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Abstract: To develop a basic design guideline of a radiation cooled steady-state self-
field magnetoplasmadynamic(MPD) thruster operated at several hundred kW electric power
input with argon or hydrogen propellant, its configuration is preliminarily examined and its
operation characteristics are simulated numerically. In particular, the influence of the
cathode radius on the thrust performance and thruster temperature is investigated based on
a combination of MHD simulation of plasma flow and thermal simulation of thruster
components. It is revealed that the decrease in the cathode radius improves the thrust
performance, but raises the electrode temperature locally at an anode exit edge and a
cathode tip owing to the concentration of discharge current on them and insufficient heat
removal. Thus, special attention should be paid to the temperature rise at the anode exit
edge and the cathode tip in designing the thruster. Within a scope of this paper, a thrust of
16 N, a specific impulse of 4200 s, and a thrust efficiency of 41% are predicted to be
achievable without electrode melting for the hydrogen propellant.
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Evib = energy density of molecular vibration

e = elementary charge

Fem = electromagnetic thrust

I = unit tensor

Jd = discharge current

j = current density vector

Ja = current density on anode

Je = current density on cathode

Kg = Boltzmann constant

m = propellant mass flow rate

n = number density

Ne = electron number density

Ny = heavy particle number density

n; = ion number density

Ns = number density of s species

p = (static) pressure

Pe = electron pressure

Ps = pressure of s species

Q = energy relaxation

Q%iss = energy loss of electron by dissociation

Q%on = energy loss of electron by ionization

Qeuvib = energy relaxation from electron to molecule (vibration)
M iss = energy loss of heavy particles by dissociation

Qtr-e = energy relaxation from heavy particle (translation) to electron

Qtrvib = energy relaxation from heavy particle (translation) to molecule (vibration)

Qa = heat flux on anode

e = heat flux on cathode

r = radius, radial coordinate

ra = anode radius

re = cathode radius

Sion = ion slip parameter

T = temperature

Te = electron temperature

Th = heavy particle temperature

Trot = molecular rotational temperature

Ty = heavy particle translational temperature

Tvib = molecular vibrational temperature

t = time

U = internal energy density

U = internal energy density of electron

u = velocity vector

\ = voltage

Va.conv = equivalent voltage of convection in the vicinity of anode

Vash = sheath voltage of anode

Vesh = sheath voltage of cathode

z = axial coordinate

a = electrode coefficient

B = (electron) Hall parameter

oE = energy relaxation from electron to heavy particle

e = emissivity

Ouin = characteristic vibrational temperature =6320 K

A = thermal conductivity

i = thermal conductivity of heavy particles

e = thermal conductivity of electron

ot = thermal conductivity of molecular rotational energy

Dir = thermal conductivity of heavy particle translational energy
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Avib = thermal conductivity of molecular vibrational energy
o = space permeability

p = density

Ps = density of s species

o = electrical conductivity

T = viscous stress tensor

) = work function

Pa = work function of anode material

I. Introduction
OWADAYS, activities in space are increasingly expanding toward deep space beyond earth orbits. Actually, a

number of ambitious deep space missions are proposed and intensively investigated®, e.g. explorations to the
moon, asteroids, Mars and other celestial objects. Hereat, for those missions, the realization of a large electric
propulsion system, which simultaneously improves the payload ratio and the mission time, is strongly demanded.
Hence, it is an urgent task to develop such the large electric propulsion system which is available at a high input
power exceeding several hundred kW and consequently exerts both high specific impulse and high thrust**

Magnetoplasmadynamic (MPD) thrusters are expected Anode
to be the most promising candidates of next generation’s /
large electric propulsion systems. The MPD thruster can be Propellant Current "\
operated solely without clustering even at the high input ‘ % Lorentz |
powers and is believed to diminish weight of the propulsion Force |
system. Although there are some categories among MPD E \ /
thrusters, this paper particularly focuses on a steady-state /
self-field MPD thruster (hereafter, simply referred to as ~
“MPD thruster”) from the viewpoint of simplicity and Induced Magnetic Field
performance potential. Figure 1. Operation concept of an MPD thruster.

