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Numerical simulation of a Ikw class DC arcjet thruster Ref.1, in which the cathode geometry was changed to a
was performed, using the same nozzle geometry as used pointed cathode. Chanty and Martinez-Sanchez3 carried
in laboratory experiments. The governing equations for out the numerical simulation of an axisymmetric MPD
propellant gas flows consist of the axisymmetric Euler arcjet thruster by a finite volume scheme and included
type equations coupled with electromagnetic equations. the effect of hall current into the computation. How-
The propellant flow equations were solved by a time de- ever, it was assumed that electrical conductivities were
pendent technique using the TVD-MacCormack scheme, constant in the entire flow region. Auweter-Kurtz et al.4

and the implicit FTCS method was applied to solve the also did the numerical simulation of an MPD thruster.
electromagnetic field. Argon was used as propellant. It In the above four numerical simulations, a Mach num-
was considered that the flow was followed by nonequilib- ber at the thruster inlet was assumed to be supersonic.
rium ionization-recombination. Moreover, an inlet flow However, it is reasonable to consider that in an actual
is considered as subsonic. From the numerical data, the thrusters, the flow at the inlet is subsonic. The study
detail of thruster flow field heated by Joule heating was presented in Ref.5 treated subsonic inlet conditions and
revealed. In addition, the effect of constrictor geometry it was our preliminary work of computational simulation
on the thruster performance was examined for different of a low power arcjet thruster.
three constrictor lengths.

In the present study, a computer simulation code for

1. INTRODUCTION the geometry of an actual Ikw class thruster was de-
veloped. The numerical conditions, i.e. mass flow rate

Arcjet thrusters have attracted much interest as one of and discharge current have been taken from experimen-

the available propulsion systems for North-South sta- tal conditions'. In the actual thruster tested in the

tion keeping of future spacecrafts. In order to predict laboratory, a propellant gas which reaches the thruster

the performance characteristics of the arcjet thruster, inlet is at a room temperature, so that it is not ion-

the detail of the flow field interacting with arc currents ized. Ionization takes place through discharge. On the

inside the thruster is required. However, it is actually other hand, gasdynamic expansion is dominant in the

difficult to directly observe the discharge section. There- diverging nozzle section and then the net reaction will

fore, we have applied computational simulation to the be recombination. Hence, nonequilibrium ionization-

investigation of the thruster flow field. The computa- recombination is needed to be included in the computa-

tional simulation has an advantage of easily varying pa- tion of the entire thruster flow field. The propellant gas

rameters such as thruster geometry. flow equations are coupled with electromagnetic equa-
tions. Therefore, it is necessary to solve them simultane-

Recently, computational simulations of the flow field in- ously. The present computation uses a time-dependent

side arcjet thrusters have been developed.-' Ao and method, and the governing equations for the propellant

Fujiwarai did a pioneering numerical study of an ax- flow and the electromagnetic equations are alternately

isymmetric MPD arcjet thruster by using the Mac- solved. The steady state solutions are obtained at large

Cormack scheme. Their thruster model was very sim- time. It is the objective of the present study to develop
pie which consisted of a cylindrical bluff-nosed cathode the computer code for the simulation of a low power DC
and hollow anode. In their computation, equilibrium arcjet thruster and at the same time to investigate the
ionization-recombination was considered. The numer- effect of the constrictor on the performance characteris-
ical study in Ref.2 was the extension of the work in tics.
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2. GOVERNING EQUATIONS FOR PRO- where, p is the mass density, u and v are the axial and
PELLANT GAS FLOWS radial velocity components, respectively, p is the pres-

sure, n. is the electron number density, j is the electric
2.1. Propellant Gas Flow Model current density, E is the electric field, B is the magnetic

flux density, n. is the electron production rate, t is the
Numerical calculations are conducted for the arcjet time, r and z are the radial and axial coordinates, re-
thruster shown in Fig.1. The thruster geometry is the spectively, and the subscripts r and z mean the radial
same as used in laboratory experiments 6. The flow field and axial components, respectively. The total energy of
treated here is inside the thruster and the following as- the propellant e is given by
sumptions are introduced for the propellant flow com-
putations: e (1+ a)kT +aE u + (2)
(1) The flow is axisymmetric. (7-1)m. m. 2
(2) The flow is inviscid and thermal conduction is ne- where T is the temperature, ks is Boltzmann's constant,

