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Two-Dimensional Magnetohydrodynamic
Simulation of a Magnetic Sail
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A magnetic sail (Magsail) is a unique deep-space propulsion system that captures the momentum of the solar wind
by a large artificial magnetic field produced around a spacecraft. To clarify the momentum transfer process from
the solar wind to the spacecraft, we simulated the interaction between the solar wind and the artificial magnetic field
of the Magsail using the magnetohydrodynamic model. The result showed the same plasma flow and magnetic field
as those of the magnetic field of the Earth; when the solar wind passes a bow shock, the solar wind is decelerated
and deflected because the solar wind cannot penetrate into the magnetic field, which is called the magnetosphere
around the spacecraft. The change of the solar-wind momentum resulted in a pressure distribution along the
magnetopause, which is the boundary between the solar-wind plasma and the magnetosphere. The pressure on the
magnetopause is then transferred to the spacecraft via the Lorentz force between the induced current along
the magnetopause and the current along the coil of the spacecraft. The simulation successfully demonstrated that
the change of the momentum of the solar wind is transferred to the spacecraft via the Lorentz force, and the drag
coefficient of the Magsail was estimated to be 0.9 &= 0.1 when the magnetic dipole is parallel to the solar wind.

Nomenclature
B = magnetic flux density vector
B, = magnetic flux density in X direction
B, = magnetic flux density in Y direction
By = normalization magnetic flux density, T
Cq = drag coefficient
Cs. = fastmode wave velocity in X direction, m/s
Cyy = fast mode wave velocity in Y direction, m/s
C, = courant number

E = energy density

F = thrust vector

Fy = normalization thrust, N

1 = unit matrix

J = current density vector

J. = current in the coil of magnetic sail
Jo = normalization current density, A
L. = characteristic length, m

P = pressure

Dinitia = 1nitial pressure

Do = normalization pressure, Pa

Rge = radius of the Earth: 6370 km

r = position vector
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r. = position vector of the coil
rLi = ion Larmor radius, m

S area vector

Se = characteristic area, m?

Tow temperature of the solar wind
t = time

to = normalization time, s

v = velocity vector

Va0 = alfven wave speed

Vsw = velocity of the solar wind

Uy = velocity in X direction

v, velocity in Y direction

Vo = normalization velocity, m/s
y = ratio of specific heat

At time step

Ax mesh size in X direction

Ay = mesh size in ¥ direction

I = magnetic moment

o amplitude permeability, H/m
o = density

Dinitial initial density

Dsw density of the solar wind

Lo = normalization density, kg/m?

L

HE outer solar system is still vastly unexplored because deep-

space exploration takes a very long time. It is difficult for tradi-
tional propulsion systems to perform such deep-space missions in a
short period; hence a new propulsion system with high thrust as well
as high efficiency is required to shorten mission time drastically. A
promising candidate for such a short-term deep-space mission is a
magnetic sail.

The magnetic sail produces a large magnetic field around a space-
craft and generates thrust through the interaction between the solar
wind and the magnetic field (Fig. 1). The solar wind is a high-speed
plasma flow from the sun in the interplanetary space. To generate
enough large thrust to propel the spacecraft, a large-scale magnetic
field has to be created by expanding a superconducting coil of several
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Fig. 1 Propulsion systems making use of the solar wind.

hundred kilometers in diameter! (Fig. 1a). It is, however, difficult
to deploy such a large structure. To overcome this difficulty, a new
method was proposed by Winglee et al.” The method uses plasma in-
jection from the spacecraft to inflate the magnetic field (Fig. 1b). The
method is originally called as M2P2 (minimagnetospheric plasma
propulsion), which is sometimes denoted as a plasma sail or a mag-
neto plasma sail (MPS). The magnetic sail with plasma jet does
not need any huge structures, and therefore it is more realistic if it
is feasible. However, whether MPS is feasible or not is still under
discussion.’~?

The magnetic sail and its derivatives generate thrust by the inter-
action between the solar wind and the magnetic field of the space-
craft. To clarify the thrust-generation process and performance of
these propulsion systems, some numerical simulations have been
conducted by hybrid models®—® and particle-in-cell® models for the
case that the magnetic field of the spacecraft interacts with the solar
wind in kinetic scale of ions. If the ion Larmor radius exceeds the
size of the MPS magnetic field, only small interactions, hence small
thrust, are expected.'~® Therefore the spacecraft needs to produce
a large-scale magnetic field, which interacts with the solar wind in
magnetohydrodynamic (MHD) scale in order to achieve high per-
formance.

