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The hypersonic flight experiment (HYFLEX) vehicle, which was a joint project for a hypersonic flight experiment
between the National Aerospace Laboratory and the National Space Development Agency of Japan, was success-
fully launched from the Tanegashima Space Center by a J-l rocket on 12 February 1996. The plasma electron
density at the windward surface of the HYFLEX vehicle was measured using reflectometers, which are nonintru-
sive measurement devices. The reflectometer employs a phenomenon in which the radio waves are reflected from
the plasma layer when the plasma density increases and exceeds a certain value. For comparison, the plasma den-
sity could also be calculated from a numerical analysis by real-gas computational fluid dynamics. It was difficult,
however, to verify a real-gas computational fluid dynamics code using ground facilities. Here the flight data were
compared with the calculations using a numerical simulation of the interaction between the radio waves and calcu-
lated plasma electron density. Also, this technique was applied to a prediction of the intensity of telemetry received at
the Ogasawara Downrange Station during the flight of HYFLEX. These simulations agreed well with respect to the
intensity of reflected and received radio waves, which is related to the plasma electron density measured during the
flight. However, an interesting discrepancy remained in the timing of the reflection peak and blackout occurrence.

Nomenclature
B = magnetic field
c = speed of light
E = electric field
e = charge of electrons
fp - plasma frequency
/ = current density
m = mass of electrons
np = number density of plasma electrons
t = time
v = velocity of electrons
x = location of electrons

Introduction

A S a part of a program to develop a reusable space transporta-
tion system for Japan, the development phase of its full-scale

demonstrator, the H-II Orbiting Plane-Experiment (HOPE-X), has
started its last fiscal year and is in design phase C as a joint project
between the National Aerospace Laboratory (NAL) and the Na-
tional Space Development Agency of Japan (NASDA). The flight
of HOPE-X is slated for around 2003, according to the present of-
ficial schedule. Prior to the start of HOPE-X development, a series
of flight experiments using smaller vehicles [for the orbital reentry
experiment (OREX), for the automatic landing flight experiment
(ALFLEX), and for the hypersonic flight experiment (HYFLEX)]
was planned to demonstrate the key technologies necessary for
HOPE-X.12
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Among these flight experiments, HYFLEX was successfully con-
ducted on 12 February 1996. The vehicle was launched from the
Tanegashima Space Center by the J-l, which is a new solid rocket
developed by NASDA. The purposes of the HYFLEX project are
to acquire experience from the design, manufacture, and flight of
a hypersonic lifting vehicle. Moreover, flight data on aerodynam-
ics and aerothermodynamics, performance of the thermal protection
system, guidance and control, and blackout phenomena are obtained
for the evaluation of design and test tools on the ground. Also, hy-
personic flight experiment technologies will be improved.3"9

The flight plan is shown in Fig. 1. The planned maximum velocity
of the HYFLEX was about 3.9 km/s. It was predicted that the vehicle
would encounter maximum aerodynamic heating at an altitude of
about 45 km and at a flight Mach number of about 11 at 49-deg
angle of attack. The planned flight time from separation to Mach 2
(end of attitude control) was 341 s.

In this paper, we focus on reflectometer measurement results
among the acquired flight test results, which are related to the ion-
ization of the air state around the vehicle. When spacecraft such
as Apollo and the Space Shuttle reentered the Earth's atmosphere,
blackout phenomena occurred. Blackout is the phenomenon in
which radio waves are reflected from ionized air around the airframe
at hypersonic flight. Although radio wave blackout is no longer a
problem in reentry flight because of high-frequency communication
via data relay satellites, the real-gas effect, which is caused by dis-
sociation and ionization of the air around the airframe, is considered
to be the cause of the aerodynamic characteristics deviating from
those predicted during the first flight of the Space Shuttle and are
not negligible.10'11

The plasma electron density at the windward surface of the
HYFLEX vehicle was measured using reflectometers, which are
nonintrusive measurement devices. Reflectometers employ a phe-
nomenon in which the radio waves are reflected by the plasma layer
when the plasma density is higher than a certain value. Thus, plasma
electron density can be evaluated from the reflection intensity of
the radio waves. Also, the intensity of very-high-frequency (vhf)
telemetry signals received at the Ogasawara Downrange Station
was measured. Power loss of this telemetry was also caused by
radio wave cutoff through the plasma layer around the vehicle, so
that the change in intensity could be used for comparison with the
data from the reflectometer.
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Fig. 1 Flight plan of the HYFLEX.

