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Abstract

Electrical thrusters have been developed for increased fuel
efficiency of space flight compared to chemical thrusters.
Chemical thrusters are limited by the chemical reaction
energy in the propellants, whereas electrical thrusters have
their own power supply unit to directly input energy into the
propellant (i.e., a noble gas). Thus, they have better fuel
efficiency. One type of electrical thruster that has potential for
future interplanetary journeys is the magnetoplasmadynamic
(MPD) thruster. However, the cathode—plasma interaction
inside an MPD thruster is not fully understood owing to its
complexity and nonlinearity. The objectives of this work were
to improve on previous models and explain the interaction
between the cathode and nearby plasma region (i.e., sheath) of
an MPD thruster in the steady state. Numerical 1D and quasi-
2D models were developed by using the explicit method to
predict the cathode temperature profile in an MPD thruster.
The numerical results were compared with experimental data
for verification. The 1D and quasi-2D numerical models
partially provide fundamental knowledge on the cathode—
plasma interaction and can be used to predict the cathode
temperature profile inside an MPD thruster for future design
and development
Keywords:Magnetoplasmadynamic (MPD), cathode
temperature, cathode numerical models, 1D, quasi-2D

1. Introduction

The magnetoplasmadynamic (MPD) thruster is an electric
thruster that uses the Lorentz force created by interaction
between the electromagnetic field surrounding the cathode
and electrical current field lines passing from the anode to the
cathode when it is connected to a high-voltage and high-
current power supply. A noble gas (e.g., argon) is injected
around the base of the cathode through the crossing electrical
current field lines. This heats the argon gas, which is ionized
and accelerated through the converging/diverging nozzle, as
shown in Fig. 1.

For deep-space maneuvers, the MPD thruster has an
advantage over conventional chemical thrusters because it
provides a higher specific impulse (), allows for faster
maneuvers, and provides approximately twelve times the
maneuvers for the same fuel mass [1-3]. The specific impulse
Isp of a conventional chemical thruster is approximately 300—
500 s; however, an MPD thruster provides a greater ls, of
around 2000-7000 s [2, 3]. As a result, MPD thrusters can
significantly reduce the mass of a spacecraft at launch. Thus,

they are a primary candidate for unmanned and manned travel
and cargo spacecraft on interplanetary missions [1-4].

MPD thrusters can typically be categorized as pulsed, steady-
state, self-field, or applied-field. This study considered the
steady-state and self-field MPD thrusters. The MPD thruster
life is known to currently be limited by cathode erosion,
which can occur owing to the interaction between the cathode
and the plasma region inside the thrusters, especially the
plasma sheath. That is, heat transfer in the plasma sheath
region can be in either direction depending on the operating
characteristics [2—-4]. Hence, many numerical models have
been developed to predict the cathode temperature profile in
an MPD thruster before its malfunction [1, 2, 4, 6].
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Fig. 1. Diagram of the Lorentz force created in an MPD
thruster.

Many experiments have shown that the steady-state
temperature of an MPD thruster is about 3000-3500 K at the
cathode tip and 500-1500 K at the cathode base depending on
the experimental setup [1, 2, 4]. Some numerical models have
been developed of the cathode in MPD thrusters that include
the transient condition until the system reaches a steady-state
condition, and they have confirmed that the cathode tip
temperature is around 3000-3500 K [2-4]. The cathode
voltage drop, which consumes a great deal of power, has
similarly been shown in experiments and numerical models to
have an approximate value of -6 to -9 V [2-4].

This paper presents an improvement of the numerical 1D
MPD thruster model in [3]. By using the heat diffusion
equation with the first-order forward-in-time explicit method,
1D and quasi-2D numerical models can be used to calculate
the cathode temperature profile of an MPD thruster in the
steady state. That is, the quasi-2D numerical model adds
convection or radiation terms to the heat diffusion equation.
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Both models were compared with experimental data from [1,
2]; the findings are detailed in the following sections.