When the solar wind interacts with the magnetic field of the space-
craft in the MHD scale, a bow shock is formed, and the solar wind
is decelerated and deflected when passing the bow shock. In this
case the magnetic field is pushed downstream by the solar wind,
and the magnetosphere is formed around the spacecraft. The solar
wind flows around the magnetosphere because the flow cannot en-
ter into it if we assume the ideal MHD flow without any diffusive
effects. If the magnetosphere were a solid object, the pressure dis-
tribution of the solar wind on the boundary of the magnetosphere
would directly push the magnetosphere (spacecraft). However, the
thrust-generation process of the magnetic sail is more complicated
because the force cannot be directly exerted on the spacecraft. It
is expected that the momentum change of the solar wind to the
spacecraft transfers through some kind of electromagnetic interac-
tion. Although Zubrin and Andrews evaluated the performance of
the magnetic sail,' they assumed a drag coefficient of unity and es-
timated the size of the magnetosphere by simple pressure balance
between the magnetic and the dynamic pressures of the solar wind.
Zubrin and Andrews did not simulate the interaction between the
solar wind and the magnetic field based on the self-consistent MHD
model. In contrast, Winglee et al. evaluated the whole flowfield of
M2P2?; they evaluated the change of the solar-wind momentum.
However, they did not discuss how the momentum change of the
solar wind transfers to the spacecraft.

In this research, we simulate the interaction between the so-
lar wind and the magnetic field based on the ideal MHD model
to identify action and reaction forces and their balance (i.e., a
check that the simulation includes all action-reaction pairs). Then,
the thrust is evaluated for various magnetic field configurations
described.

II. Simulation Model

A. Basic Equations and Numerical Method

We adopt one-fluid ideal MHD equations to simulate the inter-
action between the solar wind and the magnetic field. Normalized
ideal MHD equations are

ap _
E+v.(,ov)_o (1)
apv
W-|—V~(,ovv—l—pl)=J><B (@3
B _g B)=0 3
i x (¥ xB)= (3)
E v l(gsps B BB -v)|=0 4)
E . p 7 Vv — V)| =
J=V xB (5)

where E is energy density:
E=3pv*+p/(y — 1)+ B?/2 (6)

The normalization quantities in the basic equations are L=
the coil radius of magnetic sail, By=2 x 1078 T, and py =m; x
10°kg/m>, where m; is the mass of proton; 1.672 x 107?7 kg.
The other normalization quantities are defined by these units:
vo = Bo/(op0)"%, to=Lo/vo, po=pv3, and Jo= Bo/(Lopo). In
addition, force vector F is normalized by Fy = ,oovg L.

In this study, these ideal MHD equations are solved numerically
by the flux-corrected-transport (FCT) scheme.'®!!

To confirmreliability of our FCT code, the one-dimensional MHD
equations with the following Riemann data are solved. The Riemann
problem is as follows:

(1.000,0,0,0.75,+1.0,1.0) X <0
(0.125,0,0,0.75,-1.0,0.1) X >0
(M

(0, vy, Uy, B,, By’ P) = {

with y = 2. This problem has been suggested by Brio and Wu'? and
iscommonly used to test numerical schemes forideal MHD. Figure 2
shows the distributions of the density, the velocity components, the
magnetic field components, and the pressure by our FCT code. The
numerical solutions at ¢ = 80.0 are obtained for 800 grid points with
Ax =1.0and At =0.025. Note thatin Fig. 2, a solution obtained for
20,000 grid points with Ax =0.04 and Ar =0.001 is also shown as
an exact solution with dashed line. A fast rarefaction wave (FR1) and
a slow compound wave (SM) propagate to the left from the origin. A
contact discontinuity (C), a slow shock (SS), and a fast rarefaction
wave (FR2) propagate to the right. There is an undershoot at the
back of FR2 and at C. Numerical oscillations arise between C and
SM and between SS and FR2. On the other hand, the discontinuities
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Fig. 2 Riemann problem of Brio and Wu with 800 grid points at t=80.0 by FCT code.
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are resolved sharply. The results are in good agreement with those
obtained by Brio and Wu.!? Therefore, reliability of our FCT code
was confirmed.

