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In this paper, the finite element method in COMSOL Multiphysics is employed to numerically simulate the 

electric field in a construction consisting of a ceramic NiO-Li2O (3 wt. %) anode attached to two steel 

current leads, as well as the thermal fields within a quartz cell containing this construction. The distributions 

of the electric current density and temperature gradient generated in the ceramic anode when the applied 

current is 10 to 50 A (in 10 A increments) are calculated. The model is validated using experimental data. 

The main causes of anode cracking at the point where it is attached to the current lead are identified. Using 

the proposed model, the electric field distribution in a similar anode with a new current lead design is 

predicted. It is demonstrated that the new current lead design allows minimizing the disparity in current 

density values between the area under the current lead and the free part of the anode. 
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1. Introduction 

Today, the nuclear industry holds a leading position 

in electricity production. On the one hand, the high 

interest in this sector creates a continuous need to 

optimize existing technologies and to introduce new ones. 

On the other hand, the increasing energy consumption 

each year intensifies the urgent problem of radioactive 

waste (RW) accumulation. Addressing the challenges 

related to RW disposal requires the development of closed 

nuclear cycle technologies, particularly in the area of 

pyrochemical processing [1]. The core of this approach is 

the repetitive extraction of U, Pu, and rare earth metals 

(REM) from spent nuclear fuel (SNF) using the 

electrochemical method in halide and oxide-halide melts 

at high temperatures [2]. The successful industrial 

implementation of the electrochemical SNF recovery 

technology is linked to the search for suitable structural 

materials that can operate in oxide-halide melts without 

generating impurities that would contaminate the melt 

and the cathode product [3]. 

Particular attention should be given to the search for 

an anode material that meets a number of requirements 

for operation in the electrochemical reduction of SNF [4]. 

The study [5] reports the advantage of NiO-Li2O ceramics 

over traditional inert metal electrodes. The authors note 

the high corrosion resistance and inertness of the material 

in oxide-halide melts within the operating temperature 

range of 823–923 K. However, preliminary tests of 

ceramic anodes indicate that cracking occurs at the points 

where the anode is attached to the current lead, which can 

significantly reduce its service life and increase costs 

(including those of RW disposal). Identifying the causes of 

this phenomenon will contribute to the rapid 
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development of pyrochemical reprocessing technology 

for SNF. 

The problem of finding materials and optimal design 

solutions in the development of new technologies is a 

crucial aspect of the complex theoretical and experimental 

challenges that should be addressed before the 

implementation stage in industrial production. The search 

for suitable materials for SNF processing is a labor-

intensive, time-consuming, and resource-intensive issue, 

complicated by the necessity of conducting research in a 

controlled atmosphere, at high temperatures, and in the 

presence of radiation exposure. Therefore, the 

development of numerical models for devices and 

structural elements used in high-temperature processes is 

beneficial for reducing the time spent on experimental 

work. 

The study of hydro- and gas-dynamic flows, as well as 

the mechanical strength of structures during their 

operation, is a traditional and well-established area for the 

application of numerical modeling methods [6–8]. As 

computing resources improve, numerical modeling is 

increasingly utilized to investigate more complex 

processes associated with multiphysical problems, 

including thermomechanical effects [9], electrochemical 

and physicochemical processes in porous and multilayer 

conductive microstructures [10, 11], and more. 

An important trend in numerical modeling is the 

development of models for selecting optimal operating 

modes for industrial, semi-industrial, and laboratory cells, 

where the operating conditions of such systems are 

reproduced. For example, in [12] a basic model of an 

electrolysis cell for aluminum production is presented. 

The model defines the characteristics of the 

electromagnetic field generated during operation of the 

cell under the influence of high currents (200–600 kA), 

as well as the parameters of magnetohydrodynamic 

forced convective flows in the electrolyte and at the 

electrolyte-liquid electrode boundary. The results can be 

used to optimize the designs of existing electrolyzers. 

