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Wall heat loss is a serious problem in arcjet thrusters. For the purpose of improving thermal
efficiency, an analytical model taking account of applied magnetic field is proposed here.
Steady MHD flows in an applied-field arcjet thruster are analyzed for several different
geometries. The results show that the plasma is reasonably well accelerated to azimuthal
direction by applied field where the input power is used in the form of Lorentz work, as is
designed for performance improvement. The effects of applied field on thruster performance
are evaluated in terms of thrust, thrust efficiency and anode heat loss caused by wall
bombardment of electron from discharge current. It is discovered that thruster performance
can be improved by applying a considerably intense magnetic field.

Introduction

Arcjet thrusters are promising propulsion devices,
which heat up a gaseous propellant with Joule heating
generated by an arc discharge from anode to cathode
and then accelerates the propellant by expansion in
nozzle. It is known that the arcjet has advantages of
simple structure and relatively higher thrust density in
comparison with electrostatic propulsion. However, the
arcjet has a serious problem in the 1-10kW operating
range at low voltage mode. Under this operating mode,
the thrust efficiency is low because of increased heat
flux to anode wall, caused by arc column attachment to
anode. One method toward improvement would be that
the arcjet is operated at high voltage mode, in order to
prevent arc column attachment by stretching current
streamlines to a more downstream part of thruster. This

approach has been dudied, using sophisticated
numericdl anayses and experiment™®.  Another
improvement method may be that a part of total electric
power input is applied in the form of azimuthal kinetic
energy.

The acceleration mechanism of this method is shown in
Fig.1. An axia magnetic field is applied by a solenoida
coil, being aligned coaxialy with thruster axis. An
azimuthal Lorentz force is generated by the interaction
between this applied field and radial discharge current.
This azimuthal force causes swirl acceleration of
plasma: Consequently, the total power is given to
plasma in the form of Lorentz work and Joule heating.
Although some of kinetic energy is converted to static
enthalpy of flow, it can finaly be converted to axia
kinetic energy through a solid nozzle The
hydrodynamic pressure, exerted on the solid surface of
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thruster, contributes in part a thrust componen®®.
Accordingly, the larger the ratio of power converted
into Lorentz work, the higher would be the thrust
efficiency, because of less heat loss ratio over tota
power input. Experiments, numerical and theoretical
analyses have been performed on applied-field MPD
thrusters of several hundreds kw 19,

On 1-10 kW class arcjet thrusters, however, the effects
of applied field have never been studied. In order to
estimate the effects of applied field on plasma in 1-10
kW class arcjet thrusters, we have performed numerical
analyses using an axisymmetric 2-D model. This model
incorporates (1)  finiterate  ionization  and
recombination processes, and (2) electron temperature
nonequilibrium, to correctly capture the phenomena in
plasma.

Assumptions

The flowfield and electromagnetic field are smplified
under the following assumptions:

1. The flowfield is axisymmetric and viscous: Physica
properties have no gradients in azimuthal direction.

2. The gaseous propellant is Argon which is considered
as aperfect gas, and plasmais quasi-neutral.

3. The electron temperature is in nonequilibrium with
the trandational temperature of heavy species.

4. The magnetic field consists only of an applied field
with negligible sdf-induced field. It is of constant
magnitude in axia direction along the thruster axis.

5. Only the following single-ionization/recombination
processe is considered (therefore, electronic excitations
areignored).

6. The effects of magnetic field on transport phenomena
and Hall current are ignored.

7. The radiative energy transfers are ignored.

Fundamental Equations

Conservation equations

The fundamental equations are Navier-Stokes equations
extended to chemical and thermal nonequilibrium gases.
All fluid dynamic equations

are expressed via an unsteady vector eguation in a
conservation form.
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The total energy and electron energy per unit volume

are defined as
2

2 2
ru+vo+w .
e=3-1" | L. o
— Pe
€e g- 1 4)
where the electron kinetic energy is neglected, g =5/3
and] i =€ /mA .
The static pressures are defined as
p:nngTg * Pe (5)
Pe =nekgTe, (6)
where ng =nn +n; , and ne=n; because of the

