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Radio blackout that occurs during hypersonic reentry flight is an important issue for the operation of the vehicle.
Since the radio blackout problem is caused by a high plasma number density around a vehicle, it is necessary to
manipulate the plasma to allow communication. We suggest a configuration of an E x B layer as a reentry blackout
mitigation method. The suggested E x B layer configuration with a two-dimensional magnetic field is simulated using
the thermalized potential model and the Poisson-like model in order to illustrate the effectiveness of this approach as
a mitigation method. The numerical model uses a magnetohydrodynamics approximation and is solved using a finite
volume method with a Riemann solver. The results of the numerical model are assessed using available experimental
results. A strong plasma density reduction is obtained when the high electric and magnetic fields are applied near the
cathode. The manipulated plasma region provides a possibility to communicate through a plasma layer during a

reentry blackout.

Nomenclature

B = magnetic field, T

electric field, V/m

electric field across the magnetic field, V/m
plasma frequency, Hz

radiowave frequency, Hz

relative velocity of electron collisions, m/s
current density, A/m?

mass, kg

plasma number density, m~>
electron number density, m™
reference plasma number density, m~>
pressure, N/m?

velocity, m/s

electron Hall parameter

x-direction Hall parameter

z-direction Hall parameter

permittivity of vacuum, 8.5419 x 1072 [F/m
signal attenuation factor, dB/m

magnetic stream function

electron mobility, m?/(V - s)

ion collision frequency, s~

electron collision frequency, s~

electrical conductivity, S/m

electrical conductivity tensor

plasma potential, V

thermalized potential, V

plasma frequency, rad/s

==
e
no

Sl
g
o

3

S 33~
I

a

S
N
1l

= 4
o

N

=™
=
I

2

=k >3 D
I

o

<
Q
o

*

| € v Q
1l

£
|

Received 18 May 2009; revision received 20 October 2009; accepted for
publication 20 October 2009. Copyright © 2009 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0022-4650/10 and $10.00 in
correspondence with the CCC.

*Graduate Student, Department of Aerospace Engineering; minkwan@
umich.edu. Student Member AIAA.

Professor, Department of Aerospace Engineering; iainboyd @umich.edu.
Associate Fellow AIAA.

*Assistant Professor of Engineering and Applied Science, Department of
Mechanical and Aerospace Engineering; keidar @ gwu.edu. Associate Fellow
ATAA.

29

Subscripts

e = electron

i = ion

0 = initial value

1. Introduction

HIGH electron number density causes negative effects on a

vehicle’s operation, particularly for its communications [1,2].
Because a plasma layer reflects or attenuates radiowaves that are
transmitted from or to a vehicle, communication is temporarily
interrupted, which is known as radio blackout. For reentry vehicles,
radio blackout typically lasts several minutes, depending on the angle
of reentry and the particular trajectory [3]. For example, the Soyuz
TMA reentry vehicle experiences about 10 min of radio blackout,
and the Mars Pathfinder experienced a 30 s radio blackout during its
Mars entry mission.

Continuous communication and real-time telemetry is very
important for manned and unmanned vehicles, for flight safety,
catastrophe analysis, and mission success. During 10 min of radio
blackout, the reentry vehicle loses a communication link. It is clearly
a flight safety issue for the reentry vehicle. Radio blackout also
makes catastrophe analysis impossible, eliminating a critical factor
for understanding and preventing reentry accidents. In the Space
Shuttle Colombia disaster, telemetry was lost before disintegration,
due to radio blackout [4]. There was little available data at the ground
station to assist in finding the cause of the disaster. For the unmanned
Mars reentry vehicle, a blackout makes the vehicle lose the control or
guidance of a control station. In this case, continuous and real-time
telemetry determines whether the vehicle succeeds in a mission or
not. Therefore, developing solutions that allow communication
through a plasma layer is a high priority.