glected. Thermal loss from the nozzle wall is also y is the ratio of specific heats, a is the degree of ioniza-
neglected. tion, E is the energy of ionization and m. is the mass(3) Argon gas is considered as propellant. The pro- of an atom. The equation of state for singly ionized gas
pellant gas is singly ionized and it is composed of is given by
neutral argon atoms, singly ionized ions, and elec-
trons.trons. p= (1 + a)pRT (3)(4) The velocities of all species are in equilibrium. )

(5) The temperatures are also in equilibrium.
(6) An inflow to the thruster is subsonic and the flow where, R is the gas constant. The net production rate

at the nozzle exit is supersonic. of the electrons n. is written as
(7) lonization-recombination takes place due to neu-

tral atom-electron collisions, i.e. the following re- . = Kin.n - K2 n, (4)
action is considered here:

where K, and K2 are the ionization and recombination
A + e- A+ + e- + e rate constants, respectively, and n. is the neutral atom

number density. In the present work, Drawin's expres-
sion for ionization rate constant of argon' is employed,1 1which is given by

K, = 2 exp(-q)
s 4 l  

(k T)2 q(q 1)

10.3 6 3925x + In 11.25 (1 + ) (5)

with

Fig.1 Thruster geometry. S= (8ksTl/rm.)'1

2.2. Governing Equations q = Ei/kaT

where m. is the mass of an electron, a° is the first Bohr
The propellant flow equations are numerically solved by radius and is Rydberg's constan. The recombi-
a time-dependent method and steady state solutions are r ad ius and R, is Rydberg's constant. The recombi-
obtained as asymptotic solutions for large time steps. nation rate constant K2 can be derived from the prin-
Using cylindrical coordinates, the unsteady conservation ciple of detailed balancing and Saha equilibrium rela-
equations are written as, under the above assumptions, tion. Equations (1) to(3) construct a set of the govern-

ing equations for a propellant gas flow.
8W OF OG+-- + -+ -+ = 0 (1)S( r  2.3. Coordinates Transformation

P pu pv Numerical calculations are desirable to be made on a
pu pu2 + p puv computational plane. In order to transform a physical

W = pv , F= puv , G = p+p plane to the computational plane, it is necessary to gen-

pe u(pe + p) v(pe + p) erate numerical grids suitable to computations for the
actual thruster geometry. The numerical grid genera-

n, .nu J .nv tion is done by solving the following elliptic equations:

pv/r ' + = 0 (6)
puv/r - j, B,

H= pv 2/r+j.B, 2 a 2
v(pe +p)/r - (j,E, +j.E) z r, = 0 (7)

.n.v/r - n,
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The coordinates E and qr are the transformed Carte- aE, OE, _ OB,0
sian coordinates. Based on the relations represented by (T - - -
Eqs.(6) and (7), the physical plane is transformed to a where p is the permeability and a is the electrical con-
new computational plane. Figure 2 shows the generated ductivity which is given by Spitzer's free path theory10 :
grids, where the typical computational plane is an up-
per half of the entire flow region and it is divided into a 3.05 x 10- n mho/m (11)
80 x 12 grids. VTEi niQ.,

where ni is the number density of species j and Q., is the
collision cross section for electron-species j encounters:

Q..= (0.39-0.551x 10-T+0.595 x 10-' ) x 10- m2

for T < 10,000K (12a)

Q. = (-0.35 + 0.775 x 10- 4T) x 10- 20 m'

Fig.2 Grid generation.
for T>10,000K (12b)

5.85 x In A 1 0

Equation (1) is transformed to the new coordinates x (12c)
system ( ,r7) and then solved by using the TVD-
MacCormack scheme." At each time step, the time in- Q. = 0.707Q m2  (12d)
crement At is determined so as to satisfy both the CFL with
and stability conditions to solve the equation including
ionization-recombination reaction. A 1.24 x 10'T 3/'A =

