K

=11

4 AL R
AL (R 8) L (1L%)
A VA= = FbF K B & 2396 5
ESNRCEADEEERY 2023 £ 3 H 24 H
AL 5 DA WELR R R FH AR
AR RI 6 1T Y
A ER CRE B B B4 T ISR AT IS L ARG R T T A~ AV DOHE ) BE KA R
A L H & B B 5
I = | F & PEH iz
WRET RS LN U2
1R B E
FHA SR
Ba[ R EX 3
FHA R HEHF
AIG EE
FHA SRR R
A —aE
FHA SR
K #Wisk
BER R SEMm¥E T8 B




(s 3)
BLRXDEE

K Z N ) -
iy SC R H BRI IRITIC K DR T 7 X~ & A L OHET IR B fF B & e B B4

A magnetetoplasma sail, MPS was proposed as future propulsion system to achieve
massive and low-cost round-trip interplanetary transportation and deep space
exploration. A magnetic sail is a propulsion system that produces thrust by the
magnetosphere formed by the interaction between charged particles of the solar wind,
which i1s a plasma flow constantly flowing out from the sun, and the magnetic field of
the spacecraft’ s onboard coil. To obtain several newtons thrust from the coil only, it
1s necessary to increase the coil size. Therefore, the thrust-to-weight ratio becomes
small. To solve this problem, MPS was proposed, in which the spacecraft is equipped
with a plasma injection source to increase thrust by actively magnetospheric inflation.
The propulsive performance of MPS is evaluated by the absolute value of thrust, but
also by the thrust gain, which is the rate of increase thrust after plasma injection
compared without plasma injection.

The use of MPS spacecrafts for the large-scale interplanetary transportation and the
deep space exploration is possible on only huge scales with a large absolute value of
thrust. Future technology is making it possible to design large spacecraft of several
kilometers in size. For large-scale round-trip transportation systems in space, specific
impulse and thrust-to-weight ratios that exceed those of existing electric propulsion
systems will be required to be achieved. The reason is that the MPS must have a system
weight advantage over clustered electric propulsion systems. As typical performance
values of ion engines, which are considered most suitable for deep space exploration
due to their high specific impulse among existing electric propulsion systems, a specific
impulse of 3000-5000 s and a thrust-to-weight ratio of 1 mN/kg are assumed. The
performance of MPS is targeted to exceed that of electric propulsion in specific impulse
and to be comparable to electric propulsion in thrust-to-weight ratio. To produce such
propulsive performance with MPS, the scale must be enormous, and a numerical
simulation approach must be prioritized over experimental demonstration. MHD
analysis can evaluate the magnetospheric structure consisting of interaction between
the solar wind and the magnetosphere on a macro scale, including the magnetospheric
interface currents directly related to thrust production, and the low computational cost
allows many surveys with varying condition settings. Therefore, in this study, MHD
analysis was performed for a magnetosphere size of 100 kilometer-class MPS, with coils
of several tens kilometer.

Our MHD analysis was based on ideal magnetohydrodynamic equations. The



numerical grid is a two-dimensional axisymmetric model. However, the finite volume
method was used to discretize this equation. This is to accurately evaluate the
momentum of the fluid flowing into and out of each cell and to calculate the thrust.
The dipole magnetic field was given as an initial condition. The plasma injection
regions were located near the spacecraft and the injection plasma arranged at a set
pressure as the initial condition. The plasma pressure was defined as the thermal and
dynamic pressures normalized by the magnetic pressure at the plasma injection region,
respectively By, and Sx. However, the injection velocity that determines By is the
velocity from the center outward in the radial direction. Magnetospheric inflation
mechanisms can be either caused from thermal pressure or dynamic pressure. Many of
the previous studies focused only on the effects of either of those. The magnetospheric
phenomena caused by two kinds of pressure will clarify the mechanism of thrust
increase and saturation, and a parameter survey of thrust gain distribution and
magnetospheric structure for each injection plasma parameter was conducted.

This dissertation is composed of eight chapters. Chapter 1 is the introduction.
Chapter 2 describes the numerical methods in detail. In Chapter 3, we evaluate the
validity of the MPS calculations based on the MHD calculations performed in this study
in terms of the calculation method. And the calculation results are also compared with
scale model experiments. Chapter 4 investigates the effects of variations in thermal
and dynamic pressures of the injection plasma on thrust performance and
magnetospheric structure at different injection angles. Chapter 5 investigates the
effects of plasma injection pressure characteristics on thrust performance and
magnetospheric structure. In chapter 6, the full-scale spacecraft weight and thrust
performance estimate was investigated with the view to the parameters obtained from
the calculations. Chapter 7 is discussions. The relationship between magnetospheric
structure and plasma injection based on Chapters 4 and 5 is shown. And, based on the
obtained the spacecraft design, the applicability to the Earth-Asteroid belt round-trip
transportation mission was discussed. Chapter 8 showed the conclusion remarks.