For manned or unmanned reentry vehicles, radio blackout occurs
when the plasma frequency of the plasma layer around a vehicle
exceeds the radiowave frequency used for communications: f,>
Sraio- The plasma frequency f, is calculated from

fr=22 ~ 89683 x nV/? (Hz) (1
27
The radio blackout can be solved when the plasma frequency is lower
than the radiowave frequency [3,5]. In order to lower the plasma
frequency, it is necessary to manipulate a plasma number density.
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During the last 50 years, a number of plasma-manipulation ap-
proaches have been suggested for mitigation of a plasma layer,
including aerodynamic shaping, quenchant injection, high radio
frequencies, high transmission power, and Raman scattering. One of
the most promising methods is the magnetic-window method [6-8],
in which a strong dc magnetic field is used to allow radiowave
propagation through the plasma layer. However, this technique is
limited by the required magnetic field strength [9]. The reasonable
magnetic field strength is up to 0.15 T at acceptable weight and
volume, but approximately 1 T magnetic field is required to penetrate
the plasma layer by using the magnetic-window method [8,10].

We expand upon the magnetic window via the addition of electric
fields to increase the density reduction possible for a given magnetic
field strength [1,3]. A radiowave can propagate through a plasma
layer without disturbing the flow of the plasma or other gases in the
system via a window created by an applied E x B field [1]. The ap-
plied electric field accelerates the plasma temporarily over the
antenna, reducing the local density to allow communication. The
mechanism of plasma acceleration across the E x B layer is similar
to that in a Hall-effect thruster [1]. The plasma returns to its original
velocity and density past the mitigation system. Figure 1 shows a
schematic of an applied E x B layer. The use of an electric field alone
is impractical, due to shielding of the electrodes by sheath effects. At
high densities, the sheath that forms around the electrodes can have a
thickness of millimeters or less. However, the presence of a magnetic
field can trap the electrons, allowing the existence of a strong electric
field. This allows ion acceleration through regions of a plasma layer
and corresponding plasma density decrease. The reduced plasma
density can create a window in a plasma layer through which radio-
waves can be transmitted. The plasma density distribution will be
affected by the magnitudes and profiles of the magnetic and electric
fields. There are still limits on the density of plasma that can be
effected, placed by practical limitations on the magnetic and electric
fields that can be applied (due to magnet weight and electrode
arcing). However, a significant range of densities can be mitigated,
corresponding to increased altitude range of communications or
decreased periods of radio blackout. Experimental results confirm
our simulation models and numerical results. Therefore, our numer-
ical result can help to estimate the plasma density distribution
and establish the optimal E x B layer configuration to allow
communication.

In this paper we present a series of models that were developed and
compared to experimental data that were conducted to explore the
use of electric and magnetic fields to manipulate a plasma layer. This
will be seen as an effective approach to solving the blackout problem.
First, in Sec. II, we describe a physical model of the plasma and show
a fluid plasma approximation. The numerical model of an E x B
layer is described in Sec. III, including two types of potential models:
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Fig. 1 Schematic of an applied E x B field for telemetry through a
hypersonic plasma layer.

a thermalized potential model and a Poisson-like potential model.
The numerical and experimental results are compared in Sec. IV.

II. E x B Layer Model

We previously developed a two-dimensional magnetohydrody-
namics (MHD) model of an E x B layer [3]. This model is based on a
two-dimensional steady-state fluid plasma model with the following
general assumptions [1]:

1) The E x B layer is quasi-neutral.

2) The neutrals are at rest.

3) There is no ionization in the E x B layer.

4) The electron temperature, T, is constant.

5) The ions are cold.

These assumptions are physically reasonable for this application.
First, quasi-neutrality is consistent with measured data from reentry
vehicles [11]. Although, strictly speaking, the neutrals are not at rest
with an incoming hypersonic flow condition, the stationary neutral
assumption will maximize the effect of the ion-neutral drag term in
the model, thus rendering our calculations a worst-case scenario [1].
Furthermore, the boundary layer around the vehicle results in
relatively slow neutral velocity compared to vehicle velocity [12],
and itis in this stagnation layer that the plasma density to be mitigated
is highest. The plasma density in the E x B layer decreases due to
acceleration. At high hypersonic velocity, electron-impact ionization
is more important than associative ionization. Because the electron-
impact ionization rate is proportional to the electron number density,
the maximum ionization rate corresponds to unperturbed conditions.
Therefore, we can assume no ionization in the E x B layer. The cold-
ion assumption makes the ion pressure term negligible. Therefore,
the two-dimensional steady-state E x B layer model can be
described by

V- (Vin)=0 (@)

min(vi . VV!) = (J X B) - Vpe - (minvevi + menvege) (3)
J =0(E+V,xB)~—-(J xB) @)

V-J=0 ()

Equations (2), (3), and (5) are mass, momentum, and current
density conservation, respectively, and Eq. (4) is a generalized
Ohm’s law.

