
1 INTRODUCTION 

In the arcjet thruster, gaseous propellant is heated by a 
DC electric arc to a temperature of about 1×104K, and 
the hot gas is subsequently expanded through a con-
vergent-divergent nozzle, in which the gas's internal 
energy is converted into the kinetic energy of an axi-
ally-exhausting supersonic jet and thereby generates a 
thrust force. The arcjet thruster may achieve a specific 
impulse appreciably higher than that of the conven-
tional chemical thruster [1, 2]. 

Over the past several decades, a lot of research has 
been devoted to the development of arcjet thruster and 
related technologies. Therefore, researchers accumu-
lated a certain amount of experiment and numerical 
research work experience [3-8]. For instance, Yuan et al. 
[5] carried out a numerical simulation of the DC arc 
plasma torch. Wang [6, 7] reported numerical simulation 
and experimental research data of low power arcjet 
thruster such as the internal flow and heat transfer 
characteristics. Li [8] researched the influence of anode 
structure on arc plasma jet, but it is used in industrial 
cutting and welding, the structure of which is different 
from that of the arcjet thruster. In practical work, the 
anode structure is one of the important factors that 
affect arcjet thruster performance. However, there is 
no numerical study which is carried out about the 
influence of the anode structure on the plasma jet 
characteristics of the arcjet thruster. 

In this paper, based on the magnetic vector potential 
of MHD model, we changed the anode throat diameter, 
throat length and anode contraction angle, and did 
numerical simulation on the characteristics of the 
plasma jet manifold and the volt ampere characteris-
tics of the arcjet thruster. Through the numerical sim-
ulation, numerical results of the flow field in the arcjet 
thruster were acquired. The jet morphology and 

volt-ampere characteristics of different anode structure 
were compared, providing reference for the design and 
improving the anode structure of the arcjet thruster. 

2 PHYSICAL MODEL 

2.1 Governing equation 

The main assumptions employed are as follows: (1) 
The gas flow in the arcjet nozzle is steady, axisym-
metric, laminar and compressible; (2) the plasma is in 
the LTE state; (3) the plasma is optically thin; (4) the 
flow-induced electric field is negligible in comparison 
with the static electric field; (5) the azimuthal velocity 
component is negligible in comparison with the axial 
velocity component. 

Based on these assumptions, the governing equa-
tions can be written as follows: 

Mass equation is as follows: 

(1) 

Momentum equations are as follows: 

(2)

(3) 

Energy equation is as follows: 
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ABSTRACT:  In order to study the effects of anode geometry on volt-ampere characteristics and plasma jet 
characteristics of the arcjet thruster, the arcjet thruster flow characteristics were simulated. Through numerical 
simulation, the velocity field and temperature field of thruster were calculated, and the volt-ampere characteris-
tics were obtained at different anode geometry. The calculation results show that the influence of the anode throat 
diameter was the most obvious, compared to the influence of the anode throat length and compression angle on 
volt-ampere characteristics and plasma jet characteristic of the arcjet thruster. 
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  (4) 

Where: x and r are the axial and radial coordinate; ρ 
is density; u and v are the axial and radial velocity 
component; μ is viscosity coefficient, T and P are 
respectively the temperature and the pressure. In the 
energy equation, k, cp , σ, εN , kB and e are respec-
tively the thermal conductivity, specific heat at con-
stant pressure,  electrical conductivity, net radiation 
coefficient, Boltzmann constant and elementary 
charge. 

Electric potential (current continuity) equations are 
as follows: 

              
(5) 

 ,
                  

(6) 

Magnetic vector potential equations are as follows: 

           

(7) 

        

(8) 

Where: μ0 is the permeability of free space; φ is the 
electric potential; jx and jr are the axial and radial elec-
tric current density; Ax and Ar are respectively the axial 
and radial magnetic vector potential. 

The special source term about plasma transport is 
added in the momentum and energy equations. Special 
source term in the momentum equations are axial and 
radial Lorentz force. Special source term in energy 

equation includes the electronic enthalpy transport 
items, Joule heat and Radiation loss. The above equa-
tions constitute the closed equations of the MHD 
(Magnetohydrodynamics) model. 

2.2 Boundary conditions 

Figure 1. Schematic diagram of the arcjet thruster

Figure 1 is a schematic diagram of the arcjet thruster 
under study. The nozzle is easy to machining, and it 
can obtain the supersonic plasma jet. 

