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Material Injection Alleviation during the RAM C-III Flight

LyrLe C. SCHROEDER* AND NORMAN D. AKEY*
NASA Langley Research Center, Hampton, Va.

The results of a material injection RF blackout alleviation experiment and of plasma diagnostic measurements
using electrostatic probes and an S-band reflectometer in a 25,000 fps re-entry flight are presented. Significant
alleviation of RF blackout is observed at altitudes of from 270,000 ft to 120,000 ft due to injection of water and
Freon E-3 on VHF, S-band, C-band, and X-band frequencies. Electrostatic probe data, attenuation data, and

S-band diagnostic data show consistent plasma results.

discussed.

Introduction

HIS paper describes results of the last flight in a series con-
ducted in the NASA Langley Research Center’s Radio
Attenuation Measurements (RAM) program. The RAM A and
B re-entry blackout experiments were conducted on hemispheri-
cally blunted conical spacecraft with nose radii of 1 and 4 in,,
respectively, at entry velocities of 18,000 fps.!  The RAM C series
configuration was a 6-in.-radius, hemispherically blunted, 9° half-
angle cone which re-entered at 25,000 fps. RAM C-I, the first
flight of the series, yielded diagnostic plasma measurements using
Langmuir probes extending into the flowfield and data showing
the effectiveness of water injection alleviation during the radio
blackout.? RAM C-II, the second flight,® provided diagnostic
plasma measurements with no ablation contaminant impurities in
the flow field using microwave reflectometers at four frequencies
at many body stations, and using Langmuir probes as on C-1.
RAM C-1II was the final flight, and this paper primarily focuses
on the key objective, the alleviation of radio blackout by injection
of water and Freon E-3. The degree of alleviation was princi-
pally determined by the effects of injection on the attenuation of
the 259.7 MHz VHF telemetry antenna. Effects of injection on
attenuation at other frequencies and on S-band and electrostatic
probe measurements are also discussed. (Details of the Lang-
muir probe results of RAM C-III are discussed in a paper by
Kang, Jones, and Dunn.*)
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Fig. 1 RAM C-III profile and data period. (Dark bar within attenuation
band indicates times when injection effects were observed.)
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The relative effectiveness of water and Freon E-3 is

Description of Systems

1. Launch and Flight Systems

The RAM C-II flight was conducted using a four-stage
Scout launch vehicle. The re-entry trajectory flown by RAM
C-IIl is given in Fig. 1. This trajectory was similar by design to
that of RAM C-I and C-II to enable comparison of the experiment
results of all three flights. The attenuation period and the injec-
tion period are indicated on this figure.

2. Re-Entry Payload

An illustration of the RAM C-III payload and the detailed
location of RF system antennas and experiment system parts is
given in Fig. 2. The major plasma diagnostic instruments, the
S-band diagnostic antenna and the electrostatic probes, are indi-
cated in the illustration. The injection orifice sites just aft of the
nose are also shown. Notice that the electrostatic probes and
the prime experiment antennas, the 259.7 MHz slots, are directly
in line with the injection sites, and all other RF and diagnostic
systems are at some other angle. The spacecraft nose cap was
made of a carbon phenolic material containing 5000 ppm alkali

$ =
Part ¢
X, deg x/D
Nunmber Function in. (cm) | (2) (v)

Material injection site:
1 Side 1 7.35 (18.67) © .59
2 Side 2 7.35 (18.67)] 180 .59

Antenna:
3 VHF slot (259.7 Miz) 29.6  (75.2) [¢] 2,36
3 VHF slot (259.7 MHz) 29.6  (75.2) | 180 2.%6
5 S-Band antenna (3348 MHz) 29.38 (7h.6) [ 323 2.3
6 X-Band horn (9210 MHz) 32.6 (82.8) [ 60 2.60
T X-Band horn (9210 MHz) 32,6 (82.8) | 150 2.60
8 X-Band horn (9210 MHz) 32,6 (82.8) [ 2ko 2.60
9 X-Band horn (9210 MHz) 32.6 (82.8) | 330 2.60
10 VHF ring (250.4 MHZ) 43,0 (209.2) | --- 3.42
1 C-Band horn (5700 MHz) 6.6 (118.4) ] 30 3.71

Probe:
12 Electrostatic (Fixed Bias) | 48.6 (123.4) 0 3.87
13 (swept Bias) | 48.6 (123.4) ] 180 3.87

&Center-1line location of parts.
bNose diameter D is 12.56 in. {31.90 em).

