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Abstract

:

As one of the main factors decreasing current efficiency and product quality, the growth of nodules deserves attention in the copper electrorefining process. Three-dimensional (3D) Finite Element Method models combining tertiary current distribution and fluid flow were established in this study to investigate the details of the growth of columnar nodules, including the electrolyte flow around the nodule and its effects. Compared with an inert nodule, a significant impact of the electrochemical reaction of an active nodule has been observed on the fluid flow, which may be one of the reasons for the formation of small nodule clusters on the cathode. Furthermore, the local current density is not even on the nodule surface under the comprehensive influence of local electrolyte flow, local overvoltage, and the angle with the anode surface. Thus, the head of an active nodule grows faster than the root, and the upper parts grow faster than the lower parts, leading to asymmetric growth of the nodules.
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1. Introduction


Copper sulfide ore is smelted through pyrometallurgy and hydrometallurgy to obtain crude copper containing impurity elements such as As, Zn, Ni, and Se. The purity of copper needs to be increased to 99.99% through electrolytic refining [1]. The current efficiency in industrial copper refining is usually only 93–98% [2]. The growth of cathode nodules is the main cause of current loss, due to the occurrence of short circuits. Previous studies on nodule formation conditions have shown that conductive particles in the electrolyte can form tiny protrusions on the cathode surface [3], and mucous particles from anode mud exist at the root of the nodules [4]. These experiments indicate that the formation of cathode nodules is related to the transport of these impurity particles to the cathode surface. Once formed, the current density on the surface of the nodules increases sharply. According to electrode kinetics, local current density reflects the electrode reaction rate, and the deposition rate of copper ions significantly increases. When the nodules grow and touch the anode surface, short circuits are formed. The changes in the current density of the nodules affect the growth process. Wang et al. [5] simulated the nodule growth process and found that the current density at the head of the nodules with different initial heights was not uniform. Meng et al. [6], through experiments and numerical simulations of current distribution, quantitatively analyzed and modeled the nodule growth behavior. The results showed that current density at the front end of the nodules is the reason for the enhanced growth at the front end and the formation of irregular dendrites. Zhao [7] analyzed the current density on the nodule surface and the corresponding anode and pointed out the importance of studying the current density on the nodule surface in order to reduce the duration of short circuits and even completely avoid their occurrence. In addition, Adachi [8], Nakai [9], etc., simulated the secondary current distribution of the nodule growth process through numerical simulation of nodule placement on the cathode and concluded that, when the height of the nodules exceeds 10 mm, current density occurs due to the geometric shape of the protrusions, and the height of the protrusions increases exponentially with the duration of electrolysis, resulting in the rapid growth of dendrites due to copper deposition. Previous studies have confirmed the possibility of rapid growth of nodules and the formation of dendrites, due to uneven current density distribution on the nodule surface, which could lead to short circuits. Zeng [10] utilized fiber-optic current sensors to measure the cathode current of industrial copper electrolytic refining cells and obtained the relationship between cathode current characteristics and inter-electrode short-circuit mechanisms. However, the electrode kinetics theory proposes that the control steps of electrode reactions are composed of electrochemical reactions and liquid-phase mass transfer [11], and electrolyte flow may increase the current density on the nodule surface. Zeng [12] measured the flow velocity in the gap between adjacent electrodes and used simulation to determine the effect of the different factors, such as current density and flow velocity, on the complex flow of anode slime. Masayuki M. et al. [13] demonstrated, through natural convection numerical simulations based on secondary current distribution, that impurity particles are carried by convective vortices above the nodules, collide frequently with the nodules, and preferentially enter above the nodules. Zeng et al. [14,15,16,17], through numerical simulations of secondary current distribution and experimental analysis of nodules, studied the transport characteristics of copper electrolytic refining particles under symmetric electrodes. Kim et al. [18] simulated electrochemical kinetics with the flow of ions in the electrolyte by fully coupling it with a simplified three-dimensional transport model of a copper electrolyze. In addition, since the rising oxygen bubbles and electrolyte temperature during electrolysis can adversely affect cathodic mass transfer [19], a large number of researchers have paid much attention to the simulation of the flow of rising bubbles within copper electrolytes [20,21,22,23]. Le A.S. [24] and Li M.Z. [25] simulated temperature variations in a copper electrolyte’s electrolyte inlet, outlet, and inter-electrode. They proposed effective measures to improve electrolyte flow and minimize mass transfer effects caused by temperature variations. Ka et al. [26] used the measurement results of actual industrial electrolytes to establish a model for the electrical conductivity and viscosity of the electrolyte, which can be used to optimize industrial electrolytes. Khayatzadeh et al. [27] used X-ray diffraction/Scanning Electron Microscope to characterize the content of glue and thiourea, studying the influence of additives on the formation of cathodic nodules. Researchers conducted a series of studies aimed at improving the quality of the cathode. H. Wang [28] proposed that the cathode mass is best when the electrolyte jet is directed at the middle height of the cathodic deposition area. Sahlman [29] indicated that an increase in the impurity Ni content in the electrolyte reduces the dispersion of chunky anode mud, while an increase in sulfuric acid concentration promotes the detachment of individual particles. Another study [30] used a recursive neural network model to estimate cathode cycle rejection. It is evident that the electrolysis process and factors such as electrolyte flow and composition are closely intertwined.