The boundary conditions for Eq.(1) are imposed as fol-
lows:SRe tion conditions are used on the cathode and The following equation is derived from the combination

(1) Reflection conditions ae used on the cathode and of Eqs.(8) to (10):anode.
(2) Symmetry conditions are employed on the nozzle

axis. 0 1 8_LOB +uB,] - (rB,)_-B
(3) Outflow conditions are imposed on the exit plane [a 9z J r a r Or 'J

of the nozzle.
(4) At the inlet, the flow is assumed to be subsonic and IB,

hence it is impossible to specify all the variables. W (13)
Therefore, the propellant mass flow rate, temper- This partial differential equation is transformed to the
ature and degree of ionization are specified, and computational plane ((, 7) and then rewritten to a differ-
v = 0 is set because the parallel inflow is consid- ence equation with the first order accuracy in time and
ered. An additional condition is needed, which is the second order accuracy in space, using the implicit
given by a one-sided characteristic method. FTCS (Forward Time Centered Space). The solutions

of B, at all the grid points are iteratively obtained with
3. GOVERNING EQUATIONS FOR ELEC- the Gauss-Seidel method as solutions of a set of linear

TROMAGNETIC FIELD equations. Thus determined magnetic flux densities are
used in Eq.(9) to get j, and j,. Then, the magnetic

The arcjet thruster considered here is a 1kw class flux density and current density are employed in Eq.(8).
thruster, so that discharge currents are relatively small. Thus E, and E, are determined.
Hence, hall currents and ion slip may be neglected. The
electromagnetic field is represented by Ohm's, Ampre's Boundary conditions for the magnetic flux density are
and Farady's laws. These are given by the followings, in imposed as described below. The surfaces of the anode
the cylindrical coordinates: and cathode are equi-potential surfaces, so that we have

j, = a(E, - uB,) (8a) E, cos i -E, sin = 0 (14)

where 0 is the angle between z-axis and the direction
j, = o(E, + vB,) (8b) normal to the surface. The combination of Eqs.(8), (9)

and (14) gives the following boundary conditions for B,

OB, on the anode and cathode:
-O= l, (9a)

1 (-1 LB.-uB,) cos1+ [-+ (rB,)-vB ]sin =0
S (rB.) =pj (9) apOx f ) r O9r (15)
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Numerical boundary conditions on the centerline are im- 5. RESULTS AND DISCUSSION
posed as follows: let Be, and B,2 be the magnetic flux
densities at adjacent grid points across the centerline, 5.1. Thruster Flow Field
respectively, then we have

B, = -B, 2  (16) As described above, the temperature, radial velocity, de-
gree of ionization and mass flow rate are specified at the

From Ampre's law, the boundary conditions at the inlet (cf. Table 1), and other variables are determined as
thruster inlet and exit are given by computational result so as to satisfy the one-sided char-

acteristic equation. Therefore, the axial velocity, den-
sity, pressure have a radial variation at the inlet. Figure

Be - at inlet (17) 3 shows the radial distributions of the axial velocity (u),
e2 r  Mach number (M) and pressure (p) at the inlet. In the

B, = 0 at exit (18) typical calculation for discharge-on, the arc current (J)
was taken to be 80A.

where J is the total arc current.

Figure 4 shows the velocity vectors for discharge-off and
4. NUMERICAL PROCEDURE discharge-on. From this figure, it is seen that the flow in

the case of discharge-on is remarkably accelerated down-
Firstly, the numerical calculations for discharge-off is stream of the constrictor and that the exhaust velocity
performed, using the quasi one-dimensional solutions as is much larger than that in the case of discharge-off. The
initial conditions. Thus obtained discharge-off solutions thrust and specific impulse for discharge-off are 0.058N
are utilized as initial conditions for discharge-on compu- and 53.4s, respectively, whereas, in the case of discharge-
tations. The computations are performed with a hybrid on, they are 0.42N and 390s, respectively.
scheme that consists of the following sequence of opera-
tion: Table 1 Inlet conditions

(1) Electrical conductivities are determined based on
known temperatures and electron number densi- Temperature Mass flow Degree of Radial
ties. At the first time step, the degree of ionization rate ionization velocity
10-3 is given at all the grid points other than the (K) (g/s) (m/s)
inlet.

