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Nonequilibrium Flow Analysis of a Two-dimensional MPD Arcjet 

LFunaki,* K.Toki,t and K.Kuriki~t 

Institute of Space a&Astronautical Science, Kanagawa, Japan 

Two-dimensional numerical analysis was conducted for a two-dimensional magnetoplasmadynamic 
(MPD) arcjet. Ionization and dissociation nonequilibrium was taken into account, and the plasma 
flow inside the discharge chamber was successfully analyxed. For both hydrogen and argon ptopellunC 
highly ionized and high temperature region near tk cathode tip, se called cathode jet was simulated. 
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Nomenclature 

magnetosonic velocity 
self-induced magnetic field 
inlet self-induced magnetic fold 
electricity 
electric field 
specific energy 
specific impulse 
current density 
total discharge current 
Boltzmann’s constant 
atomic or molecular mass 
mass flow rate 
number density of species k 
pressure 
gas constant 
time 
temperature 
velocity 
inlet velocity 
chamber width 
coordinate 
coordinate 
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ionization fraction 
dissociation fraction 
permittivity in vBcuum 
heat of formation 

. 
dmsocWon energy per particle 
icmixatiwr energy per particle 
speci* heat 
permeability in vacuum 
total mass density 
mass density of kth species 
elect&al conductivity 

Introductioll 

This paper describes themodel andnumerical 
simulations of the plasma flowfield of a 
magnetoplasmadynamic (MPD) arcjet Even if we 
neglect the effect near the wall or so-called electrical 
sheath effect, the flowfield inside the discharge 
chamber of an MPD arcjet still comprises of many 
complicated physical phenomena such as discharge 
field, ionization, plasma acceleration, diffusive effect, 
etc. It is very difficult to treat all these phenomena 
owing to the limitation of the computation time as 
well as the stiffness of the analytical model. To 
establish a useful numerical tool for designing an MPD 
arcjet, one has to select some of important features of 
the flow from among all possible phenomena in the 
discharge chamber, and incorporate them to the model, 
and then check its consistency with the experimental 
data. To provide such experimental data, a 
multichannel two-dimensional MPD arcjet (2D-MPD) 
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has been tested in the past several years in the lnstitme 
of Space and Astronautical Science (lSAS): the 
experimental data include not only thrust 
characteristics, but also flowfield diitrlbutions such 
as current contours, plasma density, current contours, 
and electron temperature. Now we are incorporating 
most possible effect step by step, checking both 
numerical and experimental data in order to decide 
necessary miniimmn model of the MFD arcjet 

From our previous study, the most idealiid 
MHD model, that is, full ionization Ar plasma flow, 
can estimate thrust characteristics fairly well, and 
succeeded in evaluating geometric dependence of 
thrust generation.’ However, from comparison 
between the numerical result and the flowfield dam 
obtained from optical measurement of the 2D-MPD, 
the full ionization approximation resulted in an 
overestimation of temperature. Furthermore, such a 
model falls to evaluate molecular propellants, which 
is considered to be more appropriate for a practical 
application of the MFD arcjet From one dimensional 
models, real gas effect is important for modeling 
molecular species.” In this study, to accomplish a 
miniinm model for molecular prop&lams, ionization 
and dissociation noneqtiliinm was taken into account 
and simulated for a two-dimensional MPD arcjet Both ’ 
Ar and H, are specified as propellant gases. 

Fig.1 Two-dimensional MFD arcjet. 

Numerical Model 

Numerical analysis was conducted for a 
multicahnnel two-dimensional magneto- 
plasmadynamic arcjet (2D-MPD, Fig.ly. The 2D- 
MPD approximates a two-dimensional plasma flow 

using eight discharge channels to secure the optical 
depth and to avoid non-uniform discharge along the 
line-of-sight. A lot of data of both the plasma flowfleld 
inside the chamber as well as the thrust performam% 
am availables6, and these experimental results can be 
compared with the numerical results. The following 
conditions were assumed to analyze the plasma flow 
of the 2D-MPD. 

1) Plasma flow is strictly two-dimensional. 

2) Steady-state flow is of interest, since the 2D- 
MFD is operated in quasi-steady mode. 

3) Self-induced magnetic field is of interest. The 
Hall effect is neglected. 

3) Argon and hydrogen is specified as propellant 
gas. Their dissociation and ionization processes 
follow chemically nonc@librium kinetic model 
shown below. Quasi-neutrality applies. 

4) Viscosity, thermal conductivity, electrical 
sheath, and radiation processes are neglected 

6) The plasma flow is accelerated from sub- 
magnetosonic speeds to super-magnetosonic 
speeds, where the magnetosonic speed is defined 
as: 

which is the propagating speed of small 
disturbances in the MHD flowfield. 

Governing Equations 

Tie dependent equations are treated, in order 
to use a time-marching algorithm. In the MHD 
framework the displacement current in the Maxwell 
equations is neglected. The basic electromagnetic 
equations are: 

Maxwell equations 

j= -LotB 
8% 

Ohm’s law 

j=a(E+uxB) (4) 

Solving eq. (3) to (5) for the magnetic flux density 
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yields the induction equation, 

~=rol[“xB-;mtB]_ (5) 

As for fluid equations, the Lorentz force term for the 
equation of motion and the Joule beating for the energy 
equation are taken into account. The inviscid Euler 
equations with electromagnetic source terms become: 

overall mass conservation 

dP 

-z+v(pu)= O 
05) 

equation of motion 

JPU -+V(puu+p)= jxB (7) 
dr 

energy conservation 

%+V.[(e, +p)u]= j-E (8) 

equation of state 

p=&,kT (9) 

The mass density is related to the number densities 
through the following algebraic relation, 

Also, each species follows nonequlibrium rate 
equations of ionization and dissociation: 

dP. 
2+v(piu)=pi. 
at 

(11) 

For hydrogen, the mixture is assumed to consist of 
four species: molecular hydrogen , atomic hydrogen, 
ionized bydrogen, and electron. For argon, the 
propellant is composed of atomic Ar, ion, and electron. 
With the assumption of electrical neutrality, the 
electron and ion concentrations are equal and one 
species’ equation can be eliminated. 