Figure 1 shows the operation concept of the MPD thruster. To generate a thrust, the MPD thruster ionizes a
propellant and accelerates it gas-dynamically and electromagnetically through a high-intensity arc discharge®. Thus,
the thrust of the MPD thruster consists of two components: a gas-dynamic thrust attributed to Joule heating by the
discharge current and an electromagnetic thrust attributed to the Lorentz force as the interaction between the
discharge current and a magnetic field induced by the current. It is well known that the electromagnetic thrust is
needed to be contributory enough for an efficient operation of the MPD thruster. Here, the theoretical value of the
electromagnetic thrust is given by the Maecker formula®:

Fey = [In +aJJ§ (1)
Az r,
Therefore anode-to-cathode radius ratio (hereafter, simply referred as “radius ratio”) and discharge current are
desired to be large enough. However, high-intensity discharge inevitably imposes a massive heat load onto the
electrodes and extremely raises their temperature. If heat removal is incomplete, the electrodes will easily melt.
Hence a careful thermal design, by which high performance is compatible with long-life operation, is indispensable
for a practicable MPD thruster.

Until now, for relatively low-power classes of MPD thrusters, e.g. applied-field type or repetitive-pulse type,
thruster design is established at a very high level. Actually, radiation cooled steady-state devices of applied-field
MPD thruster®® have been operated in laboratories and radiation cooled repetitive-pulse devices®'® have been
demonstrated in space by the Institute of Space and Astronautical Science in Japan. However, as for a fully radiation
cooled steady-state device of self-field MPD thruster which is operated at several hundred kW electric power input,
its design is very challenging and has not been completely established although a partly radiation cooled steady-state
device of self-field MPD thruster*! is operated in a laboratory by the Institute of Space Systems (IRS) of University
of Stuttgart.

In this paper, a basic design guideline of a practicable high-power MPD thruster operated at several hundred kW
is developed. Firstly, for a radiation cooled steady-state devise of self-field MPD thruster using argon or hydrogen
propellant, its configuration is preliminarily examined. Subsequently, for the obtained configuration, by varying a
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cathode radius as a principal design parameter, its influence on thrust performance and electrode temperature is
investigated based on a combination of MHD simulation of plasma flow and thermal simulation of thruster
components. Additionally a design point where the thruster exerts a preferable performance without electrode
melting is surveyed.

Il.  Configuration of Radiation Cooled Self-field MPD Thruster

A. Components and Heat Removal Paths

A configuration of a practicable high-power MPD thruster need to be examined preceding main subjects because
there is no practicable device of such the thruster is obtained so far. For experiments in laboratories, MPD thrusters
generally consist of an anode, a cathode, a cathode holder, and insulators and these components are arranged
coaxially. The anode is commonly located surrounding the cathode owing to a difference in heat load amount
between anode and cathode. The heat load amount is greater on the anode than on the cathode because electrons
enter into the anode while the electrons are emitted from the cathode™.

These heat loads should be removed in some way to avoid melting of the electrodes. For single-pulse quasi-
steady-state operations in experiments, there is no need for special cooling system because inertial cooling is
effective enough. On the other hand, for steady-state operations in experiments, water-cooling systems have been
utilized™, because it possess high heat removal capacity and can provide large safety margin to the overheat. The
water-cooling system, however, is not adequate to actual space use, because, in space, the heat must be removed
finally by the thermal radiation into deep space. Nevertheless, simple thermal radiation from the electrode surface
(around 10° W/m? at most) is not always sufficient to prevent it from melting because the electrode of the high-
power MPD thruster suffers from an extremely high heat flux exceeding 10" W/m? as will be shown later. Therefore,
for a practical use of the thruster in space, an idea of heat removal from the electrodes by liquid metal heat pipes has
been proposed*?, because they have high heat removal capability up to 10” W/m?*. In this paper, following the idea
of utilization of heat pipes, an anode radiator, a cathode radiator and liquid metal heat pipes are added to the
experimental device for a practical operation in space. Figure 2 shows a schematic view of a radiation cooled MPD
thruster head. Here, the anode refers to the nozzle part and the anode radiator to disk-shaped part in this paper
although the anode and the anode radiator are integrated.