guasi-neutral assumption.
The ion mass diffusion vector and heat flux vector of
heavy species are defined as
ij =-Dp +Nr, (7)
qq =) il - kgNTy . ®
Taking account of deviation between mass center
velocities of eectron and heavy species, the heat flux
vector is defined in the following form™:
Fple .
Total heat flux vector is expressed by adding the heat
flux vectors of heavy species and electron:
q=9g *qe - (10)
Electron trandational energies are transferred by
collisions against heavy species. The rate of its energy
transfer is defined as
dee=(nen +nei)}’lekB(Te-Tg)+j il (11)
where the first term is the energy transfer by elastic

collison, while the second term by inelastic collision
like ionizations and recombinations.

de :'keNTe'

Electromagnetic field equations

In an applied field arcjet, Hall current may be large
especidly in nozzle, where the plasmais of low density.
In the present study, however, Hall current is ignored
for smplicity, as the first step to estimate swirl
acceeration. The magnetic fidd consists only of

applied field having only a component in axial direction.

In addition, by ignoring the term of eectron pressure
gradient, the generdized Ohm's law is written as
follows:

j=s(E+u’ B). (12)
The components of current density are expressed as
follows:

Jr=s(E, +wB.), (13)
Jq :-SVBZ ] (14)
Jz =SE. . (15)

From Eq.(12) and steady-state Maxwell equations,
the following eliptic equation is derived with respect to
the electric potentia f in the axisymmetric cylindrical

coordinates;

T Mo, T Mo N i,5).
‘ITze

o Ve o W (10
Transport properties
Because the arcjet has both dightly ionized and highly
ionized domains, the transport properties need to be
estimated taking account of these two different collision
processes. Regarding the electric conductivity, for
example,
nee2
SL=—9o >

17
mea nej ( )
J

.2
sy =153 10'2—|eL [S. (18)
n

The former is for a dightly ionized plasma based on
Chapman-Cowling theory, while the latter is for a
highly ionized plasma introduced by L.Spitzer. In the
present study, the substantial electric conductivity is
defined as in the followin %7 :

__SLSH

S_+Sy
Although other properties related to charged particles
are similarly defined, the viscosity of entire fluid is
defined by summation among ions and neutras.
Additionally, with regard to the diffusion of ions, the
following ambipolar diffusion coefficient is adopted:
Da =L+ T/ Ty (20)

All the transport properties perpendicular to apllied
magnetic field are smaller than the properties paralel to
field, because charged particles are captured by field.
However, the present model ignores this effect
just for simplicity.

(19)

Numerical Procedure



Fig.2 shows the schematic picture of grid system for a
thruster, which is identical to Nagoya University Arcjet
Thruster Second (NUATII). The constrictor of
NUATII is considerably long, so that it can effectively
use the applied field of solenoidal coil.

In order to save calculation cogt, the upstream end of
calculation domain is extended up to the upstream end
of cathode cone, whereas the downstream end is limited
to one third of nozzle length of NUATII, where the flow
is adequately supersonic. In the general coordinate
system (x,h), the grid points are 165" 40, where the
cells are clustered near both €ectrode surfaces,
upstream end of constrictor and cathode tip, enabling
us to resolve anticipated steep gradients of physica
properties. The constrictor radius is 1.0mm, while its
length is 10.0mm, and the axial gap between cathode
tip and constrictor upstream end is 0.5mm.

The fluid dynamic vector equation transformed to the
general coordinate is solved, using the Harten-Ye€'s
2nd-order-accurate  fully-explicit symmetric TVD
schem™, where the time increment is determined by the
CFL condition.

On the other hand, the dectric field is determined at
every time step of flowfield, by solving Eq.(16), using
FEM under the assumption that the electric field is
steady-state for given flowfield.

