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Reentering hypersonic vehicles become surrounded by a layer of dissociated plasma,
consisting of ions and free electrons, during high-velocity passage through the upper
atmosphere. The ionized layer or sheath can reflect and attenuate propagating
electromagnetic waves severely, causing radio communications to be degraded or
temporarily disrupted. This interruption in signal transmission and reception, or radio
frequency (RF) blackout, is of concern for determination of vehicle position and vehicle
control, key issues affecting public safety, especially for future manned flights where
continuous contact with ground control will be crucial. Causes of RF blackout from plasma
generation around vehicles during hypersonic reentry were reviewed. Methodologies for
mitigating communications blackouts, applicable to reusable launch vehicles (RLVs) for
commercial space, were surveyed. Interactions of RF signals with a known ionized layer,
including reflection, attenuation, refraction, high-power breakdown limits, and effects of the
plasma on antenna characteristics, were explored. RF blackout mitigation strategies fall into
two general classes: passive and active. Passive approaches necessitate design of vehicle
configurations to minimize plasma effects on communications signals. Active approaches
entail manipulation of the plasma conditions and electron density in localized regions
surrounding communication antennas to facilitate RF transmission. Examples of passive
approaches include: using vehicles with leading edges aerodynamically shaped to minimize
plasma generation, designing for communication at higher frequencies, and designing for
radiating higher power from the vehicle. Examples of active approaches include: injection of
electrophilic quenchants or droplets that evaporatively cool the plasma and application of
magnetic fields. The most promising approaches for mitigating the interruption of
communications due to interactions of plasma electrons with RF signals are aerodynamic
shaping, injection of electrophilic quenchants, use of magnetic windows, and use of high
frequencies within the limits imposed by atmospheric attenuation.
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I. Introduction

LACKOUT is caused when RF transmission waves used for communication, telemetry, or guidance are

attenuated and/or reflected by electrons in the plasma sheaths surrounding vehicles during hypersonic reentry.
These sheaths containing electrons result from extreme heating of the air by strong shock waves originating at
leading edges of blunt vehicles, and from viscous dissipation of a layer of air on the surface of sharp leading-edge
vehicles, e.g., those with nose radius %-in. or less."” In general, transmission is possible at RF frequencies greater
than the characteristic “plasma frequency,” a plasma parameter that scales with the square root of the electron
density in plasma sheaths. Electron densities depend strongly on the vehicle shape, altitude, and velocity (and
therefore temperature of the plasma sheath), and the angle of attack (AoA) of vehicle surfaces with respect to the
direction of flight. During reentry, vehicles can generate high electron densities with plasma frequencies exceeding
the RF transmission frequency, leading to communication blackouts. Communication is restored when plasma
frequencies decrease, due mostly to deceleration to lower vehicle velocities and an increase in electron collision
frequency with neutral particles due to the higher density of the plasma at lower altitudes.

Il. Approach

This study addressed four goals: First, vehicle classes to be evaluated were defined. These included RLVs most
likely to be used for space transportation in the future and other classes selected because of published flight data
relevant to the reentry blackout problem. Secondly, ionized flow fields for each vehicle class were defined over a
characteristic trajectory. In the absence of published flight data, the best state-of-the-art flow field codes were used
to predict the ionized flow field. In each case, the altitudes of onset and subsequent recovery from blackout were
highlighted. Thirdly, RF interactions with the ionized flow fields were reviewed, including comparisons with flight
data where available. Finally, mitigation methodologies were surveyed and promising concepts recommended for
more detailed assessment in actual application to full-scale RLVs.

I11. Representative Vehicle Classes

Simple axisymmetric bodies are usually categorized, for the purposes of plasma sheath analysis, as blunt- or
sharp-nosed, depending on the dominant source of plasma formation. Thus, a blunt-nosed body is one whose sheath
properties are determined by air that has passed through a normal or nearly normal strong shock wave with potential
to create large volume flows of plasma, and a sharp-nosed, slender body is one whose sheath properties are
determined by viscous dissipation in the boundary layer, which on a sharp-nosed vehicle is supplied with air that has
passed through a weak oblique shock. Another distinguishing characteristic between blunt- and sharp-nosed vehicles
is that for the former, the thickness of the plasma sheath on the conical part of the vehicle fills the volume of flow
between the edge of the boundary layer of the RV and the oblique shock wave, whereas the analogous volume on
sharp, slender reentry vehicles is void of plasma.' Schematic representations of plasma flow fields around blunt- and
sharp-tipped reentering vehicles are depicted in Figs. 1 and 2, respectively.

