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ABSTRACT

Aerodynamic and electromagnetic calcuiations are performed to evaluate
quantitatively the magnitude and duration of communications blackout for lifting
reentry vehicles. A comprehensive li;st of proposed alleviation techniques is
compiled and ev.aluated on the basis of communication quality, weight, flexi-
bility, and required research. It is concluded that the techriques of local
aercdynamic shaping, injection of coolant inte the nonexpanding part of the
flow, injection of electronegative species into the expanding part of the flow,
and use of magnetic window are apparently feasiblé. A program of further
research, which is required for a solution of the blackout problem, is
delineated.
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1. INTRODUCTION

A. BACKGROUND

It is well known that radio communication to and from vehicles reentering
the earth's atmosphere is virtually impossible for a substantial portion of the
reentry flight path, and it is understood that this difficulty is due to a sheath
of ionized air and ablation products that forms about the vehicle. This radio
blackout problem is not considered critical in most ballistic missile develop-
ment programs since the blackout is of relatively short duration {30 sec), the
trajectories are well defined, and inforination storage during blackout for
iransmission after recovery of radio contact is feasible. The problem is not
considered critical at the presen’ time in the manned space flight program for
the same reasons, yet it is more serious here since it is desirable to com-
municate with nanned vehicles durii.g the critical reentry phase of missions.

With the proposed use of lifting reentry vehicles for both manned and
unmanned rnissions, the regquirement for real-time communications beccmes
critical. The reasons are twofold: lifting reentry trajectories canrot be
predetermined with as much preci-sion as ballistic trajectories, and the periods
of blackout are considerably longer (5 to 10 min). Thus, lifting reentry
missions provide a strong impetus for efforts devoted .o solving the reentry
blackout problem. R _

The technical comrnunity has expended considerable effort iz attempts
to find feasible solutions to this problem (Refs. {1 - 3). Proposed solutions
include cooling the plasma by €luid injecticn, modifying the plasma by aero-
dynamic shaping, using electronegative species to reduce the free electren
concentration. using a magnetic field to constrain electron motion and enhance
transmission, and using transmisgsion frequencies well outside the standard
telemetry range. Most of the previous investigations have been concerned
with a single technique. This fact and the fact that the solutions proposed to
date have posed several problems indicate that examination of possible solu-
tions in a broader setting and on a more common basis is appropriate at this

time.

1-1
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B. OBJECTIVES OF THE PRESENT STUDY

* The primary aim of this report is to recommend a program of research
and development that can yield a solution to the lifting reentry vehicle com-
munications procblem. In order to provide a sound technical basis for the
recommended program, several subsidiary requirements must be met: the
magnitude of the lifting reentry communications problem must be established,
proposed alleviant techniques must be evaluated to assess their feasibility;
and the most promising methods must be determined. A large portion of thie
report is devoted to satisfying these subsidiary requirements, and hence it is
essentially a preliminary systems study.

It is emphasized that this study is not intended to provide a complete
catalogue of information of the type most useful for design purposes; such
calculations as are performed are primarily intended oaly to be appreximations
that are accurate enough to assess feasibility and indicate relative merits and
individual problem areas of the variocus techniqueé. In some cases, the results
presented are certainly adequate for design purposes, and a more detailed
parameterization of results than those presented would be possible. However,
it is our view that such parameterizations would not contribute to the primary
cbjectives of this study in a2 way commensurate with the effort involved in
obtaining them, and hence they are beyond the scope of this report. In scme
areas, although a more detailed parameterization is pussible, it would tend
to be misleading due to the limited technical knowledge available in these
areas.

Finally, it is pointed out that aithough lifting reentry is the major con-
sideration in this report, some of the results are equally applicable to ballistic
reentry. In fact, most of the techniques to be investigated were first proposed

in connection with the ballistic reentry communications problem.

C. CONTENTS OF THE REPORT

To emphasize the logical merit of the recommended program as clearly
as possible, the supporting technical detail has iargely been e’iminated from

this volume. This niaterial iz presented in Volumes II and U1 of this report

1-2




in the form of appendices that are referenced in appropriate sections of this
Volume.

The arrangement of the contents has been governed by the specific
requirements that must be fulfilled. Section II of this Volume is devoted to

the model employed for the lifting reentry communications problem. Tkis .

involves four phases:

1. Consideraticn of trajectories, vehicle geometries, and aero-
dynamics of flow fields to determine the plasma conditions likely
to be encountered at an antenna location.

2. Consideration of the electromagnetic aspects of the communications
problem to obtain the signal attenuation to be expected from given
~plasma conditions.

3. Combination of the results of the first two phases to yield attenua-
tion as a function of time for representative lifting reentry
conditions.

4, Specitication of representative communications systems, which
are used to define blackout and prescribe the magnitude of the
alleviation problem.

fry

Section III contains the results of feasibility studies of a comprehensive

iis: of proposed solutions for the communications problem. For some of
tnese, the feasibility analysis was performed to a point where an estimate of
the associated system weight could be made. In other cases, the analysis

could not proceed this far either because of gaps in present technology, or

S U U i L 8 1 1 R Rl

because the potential applicability of the proposed solution did not warrant it.

In all cases, however, the aim has-been to evaluate critically each technique

ttathiart

v

in terms of the unresolved probiem areas, their likely influence on system

Naiitala)

!

i

feasibility, and the type of effort required to resolve them.

i

Finally, Section IV contains the conclusions and recommendations

resulting from this study. Systems studied are classified according to

feasibility. The amount and type of effort required to develop each feasible -

BTN )

system to the point where flight demonstration can be undertaken is discussed.
Volume I concludes with a recommended research pregram designed to resolve
problem areas and provide quantitative design information which is presently

unavailable.
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II. FORMULATION OF THE MODEL

A, AERODYNAMIC CALCULATIONS

1. TRAJECTORIES

In order to estimate the magnitude and duration of the lifting reentry
communications problem, one must determine the properties of the plasma
surrounding the vehicle as a function of time. The pertinent plasma param-
eters may be obtained from standard aerodynamic calculations.if the velocity,
altitude, and shape of the vehicle are specified. It is the purpose of this Sec-
tion to presenti such results for a typical reentry vehicle.

The study will be limited to the types of gliding reentry vehicles that are
likely to dominate the next decade, and prototypes under development now such
as the USAF SV-5 and the NASA M2 and LH-10 are taken as representative.
These vehicles are characterized by lift-to-drag ratios (L/D) of the order of
4nity and ballistic parameters (W/CLS) between 100 and 200 ib/ftz. An analy-

sis of the dynamics of such vehi-

cles is presented in Volume I,

300

Appendix A, and the pertinentcon-
clusions are presented in Figs.

fand 2. (Figure! is taken from

g

D. R. Chapman, "An Approxima-

tion Analytical Method for Study-
ing Entry into Planetary Atmos-
pheres, "NACA TN 4276,
May 1958.)

Figure 1illustrates the

2

ALTITUDE, kft

&
©

dependence of altitude on velocity

for a vehicle with 2 L/D ratio of

100

0.5 and a ballistic parameter of

0 0.2 04 0.6 08 1.0 >
200 Ib/ft” as a function of the ini-

U/ uorbim R
tial path angle 90 (the path angle
is defined as the angle made by
Fig. i. Lifting Reentry Trajectories the velocity vector of the vehicle

2-1
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with a plane parallel to the surface of the earth). Fer an initial path angle of
zero, the trajectoryisa smooth descent through the atmosphere withan approx-
imate Lalance among gravitational, lifting, and centrifugal forces. For small
deviations froma zeroinitial pathangle, the trajectory executes large oscilla-
tions in the altitude-velecity plane. This results inacharacteristic high-speed
dive of the vehicle into the denser layers of the atmosphere, which greatly in-
creases the severity of signal attenuvation. Such trajectories must be included
if the model is to provide a realistic appraisal of communication difficulties.
In order to represent adequately the situation described above, two

trajectories are defined: an equilibrium trajectory (_also referred to as Tra-

jectory 1) which is calculated for an initial path angle of zero, and a non-

equilibrium trajectory {(also referred to as Trajectory 2) which is an envelope

of trajectories calculated on a digital computer for several nonzero initial
path angles. These two trajectories are presented in Fig. 2-A.

An assessment of the value of a given alleviation technique requires an
estimate of the duration of radio blackout. Representative values of altitude
and veiocity have been calculated as 2 function cf time for this pttrp;)se, and
the results are presented in Fig. 2-B. The values for Trajectory 2 were ob-
tained by compiling several exact solutions and represent average values such
that the maximum discrepancy is less than 10%. These data will be taken

as the basis for our model of lifting reeatry.

2. VEHICLE GEOMETRIES

Lifting reentry vehicie geometries are complex shapes from the poiimt'
of view of aerodynamic flow field calculation. An exact calculation for a
realistic vehicle shape is expensive and is not warranted for the present pur-
poses. Instead we have computed and compiied aerodynamic information for
flows about axisymmetric stagnation points and sharp cones and wedges.
This information is assumed to be representative of conditions encountered
during lifting . reentry, both in the magnitude of plasma parameters obtained
and in the altitude~velocity trends indicated. To partially confirm this
assumption, a comparison has been made of the plasma paramesters cbtained
from a 40-deg sharp wedge inviscid flow field calculated assuming uncon-

taminated air in thermodynamic equilibrium vs the plasmna parameters

2-2
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obtained from an exact mcthod of characteristics plus boundary layer circula-

4
tion" for a 40-deg cone with a 3-in. nose radius, again assuming clean air in

thermodynamic equilibrium. The results of this comparison are listed: .

Altitude, kit 260 210 210

e il

Velocity, kft/sec 26 26 16.2

iU

Plasma Frequency at Shock, JHz -

Shidivtins
(<3

40* sharp wedge, 12 in. from apex 16.5 49 7.

40° blunt cone, 34 in. from stag-
nation point 14.1 44 3.5 3

Maximum Plasma Frequency in Flow, GHz

40° sharp wedge, 12 in. from apex 16.5 49 7.6

40° blunt cone, 34 in. from stag-
nation point 14.1 48.3 5.6

Characteristic Collision Frequency, GHz

40° sharp wedge, 12 in. from apex 0. 60 5.0 3.0 i
40° blunt cone, 34 in. from stag-
nation point 0.52 4.4 3.0

Plasma Thickness, in.

; 40° sharp wedge, 12 in. from apex 0. 50 0.99 1,13
é 40° blunt cone, 34 in. from stag-
H nation point 1.05 0. 99 1.12

Thus, in this case, the conditions calculated for a sharp wedge, 1 ft from

the apex, are representa 've of those encountered on a more realistically

shaped vehiclie some 34 in. from the stagration point. This observation
serves to illustrate the spirit in which the calculations have been made. =
It is pointed out that the flow fields obtained for the class of shapes ;

considered here are basically nonexpanding flows (i.e., there is no abrupt

decrease in pressure after the shock wave). The reasons for employing

PR N

this type of flow as the primary basis for this study are:

1. Such flows are common to all lifting reentry vehicles;

e e ey et e o

2. Flow properties are not sensitive to relatively small chlizngés
: in vehicle geometry and attitude (as contristed to expanding,
afterbody flows);

-1 . :
The authors are indebted to Mr. ¥. A. Vicente for supplying these results:
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3 3. Although these flows represent 2 generally more severe com-
munications problem than do afterbody flows, their spatially
restricted nature makes them more amcenable to alleviation
techniques.

it shiditidion chilionkis

The important aspects of 2xpanding flows are considered in Section 1II-G.

Py
Vi

3. AERODYNAMIC CALCULATIONS

The techniques employed here are standard and do not merit detailed

MULTER H Lo !',U‘,,'ﬂ, Vel e

discussion. = The basic flow is that of clean air in thermodynamic equilibrium:
effects of chemical nonequilibrium and contamination will he briefly treated in
subsequent paragraphs. The flow field is treated in the u:sual mannaer of an

outer inviscid flow, where viscous effects are unimportant {the shock layer),

and a boundary layer on the vehicle surface, where viscous effects are
dominant. Interaction effects between the inviscid and viscous flows are not -
conzidered since they do not affect the character of the results at the con-~ >

ditions of interest here. It should be remarked that uncertainties of the order

of 2 factor of two in the properties of air, particularly those most relevant to
the communications problem, are not uncommon. Thus these calculations
are aimed at providing a representative estimate of lifting reentry conditions
rather than obtaining the maximum available theoretical zccuracy.
The properties of the flow of most interest fo.r estimating the communi-~

cations probiem are the magnitudes and distributions of the electron density

and the electron collision frequency. For the inviscid portion of the flow,
the distributions of these quantities are relatively uniform; this is exactly — -
true in the case of wedges and approximately true at stagnation points

(Ref. 4} and in conical shock layers (Ref. 5). Thus the inviscid flow is

adequately represented by the values of electron density and collision frequency

immediately behind th~ shock wave anc by the thickness of the shock laver.

ZMore detail on the results of aerodynamic calculations presented herc is
contained in Volume II, Appendix B.

2

“Electron density is used synonymously with plasma frequency in this report.
The two are, of course, related by f_= 8.79 X103 n_, wiere { is in Hz
and n, in electrons/cc. P P
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The plasma {requency fp and the electron collision frequency v for
clean air in thermodynamic c¢quilibrium behind normal shock waves is
sho;nn as a function of altitgde and velocity in Fig. 3, which is taken from
Ref. 6 with the addition of some interpolated curves. T>~se resulis are
accepted as standard and agree with e ~ry reliable published calculaticn.
With the interpretation indicated on ¥ig. 3, i.e.. employing the velocity
component normal to the snock wave as the appropriate velocity, these
results are equally applicable to obligue shock waves. Hence they may be
used to define th= plasma state for flows zbout cones and wedges, as well as
at stagnation point conditions.

Although'the plzsma frequency and collision frequency are the most
relevant state properties for determining the magnitude of the comununica-
tions precblem, it is also useful to know the temperature and mass density,
particularly with reference to evaluating alleviation techniques. The
temperaturc and mass denzity presented in Fig. 4 werz obtained from Ref. 7.
The molecular composition of £quilibrium air is also of interest, and the
data given in Refs. 7 and 8 were used in this study.