For comparison and code validation, the plasma density can be
calculated from a numerical analysis by real-gas computational fluid
dynamics (CFD) codes. It is difficult to verify real-gas CFD codes
using ground facilities because of various limitations such as flow
conditions, size of the model, instrumentation, and so on. Also, flight
data concerning real gas effects are scarce, even though there are
some indirect flight data such as heat transfer rates and aerodynamic
influences. Therefore, HYFLEX is a very promising chance for val-
idation. Here the reflection intensity for the reflectometers and the
received intensity at the downrange station during the flight were
compared with the calculations using numerical simulation of the
interference between radio waves and the CFD-calculated plasma
electron density.

Example of CFD Predictions Including
Real-Gas Effects

To design the reflectometers before manufacture, real-gas CFD
analysis is one of the most useful techniques for producing some
simulation data of the plasma density and distribution around the
vehicle. Although the CFD simulation needs to be verified by flight
data, it is adequate to use for designing this type of measurement
system.

The plasma electron density around the HYFLEX vehicle dur-
ing its atmospheric flight could be predicted by the CFD code in
Refs. 12-14, which included the real-gas effects (numerical calcula-
tion of the flowfield including dissociation and recombination of the
gas). The calculated flowfield was a three-dimensional, steady-state,
viscous flow of mixed chemical species (O2, N2, N, O, NO, NO+,
and e~). Finite-rate chemical reactions and Park's two-temperature
model, which had two internal energy modes (translational and ro-
tational energy mode and vibrational and electron excitation energy
mode) were considered to take into account nonequilibrium effects.
Millikan and White's semi-empirical equation with Park's modifi-
cation of limiting collisions of particles at high temperature (above
8000 K) was used as a relaxation model between vibrational temper-
ature and translational temperature. The governing equations were
the three-dimensional Navier-Stokes equations, mass conservation
equations for each chemical species, and a conservation equation
of the vibrational energy. Details of the CFD code are given in
Refs. 12-14.

Figure 2 shows the calculated results of plasma electron density
distribution along the center axis of the reflectometer antenna. The
layer with the highest density is at the wall surface. The largest den-
sity occurs at t = 120 s at the wall and is about 1011 (particles/cm3).
Here the thickness of the plasma layer is very thin compared to
the wave length (20~30 cm). The increase in density near the wall
was caused by the noncatalytic condition. Although there are some
results using a catalytic wall condition,14-15 it is difficult to find ad-
equate catalytics for this type of ceramic tile surface. Therefore, we
consider the results using a noncatalytic condition in the simulation.

The CFD results for the simulation of the vhf blackout (Fig. 3)
show the plasma electron density distribution near the vhf telemetry
antenna in the direction toward the Ogasawara Downrange Station.

120sec
118sec
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124sec

5.0 10.0 15.0 20.0
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Fig. 2 Plasma electron density distribution calculated by CFD includ-
ing real-gas effects: along the center axis of the reflectometer antenna.12

20.0 40.0 60.0
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Fig. 3 Plasma electron density distribution calculated by CFD in-
cluding real-gas effects: around the vhf telemetry antenna toward the
Ogasawara Downrange Station.12

The peak of the plasma electron density occurs at a position 20
cm from the antenna, and the maximum density is about 3 x 109

(particles/cm3). The difference between the results of Figs. 2 and 3
is from the vhf antenna being located at a leeward surface of the
HYFLEX vehicle. In other words, the aerodynamic heating at the
leeward surface is not as high as at the windward surface, and there
is a large separation region at the leeward area.

Measurement Principle Using Radio Wave Cutoff
and Design of the Reflectometer

For the measurement of the plasma electron density around the
vehicle, we adopted a reflectometer, which uses the cutoff phe-
nomena of radio waves by plasma electrons. A radio wave cannot
pass through a plasma layer when its frequency is lower than the
plasma frequency, fp = (4nnpe2/m)()-5/2n = 891Q^np, which is
determined by the free-electron number density np (particles/cm3),
as shown in Fig. 4. This phenomenon is called radio wave cutoff by
plasma electrons. Actually, the cutoff does not occur instantly. The
reflection intensity from the plasma electrons increases gradually
along with the increase of electron number density. The reflectome-
ter is a system to measure the intensity of reflection normalized by
the transmitted wave (the reflection coefficient) to determine the
plasma electron density using the cutoff of radio waves.

Thus, it is important to choose a reflectometer radio wave fre-
quency so that reflection from the plasma layer can occur. In the case
of the HYFLEX during its development phase, it was predicted that
the maximum number density np of plasma electrons would be on
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Fig. 4 Radio wave cutoff phenomena by the plasma layer.
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Fig. 5 Antenna locations of the reflectometer and vhf telemetry on the
HYFLEX.