B. Computational Conditions

In this study, the interaction between the solar wind and the mag-
netic field is simulated in two-dimensional space. The simulation
box is defined to be a rectangular coordinate system as shown in
Fig. 3, where the X axis is along the sun—magnetic sail line.

Two rigid cables with an electric current flowing in the direction
perpendicular to the X—Y plane are located so that the middle point
between them is the origin. The cables correspond to the coil of the
magnetic sail. The solar wind is introduced through the boundary of
the simulation box at the beginning of the simulation and flows into
the box in the X direction. The simulation was terminated when
a steady state was achieved. The simulation area is defined over
—5<X <7, —-6<Y <6 in units of the radius of the coil L. This
simulation area is divided into Cartesian grid systems.

The initial magnetic field is produced by the superposition of
the first magnetic field in Fig. 3 with a second symmetric magnetic
field placed past the sunward boundary outside the simulation box.
Because of this second magnetic field, magnetic field lines perpen-
dicular to the sunward boundary are removed!?® at that boundary.
The “original” magnetic field is produced by the electric currents in
the two cables. This initial magnetic field is filled with static plasma
of a constant kinetic pressure (piyiia =0.1po). The initial plasma

density distribution is set so that the Alfven wave velocity is con-
stant (v49 = 700 km/s) in the area where the magnetic field is strong
and the initial plasma density is set to be constant in the area where
the field is weak:

{pinitial = BZ/UE\O
Pinitial = 0~01psw

where Pinitial > OOIP:W

where Pinitial = O'OIIOSW (8)

The boundary conditions in the Y direction and at the downstream
boundary are treated by linear extrapolation of the fluid and magnetic
quantities, so that the solar wind leaves the simulation box easily.
At the sunward boundary, quantities are set by typical solar-wind
parameters:

Pow =5.0 (Sm; x 10°kg/m*), By =0

Py = 8.68 x 1072 (T, = 20eV), vy = 0.917(400km/s)

The boundary conditions at the coil are set by fixing all quantities
at their initial values. In this simulation, the boundary of the coil is
set at 0.2 L, away from the center of each cable.

Setting of the time step At is determined based on the Courant
number C,,:

At =C,MIN[Ax/(Jvi| +Crr), Ay/(lvy| + Cpy)] 9)
where

¢z, = Hiwp+B/0)

+tp+ B2 = 447/ 82 /6] | (10)

¢z, =Hiwp+ 85701

+lp+B/oF —4pi0[B2/ ]} (n

B® =B+ B; (12)

Here MIN operates over the entire simulation area. The FCT scheme
is stable when the Courant number is smaller than 0.5, and the
Courant number in this simulation is set to be 0.49.
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III. Results and Discussion

A. Flowfield Around the Magnetic Sail

In the simulation, the electric current through the coil (|J.|) is
set to be 1.2 x 10'%; here |/.| is the normalized value. The interac-
tions between the solar wind and the magnetic field were simulated
in various coil tilt angles, and the forces were calculated in each
case. Here the coil tilt angle is defined between the solar-wind flow
direction and the coil.

Figure 4 shows the simulation result of the flowfield in the case
where the coil tilt angle is 0 deg. Note that all quantities indicated in
this figure are normalized. The pressure contours and the streamlines
of the solar wind are in Fig. 4a, the induced current distribution is
in Fig. 4b, and the magnetic field lines are in Fig. 4c. It can be
observed in Fig. 4a that a bow shock is formed in front of the coil
and that the magnetosphere, which is the area of the spacecraft’s
magnetic field, is formed around the coil. The solar wind flows
around the magnetosphere without entering into it. The magnetic
field is moved and stretched toward the downstream region of the
solar wind, and the induced current flows on the boundary and inside
of the magnetosphere perpendicular to the X-Y plane (Figs. 4b and
4c). Figure 5 shows the simulation result of the flowfields of the cases
of various coil tilt angles. Figures Sa—5c show the pressure contours
and streamlines of the case where coil tilt angles are 0, 45, and
90 deg, respectively. The size of the magnetosphere reduces with an
increase in the coil tilt angle, and the shapes of the magnetosphere
in front of the coil in the cases that the coil tilt angle are 45 and
90 deg are totally different from the shape of the case where the coil
tilt angle is O deg. The solar wind enters into the area in between
two cables; this area is called the cusp. Pressure in the cusp is higher
because the cusp captures the solar wind.