To coraplete the specification of the inviscid flow field, it is necegsary
to estimatce the thickness of the shock layer. For axisymmetric stagnation
points, this thickness is the shock detachment distance, shown in Fig. 5,
normalized with respect to the nose radius. These values are based on the
correlation of Serbin kRef. 9), which agrees quite well with experimental
results. Tc obtain the inviscid shock layer thickness for cones and wedgesA 7
of a specified semivertex angle. it is necessary only to relate this angle
with the shock angle. Figure 6 shows this relation, which, for wedges, was
ohtained from Feldman (Ref. 4), and for cones, was obtained from Romig
(Ref. 5). It should be pointed out that these relatisnships are actally slight

functions of altitude and velocity and. thus, cannot be exhibited exactly in

terms of the similarity parameter {U,sin 6, where U_ is the {reestream
velocity, and 9 is either the body or shock #ngle). This may vyield errors _
of the order of 20% in the difference Setween shock angle and body é.ng‘lei such
errors sre not deemed important for this study. Thus, Figs. 3 ti}u&migh 6

I
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completely specify the inviscid flow properties about cones, wedges, and
axisymmetric stagnation points; these figures are included primsarily because

the inviscid flow plays a dominant role in the subsequent analyses.

i it i L 7 p e S

Properties relevant to the viscous boundary layer on sharp cones and
wedges are portrayed graphically in Volume II, Appendix B. These properties
were obtained from an existing computer program, a complete description of
3 which can be found in Ref. 10. In brief, the boundary layer properties are
computed using a standaid integral technique (described in Ref. 11) wherein
a linear velocity profile is assumed, the local density is assumed to be
inversely proportional to the local static enthalpy, and the local enthalpy h

is related to the local velocity U by a modified Crocco relation:

h+RUZ2) -b
2 TU
h, * R(Ue/Z) ~hy e

et Uilade il

where R is the recovery factor (~0. 86 for taminar flow), and the subscripts

e and w refer to conditions at the outer edge of the boundary layer and at the

: vehicle surface, respectively. The wall enthalpy was specified as 600 Btu/lb
i (Tw = 1220°K), which is typical of high-temperature ablation materials. This
1 of course yields boundary layer properties that are more severe from a
communications view than those obtained with lower wall enthalpies. For

computational purposes, the relevant proverties of equilibrium air were

At it e Lt vt

represented by analytical expressions and introduced a noticeable error in

; the results; specifically, both plasma frequency and collision frequency cou.ldv
be in error by as much as 50%. This error is tolerable in the present context,
L as the results obtained remain representative of lifting reentry. It should be

f pointed out that the boundary layer thickness tends to be underestimated by

; the technique just described; to compensate, the thickness was calculated

g assuming an adiabatic vsall but with the transport properties modified by the

actnal wall temperature. This yields results in fair agreement with those of

Van Driest (Ref. 12).

i
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The main features of the results of these boundary laver calculations.
are that the boundary layer is laminar over those portions of the trajectories
where the communications are severe, and that the clean, equilibrium air
boundary layer is not of pri:nary consideration from the communications view
for body angles greater than 35 deg, approximately.

The preceding discussion is based upon the assumption of thermodynamic
equilibrium. It is well known that at the altitudes and velocities of interest,
there may be insufficient collisions between the constituent particles to main-
tain equilibrium, and some assessment of the importance of nonequilibrium
effects is therefore necessary. The character of nonequilibrium is not the
same for both ﬁonexpanding and expanding flows, and the difference must be
carefully distinguished at the outset.

For nonexpznding flows behind shock waves, which are of primary
interest here, the shock wave represents an increase in the energy invested
in the translaticnal and rotational degrees of freedom of the original air
constituents, which takes place in the distance equal to a few mean paths.
Subsequently, some of thig energy is utilized, by means of particle collisions,
to dissociate and ionize the original air constituents. The distance required
to reach the final equilibrium state is generally of the order of hundreds of
mean free paths and is controlled by the rates of the disscciation and fonization
processes. During the major porticu of this interval, the levels of dissoci-
ation and ionization are below that of the final equilibrium state. )

For expanding flows, such as occur over the afterbodies of blunt shapes,
the air usually has time to reach an equilibrium state before the expansion
begins. Upon expansion, the energy in the translational and rotational
degrees of freedom decreases quite rapidly, whereas, the energy invested
in disgociation and ionization requires many collisions to equilibrate with
the translational and rotational modes, the distance now being controlled by
the rates of the atomic and ionic recombination processes. During the
equilibration interval, the levels of dissociation and ionization are above

tnose of the equilibrium state.

2-11
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As indicated previously, the nonexpanding fiow is of most interest to

the present studv and some feeling of the importance of nonequilibrium can

be gained from Fig. 7, obtained from the results presented in Ref. 13. The

Ll a's

tigure indicates the distance behind a shock wave {measured normal to the

Gl adl

shock wave) required for the electron density to reach one-half of the

equilibrium value. The broken lincs in the figure indicate typical conditions

encountered during lifting reentry, and it is observed that the ionization
E incubation period can be appreciable. The resulting effects on signal
attenuation estimates are discusgeed in Section II-C-2. Nornequilibriura
effects in expanding flows are discussed briefly in Section IO-G.

The other aspect relevant to aesrodynamic calculations based upon the i

assumption of clean air in thermodynamic equilibrium ccncerns the effect of

chONa ki w s R T

ablation products from the vehicle heat shield that contaminate the boundary

IRy

3 layer. To perform a fairly exact ~alculation of such effects is at preseht

beyond the state of the art. However, there exists limited evidence that

j
the major effect of the ablation products upon the electron density in the i
boundary layer is attributable to the amount of easily ionizable species,
e.g., alkali impurities, coniained in the ablation material (see Refs. 14, 1i5).

Our consideration of aklation product contamination in the boundary laver is

therefore based upon this assumption. Specifically, we have considered the -
3 electron density produced by trace amounts of sodium in equilibrium air.

These results are shown in Fig. 8, wherein the equilibrium electron density
produced by various amounts of sodium (assuming that the presence of the.

air constituents does not affect the sodium equilibrium) is compared with the

prevailing electron density in equilibrium air.
For a given air density and sodium contamination level there exists a

3 temperature below which the effects of the sodium become significant. This

3 is better demonstrated by Fig. 9, where this minimum temperature, deter-
mined by a given ratio of mixture electron density to air electron density,
is shown as a function of both mass fraction of suriium and air density. It
should be pointed out that sodium contamination ievels, as used here, refer

to concentrations in the air, and not in the a2biation material. Ablation L
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calculations have indicated that the sodium mass fraction in the air is approxi-
mately 10% of that in the ablation material. The effect of contamination on
signal attenuation estimates is discussed in Section II-C, where it can be seen

that under many lifting reentry conditions these effects may be neglected.

B. ELECTROMAGNETIC CONSIDERATIONS
i. ATTENUATION ESTIMATES

In order to assess the severity of the communications problem in lifting
reentry, it is necessary to estimate the signal attenuation due to the presence
of the plasma sheath in front of the aantenna. This is done here by assuming
that the attenuation is equal to that of a plane wave normally incident upon a
homogeneous plasma slab, for which computationzl techniques are readily
available (Ref. 10).

A more detailed discussion of the correspondence betwzen this estirmate
and the reentry antenna geometry appears below.- There it will be shown
that the plane-w-ve predictions clogely approximate the attenuation. in the
reentry geometry if the cross-sectional dimensions of the antenna aperture
are much greater than the attenuation length in the plasma and the sheath is
highly overdense. )

The plane-wave transmission coefficient was evaluated by digital com-
putation, resulting in an extensive set of:plasma attenuation tables (see

Volume UI). The relevant plasma parameters were varied over the following

ranges:
0.6 <W =wp/ws900
0 <V=v/w <100
107t < amg = 10

where Wy (=Z<n_fp) is the plasma frequency, v is the collision frequency, w is
the sigxia.l frequency, d is the plasma slab thickness, and A, is the free space
wavelength. This variation in parameters adequctely covers the reentry

situations considered.
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In order to more fuliy appreciate the nature of the ccmmunicaticas p_rob-
lem, it is helpful to have a graphical portrayal of the general functioral
dep;zndence of the plasma attenuation va the plasma pararneters. For this
purpose, we have cornstiucted, fzom_the tabulated resalts, attenuation coniour
maps as functions of d/1; and (up f’m)‘C for various values of the parameter
V)\olwzd, w.hich. is independent of signal frequency, and is aprroximately
equal to 10 @ in this study. The general shape of the constant attenuation
contours is illuatrated in Fig. i1C. The two dashed lines in Fig. 10 ace con-
tours for typical plasma conditions and varying signal frequesncies (specifically,
they approximately represent conditions at maximum at‘enuation for a 50-deg
wedge on Trajectory 2 and for a 40-deg wedge un Trajectory §, respectively;
gee Section II-C). Thesc variable frequency contours illustrate two poiats
worthy of note:

i. For the typical severe reentry condition of a highly overdense,
iossy plasma, the attenuation increases with increasing signal
frequency and approaches a maximum at a trequency roughly
one order of magnitude less than the plasma frequency (e. g.,
for the 50-deg wedge case, the attenuation increases upto a
signal frequency of 5 GHz approximately

2. Beyond the maximum attenuation point, no substantial
reduction in attenuation is achieved urtil the signal frequency
is roughly equal to the plasma frequency.

2. EFFECTS OF PLASMA INHOMOGENEITIES

The equivalent dielectric properties of the plasma have been assumed
to be homogeneous throughout the sheath for computational reasons. The
ragnitude of the errors incurred in a homogeneous approximation are
given in the following tabulation, which shows the correlation between the
attenuation of a plasma layver of thickness AOIZ, having a triangular electron

density profile,and the attenuation of an equivalent homogensous piasma slab.
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(wp'/w)peak =1.2 (wp/w)peak =1.4 (wp/w)peak =2.0
viw 1 -

Exact Homog Exact Homog Exact Homog
0.9 } -3.7dB | -4.7dB | -9.2dB | -9.7dB }-20.3dB | -18.9dB
1.0 -6.0dB | -5.9dB | -9.7dB | -9.2dB |-16.9adB | -15.5dB
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The exact transmission coefficient was obtained from the results of
Gold (Ref. 17). The homogeneous glab was calculated using an electron
density equal to the peak electron density in the inhomogeneous case, and
an equivalent thickness such that the total number of 2lectrons in the sliab
equals the rotal number of electrons in the inhomogenescus sheath. Althcugh
the conditions at which this comparison is made are not typical of reentry,
the comparison at more typical conditions {thinner sheaths and Ligher ratios
of wp/w) is not expected to yield significantly different results. Further,
better agreement between the inhomogeneous and equivalent uaniform slab
calculations would be expected in the lifting reentry geometry for those
cases in which the inviscid shock layer flow is the dominant pla.sn;é, since
the resulting sheaths are nearly homogeneous. It is therefore concluded
that nonuniforraities in the plasma shezth have no important effect on our

attenuation estimates.
a. APERTURE EFFECTS

Effects due to finite sources that are not taken into account by the
plane-wave model include far-field pattern distortion (Refs. 18-20) and
modification of the anteana impedance by the presence of the plasma sheath
in the near field of the antenna (Ref. 20). Calculations of radiation patterns
of 2 rectangular slot antenna in the presence of a plasma sheath indicate that
the first effect is insignificant for highly overdense plasnmas. The results
of tne calculations are presented in ¥ig. 11, where it may be observed that
the major effect of the plasma on the radiation system is an increase in

attenuation and that pattern distortion is insignificant wher '.op /w is much
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greater than unity (more precisely. when the attenuation length in the plasma
is much less than the sheath thickness).

A modification of antenna impedance causes a mismatch in the radiating
system so that some of the power generated by the transmitter s reflected
back into the transmitting system. We will presume that the system is
designed so that the transmitter is isolated from reflected waves and that
the only effect of an impedance mismatch is a loss of power from the free-
space radiation pattern. In order to estimate ihis effect, the radiation
pattern of a slot with a spetified field distribution has been calculated and
the magnitude of the field in the slot from the plane-wave reflection cocfﬁcientﬁ
of the plasma has been estimated. A comparison of these results with plane-
wave attenuatiox; estimates is given in Fig. 12, and it is concluded that the
plane-wave meodel is sufficiently accurate for overdense plasmas.

On a more general basis, it has been shown that the effects of plaéma
sheath on #ignal attenuation can be estimated using a plane-wave analysis
when the radiating aperture is sufficiently large (Ref. 21). It has aiso been
observed experimentally (Ref. 22) that the measured attenuation in a
rectangular slot geometry radiating through an overdense sheath closely
approximates the plane-wave transmission coefficient. If the antenna
aperture has cross-sectional dimmensions which are much greater than the
attenuation length in the plasma and if the plasma is highly overdense, the
driving point impedance of the aperture can be approximately determined
from an appropriate plane-wave veflection coefficient {Ref. 23}). In other
words, ditfraction effects can be neglected due to the highly attenuating nature
of the plasma. The criterion for determining morec precisely when the planea-'
wave comyp tations approximate the attenuation observed in a slot gecmertry

is given by tne following inequality {Ref. 23)

’ 2 1/2
1 “p
-X—Im l-
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where 1 is the width of the slot antenna. For the types of plasma sheaths
encountered in lifting reentry the minimum slot width ranges from h0/100 to
XG/i() {at 250 MHz). TFurther, ir is well established (Ref. 24) that the linear
dimensions of a slot type antenna can be as small as )\0/ 10 (approximately]}
without degrading the frece-spaze electrical characteristics of the radiator.
In the present study the antenuna apertures will therefore be assumed to be

greater than Xoiiﬁ, for which the plane-wave estimates are adequate.

4. RADIO-FREQUENCY BREAXDOWN

When electromagnetic signalﬁs are transmitted through a narrow layer
of ionized air, it is found experimentally that the layer typically exhibits
the nonlinear power transfer characteristics sketched in Fig. 13 (Ref. 25).
In both tle underdense and the overdense cases, there is a linear regicn of
the characteristic respense in which the attenuation may be estimated by
calculations such as those presented in Section II-B-1. The breakdown
power level is that level of input power which corresponds te the termination
of the linear regime, and an estimate of it i%»necessary to determine the
range of applicability of the attenuation calculations.

Radio frequency (rf) breakdown occurs when the electron density in
a region increases rapidly due to the presence of the field. For continucus
wave signals, the condition for brea;kdown is simply that, in some region, the
time rate of change of electror density is greater than zero. The rate of
change in any region is determined by several facters, and the most imnortant
of these are the rate at which the electrons ionize neutrals, the rate at which
the electrons attach to neutrals, the rate of diffusion of electrons, and the
rates at which electrons are convected to and from the region. The purpose
here is to dztermine 2 range of sigral levels for which breakdown is not likely

to be a problem; for this purpose we can safely ignore diffusion and convection,

- since these affects act to alleviate the breakdown problem. The condition for

breakdown, then, may be written

Bﬂe
Bt (Vi - va)ne >0 . 1
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where n, is the electron density, v is the frequency of ionizing electrcn-

= neutral collisions, and v, is the frequency of attaching electron-neutral

L

collisions. If we define a net ionization frequency Vet &8 the difference

between the ionizing electron-neutral collisions and the attaching electron-

L

ncutral collisions, then the problem is to determine the electric field

: intensity Eb which will cause Voet 0 exceed zero. The breakdown {ield Eb

is a function of both the frequency of the radio signal and the state of the air.
For gases at room temperature the breakdown phenomenon is well

understood {Ref. 26) and it is clear that Vieris 2 function of the average

energy of the electrons. The average eneregty of the electrons is in turn a

functicn of an effective dc¢ field Ee (defined such that the electron energy

gain from the ac ficld Eb is equal to that from a dc field Ee) and the electron '
collision frequency Ver The effective dc field Ee is related to the ac field !