Five representative vehicle classes were reviewed. The first four were two types of conical ballistic RVs, with
blunt tips and sharp tips, respectively, unpowered lifting glide vehicles, of which the Space Shuttle is a primary
representative, and powered air-breathing lifting vehicles, such as the X-43. The fifth class was the K-1 2-stage
orbital cargo vehicle, under development at Rocketplane Kistler, Inc. (RpK), which was included so that this highly
blunted “slightly lifting” configuration could be analyzed.

Powered air-breathing lifting vehicles such as the X-43 demonstrators are designed to achieve altitudes in the
vicinity of 100 kft and to cruise at near-zero AoAs at Mach numbers ranging from 7 to 10. Given those parameters,
combined with the fact that the vehicle designs must produce minimum drag and, therefore, will likely incorporate
sharp leading edges, the probability of blackout issues for this vehicle class appears remote.
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U,, = free stream velocity U,, = free stream velocity

A = shock standoff distance Figure 2. Schematic flow field around a

Figure 1. Schematic flow field around a sharp-tipped RV.
blunt-tipped RV.? (Reprinted courtesy of NASA).

Two specific types of ballistic vehicles are illustrated in Figs. 3 and 4, respectively. In Fig. 3, blunt conical
ballistic RVs are represented by the NASA Radio Attenuation Measurements (RAM) flight experiments from the
1960s and 1970s, which addressed the blackout problem in a comprehensive manner for blunted vehicle
configurations.* The highly blunted RpK K-1 vehicle is shown in Fig. 4. Unpowered lifting glide vehicles are
represented in Fig. 5 by the Space Shuttle Orbiter, and powered air-breathing hypersonic cruise vehicles by the X-
43A. A schematic representation of a sharp-tipped vehicle was depicted in Fig. 2.
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Figure 3. Schematic of RAM C vehicles and

reentry flow characteristics’ Figure 4. Artist’s conception of RpK K-1
vehicle. (Reprinted with permission of
Rocketplane Kistler, Inc.)
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Drawing of Space Shuttle Orbiter X-43A Air-breathing Hypersonic
During Reentry Conditions Vehicle During Ground Testing

Figure 5. Unpowered glide and powered cruise vehicles. (Reprinted courtesy of NASA).

IV. Sources of Electrons on Plasma Sheaths

Equation (1) quantifies conservation of energy from velocity to temperature for the direction normal (90°) to
vehicle’s velocity vector. As the velocity decreases, heat capacity times temperature increases as indicated.

(CoDam + U?/2 = constant for normal flow across a 1-D shock wave €))
where: C, = heat capacity, T = temperature, U = flow velocity

As the temperature increases, a two-step process occurs. The first step is excitement of molecule translation,
rotation, and vibration modes. The second step is molecular dissociation and ionization. These processes take
thermal energy from the flow. The resulting endothermic reactions reduce the static temperature.

High reentry temperatures dissociate the oxygen and nitrogen molecules of the air, which triggers complex
chemical reactions, recombining these molecules and producing ionization. All of these reactions need to be
accounted for; twenty-six examples and concomitant forward and backward rate coefficients are listed in Table 1.’
In the exothermic reactions, molecules collide with sufficient energy to overcome the activation energy barrier and
form an activated complex at a lower energy level. The released electrons form the plasma sheath, inhibiting
communications. At lower altitudes, the forward and reverse rates become equal, producing chemical equilibrium.
At high altitudes, non-equilibrium chemistry prevails, complicating the analysis.

A. Plasma Flow Fields: Blunt, Slender Reentry Bodies

The NASA RAM Program (Fig. 3) addressed the blackout problem in a comprehensive manner. Nosetips with
various degrees of bluntness on an aft body with a 9 degree half-angle were instrumented heavily and reentered at
velocities of 18 kft/s in RAM Series A and B and 25 kft/s in Series C. For blunt vehicles such as these, the electrons
form primarily in the nose region. As they flow downstream, they fill the area between the vehicle surface and the
shock wave.