Fig. 6 Reflectometer antenna of 902.85 MHz.

the order of 10n/cm3 and that the corresponding plasma frequency
fp would be about 3 GHz. Therefore, it was appropriate to set the fre-
quency at 1 GHz or less because the reflection might decrease due to
the plasma layer being thinner than the wave length. It is desirable to
use more than one frequency to obtain the cutoff timing for different
frequencies, i.e., the timing of different electron number densities,
and so 902.85 and 1676.5 MHz were selected for the HYFLEX.

The antennas were installed 960 mm from the nose just aft of the
carbon/carbon nose cap, and they were set 180 mm off the centerline
(Fig. 5). This position was chosen to investigate the higher plasma
density. The antenna was a rectangular waveguide type. The size of
the opening of the 902.85-MHz antenna (Fig. 6) is 135 x 267 mm,
and it is 74 x 145 mm for the 1676.5-MHz antenna. To allow the
radio waves to be transmitted from the vehicle, a Kevlar® panel win-
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Fig. 7 Reflectometer circuit on the HYFLEX.

dow replaced the aluminum skin and the thermal protection tile was
then attached to the outside of the panel. The electromagnetic effect
of the panel and tile on the radio waves is negligible. Because of the
distance between the plasma layer and the antenna, there is some
influence on the reflection coefficient that the reflection simulations
should consider.

The measuring system circuit is composed of an oscillator, cir-
culator, standing wave ratio (SWR) section (for 902.85 MHz only),
detector, and amplifier (as shown in Fig. 7). The radio wave is trans-
mitted from the oscillator to the antenna through the circulator and
then reflected from the plasma layer. The reflected wave enters the
detector from the antenna by the circulator and finally is received by
the detector, where the intensity of the reflected wave is measured.
In the SWR section, the phase of the reflected wave is measured by
detecting the standing wave when full reflection of the radio waves
occurs. This gives information on the distance from the antenna to
the plasma layer. Unfortunately, the accuracy was so bad that we
cannot discuss the flight data.

Additionally, telemetry data were received normally at the
Ogasawara Downrange Station except during the blackout.16 The
blackout was observed in vhf telemetry (296.2 MHz) between 105
and 125 s from separation. (Flight data during the blackout were
stored onboard and transmitted after the blackout.) These blackout
data (indicated by a loss of the received power of the telemetry sig-
nal at the downrange station) are related to the radio wave cutoff
phenomena by the plasma electron density. The vhf antenna is lo-
cated at a leeward surface of the HYFLEX vehicle (Fig. 5) to avoid
the high aerodynamic heating and to keep sending telemetry data.

Plasma Electron and Radio Wave
Interference Simulation

Occurrence of a radio wave blackout by plasma electrons can
be characterized by plasma frequency fp, as described in the In-
troduction. However, the actual phenomena are more complicated
because the reflection intensity varies from 0 to 1 as the plasma
electron density increases to np. Therefore, for the prediction of
this gradual change of reflection intensity, it is necessary to calcu-
late the reflection of the radio wave from the plasma layer using
a numerical simulation of the interference between the radio wave
and plasma electrons. The governing equations for the numerical
analysis are the following equations from Maxwell's equations:

dE
dt
— = cV xB -

and the equations of motion for the plasma electrons:

vm em
—— =dt m

/=

Bvmx -
c

(1)

(2)

(3)

(4)

(5)
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The influence of ions in the plasma is negligible because the motion
of the ions is very small due to their very large mass relative to the
electron's mass.

In the discretization, central differences are used for both space
and time. Electric field and magnetic field are calculated in space and
time alternately. Because the number of actual plasma electrons is
very large, the plasma electrons are treated as a superparticle that is
a group of plasma electrons. Using the given distribution of plasma
electron density calculated by the CFD code, the electric charge of
each superparticle is decided at each position. Collisions between
the plasma electrons are neglected because the collision frequency
is very small compared to the radio wave frequency at this flight
condition.

In the discretization of the one-dimensional analysis, E is de-
fined for the z direction, B is defined for the y direction, and the
electromagnetic wave is supposed to propagate in the x direction.
Moreover, E and B are placed alternately on the grid because E is
calculated from B at adjacent grid points on both sides using Eq. (1)
and vice versa, where B is calculated from E using Eq. (2). Regarding
the plasma electrons, only the z direction velocity of the electrons is
produced. The electric current is obtained by the linear interpolation
of the plasma particle velocity. These one-dimensional simulation
results for the plasma layer of a constant and also step-shaped den-
sity distribution were compared with analytical solutions, and very
good agreement was shown.17

In the three-dimensional analysis, it becomes more complicated
because the direction of the E and B fields has to be set adequately
according to the position. At first, for example, it is assumed that E
is defined for the z direction at EQz in Fig. 8. Then the next positions
of B are influenced, and the direction of B is for the y direction at
the Biy position and for the x direction at B\x. Next E2x and E2z are
influenced by B\y and vibrated for the x direction and z direction,
respectively. Here both E and B should not be set at the positions of
P, g, R, and S because these positions are not influenced by £0z.
Using this grid system, radio wave transmissions can be simulated.