Eb by the relationship

] 2711/2
: _ 1 | 2nf .
By * [ ' (Vc ) } Fe @

where { is the signal frequency. When diffusion and convection are neglected,

it was shown by Gould and Roberts (Ref. 27) that the effective field Ee for

i
1

T

dh

breakdown of air at room temperature is given by =

y
-: E =30 (—-—C——z; V/em (3) 2
- 5.3 X10

Although no quantitative study of breakdown for high temperature air

exists at the present time, qualitative discussions of the effects that rnust

.

be considered in modifying the Gould and Roberts theory have been presented . “
by Reilly (Ref. 28) and Epstein (Ref. 29). It was pointed out that as the =
, =20 ¥
and N+O =NO™ + e proceed to the right so that the composition of the air -

temperature of the air is raised to reentry levels, tke reactions O
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is considerably altered. Furthermecre, the NZ molecules are eacier to ionize
because the outer electrons are more likely to exist in excited states. Unfor-
tunately the data required to estimate the pertinent reaction rates for high
temperature air are not presently avai’able, but it does not seem likely that
the breakdown fields would be altered from the cold air levels by more than
850%. Another effect arises from the fac{ that the electron density is so high
in the case of lifting reentry that the plasma frequency is higkar than fre-
quencies normally used for communication; therefore, most of the power - ...
directed towards the plasma is reflected. Account is takern of this effect
by recognizing that the breakdown f{ield is 2ssociated with the actual power
delivered into the plasma, and not the power delivered to the antenna.

For the case of a 373 MHz signal emitted from a 0.5 X {7 in. 2 slot,
breakdown occurs in the previously described experiment (Fig. 13) when
the net power delivered to the plasma is 4.5 W. The amplitude of the electric
field associated with a plane wave with a power density of 4.5 W over an
area of 8.5 in.  is 8 V/cm. Since the experimenial air pressure was 0.2 mm,
and ve for air may be taken to be 5.3 X 109p, Eq. {2) indicates an effective
electric field of 2 V/cm. The results of the experiment can be crudely
extrapolated to the reentry plasma by recognizing that the background gas
in the experiment is cold, and that in this situation the theoretical value of
the effective electric field is & V/cm, whick is larger by a factor of {l';r;ee than
the indicated experimental value. The discrepancy is attributed to the effect
of the near field of the antenna, which must also bz a consideration in the .
reentry estimate. Using a factor of one-third for the near-field effect and
a factor of one-half for the high temperature effects, we may procced irom

Eqs. {2) and (3) to calculate the breakdown power density Sb’ and we obtain

2 v KA
sbgo.os{u‘;o(‘;f—) ]( < ) W/cm® (4;
[od

5 X1)
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It must be emphasized that the quantity Sb 1epresents the net power density
delivered to the plasma: it is computed by subtracting the reflected power
3 density from the incident power density at breakdown.
A typical slot antenna is taken to have a width of 1 cm and a length
of a one-half wavelength., Using these dimensions and Eq. (4), we find

that the net power delivered to the plasma at breakdown is given by
P=sx10 (V24 %) /e Warts (5)

3 According te Eq. (5), the minimum breakdown level occurs when { = Ve /6

with 2 power of 6 X 1010

ve W. Since ve is typically greater than 109,
2 9

(1.6 X190

in the vhf region of the spectrum with a delivered power of about 1 W. H

; say), it is concluded that breakdown is most likely to occur

A typical vhf reentry system has an output of 7 W with a 30 d B margin.
During reentry, a large fracticn (greater than 95%) of the transmitter power t

is reflected by the plasma, so thai the power actually delivered is consider-

TR

Qi

ably less than 1 W. We conclude that it is legitimate to use the linear cal-

culations to estimate signal attenuations foz our reentry model. This

AT 2T

conciusion is further supported by the fact that in the region of severe plasma
attenuation, the collision frequency is likely to be at least 3 times (or perhaps

10 times) greater than that selected above, and hence the breakdown level

I AL LR a ity

would be increased by roughly an crder of magnitude.

C. REPRESENTATIVE LIFTING REENTRY ATTENUATION

1. RESULTS FOR CLEAN EQUILIBRIUM AIR

The preceding sections provide a basis for calculating signal attenuation
for lifting reentry conditions. In this section s'ich calculations are presented,
from which the pertinent features of the lifting reentry communications

problem will be extracted.
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For the two trajectories selected previously (Section II-A-1), the
3 éignai attenuation was estimated for the gsimplified body shapes under con-

sideration {Section II-A-2), as indicated below:

A Configuration Body Station Flow Field
3 Stagnation Point nose (3 in. radius) Shock Layer
: Sharp Wedge {1 ft Shock Layer
1 {50°) 5 ft
3 Sharp Wedge {1 £t Shock Layer
(30°, 40°) 5 £t Boundary Layer
3 Sharp Wedge {1 ft Boundary Layer
‘ (20°) 5 ft
-
Sharp Cone {1 ft Shock Layer i
(50°) - 151t
3 . Sharp Cone 1 ft {Shock Layer
(30°, 40°) 5 ft Boundary Layer :
Sharp Cone ) {1 ft Boundary layer
(20°} 5ft

The results of the first tvo cases of the preceding list are given in tabular

form in Tables I and II. Results for the remaining cases are presented in

e

§ Volume II, Appendix C. "’he flow field properties were computed by the
é procedures indicated in Section II-A-2. The resultant signal attenuation
was cbtained for five frequencies {0.25, 0.50, 1.0, 5.0, 10.0 GHz) from
the plane-wave, homogenecus slab model discussed in Section II-B-1 {exten-
sively tabulated in Volume III). The frequencies selected cover the standard

range for space and reentry vehicle communications systems.

TATRTOTIY

In ocur flow field approximation, the shock layer possesses uniform

T

properties, and its relationsghip to.the homogeneous slab calculation is
clear. The Boundary iayer is approximmated by a slab of equal thickness
possessing uniform properties equal to pezk boundary layer conditions,

which overestimates this contribution somewhat.
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The first feature of note in these resulcs is the relativeiy unirnportant
contribution of the boundary layer to the total signal attenuation at the larger
body angies. This is illustrated in Table III, which gives, for three different
frequencies, signal attenuation due to the shock layer and the boundary layer )
at a station { ft from the apex of a 40-deg wedge at various points zlong the
typical trajectories. It must be understood that these attenuations are
reported separately for the shock layer and for the boundary layer, and that
the total attenuation due to both is in general less than the sum of these

separate attenuations. (This is because reflecticn losses are substantial

and not additive.) For example, at 340 sec on Trajectory 2, the plasma

and collision frequencies characterizing both the shock layer and the boundary
layer are nearly egual. The separate attenuations at 250 MHz are 53 dB

for the shock layer and 20 dB for the boundary layer; however, the total
attenuation due to a plasma slab of thickness equal to that of the shock layer
plus boundary layer fur the same plasma properties is 58 dB. Thus the
boundary layer contributes only 5 dB. Similarly, at 90 sec on Trajectery 2,
the separate attenuations are 72 and 52 dB, whereas, the total attenuation

based on a homogeneous slab model is 79 dB.

Noting from Table IIi that variations in signal frequency do not sig-

e O AR AN 17 TUIRORIET, LTS IR TR | MR KRS 5 B s b

nificantly change the relative importance of the boundary layes, it is con-
ciuded that for a 40-deg wedge, the boundary layer contributes little to the
. total signal attenuation {and contributes less at stations further aft, since it

is thinner relative to the shock layer). The boundary layer contribution to

,: total signal attenuation increases with decreasing wedge angle, such that at

30 deg it is almost equal to that due to the shock layer, whereas, at 20 deg -

it is the dominant contribution. For c.nes, the boundary layer contribution
is somewhat greater than for wedges, since the boundary layer thickness

relative to that of the shock layer is greater for cones, It should be

emphasized that this discussion considers only uncontaminated air; as will 3
be seen (Section 1I-C-2), the presence of contaminants increases the ;
importance of the boundary layer.
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Table 1II. Shock Layer (S1) and Boundary Layer (BL) Signal
Attenuations for a 40-deg Wedge, 1 ft from Apex

Tirne,

Altitude,

Velocity,

Attenuation, dB

e Kft Kit] sec f= 250 MHz ={ GHz | {=10 GHz
SL I BL s, | BL | SL |BL
Traj. 1
0 300 25.6 16 -- 4 - 0o |--
100 266 25 46 - 35 -- 0.1]--
150 247 24 61 44 50 34 13 10
190 236 23 62 35 65 27 24
230 227 22 61 36 69 24 27
275 220 21 57 21 61 18 19 | 1.4
320 214 20 40 16 54 10 5.2 0.2
365 207 . 19 31 10 40 6 |- 0.5] 0.1
Traj. 2 .
0 300 25. 6 i6 - 4 -- 0 |-
30 280 25.6 33 - 7 -- 0 |--
60 260 25.6 55 - 46 - 2 -
90 240 25. 6 72 52 76 44 42 a7
120 220 25.6 87 48 108 50 95 {34
150 200 25. 6 30 44 150 48 {151 3%
170 200 25 74 40 145 42 1145 130
205 200 24 74 37 144 37 12t |23
240 200 23 64 32 103
275 200 22 61 27 95
305 200 24 53 2v 72
340 200 20 41 15 63
375 200 19 35 g 45

e

v




Table IIl. Shock Layer (SL) and Boundary Layer (BL) Signal -
3 Attenuations for a 40-deg Wedge, 1 it from Apex (Continued)
1 Attenuation, ¢B -
Time, Altitude, Velocity, _ . ] _
; soe Kt KEt] soc f = 250 MHz f= 1 GHz | £f= 10 GHz
& Si. BL SL | BL | SL | BL
E Traj. i
3 and 2
4 410 200 18 19 4 17 2.2 0 0 1
- 450 194 17 16 3 1143 [(1.2{ 0o | o t
495 188 16 10 | 5 0.4 0 0
E 540 182 15 5 0.3 2.5 | 0.2 ) 0
g_‘ 585 176 14 2 G.1 1 0 ) 0 -
625 170 13 1.5 e 0.6 {0 ) 0
: 670 164 - 12 1 ) 0.3} 0 0 0

§ :

it et i
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The preceding discussion justifies the approximate procedure used
in the subsequent representation of total signal attenuation. Unless otherwise
stated, thies consists of ncglecting boundary layer contributions entirely for
body angles greater than 30 deg (including stagnation points), adding the
separate shock layer and boundary layer attennation for 30-deg body angles,
and neglecting shock layer contributions entirely for body angles of 20 deg
or less.

A sgecond feature of these results is the time duration cof severe signal
attenuation. This is illustrated in Figs. 14 and {5, which show,‘ for wedges
and cones, respectively, the duration for which attenuation exceeds 10 dB
along the two selected trajectories. The blackout duraiion is of the order of
10 min, and could be appreciably greater for conditions further aft on a
vehicle. The body angle affects the blackout duration markedly; for body
angles of approximately 20 deg or less, no communications prcblem is
expected (from uncontaminated air). Figures 14 and 15 also indicate that
the duration of blackout is appreviably reduced at higher signal frequencies.
This effect is further demonstrated by Fig. 16, wherein duration is shown
as a function of frequency for the 50-deg wedge on the transient trajectory.
Also indicated in this figure is the scnsitivity of the result to the attenuation
level used to define blackout.

The depth of blackcut is another gquantity of interest, since it fixes
the magnitude of the problem perhaps more definitively than the blackout
duration. Table IV shows the maximum signal attenuation due to the plasma
sheath encountered along the two trajectories for five frequencies and
several geometries. It should be noted that the signal attenuation can be
extremely large (>100 dB). Furthermore, increasing signal frequency in
the range from 250 MHz to 10 GHz is evidently ineifective since the peak
attenuation tends to peak around 5 GHz. This is in agreement with the
previous general considerations of plane-wave attenuation (Section II-B-1). 7
For body angles of 30 deg or less, the fact tnzt increasing the signal freguency
to 10 GHz does reduce the attenuation appreciably is also in agreement with

previous considerations, since here the plasria frequency is rear 10 GHz.
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Fig. 16. Blackout Duration and Time of Exit tsom Rlackout
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Although these conclusions are based on clean equiiibrium air calculations,

CiE

the influence of nonequilibrium and contamination effects are shown below

T T L

to be relatively unimportant, 5
2. CHEMICAL NONEQUILIBRIUM EFFECTS

The effects of chemical nonzquilibrium on the preceding equilibriurn
results are selectively portrayed in Figs. 17 through 19 in the form of

attenuation vs time for both equilibrium and nonequilibrium flow. All of the

Lol RRLTC PR A

sl et ek

vy

latter results have been obtained by reducing the effective plasma slab

thickness at a particulcr location by tke distance normal to the shock wave

idB il

required for the electron density to reach one-half the equilibrium value i

T

(as has been indicated in Section II-A-3). Figure 17 porirays the non-

equilibrium effects for a relatively insensitive case {that is, far back on a -~

TR e

large angle cone). It is observed that the effects are more pronounced on

T

the equilibrium glide trajectory than on the transient trajectory, due to the

higher altitude ¢f the former. A quite significant feature is that the entry

1 ) into the blacxout region is more strongly affected than the exit therefrom.
Figure 18 indicates the nonequilibrium effects for a more sensitive

case; the saiient feature here is that the nonequilibriumn flow situation z it

from the apex is roughly equivalent to the equilibriu.n flow situation 1 it

from the apex, with the exception of the increased time before entxy into ;
btlackoul. ‘Ncuequilibrium flow effects are somewhat legs tor wedges than :
for cones, but in hoth cases the effects increase substantially with decreasing
bedy angle. Feor body angles of 30 deg or iess, nonequilibrium co"siéeratiqné

. indicate that electrons will not be formed in any quantity in the ghock layer

for the equilibrium’glide trajectory and only for a very rhort period during 1-:

- the transient trajectory. All of the preceding information is contained in "

a detailed tabulation of the characteristic electron incubation distance behind
plane shock waves coi'npared with appropriate shock lay'er thicknesses .
presented in Volume II, Appendix C. Figure 19 shows ncneqdilibriuzf) effac;ts
on stagnation pcint flows; the indication here is. of course that these effects .

are quite pronounced for small nose radii. -
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The most outstanding feature of chemical nonequilibrium is the effect
on the time of onget of. signal attenuation. Hence, the only quantitative
reﬁresentation of chemical nohequilibriumn effects which has been incorporated
into our subsequent considerations is a modification of the time of onset,
taken to be 90 sec after the vehicle reaches an altitude of 300, 000 ft. The
other effects of chemical nonequilibrium can be interpreted in the previously
indicated sense that equilibrium flow conditicns at a given station are
representative 0f the ncnequilibrium flow conditions at a station somewhat

further aft, which is adequate for our purposes.
3. CONTAMIMNANTS EFFECTS

The eifect ¢f trace amounts of sodium in the boundary layer on the
resultant cignal attenuation is portrayed in Figs. 20 and 21. The figures
present both shock layer and contaminated boundary layer attenuation for
wedges with a 50- and 40-deg shock angle, respectively, at an altitude of
200, 000 £t as a functicn of velocity. The conditions are representa_tive of
the transgient trajectory for body angles roughly 5 deg less than the shock
angles. Scdium concentrations considered are 10, 100, and 1006 ppm: in
the boundary layer corresponding to concentrations in the heat shield of
approximately 100, 1000 and 10, 000 ppm, respectively. A concentration of
100 ppm corresponds to a standard heat shield material, whereas, 10, 900 ppm
represents an extremely high contamination level.

