eff
 , pα and Uα represent the volume 

fraction, density, effective viscosity, pressure and 

velocity of the α phase, respectively; Mα is the interphase 

surface force; and SMα
 is the external force. 

The external force are mainly the gravity force, 

buoyancy, Lorenz force FEM, and interphase force, which 

is the drag force between the electrolyte phase and the 

bubble phase. These forces can be calculated using the 

following equations: 
 
SMb

=rbFEM                                       (3) 
 
Mbe=Cb,p(Up−Ub)                              (4) 
 
SMp

=rp(ρb−ρp)g                               (5) 
 
where Cb,p is the friction coefficient between the 

electrolyte and the bubble phase, as shown in the 

following equation: 
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where CD is the drag coefficient, which can be calculated 

using the Ishii−Zuber equations. The Lorenz force FEM, 

can be calculated using the following equation: 
 
FEM=J×B                                    (7) 

where J is the current density, and B is the magnetic flux 

density. 

In an aluminum reduction cell, the above Navier− 

Stokes equations can be solved using a homogeneous 

standard k−ε turbulence model. 

The conservation component is also needed for the 

molten electrolyte with the dissolved alumina: 
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where r,  and U represent the volume fraction, density 

and velocity of the electrolyte phase, respectively; Yi, Di 

and Si represent the mass fraction, diffusion coefficient 

and mass source terms of component i in the electrolyte, 

respectively [12]. 

 

2.2 Alumina feeding and consumption 

1) Alumina consumption 

Because of the inhomogeneous distribution of the 

current density, there are large differences in the alumina 

consumption rate. The consumption can be calculated 

using the following equation: 
 

mloc=1.76Jbη                                 (9) 
 

where mloc is the local consumption rate, Jb is the current 

density distribution of the bottom surface of the 

electrolyte layer, and η is the current efficiency. 

2) Alumina feeding 

The amount of alumina feeding was determined by 

the feeder size, and the amounts were mainly 1.2, 1.6, 

1.8, 2.0 kg, etc. During the industrial alumina feeding 

control model, the feeding rate is controlled through a 

feeding interval. After the feeding operation, the alumina 

powder is gradually dissolved in the electrolyte via the 

flow field. Therefore, on the basis of the alumina 

behavior, the alumina travel time variable in the process 

could be transformed into an angular function. The 

feeding rate can be calculated using the following 

equation: 
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where m0 is the feeder size; δ is the time required for the 

dissolution of alumina, which is 10 s according to the 

previous work [13]; T0 is the feeding time interval; n is 

the group of feeders; τ is the time delay for the 

dissolution of alumina, which is 5 s in this work; and t is 

the time variable. 
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2.3 Transient model calculation and case introduction 

A transient numerical model for the alumina mixing 

process was developed in the ANSYS software platform, 

and the relationship between the alumina concentration 

distribution and the electrolyte flow field was studied in 

a 400 kA cell. The main structure and parameters are 

displayed in Table 1, where ACD is the anode cathode 

distance. There are six uniformly laid out feeders in the 

upper structure, which are labeled FD1 to FD6, 

respectively, as shown in Fig. 1. The anodes are labeled 

A1 to A24 and B1 to B24, as shown in Fig. 1. The 

coordinates of the observation points OB1 to OB12 are 

listed in Table 2. The boundary conditions of the 

multicomponent model are listed in Table 3 [14,15]. 

Procedure for calculations: 

1) The electric and magnetic fields were calculated 

using previously developed finite element models (FEM). 

Based on these results, the Lorenz force and alumina 

consumption rate were calculated. The calculation mesh 

for the multicomponent model is shown in Fig. 2. 

2) The electrolyte−bubble two phase steady flow 

field was then calculated using a homogeneous alumina 

content of 2.5%. The alumina contents discussed in the 

following are all given as a mass fraction. 

3) By adopting the alumina feeding and 

consumption functions, the transient multicomponent 

multiphase model for the alumina concentration 

distribution was calculated with a feeder size of 1.6 kg 

and a feeding time interval of 136 s. 
 