A coupled mechanical-electrochemical model in 

COMSOL Multiphysics, as presented in [13], is suitable for 

calculating the voltage profiles, volume change, porosity, 

and pressure of pouch cell upon the charge/discharge 

process of lithium-ion batteries with a composite Si–C 

anode and predicting the future design of batteries with 

high energy density and improved safety. Other 

successful applications of the finite element method in 

COMSOL Multiphysics are models describing the time-

dependent properties of a sacrificial anode for cathodic 

protection of screw-pile foundations [14], the design of 

anodes for the hard chrome plating of components with 

complex geometry [15], and the corrosion of anodes in the 

electrodeposition of non-ferrous coatings [16]. 

The aim of the present work is to develop a 

mathematical model using the COMSOL Multiphysics 

package [17] that describes the behavior of a ceramic 

NiO-Li2O (3 wt. %) anode with two steel current leads 

during electrical and thermal tests conducted within an 

argon-filled quartz cell. This model will help clarify the 

reasons behind the experimentally observed fracture of 

the anodes near the attachment to the current lead. 

2. Experimental 

The general view of the experimental cell used to 

conduct the thermal tests of the anode is illustrated in 

Figure 1 a. The cell is constructed using a quartz glass with 

a height of 500 mm. Inside the cell, there is a ceramic 

NiO-Li2O (3 wt. %) anode. The ends of the anode are 

connected to current leads that are made of heat-resistant 

high-alloy stainless steel. The upper current lead clamp 

allows the supply of current from the positive contact of 

the PSW7 30-72 current source (manufactured by GW 

Instek, Taiwan). The lower current lead is connected to 

the negative contact via a copper busbar. Before the 

experiment, the cell was half-immersed in a shaft furnace. 

The upper section of the cell was thermally insulated with 

kaolin wool and lightweight fireclay brick (brand SHL-1). 

The cell was connected to a 35-liter vessel to compensate 

for the thermal expansion of the gas. Subsequently, the 

cell was evacuated to a residual pressure of 5 Pa and filled 

with argon. This operation was repeated twice to establish 

a high-purity argon atmosphere. The temperature of the 

anode and current leads at the points indicated in 

Figure 1 b was monitored using twelve chromel-alumel 

thermocouples (type K). The furnace was heated at a rate 

of 50 K/h to 923 K. After reaching this temperature, the 

furnace temperature, the cell position, and the 

configuration of the thermal insulation of the upper part 

of the cell were adjusted so that the temperatures at the 

lower and upper points of the anode (according to the 

reading from TC2 and TC11, respectively) were 923 and 

823 K, respectively. 

During the experiment, an electric current (10, 20, 

30, 40 or 50 A) was passed through the anode until 

temperature equilibrium was established at each current 

load. We considered equilibrium to be achieved if the 

changes in the thermocouple readings were less than 2 K 

in 15 minutes. The current was then switched off, and we 

waited until all thermocouples displayed temperatures 

corresponding to those at the beginning of the 

experiment. After this, the experiment was repeated at a 

higher current value. Temperature readings from the 
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Figure 1 Experimental cell for conducting thermal tests of ceramic anode: (a) anode assembly, and (b) thermocouple’s location 

diagram. 

thermocouples were recorded automatically at 5-second 

intervals. 

During testing of the proposed design, cracking of the 

anode is detected at the point of attachment to the upper 

current lead (Figure 2). The reasons for the fracture are 

unclear and may include the following: 

- compression of brittle ceramics when subjected to 

high currents (exceeding 10 A) due to the difference in the 

thermal expansion coefficients of the anode and current 

lead materials; 

- development of local overheating at the point of 

contact between the ceramics and the current lead; 

- chemical processes occurring at the contact 

boundary between the ceramics and the current lead. 

 

Figure 2 Ceramic anode failure that occurred during thermal 

testing in an experimental cell with a current of 50 A. 

3. Simulation 

3.1. Geometrical model and materials 

The geometric model of the experimental cell is 

shown in Figure 3. The model considers only the internal 

space of the cell, excluding quartz glass. 

The description of the model domains corresponding 

to the experimental conditions is given in Table 1. The 

temperature dependences of the properties of these 

materials (Appendix A) were utilized in the model to 

calculate the thermal and electrical distributions. 

 

Figure 3 Geometrical 3D model of the simulation cell. 
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Table 1 – Materials applying in the model. 