In the NASA RAM-C flight series, an electrostatic rake (Fig. 3) was used to measure ion densities in the shock
layer, from which electron densities were deduced. The rake employed a blade-like design with a very sharp leading
edge of 0.01-in. radius and held small metallic ion collectors.” The rake was mounted on the rear end of the conical
heatshield and survived heating down to 180 kft altitude, at which point it was retracted to preclude melting of
components.

The trajectory for the RAM C-II vehicles, i.e., velocity as a function of altitude, is shown in Fig. 6.” The RAM-C
vehicles had a 6-inch nose radius and were 49 inches long. Microwave reflectometers measured electron number
densities at four axial locations. Each reflectometer measured four frequencies, thus recording a distribution of
electron densities from the wall out to the edge of the plasma layer. The objective was to provide accurate data for
comparisons with the best available predictive codes. As seen in this figure, blackout of this blunt-nose
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configuration occurred over a wide range of transmission frequencies. As expected, higher frequencies were

associated with later onset of blackout.

Table 1. Chemical reactions and rate coefficients used in nonequilibrium calculations.’
(Reprinted courtesy of NASA).

B. Plasma Flow Fields: Sharp, Slender Reentry Bodies

NO, REACTION " FORWARD RATE COEFF, kg BACKWARD RATE COEFF, ky | THIRD BODY, M
I FORWARD DIRECTION | cm®/mole sec cm3/mole sec OR cm®/moe? sec —_

1(0ptm —-20+M 36 x 10"8 710 expi-5.95 x 10*m) 3.0 x 109 705 N, NO
2 [Ny+M = 2N4M 1.9 x 10"7 7705 pypi—1.13 x 10%mM) 1.1 x 1018 105 0, ND, 0,
3|NO+M == N:+0+M 3.9 x 1020 715 xpi-7.55 x 10T} 1.0 x 1020 118 0y, Ny
4a0+NO —=N+0, 3.2 x 10% 7! exp(-1.97 x 109M) 1.3 x 1010 710 exp(—3.58 x 1031}
5[{0+N, —=N+NOD 7.0 x 10" expi—3.8 x 10%7) 1.56 x 1013
6 N+Ny —=N+N+N 4.085 x 1022 715 gxpl—1.13 x 165mM) 227 x 1081 115
7lo+n = no*+e (1.4 + 0.4) x 108 715 exp(—3,18 x 10%m) (6.7 + 2.3} x 1021 7-15
glove —0'+e+e | 36+ 1.2 %103 729 pr188x105m) | (224 07) x 1080 7745
9 N+e” =N +e +e (1.1 + 0.4 x 1032 7731 o169 x 10°M) | (224 0.7) x 1080 7745

10[0+0 =0, +e” (16+ 040 x 107 77098 o g08 x 10%m) | (8.0 2 200 x 1021 7715

1 |o+0," +o0,+0" 292 x 108 7117 aepi-28 x 10%mM) 78 % 10" 708

12 [y ¢ NY == NNyt 202 x 10" 7087 aupi—1.3 2 10%m) 7.8 x 1011 705

B{H+N = Nyt (1.4 + 0.3) x 10 3expl—6.78 x 1047 (1.5 + 0.5) x 1022 7-1:5

140, + Ny ==00 + NO* +e™ | 1.38 x 1020 T-18% eup(—1.41 x 105) 1.0 x 1024 7725

15 [NO + Ny == NO* + o7+ Ny | 22x 10" 77035 gupi-1.08 x 109m) 22 x 1028 125

16 |0 + NO* == ND + 07 263 x 10"° 7706 4p(-5.08 x 10%M) 15x% 1013

17 Ny + 0" =0+ N, 24 x 10" 1720 api-23 x 10%m) 248 x 1019 7722

18 | N+ NOY == ND + NT 1.0 x 1072 77093 0 5.1 x 10%M) a8 x 0"