Fig. 2 Position of RF antennas and experiment components on the
RAM C-III spacecraft.
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impurities, which can increase plasma density levels during
periods of ablation. The aft part of the spacecraft was covered

by Teflon.

3. Material Injection Experiment

The purpose of this experiment was to measure and compare
the effectiveness of a Tiquid electrophilic (Freon E-3) and water in
alleviating entry radio blackout. The mechanisms for producing
electron density reduction (and hence, signal recovery from black-
out) are theoretically quite different for water and an electrophilic.
Water injection has been shown to produce signal recovery by
causing enhanced recombination of electrons and ions at the
surface of water droplets,’ while electrophilics reduce electron
density by attaching electrons.®

Alleviation using water injection techniques has been already
demonstrated in flight.>7® However, the signal recovery during
the most similar flight, RAM C-1,2 was below expectations in
magnitude and duration, and improper injectant penetration was
the suspected cause. Following RAM C-1, extensive studies of
injection penetration and distribution were conducted using
large-scale models of the RAM C-III in several wind tunnels.
The improved penetration control established in these studies
provided the basis for the design of a more efficient injection
system which was incorporated in RAM C-I11.

Alleviation using electrophilic materials has been discussed in
the literature in many instances, for example, Crowe and Kil-
patrick.!® Many researchers felt that electrophilic materials
were potentially superior to water in producing electron density
reductions, but questioned its effectiveness at the high tempera-
ture of spacecraft entry. Recently, data obtained in a high-
temperature (4000°K) laboratory plasma® indicated electrophilic
materials produced electron density reduction 10 times greater
than water. To test these results in a re-entry flight environment,
the injection experiment was flown on RAM C-III.

The electrophilic material selected for the flight experiment
was Freon E-3 [F(C,F¢O);CHFCF,]. This material was
selected on the basis of its electron density reduction performance
in air arc jets and in the high-temperature combustion plasma,
and also because of its desirable injection properties.®

The RAM C-III experiment was designed to alternately. inject
both fluids, water and Freon E-3, into the flowfield with nearly
the same penetration distances and mass flow rates, while mea-
surements were made of the corresponding reduction in RF signal
attenuation and electron and ion density. The material injection
system used pressurized nitrogen to expel the liquid injectants
through a network of fixed orifices that were programed with
solenoid valves. A programed rise of injection pressure during
the injection period was produced by controlling the opening
time and size of control orifices. The injection pressure so
obtained was matched to requirements calculated from wind-
tunnel correlations of penetration with injection parameters.’
Two different flow rates (low and high) for each fluid were pulsed
into the flow field in the sequence shown in the top plot of Fig. 3.
The injection pulses were 0.2 sec long, with 0.3 sec between pulses.
An additional 0.5 sec off period occurred at the end of each cycle,
such that each cycle was 2.5 sec long. Ten such injection cycles
occurred during the injection period.

4. Diagnostic Systems

a. Electrostatic probes

.

The electrostatic probes were located at the base of the space-
craft on a fin which projected 14 cm long into the flowfleld. The
plasma profile was observed by monitoring the ion and electron
current at discrete locations of these probes. The probes ex-
tended twice as far into the flowfield as on the previous RAM C
flights, since the prior measurements showed the peak plasma
density occurred beyond 7 cm.'! Probe measurements were
taken about 20 times a second until the spacecraft descended to
200,000 ft, when the probes were retracted.
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Fig. 3 Positive ion current measureménts as a function of altitude and
time for a single fixed-bias probe.