(2) Based on known electrical conductivities, the so- 300 0.11 0.0 0.0
lutions of the electromagnetic field are obtained.

(3) A set of the propellant gas flow equations are nu-
merically solved by using the TVD-MacCormack
scheme based on known electromagnetic proper-
ties.

(4) Steps (1) to (3) are repeated until the steady state
solutions are attained as asymptotic solutions to
the unsteady equation for large time.

x10-4 x10
4

20 0.5 ... ...... . 110

.P . (a) Discharge-off
16 0.41 ------ 8

12 E0.3 6

M. C L.

8 0.2 4

4 0.1 2
SCathode Anode

0 0.0 .. ........... 0
4 5 6 7 8 9 10

r, mm

(b) Discharge-on

Fig.3 Radial variations of axial velocity, Mach number F4 V y v ( a
and pressure at thruster inlet. Fig.4 elocity vectors (discharge-off and on).
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(a) Temperature (b) Pressure

(c) Density (d) Electron density

Max

Min

(e) Current density

Fig. 7 Computed arcjet thruster flow field
for constrictor length 2.5mm.



(a) Temperature (L= 1.25mm) (b) Electron density (L= 1.25mm)

(c) Temperature (L= 2.5mm) (d) Electron density (L= 2.5mm)

(e) Temperature (L=5mm) (f) Electron density (L= 5mm)

Fig. 8 Computed temperatures and electron
densities for three different constrictor
lengths.
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Figure 7 represents the fields of temperature, pressure, field is illustrated in Fig.7(d). The maximum electron

propellant gas density, electron density and current den- density is found at the same location as the maximum

sity, in which are mapped the values between the max- temperature. Energetic argon atoms produced by the
imum and minimum by 256 different colors, on loga- Joule heating collide with electrons which initially exist

rithmic scale. In Table 2 are given the maximum and at very small density, which leads to large production
minimum values. The logarithmic values of the maxi- of electrons. However, in the divergent part of the noz-
mum and minimum are represented by red and purple, zle, the temperature is decreased and consequently the
respectively. Figure 7(a) shows the temperature field. net electron production shifts from ionization to recom-
The propellant gas enters the thruster at a tempera- bination. Only ionization-recombination due to atom-
ture of 300K and then the temperature is increased by electron collisions are considered in the present study.
Joule heating. The maximum temperature is attained This is based on the following consideration: in the
on the anode surface slightly upstream of the constric- initial stage, the temperature is relatively low, so that
tor, which is caused by a large concentration of arc cur- the dominant inelastic collisions are atom-electron col-
rent as shown in Fig.5. In the divergent part of the noz- lisions because ionization due to atom-atom collisions
zle, the cooling due to gasdynamic expansion becomes does not play an important role at a low temperature,
more dominant than the Joule heating and then the tem- thereafter in the stage of the sufficiently high temper-
perature is decreased. This is because the arc currents ature, produced electrons are increased, which leads to
are very small downstream of the constrictor. This is a fact that the atom-electron collisions are still domi-
verified by the arc current vectors shown in Fig.5. The nant. The mapping of the current density is given in
maximum temperature obtained is 1.88 x104 K. Presum- Fig.7(e). High current density is observed upstream of
ably, this temperature is considerably higher than the the constrictor. The result of the electrical conductiv-
temperature realized in the actual thruster. Such high ity is depicted in Fig.6. The location of the maximum
temperature is presumably produced by the assumption electrical conductivity corresponds to the location of the
that there is no heat loss from the nozzle wall and that maximum electron density. The locations of the maxi-
there is no loss in the process of the Joule heating. Fig- mum and minimum electrical conductivities are shown
ures 7(b) and 7(c) show the pressure and propellant den- by 'H' and 'L', respectively.
sity fields, respectively. The electron number density

5.2. Effect of Constrictor on Thruster Charac-
teristics

The effect of the constrictor geometry on the thruster
performance was examined by using three different con-
strictor lengths, i.e. 1.25mm, 2.5mm and 5mm. The
results are tabulated in Table 3. The thrust and specific
impulse are decreased with an increase in the constric-
tor length, whereas the arc voltage decreases and then
increases with increasing constrictor length. The effi-