Boundary conditions

At inlet boundary, the flow is assumed subsonic.
Therefore, one of the independent variables should be
determined from downstream. In the present study, the
static pressure is determined from downstream by
zeroth-order extrapolation for smplicity. At inlet, the
mass flow rate is specified as the operating parameter
of experiment, the total enthalpy is specified to 300K,
and the azimuthal velocity is set to zero in order to
purely evaluate subsequent swirl acceleration by
applied field. The number densities of charged particles
are set to zero, while the eectron temperature is set
equa to the heavy species temperature. Then, the
velocity, density, and temperature are obtained from the
energy conservation law, using the above-mentioned
values.

At exit boundary, the flow is assumed supersonic by
neglecting the influence of subsonic region near anode
wall. Therefore, physical properties are determined
from upstream by zeroth-order extrapolation.

On the electrode surfaces, the viscous non-dip
condition is naturaly imposed: The normal gradient of
static pressure is set to zero. The normal gradients of
both electron temperature and number densties of
charged particles are also set to zero. In other words,
the electrode surfaces are assumed non-catalytic.
Therefore, the detailed physical aspects near electrodes
are ignored. The cathode wall temperature is set to
increase linearly from 300K at inlet, up to 3600K at
cathode tip. The anode wall temperature is set to
increase linearly from 300K at inlet, up to 1600 K at
upstream end of constrictor. The constrictor wall
temperature is kept at a constant value, 1600K. On the
other hand, the anode wall temperature is set to
decrease linearly form this value down to 500K at the
end of nozzle. Such temperatures of both electrodes are
fixed throughout calculation. On the electrode surfaces,
the temperatures of heavy species are assumed to
immediately accomodate with the electrode temperature.
Along the center axis, the axisymmetric condition
dstating that both azimuthal and radia velocity
components are zero, is imposed. The norma gradients
of other physical properties are set to zero.

With regard to the boundary conditions on electric field,
the discharge voltage is imposed on cathode surface as
a negative potentia in comparison with anode. This
cathode potential is controlled to satisfy the condition
that the calculated total discharge current is equal to the
given value of operating parameter. At inlet, aong
center axis and at exit boundary, the natural boundary
condition for potential is satisfied.

Results and Discussion

Calculations are conducted for the three cases: The
applied field B = 0.00T, 0.25T and 0.50T, with the
total discharge current J = 80A and the mass flow rate
m =0.1g/s.

Case for no applied field

The current streamlines for Case B = 0.00T are shown
in Fig.3, where the arc current streamlines attach to the
anode surface between the middle of cathode and the
vicinity of constrictor upstream end; the discharge
mainly occurs in this region. Thus, we hereafter refer
this region as "the discharge region”. This result shows
that the thruster is operated in low voltage mode, which
agrees with numerous existing experiments and
calculations using Argon as propel lant.



Cases with applied magnetic fields

The contours of azimuthal velocity for Case B =0.50
T is shown in Fig4. The maximum velocities are
w=912.4m/s and 1168.6m/s for Cases B = 0.25T and
0.50T, respectively. The axia profiles of azimuthal

velocity and azimuthal Lorentz force j, B, , between

the inlet and middle of condtrictor, are shown in Figs.5
and 6. As the arc discharge has nearly ended
downstream of constrictor inlet, which is identica to
Case B =0.00T, the azimuthal acceleration by Lorentz
force also ends once the flow enters condtrictor inlet. In
the constrictor region, the azimuthal velocity gradually
decreases due to viscous effect from constrictor wall.
However, the rate of decrease becomes dower with
approach to constrictor wall, because the azimuthal
momentum is transferred to radial direction by viscous
momentum transfer from center line region where the
azimuthal velocity is maximum.

In order to estimate how the input power is used as
Lorentz work per unit volume, we introduce the
following ratio:

. Lorentzwork per unit volume _ |wj, B, |
Input power per unit volume - jxE
Figure.7 shows the radia profiles of h| between the
cathode tip and the constrictor upstream corner. When
the applied magnetic fields are stronger, h_ becomes
higher. For Cases B = 0.25T and 0.50T, the maximum
values of h are about 2% and 7%, respectively. Thus,

it is concluded that the input power is reasonably well
transformed to Lorentz work.