2. Numerical Model Procedures

For both 1D and quasi-2D MPD thruster numerical models,
the plasma and cathode regions are separated by the plasma
sheath, which is assumed to have infinitesimal thickness as
shown in Fig. 2. Here, the plasma sheath voltage was assumed
to be -8.71 V. The plasma sheath properties were as follows: a
pressure of 66 Pa, Richardson coefficient of 60 A/(cm?K?),
and work function of 4.5 eV. The total current was varied
among 60, 600, 1000, and 1400 A.

The total current was assumed to be constant along the
cathode as it accumulated at the tip of the cathode. The
cathode tip and base were assumed to achieve a steady-state
condition. That is, the temperatures at the cathode tip and base
were set to a constant 3300—3500 K and 1500 K, respectively
[1-4].

2.1 1D MPD thruster
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Fig. 2. 1D numerical model of MPD thruster in red region.

2.1.1Grid discretization

The length of each cell L; can be calculated by using the total
length of the cathode region Lcamode divided by the total
number of cells N. At the cathode base and tip, this can be
represented as 0 to xc. The grid is composed of N + 1 points
numbered from cells 0 to N. Point 0 is the cathode base, and
point N + 1 is at the cathode tip, as shown in Fig. 3. Grid point
i is located at x = x;. Thus, xo = 0 and xy+1 = xc. Two Kinds of
cells are defined. Primary cells span the intervals between grid
points. There are N primary cells numbered from 1 to N.
Primary cell 1 covers the interval between points 0 and 1;
more generally, primary cell i covers the interval between
point i - 1 and point ;. The width of the primary cell L; is given

by

L=x-x, @

Secondary cells span the intervals between the midpoints of
primary cells. There are N + 1 secondary cells numbered from
0 to N. The secondary cell i surrounds grid point i. Note that,
if the primary cells adjacent to grid point i are of different

widths, then grid point i is not the midpoint of secondary cell .

The width of the secondary cell Ls; is given by

Ls,i :(Li +Li+1)/2 )

The two secondary cells at the cathode tip and base are
bounded by the grid endpoints. Thus, secondary cell 0 ranges
from x = 0 to x = L1/2 = x1/2, and secondary cell N ranges
from x = (xa1 + xa)/2 t0 xy = x¢, as shown in Fig. 4. In the
primary cells, the thermal conductivity value is taken at the
grid points. However, the electrical and thermal conductivities
are taken from the cells. The cathode model is based on the
properties of tungsten.

P chnhodc‘ -~
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X()" N() Xc = N+l
Fig. 3. Cathode region, grids, and cells.
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Fig. 4. Grid points in plasma and cathode regions.

2.1.2Equations to be solved
The electric potential ¢ and temperature 7 are the primary
values to be calculated in the models.

Electrical potential:

The external high-voltage and high-current power supply
pumps the current density J through the system from the
anode to the cathode. Because the system is 1D, the current
density is constant throughout the system. In this work, the
electrical potential # was -8.71 V at the cathode tip and less
than -8.71 V at the cathode base. The electric field can be
calculated from

E:-df- (3)
dx

The temperature values are defined at the grid points; however,
the electric field values are defined in the primary cells and
can be expressed as

g =l )

®)
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where ocong i the electrical conductivity. The electric field and
current density are negative because the field points from right
to left.

Temperature:
In order to calculate the cathode temperature, the one-
dimensional thermal diffusion equation is used:

& 0
(AL _d BT, ©

d dxe dvg

where Cp, K, ¢, and x are the heat capacity, thermal
conductivity, and time and spatial grids, respectively. Eq. (6)
can be discretized as given in [3], and the grid starts from 0 to
N:

CLIRE W L P Oy PG O G0 I "
a o m¥ 2 "L, CoLoe
T=(T.,*T)/2 ©

By using the forward difference and first derivative in time,
which has the first-order approximation O(Af), the left-hand
side of Eq. (7) can be expressed as

n+l n
ar, 11 ©
dt Dt

where At represents the time step and the superscript n
represents the number of the time step. This can be rearranged
to