Fig.5 Arc currents (J = 80 A). ciency 7 defined by

f 3dA..it
r T= U (19)

p /U( + C.T) dAA,., + VJ

gives a similar value at the constrictor lengths L =
1.25mm and 2.5mm as shown in Table 3, while it drops
to 71.2% at L =5mm, where Ai,., and A.,i are, respec-
tively, the cross sectional area at the inlet and exit, V
is the arc voltage and J is the arc current. In Fig.8
are shown the fields of temperature and electron density
near the constrictor for the three different constrictor
lengths. This figure was mapped on logarithmic scale.

Fi.6 Electrical conductivity (J 80 A, . The maximum and minimum temperatures are taken to

1.38 x 103 mho/m, ai, = 0 mho/m, A' = 69.1 be 1.88 x 10'K and 9.81 x 102K, respectively, and they

mho/m). are utilized as common values in Figs.8(a), 8(c) and 8(e).

Table 2 Maximum and minimum values in Fig.7

Temperature Pressure Density Electron Current
density density

(K) (Pa) (kg/m 3) (1/m 3) (A/m 2)

Maximum 1.88 x 104 1.09 x 105  1.45 1.40 x 1022 2.41 x 10'
Minimum 3.00 x 102 4.80 5.44 x 10-s 1.00 x 10-" 1.00 x 10- T
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Also, the maximum and minimum electron densities are Table 3 Thruster characteristics for
5.48 x 10= 1/m3 and 2.32 x 1020 1/m 3, respectively. It is various constrictor lengths
seen that the maximum temperature exists on the an-
ode surface near the connection of the convergent part
and constrictor. As shown in the temperature field for Constrictor Thrust Specific Arc Efficiency
L =5mm, high temperature region is extended to in- length impulse voltage
side the constrictor. Through such long distance of high (mm) (N) (s) (volts) (%)
temperature region, the propellant gas is highly ionized 1.25 0.45 419 12.9 87.7
compared with the cases of the other two shorter con- 2.50 0.42 391 11.1 88.1
strictor lengths. As seen in Fig.8(f), a high electron 5.00 0.38 350 12.4 71.2
density region is also extended along the anode surface
to the constrictor exit. Among the three cases, the max-
imum electron density for L = 2.5 mm (Fig.8(d)) is less
than the other two cases, i.e. Figs.8(b) and 8(f). Nev-
ertheless, it is obvious that the area of the maximum
electron density corresponds to that of the maximum
temperature. In fact, the electron density at the exit for
L =5mm is higher than that for other two cases. Hence,
it may be mentioned that the so called frozen flow loss
for L =5mm is relatively large compared with that for
other two cases, i.e. the frozen flow loss is 59.9W when
L =2.5mm whereas it is 251W when L =5mm. Thus,
a decrease in the thrust for L =5mm is caused by the
frozen flow loss. The electrical current lines are illus-
trated in Fig.9. The current between the adjacent lines
was taken to be 2 % of the total arc current. It is seen (a) L = 1.25 mm
in the figure that the arc current does not run inside the
constrictor.

6. CONCLUDING REMARKS

In the. present study, the numerical simulation code
for a low power arcjet thruster was developed. This
code includes nonequilibrium ionization-recombination
and treats a subsonic inlet flow. The computation is
performed on the numerical grids generated so as to fit
the actual thruster geometry. The results obtained in
this study are summarized as follows:

1) The propellant is surprisingly accelerated down-
stream of the constrictor.

2) The arc current is concentrated slightly upstream (b) L = 2.5 mm
of the constrictor.

3) The maximum temperature is found on the anode
surface near the connection of the convergent part
and constrictor.

4) The maximum temperature, electron density and
electrical conductivity are seen at the same loca-
tion.

5) The thrust is decreased for longer constrictor
length. This is caused by the frozen flow loss.

(c) L = 5 mm

Fig.9 Electric current lines for L = 1.25mm, 2.5mm
and 5mm.
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