In this configuration, heat flows within the thruster are to be as described below. As is shown in Fig. 2(b), the
heat loaded on the anode inner surface is conducted within the anode toward its outer surface, then transferred to the
anode radiator by anode heat pipes, and finally removed from the anode radiator. Similarly, as is also shown in Fig.
2(b), the heat loaded on the cathode is conducted within the cathode toward its root, then transferred to the distant
cathode radiator by cathode heat pipes, and finally removed from the cathode radiator.

Heat regeneration to the propellants could not be effective in MPD thrusters because propellant flow rates are
generally limited to small values for the sake of their efficient operations.
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Figure 2. Schematic of thruster head.
1 - Anode; 2 - Cathode; 3 - Cathode holder; 4 - Insulator;

5 - Anode radiator; 6 - Anode heat pipe; 7 - Cathode radiator; 8 - Cathode heat pipe.

B. Anode and Relating Parts

As for the anode, its operation temperature is desired to be as high as possible to reduce a required radiator area
because higher anode temperature leads to higher radiator temperature and then higher radiation heat flux. Thus, as
an anode material, tungsten is to be preferable from the viewpoint of available temperature range. According to the
Maecker formula, larger anode inner radius, i.e. larger radius ratio, leads to higher performance, but too large anode
inner radius could end up with unstable discharge owing to propellant rarefaction within the thruster, and
consequently the deterioration of performance. Therefore, the anode inner radius is to be enlarged with keeping
ionized propellant dens enough to provide a typical discharge current density (10° - 10" A/m?). Anode wall is to be
adequately thickened in order for the heat flux reaching the heat pipes not to concentrate locally, because heat flux
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tends to be localized on the inner surface of the anode as is described below. The thick anode wall can avoid dryout
of the heat pipes.

As for the anode heat pipe, its operation temperature is required to be as high as possible due to the same reason
with anode. From the view point of high operation temperature and high heat removal capacity, lithium heat pipe is
to be preferable. The anode heat pipes not only remove heat from the anode, but also can reduce thermal stress of the
anode radiator owing to isothermalization of the anode radiator.

In the steady state, the heat load on the anode roughly equilibrates with the heat radiated from the anode radiator.
The anode radiator radius is determined so as to keep the temperature of the heat pipe less than 2,000 K which is
approximately the upper limit of operating temperature of the liquid-metal heat pipe™.

C. Cathode and Relating Parts

As for the cathode, its operation temperature is also desired to be as high as possible from the view point of
radiator temperature and thermionic electron emission. As a cathode material, thoriated tungsten has been usually
utilized because it possesses both a high melting point and a low work function. From a viewpoint of overall heat
transmission within the cathode toward the root, the cathode radius should be large adequately to avoid excessive
heat flux, but from a viewpoint of thrust performance, it should be small to enhance magnetic thrust as can be seen
from the Maecker formula. That is, there exists a design trade-off between the overall heat transmission capability
and the thrust performance. Therefore, it is important to optimize the cathode radius.

The cathode also experiences high heat flux as with the anode. Thus, the utilization of heat pipes is also
supposed for heat removal.

I11.  Numerical Model and Procedure

Steady-state operations of the MPD thruster are simulated with a combination of magnetohydrodynamic (MHD)
and thermal simulation. Firstly the MHD analysis simulates the plasma flow, evaluates the thrust performance, and
computes wall heat fluxes with considerations to electrode phenomena. Subsequently, the thermal analysis simulates
temperature distribution of the thruster components suffering from the heat load computed by the MHD analysis.