The most significant feature indicated by the figures is that contamina-
tion effects become important oniy at lower velocities, and are not significant
in the higher velocity ranges of interest {due to the fact that the equilibrium
air iomization is already quite high). Hence, these effects are not important
during peak attenuation periods. Specifically, from Fig. 20 we observe that
a sodium concentration of 10 ppm will not increasge the sigral attenuation
to a noticeable extent until the velocity is less than 18, 000 fps. With reference
to the transient trajectory, this implies that the attenuation is unaffected for
approximately 340 sec after the vehicle has reached 300, 000 ft. On the lower

velocity portion of the trajectory, 10 ppm would increase by 140 sec the time
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that the attenuation exceeded 10 dB, but would have no effect on the time
that the attenuation excreded 20 dB. The laréer concentrations cf sodium
have somewhat greater effects, although the qualitative nature is unchanged.

Ancther feature indicated by the figures is that contamination effects are
larger for smaller body angles (since even the uncontaminated boundary layer
is relatively more important here). It is also noted that contamination
effects are somewhat larger at lower altitudes (the contribution of the absolute
density increase of the contaminant outweighs that of the thinner boundary
layer) and are greater for cones than for wedges (again reflecting the
importance of the uncontaminated boundary layer), although nzithex of these
effects are indicated graphically.

It is concluded that the effects cf sodium contamination in representative ! R
cases (concentrations of 10 ppm, approximately) are not sufficiently large to
merit quantitative correcvions. However, these effects will be discusged
qualitatively with reference to specific alleviation techniques, as the need

arises.

D. THE COMMUNICATIONS SYSTEM

1. SYSTEM MARGINS

The preceding discussions have been devoted to an aseessment of signal
attenuation due to the plasma sheath in typical lifting reentry situations., The
effect of this plasma attenuation on the capability of ccmmunications systems
can be determined only if certain parameters of the remainder of the com-

murnications link are known. It is the purpcse here tu specify the parameters

of typical vehicular communications systems so that blackout can be defined
and a framework provided for the evaluation of alleviation schemes.

The elements of typical com™unications systems are illustrated in
Fig. 22, which indicates the path of the signal from the information source
to the receiver. The parameters that determine the capability of the system
are listed in the figure and discussed in Ref, 30. Such systems are normally
designed to deliver information at a specified message rate C (bits/sec)

when the sign:l-to-nsise ratio (S/N) exceeds a certain threshold value,
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designated {S/N).. When the signal-to-noise ratio is below the threshold
value, the communications link becomes inoperative due to excessive error
rates.

In the absence of the plasma, the signal-to-noise ratio is given by

p’I‘G'I‘AR

S _
N 4nr%kr LF
where T  is an effective temperature which depends upoa thermal, atmos-

pheric, and galactic noise, and k is Boltzmann‘s constant. The theoretical

maximum message rate CMAX is given by

X

Cypax = 8f log, [t + (S/N)]

The actual message rate C is typically considerably less than the theoretical

maximum. Values of the ratio C/CM AX for standard telemetry systems _

range from 0.02 to 0.2, depending on the type of modulation. A discussion
of this point is bevond the scope of this report, but the interested reader
iy referrec to Ref. 30 for detailed information.

A useful composite parameter is the system margin, defined as
10 logw[ (S/N)/(S/N)T} dB. The system margin represents the amount of
plasma attenuation that can be tolerated by the system while it delivers
information. If we assume that the transmitting antenna system is omni-
directional, that the range of the system is 100 miles, and that the effective
area of the receiving antenna, the noise figure, and the miscellaneous losses
are state-uf-the-art optima, then the system margin is a function of only the
transmitted power PT’ the signal frequency f, the rf bandwidth Af, and the
threshcld signal-to-noise ratio (S,’N)T.

Typical telemetry systems are characterized by bandwidths of 300 ke and
signal-to-noise thresholds of {Z (Ref. 31). These quantities and the scheme de-

scribed above have been used to calculate margins for 1.W systems (Volume II,
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Appendix D), and the results are presented in Fig. 23. Since the'system
margin is directly proportional to transmitted power and inversely propor-
tiox"xal to rf bandwidth, the square of the range, and the signal-to-noise
tareshold, system margins for other values of these parameters can be
readily obtained from Fig. 23. Such transformations have been made to
obtain the isolated points in the figure from actual reentry systems { Refs. 32
and 33). These points serve to illustrate the adequacy of the approximations

employed in the construction of the curve.
2, BLACKOUT AND ALLEVIATION

A representative frequency range for typical telemetry systems, as
previously indicated, is 250 MHz to 10 GHz. Transmitter power levels
range from 1 to 10 W at the lower end of this band and from 0.{ to { W
at the higher end. These specifications and the typical specifications incorpo-
rated in F’g. 23 indicate that system margins range between 15 and 30 dB.
Since plasma attenuation is typically greater than 100 dB during a 10-min
period of lifting reentry, it is clear that typical communications systems
will be inoperative (blacked out), and that thr requirements for alleviation
schemes are severe in that the schemes must either provide for or eliminate
losses of the order of 70 dB.

3. SPECIFICATION OF A REPRESENTATIVE

COMMUNICATIONS SYSTEM

In order to evaluate alleviation schemes, we will agssume that the vehicle
carries a system of the type just described operating between a frequency
of 250 MHz ard 10 GHz with a bandwidth of 300 kHz and further characterized
by power.levels in the range 0.1 to 10 W and system margins in the range
from 10 to 30 dB. Within the stated limits, we will presume that the frequency
is arbitrary, and that it may be selected to benefit any given alleviation
scheme without penalty. If an alleviation scheme requires a modification of
the representative system, such as the addition of a power arplifier, then
a weight penalty will be assigned only to the modification. If the transmitting

system iz to be replaced, as it must be if an alleviant involves signals with
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frequencies other than those prescribed above, ther a weight penalty will be

assigned to the entire alternate transmitting system.
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nological development and our associated analyses will vary in accordance

I1I. EVALUATION OF ALLEVIATION TECHNIQUES

A. INTRODUCTION .

i, EVALUATION CRITERIA

This section is devoted to presenting the results of preliminary systems
analyses for a variety of techniques for alleviating che lifting reentry com-
munications problem, The four principal criteria used as a basis for
ccmparison are: (1) guality of communication, (2) weight penaity, (3) flexi-
bility, and (4) further research and development effort. T‘l}e quality of
communication of a given system is dependent ou frequency range, informa-
tion rate capability, and possible effects of weather conditions. The weight
penalty of a given system is a basic systems consideration, and the flexlblhty
of a system in terms of the weight penalty involved for different traJectorxes
or vehicles of different sizes or shapes, or both, 'is also very importani.

The further research and develorment efiort required to bring a given tech-
nique to a point where a reasonable preliminary design of a flight item can
be made involves consideration of the nature of the problem areas, the
amount and type of effort required to resolve them, and their likely influence
on the other evaluation critevia. Our systems analyses are oriented toward
yielding an éppraigal of each alleviation technique in terms of these four

factors.

2. SYSTEM ANALYSIS

Two facts concefning the éystems analyses presented should be .
emphasized at the outset. First, the alleviation techniques to be discussed
have been, without exception, proposed previously: in some form; we have
endeavored to give due credit to the previous proposals. Second, these
allevxat:on techmques collectively cover a broad spectrum ot states of tech-
with this spectrum. At one end of this spectrum are techniques based on well

established concepts (such as coolant injection). “Theseé techniques have been”
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analyzed in some detail, and the amount and type of further reseuarch and
development effort required has been assessed fairly accurately {simply
because the magaitude of this effort has been defined by similar previous
efforts}. At the other end of this spectrum are techniques based on conc»zts
which are relatively new and not too well established (such as the use of
lasers). These techniques have not been analyzed in nearly as much detail
simply because the state of the art does not permit it. Similarly, the
amount and type of further research and development effort has not been so
clearly defined; our approach to the assessment of the required effort has

been to indicate the preblem areas as they appear to us,

B. MODIFICATION OF THE COMMUNICATIONS SYSTEM

EETTUNRTS

The raost obvious way in which the lifting reentry communications 8
problem can in principle be alleviated is by designing the communications
system with a free space system margin greater than the plasma signal
attenuation encountered during reentry. Two methods, which miay be used
separately or in combination, exist for improving the system margin: in- :
creasing the transmitted power (by a power amplifier, for example) and “
decreasing the rate at-which information is transmitted. The anaxlysis in R
Section II indicates that a typical plasma attenuation to be expected is 100 dB,
whereas, typical reentry communications systems have margins in the range
of 20 to 30 dB; thus the improvement in system margin which would be required
(70"to 80 dB) is unrealistically large and cannot be achieved in practice. The
detsiled considerations presented here will of coursc establish this faci more
quantitatively and will provide a basis for employing system mergin itnorove-

~ment in conjunction with other alleviation schemes. 7

The system margin improvement which can be obtained by increasing

the power of th- transmitter is limited both by breakdown (Sectior H-B-4; ana

by the additional weight associated with the increased powex. Frevious con- -

siderations have indicated that breakdown will occur at transmitted power

3 4

levels .of the order of from 1€~ to 10" W in typical reentry situations; hence, -

the maximum system margin improvement that can be realizéd is of the order -




of 30 to 40 dB.

The practicality of obtaining even this improvement is determined by

This is clearly inadequate for purposec of complete allevia-
tion.
weight requirements. Tne weight of power amplifiers in the conventioral
frequency range is, roughly, directly proportional to operating frequency and
output power (Ref. 34). A representative relation for the weight as-a function
of frequency and amplificaticn is derived in Volume II, Appendix E, and the
resulting weights associated with various system margin improvements are

showmn.

Weight of Power Amplifier, 1b

System Margin 1-W initial power 10-W initial power
Improvement, dB 250 MHz 2500 MHz 250: MHz 2500 MHz
10 0.18 1.8 .8 18
29 2.0 20 20 200
30 29 200 200 2000

It is seen that the use of a power amplifier to improve system margins by
more than 30 dB is impractical, regardlecs of hreakdown considerations,
Given a constant average transmitted power, the system margiri can
be increased by reducing the bandwidth of the receiver or the duty cycle of
the transmitter (pulsed operation) or both. The information transmission
rate is directly proportional to both of these guantities, thus, the increase
in system margin is equal to the decrease in infurmation transmission rate
when bown quantities are expressed in decibels. Henze, if the typical
informucion rate of 3 X 10? bite/sec (coxresponding 1ough1y tc a 300-kHz
bandwxdth) is seduced to the minimum usefal vate of 1 bit durmg the entire
réentry peried (1 bit in 10 min, say), ii is theoretically possible to obtain
2 system margin 1mprovement of 70 dB. Even if such low information rates
were asceptable, it ‘s not likely that they wou;d be achievable, since practical

considerations place a lower limit on the attzinable bandw:dth with a given car-

rier frequency, and plasma breakdov;n considerations place alower useful
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! limit on the duty cycle of a transmitter of given average power (see Volume [I,
Appendix E),
We conclude that the complcté alleviation of blackout by simply modify-
ing the communications system is impracticable. If such techniques are to
be used at all, they must be in cornbination with schemes that reduce. the

plasma attenuation. This possibility will be discussed in subsequent sections.

C. AERODYNAMIC SHAPING

i. BASIC PRINCIPLES

Aérodynqmic'shaping has often been proposed {Refs. 35, 36, 37j as a
technique for alleviating the communications problem. The general aim of
the technique is to modify the vehicle shape to change the flow field, which
reduces the thickness of the plasma sheath in the vicinity of the antenna or
reduces the electron density in the plasma sheath, or both. The shaping can
b2 of two general types, distinguished by the scale of the modification: vehicle
shaying or localized shaping. .