L - (22)

Performance estimation with applied fields

In order to edtimate the effect of applied fields on
thruster performance, the following ratios are defined:
The Lorentz efficiency

o Overall Lorentzwork in thruster

h
Loveral Total input power
i B.dv (22)
Z
The thrust efficiency
h. o Axial thrust energy
T Total input power + inflow enthal py
72 i, B.|dv (23)

2V +ty)

N\ overal IS shown in Fig.8, while ht and axial thrust
are shown in Fig.9. hygeai for Case B=0.50T is
about three times as high as higear for Case

B=0.25T. Thus, such evaluation of h|gea aso
proves the effectiveness of applied field.
The thrust and ht also increase with increased applied

fields, as shown in Fig.9. Figurel0 shows the
distribution of azimuthal kinetic energy integrated
over the cross-section normal to X direction, between

dightly upstream of constrictor downstream end and
nozzle end. Although the azimutha kinetic energy for
Case B= 0.50T is higher than Case B= 0.25T at
constrictor downstream end, the azimuthal kinetic
energies for both Cases become nearly identical at zero
level a nozzle end, implying that the azimuthal kinetic
energy is adequatdly transformed to axia kinetic energy
by solid nozzle.

With regard to the estimation of heat loss to anode, the
most important factor is the anode heat flux due to wall
bombardment of electron from discharge current.
Accordingly, such heat flux carried by discharge
current can be evaluated only by the following quantity:

o Total heat flux toanode by current

? Tota input power +inflow enthal py

Y ng e I 24
Q\odewall g 1)e - dS ()

(v + mHO)
hg is shown in Fig.11, where athough hq decreases

with increasing applied field, the decreasing rate is not
very high because the total current is fixed as an
operating parameter. To estimate the dependence of
heat flux distribution along anode on applied field, the

following dimensionless quantity hq is introduced, of
which the value in discharge region and its magnified

picture near constrictor upstream end are shown in
Fig.12:

gkgle [.2 . .20
¥ € ]r +]z l;IRC

h, = - u_.
q vJ (25)

Here r, is the anode radius and 7. is the constrictor
radius which is used as the reference length for non-
dimensionalization. h for each applied field has a peak
a congrictor upstream end. The peak vaue of

CD:%CD\




h 4 becomes lower for a stronger applied field, because

the counter-electromotive force, wB, in Eq.(13),

increases for an increased applied field near constrictor
upstream end.

Consequently, these results on efficiency indicate the
improvement of thrust performance by applying
magnetic field. However, the decrease in azimutha
velocity in  condrictor prevents even better
improvement which would have been given by applied
field. Since the arc discharge is occurring near
congtrictor upstream end in low voltage mode, a long
congtrictor used in the present study under the intention
of efficient usage of applied field, has turned out to be
inappropriate. In conclusion, therefore, a shorter
congdtrictor seems to improve the thrust performance
more effectively.
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Figure 1 Acceleration mechanism of applied-field
arcjet.
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Figure 2 Thruster geometry and grids (165’ 40).

Figure 3 Current streamlinesin discharge region for no
applied field.
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Figure4 Azimuthal velocity contours for Case
B =0.50T.(max.= 1168.6m/s, min.= 0.0m/s,
increment= 100.0m/s)
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Figure5 Azimuthal velocity profiles between inlet and
middle of constrictor for Case B = 0.50T.
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Conclusion

Numerical results show that plasma is adequately
accelerated to azimuthal direction by applied field, as
was intended intially.

The effects of applied magnetic field on thruster
performance are evaluated in terms of thrust and thrust
efficiency. It is found out that the thruster performance
is improved by applied field. In order to improve the
performance more significantly, however, the idea to
apply a stronger field to a thruster with shorter
constrictor seems to be more effective.

Speaking in more detail, the applied field would become
more effective for high voltage mode than for low
voltage mode, because the azimuthal acceleration
would occur in nozzle; the azimuthal momentum would
be quickly transformed to axid momentum by the
current streamlines stretched down to nozzle.

In future, we will focus our efforts on the applied-field
arcjet having high voltage mode and shorter constrictor.
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