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ABSTRACT 
 
A numerical simulation has been performed of a 
high-velocity hydrogen plasma arc flow in a low 
power arcjet including a finite-rate chemical 
kinetic model. Modelling results are found to 
compare favourably with available experimental 
data for the arcjet thrusters. The distributions of 
temperature and mole fraction of each species 
along the axis under three different working 
conditions have been calculated to investigate the 
effects of the arc current and the mass flow rate 
on the thermal and chemical nonequilibrium. The 
results show that the smaller arc current and 
larger mass flow rate increase the differences 
between the temperatures of electron and heavy-
species and the degree of ionization and 
dissociation usually lags behind the values that 
would correspond to the rising or decreasing 
electron temperature. 
 
1. INTRODUCTION 
 
Arcjet is a thruster that heats a propellant stream 
by passing an electrical arc through it, before the 
propellant is expanded through divergent section 
of the nozzle to generate thrust. It could provide 
a substantial cost reduction for orbital transfer 
and station keeping missions, if electrically 
powered arcjets could be designed to have high 
specific impulse and good thermal efficiency. 
Understanding the details of flowfield inside the 
arcjet thruster is necessary for fundamental 
research as well as for further optimization of 
these devices. 
 
In order to predict the main plasma flow features 
and arcjet performance, the assumption of local 
thermodynamic equilibrium (LTE) in thermal 
plasmas has been successfully used both in 
simulations[1,2] and in the interpretation of 
experimental data. Within the arcjet, the 

propellant is heated rapidly in the constrictor and 
then expanded in the expansion portion of the 
thruster nozzle to a high velocity. These 
processes in such a small space cause large 
gradients of temperature and velocity, which 
may result in the departures from the LTE. This 
important phenomenon in thermal plasma 
processing has attracted more and more 
researchers to study deeply, since they have 
strong effects on both the plasma flow and the 
heating of entrained particles. In this paper, 
numerical simulation based on the two 
temperatures and finite chemical reaction rate 
assumption is conducted.  
 
2. MODELLING APPROACH 
 
The main assumptions employed in the 
modelling study are as follows, (i) the arcjet is 
operated in the steady mode with no voltage 
oscillation, and the gas flow in the arcjet thruster 
is axisymmetric, laminar and compressible; (ii) 
the velocity of each the species including 
electrons, follows Maxwellian distributions; (iii) 
the thermal nonequilibrium follows a two-
temperature model that separates heavy-species 
temperature Th, and the electron temperature Te; 
(iv) the plasma is optically thin; (v) electron gain 
energy through Joule heating from the electric 
field and then the energy of electrons is partially 
transferred to heavy species through collisions. 
 
In this study, the plasma is considered to contain 
electrons and heavy species of hydrogen, 
including molecules (H2), atoms (H) and ions 
(H+). The species productions rates, are 
determined as a function of Th and Te from the 
assumed finite-rate chemistry processes 
summarized in Table 1. The reactions chosen for 
this model are similar to those used in previous 
arcjet models[3-5]. For two-way reaction, the 
reverse reaction rates are extracted from the  



Table 1. List of the processes considered in the model 
Reaction Rate (m6/s or m3/s) Loss rate (W/m3) 
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forward reaction and the equilibrium constants. 
 
Fig. 1 shows the arcjet thruster used in this 
simulation, which has almost the same 
dimensions as the 1-kW-class radiation-cooled 
arcjet thruster designed by NASA Lewis 
Research Center. Due to the axisymmetry of the 
thruster nozzle, only the upper half is modelled 
in the computation. The computational domain 
used in the model is denoted as B-C-I-J-F-G-H-B 
in Fig.1, in which C-I, I-J and J-F are 
respectively the inner surfaces of the convergent 
segment, constrictor and divergent segment of 
the anode/nozzle.  
 

