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Abstract 

Magnetoplasmadynamic (MPD) thrusters are considered as among the primary candidates for electrical 

thrusters used in interplanetary missions. An MPD thruster mainly consists of a cathode, an anode, plasma, 

and a cathode–plasma interaction. The cathode and anode must operate and remain in very high temperature 

for a long-duration mission. However, a problem arises in that cathode erosion occurs, especially at the 

cathode surface, due to the cathode–plasma interaction. Therefore, cathode erosion is a major problem in 

MPD thrusters. Fundamental knowledge of the cathode-erosion process is not entirely complete because of 

the nonlinearity and complexity of the cathode–plasma interactions. This study mainly focuses on improving 

the two-dimensional (2D) cylindrical symmetry cathode-erosion model to predict the cathode mass loss from 

the start until a steady-state condition is reached. Two-dimensional cylindrical symmetry cathode-erosion 

model meshes were generated using a non-uniform triangular-mesh technique. In addition, the cathode–
plasma interaction was included at the cathode surface as a thin layer at the surface. Then, the cathode 

temperature was solved using a nonlinear heat-diffusion equation, and the cathode-erosion mass loss was 

determined from the cathode evaporation rate, which depends on the cathode temperature. The results show 

that the cathode-erosion mass loss strongly depends on the cathode temperature and current density. 
However, the pressure exerts only a small effect. The numerical data were compared with the experimental 

data and showed only a small discrepancy in the cathode-erosion mass loss. This 2D cylindrical symmetry 
cathode-erosion model can help in the development of future MPD thrusters to predict the duration of a 

mission. 
Keywords: Magnetoplasmadynamic (MPD), Cathode erosion, Cathode–plasma simulation, 2D cylindrical 

symmetry cathode-erosion model 

 

1. Introduction 

A magnetoplasmadynamic (MPD)  thruster is 

an electric thruster that can potentially be used in 

spacecrafts to carry human and scientific 

instruments to deep space for a long- journey 

mission owing to its high fuel efficiency and high 

specific impulse ( Isp)  [ 1- 5] .  The anodes ( + )  are 

connected to a high- voltage and high- current 

power supply with small gap between them, as 

shown in Fig.  1.  At the cathode base, inert gas, 

usually argon, is injected through this gap and 

passes through the anode. Argon is heated up until 

its electron outer shell reaches the first ionization 

energy level. At this point, two main particles exist 
in the flow: positive argon and electron.  

 
Fig. 1 Section side view of a solid cathode 

assembly. 
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This electron and positive argon are 

collectively called argon plasma.  This argon 

plasma interacts with the electromagnetic field that 

surrounds the cathode and the electrical current 

field lines. Then, a thrust force is created from the 

Lorentz force [1], as shown in Fig. 2. 
 

 
Fig. 2 Current density and magnetic field that 

creates a thrust force (F). 
 

Typically, a cooling system is installed for the 

anode when the temperature reaches 1500–2000 K. 
MPD thrusters operate in pressure of 

approximately 60– 100 Pa.  [ 2- 4] .  A laboratory 

experimental MPD thruster assembly in a pressure 

chamber is shown in Fig. 3. 
   

 
Fig. 3 Solid cathode assembly in the pressure 

chamber. 
 

2. NUMERICAL MODELS 

2.1 Introduction 

In recent years, the advancements in graphics 

and processor technology have allowed 

computational simulations to solve nonlinearity 

problems owing to their accuracy and 

sophistication.  In addition, they offer several 

benefits, e.g., they allow scientists and researchers 

to observe how the systems respond.  Further, they 

can help detect erroneous design calculation before 

developing and building an experimental setup, 

which can save a great deal of money.  
In 1992, Niewood et al. developed a quasi-one-

dimensional (1D)  model of an MPD thruster that 
included a two-fluid flow [6]. In 1996, Hulston et al. 
conducted a 1D numerical simulation of cathode 