19 | 0, + NO¥—> NO + 05" 1.8 x 1015 1017 ept—3.3 x 10%m) 18 x 1013 0.5

20 {0+ NO" =0y + N* 1.34 x 1013 103 axpt —7.727 x WM} 1.0 x 101

21 [NO + 0, — NO* + ™ + 0, | 88 x 10" 77035 axp(—1.08 x 10° M) 2.8 x 1026 725

22(0,+0 —-20+0 9.0 x 1079 T=10 ep(-5.95 x 104m) 75 x 1018 7705

23|0,+0, == 2040, 2.24 x 1019 7710 expl—5.95 x 107m) 27 x 10'6 705,

24 |0y + Ny == 20+ Ny 7.2 % 1078 7710 wepf 5,05 x 107 60 x 108 7705

25 | Ny + Ny == 2N+ N, a7 x 1017 7705 opi_1.13 « 108mM) 2.72 x 1016 7-05

26| NO+M == N+Q+M 7.8 x 1020 715 gupl-7.55 x 104 2.0 x 1020 7718 0, N, NO

The sharp-tipped configuration discussed here consisted of an axisymmetric cone body with a small half-angle
and small nose radius. The flow field for this configuration consists of an oblique shock wave that forms along the
length of the body and a thin boundary layer. Figure 2 depicts a turbulent boundary layer along the aft portion of the
vehicle. In this case, the flow of molecules through the normal shock wave at the small nose generates electrons, but
not enough to ionize a large portion of the flow. Instead, the boundary layer on the surface provides energy to
increase the air temperature by viscous dissipation and thereby cause ionization.

Steiger et al. at The Aerospace Corporation reported that high-altitude telemetry blackout was experienced on a
sharp-tipped, slender RV (Fig. 7)°. The vehicle was a sphere-cone with a Y-inch nose radius, an 8° cone half-angle,
and an X-band circumferential ring antenna at about the 5-in. station. Telemetry measurements indicated plasma
attenuation beginning at approximately 190 kft and increasing to blackout conditions at approximately 145 kft. An
analysis indicated that the main contributor to the signal degradation was plasma attenuation with pattern distortion,
resulting from a small look angle. Further analysis indicated that a substantial reduction in plasma attenuation can be
achieved either by sharpening the nose radius or by moving the antenna to a more aft location.
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Figure 6. RAM C-I11 reentry trajectory showing onset and end of RF signal blackout.
X-band and C-band reacquisition were delayed because of tracking difficulties.” (Reprinted
courtesy of NASA).

C. Plasma Flow Fields: Unpowered Lifting Glide 1013 5
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Shuttle flight. They modeled the Orbiter as a 20° cone s 10" o

with a 4-ft. radius blunt nose reentering at 20° AoA. = °

Despite the fact that the nose radius on the actual as- % 000"‘_RN =01in

built Shuttle is smaller and the entry AoA is actually = % o

40°, they concluded that blackout duration would be Arienns - ® o

15 minutes, close to the actual 16 minutes 107 ® o

experienced.

Dunn and Kang’s results are shown in Fig. 8. The

abscissa on each plot is the distance across the plasma

from the body to the shock at various locations along .

the body (S), divided by the nose radius. g 0.2 0.4 0.6 0.8 1.0

The left plot shows those electron density profiles
at an altitude of 280 kft. The critical plasma density for
S-band RF is 6.5 x 10" electrons/cm’. Similar values

Distance alona body, ft

Figure 7. Clean air peak electron density decay.’

were seen further aft on the vehicle, and as the vehicle descends another 15 kft to 265 kft, the entire vehicle will be
covered with critical plasma. When the antennas are covered with critical plasma, the RF will be totally reflected
(blacked out) at high altitudes. The Shuttle flights eight years later experienced blackout onset at 265 kft.
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Figure 8. Plasma flow profiles for Shuttle configuration.® (Reprinted courtesy of NASA).

The right plot in Fig. 8 depicts the plasma shape at various locations along the body length for a delta-shaped
wedge model of the Shuttle at an altitude of 180 kft. The peak electron density is seen to be below the critical
plasma density, indicating recovery from blackout, which is 15 kft higher than where the Shuttle emerges from
blackout.

From these results, Dunn and Kang concluded that the duration of blackout would be approximately 15 minutes.

D. Plasma Flow Fields: Fully Reusable Two-Stage Vehicle

Rocketplane Kistler (RpK) has been developing a two-stage launch vehicle, the K-1 (Fig. 9), designed to be fully
recoverable. The first stage would fly to an altitude of 142 kft, separate from the second stage with its engines off,
relight the center of three engines, and fly back to the launch site following a ballistic trajectory. Parachutes would
be used to decelerate the first stage for a soft landing on four airbags. The second-stage orbital vehicle (OV) carries
the payload to orbit, deorbits, and returns to Earth flying a mostly ballistic trajectory but with the OV’s AoA
oriented to create some lifting. Anticipated blackout for this stage is discussed in the next section.