Two different types of probes were flown on RAM C-IIL
Probes with a bias voltage fixed so that only positive ion current
is collected (which is related to plasma density) were installed in
one probe. Probes with a bias voltage swept to obtain a com-
plete voltage-current probe characteristic were installed in the
other fin. The probe measurements yielded electron density,
positive ion density, and electron temperature and are presented
in more detail elsewhere.* 12

b. S-Band antenna

The location of the S-band diagnostic antenna is shown in
Fig. 2. The dimensions were selected so that the antenna was
amenable to theoretical analysis.!®> Reflection coefficient and
admittance measurements were made during re-entry utilizing a
bidirectional coupler and a four-probe strip-line unit. The S-
band antenna performed diagnostic measurements over the entire
data period, whereas the Langmuir probes were retracted at
200,000 ft because of aerodynamic heating. Peak electron den-
sity and profile were inferred by comparing the admittance
measurements with theoretical calculations. These data are not
presented here, but are available elsewhere.!#

Injection Experiment Results and Discussion
1. Electrostatic Probe Measurement

a. Effects of injection on probe data

This section presents a glimpse of the effects of injection on the
electrostatic probe data. Details of the electrostatic probes, the
data obtained, and the method of data reduction are not given
here, but can be obtained elsewhere.*!2

Figure 3 shows a plot of ion current as a function of time and
altitude for a single fixed-bias probe. The buildup in plasma
density with decreasing altitude along with the reduction asso-
ciated with each injection pulse is apparent on this figure.

The effects of injection as a function of distance into the flow-
field are illustrated by plotting ion density level of each fixed-bias
probe as a function of its radial location. Such a plot showing
levels with no injection, water injection, and electrophilic injection
is shown in Fig. 4.1

Such electrostatic probe data are under analysis to evaluate
the relative effectiveness of water and Freon E-3, and to deter-
mine the effective distribution of injectants in the flowfield.

+ Freon E-3 fixed bias data do not show complete effects on Freon
E-3 alleviation. These analyses are incomplete as yet, but are dis-
cussed in more detail.?
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Ne cm > Table 1 Blackout times and altitudes
11 ~ Signal Altitude at Altitude at Altitude at
10 NO INJECTION Station frequency, beginning of signal emergence from
MHz attenuation blackout blackout
ft km ft km ft km
WATER
w0l Bermuda 2304 269,875 82.258 248865 75854 84,883 25872
10 259.7 272,079 82930 246081 75005 79,502 24.232
3348 227,613 69.376  218,547° 66.613- 66,624° 24.478
5800 201,073 61.287 190,688 58.122 73,515 22407
9210 182,265 55554 143050 43602 68305 20819
oL Aria 230.4 268,514 $1.843 249,577 76071  75921° 23.141
10 ALTITUDE Aifcraft 259.7 270,912 82.574 247,506 75440  67,252° 20.498
R FEET  KILOMETERS USNS range 2304 271,170 82653 249,124 75933 88495 26973
FREON 237 000 12.2 recoverer 259.7¢ 271,170 82.653  249,124° 75933  Never recovered
WATER 234 100 n4
P T Uss 230.4 278,489 84.883 248671° 75795 88952 27.113
0 e s 10 12 vanguard 259.7 279,136 85081 248671° 75795 78,312 23.869
5800 fi . 244,138 74.41 3,539 19.367
STANDOFF DISTANCE, y, cm sri;:ual 247,052 75.301 4,138° 74413 6
strength First loss
Fig. 4 Effects of injection on electrostatic probe ion density data (high 5800 from 247052 75301 234097 71353 63831 19456
" - iniacts le 3). tracking Final loss
mass-flow-rate injection cycle 3) signals 167437 51035

b. Penetration of injectants

As discussed in the previous section, electrostatic probe profile
data provide a measurement of penetration depth of injected
fluids. To obtain this depth, one merely compares the probe
profile during injection to the corresponding profile with no
injection to determine the depth at which plasma density reduc-
tion fades. A comparison of penetration depths_so obtained
using fixed-bias electrostatic data is shown in Fig. 5. Shown in
this figure for comparison are calculated penetration depths and
penetration requirements to quench below given N, (electron
density) levels.'? Fixed-bias probe data appear to be insensitive
to penetration depth for the first two cycles, and the probes are
retracted after five cycles. Data from the remaining three cycles
show reasonable agreement with calculated penetration levels
based on the wind-tunnel correlation.® The exception is for low
water flow rates which are, in general, higher than predictions.