B. Evaluation of Thrust
It can be thought that the magnetic sail generates thrust by re-
ceiving the momentum of the solar wind through electromagnetic

interaction. Three forces described next are calculated to verify the
balance of forces involved in the system and to estimate thrust on
the magnetic sail accurately.

1. Momentum Change of the Solar Wind
The force acting on the solar wind F is calculated by integrating
all momentum that flows into and out of the simulation area (Fig. 6):

F, =%(pvv+p1)d5 (13)

where this integration operates over the entire boundary of the sim-
ulation area.

2. Pressure Balance on the Magnetopause

Because the solar wind flows around the magnetosphere with-
out entering into the magnetosphere, the pressure distribution is
produced on the magnetopause. The force F, is calculated by
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Fig. 6 Momentum change of the solar wind.
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Fig. 4 Flowfield around the magnetic sail (coil tilt angle =0 deg).
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Fig. 5 Flowfield dependency on the coil tilt angle (pressure contours and streamlines).
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integrating pressure along the line of the magnetopause:
F, = f pdS (14)

3. Lorentz Force Between the Induced Currents and the Magnetic Sail
The third force is the Lorentz force. As the simulation result
shows, induced currents flow in the magnetosphere. The Lorentz
force between the induced currents and the current through the coil
of the magnetic sail works as thrust (Fig. 7). The Lorentz force on

the coil F; is
F3=/[ Jo-J@) (n-—r)]ds 15)
2lr. —r| |r. —r|

where this integration operates over the entire simulation area.
Figure 8 shows the relation between the coil tilt angle and the
forces calculated by three approaches. Here the forces are the
normalized forces per unit thickness in a direction perpendicular
to the X-Y plane because two-dimensional space is assumed in this
simulation. In Fig. 9, to calculate the force based on the pressure
distribution on the magnetopause, the cavity of the magnetic field

The Solar Wind
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Fig. 7 Lorentz force between the induced current and magnetic sail.
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is defined for | B|?> > 0.4. Figure 9 shows contours of magnetic field
intensity |B|* and the cavity of the magnetic field with dashed lines
in the case that the coil tilt angle is O deg. A high-pressure area,
called the plasma sheet, exists behind the coil, and so the cavity
of the magnetic field is also pressed by the plasma sheet (shown in
Fig. 9). For the other cases of the coil tilt angles, the cavity is defined
in a similar way. Figure 10 shows the relation between the coil tilt
angle and the drag coefficient. The drag coefficient is defined:

Ca=D/}pavl,S. (16)

Here S, the characteristic area, is determined to be the cross-section
area of the outside boundary of the magnetic field cavity at X =7.0
(shown in Fig. 9) for the respective coil tilt angle. As shown in Figs. 8
and Fig. 10, forces calculated by three approaches are in same trend;
thrusts basically become larger as the coil tilt angle becomes larger,
and then the drag coefficient gets up to 0.7-0.9 when the coil tilt
angle is 80-90 deg. The cause of increasing drag coefficients with
the coil tilt angle is that the cusp captures the solar wind when the
coil tilt angle is large. Although the forces at 90 deg are slightly less
than those at 80 deg, the drag coefficient is maximal at 90 deg. This
is because the magnetic field cavity becomes reduced in size with
an increase in the coil tilt angle; the characteristic area changes in
response to each coil tilt angle.