Domain Material 

Fluid Argon 

Current supply (upper 

and lower) 

Steel 

Anode Ceramic NiO-Li2O 

(3 wt. %) 

Current-conducting 

busbar 

Copper 

3.2. Mathematical model 

The developed model described the process of heat 

exchange inside a quartz cell filled with argon, when it was 

placed in a shaft furnace. Current of different magnitudes 

was passed through the anode fixed to the current lead, 

which was accompanied by heat generation and was 

implemented using the Electromagnetic Heating 

multiphysical coupling of two physical interfaces Electric 

Currents and Heat Transfer in Solids and Fluids, heat 

generation in conductive domains was described by the 

Joule-Lenz equation. 

To describe mass transfer under natural convection 

conditions, the Nonisotermal Flow multiphysical coupling 

was used. In order to determine the gas flow regime, as 

well as the contribution of convection to heat transfer 

between solids and the gas domain, the dimensionless 

criteria Ra, Nu describing the gas flow regime under heat 

transfer conditions [18] were preliminarily determined. 

The Rayleigh number (𝑅𝑎) is a dimensionless 

quantity and is defined as: 

𝑅𝑎 =
𝑔∙𝛽∙∆𝑇∙𝐿3

𝜂∙𝑎
, (1) 

where 𝑔 = 9.81 m/s2 – gravitational acceleration; 

𝛽 = 3.67 · 10–3 1/K – thermal expansion coefficient of 

argon; ∆𝑇 – temperature gradient in the cell, K; 𝐿 – the 

characteristic size of the fluid region, m; 𝜂 – kinematic 

viscosity of the liquid, Pa · s; 𝑎 – thermal diffusivity, m2/s. 

In the case of argon circulating along a vertical wall 

500 mm high under a temperature gradient of 200 K, the 

value of the 𝑅𝑎 criterion is approximately 6 · 107. It is 

known from the literature that a developed turbulent 

regime is characterized by values of 𝑅𝑎 > 109; in our case, 

we used the common turbulent gas flow model RANS 

(Reynolds-averaged Navier–Stokes equations) in the k-𝜀 

approximation [19]. According to the calculation results, 

the average gas circulation velocity inside the cell is 

𝑢 = 0.25 m/s, while the Peclet number (𝑃𝑒) is a criterion 

that determines the characterizing heat exchange 

processes between the fluid and the streamlined body: 

𝑃𝑒 =
𝑢∙𝐿

𝑎
, (2) 

𝑃𝑒 is approximately 800. Large values of the Peclet 

number indicate the predominance of convective heat 

transfer. 

To determine the contribution to the heat transfer 

process between the mechanisms of conduction and 

convection, the Nusselt number (𝑁𝑢) was determined. In 

the case of a vertical wall and 𝑅𝑎 < 109, 𝑁𝑢 can be 

calculated as [18]: 

𝑁𝑢 = 0.68 +
0.67𝑅𝑎

1
4⁄

⌊1+(
0.492

𝑃𝑟
)

9
16⁄

⌋

4
9⁄
, 

(3) 

where 𝑅𝑎 = 6 · 107 – Rayleigh number, 

𝑃𝑟 =
 𝜂 ∙ 𝐶𝑝

𝜌⁄  = 0.05 – Prandtl number. The Nusselt 

number in this case is approximately equal to 30. As is 

known, at 𝑁𝑢 > 20 one can speak of turbulent flow under 

conditions of developed convective heat flow [18]. To 

improve the convergence, the equation of gas motion – 

the Navier-Stokes equation, was solved in the Boussinesq 

approximation. This model treats density as a constant 

value in all solved equations, except for the buoyancy 

term (𝐹𝑏) in the momentum equation [20, 21]. 

𝐹𝑏  = −𝜌0𝑔𝛽(𝑇 − 𝑇𝑜), (4) 

where 𝜌0 – reference value of density at 𝑇𝑜, kg/m3; 

𝑇𝑜 – operating temperature of argon, K. In our case, the 

average temperature in the volume can be taken as the 

operating temperature, (𝑇ℎ + 𝑇𝑐) 2⁄  = 873 K. At the 

temperature 𝑇 = 𝑇𝑐, the buoyancy term order then will 

be equal to 0.36. 