Using the terms of the MHD model based on the 
magnetic vector potential, the boundary conditions are 
shown in Table 1. Vector potential boundary condi-
tions aren't quite strict in math, but they aren't against 
Ampere's law, so they are widely used in the numeri-
cal simulation of plasma [9, 10]. The working medium 
adopted by the arcjet thruster is nitrogen and the 
thermodynamic and properties of nitrogen plasma are 
obtained from the literature [11]. Cathode current den-
sity in the table is given according to the K. C. Hsu 
calculation method [12], and jgiven is set to 
2.64×108A/m2 (150A). 

3 RESULTS AND DISCUSSION

In this paper, the influence of the anode structure pa-
rameters on the volt ampere characteristic and plasma 
jet of the arcjet thruster is studied. The anode structure 
parameters include throat diameter d, throat length l

and the anode contraction angle α. 
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Table 1. MHD model boundary conditions

U P T

AB 0 — 3000K j=jgiven

CD

Mass flow

7.1g/s
5.0×105Pa 300K

FG 0 — 1000K

IJK — 1.0×105Pa 300K 0 0

AK —
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3.1 Effect of anode throat diameter d on thruster 

The volt-ampere characteristics, the temperature and 
velocity distribution on the arcjet thruster axis are 
shown in Figures 2–4. When the anode contraction 
angle is 60°, the throat length l is 1.0mm, and the 
throat diameter d is respectively 2.0mm, 2.5mm, 
3.0mm and 4.0mm.  

(a) Distribution of current density along the arcjet thruster 
axis 

(b) Distribution of voltage along the arcjet thruster axis 

Figure 2. Comparison of volt-ampere characteristics of the 
arcjet thruster 

As shown in Figure 2, the diameter of the anode 
throat has a great influence on the volt-ampere char-
acteristics of the arcjet thruster. Arc voltage of arcjet 
thruster increases with the increasing anode throat 
diameter. This is because with the increase of throat 
diameter, the volume which is near the throat increas-
es and the current density decreases, weakening the 
Joule heating effect. And the arc temperature decreas-
es, decreasing the conductivity of nitrogen, thus the 
impedance increases, eventually leading to arc voltage 
increase.  

From Figure 3, it can be seen that the temperature 
distribution on the arcjet thruster axis of different 
throat diameters is different and the temperature of the 
arcjet thruster decreases obviously with the increase of 
throat diameter. When the diameter is 2.0mm, the 

stronger mechanical compression effect and the higher 
current density result in strong Joule heat effect. So 
when the maximum temperature on the arcjet thruster 
axis reaches 17643K and the diameter is 4.0mm, the 
maximum temperature is dropped to 11732K. Namely, 
in the case of other dimensions remain unchanged, 
mechanical compression effect and Joule heating ef-
fect of nozzle are enhanced with throat diameter de-
creasing, resulting in plasma in the anode nozzle tem-
perature increases. 

Figure 3. Distribution of temperature along the arcjet thruster 
axis 

Figure 4. Distribution of velocity along the arcjet thruster 
axis 

As shown in Figure 4, the plasma velocity at the 
arcjet thruster axis from the anode throat position 
appears more differences. Since the size of the throat 
diameter impact the thruster temperature field, differ-
ent throat diameter has a certain influence on the 
thruster velocity field. As described above, when the 
nozzle throat diameter decreases, the nozzle of me-
chanical compression effect and Joule heating effect 
are enhanced and the temperature of the thruster in-
creases, the density of the plasma is reduced by the 
law of conservation of mass and energy conservation, 
and the plasma velocity correspondingly increases.
When the throat diameter is 2.0mm, the maximum 
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speed is 4774m/s (Ma=2.27). When the throat diame-
ter is 4.0mm, the maximum speed is 3187m/s 
(Ma=2.00). As can be seen from the graph, the smaller 
the throat diameter is, the larger the maximum speed 
is, and the stronger the shock wave can be. 

3.2 Effect of anode throat length l on thruster 

(a) Distribution of current density along the arcjet thruster 
axis 

(b) Distribution of voltage along the arcjet thruster axis 

Figure 5. Comparison of volt-ampere characteristics of the 
arcjet thruster 

The volt-ampere characteristics, the temperature 
and velocity distribution on the arcjet thruster axis are 
shown in Figures 5–7. When the anode contraction 
angle is 60°, the throat diameter d is 2.0mm, and the 
throat length l is respectively 1.0mm, 1.5mm, 2.0mm 
and 3.0mm. 

In Figure 8, the anode contraction angle and throat 
diameter of arcjet thruster remain unchanged, chang-
ing the throat length which has little effect on the 
volt-ampere characteristics of the arcjet thruster. The 
current density distribution and arc voltage of different 
throat lengths are basically consistent; the arc voltage 
is respectively 142V (1.0mm), 141V (1.5mm), 140V 
(2.0mm) and 138V (3.0mm). Compared with throat 
diameter, the influence of throat length on the volt 
ampere characteristics of the thruster can be neglected. 