Two-dimensional analysis is important because it can estimate
over whatrange the applied E x B layer can manipulate a hypersonic
plasma layer [3]. Previous estimates indicate that the plasma layer is
on the order of a few centimeters thick around a reentry vehicle at a
density sufficient to block communications [1,3]. The region of
manipulated plasma must be at least this deep for practical applica-
tions. In addition, the magnetic field configuration is an important
parameter to optimize the E x B layer configuration. Our two-
dimensional E x B layer model with a two-dimensional magnetic
field uses two different potential distribution models: the thermalized
potential model and the Poisson-like model.

A. Thermalized Potential Model

The magnetic field is assumed to be entirely determined by the
applied electromagnet and to be unaffected by the applied electric
field. In this case, we can assume that the magnetic field has a
divergence-free magnetic field condition. To facilitate the solution of
Eq. (4), we can use a magnetic field stream function. The magnetic
stream function is calculated from

oA A
BX_B_Z and BZ——a 6)
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The magnetic stream function is constant along a magnetic field
line and can be used to discretize the simulation domain in order to
reduce it to a quasi-one-dimensional problem.

In the two-dimensional magnetic field condition, the electron
mobility is not a simple scalar. In this case, the value of the electron
mobility is much larger for electron transport along magnetic field
lines than for transport across the magnetic field, which is the primary
reason to apply the magnetic field. However, the electron flux cannot
be much larger along magnetic field lines than across the magnetic
field because of the current conservation. Therefore, along each
magnetic field line there is a balance between the electrostatic
pressure and the electron thermal pressure [13], and it can be
calculated as

—pnE n—puT,Vn=0 (7)

Equation (7) can reduce the two-dimensional electric field
problem into a quasi-one-dimensional problem, and so it simplifies
the electrostatic field calculation. This concept was introduced by
Morozov et al. [14] and is known as the thermalized potential or
equipotential along the magnetic field line. The thermalized potential
¢* can be defined as

¥ =9t - 7.t (59) ®
0

B. Poisson-Like Potential Model

When a high potential drop is applied between two electrodes, the
thermalized potential concept is not useful, because a thermalized
potential is due to fast electron motion along the magnetic field. In
this case, current conservation can be used to calculate an electro-
static field.

The generalized Ohm’s law (4) can be expressed in a matrix form
as follows [15]:

J =G(E+VxB) ©)

The conductivity tensor ¢ is defined as follows [15]:

-_ o [1+8 BB

U_1+ﬂ2[ﬁxﬂz 1+ﬂ%] 1o
where

ﬂszx% and ﬁzsz% (11)

From Egs. (5) and (9) we can obtain a Poisson-like equation for the
potential distribution:

V- (6V¢) = V- (V x B) (12)

Equation (12) is a nonlinear second-order elliptic partial differential
equation that gives the potential distribution for a high-potential-drop
condition.

III. Numerical Method

As shown in Fig. 2, the two-dimensional E x B layer MHD model
is solved numerically with an iterative scheme. The solution begins
with an assumed initial potential distribution ¢°, which is obtained by
solving the Poisson equation (12). Equations (2) and (3), the ion
transport model, are solved by using the finite volume method with
the Harten—Lax—van Leer contact wave Riemann solver [16,17] to
give plasma number density and velocity. The obtained plasma
number density and velocity distributions are used to calculate the
new potential distribution. The potential distribution is obtained from
either the thermalized potential model or the Poisson-like potential
model, depending on the strength of the applied electric field.

The new potential distribution provides a new electric field for the
nextiteration step. After several iterations, all variables converge and
we obtain a steady-state solution with sufficient accuracy.

Start with initial potential quess
@0

Iteration

Ion transport model

Solve ion transport equation

Potential model

1D magnetic field model

2D magntic field model
(Thermalized potential)

Finite Volume Method
+

HLLE Riemann solver

2D magntic field model
(Poisson-like equation)

potential, gnew

Fig. 2 Numerical method for a two-dimensional E x B layer MHD
model.