Tin+1=Tin+ Dt (A+B+C) (lo)
(1)
A=J ;1+1_ f:'x—ll (11)
2
B=K(T", Tha T, (12)
' Li+1
C :.K(T’_ﬂ)%. (13)
L
The potential is given by
fffsz"'#' (4
scand (]11 )

2.2 Quasi-2D MPD thrusters

The quasi-2D numerical model includes convection and
radiation heat transfer at the cathode surface, as shown in Fig.
5.
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Fig. 5. Quasi-2D numerical model of MPD thruster in red
region with radiation and convection.

vi_me. D (15)
rT=r"+—— _ (4+B+C - ,

S| 0u)
Tin+1 :Tin +L(A +B+C - anv)' (16)

c, (THL,

mopny O 17)
T"™=T"+—— _ (A+B+C- - .

! 4 cp Tln sti ( de Qc(mv)
de :smd e(TIA B Tl:f) (18)
Qconv :hc (T/ - Tinf)' (19)

where he, ord, €, Tine are the convective coefficient, Stefan’s
constant, emissivity, and ambient temperature.

Criteria of the numerical models: The above equations
show that the Von Neumann criterion comprises the heat
capacity and second-order of the cell length in the numerator
and the thermal conductivity term in the denominator.
However, the Ohmic heating criterion relates the first order of
the cell length and the current density term in the
denominator. Both criteria can be expressed as follows:

Von Neumann criterion
Dt S cp (Ti” )7Ls,iLi (20)
2K (T,,)'

Ohmic heating criterion

o <L )
J

For this explicit method of the 1D and quasi-2D MPD thruster
models, the Von Neumann and Ohmic heating criteria are
required to achieve stable and accurate results. That is, the
time step should be less than or equal to both criteria.
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3. Outline of algorithms

The program is described as follows:

1. Specify the total current I and radius of the
cathode to calculate the cross-sectional area A. of the
cathode. Then, the current density can be calculated

as [totaI/Ac-

2. Create the cells and grid points as explained by Egs.
(1) and (2).

3. Fix the temperature at the cathode base and tip to

1500 and 3,300-3500 K, respectively, and the
cathode tip voltage to -8.71 V.

4, Set the initial temperature at each grid point, and
calculate the initial electrical conductivity and
thermal conductivity values for each primary cell.

5. Calculate the temperature and voltage by using Egs.
(10) and (14) until the temperature adjacent to the
cathode base is within 1% of the cathode base
temperature. Then, the program will be terminated.

6. For the quasi-2D model, the algorithms and
procedures are similar to those of the 1D model;
however, the convection and radiation terms are
added to the equations, as given in Egs. (15)—(17).
The potential can also be used, as given in Eq. (14).

4. Numerical Results

Fig. 6 shows the trend of the temperature over time at 1, 1.5,
and 2 s. Fig. 7 shows that the cathode temperature slightly
decreased as the current was increased. The time for the
numerical cathode model to reach a steady state is given by #s.
Fig. 8 shows that the cathode temperature was reduced
slightly for different cathode diameters. That is, the radial
direction of the cathode temperature in the models can be
assumed to be constant. The voltage in the cathode increased
to lower negative values as the current was increased from
500 A at -8.67 V to 2000 A at -8.55 V, as shown in Fig. 9.
However, as the cathode diameter increased, the cathode
voltage remained almost constant to the value at a diameter of
30 mm. This was due to the resistivity of the cathode, which
linearly decreased with the cross-sectional area as shown in
Fig. 10.
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Fig. 6. Cathode temperature as a function of the position
from the cathode tip with time as a parameter.
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Fig. 7. Cathode temperature as a function of the position
from the cathode tip with the current as a parameter.
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Fig. 8. Cathode temperature as a function of the position
from the cathode tip with the diameter as a parameter.