However, the current research on the correlation between electrolyte flow patterns and current density on the nodule surface in copper electrolytic refining is very limited. This study is based on the numerical simulation of natural convection of tertiary current distribution. By using the nodular model and the inert nodular model for comparison, the current density distribution on the surface of the nodule (at the upper and lower edges) and the flow characteristics of the nearby electrolyte were studied. The influencing factors of the current density distribution on the surface of the nodule (upper and lower edges) were analyzed. In addition, the current density distribution on the upper and lower edges of the nodule is relatively typical, and the current density distribution in other areas of the nodule surface is also worth studying. Nevertheless, we can still simulate the electrode reaction and natural convection of the electrolyte on the micro-scale inside the cell, to explore the relationship between the two and the coupling effects.




2. Model Description


2.1. Geometry Model


COMSOL Multiphysics possesses the capability to integrate electrode position; it offers the functionality to simulate in three dimensions and presents outcomes through three-dimensional visuals and animations [31]. This paper used COMSOL Multiphysics to construct a computational model of a three-dimensional structure of an electrolytic cell, with an anode and cathode length and width of 200 mm, and a distance of 25 mm. The nodule was designed as a front hemispherical, cylindrical structure with a diameter of 5 mm, placed at the center of the nodule. The lengths of the nodules were 0 mm, 15 mm, and 23 mm, respectively. To investigate the influence of electrode reaction occurring on the surface of the nodule, a comparative study was conducted, with the condition where the reduction of copper ions did not exist on the surface, referred to as “inert nodule” in this article. The “inert nodule” geometric dimensions were identical to those of the “active nodule”, with a length of 23 mm.



The model discretized into tetrahedral grid cells using a refined mesh. The maximum mesh cell size, minimum mesh cell size, and maximum mesh cell growth rate of the domain mesh in the cells were distributed as 0.00374 m, 0.0007 m, and 1.13. The head of the nodule (the hemisphere) used an ultra-refined mesh. At the slip boundary, a two-layer boundary cell was formed. The first boundary layer had a thickness of 0.006 m, and the thickness of the second layer was determined by a boundary layer stretch factor of 1.2, resulting in a 20% increase in thickness compared to the first layer. The cells’ geometric edges and vertices were discretized into edge and vertex cells. Several mesh refinements were performed before applying the current mesh. The results of the simulation were not significantly different from those obtained with the previous mesh cells of a lower quality. It is important to note that all cross-section definitions, such as the XZ cross-section, in the following text are based entirely on the coordinate system of Figure 1.