 

Fig. 1 Distribution of feeders and set observation points 
 

Table 1 Main structure and parameters of studied 400 kA cell 

Line 

current/kA 
Anode current 

density/(A·cm−2) 
Anode number Cathode number Distance to side/mm Distance to end/mm 

403 0.83 48 26 280 390 

Temperature/°C Superheat/°C ACD/mm Electrolyte level/mm Metal level/mm Alumina content/% 

965 8−12 45 180 290 1.5−2.5 

 

Table 2 Coordinates of set observation points OB1 to OB12 

Identifier Coordinates (x, y, z) Description Identifier Coordinates (x, y, z) Description 

OB1 16.95, −1, 1.132 Under A1 OB7 7.15, −1, 1.132 Under A15 

OB2 15.55, 1, 1.132 Under B3 OB8 6.45, 1, 1.132 Cross-corner 

OB3 13.45, −1, 1.132 Under A16 OB9 5.05, 0, 1.132 Under A1 

OB4 12.05, 0, 1.132 Between A8 and B8 OB10 3.65, 1, 1.132 Under A1 

OB5 10.65, −1, 1.132 Under A10 OB11 2.25, −1, 1.132 Under A1 

OB6 9.25, 1, 1.132 Under B12 OB12 0.8, 1, 1.132 Under A1 

 

Table 3 Boundary conditions of multicomponent model 

Location Boundary type State 

Anode bottom Wall Free slip for gas, nonslip for electrolyte, gas inlet 

Anode side Wall Free slip for gas, nonslip for electrolyte, gas inlet 

Surface of electrolyte Out Degassing 

FD1 to FD6 Fluid source Alumina addition 

Electrolyte bottom Fluid source Alumina consumption 

Others Wall Nonslip wall 
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2.4 Results 

In previously published works, a number of analysis 

methods were used to determine the alumina content, 

such as the average mean value of content, maximum 

value of content, minimum value of content, regional 

area of content and other target variables [3,16]. 

However, to evaluate the content distribution 

characteristics, the cell was divided into 6 regions 

labeled 1−6 from the tape end to the duct end in this 

work. In each region, the distribution characteristics, 

combined standard deviation and other traditional 

analysis methods for concentration were discussed. The 

standard deviation was calculated using 
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where Ci is the content for each discrete element in the 

calculation domain; Cave is the mean of alumina content 

in each region; and n is the number of the discrete 

element. 

Furthermore, because of the limited abilities of the 

standard deviation to describe the characteristic regions, 

a method for judging and evaluating the concentration 

area was proposed. This method will be used to count the 

area of the alumina content distribution in each region. 

 

3 Relationship between alumina content and 
electrolyte flow field 

 

The steady state flow field distribution of a 400 kA 

cell is presented in Fig. 3, and the location of the feeders 

and the direction of the flow are also marked. Figures 4 

and 5 show the inter-polar concentration distributions of 

feeder 6 after one feeding cycle and after 1360 s, 

respectively, in plane z=1.132 m (the z axis is the vertical 

direction of the cell, as shown in Fig. 2, and z=1.132 m is 

the middle layer between the anode and the cathode). 

Figure 3 shows that there are two large vortexes, 

and the one near the duct end is smaller. The feeders are 

in different regions of the vortexes. FD4 and FD6 are 

located in the area of the fast velocity of the vortex edge, 

FD1 and FD3 are located in the vortex internal edge with 

a relatively low velocity, and FD2 and FD5 are located in 

the center of vortex with a very low velocity. Figure 4 

indicates that the direction of the alumina mixing is 

along the flow direction. Figures 4(b), (d) and (e) show 

that the alumina from FD1 and FD6 is transported to side 

A, the alumina from FD3 and FD4 is transported to side 

B, and the alumina from FD2 and FD5 is limited to a 

small region around the feeder location. 