Figure 6. Distribution of temperature along the arcjet thruster 
axis 

Figure 7. Distribution of velocity along the arcjet thruster 
axis

From Figure 6, it can be found that when the throat 
length is respectively 1.0mm, 1.5mm and 2.0mm, the 
difference of the temperature distribution on the arcjet 
thruster axis is small; with the increase of throat length, 
the temperature on the arcjet thruster axis increases 
slightly. This is because with the increasing throat 
length, the compression effect of the nozzle leads to a 
temperature increase, but the temperature of the en-
gine is mainly determined in Joule heat, so the tem-
perature increase is small. When the throat length is 
3.0mm, the temperature distribution on the arcjet 
thruster axis is different than before. In the vicinity of 
the cathode surface and the anode inlet, the tempera-
ture is significantly higher than that of the other three 
throat lengths, while the temperature at the entrance of 
the throat is less than that of the other three species. 
The heat energy absorbed by the wall of the anode 
increases with the increase of the throat length, which 
leads to a decrease in temperature. 

From Figure 7, it can be seen that the change of the 
throat length has little effect on the plasma velocity 
distribution along the arcjet thruster axis. As is men-
tioned above, changing the throat length has little 
effect on the current density and temperature field of 
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arcjet thruster, so the impact on the thruster velocity 
field is smaller. 

3.3 Effect of anode contraction angle α on thruster

(a) Distribution of current density along the arcjet thruster 
axis 

(b) Distribution of voltage along the arcjet thruster axis 

Figure 8. Comparison of volt-ampere characteristics of the 
arcjet thruster

The throat diameter d is 2.0mm; the throat length l
is 1.0mm; the anode contraction angle α is respective-
ly 60°, 70°, 80° and 90°. The volt-ampere characteris-
tics, the temperature and velocity distribution on the 
arcjet thruster axis are shown in Figures 8–10.  

From Figure 8, the anode contraction angle has 
great influence on the volt-ampere characteristics of 
the arcjet thruster. In particular, the influence on arc 
voltage is great, which decreases with the increase of 
the anode contraction angle. When the inlet diameter 
and throat diameter of the anode remain unchanged, 
changing the angle of the anode angle, it means that 
the length of the contraction section is actually 
changed. Therefore, the distance between cathode and 
anode is changed. So as the anode contraction angle 
becomes smaller, the length of the contraction section 
increases and the distance between cathode and anode 
increases. This eventually led to an increase in engine 
power and the arc voltage increase at a constant 

working current situation. 

Figure 9. Distribution of temperature along the arcjet thruster 
axis 

It can be seen from Figure 9 that the anode contrac-
tion angle has little effect on the temperature distribu-
tion of the arcjet thruster. Since the temperature field 
of arcjet thruster mainly depends on the current densi-
ty distribution, the anode contraction angle has little 
effect on the current density distribution of the arcjet 
thruster, so the temperature distribution inside thruster 
is less affected. Anode contraction angle has some 
effect on the temperature distribution of the thruster 
outside: The smaller angle of anode contraction sec-
tion is, the higher temperature of the external arcjet 
thruster will be. That is because the smaller the anode 
converging angle is, the stronger the compression 
effect of plasma is, and the smaller the flame radius is, 
then energy is mainly concentrated in the vicinity of 
the central axis. 

Figure 10. Distribution of velocity along the arcjet thruster 
axis 

As described above, the change of the anode con-
traction angle only has an effect on the temperature 
distribution of the external flow field. The influence of 
the temperature distribution of the inner flow field can 
be neglected, and the thruster velocity distribution is 
mainly determined by the temperature field. It is 
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shown from Figure 10 that the influence of the chang-
ing anode contraction angle on the velocity distribu-
tion of the arcjet thruster is consistent with the tem-
perature distribution. 

4 CONCLUSIONS 

A numerical research was carried out to compare the 
plasma jet and volt-ampere characteristics of different 
anode structure parameters. Through this study, we 
obtain the following conclusions. With the increase of 
throat diameter for the same anode contraction angle 
and throat length, the current density on the arcjet 
thruster axis is reduced, the arc voltage increases, and 
the highest temperature and the maximum velocity of 
the plasma on the arcjet thruster axis are decreased. 
Moreover, the influence of throat diameter on the 
volt-ampere characteristics and plasma jet characteris-
tics of the arcjet thruster is very obvious. However, the 
influence of throat length and anode contraction angle 
on the volt-ampere characteristics and plasma jet 
characteristics of the arcjet thruster is negligible. 
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