2.2. Numerical Model


The coupling of the “triple current distribution” and “laminar flow” is used to describe electrode reactions and electrolyte flow. Among them, the relationship between the reaction rate on the electrode surface, the ion concentration near the electrode surface, and the potential is characterized using the concentration-dependent Butler–Volmer equation in the triple current distribution, as shown in Equation (1).


   i  l o c   =  i 0  [    C a     C 0    exp (    α a  F η   R T   ) −    C c     C 0    exp ( −    α c  F η   R T   ) ]  



(1)




where is the local overvoltage at the electrode interface, defined as follows:


  η =  φ s  −  φ l  −  E  e q    



(2)







In Equations (1) and (2),    i  l o c     represents the local current density at the electrode–electrolyte interface, in A/m2;    i 0    is the exchange current density, in A/m2;    C a   ,    C c   , and    C 0    represent the concentrations at the anode surface, cathode surface, and in the bulk solution, respectively, in mol/m3; and    ϕ s   ,    ϕ l    and    E  e q     represent the solid electrode potential, the potential at the electrode–electrolyte interface, and the equilibrium potential difference, respectively, in V.    α a    and    α c    represent the anodic transfer coefficient and cathodic transfer coefficient, respectively.



The ion flux and flow velocity in the electrolyte are described using the Nernst–Planck equation, as follows:


   N i  = −  D i  ∇ C −  z i   u  m , i   F  C i  ∇  ϕ l  +  C i  u  



(3)




where    N i    represents the total flux of the substance, in mol/(m2·s);  F  is the Faraday constant, in As/mol;   ∇  ϕ l    is the potential gradient in the electrolyte, in V;   ∇ C   is the concentration gradient, in mol/m3;    z i    is the charge of substance i,    u  m , i     is the migration coefficient of the ion, in m2/(s·J·mol);    C i    represents the concentration of substance i;    D i    represents the diffusion rate of substance i;    C i  u   represents the convective term; and  u  represents the velocity of the electrolyte.



Changes in the ion concentration on the anode, cathode, and nodules’ surfaces can cause variations in the local electrolyte density and viscosity. The density and viscosity are obtained from empirical equations for electrolyte composition, according to reference [31], as follows:


  ρ = 1.022 + 2.24  M  C u    C  C  u  2 +     + 0.55  M   H 2  S  O 4     C   H 2  S  O 4    − 0.58 ( T − 273 )  



(4)






  μ =   10   − 3   ⋅ ( − 189.46 + 0.010353 ( 0.06355  C  C  u  2 +     ) + 0.0014685  C   H 2  S  O 4    + 1983.72 exp (  1 / T  ) )  



(5)




where  ρ  represents the electrolyte density in kg/m3;  μ  represents the electrolyte viscosity in Pa·s;    C  c  u  2 +       represents the copper concentration in mol/m3;    C   H 2  S  O 4      represents the concentration of H2SO4 in kg/m3;  T  represents the electrolyte temperature in K; and    M  C u     and    M   H 2  S  O 4      represent the formula weights of Cu and H2SO4 in g/mol, respectively.



The variation in local electrolyte density and viscosity on electrolyte flow is considered in the study, described by the momentum conservation Equation (6) and the continuity Equation (7). The outlet conditions were specified by prescribing a pressure on the outlet face without viscous stress.



The momentum conservation equation is as follows:


  ρ   ∂ u   ∂ t   + ρ u ⋅ ∇ u = ∇ ⋅ [ − p I + K ] + F + ρ g  



(6)







The continuity equation (mass conservation) is as follows:


  ρ ∇ ⋅ u = 0  



(7)




where  ρ  is the density of the electrolyte in kg/m3;  u  is the velocity of the electrolyte flow in m/s;  μ  is the viscosity of the electrolyte in Pa·s;  p  is the pressure in Pa;  F  represents the volume force per unit volume in N/m3, which in this model should be the volume force per unit volume exerted on the fluid due to gravity; and  I  is the identity tensor.