The Boussinesq approximation is accurate as long as 

changes in actual density are small; specifically, the 

approximation is valid when 𝛽(𝑇 − 𝑇𝑜) << 1. 

In our case 𝛽(𝑇 − 𝑇𝑜) ≈ 0.36 < 1, we did not pursue 

the goal of an accurate description of argon flows inside 

the cell, we needed to ensure the heat exchange associated 

with convection, therefore, to improve the convergence, 

we used the Boussinesq approximation. 

3.3. Boundary conditions 

The main objective of this work was to investigate the 

contact surface "anode-current lead" and determine the 

possibility of local overheating when current flows 

through the conductive domains. For this purpose, we 

defined special boundary conditions, which were based on 

the available experimental data of thermal fields in the 

cell. The definition of special boundary conditions also 
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allowed us to exclude thermal insulation elements from 

the model.  

An electric current of 10–50 A was supplied through 

the upper current lead-in with a step of 10 A. At the end 

of the copper busbar, the condition of electrical 

grounding (E = 0 V) was defined. At the outer boundaries 

of the anode and current leads, the condition of electrical 

insulation was also defined. 

Heating from the furnace in the model was carried 

out by defining the boundary condition of constant 

temperature 𝑇ℎ = 923 K, this boundary condition acted 

along the 0y axis, on the outer boundary of the gas 

domain in the interval 0 < y < 250 mm. In the interval 

y > 250 mm, a constant temperature 𝑇𝑐 = 723 K was 

determined. The temperatures corresponded to the 

experimentally measured data. 

On the free surfaces of the current lead, as well as on 

the free surface of the anode, the condition of Surface 

Emissivity was determined: 

−𝒏 ∙ 𝒒𝒓  = 𝜀𝜎(𝑇𝑎
4 − 𝑇𝑏

4), (5) 

where 𝑛 – surface normal vector; 𝑞𝑟 – power flow due to 

radiation, W/m2; 𝜀 – thermal emissivity coefficient; 

𝜎 = 5.67 · 10–8 W/(m2 · K4) – Stefan-Boltzmann constant; 

𝑇𝑎, 𝑇𝑏 – temperature of the receiving and radiating 

surfaces, K. 

On average, the temperature of the free surfaces was 

constant; the temperature difference was observed only at 

the contact point of the surfaces. The emissivity 

coefficients 𝜀 were assumed to be constant and measured 

with a pyrometer on individual material samples and were 

0.3 and 0.8 for steel and ceramics, respectively. The upper 

and lower parts of the simulation cell had thermal 

insulation conditions; the boundary conditions of the heat 

transfer problem are shown in Figure 4. 

The argon velocity field was calculated using the 

Turbulent Flow physical interface, with the Boussinesq 

approximation. The slip condition was determined on the 

walls of the simulation cell: 

𝒏 ∙ 𝒖 = 0. (6) 

On the outer surfaces of the anode, current leads, 

and on the upper and lower covers of the simulation cell, 

the No slip conditions were determined (the tangential 

component of the velocity 𝑢𝜏 is not zero on the walls): 

𝒏 ∙ 𝒖 = 0; 𝒖𝝉 ≠ 0. (7) 

 

Figure 4 Boundary conditions of the heat transfer problem. 

 

3.4. Model validation 

The developed model was validated using data 

obtained from the experiment, where temperature values 

were determined using thermocouples placed at key 

points in the structure (Figure 5 a). Figure 5 b illustrates 

the good agreement between the temperature values 

measured in the experiment and those calculated using the 

model at the corresponding points in the model, 

specifically when passing currents of 10, 20, and 30 A. 

 

Figure 5 Results of the anode model validation: (a) – diagram of 

the arrangement of experimental thermocouples (TC); 

(b) – comparison of measured (experiment) and calculated (this 

model) temperatures at the points indicated in Figure 4 a. 

Temperature data are shown for currents of 10 A (in black), 

20 A (in red) and 30 A (in blue). 
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Validating the model was essential to account for all 

heat losses present in the experimental setup. Validation 

of the temperature distribution between the experimental 

system and its model allowed us to eliminate the necessity 

of both constructing thermal insulation and performing 

thermal process calculations within it. This optimization 

reduced computation time and simplified working with 

the model. 