Figures 3 and 5 show that the uniformity of the 

concentration in the vortex edge is better than that in the 

vortex center. As the alumina from FD4 and FD6 feeders 

was transported a longer distance in a larger region, the 

alumina content distribution is more uniform than in the 

FD2 and FD5 feeders. A similar phenomenon was found 

in the FD1 and FD3 feeders. Therefore, the content near 

the FD1 and FD3 feeders is larger because of the weaker 

dispersion. 

The alumina content is very low in region A of   

Fig. 5. The reason is that it is difficult to transport 

alumina to this area because it is located at the external 

outside of the vortex, and the flow rate or the velocity 

will not affect the content in region A. A similar 

phenomenon can also be found in region C, whereas the 

concentration is higher in region D. The reason for this 

may be that region D is located in the cross transport 
 

 

Fig. 2 Mesh for multicomponent model 

 

 
Fig. 3 Steady state flow field of 400 kA cell 
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Fig. 4 Inter-polar concentration distribution of feeder 6 after one feeding cycle (z=1.132 m): (a) 17 s; (b) 34 s; (c) 51 s; (d) 68 s;    

(e) 85 s; (f) 102 s; (g) 119 s; (h) 136 s 

 

 

Fig. 5 Inter-polar concentration distribution of feeder 6 after 1360 s (z=1.132 m) 

 

direction of the FD1 and FD2 feeders, and alumina from 

both feeders can therefore be transported to region D. 

Generally, the electrolyte flow field is the direct 

factor for alumina transport, especially for a large vortex. 

A more uniform concentration distribution will be 

achieved if the feeder is located at the edge of the vortex 

with a faster transport speed. However, if the feeder is 

located at the vortex center, there will be difficulties in 

transporting the alumina because of the very low  

velocity. The consequence is that alumina precipitation 

occurs in this location. Moreover, the content will be 

very low in the region located outside of the vortex 

because of the slow alumina transport. 

 

4 Relationship between alumina content and 
feeder configuration 

 

4.1 Synchronous feeding 

Synchronous feeding means that all the feeders feed 

at the same time with the same amount of alumina. For 

example, if the feeder size is 1.6 kg, then the total 

feeding amount will be 9.6 kg. Generally, the time 

interval for each feeding is 136 s. The contour 

distribution in the plane z=1.132 m after each feeding 

cycle is shown in Fig. 6. The mean values of the content, 

standard deviation and range of content are listed in 

Table 4. 

Figure 6 indicates that there are large differences in 

the content distribution in the horizontal plane. Although 

the patterns are similar for each feeding cycle, the 

content is different for the first six cycles. After that, 

there is very little difference in the content, which can be 

regarded as a steady state. In region A to D, the largest 

challenge is the inadequate supply of alumina, which 

could lead to anode effect. However, in regions E and F, 

too much alumina is a problem, which will cause 

alumina precipitation. 

In Table 4, the overall distribution range is from 

2.227% to 3.05% with a deviation of 0.823%. This is a 

large deviation range, and the control accuracy of the 

concentration is below 1%. There is a similar deviation  
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Fig. 6 Contour of alumina content distribution in plane z=1.132 m after each feeding cycle: (a) 136 s; (b) 272 s; (c) 408 s; (d) 544 s; 

(e) 680 s; (f) 816 s; (g) 952 s; (h) 1088 s; (i) 1224 s; (j) 1360 s 

 

Table 4 Average value, standard deviation and range of content 

Region Average content (deviation)/% Standard deviation (inside region)/% Content range (deviation)/% 

1 2.608 (+0.043) 0.0647 2.473−2.872 (0.399) 

2 2.67 (+0.105) 0.1509 2.379−2.93 (0.551) 

3 2.505 (−0.06) 0.0769 2.371−2.67 (0.299) 

4 2.49 (−0.075) 0.0667 2.363−2.604 (0.241) 

5 2.67 (+0.105) 0.156 2.403−3.05 (0.647) 

6 2.523 (−0.042) 0.1322 2.227−2.951 (0.724) 

Overall 2.565 − 2.227−3.05 (0.823) 

 

in every region, and negative deviations appeared in 

regions 3, 4 and 6 and positive deviations appeared in 

regions 1, 2 and 5. Moreover, the deviations in region 2, 

5 and 6 are about two times greater than those in the 

other three regions. 