140
N pa——
12
>
60.2 ft 61.0ft Payload
Mnduls
[ b Orbital Vehicle (OV)

Launch Assist Platform (LAP)

Figure 9. K-1 vehicle profile. (Reprinted with permission of Rocketplane Kistler, Inc).
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V. Blackout Trajectories for Four Vehicle Classes

Blackout trajectories and times for reentry of the Shuttle, the RpK OV, the RAM C, and sharp-tipped RVs are
compared in Fig. 10. The absence of blackout for very sharp RVs is of key importance. Of special interest is a
comparison of the trajectory of the RpK OV to that of the Space Shuttle Orbiter, which reveals that the OV retains
considerably higher velocity at each equivalent altitude. The significantly longer blackout time for the Shuttle (16
minutes) relative to that for the RpK OV (1 minute) results from the fact that the Shuttle is a lifting body that
reenters the atmosphere at a 40° AoA to produce deceleration at high altitudes, thereby reducing heat transfer to the
vehicle thermal protection system, while the K-1 essentially follows a fast ballistic trajectory, taking only one
minute to descend from a very high altitude to a low altitude where recovery from blackout can occur. The Shuttle
experiences blackout onset at 265 kft and recovers at 162 kft. We would expect the OV to have the same or higher
onset altitude (both at 25 kft/s velocity) and to recover from blackout when it slows down to a velocity of 9 kft/s,
which occurs at an altitude of 110 kft. Velocity is the major determinant of the maximum temperature in the flow
field, and temperature is the major determinant of degree of ionization in the flow.

300
b Onset of Blackout
VAN ? blackout Vehicle duration,
30 - | minutes
250 | Recovery ~/\~Shuttle 16
From blackout
E 60 - € 200 Shuttle ~ Ram C 0.5
n ! \ | Sharp RV 0
B B AY
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<40 < / )<
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20 [
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Sharp RV
|
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0 5 10 15 20 25 30
Relative Velocity — kftis
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Figure 10. Blackout trajectories for four vehicle classes

V1. Blackout Mitigation Strategies

Five proposed techniques for mitigating blackout were identified, and recommendations were made regarding
their relative promise for application to future commercial space transportation systems. The techniques that were
evaluated were: aerodynamic shaping, injection of liquid electrophilic quenchants into the plasma sheath,
application of a magnetic field, use of high frequencies, and use of high power. These approaches are discussed in
the sections that follow.

A. Aerodynamic Shaping

A promising example of aerodynamic shaping is illustrated in Fig. 11. In this example, a sharp, slender probe
containing an antenna projects ahead of the bow shock of a blunt-nose vehicle. Belov et al. have done considerable
analysis and experimental evaluation of the aerodynamics, heat transfer, and nose radius required to assure
sufficiently low electron density flowing aft, where the antenna is located.® The sharp nose-cone of the probe is a
porous sintered metal, selected to accommodate cold gas cooling for survival.
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B. Injection of Liquid Electrophilic Quenchants

NASA has conducted successful flight demonstrations of the injection of liquids into the flow to alleviate
blackout. One demonstration was on the Gemini 3 Reentry capsule manned by two astronauts on March 23, 1965.°
Significant levels of signal strength increase during the early portion of a water injection sequence over an altitude
range of 272 to 246 kft were detected by VHF telemetry and VHF voice ground stations. Enhancement of C-band
beacon signal was observed during the latter portion of the water injection sequence from 200- to 160-kft altitude. A
comparison of calculated electron concentrations showed the same trends. This comparison was based on an
assumption that the primary mechanism of electron concentration reduction is recombination at or near the surface
of water drops, with values deduced from the observed VHF attenuation data. The data from this flight provided
evidence that it is possible to alleviate RF attenuation on a blunt body by water injection in the flow field.

C. Application of Magnetic Field

Theory supports the concept of applying a magnetic field to
alleviate blackout, and laboratory experiments at NASA-Langley
concluded that a 750 Gauss magnetic field resulted in a 20 dB
reduction in VHF attenuation, from 60 dB to 40 dB.