D. MHD Fluid Phenomena of Plasma Flow

Steady-state plasma flows are simulated for argon or hydrogen propellant by an MHD flow solver which is being
developed in authors’ group®™. In the simulation, MHD equations are solved with real gas effects: stoichiometric
non-equilibrium, thermal non-equilibrium, the Hall effect, viscosity, thermal conduction, etc. The equations are
discretized by the finite volume method. The convection terms and the diffusion terms are evaluated by the 2nd-
order TVD Lax-Friedrichs scheme'” or HLL scheme®® and the 2nd-order central difference respectively. The steady-
state solutions are obtained by the time marching with the explicit Euler method. Between simulation and
experiment, fair agreement has been confirmed®%.

Argon Propellant

As for the argon propellant, neutral atoms and monovalent ions are considered as heavy particle species. A
stoichiometric non-equilibrium is considered for ionizations. A thermal non-equilibrium is considered between
heavy particle energy and electron energy (two temperature model). Basic equations are as follows: conservation
equations of total mass

L v (pu)=0 @
ot
conservation equation of ion mass
%JFV'(PSU):/?S (s:Ar*) (3)
conservation equation of momentum
a?%U+V-(puu+pl_)=V~f+j><B (4)
6
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conservation equation of heavy particle total energy

o9 (6, + Pl pv-u+ V()4 V- (49T, - (1 B)+ B ©)

conservation equation of electron internal energy

22
%+V~(Ueu)=—pev-u+v- /leVTe+§kij A Eay, (6)
ot 2 e o
and induction equation
E—VX(UXB)Z— 1 V x V><B+ﬁe(V><B)><E (7)
ot HoO B

where, energy densities in the equations above are defined as follows

3 1
E, :EnthTh +EPU2 (8)
3
U, =2nkeT, 9)

For the current density and the pressures, the following relations are assumed: Ampere’s law

j=tvxs (10)
Ho
and the equation of state of ideal gases
p= Z Ps + Per Ps = nskBTh! pe = nekBTe (S = Ar,Ar*) (11)

Hydrogen Propellant

As for the hydrogen propellant, molecules, neutral atoms, and monovalent ions are considered as heavy particle
species. Stoichiometric non-equilibria are considered for dissociations and ionizations. Thermal non-equilibria are
considered among heavy particle translational energy, molecular rotational energy, and electron energy (three
temperature model). Additionally, ion slip is also considered. Basic equations are as follows: conservation equations
of total mass

P 1y (pu)=0 (12)
ot
conservation equation of atom and ion mass
op, . N
Pe v (pu)=p, ls=HH) (13)
conservation equation of momentum
7
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a#"U+V-(puu+ pl_)=Vi+j><B

conservation equation of heavy particle total energy

v (6 +

- 2
= peV u+Vv- (‘l_'U)-‘r- V- [(ﬂ“tr + ﬂ“rot )VTtr]+ & (lvibVTvib )+ u- (J x B)+ Sion @ - Qtr—e + Qe—vib - Qc?iss

conservation equation of molecular vibrational energy

OE.;
wa +V- (Evib U): V- (lvibVTvib )+ Qur—vib + Qevio — Q(?iss

conservation equation of electron internal energy

-2
%+V '(Ueu): _peV u+V '(ﬂeVTe)+J_+ Qtr—e _Qe—vib _Qgiss _Qii)n
o

and induction equation

%—?—VX(UXB)Z—

! V><|:V>< B+[)’e(V>< B)XE+ Sion[(Vx B)XEJXE:|
HoO B B) B

where, energy densities in the equations above are defined as follows

3

Etr = z _nskBTtr
s=H,,H,H"
Erot = nszBTrot = nszBTtr
Ny, KeOoip

E. —__ o BWib
" exp(evib/Tvib)_l

1
Eh = Etr + Erot + Evib +Epu2

Ue = %nekBTe

(14)

(15)

(16)

A7)

(18)

(19)

(20)

