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Abstract to simulate the thruster flowfield. The computa-
tional simulation has an advantage of easily vary-

Numerical simulations of flows within a ing parameters such as thruster geometry, arc cur-
radiation-cooled 1 KW DC arcjet thruster have rents and other conditions. With the development
been performed for the same nozzle geometry of computational environment, considerably many
as used in laboratory experiments. The govern- computational studies of arcjet thrusters have been
ing equations for a propellant gas flow consist conducted. Of them, References 1 to 4 are cited
of the axisymmetric Navier-Stokes equations cou- as the recent numerical calculations of the arcjet
pled with the electric field equations. Argon is thrusters. Spurrett and Bond 1 conducted the nu-
used as propellant and nonequilibrium ionization- merical calculations of a hydrogen arcjet using a
recombination is considered to take place in the one-dimensional flow model. In their analysis, the
arcjet flows. The radiation-cooled wall condition arc was treated as a heat input and so the coupling
is employed in the calculations. The propellant of the flow equations and electromagnetic equa-
flow equations have been solved using the Point tions was not considered. The multi-dimensional
Implicit TVD-MacCormack scheme. Finally, the treatments of the arcjet computation were made in
numerical data are compared with the experiments Refs. 2 to 4, where the flow equations were coupled
and satisfactory agreement has been obtained, with the electromagnetic equations. However, the

chemical reactions in the arcjet thruster were con-
1. Introduction sidered to be in equilibrium in the work other than

Ref. 3. Nonequilibrium ionization-recombination
Arcjet thrusters have attracted much interest as was considered in the analysis of Ref. 3.

one of the available propulsion systems for North In previous computational studies of the flows
South station keeping of future spacecrafts. In or- in the arcjet thruster, 5, 6 we applied the Euler
der to predict the performance characteristics of equations to simulate an arc-heated flow, so that
the arcjet thruster, it is necessary to investigate the boundary layers and hence the heat transfer at
detail of the flowfield interacting with arc currents nozzle walls were not considered. However, a prac-
inside the thruster. However, it is actually difficult tical arcjet thruster with a small power will be
to directly observe the discharge section. There- operated with radiation cooling system. There-
fore, we have applied a computational technique fore, we have to consider that heat is released by

'Graduate Student, Present Address: Engieer Space radiation from wall which is heated by the heat
Systems Department, Mitsubishi Electric Corporation, Ka- transfer from the fluid. To evaluate the heat flux
makura, Kanagawa 247, Japan toward the nozzle wall, we need to employ the

"Professor Navier Stokes equations as the governing equa-
t Research Engineer tions. Then, in a previous study, numerical simu-
Professor lations of a low power DC arcjet thruster were at-
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is employed as the first step. Therefore, the as-
sumption 3) is introduced. According to the pre-
vious numerical results of the 1 KW class arcjet

o thruster, 5 an induced magnetic field is very small,
+" so that the Lorentz force may be neglected. Hence,

the assumption 5) holds for small power arcjet
thrusters.

10.5 6 39.25 3. Governing Equations and
2.5 Boundary Conditions

Fig. 1 Dimensions of arcjet thruster (Unit:mm) 3.1 Governing Equations for Propelant3.1 Governing Equations for Propellant

tempted using the Navier-Stokes equations. 3 How- Propellant flow equations are numerically solved
ever, the numerical calculations were successful by a time-dependent method and steady state so-
only for a very small power arcjet thruster up to lutions are obtained as asymptotic solutions for
140 watts. The present study is the improvement large time steps, which leads to the employment
of the previous study. The numerical scheme em- of unsteady equations. The problem is described
ployed in the present work is different from that by three global conservation equations and an elec-
used in the previous study, whereby the numeri- tron conservation equation in unsteady form as,
cal calculations have been successful for the 1 KW using cylindrical coordinates,
class arcjet thruster that has the same dimensions
as used in the laboratory experiments. The present 8W OF 9G G H S
computational results are verified by comparing 9t 8z r r r
with the experimental data. 7

2. Flow Model 
p

pu pu2 - (zz

The flowfield inside the arcjet thruster shown W = pv , F = puv - rz

in Fig.1 has been numerically calculated. The di- pe pue + i - azzu - r v
mensions of this thruster are the same as used in
the experiments. 7 The following assumptions are . ne  en

introduced:

1) The flow is axisymmetric and viscous. pv
2) Argon is considered as propellant. It is par- puv - r,

tially ionized and is composed of neutral atoms, G = pv 2 - rrr
singly ionized ions and electrons.