The quasi-2D numerical model of the MPD thruster included
and compared the effects of convection and radiation, as
shown in Fig. 11. The convection reduced the cathode
temperature at the middle of the cathode as the heat was
removed to the environment. When radiation was included in
the model, the cathode temperature at the middle decreased
rapidly. When the convection and radiation were both
included, the trend for the temperature was the same as the
case considering only radiation. In this study, the case
considering convection only was compared with the
experimental data.
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Fig. 9. Cathode voltage as a function of the position from

the cathode tip with the current as a parameter.
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Fig. 10. Cathode voltage as a function of the position from
the cathode tip with the diameter (®) as a parameter.
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Fig. 11. Cathode temperature considering convection and
radiation.

5. Comparison of Models with Experimental Data

In the experiment, the cathode length was 75 mm and the
diameter was 3.96 mm. The 1D and quasi-2D numerical
models were compared with data from two different
experiments [1-2], as shown in Figs. 12 and 13. The
experimental data considered currents of 600, 1000, and 1400

A. The 1D numerical model cathode temperature using 1000
A agreed well with the experimental data at 1400 A. For the
quasi-2D numerical model, the total current did not
significantly change with the cathode temperature, as shown
in Fig. 7. However, the changes with convective coefficients
of 10, 20, 40 W/m?K closely matched the cathode
temperature in the experimental results. That is, the results
with the convective coefficient at 10 W/m?/K matched those
at 1000 A, and the results around 20 W/m?/K agreed with
those at 600 A.

Thus, the convective heat transfer at the cathode surface must
be related to the total current of the system; total currents of
1400, 1000, and 600 A matched convective coefficients of 0,
10, 20 W/m?#K, respectively. That is, the conductivity heat
transfer plays a major role where the total current is above
1400 A as the Ohmic heating generates the heat inside the
cathode much greater than the heat convection at the cathode
surface. However, the comparison with [1] was not successful
because the experimental data had two variables: mass flow
(sccm) and pressure (kPa), as shown in Fig. 13. However, the
trend smoothly matched the cathode numerical models.
Hence, increasing the heat transport coefficient tended to
lower the cathode temperature. That is, more heat could be
removed from the cathode surface.
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Fig. 12. Comparison between experimental data [2] and
numerical results for cathode temperature as a function of
the position from the cathode tip.
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Fig. 13. Comparison between the experimental data [1]
and numerical results of the cathode temperature as a
function of the position from the cathode tip.
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6. Concluding Remarks

This work primarily involved improving the cathode
temperature models [3] and explaining the cathode
temperature profile for an MPD thruster. These models should
help describe experimental phenomena and predict how an
MPD thruster will respond to design changes. These models
also relate the cathode boundary conditions from a previous
model for the steady state of a system where the voltage drop
is obtained at the cathode tip [3]. The selected boundary
conditions to provide heat to the cathode were consistent with
the experimental data—that is, 3500 K and -8.71 V [2] at the
cathode tip. Under these conditions, the numerical models
were compared with experimental data from several sources
[1-2].

The 1D cathode temperature model numerical models agreed
well with the experimental data at a total current above 1400
A but were not satisfactory when the current was below 1400
A, as shown in Fig. 12. Thus, the quasi-2D numerical model is
preferred because it includes the convection effect, and the
cathode temperature agreed quite well at a distance of around
-10 mm to the base compared with the experimental results
from [1-2]. These discrepancies at the cathode tip to -10 mm
had an error less than 1%.

There may be some other effects that have not been included
in the 1D and quasi-2D numerical cathode models, such as the
electroarc edge [3] where the plasma arc edge is attached to
the cathode. Thus, future research will involve completing a
2D cathode temperature numerical model with a magnetic
effect where the simulation can be simultaneously compared
with experimental data at each time step.

In this study, the objective of predicting the cathode
temperature in an MPD thruster was achieved. Because of the
present unavailability of experimental cathode temperature
data for the MPD thruster above 1400 A, these cathode
numerical models may need to be re-checked and compared if
the data become available later on.
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