(21)

(22)

(23)

For the current density and the pressure, the following relations are assumed: Ampere’s law and the equation of state

of ideal gases

p :Zps + Per Ps = nskBTtr’ Pe = nekBTe (S = HlevH+)
s

E. Electrode Phenomena

(24)

Phenomena in the vicinity of the electrodes, which are attributed to the existence of very thin electrode sheath,
act important roles for the operation of the MPD thruster. Such electrode phenomena, however, are difficult to be
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resolved directly by the MHD flow solver. Therefore, this paper takes into account the electrode phenomena such as
sheath impedance and heat transfer through the sheath, by simplified models based on experimental suggestions.

The sheath impedances are considered by assuming constant sheath voltages based on past experimental
measurements®%, For the argon propellant, the sheath voltages are set to 0 V and 20 V at the anode and the cathode
respectively. For the hydrogen propellant, the sheath voltages are set to 5 V and 40 V at the anode and the cathode
respectively, where an electron sheath is assumed on the anode. For the performance evaluation, the sheath voltages
are added to the discharge voltages obtained by the MHD simulation. The sheath voltages are also to affect the
following models of wall heat flux on the electrodes.

Wall heat flux on the anode is evaluated by the equation below®, considering heat transfer through the sheath.

5 KT, .
Q. = (E ee +Va,sh +¢a +Va,convj' Ja (25)
Where, the electron temperature is obtained by the MHD simulation. The work function is 4.5 V for tungsten.
Influence of convection is assumed to be 2 V empirically. Similarly, wall heat flux on the cathode is evaluated by
the equation below, based on an experiment® conducted by Hiigel and Kriille.

g, =¢ - jc (26)

In the experiment, the coefficient of heat load decreased with the increase in the discharge current from 400 A to 1
kA. Hence, in this paper, the coefficient of heat load is set to the lower limit (1 W/A for the argon propellant and 0.7
W/A for the hydrogen propellant) because this study supposes discharge currents of well over 1 kA. This coefficient
is thought to include the influence of the cathode sheath voltage and the convective heat transfer from the plasma
implicitly.

F. Thermal Phenomena of Thruster Components

Steady-state temperatures of thruster components are simulated by the general-purpose finite element method
solver MSC.Nastran®®. In the simulation, the following conditions are assumed.

The dependencies of thermal properties such as thermal conductivity and emissivity on temperature?’ are
considered. The heat fluxes computed by the MHD simulation of plasma flows are applied on the surfaces of the
electrodes as heat load boundary conditions. Radiation boundary conditions are applied on the boundaries exposed
to deep space (3 K), i.e. the inner surface of flared part of the anode, the outer surface of the anode, the surface of
conical part of the cathode tip, the outer surface of the insulator and downstream surface of the anode radiator. In
particular, on the downstream surface of the anode radiator, its emissivity is set to 0.6, under the assumption of a
radiation-facilitating coat on the radiator’s surface.

The anode heat pipes are treated as a highly conductive solid to simulate their operation. The effective thermal
conductivity is set in a region corresponding to the heat pipes. Where, the value of thermal conductivity is calculated
so that the following two thermal resistances become equal: a total thermal resistance of the actual heat pipe?® (sum
of heat resistances between outer wall and inner vapor at evaporation part and condensation part) and a thermal
resistance of the imaginary solid. It has to be noted that the thermal conductivity used in this analysis is the
azimuthally-averaged value, because, several heat pipes are to be radially arranged in an actual radiator. The
operation of the cathode heat pipes is simulated by more simplified way. That is, temperature boundary condition is
applied on the cathode root lateral surface.

G. Analysis Conditions and Thruster Dimensions

Analysis conditions are shown in Table 1. The discharge current and the propellant mass flow rate are
determined so that the electromagnetic thrust is contributory enough.

Thruster dimensions are determined with consideration to the matters described in section 11, as is shown in
Table 2. The cathode radius is changed to survey parametrically its influence on thrust performance and electrode
temperature, because the radius ratio is a principal design parameter as is seen from the Maecker formula.
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Table 1. Analysis conditions.