2.3. Model Boundary Conditions


Ions from external sources can be transported throughout the electrolyte, except the electrode surfaces. As a result, the electrode surfaces, namely of the cathode and anode, are set to no flux boundary conditions, as follows:


  − n ⋅  N i  = 0  



(8)




where  n  represents the unit normal vector to the face and    N i    is the flux of species  i .



The insulating boundary conditions are applied to all faces except for the two electrode faces, as follows:


  - n ⋅ i = 0  



(9)




where  n  represents the unit normal vector to the face and  i  is the current density.



The electrode surface is described as having a non-slip boundary condition due to the electrochemical reactions taking place. Outlets are placed around the electrolysis cell with pressure-constrained boundary conditions, with the electrolyte flowing out into an environment maintained at an absolute pressure of 1 atmosphere. It is important to note that pressure constraint points can be placed anywhere in the model to improve convergence.



The boundaries around the electrodes are set as inflow and pressure boundaries. The simulation assumes that electrolyte flow occurs between the electrodes, and there is also electrolyte present around them, where inflow can represent the exchange of substances with the surrounding electrolyte region. The inlet boundary    c i  =  c  i , 0    , as shown in Figure 1b. Applying a pressure constraint by specifying the pressure as 1 atm facilitates substance exchange with the external environment. It is assumed that the electrolyte undergoes natural convection driven by gravity in the downward z-direction.



When investigating the “inert nodule”, we assume that no reaction occurs at the nodule edges. Hence, the edge conditions for the occurrence of electrode reactions are modified to insulation.



Table 1 presents the other main technical parameters used in the paper, and previous research in the literature [12,32] also used similar parameter settings.





3. Results and Discussion


3.1. Characteristics and Analysis of the Electrolytic Process


The electrolyte flow patterns for normal electrolysis (0 mm), inert nodule, active nodule, and smaller active nodule (15 mm) are shown in Figure 2. (a–d) consist of YZ cross-sections and XZ longitudinal sections, where the XZ section corresponds to the A–D in the three-dimensional model on the right side. It is worth noting that, due to the symmetry of the electrolyte flow, only half of the electrolytic cell was studied.



Figure 2a depicts the flow field distribution during normal electrolysis without a nodule. The production of copper ions at the anode and their consumption at the cathode lead to a concentration difference of copper ions in the nearby electrolyte, resulting in the formation of density difference. This density difference, under the influence of gravity, induces natural convection and the formation of downwards flow near the anode and upwards flow near the cathode, which has been reported in the literature [33,34]. In the inter-electrode, the internal flow velocity of the electrolyte is uniform and flows smoothly. The convection speed is relatively steady, and the presence of two vortices, like the findings in the literature [6], is observed.



Figure 2b shows that neglecting the reduction reaction of copper ions on the nodule surface has a small influence on the flow of the electrolyte. The overall natural convection pattern, characterized by downwards flow near the anode and upwards flow near the cathode, remains relatively unchanged, with slight variations. In the vertical cross-section (XZ cross-section), the electrolyte is divided into upper and lower parts by nodule. Compared to the case without a nodule, there is a certain increase in swirl size. In the transverse cross-section (YZ cross-section), the number of small swirls decreases.



When considering the occurrence of reduction reaction on the surface of the nodule described above, the flow state of the electrolyte is significantly disturbed, as shown in Figure 2c. The electrolyte flow rate above the nodule local increases significantly, and two distinct vortices can be observed in the transverse cross-section (YZ cross-section). The bottom electrolyte of electrolytic cell flows around just beneath the nodule and merges into the upper local from both sides of the nodule. As a result, significant differences in flow velocity between the upper and lower parts appear in the middle section of the nodule. These characteristics are particularly prominent in the vertical cross-section through the center of the nodule. As the vertical cross-section moves away from the nodule, this effect gradually weakens, but there is still a certain disturbance observed at a distance from the nodule center.