The accuracy of this three-dimensional numerical simulation can
be evaluated by comparing its results with those of ground tests of

fer
Fig. 8 Grid system for
three-dimensional simu-
lation of radio wave
transmission.

0.0

• Ground Test
Simulation (1-D)
Simulation (2-D)

o Simulation (3-D)
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the reflectometer flight model in which radio waves are reflected by
a metallic plate instead of a plasma layer. The results are shown
in Fig. 9. The one- and two-dimensional simulation cannot in-
clude the correct effect of the distance between the plasma layer
and the antenna. This is because the gap should leak the radio
waves three dimensionally. The three-dimensional simulation re-
sults (which demonstrate the effect precisely in three-dimensional
space) agree quite well with the test results. The accuracy of this
simulation method is verified by the one-dimensional results for the
distributed plasma density and the three-dimensional results for the
metal plate in three-dimensional space.

Reflectometer Flight Result and Comparison
with the Simulation

The flight data obtained by the reflectometers are shown in Fig. 10.
S/N ratios of the reflectometers are -20 dB for 902.85 MHz and
—23 dB for 1676.5 MHz, which reveal their performances in detect-
ing small signals from the reflected radio waves. The reflectometer
of 902.85 and 1676.5 MHz could detect the signal over 0.1 and 0.07,
respectively. Errors, such as noise of telemetry data and tempera-
ture drift, are very low and are within only 1 bit, as can be seen
by the very small fluctuations of data in Fig. 10. Although this low
error level is caused by low resolution (about 0.005, which is not
very good, as shown in Fig. 10), the performance of the reflectome-
ter (considering S/N ratio, errors, and resolution) is reasonable for
analysis and comparison with the calculated results. For other errors
on the reflectometer, there are also effects by the Kevlar window and
ceramic tiles between the plasma layer and the antenna, but it has
been confirmed by ground tests that these effects can be neglected.
The other effects include the change of surface composition of the
ceramic tiles by the high aerodynamic heating, i.e., ablation effects,
which might occur during the reentry flight. This effect may have
shifted the time of the largest radio wave reflection to a later moment
because the largest aerodynamic heating happened several seconds
after the largest radio wave reflection. However, this effect could be
also neglected by considering the relationship of the flight data and
CFD results shown later.

The maximum reflection coefficient was about 0.3 at 902.85 MHz
and about 0.2 at 1676.5 MHz. The dependency on frequency is qual-
itatively reasonable because the reflection of the lower frequency
should be larger than that of the higher frequency. Regarding
the time and duration of blackout, the radio wave reflection oc-
curred during / = 100~130 s, which is consistent with the blackout
(t = 105~125 s) observed in the vhf telemetry data.

In Fig. 10, results of the radio wave reflection intensity obtained
by the three-dimensional numerical simulations (including real-gas
CFD and radio wave and plasma electron interferences, as described
earlier) are compared with flight results for 902.85 and 1676.5 MHz.
The simulated magnitude of maximum reflection intensity shows
good agreement with the flight data. Therefore, this distribution of
plasma electron density is a possibility for the actual plasma. In

Ground Test
Simulation (1-D)
Simulation (2-D)
Simulation (3-D)

0.0 50.0 100.0 150.0 200.0 0.0 50.0 100.0 150.0 200.0
Distance to Metal Plate(mm) Distance to Metal Plate(mm)

a) 902.85 MHz b) 1676.5 MHz
Fig. 9 Calibration results of the reflectometer and calculation by the metallic plate reflection.
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Fig. 10 Flight test results of the reflectometer and comparison with
the numerical simulation.

other words, the other distribution could show the same reflection
coefficient. Thus, it cannot be concluded that the distribution cal-
culated by CFD is correct by using only the data from the reflec-
tometers. However, as mentioned in the next section, the data of
received vhf telemetry intensity show the same kind of good agree-
ment despite the difference in position and magnitude of the den-
sity. Thus, the calculated results are reasonable, and it is concluded
that the order of maximum plasma electron density is about 1011

(particles/cm3) and the thickness of the plasma layer is about 1 cm
around the reflectometers, where the thickness is defined by the
density that remains over 10% of the maximum density.