thermal erosion [7]. In 1996, Goodfellow conducted 

an experiment and created a quasi-1D numerical 

model.  This model required thermal and near-
cathode plasma models in a steady state for an 

electrical thruster to predict the lifetime of the 

cathode [2]. Rossignal et al. introduced a 1D model 

of a cathode sheath in an electrical arc; however, 

the thermal and electrical conductivity values were 

constant [8].  
In the current study, a two-dimensional (2D) 

cylindrical symmetry cathode numerical model 

that includes the cathode–plasma interaction 

(plasma sheath) and the temperature-dependent 
electrical and thermal conductivity parameters is 

investigated. However, the magnetic field is not 

included. The MPD thruster has several domains: 
cathode, anode, and plasma, as shown in Fig. 4.  
 

 
Fig. 4 Boundary of the 2D cylindrical symmetry 

MPD thruster simulation. 
 

2.2 Computational meshes 

The computational meshes in this study were 

developed using the triangular computational-grid 

method [ 9] .  In other words, this grid is 

topologically equivalent to an equilateral- triangle 

array where six triangles meet at every interior 
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mesh point.  The primary triangle mesh has a 

common vertex and a secondary mesh with 12-
sided figures whose vertices are alternately the 

centroids of six adjacent triangles and midpoints of 

six adjacent sides, as shown in Fig. 5. 
 

 
 

Fig. 5 Primary and secondary mesh lines [1]. 
 

The main advantages of using the structured 

triangular grids rather than the rectangular 

structural grids are that they can be easily fitted 

into the irregular shape of the boundary domain 

and can be used with the adaptive method to 

confine the grid in a specific region.  
The Cartesian coordinate is introduced, and it 

can be applied to the boundary of this 2D 

cylindrical symmetry cathode- erosion numerical 

model.  The nonlinear diffusion equation can be 

expressed as  

  

𝑐
∂∅

∂t
= ∇ ∙ (λ∇ϕ) + 𝑆.  (1) 

 

The generalized Poisson equation for steady state 

can be expressed as  

 

∇ ∙ (λ∇∅) + 𝑆 = 0   (2) 
 

where c is the heat capacity, S is the function of the 

position or source term (i.e., thermionic heating), 

∅ is the temperature, potential, or voltage at the 

vertices of the triangle, and λ is a function of ∅ or 

its derivatives (electrical or thermal conductivity). 

Then, we solve the numerical Laplace equation to 

construct the non-uniform triangle meshes [9-11]. 

 

2.4 Outline of the Algorithm 

In this section, the details of the 2D cylindrical 

symmetry cathode- erosion numerical model are 
described in several steps as follows: 

1.  Fig.  6 shows that the physical grid space is 

separated into three main regions, namely, the 

cathode, anode, and cathode–plasma interaction. 
The number of cells in the computational grid 

space can be specified, as shown in Fig. 7. 

 
Fig. 6 Physical grid space with the physical 

dimension designated as Rc, RA, Zsim, ZLC, and ZLA. 

 
Fig. 7 Computational grid space with the number 

of cells designated as N1, N2, N3, N4, and N5. 
 

2.  RA, RC, ZLC, ZSIM, and ZLA denote the anode 

radius, cathode radius, cathode length, MPD 

system length, and anode length, respectively. The 

values are 27, 1. 98, 75, 157, and 76 mm, 

respectively. 
3. Fig. 7 shows that N1, N2, N3, N4, and N5 denote 

the number of cells at the anode radius, cathode 

radius, cathode length, MPD system length, and 

anode length, respectively. 
4.  The program generates the computational 

and physical grid spaces shown in Figs. 6 and 7.  
5.  Each point is saved in a hexagonal grid 

point, and each point has a coordinate value in both 

the computational and physical grid spaces. 
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Fig. 8 Computational grid space N1 = 6, N2 = 4, N3 = 

2, N4 = 4, and N5 = 2. 
 