Item Condition

Propellant Ar H,
Discharge current Jg, kKA 10 6
Propellant mass flow rate iz, g/s 1.8 0.4
MHD simulation

Propellant temperature at thruster inlet, K 1000 600
Electrode model

Anode sheath voltage V, ¢, V 0 5

Cathode sheath voltage V¢, V 20 40

Coefficient of cathode heat load c., W/A 1 0.7
Thermal analysis

Anode wall heat flux Eq. 25

Cathode wall heat flux Eq. 26

Radiation from anode inner surf. (flared part)
Radiation from anode outer surface
Radiation from cathode tip (conical part)
Radiation from insulator outer surface

material- & temperature-

dependent emissivity

Radiation from anode radiator (downstream) £=0.6
Cathode root temperature, K 300
Anode HP effective thermal conductivity, W/m-K 28000 53000
Table 2. Thruster dimensions.
Item Dimension
Propellant Ar H,
Anode inner radius at inlet ry, mm 40 40
Anode inner radius at outlet, mm 59 64
Anode length, mm 100 120
- Cylindrical part, mm 30 30
- Flared part, mm 70 90
Cathode radius r;, mm 12, 14, 16, 18, 20 8, 10, 12, 15, 20
Cathode length, mm 23 30
Cathode tip apex half-angle, deg 45 45
Anode radiator radius, mm 290 315

1V. Results and Discussion

H. Thrsut Performance and Plasma Flow

Figure 3 shows thrust and its breakdown as function of the cathode radius. As is shown in Fig. 3(a), the decrease
in the cathode radius enhances mainly the electromagnetic thrust for the argon propellant. On the other hand, as is
shown in Fig. 3(b), the decrease in the cathode radius enhances both the gas-dynamic thrust and the electromagnetic
thrust for the hydrogen propellant.

The enhancements of the electromagnetic thrust are seen for both argon and hydrogen propellant. These are just
the results as Maecker formula predicts. With the decrease in the cathode radius, magnetic flux density in the
vicinity of the cathode is enhanced and resultantly blowing force (axial Lorentz force) is also enhanced. On the other
hand, the enhancement of the gas-dynamic thrust is seen markedly for the hydrogen propellant. This is attributed to
the enhancement of Joule heating. That is, the decrease in the cathode radius leads to the elongation of discharge
current path and consequent increase in discharge voltage, because the electrode distance is increased and the Hall
effect is enhanced (this will be described later). The reason why the enhancement of the gas-dynamic thrust is
marked only for the hydrogen propellant, is that the attribution fractions of the gas-dynamic thrusts to the total
thrusts are more significant for the cases of the hydrogen propellant because, for the hydrogen propellant, the
discharge current is suppressed and the propellant is overfed to avoid unstable operation.
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Figure 3. Thrust and its breakdown as function of cathode radius®*°.

Figure 4 shows specific impulse and thrust efficiency as function of cathode radius. The specific impulse and the
thrust efficiency improve with the decrease in the cathode radius similarly to the thrust.

The improvements of the specific impulse are attributed to the enhancements of the thrust under the constant
mass flow rates. As for the improvements of the thrust efficiency, it is because the enhancements of the thrust are
more significant than the increases of input power. As for the difference between the argon and hydrogen propellant,
this is attributed to their mass flow rate. For the hydrogen propellant, the mass flow rate to exert comparable thrusts
with the argon propellant is small owing to the small atomic mass of hydrogen. Thus, in the case of the hydrogen
propellant, the specific impulse is superior to the argon propellant and the thrust efficiency is also superior although
the hydrogen propellant needs more input energy (as described later).
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Figure 4. Specific impulse and thrust efficiency as function of cathode radius®*.