3) Equal velocity and equal temperature are con- 
r

sidered for all species. . nv

4) An inflow to the thruster is subsonic and the
flow at the nozzle exit is supersonic. 0 0

5) Lorentz force is neglected. 0 0
6) Walls are radiation-cooled
7) Nonequilibrium ionization-recombination is +

assumed. 0 jzE + j, E,

0 i"
A + e- = A+ +e- + e-

where p is the mass density, u and v are the axial
In general, electron temperature is different from and radial velocity components, respectively, ne is
heavy particle temperature, so that a two- the electron number density, j is the electric cur-
temperature model should be adopted in the anal- rent density, E is the the electric field, he is the
ysis ofionizational nonequilibrium flows. However, electron production rate, q is the heat flux, t is the
in the present study, a one-temperature model that time, r and z are the radial and axial coordinates,
heavy particle and electron temperatures are equal respectively. The normal and tangential stresses
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are given as follows: temperature condition is determined from that the
heat transferred from fluid to wall is released by

azZ = -p - ~V V U + 2u- (2a) radiation. This condition is expressed by

2 9V (T) = ET4
a, =-p- - V U+2u- (2b) - n

3 Or ainW
2 v

a+ -p - V-U + 2- (2c) where e is the emissivity, a is the Stephan-
3 r Boltzmann constant and the subscript w denotes

rrz = 7zr a u + (2d) the wall. On the nozzle axis, symmetry conditions
9r az) are employed. At the inlet, the flow is assumed to

Ou Ov v be subsonic and hence it is impossible to specify all
V - U = - + - + - (2e) variables. Therefore, the propellant mass flow rate,

z Or r  
temperature and degree of ionization are specified,

where p is the pressure and A is the viscosity. In and in addition v = 0 is set because a parallel in-
the present work, the Sutherland's expression for flow is assumed. Pressure at the inlet is determined
viscosity is employed. The total energy of the par- by the zeroth extraporation from the value at the
tially ionized propellant gas is given by adjacent downstream grid point. Outflow condi-

3k crEl u2 + 2 tions are imposed on the exit plane of the nozzle,
e = (1 + ) T + + (3) that is, all properties are obtained from the zeroth2 ma ma 2 extraporation.

where k is the Boltzmann's constant, a is the de-
gree of ionization, E, is the energy of ionization 3.3 Governing Equations for Electric Field
and m, is the mass of a neutral atom. The equa-
tion of state for singly ionized gas is given by The arcjet thruster considered here is a low

power thruster, so that discharge currents are rel-
p = (1 + a)pRT (4) atively small. Hence, hall currents and ion slip

may be neglected. As described earlier, the previ-
where R is the gas constant of neutral atoms. The ous computational result 5 showed that the Lorentz
axial and radial heat fluxes are given by force caused by the interaction of the electric cur-

OT OT rent density and induced magnetic flux, j x B is
; = -A-, g' = -A- (5) very small, so that the Lorentz force term may

z ar be excluded from the present momentum equa-
where A is the the heat conductivity, which is given tion. To evaluate the joule heating j * E, the elec-
by tric field equations are needed that consist of the

S15 k Ohm's law and Maxwell equation. They are givenX  4 m P (6) by

The net production rate of the electrons n'i is writ- 3 = &E (8)
ten as

rie = Kiln - K2n 3 (7) V.= 0 (9)

where Ki and K 2 are the ionization and recombi- where & is the electrical conductivity which is given
nation rate constants, respectively, and na is the by the Spitzer's free path theoryg:
neutral atom number density. In the present work,
the Drawin's expression for ionization rate con- 3.05 x 1 20"
stant for argon 8 is employed. a = - mho/m (10)

3.2 Boundary Conditions for Propellant
Flow where n, is the number density of species j and Qej

is the collision cross section for electron-species j
No slip conditions are imposed on the walls encounters.