When the length of the nodule is reduced to 15 mm, as shown in Figure 2d, it still exhibits the main influencing tendencies described earlier. By comparing Figure 2c,d, we can discuss the size of the area in which the length of the nodule affects the electrolyte, as shown in Figure 3. Figure 3 presents the line averages of 20 mm in the z-direction above and below the axial center line of the nodule for different nodule conditions of different lengths, with positions A–D corresponding to the red lines (above the nodule) and orange lines (below the nodule) in different cross-sections in Figure 2. Figure 3a illustrates a significant increase in the electrolyte flow velocity upward along the z-direction due to the occurrence of the active nodule (reduction reactions occurring). For the nodule with a longer length (23 mm), this effect still exists even at 50 mm away from the central cross-section, and the electrolyte-to-flow downward trend continues to dominate as one moves far away from the local nodule. For nodules with a length of 15 mm, the electrolyte at the center of the cross-section has a smaller flow velocity, and at the locations far from the central cross-section, it has transformed into a dominant downward flow trend. The statistical data for the lower part (Figure 3b) reflect the enhanced disturbance caused by the nodules, but there is no significant difference observed for nodules of different lengths.



In conclusion, compared to the inert nodule, the occurrence of an electrode reaction on the nodule grown under real operating conditions has a significant impact on electrolyte flow, especially the flow state of the upper edge of the nodule. The changes in the flow state will inevitably affect the liquid-phase mass transfer process in the electrolyte, which in turn affects the deposition of copper ions. We believe this may be the reason for the nodule exhibiting dendritic growth and the appearance of nodule clusters in lamellar locals near the nodule. The specific impact of the electrolyte flow state on the surface reduction reaction of the nodules will be discussed in detail in the following section.




3.2. Current Density Distribution of Nodule Surface and Analysis


Figure 4a shows the local current density distribution on the surface of the nodule, and Figure 4b shows the variation in current density along the distance from the cathode surface. According to the pattern of the curve graph, the upper and lower edges of the nodule can be divided into the following six locals.



U1—the upper edge of the nodule area within a distance of 0–5 mm from the cathode surface, namely the upper edge of the nodule root.



U2—the upper edge of the nodule area within a distance of 5–20 mm from the cathode surface, namely the middle of the nodule upper edge.



U3—the nodule upper edge area within a distance of 20 mm to the tip of the nodule from the cathode surface, namely the upper edge of the head of the nodule.



D1—the lower edge of the nodule area within a distance of 0–5 mm from the cathode surface, namely the lower edge of the nodule root.



D2—the lower edge of the nodule area within a distance of 5–20 mm from the cathode surface, namely the middle of the nodule lower edge.



D3—the nodule lower edge area within a distance of 20 mm to the tip of the nodule from the cathode surface, namely the lower edge of the head of the nodule.



Among them, the current density of the upper edge of the nodule increases with the distance from the surface of distance from the cathode, showing a significant linear correlation. The current density in the U3, and D3 locals is sharp, and it is significantly larger than in locals U1, U2, and D1. The current density in the D2 local fluctuates at a lower level (0–600 A/m2). It can be seen that the distribution of current density on the surface of the nodule is extremely uneven. The local current density reflects the electrode reaction rate, and different deposition rates on the surface of the nodule will cause asymmetric growth of the nodule from upper and lower parts, i.e., a significantly larger conical dendrite at the head. Other experimental [35,36] observations indeed confirm the growth of these phenomena.



The electrode reaction kinetics law indicates that the electrode reaction rate is primarily controlled by the slowest step in the liquid phase mass transfer and electrochemical reaction steps.