 

Fig. 1 Schematic diagram of the computational domain 

 
The equations that govern the model arcjet 
thruster of this research are essentially a group of 
modified Navier-Stokes equations coupled with 
the Maxwell’s equations. The set of governing 
equations in the cylindrical coordinate system 
can be written as follows. 
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The current distribution within an arcjet thruster 
is assumed to be two-dimensional, and the 
azimuthal current is expected to be zero. The 
current density is given by Ohm’s law 

)( BuEj


                            (4) 
Here,   is the electric conductivity and E


 

represents the electric field. Rewriting Ohm’s 



law by making use of Maxwell’s equations for 
steady conditions, one obtains an equation for the 
magnetic induction intensity in the form[6]  
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Here, Bθ is the azimuthal component of the 
magnetic induction intensity. 

(5) 

In this study, the Roe scheme with MUSCL 
limiters, a scheme for solving hyperbolic systems 
of conservation equations, is introduced to 
discretize the convection terms in equation (3), 
and the diffusion terms are discretized by a 
central differencing scheme. A forth-order 
Runge-Kutta scheme is chosen to march forward 
in time.  
 
The Chapman-Enskog theory is used to calculate 
the transport properties. In the thermodynamic 
and chemical nonequilibrium model, the 
transport properties are calculated from the 
temperature and the composition at each position 
in the calculation domain for each iteration, until 
convergence is reached. The detailed procedure 
is described in reference[7]. 
 
3. RESULTS AND DISCUSSION 
 
For the case with hydrogen as the propellant, 
experimental results of low power arcjet with 
almost the same geometrical structure, which is 
operated under the similar working condition 
with this study have been reported by Cappelli 
and his co-workers[8-10]. Fig. 2a and 2b compare 
the predicted radial distribution of the gas 
temperature and electron number density at the 
arcjet nozzle exit with corresponding experiment 
results for the case with hydrogen flow rates of 
14.2 mg/s and arc current of 9.8 A. It is seen that 
the predicted results agree well with the 
experimental data. 
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(a)                                                  (b) 

Fig. 2 Comparisons of the computed results and the experimental 
data concerning the gas temperature (a) and number density of 
electron (b) profiles at the exit plane for the thruster operating at 
corresponding condition. 

 
Fig. 3 compares the computed temperature of 
electron and heavy-species and thermal 

nonequilibrium parameter (Te/Th) along the 
nozzle axis within the hydrogen arcjet thruster 
under different working conditions. It is noted 
that even in the constrictor center of the nozzle, 
the presence of Ohmic dissipation keeps the 
electron temperature higher than the heavy-
species temperature due to the finite collisional 
time scales. In the upstream of the nozzle beyond 
the constrictor, the flow expands and cools, but 
the temperature of electron decrease slower than 
that of heavy-species. The reason is that the 
electron is still heated by the arc, while the 
quantity of the species is not enough to support 
efficient coupling of energy between the 
electrons and heavy-species in this area. For the 
cases with a constant arc current, the larger mass 
flow rate causes the concentration of the arc 
core. In the smaller arc core region, the 
propellant is heated more rapidly, which causes 
the higher electron temperature and thermal 
nonequilibrium parameter (Te/Th). Fig. 3 also 
shows that the higher temperature can be 
obtained by increasing the arc current while 
maintain the same mass flow rate.  
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Fig. 3 Comparison of the computed temperature of electron and 
heavy-species and thermal nonequilibrium parameter (Te/Th) along 
the nozzle axis under three different working conditions 

 
Fig. 4 shows the contrast of the computed mole 
fraction of different heavy-species along the 
nozzle axis under three different working 
conditions. It is seen that the highest degree of 
ionization appears in the constrictor, and the 
largest mole fraction of atoms is just behind the 
constrictor. The increase of mole fraction of 
atoms upstream of the divergent section is 
caused by the recombination of the ions due to 
the decrease of the temperature.  Although the 
temperature decreases from more than 10000 K 
within in the constrictor to about 2000 K at the 
exit plane, the mole fraction of molecule and 
atom has not changed much. It comes to a 



 conclusion that degree of ionization and 
dissociation usually lags behind the values that 
would correspond to the rising or decreasing 
electron temperature. With a constant mass flow 
rate, the larger arc current could provide more 
power energy to increase the temperature of the 
plasma and the degree of ionization and 
dissociation. Increasing of the mass flow rate 
with a constant arc current could concentrate the 
arc core region and get the higher degree of 
ionization and dissociation. 
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