Starkey et al. analyzed a hypothetical air-breathing vehicle with
very blunt leading edges (6-in. radius) and showed that this
configuration generates thick plasma layers with very high electron
density."” A calculated magnetic field strength of 10 Gauss was
required to penetrate this substantial plasma layer. However, no
reasonable air-breathing vehicle will have leading-edge radii that
large.

Usui et al. concluded from an analytical experiment that use of the
Whistler mode (where the magnetic field cyclotron frequency equals
the RF frequency) could provide a window for RF transmission using
a magnetic field strength of 1500 Gauss."'

Whereas current magnetic field strength generation technology

may support up to 1500 Gauss at acceptable weight and volume, Figure 11. Sharp slender probe
achieving 10* Gauss will require significant advances in superconduct-  projecting ahead of blunt-nose vehicle
ing technologies. shock bow wave.® (Reprinted with

permission of AIAA).

D. Other Mitigation Approaches Considered

Two other RF blackout mitigation strategies were studied: use of high frequencies and use of high power.
Although increasing the frequency generally reduces attenuation, higher frequencies are more subject to atmospheric
and rain attenuation, with 10 GHz often suggested as a practical upper limit.

Transmitting higher power from the vehicle is limited by aperture breakdown, with typical breakdown powers in
the range of hundreds of watts. Increasing the transmit power to compensate, as an example, for even 30 dB of
attenuation is clearly impractical.

E. Summary of Blackout Mitigation Strategies

RF blackout mitigation strategies fall into two general classes: passive and active. Passive approaches necessitate
attention to vehicle and antenna design to minimize plasma effects on communications signals. Active approaches
entail manipulation of the plasma conditions and electron density in localized regions surrounding communication
antennas to facilitate RF transmission.

Implementing one or a combination of passive approaches will minimize and possibly eliminate the blackout
phenomenon. In our view, aerodynamic shaping, i.e., use of sharp leading edges, is the most practical and influential
approach for mitigating blackout because generation of plasma causing blackout is minimized. However, there are
limitations in implementing aerodynamic shaping and competing design requirements. For example, Belov et al. had
to use cooling to protect a protruding sharp tip from the environment, making it an active system.®

Examples of active approaches to mitigating the RF blackout problem include: injection of chemical quenchants,
or droplets that evaporatively cool the plasma, and application of magnetic fields. These methods can be used
periodically or locally where passive approaches are inadequate. Of these, the use of quenchants is the more well-
established, practical method. Magnetic field mitigation holds some promise but has not been demonstrated
sufficiently, and the implementation requirements appear daunting for existing technologies. Both of these active
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approaches (quenchants and magnetic fields) could be advanced with additional experimental work to validate
model calculations, particularly following a proposal by Usui et al. that unique “Whistler” modes may facilitate RF
communications in a narrow range of resonant transmission frequencies.'' However, use of sharp leading edges, as
described above, can decrease the need for any of these active approaches.

VI11. Conclusions and Recommendations

Several key conclusions were drawn from this study: First, sharp-tipped RVs experience little or no blackout if
the nose radius and the angle of attack are small. The resulting very thin plasma sheath also facilitates other
supplementary mitigation approaches, e.g., use of quenchants or magnetic fields, should they be necessary. In
contrast to sharp-tipped vehicles, blunted conical and lifting-glide vehicles do experience significant blackout.

Aerodynamic shaping is the most promising approach for mitigating blackout and warrants further investigation.
Designers of one vehicle class, i.e., powered hypersonic air-breathing vehicles, have great incentive to sharpen
leading edges to reduce aerodynamic drag, which has the complementary benefit of making continuous RF
communication more achievable. For RLVs with blunt-tipped configurations, the application of sharp, slender
probes or cones containing antennas protruding ahead of the shock wave should be evaluated.

Higher frequencies were found to correlate with decreased blackout. However, atmospheric attenuation becomes
an issue at frequencies greater than approximately 10 GHz. A detailed evaluation of appropriate spectra for RLV
communications would be beneficial.

A detailed report on this study, prepared at The Aerospace Corporation, is posted on the website of the FAA
Office of Commercial Space Transportation. '
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