Figure 3 shows the boundary conditions that are applied in the
two-dimensional E x B layer MHD model. The inflow boundary
condition is applied on the left side. It uses the initial plasma number
density and the constant neutral number density. In this case, the bulk
plasma velocity is assumed to be 1000 m/s with only an x-direction
component. The right- and upper-side boundaries use the outflow
boundary condition, and a zero potential variation across the bound-
ary is assumed. The bottom boundary uses the dielectric boundary
condition. Because of the dielectric boundary condition, no ions are
neutralized at the dielectric wall, which means that the wall fully
absorbs ions.

Figure 4 shows a configuration of an applied magnetic field [18].
The configuration of a magnetic field does not depend on the
maximum magnetic field strength. The maximum magnetic field
strength is given near the two electrodes.

IV. Results
A. Numerical Simulation Results

The plasma density reduction with the two-dimensional magnetic
field is shown in Fig. 5, in which the initial plasma density n, is
4.2 x 10'® m~3 and the initial neutral pressure is 1 mtorr. A —800 V
potential is applied with 0.07 T magnetic field strength [18]. It has
two increased density regions beyond the anode and the cathode.
The increased density region of the cathode is also found in the
one-dimensional constant-magnetic-field model [3]. It is primarily
caused by the 0 V potential beyond the cathode. The applied 0 V
potential is quite reasonable, because we assume that the area beyond
the cathode has a vacuum condition. However, the one-dimensional
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Fig. 3 Applied boundary conditions for a two-dimensional E x B layer
model.
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magnetic field model does not have the increased density region near
the anode [1]. This increased region is due to the divergence of the
applied two-dimensional magnetic field.

Figure 6 shows more detail of the plasma-density-reduction
profile. The highest plasma density reduction occurs near the cathode
and the E x B layer can effectively reduce the plasma density up to
approximately 2 cm above the surface. Therefore, such analysis can
determine the optimal location of the transmit antenna to solve the
radio blackout.

It is important to understand the effectiveness of the applied
magnetic field in the E x B layer in order to optimize the system. In a
previous study, we showed that a stronger magnetic field gives a

higher plasma density reduction with the one-dimensional E x B
layer MHD model [1]. The two-dimensional E x B layer MHD
model also gives similar results. Figure 7 shows the plasma density
reduction in the E x B layer with several magnetic field strengths.
In those cases, we use one-dimensional constant-magnetic-field
distribution. As expected, a higher magnetic field gives a higher
density reduction. However, the maximum magnetic field strength is
limited because of the weight of a permanent magnet. The higher
magnetic field guarantees a larger window for communication but it
gives anegative effect on vehicle performance due to a heavy weight.

As shown in Fig. 8, the one-dimensional magnetic field model
predicts a higher plasma-density-reduction ratio than the two-
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Fig. 6 Distributions of the plasma-density-reduction ratios at several
vertical positions which are z = 0.0, 1.0, 2.0, and 4.0 cm.
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dimensional magnetic field model. Therefore, we can expect the
three-dimensional magnetic field will give a smaller plasma density
reduction than the two-dimensional magnetic field. Because the real
magnetic field has a three-dimensional distribution, the plasma
density reduction of an E x B layer will be less than the predicted
plasma density reduction by the two-dimensional magnetic field.
Figure 8 also shows the effectiveness of the magnetic field strength
with one-dimensional and two-dimensional E x B layer MHD
models. The plasma-density-reduction ratio increases with magnetic
field strength. However, the increase of the plasma density reduction
becomes smaller at the strong magnetic field condition. The 0.2 T
magnetic field condition gives the maximized plasma-density-
reduction ratio. It is also interesting that all models are agreement in
the case of large magnetic field, stronger than 0.2 T.

The potential drop is another parameter that affects the plasma
density reduction in the applied E x B layer. In the one-dimensional
case, we showed that a higher potential drop gives a higher plasma
density reduction but the maximum applicable potential drop is
limited due to a technical limitation [1]. For the two-dimensional
E x B layer MHD model, the effectiveness of the applied potential
drop is shown in Fig. 9. In this case, the initial plasma density, n is
4.2 x 10'® m~3 and the initial neutral pressure is 1 mTorr with 0.07 T
magnetic field strength.