Great success has been achieved with vehicle shaping in eliminating
blackout from ballistic trajectories by emploving slender, slightly blunteq
reentry vehicles rather than the classical blunt shape. For lifting reentry
purposes, however, the vehicle will have to maintain a large angle of attack
to achieve the desired 1lift, and as the calculations of Section II have shown,
even a pérfectly sharp vehicle will exhibit prohibitively high electron densities
in the windward shock layer, Thus, the global change of vehicle shape dees
not seem to offer much promise for lifting reen’ry, and it is not further con-
sidered in this report. :

Localized shaping (i. e., modification of the vehicle shape in a restricted
area) will therefore have to be employed for lifting reentry. The specific
technique that has the most promise is the use of a slender fin extending
through the primary shock layer on the windward side of the vehicle, as shown
in Fig, 24, As the analysis in Section II has showr:, an antenna locatjon { ft
from the apex of a sharp wedg'e with a half-angle of less than 25 }ieg‘(gpptoki-
mately) will yield an attenuation lesg than 10 dB thioughou,t the entire trrajectory.
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Hence, such a fin will provide two-way communication over the ccnventional

frequency range, provided its structural integrity can be ensured. Thc two

subsequent subsections are devoted to an analysis of such a structuare and the

areas requiring further investigation. There are many other forms of local-

ized shaping; for completeness, these will be reviewed in the final section.
The basic problem of maintaining aerodynamic stabilitv of the vehicle
is an extremely important consideration when aerodynamic shaping techniques
arc contemplated. This is due to the fact that the essence of the technique is
appropriate modification of the flow field, and this muist affect the stability of
the vehicle, Maintaining adequate stability margins in these circumstances
may require i redistribution of weight or control surfaces, or both. Con-
sequently, a.though the subsequent weight estimate of the fin and supporting
structure is velevant, it may not reflect the total weight acsociated with its
integration into the vehicle. Finally, it is pointed out that the stability
problem requires that aerodynamic shaping techniques must be incorporated

into the early stages of vehicle design,
2. FIN-DESIGN CONSIDERATIONS

The main problems in the design of the prcposed fin are those associated
with maintaining the structural integrity of a shape that wili in fact reduce the
piasma layer to negligible proportions. The configuration selected here is as
indicated in Fig. 24; in the plan view, the fin presents the cress section of a o

15-deg half-angle wedge with a 0. 25-in. leading-edge nuse radius. The

effects of the nose bluntness are generally absorbed by the boundary layer in

kg

a distance of roughly 10 nose radii downstream from the leading-edge stagna-
tion line., Thus, at the anterna location, the flow is similar to tkut over a

sharp wedge, and the plasma attenuation is less than 10 dB throughout either

AE SRITTRR R T

of the typical trajectories. The overall dimensions of the fin shown in

hetr PR eE

Fig. 24 are selected on the basis of accommodating a 6-in. slot antenna at a

RS

station roughly 2 ft from the nose of the vehicle.
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The heat transfer to various portions of the fin were computed by _
standard techniques (Refs. 38, 39); details of these calculations are given in
Volume II, Appendix F. Pertinent results are shown in Fig. 25, wherein the
heating rate at the 0, 25-in. radius stagnation line and at a point { ft from the
1eading edge of ihe fin are shown as a functicn of time along the transient
trajectory. Considering the stagnation line heating rate, data presented in
Ref. 40 show measured receszion rates for sintered tungsten (the candidate
leading edge material} of 0. 003 in. /ger at 2260 Btu/sec »ftz and 0. 0005 in. /sec
at 750 Btu/sec»ftz. From the results of Fig. 25, it is thus concluded that the
weading-edge shape should be stable; indeed, the total recession of the stegnu-
tion line {~0. 2 in. ) is less than the leading-edge radius. Th= heating rate at
the side of the fin is net high erough to present any difficulty; a standard
ablation material will suffice.
The preceding heat transfer considerations have not considered the
effects of the interaction .: the shcck pattern with-the flow field. The effect
of a vehicle bow-shock impinging on a fin has been experimentally investigated
. ) in R‘effs. 44 and 42. The results indicated that the heat transfer rate in the
& ( interaction zone is approxXimately 4 times greater than that on other portions
of the leading edge. Since the bow rhock lies relatively close to the body, ,fj

the Yeat transfer rate may be reduced in the interaction zone by lecally in-

Vb ey

creasing the radius of the leading edge, withcut interfering with the com-

w

munications capability of the fin. Some erosion uf the material is still to be
expected, however. A local increase in heat transfer rate is also to be ‘ -
expected in the arez where the shock produced by :ke fin interacts with the :
flow over the bottom of the v.eiziéle. No data are availdble on the magnitude
of this increase, but it seems that a nrderate local reinforcement of the
bottom heat shield should be adequate. _
The weight of this fin, including ablation material and supperting B
structure is estimated to be somewhat less than 20 Ib. : . AR
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3. AREAS REQUIRING FURTHER RESEARCH

AND DEVELOPMENT

The main aspect requiring further development c¢ffort of the fin system
is its cffect on che aerodynamic stability of the vehicle. This requives
extensive wind tunnel testing at higher Mach numbers with at least a few
varicties of vehicle shapes. The primary information desired is an estimate
of the total weight associated with the fin system when aerodynamic stability
is maintained.

Another aspect requiring further zffort is an evaluation 01: the increase
in heat transfer rate expected due to the interaction of the fin shock with the
flow on the bottom of the vehicle. It is alsc important to determine the effects
on the flow field caused by uny subsequent degradation of the bottom surface.
Again, wind tunnel testing is indicated.

A final problem area requiring further effort is the actual construction
of the fin to incorporate sintered tungsten leading edge without suffering -

degradation of the rem: of the fin under prolonged high heat iransfer

rates. This will of course require detailed design and heating rate testing.

R ORI ¢ 0

4, REVIEW OF PREVIOUS PROPOSALS |

In this subsection, some previous proposals for localized aerodynamic

Pk shaping techniques are discussed, primarily for the sake of completeness.

¢ ¢ Some of these techniques were suggested initially with relation to ballistic
2 reentry; the preccnt discussion is of course oriented toward lifting reentry.
2. Flow Diverters

:§

4 Filow diverters are small obstacles placed in the flow near the trans-
‘2 Cens . . .

2 mitting antenna. Their purpose is to thin the plasma layer and expand the .

¥
(2

flow in the vicinity of the antenna so as to reduce the severity of the plasma
attenuation. Their small size should make them less detrimental to the
overall vehicle stability than the proposed fin technique. References 35 and

36 are fairly comprehensive studies of two different flow diverter geometries. oo
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Their results indicate that flow diverters will work best if the bulk of the
atteauation takes place.very near the vehicle surface. For a gliding vehicle
at lé.rge angles of attack, the electron density is fairly uniformly distributed
across the shock layer, making it mcre difficult to bypass the attenuating
layer. Figure 26 :adicates the maximum allowable sheath thickness for a
given attenuation along a transient trajectory for a 10-.deg cone. A 20 dB
attenuation will require the flow diverter t¢ be brought to within 0. 010 in. of
the outer shock; i. ¢., the whole shock layer will hiave to be diverted. Such
a diverter will in fact be a small fin, and will show no worthwkile improve-

raent sver the corimuenication fin described in the preceding section,

b. Aerospike Antenna

The aerospike antenna system proposed in Ref. 37 consists of an antenna
enclosed in a small cylindrical casing (1. 5 X 3 in. ) mounted on a pylon. The
flow around the antenna body is modified by the projection of a small jet of
gas (helium) upstream of the forward stagnation point, thus reducing the
electron density in the sheath around the casing and thermally protecting it.
The reduction of electron density is beought ubout by two mechanisms:
modification of the shock shape (i. e., making the antenna body lock more
slender than it is), and cooling by the mixing of the cold heliurn with the hot
rlasma sheath, For a typical reentry trajectory, the aerospike being located
in the freestream, a total mass flow of the order of 6 1b/in, 2 of casing
frontal area is reported to be sufficient to properly detach the normal shock.
The mass flow requirement is lessened if the antenna is located within the
envelope of the bow shock. Two assumptions are implied in the concept of
the aerospike antenna: (1) the antenna casing can be made to stay at
zero angle of attack with the local flow all during reentry: (2) the pylon
holding it can be thermally protected without becoming too bulky. Had a
more complete study been made, it is suspected that the weight requirement
for the aerospike zntenna system would not have compared favorably with
other systems, and would have remained fairly complicated and, hence,

unreliable.
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D. MAGNETIC WINDOW

1. . PRINCIPLE OF OPERATION

The use of a magnetic field as an alleviant for signal attenuation has
been proposed previously (Ref. 43, for example), and the analysis offered
here is based on the same fundamental principle. This principle is simply
that the presence of a dc magnetic field in the sheath with a component in the
direction of signal propagation will reduce the ability of the free electrons to
react to the transverse electric field associated with the signal and, hence,
wiil reduce attenuation. If the magnetic field is made sufficiently strong,
signal attenuation can be reduced to negligible levels.

The practical application of this principle, as envisioned here, is the
use of a coil placed as close as possible to the vehicle skin tc produce a
magnetic field with large components normal to the vehicle surface; the -
radiating aperture is located in the central region of the coil (see Fig. 27}.
Configurations similar to this have been preposed previously for both con-
ventional air core magnets (Ref. 43) and for superconducting coils (Ref. 44).
The subsequent detailed analysis is concerned primarily with the use of
conventional magnets since they are state-of-the-art devices. Brief consider-
ation will be given to superconductors in the conclusion of this section.

Assuming that such a system has an operational capability, the quality
of communications afferded is excellent in that the operating frequency is in
the standard range, weather conditions are of no consequerce, and the

information rate capability is not severely limited by plasma effects.
2. MAGNETIC FIELD REQUIREMENTS

The first step in analyzing a magnetic field system is to estimate the
plasma attenuation produced in the presence of a given magnetic field. The
basic procedure employed here is to compute attenuation on the basis of a
linearly polarized plane-wave normally incident on a homogeneous plasma
slab in the presence of a uniform magnetic field in the direction of propaga-

tion. This model is of course highly idealized, but nevertheless it does seera
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to approximate the actual situation of an aperture type ontenna located at the
inner surface of a plesma sheath (Ref. 45).

It is well krown that in the model just described, the total plasma
attenuation is givep by (Ref. 43,:

. | .
Attenuation =E(ITRHI + [TLHI)
where TRH is the transmission coefficient for a right-hand (RH) circularly
polarized wave, and T is the transmission coefficient for a left-hand (LH)
circularly polarized wave. The LH circularly polarized component is much

more highly attenuated than the RH circularly polarized component, and is [

neglected for the purpose of our estimates.

The transmission coefficient for the RH circularly polarized conipouent
was evaluated by digital computations. A characteristic feature of the results
is a highly oscillatory transmission coefficient, as illustrated in Fig. 28. In
order to represent the maximum possible plasma attennation fairiy, the exact

transmission coefficient was used only up te the first minimum, which cccurs
at

and beyond this point the maximum attenuation envelope was used in place of

the exact computation (see ig. 28). As collisions become more predominant,

1 the highly oscillatory transmission resonances become less severe and

- eventually insignificani.

; i The nature of the plasma attenuation in the presence of a magnetic field

is illustrated in an attenuation contour map (Fig. 29). The parameter

i V)\OIW d is a measure of collisional effects, independent of the signal {re-

1 quency, and approximately 10'2 for the plasmas considered here, The s
F: dashed curves in Fig. 29 are contours for fixed plasma conditions and ; S

Liggs

HEMIR T L
W
]
-
(O

P

e ———

TR

™

TR
.
H
!
i
3

Mv
¢
0

1
|




y
it e e i TR

ik G

RO Py Ny AL A0 FAA R et N N it e

For AR AR R S L

PEITLT

K
|

] A e R LA O RN S
------ O
—MAX.
ATTENUATION
S 4
210 FIRST -
S TRANSNISSION
g ! wplw ‘
= =7_.-'-=; .
P
< viw I
« =00
= — ! —
& COEFFICIENT USSD 14
SYSTEM ANALYSIS HIN.
ATTENUATION
ENUATION __
o poeee——1 7| [ N | L1
0- 002 0.04 0.06 008 010
d/\a

Fig. 28. Behavior of Traasmission Coefiici
ir Magnetic Fields

d/Aq
Ll 11

L

Ll

|

(4]
VA,
), 5ol e 2 i 2
//= o
(AR IS I D

402 -i0 -1

Fig. 29. Attenuation Contour Map for Typical
Reentry Conditions with Magnetic Field
{Atteruation in dB)

3-%4

R TG ER TR T T o e R AR
W, . .

40

(’L'

[
'

i




434

2
23
Y

TRV R

.
A —— o

e

magretic field as the signal frequency is varied. These curves correspond
to the plasma conditions at maximum attenuation for a 50-cdeg wedge on the
transient trajectory and magnetic field strengths of 1009, 20900, and 10, 000 G.
With conventional magnetic field strengths, increasing signal frequency
beyond 250 MHz results in substantial ‘ncraases in attenuvation until the
erlectron cyclotron freguency is reached. Accordingly, in the subsequent
analysis of conventional magnetic field systems, we have conaidered only

250 MHz. For higher field strengths, increasirg the signal frequency up to
approxunately 5 GHz wiil yield furthexr decreases in attenuation.

High magnetic field sfrengths rmay cause appreciable disturbances in
the flow field and, heuace, in the aerodynamic characteristics of the vehicle,
The importance «f this interaction is governed by the ratio of magnetic forces
to inertial forces -- roughly GBZL/pU where ¢ is the conductivity, L is the
antenna width, p is the air density, and U is the air velocity. For typi::al
reentry applications, ¢ ~ 100 mho/m, p ~ 10'2 kg'/m3, L~0.1{m, and
U-5x% 103 m/sec, so that the ratio is ai:out 0. ZBZ. Thus, for conventional
inagnets (B ~ 0. 3Wb/m2) little interaction is expected, but for superconducting
megnets B ~ 2 Wb/mz) the interaction may be significant.

The {inal step in estimating the magnetic field regquired to produce a
given attenuation i¢ to relate the uniform magnetic field results just discussed
to th2 case of the non-uniform maguetic field produced by a coil. For this
purpose, we have assumed that an equivalent uniform field, equal in magni-
tude to the field producec by the coil on axis at the outer edge of the sheath,
used in conjunction with the uniform field model will adequately predict the
actuxl signal attenuation in the non-uniform field environment. Further

effor: to determine signal attenuation in non-uniform fields is indicated.

3. ESTIMATE OF WEIGHT REQUIREMENTS

a. Calculation Technique

For a giver. vehicle shape, antenna location, trajectory, and desired
attenuation level, the design point for purposes of sizing the magnet system

is selected as tnat trajectory point which requires the largest magnetic field
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The subsequent weight estimate is based on maintaining this vaiue of magnetic
field throughout that portion of the trajectory during which the unalleviated .
signal attenuation exceeds the desired value. This procedure of course results
in a greater system weight than would result if the magnetic field were varied
continuously over the trajectory to maintain the desired level of attenuation.
Typiczl calculations indicate that this constant magnetic field system is
roughly 1.5 times as heavy as a variable magnetic field system,

The details of the procedure employed here to estimate the ‘weight of
the magnet system required to produce a given magnetic field at the sheath
edge are given in Volume II, Appendix G; only the main features will be
indicated here. - The first step is to relate the desired value of magnetic
fieid to the required properties of the coil. This is accomplished by assum-
ing that the field produced by the coil is the same as if the total current in
a cross section of the coil (i. e., the number of ampere-turns) were con-

centrated at the mean diameter of the coil at the inside edge of the sheath, as

indicated in Fig. 30.

T CURRENT ASSUMED CONCENTRATED
}_ SHEATH AT THIS POINT

VEHICLE SKIN

| d T seru oot
I

Fig. 30. Maznetic Field Calculation
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This yields a relation between the number of turns and the coil current for a
given coil diameter. This procedure underestimates the required arnpere-.
turn;s, and is adopted primarily for consistency and ease of calculation,
Conservative assumptions regarding the effect of the non-uniform magnetic
field on signal attenuation should largely offset this factor. Detailed calculations
indicate that actual magnet system weights will differ by less than a factor of
two from those reported here.

For purposes of calculation, the weight of the coil is computed as that
of the wire plus an additional 10% for structure. The power dissipated by the
coil is assumed to bz supplied by a battery with energy capacity of 30 W-h/lb,
a conservative figure selected on the basis that a fast discharge is required.
The coil is cooled by boiling water at 100°C and an additional amount of
structure equal in weight to that of the water is assumed.