2.  Signal Strength Measurements

a. Attenuation and recovery

Occurrence of attenuation and blackout for the various fre-
quencies of the ground track stations are given in Table 1. The
onset of VHF attenuation was somewhat obscured by material
injection which had commenced prior to VHF blackout. The
altitude of emergence of blackout varied between 89,000 ft and
67,000 ft, depending on signal frequency and receiving stations
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Fig. 5 Comparison of penetration measured by electrostatic probes with
calculated penetration. (Probe-measured penetrations are shown as
vertical bars, with key to injection pulses directly below.)

¢ Accuracy in question due to either 1) slow response, 2) signal recovery at onset of attenuation,
or 3) tracking accuracy.

and was probably a function of tracking accuracy, signal margin,
and aspect angle. Onset of blackout at VHF preceded that at
S-band by 30,000 ft, C-band by 60,000 {t, and X-band by 105,000 ft. -
The advantage of using a high-frequency carrier signal is again
demonstrated by the X-band system, which was blacked out for
75,000 ft, compared to approximately 170,000 ft for the VHF
system.

Signal strength measurements and other data are shown for
several frequencies received at Bermuda in Fig. 6. Directly
below the electrostatic probe trace (discussed earlier) is a typical
signal strength record at 259.7 MHz, the primary RF system for
the injection experiment. The wave-form of the injection pro-
gramer is also shown to give the approximate times of injection.
Attenuation begins at approximately the beginning of injection
and blackout occurs at about the end of cycle 2, as previously
noted. Signal recovery is seen throughout the entire injection
period, indicating water and Freon E-3 both function well in
reducing radio blackout. However, during the last two injection
cycles, first the low and the high recovery levels decrease. These
decreases correspond to altitudes where injectant penetration is
expected to decrease.

S-band signal strength is modulated by roll rate of the space-
craft, since the antenna has about a 30° beam width. Recovery
of transmitted signals from blackout require the injection pulses
to occur when the S-band antenna is pointed at the receiving
antenna and so not every injection pulse produces recovery.
However, the corresponding plot of reflected signal (Fig. 6)
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Fig.6 RAM C-III signal strength (S/S) and other data.
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Table 2 Attenuation and reflection for the RAM C-II1

Frequency, MHz Critical, N,, 1/cm?

259.7 84 x 10®
3348 14 x 10!
5800 42 x 10!
9210 1.05 x 10*?

indicates S-band signal is being relieved almost every time
injection occurs.

C-band signal attenuation (Fig. 6, trace 4) onset occurred at
about 201,000 ft and blackout occurred at 190,700 ft. Signal
recovery is seen from cycle 6 to the end of injection, and recovery
diminishes during the last three cycles. These results show that
fluid was dispersed around the spacecraft to at least the C-band
antenna location, about 30° off the injection axis.

X-band signal strength during the re-entry attenuation period
is shown in the fifth trace of Fig. 6. Partial attenuation of the
signal occurs from 182,000 ft aititude to signal blackout at 143,000
ft. This partial attenuation is probably due to the presence of
sodium and potassium impurities in the ablation products of the
flowfield. Signal recovery during the blackout period due to
fluid injection is apparent for injection cycles 7-10.

An interesting check for consistency of the RAM C-III data
may be obtained using the data of Fig. 6. The onset of attenua-
tion and reflection at a given frequency occurs approximately at
the onset of critical density which has been computed in Table 2
using the formula N, = (1.24 x 1078)f2.

The densities agree well with the probe measured values at the
beginning of attenuation for each frequency. Inferred S-band
electron density,!* not shown here, also compares well with these
measurements. Further, injection produces consistent effects on
all systems. Hence, there is a one-to-one correspondence be-
tween densities inferred by the probes and the response of the
VHF, S-band, C-band, and X-band systems.