B. Comparisons and Analysis

Figure shows both experimental results [18] and one-dimensional
magnetic field model results where the initial plasma density, n is
4.2 x 10'"® m~3, the initial neutral pressure is 1 mTorr and a —800 V
potential is applied with 0.07 T magnetic field strength. The vertical
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Fig. 8 Plasma-density-reduction ratio as a function of magnetic field
with three different models.
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and horizontal locations are normalized by the interelectrode length,
L. The anode and cathode are located at x/L =0 and x/L = 1.0,
respectively. The simulations use a 200 x 300 structured rectangular
grid. As shown in Fig. 10, the E x B layer model agrees well with the
measured data near the center of the two electrodes (see Fig. 10b).
However, the model usually predicts higher plasma-density-
reduction ratios than the experimental results at the x/L = 0.675
and 1.0 positions. The model uses the one-dimensional magnetic
field condition, which means the magnetic field only has a constant
z-direction component. The experimental magnetic field is not one-
dimensional except at the center of the two electrodes, x/L = 0.5
position. The two-dimensional magnetic field model gives a better
result than the one-dimensional magnetic field model as shown in
Fig. 11. In this case, the initial conditions and the E x B layer
configuration are same as Fig. 10.

In Figs. 10 and 11, the numerical result does not include a
generation of a plasma layer so the entire simulation domain is
assumed as a plasma layer. It is a reasonable assumption in order to
compare with the experimental data because the experimental test
chamber is completely filled with Helicon plasma. The thickness of a
plasma layer is same as the radius of a test chamber and it is typically
thicker than a plasma layer of a reentry flight. For the RAM-C flight
test, the thickness of a plasma layer is approximately 1-2 cm but it
depends on the altitude. For the low-altitude case, the plasma layer is
thin and has high peak plasma density. At high altitudes, the plasma
layer is thicker and the peak plasma density is lower than the low-
altitude case [9,19]. Therefore, it has two important values in order to
determine a possibility of solving a radio blackout problem, the
reduced plasma number density and the thickness of plasma layer
which is effectively manipulated by an E x B layer.

The reduced plasma number density is one of important value in
order to verify a possibility of a communication through a plasma
layer by using an E x B layer. When a plasma number density is
higher than a critical number density, a radiowave has an infinite
attenuation in a plasma layer [3,20]. For 1 GHz ultra-high-frequency
radiowave, the reduced plasma number density by an E x B layer at
least should be less than 4.0 x 10'® m™3 [21]. Even if the plasma
number density is less than the critical plasma number density, there
is still radiowave attenuation. In this case, the radiowave attenuation
mainly depends on the electron number density [3]. Therefore, a
desired plasma number density should be considered with radiowave
frequency and maximum signal attenuation for a communication.

As shown in Figs. 10 and 11, the high plasma density reduction
occurs near the cathode, and the plasma density reduction can be
extended up to 4 cm from the bottom surface. This demonstrates how
far the applied E x B layer can effectively reduce the plasma density
from the surface. The area over which the applied E x B layer can
effectively reduce the plasma density is very important, because it
should be larger than the plasma density peak location of the
hypersonic plasma layer in order to solve the radio blackout. The
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Fig. 10 Plasma density profiles at several locations from experiment and simulation (using the one-dimensional magnetic field configuration).

plasma density peak typically occurs at 1-2 cm above the vehicle
surface in the RAM-C flight test [1,19], and so the applied E x B
layer can penetrate a plasma layer for communication during a radio
blackout period.

The previous passive plasma-manipulation approaches affect the
aerodynamic performance of a vehicle, such as drag and heat transfer
[9]. Figures 10 and 11 also show that the applied E x B layer only
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affects the plasma density near the cathode because of a potential
distribution, as shown in Fig. 12. The potential sharply changes near
the cathode, and so it gives a strong electric field for ion acceleration
near the cathode, which means an E x B layer will not disturb an
entire flow. This is an important fact for a practical application,
because an applied E x B layer gives a window for communication
without any effect on a vehicle’s aerodynamics.
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Fig. 11 Plasma density profiles at several locations from simulation and experiment with a two-dimensional magnetic field.
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Fig. 12 Potential distribution with a two-dimensional magnetic field.

V. Conclusions

We have studied an E x B layer to allow communication through
the plasma layer during the radio blackout period. The numerical
result shows a significant density reduction in an E x B layer. The
application of electric and magnetic fields could therefore allow radio
communication through a hypersonic plasma layer. The numerical
result also shows that the applied E x B layer reduces a plasma
number density near a cathode. The reduced plasma density and area
can be controlled by changing magnetic field strength and potential.
Because the applied E x B layer can manipulate plasma in a specific
region, it can also be used in other industry applications such as
semiconductor production and positron storage.
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