For a given magnetic field and coil diameter, an optimum weight system
is obtained by adjusting the current and the number of turns so that the weight
of coil plus structure is equal to the weight of battery plus coolant. Weight
estimates are based on operation at this opti'num condition. In the results
to be discussed subsequently, a mean coil diameter of 4 in. has beer. selected

to provide an adequate aperture.

b. Typical Magnet Systems

An indication of the characteristics of the reguired magnet systems is given
by the following data for two coil systems, one of copper and another of
aluminum wire, designed to limit the signal attenuation to 40 dB at a ;tation

1 ft from the apex of a2 50-deg wedge during the transient trajectosy:

No. 10 ®Wo. 10
Copper Wire Aluruiinum Wire
Magnetic field at sheath edge, G 1600 1600
Magnetic field at coil center, G 2290 2290
Coil current, A 78. 1 32. 4
System weight, 1b 17.1 12.5
Battery weight, 1b 7.05 5.15

3-17
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No. 10 No. 10
Copper Wire Aluminrum Wire

Coolant weight, 1b 1.45 1. 06
Power dissipated, W 1905 1399
Voltage, V 24. 4 42.9
Coil width (square cross section}, in. 1.56 2. 43
Coil mean diameter, in. 4 4
Number of turns 237 572

Although aluminum yields the lighter weight system, the effective aperture
diameter is significantly less. Frr this reason, calculations have been based
on the copper, with the reaiizatior that a more vefined optimization technique

wiil be required in the design of an operational system.

c. Results of Analysis

Figure 31 shows the magnet system weight as a function of resulting
plasma signal attenuation (at 250 MHz) for conditicns corresponding to a
station 1 ft from the apex of 50 and 40-deg wedges for both equilibrium glide
and transient trajectories. As previously indicated, these weights are based
on a constant magnetic field over that portion of the trajectory-during which
the unalleviated attenuation exceeds the given value. These resuits show that
a conventional magnet system is promising only if higher signal attenuations
can be tolerated.

This observatiun leads to the consideration of benefits to be gained
from a conventional magnet system and increasing the transmitter power.
Selected results of this nature are shown in Fig. 32 in terms of total alleviant
system weight (magnret system plus additional transmitter) vs additional
transmitter weight. Results are shown for two different initia’ *. nemitter
powers (1 and 10 W} and two different ccmmunication link specifications
(1 W, 10 dB marginor 10 W, 20 dB margin and {W, 20 dB margin or 10 W,
30 dB margin). The obvious conciusion here is that it iz desirable to increase

the transmitter power above that usually employed (betweern 1 and 10 W).
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In the cases examined, the optirhum power level is approximately 20 W. Th=
problem of rf breakdown (Section 11-B-4) may become important at these
powér levels, ano mere research in this area ie indicated. It should also
be noted in Fig. 32 that, for a given penalty associated with increasing trans-
mitter power, tne potential benefits are greater for systems with lower
initial powers and Jower system margins. It is mentioned that at lower added
transmitter weights the total system weignt becomes large and is not shown
in the figure

The effect of diiferent lifting trajectories on conventional magnet system
weights is presented in Fig. 33 and 34. For a 50-deg wedge at a station 1 ft
from the apex, magnet system weight is presented as a fun ‘ion of altitude
and velocity fox the trajectory point that requires the maxirnum magnetic
field. These weights are based upon maintaining this constant field for a
nominal duration of 500 sec; hence, each altitude and ,velécity may be taken
as representative of an entire trajectory. Increasing the velocity ox décreas-
ing the altitude increzses magnet weighis appreciably (e. g., a decrease of
20, (00 ft in altitude or an increase in a},e‘locity from 21, 0G0 to 26, 000 ft/s=c,
at lower plasma attenuations; results in a factor of two increase in weight).

A final important result, which emerges directly irom the weight
estimatione is that for the same initial thermo¢ ynamic conditions of the

sheath, the magnet systzm weight requirements W scale as

2\s/2
W - dzv(i +4 Xi) eyt /2
d

where d is the mean cocil diameter, y is the displacement of the -coil from the
outer edge of the sheath, and t is the duration for which a2 magnetic field is
required (see.Volurme II, Appendix G). Thus the weight penalty increases
roughly as the square of the characteristic vehicle dimension. Since the
vehicle weight would be expected to increase at roughly the same rate, the

magnet system weight would tend to remain a constant percentage of the gross
vehicle weight.
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4. AREAS REQUIRING FURTHER RESEARCH

AND DEVELOPMENT

The most iraportant area requiring further research effort in the
development of a conventicnal magnet system is associated with a more
precise determination of plasma attenuation in the inhomogeneous magnetic
field produced by a coil. Such a determination will have a large influence on
establishing the weight of the coil. It appears that the most promising
approach for this determination would be to conduct experiments in the
proper ccil geometry with a laboratory-produced plasma. The objective
would be to obtain the actunal attenuation as a function of magnetic field
strength (i. e., coil current), displacement of the coil from the plasma slab,
as well as coil geometry and plasmsz conditions. Since it is unlikely that the
reentry situation can be exactly simulated in the laboratory, a suitable scaling
theory should be developed.

A second area vequiring further research, closely related to the pre-
ceding one, is the determination of how small the magnetic window aperture
can be made and still accommodate an efficient radiator (at an operating
frequency in the vicinity of 250 MHz). The most promising approach to this
problem is the experimental one of obtaining antenna characteristics in the
proper coil geor:etry in a free-space environment. It should be noted that
the importance of this area is governed by whether or not the minimum coil
diameter is limited by aperture considerations, as was indeed the case in
our previous weight estimates.

A third area requiring further investigation is the rf breakdown level in
‘the presence of a magnetic field. This again requires that emphasiv be placed
upon producing the proper plasma conditions rather t'.zn on producing geo-
metric eimulation of the reentry situation. A basic question is whether or not
it will be possible to increase the transmitted power to a level of the order of
10 W/ch2 (400 W incident upon a 2.5-in.-diam circle) without producing

breakdown.
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5. USE OF SUPERCONDUCTORS

The previous discussions of weight estimates and areas for further
research have been concerned solely with conventional magnet systems. A
brief discussion of these factors for superconductor systems is presented
here.

The major problem is estimating the weight of the coolant required to
mawtain superconducting temperatures { 10°K). The flight system designed
in Ref. 44 is not directly applicable here since the heat sinks ersployed
were capable of maintaining these temperatures for only a few hours after
launch. Thke utility of this type of coolant technique seems inadequate for
general lifting reentry purposes, although the weight of the system (of the
order of 20 lb, heat sinks included), which produces Jields of 13,000 G, is

certainly reasonabie.

A technique of inflight cooling, more appropriate for general purposes,
isalso discussed briefly in Ref. 44. The tentative design therein requires :
1.4 liters/h of liquid helium to maintain the proper temperature. T‘he tech-
nique which must therefore be einployed is to store liquid helium and cool the
apparatus @ few hours prior t'o reentry. The required storage container is

estimaced to weigh 10 1b for 5 liters of heliam stored, and loses 0.5 liter of
helium/day.

ks it iy i ahi

We therefore conclude that superconductor systems are feasible for
alleviation purposes only for relatively short duration missions. Systems
; utilizing heat sinks as coolants are feasible only for missions of a few hours,
and are almost within the state of the art. Systems utilizing inflight cooling - i
F are probably feasible for missions of a few days, but require deveiopment of
flyable storage devices. The major areas requiring further development
r effort are the thermal design of the coil system and storage containers to

minimize coolant requirements, and the problem o radiating throLgh a smail L
3 aperture.
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E. COOLANT INJECTION

i. PRINCIPLE OF OPERATION

Coolant injection into the pla ma sheath as a communications alleviation
technique has be.n proposed previously (Refs. 36, 49-49), and the subsequent
analysis will be substantially based on these proposale. The basic principle
is that if sufficient coolant is injected into the shock layer and if the resuiting
mixture is brought to thermodyramic equilibriurn, the resulting electron
density would be low enough so that communicat on would be possible. It has
been proposed to inject coclant inte the primary shock layer (Refs. 36 and 46)
or to inject it around vehicle appendages (Section I12-C-4). In either case,
the bagic engineering consideration to confine the injectant to the minimum
flow area necessary in the localized vicinity of the anterna, in order to
reduce coolant requirements. We are concern~d only with injection into the
primary shock laye~, as indicated in Fig. 35, siuce the use of coolant -
injection in conjunction with asrodyrnamic shaping technique. has been treated
in Section 1II-C-4. The aim is ther to produce a "window' ia the sheath that
has at least the dimensions of the radiating aperture.

The quality of commuuication that would be provided by such a system

is excellent in that the operating frequency range is standard. Hence, equip-

L}
L W

ment is available and weather conditions are of no consequence. and the

y s

information rate capability is not limited by plasma sheath effects.
2. ESTIMATE OF WEIGHT REQUI:. SMENTS

a. Coolant Selection

The firsi problem is the selection of the specific coolant. From a com-
4
parison” of representative coolants (hydrogen, water, helium, and propane)
presented in Ref. 36, the energy per unit mass required to raise the tempera-

ture of the coolant from a nominal level (~300°K) to the levels of interegt for .

Appendix H in Volume II contains this information in more detaii, as well
as other pertinent calculation details relevant to coolant injection
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aileviation (3000° to 4000°K) decreases in the same order as the coolants
arejliated. Hence, from a pure thermodynamic standpoint, hydrogen is

the optimum coolant. However, since gases are more difficult to contain

and distribute ir a flow field than are liquids, practical considerations indicate
that water is probably the best choice (although hydrogen is roughly 6 times
better on a unit mass basis). Therefore, we envision water as the coolant;

for simplicity the calculation of the weight requirements will be based,
however, upon helium. On a purely thermodynamic basis, this approximation
overestimates the water requirements by approximately 20%, which is of

little consequence for present considerations.

b. Calculation Technique for Minimum Requirement

The calculational technique to obtain the miniimum ccolant system
weight requirement is described as follows. First, the inass flow ratio of
injected coolant to air at a given initial staie that is required to achieve a
given final state of the resalting mixture is calculated. In the final state,
it is assumed that the coolant is uniformly distributed in the air stream and
completely evaporated, that the mixture is in thermodynamic equilibrium,
and that the state has been reached by a quasi one-dimensional mixing process
at constant pressure (Volume 1I, Appendix H). This technique is identical
to that used in Ref. 36. Second, the actual amount of air to be cooled is
assumed to be that flowing through a cross-sectional area having the dimensions
of the inviscid shock layer thickness in the direction normal to the body surface
and of one-half the inviscid shock layer thickness in the other direction normal
to the flow. With the coolant.to air mass flow ratio and the air flow established;
the total amount of coclant required for a given body location, trajectory,
and desired final mixture state can be determincd. Finally, the weight of the
coolant system, including storage tank, pipes, valves, etc. is taken to bhe
twice the coolant weight. '

In order to accept the results of these calculations when applied to the
lifting reentry model, the validity and associated imiplications of the various

assumptions must be as;cessed. The assumption that the shock layer pressure
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is unaffected by coolant injecticn implies that the flow field geometry is
unaffected also. The natural tendency of a jet aligned transverse to the shock
layer fiow is to raise the preasure and to increase the thickness of the layer;
hence, any deviation of the actual physical conditions from those azsumed will
make alleviation more difficult. It appears that this deviation will be relatively
small, since from the results of Ref. 50, atomized liquid jets that are capuble
of peneirating the shock layer de not introduce large disturbances in the flcw
field,

The maintenance of thermodynamic equilibrium at the antenna location
is of critical importance to the success of the injection technique; it is clear
that if the electron d=2nsity is not reduced sufficiently rapidly, then attenuation
will remain severe regardlees of how much thermal zooling is accomplished.
Whether or not thermcdynamic equilibrium is maintained depends upon the
reaction rates involved. For our purposes, the cnly reactions of consequence
are those involving electron-ion recombination, since the ionization reaction
rates drep sharply with decreasing gas temperature. For pure air recombina-
tion rates, the characteristic flow distance reguired to »educe the electron
density to 10“ electrons/cc (a density at which communication is possible)
is of the order of from 10 to 20 {t for our typical reeniry conditiors. This
distance is far too great for practical purposes, and it is clear that pure air
reccmbination mechanisms will not be sufficient. To obtain an adequate electron
recombination rate, some catalytic agent must be employed. As will be more
fuily discussed in Section HI-F, electronegative coripounds that possess high
electron attachment cross sections are likely candidates as catalysts. For
example, czlculations (Volume II, Appendix H) indicate that as little as 1%
sulfur hexafluoride {or other similar electronegatives) added to the injected
water would reduce the characteristic flow distance required to reduce the -
electron deneity to 10“ electrons/cc to the order of from 5 to 10 in. There
is some evidence that the presence of water vapor alone in the air will
increase the electron-ion recomnbination rate by an order of magnitude
{Ref. 51). There is also evidence that the presence of water droplets has a

catalytic effect on recombination (see Section III-F), Thus water injection
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.t L alone may be sufficient to maintain equilibrium electron density levels. In !
any case, reducing electron densities to their appropriate equilibrium values
: 5 doe's not 2ppear to be difficult, although some further research is indicated.
» ) For any liquid coolant to be effectively utiliz~d, it must be largely

’ evaporated at the antenna iocation.

. e N

The rate of evaporation is determined by
the properties of the coolant, the heat transfer raie¢ to the droplet, aand the
droplet size. The droplet size was estimated by the correlation of Ref. 52,
which was based on experimental results utilizing jets of HZO’ CC14, iso-

e octane, and JP-5 injected transversely into air streams of velocities in the
range from 100 to 700 ft/s=c. The resulting droplet sizes, corresponding to
i an orifice diameter of ¢, 01 in,, were in the range from 5 to 10 g at our

: ’ typical reentry couditions (Volume II, Appendix H). It should be noted that

thege results »epresent a large extrapolation in air siream velocity from

PO

g the original experimental vaiues. The time required for a given amount of

e evaporation was computed for initial air conditions corresponding to a 50-deg

E wedge at 200, 000 ft and a velocity of 25, 600 ft/sec and final mixture conditions

s ' at a temperature cf 4000°K {Volume II, Appendix H). The results are as

iisted:

» |
Evaporation Times for 10-u Drop, msec k
Free molecular flow Cox-ztinuum flow

3 Evap., % at initial rate at final rate at final rate

100 0.19 0.55 0.049

] 90 0.10 0.44 0.038 .

i 80 0.078 0.34 0.032

Eo 70 0. 662 0.27 <0.032

The heat trém_sfer rates were evaluated in both free-molecular and continuum

3 flow regimes since the mean free path is of the same order as the drop. :
diameter.