4. Results 

All calculations utilizing the proposed model were 

conducted in a steady-state regime. The current density 

distribution across the surface of the current lead and the 

anode, along with the current density dispersion within 

the corresponding domains, is illustrated in Figure 6. 

Figure 6 indicates that the current density 

distribution on the anode surface is non-uniform, with the 

highest values (≈ 2.5 · 10⁴ A/m²) occurring just below the 

area of contact with the current lead. In the given 

configuration of the current lead, the current 

predominantly flows through the more conductive 

domain – the steel current lead – before transitioning into 

the volume of the ceramic electrode at the three-phase 

boundary between argon, the current lead, and the 

anode. Consequently, high current densities can be 

reached at this boundary, potentially leading to localized 

overheating of the ceramic material. 

The assessment of the localized overheating beneath 

the current lead was carried out using a thermal model 

that accounted for the thermal conductivity of the 

domains, the heat exchange between them due to thermal 

radiation, and the convective mixing of argon. The 

distribution of the temperature field, the velocity of argon 

during convective mixing, and the direction of the 

convective flows at I = 30 A are presented in Figure 7. 

Figure 7 demonstrates that the highest temperature 

(923 K) is observed in the lower part of the structure, 

submerged in the furnace. Near the three-phase 

boundary, temperatures are lower, ranging from 829 to 

852 K. The figure also shows that regions of low gas 

medium velocity correspond to areas with the highest 

temperatures. The presence of convective mixing of the 

gas medium, acting as an additional mechanism for heat 

exchange, results in the extension of the temperature 

gradient along the height of the anode. 

However, the distribution of the temperature 

gradient developing within the anode material shows that, 

despite the general homogeneity in the temperature 

distribution across the surface of the electrode, the 

maximum temperature gradient of 8 K/mm occurs at the 

junction of the anode and the current lead (Figure 8). 

Figure 9 presents more detailed isothermal surfaces 

in the "anode-current lead" region when a current of 50 A 

flows through the electrode. It is noteworthy that the 

anode beneath the current lead is significantly cooler than 

its lower portion. The primary mechanism of heat transfer 

in this area is the thermal conductivity of the material. 

Since the thermal conductivity of steel is several times 

higher than that of the ceramics, the steel current lead 

serves as a rapid heat dissipation node. 

Figure 6 Distribution of the electric current density on the surface of the current lead (left) and the anode (right). The red arrows 

indicate the dispersion of current density throughout the volume of the domains. The supplied current is 10 A.
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Figure 7 Temperature distribution field (left) and argon 

velocity (right) inside the quartz cell during convective mixing. 

The red arrows indicate the direction of the convective heat 

flow (W/m³). Current is 30 A. 

 

Figure 8 Temperature gradient developing during the passage 

of a current of 50 A through the anode. 

 

Figure 9 Isothermal surfaces in the steady state on the anode surface and the upper current lead during the passage of a current of 

50 A. 

5. Discussion 

The simulation results allowed us to identify the 

primary reason for the reduced lifespan of the 

investigated ceramic anode. This issue arises from the 

combination of the chosen current lead design and the 

differences in the electrical conductivity of the materials. 

The interplay of these factors promotes the development 
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of a temperature gradient at the three-phase boundary, 

consequently leading to material failure of the ceramic. 

Following the analysis of the results obtained through 

the thermal model, a modified current lead design was 

proposed. The main difference of this design is that the 

current is supplied differently – through the upper face of 

the ceramic anode. In the model, the design change was 

reflected by introducing additional boundary conditions 

for the electrical problem: on the internal contact surfaces 

of the current lead, the electrical insulation condition was 

set: 

𝒏 ∙ 𝒋 = 0, (8) 

where 𝑛 is the external normal to the surface; 𝑗 is the 

electric current density. Current was supplied only 

through the conductive plate through the upper face of 

the anode. 

Figure 10 shows the overall view of the fixed anode 

and the upper current-conducting plate on the left, while 

the right side depicts the internal structure of the current 

lead (the insulated and conductive parts are shown in gray 

and light purple, respectively). 

The electric field distribution for the modified design 

of the current lead is presented in Figure 11. To assess the 

uniformity of current density, 𝑗, throughout the volume 

of the anode for both the old and new upper current lead 

designs, average values of 𝑗 were calculated (see Table 2) 

by integrating the normal current density over the 

volume. 