6.  Two triangle types exist.  The first type is 
denoted by triangle numbers 1, 3, 5, 7, 9, 11, 14, 

and 16, etc.  The second type is denoted by 2, 4, 6, 

8, 10, 12, 13, and 15, etc., as shown in Fig. 8. 
7.  The computational and physical grids are 

solved. For the physical grids, additional numerical 

methods are required to solve the Laplace 

equation, i. e. , “ lower–upper decomposition”  and 

“backward substitutions.” 
8. The output can be plotted by any plotting 

software, as shown in Figs. 8 and 9, using different 

values of N1, N2, N3, N4, and N5. 

 

Fig. 9 Physical grid space N1 = 20, N2 = 10, N3 = 18, 

N4 = 42, and N5 = 24 (the cathode-plasma 

interaction applied on the cathode surface). 
 

2.5 Boundary conditions 

At the base of the cathode, the temperature is 

fixed at Tbase or T0 with a typical value of 500 or 

1500 K [2-5]. An alternative boundary condition 

can be specified as needed for comparison with the 

experimental data. At the anode, the simplest 
condition is to set plasma temperature TpA to a 

fixed value in which a typical value is chosen under 

the condition that the degree of ionization obtained 

by the Saha equation be 10-2 to 10-1 [2-4] (an 

alternative boundary condition obtained to analyze 

the experimental data). Plasma pressure P is 
considered constant in which the typical value is 

0.5 Torr (66 Pa). The current and potential boundary 

conditions are described in [3]. 
 

2.5 Cathode–plasma-interaction region 

The characteristic of the near-cathode model 

represents the characteristic between the plasma 

and cathode in steady state and considers the 

sheath to be a discontinuity between the cathode 

and plasma. The model predicts the heat flux, 

current density, electron-number density, and 

electron temperature (eV) as a function of 

temperature and pressure at the near-cathode 

surface. The cathode–plasma interaction or plasma 

sheath is applied at the cathode surface using the 

developed numerical model [2]. 
 

2.6 Heat capacity and electrical and thermal 

conductivity values 

For the 2D cylindrical symmetry cathode-
erosion numerical model, the electrical 

conductivity, thermal conductivity, and heat 

capacity, which are temperature and pressure 
dependent, are applied. However, in this work, the 

pressure is fixed at 66 Pa only but can be adjusted 

as needed.  

 
Fig. 10 Electrical conductivity distribution in the 
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cathode and plasma regions in the MPD thruster. 
 

The electrical conductivity of argon plasma 

significantly changes as the temperature changes 
[12, 13].  

This temperature dependence must be 

included in the investigation to fully perform 
realistic MPD thruster simulations. The values of 

the electrical conductivity, thermal conductivity, 

and heat capacity are shown in Figs. 10–12, 

respectively. 

 
Fig. 11 Thermal conductivity distribution of the 

cathode and plasma regions in the MPD thruster. 
 

The parameters are set as follows:  LC =  7.5 m, 

LA =  7.6 m, RC =  2.0 m, RA =  9.0 m, Tc,init =  3300 K, 

Te,init = 9000 K, Vinit = 100 V, and I = 100 A. N1 = 24, 

N2 = 8, N3 = 10, N4 = 20, and N5 = 8. However, some 

of these parameters can be changed as needed to 
determine how an MPD thruster system responds. 

 
Fig. 12 Heat capacity distribution in the cathode 

and plasma region in the MPD thruster. 
 

2.7 Cathode-erosion rate values 

The cathode- erosion rate values strongly 

depend on the temperature; the higher the 

temperature is, the more the erosion rate increases. 
The details are explained in [2]–[4]. 