Figure 5 presents the variation trends of local overvoltage and copper ion pair flux as the distance from the nodule surface at the upper and lower edges of the nodule. In the D2 local, the convective flux is extremely low, fluctuating only within the 0–0.05 mol/m2∙s range, which is unfavorable for the liquid-phase mass transfer of copper ions in this local and becomes the limiting step of the electrolytic reaction. Therefore, although the local overvoltage of the nodule surface on the D2 area increases with the increase in distance from the cathode surface, the local current density only fluctuates within the low value range. On the other hand, in the corresponding U2 local, the convective flux is approximately twice that of the D2 local, and the local current density increases with the increase in local overvoltage, indicating that the electrochemical reaction step replaces the liquid-phase mass transfer step as the dominating step in this local. This is also the reason for the increase in local current density in the U1 and U2 locals. In the U3 and D3 locals at the head of the tubercle, the sphere-like shape leads to a gradual change from a perpendicular to a parallel relationship between the tubercle surface and the anode, which introduces a new factor affecting the local current density (i.e., the angle θ between the cathode and anode surfaces, as in Figure 4a). We believe that the influence of deviation angle on the electrode reaction rate makes it one of the important factors affecting the size of current density. The impact of the geometric shape of nodules on the current density of nodules has been confirmed in previous studies [12].



It is worth noting that a downward trend in local current density was observed at the right end of the U3 and D3 locals, i.e., at the head of the nodule (Figure 3a), whereas the local overvoltage was still elevated and the convective fluxes were maintained at a relatively high level of more than 0.5 mol/m2∙s. In order to explain this phenomenon, we believe that it is reasonable to propose the concept of a convective flux threshold: since the convective mass transfer is the main pathway of liquid-phase mass transfer in the electrolyte, when the convective flux of the local on the surface of the nodule is lower than this threshold, the liquid-phase mass transfer step controls the rate of the electrode reaction, and the trend of the local current density change is in line with the trend of the convective flux, whereas when the convective flux is higher than this threshold.



When the convective flux is above the threshold, other steps, such as an electrochemical reaction step, control the electrode reaction rate, and the trend of the change in the local current density is consistent with the trend of the change in other factors such as local overvoltage. The magnitude of this threshold depends on the electrode reaction rate, and the sharp increase in the local current density in the local of U3 and D3, due to the increase in local overvoltage and the decrease in θ, greatly increases the threshold of the convective current, which results in the actual convective current at the tip of the head of the nodule being lower than the threshold of the local convective current, which causes the step of controlling the electrode reaction rate in this area to be shifted back to the liquid-phase mass transfer, which leads to the decreasing tendency of the local current density in this area. This causes the local current density here to fall back.




3.3. Surface Concentration Effects of Nodule


As mentioned earlier, the localized current density on the surface of the nodule is not uniform but exhibits obvious local effects under the combined influence of multiple factors such as the flow field, the potential field, and the geometrical shape. Figure 6 shows an enlarged image of the flow velocity local near the nodule in the vertical cross-section, which corresponds well to the copper ion convection flux variation curve in Figure 4b. It can be observed that electrolyte is significantly slowed down underneath the nodule, especially in the D2 locals, where the convective flux is at its minimum. Due to the proximity of U1 and U2 locals to the nodule surface, the electrolyte flow rate increases rapidly, while the U2 local also has a relatively high flow rate due to the influence of upward flow from the nodule above.