Although each force in Fig. 8 is of the same order, F3 is larger than
F1 and F2. It can be thought that the differences are caused by the
space resolution of grids for calculation. To analyze the dependence
on the mesh size, we simulated with three different mesh sizes in
the case where the coil tilt angle is O deg. Figure 11 shows the
relation between the evaluated forces (F'1 and F'3) and mesh sizes.
As shown in Fig. 11, | F3 — F 1| decreases as the mesh size becomes
small. Therefore if the mesh size is small enough, |F3 — F 1| will
reduces to zero. For that reason, the error bars in Figs. 8 and 10 were
estimated based on the space resolution of grids.
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Table 1 Scale of magnetic sail

Radius of Radius of Currentin  Thrust, MHD
the coil, km magnetosphere, km the coil, kKA mN/m rp;/L. validity
10 40 L5 0.05 1.25 X
20 80 3 0.1 0.625 A
40 160 6 0.2 0.312 A
100 400 15 0.5 0.125 O
200 800 30 1 0.0625 O

Next, we measured the effect of fixing all quantities at their ini-
tial values in the vicinity of the coil. There are some possibilities
that plasma erupts from, or is absorbed by, the boundary at the
coil. Errors in conservation of mass are analyzed in order to es-
timate the effect of the boundary at the coil. As the result of the
analysis, it is found that only small amounts of plasma are ab-
sorbed at the boundary of the coil: the amount of absorbed plasma
is less than 1% of total mass of the solar wind, which flows into
the simulation box. Therefore the effects on the evaluated forces are
negligible.

From the just-mentioned results, the three forces were verified
to be the same, hence, Newton’s third law of motion applied to the
system within the accuracy of the simulation. So the momentum
transfer process was clarified as follows. First, the solar wind is de-
celerated and deflected by the presence of the magnetic field around
the spacecraft. Second, the solar-wind’s dynamic pressure deforms
the spacecraft’s magnetic field into the magnetosphere. Third, the
solar wind flows around the magnetosphere and forms pressure dis-
tribution on the magnetopause. Fourth, the induced currents flow on
the magnetopause, and the Lorentz force between the currents on
the magnetopause and the magnetic field created by those induced
currents balances with the pressure distribution. Finally, the Lorentz
force between the magnetic fields by the induced currents and the
current of the spacecraft’s coil turns into thrust.

C. Scale of Magnetic Sail

In this subsection, we discuss the real scale of the magnetic sail
treated in this study. Table 1 shows the radius of the magnetosphere,
the electric current in the coil, and the thrust for the cases where the
radii of the coil are 10, 20, 40, 100, and 200 km. Note, however, that
the thrusts shown in Table 1 are thrust per unit thickness of the field
in the direction perpendicular to the X—Y plane.

The interaction between the plasma flow and the magnetic field
is classified by the ratio of the ion Larmor radius and characteristic
lengthri/L.. Inthe case of ri /L. < 1, the process is a MHD scale.
In contrast, in the case of r; /L. > 1 the process is not dominated by
MHD, but by the kinetic scale of the ions. In Table 1, the parameters
rLi/L. are listed, where L, is defined to be diameter of the magne-
tosphere at X =7.0. As can be seen, the simulation in this study is
valid in the case that the radius of the coil is larger than 100 km.

IV. Summary

In this study, the interaction between the solar wind and the mag-
netic field of magnetic sail was simulated using the ideal MHD
equations by the flux-corrected-transport scheme, and three kinds of
forces were evaluated: 1) momentum change of the solar wind, 2) the
pressure distribution on the boundary of the spacecraft’s magnetic
field cavity, and 3) the Lorentz force between the induced current
and the currents through the coil. These forces were evaluated and
analyzed for various coil tilt angles, and then the balance of these
three forces was verified; therefore, the process of the solar-wind
momentum transfer to the spacecraft was clarified. The process is as

follows: first, the solar wind is decelerated and deflected by the mag-
netic field of the spacecraft. Second, the magnetic field is stretched
downstream by the solar wind and forms the magnetosphere around
the spacecraft. Third, the solar wind flows around the magnetosphere
and produces pressure distribution on the magnetopause. In the mag-
netopause, induced currents flow, and the Lorentz force between the
currents on the magnetopause and the magnetic field produced by
the induced currents balances with the pressure distribution. Fi-
nally, the Lorentz force between the magnetic field produced by the
induced currents and the currents of the coil of the spacecraft cor-
responds to thrust. The maximum drag coefficient of the magnetic
sail was estimated to be 0.9 £ 0.1 when the coil tilt angles is 90 deg.

This study solved a couple of the important problems related
to the magnetic sail. This study should be of considerable aid in
researching the magneto plasma sail, which is a more complicated
but more realistic propulsion system.
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