Table 2 demonstrates that for the old current lead 

design, the average current density beneath the lead is 16 

times lower than that in the free part of the anode. The 

implementation of the new current lead design, featuring 

a conductive plate adjacent to the upper face of the anode, 

mitigates this disparity and achieves a nearly uniform 

current distribution across the ceramic electrode. 

Thus, the results of the simulation allow us to 

formulate a general principle to be followed when 

designing conductive structures that combine materials 

with significant differences in the specific electrical 

conductivity. According to this principle, the normal 

vector to the interface of materials with differing 

conductivity should align with the overall direction of the 

electric current. 

An important unresolved issue remains the 

discrepancy between the thermal expansion coefficients of 

the ceramic material and the steel current lead. Due to 

thermal expansion during current flow, the pressure from 

the more ductile lead material may induce thermal stresses 

in   the   more   brittle   NiO-Li₂O   ceramic.  The   problems 

 

Figure 10 Modified current lead design for the NiO-Li₂O 

ceramic anode. The conductive part is highlighted in light 

purple. 

Table 2 – Current density value on the anode domain. 

Current, A 

Anode average current density, A/m2 

Old Design New Design 

Under 

current 

lead 

Free part 

Under 

current 

lead 

Free part 

10 7.62 · 102 1.23 · 104 1.32 · 104 1.23 · 104 

20 1.52 · 103 2.46 · 104 2.64 · 104 2.46 · 104 

30 2.28 · 103 3.69 · 104 3.97 · 104 3.69 · 104 

40 3.05 · 103 4.93 · 104 5.29 · 104 4.93 · 104 

50 3.81 · 103 6.16 · 104 6.62 · 104 6.16 · 104 

 

 

Figure 11 Current density distribution within the anode for the 

modified current lead design when a current of 20 A is applied. 

The red arrows indicate the dispersion of current density 

throughout the volume of the electrode. 
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associated with thermal and chemical expansion of 

ceramics when used as electrode materials currently are of 

great interest [22, 23]. As noted in [22], the issue of 

material cracking can be partially addressed in the 

following ways: 1) optimizing heating parameters for the 

ceramic sample–heating should not be rapid; 2) 

controlling the isotropy of properties during the 

fabrication and sintering of the ceramic; 3) eliminating 

moisture and organic compounds from the atmosphere, 

which, when exposed to high temperatures, may react 

with the ceramic material and lead to structural changes, 

consequently resulting in expansion/compression effects 

of the original crystalline lattice. Thus, the specific 

challenges associated with working with ceramics 

necessitate the development of alternative approaches 

when assembling anode assemblies in electrolyzers. 

Questions related to the thermal expansion of 

materials and their mechanical stability are subjects for 

further research, following which the existing model will 

be refined and supplemented. 

6. Conclusions 

Utilizing the tools of the COMSOL Multiphysics 

software package, a mathematical model has been 

developed to simulate the behavior of the ceramic (NiO-

Li₂O) anode under the conditions of an experimental cell. 

This model allows for the calculation of thermal and 

electrical field distributions within the electrode while 

passing electric currents of various magnitudes (10–50 A). 

A series of thermal tests on the anode in a laboratory cell 

has been conducted. The developed model has been 

successfully validated against the experimental data, with 

the temperature discrepancies on the anode between the 

experimental and modeled results not exceeding 3 %. The 

calculated values of current density, as well as the 

temperature fields within the considered anode assembly 

design, may indicate that the corresponding processes 

contribute to the cracking at the anode/current lead/gas 

phase interface. Due to the differences in the specific 

electrical conductivity between the lead and electrode 

materials, the maximum temperature gradient develops 

precisely at this location, leading to the failure of the 

ceramic anode material. Analyzing the model results has 

allowed for the proposal of a modified current lead 

design. This design involves current delivery through a 

conductive plate adjacent to the upper face of the anode. 

Calculations indicate that this new design mitigates the 16-

fold difference in current density values beneath the 

current lead and in the free part of the anode. 

Consequently, the improved design ensures a more 

uniform current density distribution within the anode 

and eliminates local overheating. 
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