Figure 7a depicts a contour map of copper ion concentration distribution on the cross-section at the center of the nodule, and Figure 7b illustrates the curve of copper ion concentration along the upper and lower edges of the nodule at varying distances from the cathode. It is evident that copper ions not only form locals of high and low concentration on the anode and cathode surfaces during normal electrolysis but also create irregularly sparse ion concentration layers on the nodule surface, demonstrating distinct local effects. Copper ions are transported to the D1 local as the electrolyte undergoes natural convection along the cathode. However, due to the lower local overvoltage in the D1 local and a current density of only around 600 A/m2, the electrode reaction is weaker, leading to copper ion accumulation, increased electrolyte density, and viscosity, thereby impeding the flow of the electrolyte. This hindrance is more pronounced in the D2 local. We selected YZ cross-sections of 2 mm, 10 mm, and 22.5 mm to represent locals 1, 2, and 3, respectively. Figure 8 presents velocity streamlines and contour plots of copper ion concentration for various locals perpendicular to the cross-section at the center of the nodule. Particularly, in the U2 (Figure 8b), the upward disturbance in electrolyte velocity accelerates due to copper ion scarcity, resulting in a relatively complex flow pattern. In the D2 local below the nodule (Figure 8e), with a small copper ion concentration gradient, the convection circulation of the electrolyte is impeded, leading to a slower flow rate. The concentration gradient in the D3 is greater than that in the U3, resulting in an increased flow rate in the electrolyte, providing a reasonable explanation for the higher convection flux in the D3 local compared to the U3. In contrast to the active nodule, when the inert nodule is present, its surface acts as an equivalent wall, only hindering the upward flow of the electrolyte along the cathode surface.



In particular, the downward flow of the electrolyte near the anode surface may carry anode slime that should have settled down and flowed into the electrolyte body. Moreover, according to Wang et al. [4], when the upward flow rate of the electrolyte exceeds the downward settling rate of the anode slime, more anode slime that should have settled will float in the electrolyte. These particles are passed toward the cathode, and join with anode sludge particles in the cathodic formation of the precipitated copper process, contributing to the formation of fine nodule clusters.



In summary, the cathode nodule local effect is significant. In the local D2, along the nodules’ lower edge, the current density fluctuates at a lower level due to poor electrolyte convection, leading to the accumulation of copper ions and an increase in electrolyte viscosity, inhibiting natural convection. Along the upper edge of the nodules, the current density gradually increases, the electrode reaction rate continues to rise, and the copper ion concentration gradually decreases. At this point, the electrolyte in the upper edge of the nodule local gradually flows downstream (the top of the electrolytic cell).





4. Conclusions


The paper is based on the numerical simulation of the cathode–anode reaction mechanism in the copper electrolytic cell. By comparing this with the non-nodule model and the inert nodule model, the influence of the nodule growth/deposition process on the natural convection pattern of the electrolyte is studied. The focus is on discussing the current density distribution characteristics on the nodule surface caused by the local effect of the cathodic nodule.



The results indicate the following:



The electrochemical reactions on the surface of the nodule affect the flow state of the electrolyte. This results in a significant increase in the flow rate of the electrolyte above the nodule, leading to the formation of two distinct vortices in the cross-section (YZ section). The electrolyte at the bottom of the electrolytic bath flows just below the nodule and joins the upper electrolyte flow from both sides of the nodule. Active nodules impact the flow pattern of natural convection in the electrolyte by enlarging the region above the nodule, causing the electrolyte to flow upward against the cathode surface. Unlike inert nodules, the size of the affected region increases with the length of the nodule. The electrochemical reaction at the tip of the nodule causes upward convection of the electrolyte near the anode surface, which carries anodic sludge, which may form clusters of fine nodules on the surface of the nodule.



The area below the nodule (local D2) has a weaker electrolyte flow, and the mass transfer in the liquid phase controls the electrode process, with local current density fluctuating in a relatively low range. In the U1 and D2 at the root of the nodule, as well as the U2 along the head of the nodule, electrolyte convection is faster, and stronger convection mass transfer ensures an adequate supply of copper ions, with current density mainly depending on local overvoltage. In the U3 and D3, due to the combined effect of the angle deviation from the anode surface and local overvoltage, the current density gradually deviates from the originally increasing one, leading to a sharp increase. The local current density is not even on the nodule surface under the comprehensive influence of local electrolyte flow, local overvoltage, and the angle with the anode surface. Thus, the head of an active nodule grows faster than the root, and the upper parts grow faster than the lower parts, leading to asymmetric growth of the nodules.