(cathode and anode), i.e., u = v = 0 on all walls, Electrical potential is written as follows:
and the zero normal gradient of pressure is em-
ployed on walls. The radiation cooling is consid- 0€ Lo
ered on the cathode and anode walls and so wall Ez -

=  Er (11)
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then rewritten as a difference equation with second
order accuracy in space, and solved numerically us-
ing the Jacobi's method.

The computations are performed with a hybrid
scheme that consists of following sequence of oper-
ation:

1) Electrical conductivities are determined
based on known temperatures and electron num-
ber densities.

Fig. 2 Grid generation 2) Based on known electrical conductivities, the
solutions of the electric field are obtained.

Then the following electrical potential equation is 3) A set of the propellant gas flow equations is
derived from Eqs.(8) and (9): numerically solved based on known electrical prop-

erties. At each time step, the time increment 6t
(24 024 a& a ( & ) is determined so as to satisfy both the CFL and
S Z + 2 j + z + + r = 0 stability conditions to solve the equation including

Sr r ionization recombination reaction.
(12)(12) 4) Steps 1) to 3) are repeated until steady state

3.4 Boundary Conditions for Electric Field solutions are attained as asymptotic solutions to
3.4 Boundary Conditions for Electric Field the unsteady equation for large time.

Boundary conditions are determined as follows.
There are no electric currents penetrating through 5. Results and Discussion
the inlet and nozzle exit planes, i.e., E, = 0. Hence

80 The calculations have been carried out for the
- = 0 at the inlet and exit inlet mass flow rates (ri) of 0.1, 0.11 and 0.2 g/s,8z keeping T =300 K and a = 10- 5 at the inlet. It is

The anode and cathode are on equi-potential, re- seen from the result for rh = 0.11 g/s that at the
spectively, so that we have inlet p = 4.42 x 104 Pa on both the cathode and

anode, and p = 6.65 x 10' Pa in the middle of the
V on the anode cathode and anode. It is also seen that T =380 K,

S on the cathode p =39 Pa and M = 7.4 at the exit. The nominalS o n t h e c a t o d e  exit Mach number is 13, so that the reduction of
the exit Mach number is presumably due to the

where V is the arc voltage. The symmetry condi- boundary layer development along the nozzle wall.
tion is imposed on the center line:

Figure 3 shows the velocity vectors for arc on.
80 It is seen that the flow in the case of arc on is re-

r = 0 on the center line markably accelerated downstream of the constric-
tor and that the boundary layer is developed along

4. Numerical Procedure the inner wall of the nozzle.

Figure 4 represents the constant temperature
Boundary-fitted computational grids are gener- contours together with the positions of a maxi-

ated to solve the governing equations on a compu- mum temperature, maximum anode temperature
tational plane. Figure 2 shows a generated 80 x 40 and maximum cathode temperature. The propel-
grid system, lant gas enters the thruster at a temperature of

The numerical calculations of the propellant 300K and then temperature is increased by Joule
flow are conducted using the Point Implicit TVD- heating. However, the gas on the wall is cooled by
MacCormack scheme.o1 First, the numerical calcu- wall radiation. Therefore a maximum temperature
lation for arc-off is performed, using the quasi one- is not attained on the anode surface, and it exists
dimensional Euler equation. Thus obtained arc-off in the flow. The maximum temperature in the flow
solutions are employed as initial conditions for arc- Tmax = 8660 K is seen upstream of the constrictor.
on computations. The electric potential equation The maximum anode temperature is 5520 K and
(12) is transformed to the computational plane and the maximum cathode temperature is 2670 K.
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Table 1 Thruster performance for tr = 0.1 g/s

Arc current Arc voltage Power Thrust Specific impulse Efficiency

71 amps 14 volts 1000 watts 248 mN 253 s 26.2 %

Arc on

Fig. 3 Velocity vectors for 7 = 0.11 g/s.

T,, = 300 K T = 380 K

T,, = 8660 K

T

Fig. 4 Constant temperature contours for rh = 0.11 g/s.

n.,et = 10-s 
at = 2 .9 x 10- s

"Ma x = 4.5 x 10 - s

Fig. 5 Contours of constant degree of ionization.
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Fig. 6 Current density vectors.