Figure 5 shows the cathode radius dependency of Hall parameter and discharge current path. Qualitatively stated,
Hall parameter and discharge current path behaves similarly for both argon and hydrogen propellant. In the case of
thin cathode (small cathode radius), discharge current path is expanded downstream and elongated, compared to the
case of thick cathode (large cathode radius). Discharge current path shifts toward the downstream region particularly
on the anode and concentrate on the anode exit edge with the decrease in the cathode radius. As is also shown in Fig.
5, in the case of thin cathode, Hall parameter is greater than in the case of thick cathode.

Expanding of the discharge current path toward the downstream with the decrease in the cathode radius is
attributed to the Hall effect. As is stated above, in the case of thin cathode (small cathode radius), Hall parameter is
greater than in the case of thick cathode (large cathode radius). Thus, in the case of the thin cathode, the Hall effect
affects and distorts current path more markedly. There are two reasons why Hall parameter rises in the case of thin
cathode. One is that magnetic field is reinforced in the vicinity of the cathode (r ~ -12 to -20 mm and z ~ 0 to 30 mm
for the argon or hydrogen propellant). The other is that density of heavy particles is lowered within the thruster. This
lowering of density for the case of thin cathode is attributed to stronger acceleration of the propellant by the
enhanced blowing force and pressure gradient, and stronger pinching of the propellant on the thruster axis by the
enhanced pumping force (radial Lorentz force). In particular, for the case of the hydrogen propellant, influence of
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the Hall effect is more marked because Hall parameter of the hydrogen propellant is greater than the argon
propellant.

Hall Hall
Parameter Parameter
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(@) Ar, Jg=10kA, m=1.8gls (b) Hy, Jg=6 kA, m=0.49/s

Figure 5. Hall parameter and current path®*.

. Heat Load on Electrodes

Figure 6 shows the cathode radius dependency of wall heat flux distribution on the anode. As for the anode, the
wall heat flux concentrates on the exit edge (z ~ 100 mm for the argon propellant and z ~ 120 mm for the hydrogen
propellant) and anode middle part (z ~ 10 to 30 mm) regardless of the cathode radius or propellant species. With the
decrease in cathode radius, the wall heat flux decreases wholly except at the vicinity of the anode exit edge where
wall heat flux rises markedly. This change in the wall heat flux distribution with the decrease in the cathode radius is
attributed to the shift of the current path toward the downstream region.
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Figure 6. Wall heat flux distribution on anode®.

Figure 7 shows the cathode radius dependency of wall heat flux distribution on the cathode. As for the cathode,
the wall heat flux increases at near-tip part with the decrease in the cathode radius. This change in the wall heat flux
distribution with the decrease in the cathode radius is attributed to the decrease in the surface area of the cathode.
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Figure 7. Wall heat flux distribution on cathode®.

Figure 8 shows the input power and the heat load on each electrode as function of the cathode radius. With the
decrease in the cathode radius, the input power increases. For smaller cathode radius, the total heat load on the
anode also increases slightly owing to the rise in electron temperature near the anode.

The increase in the input power with the decrease in the cathode radius is attributed to the rise in the discharge
voltage owing to the expansion and the consequent elongation of the discharge current path. The slight increase in
heat load on the anode with the decrease in the cathode radius is owing to the rise in electron temperature near the
anode which results from stronger Joule heating associated with the expansion and the elongation of the discharge
current path. The increase in input power is more marked for the hydrogen propellant because the expansion and
elongation of the discharge current path is more marked for the hydrogen propellant.
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Figure 8. Input power and heat load as function of cathode radius®.

J. Electrode Temperature

Figure 9 shows a typical temperature distributions in the vicinity of the discharge chamber for the cathode radius
of 12 mm. Notable temperature rises are seen commonly at the anode exit edges and the cathode tips regardless of
the cathode radius.