The concentration of copper ions on the surface of the nodule is not uniform. The uniform decrease in copper ion concentration along the upper edge of the nodule is mainly due to overvoltage. The convection pattern of the electrolyte and the current density on the nodule surface are interrelated factors, and their coupling constitutes the local cathodic effect of the nodule.
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Figure 1. The geometric model and mesh partition used in this paper (a,b) are the three-dimensional geometric models of non-nodules and nodules of φ5 × 23 mm, respectively; (c) is the mesh partition under the condition of nodules, and the color legend shows the grid unit size at the nodules. (d) is the boundary layer mesh at the cathode surface, and the anode is consistent. 
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Figure 2. The electrolyte flow velocities in electrolytic cells. (a) represents a condition of no nodules, (b) represents an electrolytic cell with inert nodules, (c) represents a real nodule electrolytic cell with a length of 23 mm, and (d) represents a real nodule electrolytic cell with a length of 15 mm. (a–d) are composed of cross-sectional views (YZ cross-section) and longitudinal views (XZ cross-section) to demonstrate the internal fluid dynamics within the respective electrolytic cell configurations. A–D cross-sections are shown in 3D on the right. 
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Figure 3. The average of the z-direction velocity vectors at 20 mm, (a) above nodule (red lines in Figure 2), (b) below nodule (orange lines in Figure 2); 0 mm, 25 mm, 50 mm, and 75 mm represent cross-sections (XZ cross-sections) at distances of 0 mm, 25 mm, 50 mm, and 75 mm from the center of the nodule, below nodule, and under a different nodule. A–D represent the cross-section of the 3D diagram on the right side of Figure 2. 
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Figure 4. Distribution of current density of the surface of the cathode; (a) the distribution of the surface of nodule current density and the angle θ to the anode surface along the nodule, and the arrows represent current density vectors, (b) the distribution of current density along the head and root of the nodule, local 1 includes the U1 and D1 locals; local 2 includes the U2 and D2 locals. 
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Figure 5. The variation in local overvoltage and copper ion flux with the distance from the cathode surface to the head and root edges of the nodule. (a) Local overvoltage, (b) copper ion flux; local 1 in the figure includes locals U1 and D1; local 2 includes locals U2 and D2; local 3 includes locals U3 and D3. 
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Figure 6. Local flow rate of electrolyte near the cross-section of the center of a nodule magnification view, the arrows represent the direction of electrolyte flow. 
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Figure 7. Copper ion concentration distribution near the nodule. (a) Nodule center cross section (XZ section), (b) the variation trend of the nodule at the upper and lower edges with respect to the cathode surface distance; local 1 includes the U1 and D1 locals, local 2 includes the U2 and D2 locals, and local 3 includes the U3 and D3 locals. 
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Figure 8. Contour streamlines of copper ion concentration and electrolyte velocity plots for various locals of YZ cross-section for the nodule size φ5 × 23 mm for locals 1, 2, and 3; (a,d) are for the cross-section of 2 mm from the cathode surface; (b,e) are for the cross-section of 10 mm from the cathode surface; (c,f) are for the cross-section of 22.5 mm from the cathode surface. 
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Table 1. Main parameters and boundary conditions applied in the simulation.
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	Description
	Value





	Temperature
	338.15 K



	Exchange current density
	150 A/m2



	Anode voltage
	0.25 V



	Cathode voltage
	0 V



	Cu2+ diffusion coefficient
	1.13 × 10−9 m2/s



	H+ diffusion coefficient
	2.26 × 10−9 m2/s



	SO42− diffusion coefficient
	3.77 × 10−10 m2/s



	Anodic transfer coefficient
	1.3



	Cathodic transfer coefficient
	0.7
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