The time varying characteristic of the alumina 

content in the plane z=1.132 m in OB1 to OB12 is shown 

in Fig. 7, and the time varying characteristics for the area 

of high content (>2.8%) and low content (<2.3%) are 

shown in Fig. 8. 

There is a clear distinction in the time varying 

characteristics for each observation point, where, except 

for OB12, the other 11 points appear to have a similar 

pattern with a different fluctuation range. Based on the 

range in Fig. 7(b), the characteristics are completely 

inconsistent for OB10 and OB12 compared with the 

others. This means that the alumina mixing 

characteristics are very complicated in both the space 

and time domain. 

Figure 8 shows that the time varying characteristic 

for the area of high content is consistent with the feeding 

cycle. The high content peak area value can reach 12 m2 

and is gradually reduced to 4 m2 after each feeding cycle. 

This indicates that there are large spatial differences even 

within one feeding cycle. However, the area of low 

content is relatively stable and is roughly ~1 m2. 

Figure 9 shows the content distribution in the 

vertical (z axis) section of the FD1 and FD2 feeders after 

feeding for 50 s. It can be seen that the transportation 

speed in the vertical direction is very fast after feeding. 

For approximately 10 s, alumina can reach the interface 

and transport horizontally, which agrees with the 

previous observation in the industrial cell [17]. Within 

10−20 s, the vertical transportation will be finished, and 

the inter-electrode alumina content will remain stable. 

Therefore, from the perspective of vertical transportation 

of alumina, the greatest risk of alumina precipitation is 

between 10 and 25 s. 
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Fig. 7 Time varying characteristics of alumina content in plane 

z=1.132 m: (a) OB1−OB6; (b) OB7−OB12 

 

 

Fig. 8 Time varying characteristics for areas of high content 

(>2.8%) and low content (<2.3%) in plane z=1.132 m 

 

4.2 Asynchronous feeding 

Asynchronous feeding has been applied in some 

large aluminum reduction cells. All the feeders are 

divided into several groups, and the groups are fed by 

sequence. In this case, FD1, FD3 and FD5 feeders are 

defined as group 1, and the other three are defined as 

group 2. The feeding time interval for each group is 68 s, 

and the feeder size is still 1.6 kg. The alumina content for 

the asynchronous feeding in the plane z=1.132 m at  

1292 s and 1360 s are shown in Fig. 10. 

Although the distributions of the high content and 

low content areas are mostly consistent for the two 

feeding configurations, the values are slightly different. 

The reason is that the electrolyte flow field determines  

 

 

Fig. 9 Content distribution in vertical (z axis) section of feeders 

after feeding for 50 s: (a) FD1; (b) FD2 

 

the content distribution. For the optimal content 

distribution, the feeding strategy for each should be 

different, which is called as feeding on demand. 

 

4.3 Feeding on demand 

On the basis of the above studies, a feeding on 

demand strategy was proposed. The original symmetric 

feeding configuration (6 × 1.6 kg) was modified. The 

FD1, FD3, FD4 and FD6 feeder sizes were increased to 

1.8 kg, and the FD2 and FD5 feeder sizes were reduced 

to 1.2 kg. The feeding time interval was still 136 s, and 

the total feeding amount each time was unchanged. The 

contour of the alumina content distribution for the 

feeding on demand strategy in plane z=1.132 m is shown 

in Fig. 11. The average values, standard deviation and 

range for the content in feeding on demand are listed in 

Table 5. 