Temperature rise at the anode exit edge is owing to the concentration of the wall heat flux (cf. Fig. 6).
Temperature rise at the cathode tip can be explained by two reasons: one is that the heat flow is toward the root
within the cathode because the heat is mainly removed from the root, and the other is that the cathode tip is tapered
off for the sake of stable arc attachment. The temperature distribution of the thruster head indicates that temperatures
at the anode exit edge and the cathode tip can be the limiting factors to determine thruster dimensions. That is,
special attention should be paid to the temperatures of these regions to perform thermal design, and these
temperatures must not exceed operating temperature limits of the materials.
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(b) Hy, Jg=6 kA, m=0.49/s,r,=12mm
Figure 9. Typical temperature distribution in the vicinity of the discharge chamber.

Figure 10 shows electrode temperatures at the anode exit edge and the cathode tip as function of the cathode
radius. With the decrease in the cathode radius, the temperature rises at the anode exit edge and the cathode tip
becomes more marked.

The rise in the electrode temperatures at the anode exit edge and the cathode tip with the decrease in the cathode
radius is the behavior which reflects the change in the heat flux distribution with the decrease in the cathode radius.
The decrease in the cathode radius can incur thermally unfavorable situation although it leads to the improvement of
thrust performance.
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Figure 10.  Electrode temperatures as function of cathode radius®.

For long life operation of the thruster, temperature of the anode (made of tungsten) should not exceed its melting
point (~ 3670 K) and temperature of the cathode (made of thoriated tungsten) is recommended not to exceed 2800
K?*. Under the assumptions and thermal constraints in this paper, the upper limits of estimated thrust performances
are as follows. For the argon propellant, a thrust, a specific impulse and thrust efficiency are predicted to be 18 N,
1000 s, and 22% respectively with the cathode radius of 12.6 mm. For the hydrogen propellant, a thrust, a specific
impulse and thrust efficiency are predicted to be 16 N, 4200 s and, 41% respectively with the cathode radius of 9.0
mm. Each value is estimated by the first-order interpolation among analysis cases. Also note that these performances
are not necessarily to be the upper limits because there is still room for improvement with respect to other geometry
parameters and operation conditions.

V. Conclusion

For a radiation cooled steady-state self-field MPD thruster using the argon or hydrogen propellant, thrust
performance and electrode temperature have been investigated through performing sequential simulations of plasma
flow and thruster temperature. As a result, the following conclusions have been drawn.

(1) A thruster without electrode melting can be realized by setting appropriate cathode radius and removing the

heat from electrodes with the aid of liquid metal heat pipes.

(2) The temperature of the electrode rises particularly at the anode exit edge and the cathode tip owing to the
concentration of discharge current and insufficient heat removal. Therefore the temperatures at these regions
can be the limiting factors of thruster design.

(3) The decrease in the cathode radius improves thrust performance while it simultaneously furthers the
temperature rising at the anode exit edge and cathode tip owing to more marked localization of heat flux. For
the efficient and long-life operation of the MPD thruster, the cathode is to be designed with consideration of
trade-off between the improvement of thrust performance and the localization of heat flux.

(4) Within the scope of this paper, the optimal cathode radii are 12.6 mm for the argon propellant and 9.0 mm for
the hydrogen propellant. Then, thrust, specific impulse, and thrust efficiency are predicted to be 18 N, 1000 s,
and 22% respectively for the argon propellant; 16 N, 4200 s, and 41% for the hydrogen propellant.

(5) The hydrogen propellant can be superior to the argon propellant with respect to thrust performance owing to
its light mass. On the other hand, the hydrogen propellant can also incur more marked localization of heat
flux on the anode exit edge than the argon propellant owing to intensive current concentration by the strong
Hall effect.

As future works, the models of MHD fluid phenomena, electrode phenomena, and thermal phenomena have to
be validated and refined through experiments, and those models have to be coupled and analyzed self-consistently to
predict thrust performance and electrode temperature more precisely. Additionally, other geometry parameters, e.g.
cathode length, anode inner diameter, anode length etc., and operation condition, e.g. discharge current, propellant
flow rate, and cathode root temperature, should be optimized as an extension of this paper.
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