In Fig.5 is shown constant lines of the degree
of ionization. The flow reaches the inlet at a =

1.0 10- 5 and then ionizations proceed. The maxi-
mum degree of ionization is observed slightly up-

0.8 stream of the constrictor but slightly downstream
of the maximum temperature point. Its value is

-0.6 4.5 x 10- 5.The degree of ionization is slightly de-
Screased in the divergent section of the nozzle and

- 0. has 2.9 x 10- 5 at the exit. Hence recombination in
4 - the expansion within the nozzle is very weak and

it may be mentioned that ionization-recombination
0.2 - C Experiments is almost frozen.

X Present results Current density vectors are shown in Fig. 6,
0 0.1 0.2 0.3 0.4 0.5 0.6 where the far downstream in the divergent section

Mass flow rate. g/s of the nozzle is truncated. It is seen from the figure
that the divergent section of the nozzle does not
contribute to discharge.

Fig. 7 Comparison between calculated and exper- ca te thrust against m
imentalthrusts. Figure 7 shows calculated thrust against mass

flow rate together with experimental result. 7 The
thrust is increased with mass flow rate and a satis-

300 factory agreement between calculation and experi-
ment is obtained. In Fig. 8 a comparison between

y calculated and experimental specific impulses is
x ,, illustrated. Both results also are in fairly good
e 200 agreement concerning that the specific impulse is

. - decreased with an increase in mass flow rate.
*E Efficiency is estimated by

Z 100 - 3
" I - dAexis

S0 Experiments J 2  exi

X Present results 7 = /2 \
0 I ' , pu - + CT dAinle + VJ
0 0.1 0.2 0.3 0.4 0.5 0.6 2dA

Mass flow rate, g/sec
where A is the nozzle cross section and J is the arc

Fig. 8 Comparison between calculated and exper- current.

imental specific impulses. The performance for rh = 0.1 g/s is given in
Table 1. The experimental efficiency is 21 to 26
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%7 and so a good agreement between computation Arcjet Thruster, In Proceedings of the 20th
and experiment is also obtained. International Electric Propulsion Conference,

Garmisch-Partenkirchen, 1988, pp.591-597.
6. Concluding Remarks 6. K. Tanaka, K. Tsuchiya, K. Kaita and M.

Nishida, Computational Investigation on the
In the present study, the numerical simulation Characteristics of a Low Power DC Arcjet

code for a low power arcjet thruster was developed. Thruster, In Proceedings of the 20th In-
This code includes nonequilibrium ionization re- ternational Electric Propulsion Conference,
combination, viscous effect and heat transfer on Garmisch-Partenkirchen, 1988, pp.598-605.
the wall, and treats a subsonic inlet flow. The
computation is performed on the numerical grids 7. K. Tanaka, K. Tsuchiya, K. Kaita and M.
so as to fit the actual thruster geometry. The prin- Nishida, Experimental Investigation on the
cipal results are summarized as follows: Characteristics of a Low Power DC Arcjet

Thruster, In Proceedings of the 20th In-
1) The maximum temperature is found in the ternational Electric Propulsion Conference,

flow upstream of the constrictor (in the conver- Garmisch-Partenkirchen, 1988, pp.620-626.
gent part of the nozzle). The maximum degree of
ionization is observed very slightly downstream of 8. H. W. Drawin, EUR-CEA-FC-383, Associ-
the maximum temperature point. ation Euratol C.E.A., Fortenay-aux-Roses,

2) Variation of degree of ionization is very small France, (1967).
and stays within the order of 10- 5 in the whole 9. A. B. Cambel, Plasma Physics and Mag
flowfield and hence the effect of the charged species netouidmechanics, McGraw-Hi, New York,netonuidmechanics, McGraw-Hill, New York,on the flow is negligible. pp. 12-191 (1963)

3) The divergent section of the nozzle has no
contribution to discharge. 10. H. C. Yee, A Class of High Resolution Explicit

4) Calculated thrust and specific impulse are in and Implicit Shock Capturing Method, NASA
fairly good agreement with the experiments. TM-101088 (1989).
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