 

3. Fully combined cathode and plasma regions 

in the cathode–plasma-interaction model in the 

2D cylindrical symmetry cathode-erosion 

model 

 

The nonlinear heat-diffusion equation in the 

cylindrical coordinate must be solved to obtain the 
temperature in the system. Equation (1) can be 

expressed as 

 

𝐶𝑝(𝑇)
𝜕𝑇

𝜕𝑡
=

1

𝑟
𝛻 ∙ (𝑟𝐾(𝑇)∇𝑇) + 𝑆 (3) 

 

where S is the function of the position or source 

term (i.e., thermionic heating), T is the temperature 

at the vertex of the triangle, K(T) is the temperature 

that depends on the thermal conductivity, and Cp(T) 
is the temperature that depends on the heat 

capacity. At steady state, Eq. (3) can be expressed as 

  

𝛻 ∙ (𝑟𝐾(𝑇)∇𝑇) + 𝑆 = 0.  (4) 
 

Equation (3) can be expressed in finite-difference 

approximation as 
∆𝑇

∆𝑡
=

1

𝐺
[∑ 𝑤𝑖(𝑇𝑖 − 𝑇6

𝑖=1 ) + 𝑆]  (5) 

 

𝐺 = ∑  6
i=1 𝑐𝑝(𝑇)𝑖+1/2𝑟̿𝑖+1/2𝑎𝑖+1/2, (6) 

𝑆 = ∑  6
𝑖=1 𝑗𝑖+1/2𝑟̿𝑖+1/2𝑎𝑖+1/2,  (7) 

∑  6
i=1 𝑤𝑖 =

1

4
∑   

i
𝐾(𝑇)𝑖+1/2

𝐴𝑖+1/2
𝑟̿𝑖+1/2(𝑆𝑖+1 − 𝑆𝑖)2, 

     (8) 

𝑟̿
𝑖+

1

2

=
7

12
𝑟̅𝑖+1/2 +

5

12
𝑟,   (9) 

𝑟̅𝑖+1/2 =
1

3
(𝑟 + 𝑟𝑖 + 𝑟𝑖+1),  (10) 

 

where i is the number of triangles at the vertices, 

i.e., 1 to 6, or the vertex. 𝐴𝑖+1/2 is the area of the 

triangle, 𝑎𝑖+1/2  is one-third of the area of the 

triangle (shaded area in Fig. 5), 𝑗𝑖+1/2  is the 

current density, r is the radius of the triangle from 

the center line, 𝑟̅𝑖+1/2 is the average radius of the 

triangle, i + 1/2, 𝑟̿
𝑖+

1

2

 is the average radius of the 

quadrilateral at vertex r, and 𝑤𝑖  is a coupling 

coefficient. Using the difference of the first 

derivative with respect to time, which has a first-
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order approximation, the equations can be 

expressed as 

  
∆𝑇𝑖

∆𝑡
=

𝑇𝑖
𝑛+1−𝑇𝑖

𝑛

∆𝑡
   (11) 

 

Rearranging Eq. (11) yields 

   

𝑇𝑖
𝑛+1 = 𝑇𝑖

𝑛 +
∆𝑡

𝐺
[∑ 𝑤𝑖

6
𝑖=1 (𝑇𝑖 − 𝑇) + 𝑆].    (12) 

 

The included cathode–plasma interaction at the 

cathode surface and the plasma next to the cathode 

surface can be expressed as 

 

𝑇𝑁𝐶
𝑛+1 = 𝑇𝑁𝐶

𝑛 +
∆𝑡

𝐺
[∑ 𝑤𝑖(𝑇𝑖 − 𝑇) + 𝑆 +6

𝑖=1

𝑄̇𝑎𝑖+1/2]    (13) 

 

𝑇𝑁𝐶+1
𝑛+1 = 𝑇𝑁𝐶+1

𝑛 +
∆𝑡

𝐺
[∑ 𝑤𝑖(𝑇𝑖 − 𝑇) + 𝑆 −6

𝑖=1

𝑄̇𝑎𝑖+1/2]    (14) 
 

where n is the time step and TNC and TNC+1 are the 

temperatures at the cathode surface and at the 

plasma next to the cathode surface, respectively. 

The heat transfer is defined as 𝑄̇ for heating the 

cathode and −𝑄̇ for cooling the cathode [2, 3].  