Chapter 4 shows the survey results and discussion, focusing on the relationship
between the direction of plasma injection and the thermal and dynamic pressures.
There are two types of induced currents generated in the magnetosphere: one is due to
thermal pressure and the other is due to dynamic pressure. The current is induced by
the interference between the pressure and the magnetic field. When the dipole poles
are parallel to the solar wind flow, the direction perpendicular to them is defined as
zero degree. For the plasma is injected at zero degree, the induced currents can
efficiently enhance the ring currents without generating induced currents that
interfere with the magnetopause currents. The value was close to double the thrust
gain, the largest in the previous studies. For non-zero-degree injection, the thrust was
lower than for zero degree injection because the current that weakens the ring current

is enhanced for any increase in either B or By for the same angle. In particular, the



thrust gain was less than one when the injection angle was more than 30° . It was
confirmed that the induced current by injection plasma cancelled the magnetopause
current. For conditions such as B3<0.2, the development of ring current by diffusion is
weak, so that when the plasma is injected at an angle of about 10° degrees, the thrust
exceeds that of zero-degree-injection because the injected plasma is spread out into the
magnetosphere. However, in terms of thrust per energy input, the zero-degree-injection
1s superior.

Chapter 5 shows an evaluation of the relationship between thrust and
magnetospheric structure for a combination of thermal and dynamic pressure in the
injection plasma. We clarify the mechanism in which the dynamic pressure of the
injected plasma relieves the plasma stagnation near the spacecraft and extends the
plasma that generates the ring current in the direction perpendicular to the solar wind,
promoting the development of the ring current due to the thermal pressure. As a result,
a thrust gain of 2.3 was achieved, which is higher than the 1.9-2.2 in the previous study.
Next, we discuss the factors that are responsible for the increase and saturation of
thrust. The thrust gain was limited to approximately 2 at maximum because of the
reaction force due to the backward plasma outflow and the prevention of thrust transfer
by the shock wave, which caused the thrust to decrease when either the thermal or
dynamic pressure was superabundant. The influence of the characteristics of the
injected plasma on the thrust gain was evaluated in terms of density, temperature and
radial outward injection velocity. In this study, we focused on magneto-sonic waves
propagating in a direction perpendicular to the magnetic field lines. We assumed that
this magnetic sound wave creates a shock wave in the magnetosphere. The magneto-
sonic Mach number depends on the local plasma density and plasma velocity, however
the influence of the density of injection is larger than the initial injection velocity
among the parameters at the time of injection. It is shown that a magnetospheric
structure with large thrust can be achieved if the injection plasma with a thermal
pressure of about B;=2 is given enough dynamic pressure to extend the ring current
under low density and high velocity conditions. The density at which the thrust-
increasing effect of the injection velocity can be obtained is restricted, with a low
density at high injection plasma temperatures and a high density at low temperatures.

Chapter 6 shows the results of the calculations and estimates the propulsive
performance, i.e., thrust, specific impulse, and power consumption, and spacecraft
weight of an actual spacecraft, given the technical specifications of the present and
near-future. The design was optimized for specific impulse in a spacecraft with a radius
of 20 km and a coil weight of 210 tons. A thrust of 237 N was estimated with a power
consumption of 87 MW. In this case, the annual fuel consumption is about 2000 kg. The
MPS can achieve a specific impulse of 400000 s. In addition, the conditions under which
the thrust performance can be improved by plasma injection are presented.

Chapter 7 shows the discussion. The magnetospheric structure and the optimal



setting of plasma injection conditions for the MPS to produce high propulsive
performance are presented. Furthermore, the MPS design has an impressive thrust-to-
weight ratio, making it more suitable for round-trip transport missions between the
Earth and Asteroid belts. At this time, the spacecraft thrust was estimated to be 210
N, the power consumption 24 MW, and the weight of the MPS propulsion system,
including the power supply system, was re-estimated to be 260 tons. In this case, the
spacecraft is estimated to have a thrust of 210 N, a specific impulse of 300000 s, a
power consumption of 24 MW, and a weight of 260 tons for the MPS propulsion system
including the power supply system. The MPS spacecraft can arrive at the asteroid belt
from the near-Earth region in 0.7 years. After loading 1,000 tons of mining metal
resources in the asteroid belt, the MPS spacecraft was able to return to the near-Earth
region in 3.8 years.

This is concluding remarks. In the MPS analysis based on the MHD calculations,
when magnetospheric inflation by plasma injection is performed at certain coil
parameters, the coil magnetic field is a dipole field, and its poles are parallel to the
solar wind, a mechanism was confirmed in which dynamic pressure promotes the
development of ring currents and contributes to the increase in thrust. On the other
hand, the thrust saturates when either the thermal or dynamic pressure is
superabundant, the thrust gain never exceeds 2.3, in the parameter survey conducted
in this study. This is due to the backward outflow of plasma in the magnetosphere and
the obstruction of solar wind momentum transfer due to shock waves in the
magnetosphere. And the mechanism of thrust increase was clarified, and the factor of
thrust saturation was identified. Even under the same input energy conditions, the
magnetospheric structure varies depending on the combination of thermal and dynamic
pressure. To ease such thrust decrease effects, it was shown that the injection density
should be reduced and plasma injection at high velocity should be performed. Such
operation of the plasma source at low density and high injection velocity is also a
condition that allows for high specific impulse of the MPS. The obtained thrust
characteristics of the MPS are more beneficial than those of existing electric propulsion
and magnetic sails in the Earth-asteroid round-trip transportation system. However,
due to the thrust to weight ratio issue, it is necessary to reduce the power consumption

of the MPS for this mission, even at the compromise of the specific impulse.
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