b. Comparison of RAM C-111I signal recovery with RAM C-I recovery

As reported, signal recovery on the RAM C-I flight was below
design estimates.” In order to evaluate progress in our under-
standing of injection techniques, a comparison between the effects
of water injection on RAM C-T and RAM C-I11 is made in Fig. 7.
(This comparison is allowable since the spacecraft configuration
and entry trajectory were practically identical.) Shown in this
figure are faired plots of 259.7 MHz signal for both flights being
attenuated and finally blacked out, with attenuation onset on
RAM C-III occurring about 7000 ft later than on RAM C-1
Vertical lines indicate signal recovery for RAM C-1, while RAM
C-II1I data are indicated by lines faired between actual measure-
ments of signal recovery. On some pulses, a narrow spike of
signal recovery to a much greater level was observed, and these
levels are indicated separately from regular signal recovery. The
spiking phenomenon was observed in both flights, and appears
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Fig. 7 Comparisoh of blackout alleviation due to water injection on the
RAM C-I and RAM C-I1I flights at 259.7 MHz.
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to be a transient effect when some injectant parameter is momen-
tarily optimized.>1?

Except for one point at about 235,000 ft, signal recovery for
RAM C-1II is 10-30 db greater in strength than RAM C-1. The
RAM C-III water recovery was especially superior for the high
flow rate; but even the low flow rate, which was expected to
penetrate insufficiently, produced consistently higher signal
strength of from 5 to 15 db. Another significant difference is
that nearly all the RAM C-III pulses produced observable re-
coveries, but many RAM C-I pulses produced no noticeable
effect. Hence, recovery produced by water injection during
RAM C-III was significantly improved over the previous experi-
ment. This improvement is underscored with the fact that RAM'
C-1 flow rates were about three times higher than RAM C-III
levels. The signal recovery data and the inferred penetration
measurements previously shown indicate that injection system
design using the method of RAM C-III° is a significant improve-
ment over previous methods.

c. Comparison of relative alleviation due to water and Freon E-3
injection during the RAM C-1I1 flight

A primary objective of the RAM C-III injection experiment

- was the comparison of the relative blackout alleviation produced

by water and Freon E-3 injection. Figure 8 shows a plot of the
relative signal recovery due to injection, observed on 259.7 MHz
(the prime injection experiment antenna), received at Bermuda.
These data were from the diversity combiner, and were used
because they seem to minimize the effects of receiver antenna
polarization. The figure has the same general format as the
previous one; the preattenuation level is shown, followed by
onset of attenuation, and finally blackout to the receiver noise
level.

Signal recovery due to injection of water and Freon E-3 are
indicated by fairings between actual signal recovery levels. Re-
covery levels due to spiking are indicated separately. The
recovery due to water was discussed in the previous section, and
as indicated there, was significantly greater than corresponding
results during RAM C-1. 1t is noted, however, from Fig. 8, that
alleviation due to Freon E-3 injection for both high and low flow
levels is greater than water up to the end of cycle 5. Recovery
levels for water and Freon E-3 appear to be about equal for sub-
sequent injectant cycles. Hence, the apparent superiority of
Freon E-3 over water in radio blackout alleviation has been
demonstrated for 259.7 MHz down to altitudes of about 200,000
ft. Analysis of S-band, C-band, and X-band recovery!> !¢ show
that this superiority also exists at other frequencies and at other
antenna locations. However, data at these higher frequencies
indicate that Freon E-3 alleviation is superior throughout the
injection period. The actual mechanism responsible for this
superiority is under investigation by NASA.!'?
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Fig. 8 Comparison of alleviation due to Freon E-3 with water during
the RAM C-III injection experiment.
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Conclusions

Based on the data from the RAM C-III flight and that pre-
sented herein, the following conclusions can be made. 1) Penetra-
tion predicted by wind-tunnel scale-model tests and correlations
are in general agreement with probe measured effective penetra-
tion. 2) Electron densities measured with the S-band antenna
and the electrostatic probe compare favorably with densities
inferred from observed signal attenuation onset. 3) Water injec-
tion caused considerably greater signal recovery on 259.7 MHz
during RAM C-III than on RAM C-I, using less than one-third
the mass flow rates. 4) Freon E-3 alleviation on 259.7 MHz is
superior to water at altitudes above 200,000 ft, and approximately
equal at lower altitudes for conditions of RAM C-IT1. Allevia-
tion at other frequencies indicated Freon E-3 was superior
throughout the injection period.
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