 

4. Critical time increment of the 2D cylindrical 

symmetry cathode-erosion numerical model 

The von Neumann criterion can be applied to Eqs. 
(12)–(14) for stability of the system. 

 

∆𝑡 ≤
𝐺

2 ∑ 𝑤𝑖
6
𝑖=1

    (15) 

 

However, the other criterion, i.e., ohmic heating, 
must be satisfied in order for the system to also 

achieve stability. 
     

∆𝑡 ≤
𝐺

2𝑆
    (16) 

 

In addition, the heat-flux cathode–plasma 

criterion at the cathode surface and plasma next to 

the cathode surface must be considered.  
 

∆𝑡 ≤
𝐺

2𝑄̇𝑎𝑖+1/2
   (17) 

 

From the above equations, we can see that the 

von Neumann criterion is composed of the thermal 

conductivity and the heat capacity terms. However, 

the ohmic-heating criterion is related to the current 

density and the heat-capacity terms. At the cathode 

surface, the heat-flux cathode–plasma criterion is 

related to the heat capacity, heat flux, and area of 

the cells. 
  

5. Numerical results of the 2D cylindrical 

symmetry cathode-erosion model 

The cathode evaporation mass loss of the 2D 

cylindrical symmetry model strongly depends on 

the current density, as shown in Fig. 13.  

 
Fig. 13 Cathode evaporation mass loss as a 

function of time and current density. 
 

The time to reach steady state is approximately 

10–20 min [ 2- 4] .  However, the pressure slightly 

affects the cathode evaporation mass loss, and the 

time to reach steady state decreases as the pressure 

decreases, as shown in Fig. 14.  

 
Fig. 14 Cathode evaporation mass loss as a 

function of time and pressure. 
 

6. Comparison of numerical and experimental 

results 
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The results of the 2D cylindrical symmetry 

cathode-erosion numerical model were compared 

with the experimental results [2-4]. This 2D model 

predicted that the cathode evaporation mass loss 

will have a similar trend to that of the experiments 

from the start to below 300 s, as shown in Fig.  15. 
However, beyond 300 s, the 2D model estimated 

loss is approximately 0. 05 g, whereas the 

experiments show only a 0.04-g loss.  As a result, 

the 2D model over predicted around 25%. 

 

Fig. 15 Comparison of the 2D cylindrical 

symmetry cathode-erosion numerical model data 

with the experimental data. 
 

The result of the 2D model was also compared 

with those of the other numerical models. The 

quasi-2D cathode-erosion model at j = 25 and 50 

A/cm2 estimated the cathode-erosion mass loss as 

0.015 and 0.08 g, respectively, at 300 s. The 2D 

cylindrical model predicted a 0.03-g loss at j = 50 

A/cm2 in 300 s. 

 

Fig. 16 Comparison of the 2D cylindrical 

symmetry cathode-erosion numerical model 

results with the quasi-2D model [5]. 
 

Fig.  16 shows the comparison between the 2D 

cylindrical model with the quasi-2D model [5]  at 

various current densities.  The resulting data show 

that the 2D cylindrical model estimated a higher 

cathode erosion because the 2D cylindrical model 

includes a more sophisticated area that the quasi-
2D could not have achieved. 
 

 

7. Conclusion 

The objective of this study is to improve the 

2D cylindrical symmetry cathode- erosion 

numerical model reported in the literature using 

cathode temperature to predict the cathode 

evaporation mass loss in MPD thrusters.  The 2D 

cathode-erosion model can predict the upper limits 

of cathode evaporation mass loss according to the 

experimental data. However, when compared with 

the quasi- 2D model, the 2D cylindrical model 

estimated a lower cathode-erosion mass loss. Thus, 

this study successfully developed numerical 

models of cathode erosion that can predict the 
cathode-erosion mass loss.  These models can be 

applied in the development of MPD thrusters for 

future application.  However, this 2D cylindrical 

model did not fully include the effect of magnetic-
field relationships, which need to be explored in 

future studies. Some additional materials for MPD 

thrusters can be found in [14]–[22]. 
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