From Fig. 11, it can be observed that the spatial 

characteristics are unchanged, but the alumina contents 

in FD2 and FD5 are much higher. This means that the 

slight change in the feeder size does not have a 

fundamental impact on the concentration distribution. 

Table 5 and Table 4 show that the uniformity was 

improved in this case, and the standard deviation and the 

content fluctuation range were reduced. The feeding on 

demand strategy is beneficial for the uniform distribution 

of the alumina content. 
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Fig. 10 Contour of alumina content distribution for asynchronous feeding strategy in plane z=1.132 m: (a) 1292 s; (b) 1360 s 

 

 

Fig. 11 Contour of alumina content distribution for feeding on demand strategy in plane z=1.132 m (t=1360 s) 

 

Table 5 Average value, standard deviation and range of content for feeding on demand (t=1360 s) 

Region Average content (deviation)/% Standard deviation (inside region)/% Content range (deviation)/% 

1 2.57 (+0.014) 0.0521 2.426−2.762 (0.336) 

2 2.59 (+0.034) 0.1121 2.415−2.797 (0.382) 

3 2.518 (−0.042) 0.0584 2.366−2.717 (0.351) 

4 2.527 (−0.029) 0.0497 2.372−2.623 (0.251) 

5 2.644 (+0.088) 0.1172 2.42−2.874 (0.454) 

6 2.522 (−0.034) 0.0933 2.24−2.804 (0.564) 

Overall 2.556 − 2.24−2.876 (0.636) 

 

Theoretically, feeding on demand can optimize the 

uniformity, but it has some defects, such as poor 

adjustability because of the current design of the upper 

system in a reduction cell, which cannot be modified 

once it is built. Moreover, it is neither economical nor 

applicable for single point feeding because of the 

complex electrical and mechanical structures in cell 

upper systems, which will lead to control failure in the 

regional concentration compensation or regional anode 

effect extinction. This is why feeding on demand should 

be continually studied theoretically and practically, 

especially in design and industrial experiments. 

 

5 Conclusions 
 

1) The most direct impact factor on the mixing of 

alumina is the flow field of the electrolyte. A large vortex 

flow is beneficial to alumina mixing, and a uniform 

content distribution can be achieved at the edge of the 

large vortexes. However, the alumina content can reach a 

high level with a large gradient because of the poor 

mixing ability at the center of the vortexes. 

2) Alumina reaches the inter-electrode zone in 

10−15 s from the beginning of the feeding action, and 

the risk of early precipitation is 10−25 s after feeding. 

The maximum alumina content can reach 5% near the 

metal−electrolyte interface at the end of the feeding 

cycle. 

3) A suitable group of feeders and an asynchronous 

feeding strategy could reduce the content fluctuation and 

content gradient in the electrolyte, which is beneficial for 

overall uniformity. Although the distribution areas for 

the high and low contents are basically consistent for the 

two feeding configurations, the values are slightly 

different. 

4) A feeding on demand strategy was proposed, and 
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the simulation results showed that although the spatial 

characteristics are unchanged, the uniformity of the 

alumina content can be improved. 
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摘  要：针对特大型铝电解槽内氧化铝含量不均匀性日益突出的问题，建立了铝电解槽内氧化铝输运过程的瞬态

数学模型。以某 400 kA 铝电解槽为实例，计算分析了槽内氧化铝含量分布与电解质流动、下料系统配置的关系。

结果表明，电解质的大漩涡流动有利于氧化铝在漩涡内快速输运，实现漩涡内部浓度均匀分布；氧化铝下料后

10~15 s 即可输运到极间，早期沉淀风险发生在下料后的 10~25 s；分组交叉的下料配置可减少槽内含量波动，并

一定程度上改善了含量分布的均匀性。在此基础上，提出了铝电解槽“分区按需下料”策略，尽管含量的空间分布

特性未发生根本性改变，但全槽氧化铝含量分布的均匀性得到了明显的优化。 

关键词：铝电解；含量分布；下料配置；氧化铝沉淀 

 (Edited by Xiang-qun LI) 