The initial rate corresponds to the rate at initial air conditions .
and the {inal rate is that at desired ndixture conditions.
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for a droplet to traverse a distance of { ft in the {low direction has heen
estimated and results indicate that a tvpical time is of the order of 0.1 msec
(Volume II, Appendix H). Thus it appears from the table that 80% evaporation
can be attained in 1 ft, assuming that the distance required for the initial
estabiishment of the drovlet spray is of the order of from 2 te 4 in. This
distance of 1 ft may be adequate for providing a reasonably well defined,
cooled portion of gas over the antenna location. The subsequent calculated
coclant requirements are based on the assumption of complete evaporation.

The final and probably most critical assumption involved in this cal-
culation is that the amount of air cocied by the jet can be confined to a small
cross-sectional area. To provide a feeling for the magnitudes involved. it is
pointed out that results indicate that the mass flow rate of water reguired is
of the order of 10-2 lb/sec, and a reascnable orifice diameter to achieve
penetration of the shock layer (approximately 1 in. thick) is of the order of
10-2 in. Thus, the assumption here is that in a distancc of approximately 1 {t
in the flow direction, the breakup of the jet into sufficiently small droplets
and tne subsequent mixing and evaporation processes will yield a reasonably
uniform mixture of water vapor and air of lateral dimensions of at least one-
half the shock layer thickness. Further, it is assumed that the amount of air
flowing in the mixed region is no greater than that flowing in a2 stream tube
of the undisturbed flow having dimensions of the sheath thickness by one-half
of the sheath thickness.

To assess the validity of these assumptions, a qualitative description' of
the flow field is given. This flow field is depicted in Fig. 35 and is based on
information contained in Refs. 50 and 53. The jet issues from the orifice in
the usual manner, since the coolant velocity is not snfficient to cause immediate
breakup of the jet into droplets. The ambient pressure is somewhat greater
than the initial vapor pressure of the liquid. The action of the high-velocity
air streamon the jet creates the bla:«;t wave effect in the shock layer near the
vehicle surface, wherein the turbulent wake contains droplets formed by
shear on the jet. In the outer portion of the shock layer, the remainder of

the jet is broken up intc droplets by the air stream. Subsequent to this breakup,
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droplet evaporation and mixing occur. Quantitative estimates of the processes
are difficult to make. In the inner portion of the shock layer, the width of
the turbulent wake can be estimated as that due to flow about a circular cyl-
inder. In the absence of evaporation, this is of the order of 12 jet diam at an
axial distance of 100 diam from the orifice (Ref. 54). For our typical situa-
tions, this would amount to a lateral spreading of only 0. 12 in. at a distance
of 10 in. from the orifice. In the outer portion of the shock layer, the tra-
jectory of a single droplet of given initial velocity can be easily estimated,
again assuming no evaporation. A typical calculation (Volume II, Appendix H)
indicates that a 10-p¢ drop with an initial lateral velocity of 150 ft/sec in an
air stream of 15, 000 ft/sec will suffer a lateral deflection of somewhat less
than 0.4 in. in traveling 1 ft in the direction of the stream. Neither of these
estimates indicates that the lateral spreading of the jet wiil be more severe
than assumed. The largest unknown is, however, the lateral velocities that
the droplets are likely to acquire due to the breakup process. This breakup
process is quite complex { Ref. 55), but some qualitative evidence exists that
the droplets may achieve significant lateral velocities {Ref. 56).

The preceding considerations have neglected the evaporation process.
If indeed the pressure field is largely undisturbed by the jet and the process
occurs at nearly constant pressure, then the flow area of * -~ air-water vapor
mixture will expand by about a factorof ten. This tends to make the assumption
regarding the amount of air to be cooled pessimistic. If the mixing process
could be confined to an air stream that is initizlly one-half of the shock
layer thickness in lateral extent, subsequent evaporation would cause the
resulting mixture to have a lateral extent an order of magnitude greater
(approximately), and thus the cooled mixture would cover more area than is
necessary. Aithough aliowance has not been made for this effect, it should be
partially offset by the assumptions made regarding the lateral extent of the
initial liquid spray.

Quantitative evidence regarding the overall jet mixirg pr-cess is
presented in Rei. 50. These data are for both water and l:quid nitrogen

injected into an air stream of Mach 8 about blunt bodies. The latcral extent

3.-29

L o ei—

e ———— e e ——

P T




asieg

of the liquid drops tends to equal the penetration distance normal to the body.
In view of these data, the assumption of one-half of this lateral extent appears
optimistic. However, it should be realized that the contemplated geometry
and flow conditions are not similar to this experimental situation. Specifically,
in the latter situation the effects of vehicle nose bluntness are dominant, and
the flow is axisymmetric. Both of these features are apnreciably different
from the situation to be encountered around lifting vehicles, and it is con~
ceivable that lateral spreading wouid be less.

The preceding considerations, viewed collectively, help to validate
the pasis on which the coolant requirements have been estimated. More

research is indicated before a better evaluation can be made.

c. Resuits of Analysis

Figure 36 shows the coolant system weight requirements as a function
of resulting plasma signal attenuation (at 2. I MHz) for initial plasma conditions
corresponding to a station 1 it from the apex of 50- and 40-deg wedges for
both equilibrium glide and transient trajectories. Also shown are the weight
requiremerts for initial plasma conditions corresponding to stagnation point
conditions for a 3-in. nose radius for the transient trajectory. A modification
in the calcuiation technique was necessary in that the representative shock
layer thickness was taken as twice the shock detachment distance and the
air to be cooled was based on = projected area normal to the freestream of
41in. X 1/2 in. {to accommodate a 6-in. slot antenna). The coolant require-
ments are based upon a constant flow rate for the time during which the -
unicooled plasmad attenuation exceeds the desired level. This constant rate is
taken as the maximum required by any point on the trajectory. This yields
a greater coolant reqrirement than if the flow rate were varied along the
trajectory to maintain a fixed level of attenuation at every point; e. g., for the
50-deg wedge on the transient trajectory, the variable flow rate requirement
is less than the coastant one by a factor of two. Whether the potential weight
saving outweighs the increased complexity of a variable flow rate system

requires a more detailed evaluation. It is evident from Fig. 36 that the coolant
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requirements are quite reasonable from a weight standpoint. The trexds
exhibited by the different trajectories and shapes follow the expected pattern,
with the possible exception of the stagnation point resuits. These indicate

a lesser weight requirement than the 50 -uxg wedge case because the more
forward position of the antenna results in thinner sheaiths and less air to be
ceoled.

The weight requirements for a combination of coolant injection and
transmitter power amplification are showa in Fig. 37 in terms of total
alleviant system weight (coolant system plus additional transmitter) vs
additional transmitter weight. Results are shown for two initial transmitter
powers {1 and 10 W) and two communication link specifications (1 W, 10-dB
margin or 10 W, 20-dB margin and 1 W, 20-dB margin or 10 W and 30-dB
margin). The conclusion is that it is desirable to increase transmitter
power above that usually emploved (between I and 10 W). For the case '
examined, the optimum power is approximately 50 W. The preceding
results all considered a fixed signal frequency of 250 MHz. Figure 38
indicates the effect on the transient trajectory of charging the signal frequency
on the cooclant system weight requirements for the 50-deg wedge, 1 it from
the apex. The effect of different lifting trajectories on coolant requirements
is presented in Figs. 39 and 40. For a 50-deg wedge at a station 1 ft from
the apex, coolant system weight is given as a function of the maximum coolant
flow rate. These weights are based upon a constant f.ow rate for a duration
u1 300 sec; hence, each altitude and velocity may be tiken as represen’cativ.e
of ar. entire trajectory. As shown, increasing the velocity or decreasing
the aititude increases coolant requirement: appreciab.y (e. g., either
increasing the velocity from 21 to 26 kft/sec or decre.ising the altitude by
20, 000 ft results in roughly an increase by a factor of two in the coolant
reguirements). _

A final resuilt, wiich emerges directly from the analysis, is that the
coolant weight requirements increase approximately asthe square of the sheath
dimension and the daration of the blackout period. Thus the weight penalty
increases rather shargply with vehicle size, so that the coolant sysiem weight

penalty tends to remain a constant percentage of the gross vehicle weight.
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3. AREAS REQUIRING FURTHER RESEARCH AND

DEVELOPMENT

As the previous discussion has indicated, the central problems in the
development of the coolant injection technique are all associated with obtain-
ing a dzsirable distribution of the water vapor-air mixture (i.e., a distribution
that maximizes the lateral extent of the cool mixture for a given amount of
injection) at the antenna location. ~ The following paragraphs contain a dis-
cussion of the type of effort required to resolve these problems.

rurther effort is required concerning droplet size, velocity, and
spatial distribution of the liquid spray ir the early stages of the breakup of
the jet, since these properties provide the initial conditions for the subsequent
evaporation and mixing processes. This information is best obtained by
experimental simulation of both geometry and flow conditions. Unfortunately,
exact sirmulation in laboratory facilities does not appear possible. Thué, an
investigation such as that reported in Ref. 59, suitably modified to incorporate
the correct geormetry and expand=d to include more definitive measurements
of drcolet distributions, would be a reasonable appreoach. In coenjunction with
this, ir would be necessary to develop an adequate scaling theory. An
alternative experimental approach would be to simulate the important geo-
metrical properties of the flow field (primnarily, an essentially nonexpanding
flow) at flow conditions that very closely approximate the desired conditions.
This might be accomplished in a shock tube; again, a scaling theory would
be required. The points to be emphasized are that the investigation should
be centered on experiment and that the geometrical properties of the flow
should be properly simulated.

Further research is needed in the study of the evaporation and mixing
process that occurs subsequent to the initial formation of the spray. Again,
the investigation should be experimentally oriented, and the geometrical
properties of the flow field should he simulated. It is in fact very likely that
the same experimental facilities could be employed. A subsidiary investiga-
tion of the evaporz’ion rate of droplets would be desirable, due to the

intermediate nature {i. e., noncontinuum and not {ree-molecular} of the flow.
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In this case, greater emphasis should be placed on simulation of flow con-
ditions than on geometry. .

Further effort should be devoted to establishing the time (or distance)
required for the electron densily to equilibrate in the presence of the injected
water. The basgic problem is whether the presence of water droplets and
vapor is a sufficient catalyst for the recombination process, or if an
electronegative additive is necessary. Once again the investigation should
be based on an experimental approach and the emphasis should be place‘! on
duplicating thermodynamic conditions rather than flow geometry.

Further invéstigation is required concerning the size of the alleviated
area over the antenna needed for effective transmission; this problem is also

common to some other alleviation techniques.

F. OTHER INJECTION TECHNIQUES

i. GENERAL CONSIDERATIONS

Severai mechanisms other than cooling have been proposed as bases
for injection schemes to reduce plasma attenuation. These include the
tendencies of free electrons to precipitate on dust, of electronegative gases
to form negative ions by electron attachment, and of certain chemicals to
combine with oxygen or nitrogen, thereby reversing the reaction
N+O = NOT + e responsible for the high eiectron densities in air at reentry
conditions. Ae indicated by aerodynamic analysis (Section II-A-3) we are
concerned primarily with nonexpanding flows in thermal equilibrium. In
such a situation, these processes can be effective only if they shift the
equilibrium composition so that’the equilibrium electron density is lower
than the blackout level. Consequently, thermodynamic analyses can be used
to evaluate these mechanisms.

Of epecial interest is the case wher= the electron density is higher tian
that associated with local thermodynamic equilibrium. This case may occur
after coolant injection {Section II-E) or in the flow around the afterbody
(Section I1I-G). In this situation, it may be sufficient for the injectant to

merely increase the rate of approach to a desirzbie equilibrium. The
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mechanism for this process is discussed in this Section, and the details of
its application as a part of other alleviation techniques are discussed in

applicable gections.

2. EQUILIBRIUM FLOWS

a. Dust Injection

It is agsumed that the dust consists of micron-sized spherical particles
that capture incident electrons and give up elecrtrons to incident iong
(Ref. 57). At equilibrium of this "dust plasma, ' the configuration may be
thought ¢f as a collection of floating probes, and the electron density is de-
pletedin spheres with radii lsrger than the particle radius by a Debye lengt}}' N
Since the Debye iength is of the order of or less than 2 micron at the densities
and temperatures cof interest, the depleted spheres are at best about 1D times .
larger in volume thae the particies. This irdicates that for each 10 cc of
quznched plagsma 1 ce of dust material is required, with a weight of at least f;
1 g. This consxde :ation is sufficient to disqualify the scheme thhout fuzther ‘

analysis; since less than a m.lhgram of watcr has the same e_fzect.

b.  Electronegative Gas fnjocticn - 7 g

The effectiveness of an-ele:tronegat-"e atem-or molecule in reducing
the equilibrium electron density of air is deterrnined by the magnitude of its

eleciren affinity, which is defined as the difference in ensrgy between a free

electron and a captured electron in elnctron volts -- the highes the electron
affinity, the higher the probability of elestron attaqhxhent. Eince the highesf
known electron affirvities app’roa{ch 4 V, -we can sptimistically evaluute this
schemé by cai/culating concentrations of 4-V clectronegative gases required
0 reduce nlectron concentrations to satisfactory levels. Calgulations of this

racure-uruaily involve complicated computer programs, but if the oniy

SSmce prevzous cons:derationa of water as a coolant {Soctxon III-E) indicate
that water will quench an amount of air equal to its weight (apprommataly),
i0 cc of air at reentry conditions {w2ight, 107F g) cun be quenched by 0.1 mg
of waler, N :
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information required is the electron density reduction factor as a function

of electronegative concentration and temperature, it is possible to derive a '
simple formula. This formula indicates that rather high concentrations are

required to achieve significant quenching. The formula is derived in Vol-

ume II, Appendix I, and the results for reduction of the plasma {requency by

a factor of six are given in the foliowing table. (Note that these results are

independent of pressure to a good appreximation. )

Temperaturae, “K - 4-V Species Concentra‘tion/cc
2200 t x 1013
18
3300 1 X 13
4
4409 5% 10°7
2C
5500 & X 10 .
2
6600 7 x 10°1

The factor of six reduction of the placma frequency is & reassnable minimum
requiremeat for an alleviation scheme, since the aeredynamic analysis of
lifting reentry indicates plasma frequencics of 5% GHz. Coasideriag that
reentry temperatures are ¢ypically ir the 5500 ta $600°K range and that
typical coolant requirements to achieve communication arc about iﬁlb_to
1017 particles/cc, 6 we conclude that the electroregative injection scheme isg
unsatisfactory because its weight requirements are sevaral orders of

magnitude higher than thoge of the ccolant scheme discussed in Section IJI-E.

c. Chemical Injection

The requirement is that the injected material have a high aifinity for oxygen

or nitrogen if it i3 to work and that it have a molecular weight of the order

This estimate is_based on a typical ‘iriﬁe‘zisié"y of 10‘6 to 1017 partisigs/’é‘cA

(p/og ='10°3, 10-2).
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or lesas than that of water if it is to be competitive (since at leazt one
mol:ecule wiil te required for each O atom, and O atoms compose approxi-
mately 30% by weight of the air at reentry conditions). On these bases, the
leading cancidate is carbon. Equilibrium configurations for carbon-air
mixtares have been caiculated by Clifton (Ref. 58) as part of a program
designed to study the effects of ablation preducts. Typical results are
given in Fig, 41. The results for other pertinent pressures are similar.
The complete gtudy indicates that carborn does retard the production of NO'.*,
but this effect is offset by the prcduction of ct. nia concluded that this
injection scheme is unsatisfactory because it iz useless above 4000°K.