However, simulated results show a 5~10-s discrepancy with the
flight data in time, especially at the beginning of blackout. This
difference of 5 s is not large, but the difference of the reflection
coefficient of ^0.1 at 110 s from separation is significant because
this value of 0.1 is much larger than the simulation error in Fig. 9.
Therefore, this discrepancy warrants examination. This discrepancy
is probably not due to any ablation effect because this would shift
the discrepancy in Fig. 10 the opposite direction in time.

Although the reason for this discrepancy is not known yet, the
CFD model of the real gas may need to be examined more closely
using these results. For example, the CFD model might tend to
have an error in the much sparser atmosphere. In the future, it will
be necessary to check the CFD code to find the reason for this
discrepancy by using other flight-test results. Moreover, verification
of the CFD results and reflection simulation in a much higher plasma
electron condition will be needed because the separation speed of
the HYFLEX vehicle was limited to 3.9 km/s. For this purpose, we
are again planning measurements in the HOPE-X vehicle, which has
a much higher speed than the HYFLEX vehicle, because HOPE-X
is a planned reentry from orbit.

VHF Blackout and Comparison
with the Simulation

Figure 11 shows the intensity of vhf telemetry radio waves (296.2
MHz) received at the Ogasawara Downrange Station.16 The verti-
cal axis indicates the strength of the received radio wave that is
normalized by the value at 100 s (occurring just before the black-
out phenomena). A decrease in intensity (blackout) was detected
between t = 105 and t = 125 s. The value at 100 s is relatively
higher than that at 105 and 115 s, but it is considered reasonable
because the trend of the intensity would show an increase if the
blackout phenomena did not occur. This trend of an increase oc-
curred because the vehicle was getting closer to the Ogasawara
Downrange Station. After 130s, the intensity became very high
because the vehicle was getting closer and skyline interference oc-
curred, which was the effect of reflection and diffraction by the
mountains.

Here the numerical simulation results using one-dimensional
analysis are shown. A three-dimensional calculation is not neces-
sary for this analysis because the radio waves reach the Ogasawara
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Fig. 11 Intensity of vhf telemetry radio waves (296.2 MHz) received at
the Ogasawara Downrange Station and comparison with the numerical
simulation.

Downrange Station directly and the reflected waves in other direc-
tions are considered negligible. The calculated results show good
agreement, except that the minimum point is shifted by 5~10 s
in time. As mentioned in the reflectometer results, the plasma dis-
tributions calculated by CFD are considered to be reasonable; the
maximum density is about 2~3 x 109 (particle/cm3), and the thick-
ness of the plasma layer is about 50~60 cm.

This discrepancy in time is the same for the reflectometer results.
However, the flow condition around the vhf antenna, which was at
the leeward side of the vehicle, is very different from the flow con-
dition around the reflectometer, which was at the windward side.
Thus, the aerodynamic heating is weak, and the density and pres-
sure are small. Also, the measurement procedures are different for
the reflected waves that were measured by the reflectometer and the
transmitted waves that were measured by the vhf telemetry. More-
over, the simulations of radio wave and plasma electron interference
are different. That is, one- and three-dimensional simulations were
applied. However, these two relationships between simulations and
flight tests showed the same discrepancy. The results are very inter-
esting, and these measurement systems and the interference simu-
lation are considered to have sufficient accuracy. The procedure is
able to verify results from the real-gas CFD code, and these results
give clues for the improvement of the real-gas model used in the
CFD calculation.

Conclusions
In the HYFLEX, measurements by reflectometer and detection

of vhf blackout phenomena were conducted, and their results were
compared with the calculated results using real-gas CFD and nu-
merical simulation between radio waves and plasma electrons. The
plasma layer was predicted by the CFD. The thickness of the plasma
layer around the reflectometer was about 1 cm, and the order of
the highest density was about 10n (particles/cm3) after 120 s from
separation. Also, the plasma density was calculated near the vhf
telemetry antenna by CFD, the peak density was about 3 x 109

(particles/cm3), and the thickness was about 50 cm.
Using these CFD results, radio wave and plasma electron interfer-

ence simulations were conducted to predict reflection coefficients
from the reflectometer and the intensity received at the ground sta-
tion. Calculated results of the maximum reflection coefficients and
the minimum received intensity showed good agreement with flight-
test results. Presently, the obtained time discrepancy in the occur-
rence of the peak plasma electron density, which was observed in
comparison of both the reflectometer data and the ground station
data in a very similar manner, gives a clue for the improvement of
the real-gas model used in the CFD calculations.
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