AU the simulations were executed for tbe 2D- 
MPD arcjet (Fig.1). Applying the MHD equations 
for the Cartesian coordinates. the governing equations 
for flow variables can be transformed into a vector&d 
form 

WhtXE 

‘P’ 

PC 

P 

l 

p. 

P . . 

Y I 

-1 

(12) 

e, = ip(u’ + v’) 

+c 
I-- 

i p,R,T+ AH 

0 

j,B 

-j.B 

i.E, + j,E 

4 

i? 

is total energy, in wbicb the vibrational energy mode 
for molecular species is assumed to be half excited. 
For the magnetic flux density, a scalar equation is 
derived. 

dB duB dvB 

dt+dx+dv 

Equations (12) and (14) govern the plasma flow inside 
tbe chamber of the 2D-MPD. 

The electrical conductivity is given as tbe 
geometrical average of both Chapman-Cowling’s 0” 
and Spitzer-H&n’s a,.’ It depends oo both temperature 
and electron density. 

Reaction model 

For Ar. ionization and recombination 
processes are modeled according to the following 
equation:’ 
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Ar+e-csAAr’+e-+e- (16) 

while for hydrogen, four dissociative processes and 
one ionization process were selected: 

H,+H, eH+H+H, (17) 
H,+MoH+H+M 

(M=H,H+) 
w 

H,+e- ($ H+H+e- (1% 

H+e- w H’+e-+e- co 

Chemical rate coefficients were taken from the work 
of Shoji et al.’ 

Calculation Procedure 

Numerical Grid 

Figure 2 shows the calculation grids used for 
comparison with the experimental data. At the anode 

Cathode 
Flared anode, short cathode 

discretized based on the finite difference method: for 
the Euler equation (12X the point implicit TVD- 
MacCormack sckme with Roe-Davis’s dissipation 
term was extended to narquilibrium flow?’ for the 
induction equation (14X all +rivatives were 
discretized using the central diffcrencing method and 
solved by the SOR method, dropping the time 
dependent term beatuse only t& steady-state solution 
is of interest. Calculation time steps of both fields 
are proceeded indep&cntly and coupled together for 
every few hundred steps and convergence can be 
achieved. 

Boundary Conditions 

At the electrode surfaces, the tangential 
electric field component was fixed as zero, which 
forces the electrode surface to be an quipotential 
contour. At the inlet, the magnet flux density B,, was 

given. In the case of the ZD-MPD, B, is related to 

the total discharge current J as 

where W is the channel width of the 2D-MPD. At 
other boundaries, that is, outside the chamber, at the 
symmetry ax& and at the outlet boumky, the magnetic 
flux was set to zero. The electrodes and the insulator 
were treated as slip walls. As for the inlet and the 
outlet boundary conditions, subsonic inflow and 
supersonic outflow were specifie& In this simulation, 
the inlet temperature was assumed to be 3,000 K. 

Results and Discussion 

In the following, numerical results for Ar 
and )f2 propellant are pro&led. 

Fig.2 Calculation grid. 

end, the supersonic flow forms a jet separating from 
the anode boundary, where the inviscid model fails. 
To avoid this difficulty, the rapid expansion region at 
the anode end was replaced by an insulator under the 
assumption that the flow near the anode end will not 
affect the core flow between the electrodes. 

Solver 

Numerical analysis conducted here treat both 
plasma flowtield and electromagnetic field separately. 
Both the flow and the electromagnetic equations were a) Ar 
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Fig.3 Ionization fraction (8kA, 2Sg/s). 

Fig.4 Dissociation fraction for Y (8&I, 2.5g/s). 

At a condition J=8U, ?ia=2Sgls, targeted 
at medium Isp operation, ionization fraction in Fig.3 
stays below one, which means disparity from full 
ionization. Not full ionization explains relatively low 
density field indicated in the experiment_’ y’s low 
ionization fraction is attributed to dissociative reaction 
as shown in Fig.4; beat energy is consumed in the 
dissociative process followed by ionization, which is 
localized to so-called cathode jet region. Once the 
ionization occurred in the cathode tip region, ionization 
fraction or dissociation fraction arc frozen to certain 
values in the downstream part of the cathode jet Such 
a frozen reaction will be typical nonequilibrium 
phenomenon that will occur in the MPD flow. Also, 
near the tip of the cathode, excessively bigb temperature 
was observed for both Ar and H, (Fig.5). Temperatures 
in the interelectrode region stays about 10,000 K for 
Ar and below 10,000 K for H,, and the peak values at 

the catbode tip are 36,OW K and 18.ooO K, respectively. 
Although these values are a bit higher than the 
experimental results, the simulations are considered 
to treat real gas effect for both propellants, that is, 
energy deposition into chemW processes. 

l-9 Y 

Fig.5 Temperature distribution (8kA, 2.5g/s). 

Summary 

Numerical simulation for the two- 
dimensional MPD arcjet (2D-MPD) was successfully 
conducted. To evaluate the plasma flow for both 
argon and hydrogen propellant, nonequilibrium 
ionization and dissociation processes were taken into 
account. Inclusion of these chemical processes made 
it possible to achieve realistic temperature distributions 
numerically, and the cathode jet, in which highly 
ionized plasma is confined near the cathode tip, was 
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simulated. 
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