It should be noted that the preceding analysis is for pure carbon
injection. Similar calculations have been made for Teflon (Ref. 59), which
is also unsatisfactory because of the pruduction of CF+. It is difficult to
conceive cof other caadidates for ;:hemical injection schcmes, but the con-
siderations listed indicate that such schemes fox blackout alleviation are
not very promising from even s thermodynamic standpoint, apart from

practical injection problems.
3. NONEQUILIBRIUM FLOWS

a. Electronegative Gas Injection

It has been found experimentally {Ref. 60) that relatively small arnounts
of electronegative gas (SF6) are capable of rapidiy reducing very high electron
densities (10“/(:4:) in argon at low temperatures (700°K). A general theory
that is consistent with these specific results is deveioped in Volume II,
Appendix I. The theory indicates that if moderate amounts of electronegative '
gases are injected into supericnized air, the electron density will decay
exponexntially to its equilibrium value, and the relaxation time is given by the
inverse of the product of the effective cross section for attachment, the
electron thermal velacity, and the concentration of the electronegative gas.
The appl. cation of this mechaniam to blackowt alleviation is discussed in the

Sections on coolant injection (Section III-E) and expanding flows (Section HI-G).
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b. Solid or Liquid Particle Injections

Another possible process for driving nonequilibrium flows to equilibrium
is the injection of solid or liquid particles to avsorb electrons. The effective-
ness of such particles, measured by the ratio of effective cross section to
weight, isinversely proportionalto the particle radius. A reasonable minimum

. . . . g . e 3 2
particle size is a micron, indicating an effectiveness of about 2 X 10~ cm /g
if the material is assumed to have a specific density of 1. The cross section

16

for attachment of an SF6 molecule is about 10 cmz, and this leads to an

effectiveness of about 5 X 10° cmz /g. It is concluded that electronegative
species with high attachment cross sections are orders oi magnitude more
effective than solid or liquid particles in the reduction of nonequilibrium

electron densities.

G. EXPANDING FLOWS

1. BASIC CONCEPT

The previous discussions have emphasized alleviation technidues
suitable for nonexpanding flows for reasons detailed in Section II-A-2. In
this Section, brief consideration is given to expanding flows, such as occur
over the afterbodies of lifting vehicles. For present purposes, an expanding
flow is defined by a sequence of two events: the freestrearn flow is compressed
by the bow shock of the vehkicle and then it expands isentropiéally to a lower
pressure level determined by the vehicle shape and angle of attack. This
definition represents a good approximation for streamlines in the inviscid
shock layer. .

As previously indicated, the most common occurrence of expanding
flows is over the vehicle afterbody, and it iz this type that will be examined.
Specifically, the situation considered is indicated by the sketch. of a typical
lifting reentry vehicle shown in Fig., 42. The concept is to locate the antenna
on the upperﬁ'xost, forward position of the vertical stabulizer and to require
that the vehicle design be such that the boundary layer fiow originating on the
windward side of the body will not pass over the antenra location at any
angle of attack that the vehicle wiil assume during reentry (550 deg). Some
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typical streamlines indicating this situation are sketched in Fig. 42. This
requirement is dictated by the desire to eliminate the effect on communica-
tion of the contaminated boundary layer formed on the windward side (see
Section II-A-3).

As an example of this concept applied to anocther shape, Fig. 43 shows
schematically the different flow regions around a lifting elliptical cone ancd
how stabilizers could be designed tc satisfy the communications requirement.
The cross-hatched area of the stabilizers indicates the antenna location that

will prevent the windward side boundary layer from reaching the antenna.
2. ATTENUATION ESTIMATES FOR EXPANDING FLOWS

a. Equilibrium Flow Results

The plasma conditions representative of the expanded flow region about the
stabilizers have been computed on the basis of the freestream flow passing
through the shock associated with a 50-deg wedge and expanding isentropically
to a pressure between { and 10 times the ambient pressure. This ratio of
final pressure to ambient pressure (denoted by pr) is cetermined by the
vehicle shape and attitude; values of 1 and 10 bracket the actual pressure
range to be expected. These calculations h!ve been made on the basis of
thermodynaruic equilibrium, and typical results are indicated in the following
table for selected points along the transient trajectory. Attenuation estimates
have been made on the basis of a sheath thickness of 2 ft at the antenna location.

20 At

fp /f Attenuation, dB
Altitude, | Velocity, N - _ _ =
kit Kft/sec f = 250 MH=z = 5000 MHz|f = 250 MHz |f = 5000 MHz
pr=10 pr=t pr=10 pr=1 pr=10 pr=1 pr=10 Pr=1
240 25.6 5,6 0.8 0.3 0 150 {1t 0 0
240 25,6 .26.0 2.0 0.9 0.11 850 H2 10 0
200 23 12.0 {C.6 0.6 0.3 35 [0.1 1.3 0
200 21 6.8 0.2 0.3 0
3-.42
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From these results, it is concluded that communication is possible at fre~

quencies of 5 GHz or kigher, provided that the flow is in equilibrium.

b. Nonequilibrium Flow Effects

The importance of chemical nonequilibrium effects in this type of

expanded flow has been assessed by a sim:ple recombination rate analysis

(detailed in Volume 1I, Appsndix I in connection with electronegative effects).

Following a volume element along a streamline, the electron density ne(t)

is given by

n(0)

ne(t) " ﬂllle(O)t

where @ is the recombination coefficient for air (2. 96 X 10'5 '1‘—1 cm3/sec)

and ne(D) is the electron density immediately behind the sheck. With an
average temperature of approximately 4000°K, over 1 msec wili be required
for the plasma to reach the equilibrium in the cases cited in the previous
table. This time is quite insensitive to the initial electron density. During
this time, a volume element will be convected more than 18 ft downstream
of tne shock, and hence the electron density at the antenna location will be
highar than the equilibrium value. Ar upper bound to this electron censity
can be estimated by assuming completely frozen flow during the expansion
process. The results of such a calculation are tabulated for a final to

ambient pressure ratio of 10.

Altitade, Velocity, T fp’
kft kft/sec particle /cc GHz
240 25,6 2.8x 10! 5
200 25.6 1.3x 10%% 11
200 23 9.1 x 10! 10
200 1 21 6.1 x 10! 7
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These considerations indicatz that for the propcsed concept to be generally
applicable to lifting reentry, it is necessary to ensurs that equilibrium
eleétron densities are obtained.

3. USE OF ELECTRONEGATIVES AS .

RECOMBINATION CATALYSTS )

As has been indicated in Section III-F, electronegatives are effective
electron recombination catalysts, and their possible application to the
proposed concept has accordingly been examined. Specificaily, the amoum
of sulfur hexafluoiide S.'E-"6 veguired to bring the plasma to eguilibrium in
a time of the order of 200 usec (in order that equilibrium prevails at the
antenna location) has been estimuted. The type of analyzis that has been

employed is detailed in Volume II, Appendix I. The electron dengity as a
function of time is given by '

n_{t) = a_(0) expwaaen;;

where c is the mean thermal speed of the electrons, o, ix the electron
attachxnent cross section of SFG (~10 ~16 m ), and R iz the mxmber dezw;ty
of SF 6 For the points previously relecited along the frana1~nt tm;ectary;
this relaticn indicates that a numher density of SF{: mc;em@les of 5 X io fcc
should be adequate to produce eguilitrium electron demgatws at the antex};za
location (again, this value is relatively ingensitive to the imifiai eleétron - -
density).

The weight of SF 6 required for the trajectory can ea&ily be estitnatéd, ) /

knowing the number density required. The following tabie indicateg the mass

flow rate of SF 6 reguired to properly seed 1 ftz of the mcammg ﬁw At fcmr
points aian,g the tiansient trajecto:y. - -

thre o raors o




mSF6
Altitude, Velocity, 2
kft ) kft /sec 1b/ft" ~sec
244G 25. 6 0.98 X 10‘4
200 25.6 4.0 x1o“4'
200 23.0 z.5 xxo‘4
200 21.0 1.5 x10°%

The amount of oncoming flow to be seeded is of course a function of the
vehicle size, but the mass flow requirements are sufficiently small to ensure
that the tcial weight is reasonable {less than about 5 1b of SF 6)' Eence, the
proposec concept is considered feasible.

4, AREAS REQUIRING FURTHER RESEARCH

AND DEVELOPMENT :

A major aspect of further investigation is the delineation of vehicle
requirements that will provide the proper expanding flow field. Wind tunnel
testing of stabilizer~body combinations is indicated to establish conditions
for a maximurn expansion ratio over the fin and proper separation of the o
vebkicle body boundary layer. . 4

é TFurther investigative effort is also required in injection techriques E
ﬁ ’ (particularly those involving gases). Configuration testing is therefore also

i required. since the process is sensitive tc vehicle geometry and injection
site.

Finally, the chemical kinetics of electronegatives in nonequilibrium
» ; . high-temperature air sho.ld be investigated in order that the cotal effect
: may be ascertained both gualitatively and quantitatively.

N

'

H. HIGH FREQUENCY BAND COMMUNICATION

St

aivan i o

‘1. BASIC CONCEPTS - R

It has been previousiy observed that as the signal frequency is lowered,
the plasma attenuation at typical reentry conditions approaches an asymptotic
value that is appreciably lower than that which exists for conventionai

RPN
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frequencies (Ref. 61). The gencral frequency dependence of the plasma
attenuation in a typical lifting reeatry situation is shown in Fig. 44, which
has been constructed from the piane wave calculations dicussed in Sce-

tion II-B-1. The attenuation at low frequencies is anywhers from 40 to

360 dB less than that in the frequency range from 25C to 10, 000 MHz. These
results suggest the use of a signal frequency in the hf barnd {3 to 30 MHz) to
take advantage of the reduced attenuation. This techmigue has been proposed
previously (Ref. 33).

In this frequency range, the plasma skin depth is of tiie same order as
the sheath thickness (for typical liiting reentry conditions, the skin depth
and sheath thickness are avproximately egual at a frequency of 1 MHzj.

This suggests that by a judicicus sels :iicn of antenna configuration it may be
possible to achieve attenuations less than the plane wave values by reducing
the amount of reflection and, perhaps, absorption. This consideration nas
led to the proposal of a loop antenna configuration (Ref. 62).

In this Section, the potential hf band systems wiil be czsessed fxrst by
considering the requirements placed on 2 systern assuming that the plane--
wave attenuation figures are represeniative. Then, the ascuracy of the piazne-
wave attenuation will be examined for a typicai case to ascertain if substantial

improvements in system performance can be exvected.

2. PERFORMANCE CONSIDERATIONS

The performance of a state-of-the-art hi band system car. be estirnated
readily from the typical free space system margins discussed in Secticon II-D.
This performance is presented graphically as a function of frequency in
Fig. 23. By deducting the plasma attenuation shown in Fig. 44 from the free
space margin in Fig. 23, the cperating system margin is obtained. The
maximum operating system margin that results is -45 dB, This can be
increasged to zero by increasing the transmitter power, decreasm,s the
receiver bandwidth from the values used in Fig. 23 (§ W an® 200 GHez,
respectively) or both. The maximum practical trangmitter power is approxi-

mately 100 W, since the considerations of Section If-B-4 indicate that this is

3.47




X
B

~f the order of th¢ breakdown threghold in the hf band. This improves the
‘operating system margin by 20 dB, and the remaining 25 dB improvement
must be obtained bv decreasing the receiver bandwidth irom 200 to { GHz.
The resulting curve of hf operating system margin is shown in Fig. 45.

To evaluate the accuracy cf the plane-wave attenuation estimates,
additional calculations have been performed fcr a loop antenna with an
operating frequency of 10 MHz surrounded by a thin overdense spherical
plasma. The spherical plasma has been aszumed to be { m ir diameter
and is characterized by v)\owiw;d =6,9X 10'3 {see Section II-B-1 for
definition of symbols), corresnonding to plasma conditions at the maximum
attenuation point for a station i ft from the apex of a 50-deg wedge or the
transient trajectory. These calculations (perfcrmed by the procedure of
Ref. 62) yiclded a plasma attenuation of 48 dB, compared with the plane-
wave result of 53 dB. Since the calculations neglected changes in antenna
impedance, which would add to the attenuation, it would appear that the
plane-wave attenuation is an adequate approxirnation.

From the system margin resulta shown in Fig. 45, it is concluded that
a 100-W hf system can commuanicate during ruentry but at a very limited
information rate. This rate, plus the additional considerations that break-
down may be a problem and that the size of the transmitting antenna required
precludes the use of any other alieviant technique in combination, indicates

that the hf system is not of general applicability for lifting reentry purposes.

I QUASI-OPTICAL AND OPTICAL SYSTEMS

5. GENERAL CONSIDERATIONS

As iudicated in Section II, the signal attenuation due to the plasma can
be ~educed to negligible levels by using frequencies that exceed the plasma
frequency of the idnized air flow. An examination of the ionization levels
associated with lifting reentry indicates that such signals must be charac-~

terized by frequencies greater than 50 GHz, corresponding to wavelengths
considerably less than { cm. ‘
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Cormmmunications systems operating at {requencies above 50 GHz are
still in the experimental stage, and device capability does rotr compare
favorably with that of analogous microcwave devices. Forx this reason, a
fair evaluation of such systems must allaw for considerable improvement in
devices in the near future, but it must be tempered by a recognition of
permanent obstacles to comrmunicationr at short wavelengths such as
atmospheric absorption, weather sensitivity. and noise. At the present
time, the structure of laboratory research activity indicates that the leading
candidates for near-future practical systems are thcse operating in the “
millimeier range of the spectrum (quasi-optical) and those operating in the
raicren region of the spectrum (optical). Since different technologies are

involved, these two types of systems are treated as separate subjects.
2. QUASI-OPTICAL SYSTEMS ..

Uatil recently, the millimeter region of the electromagnetic gspectrum 3
has not been explored, probably due to discouraging experiences with water- .

vapor absorption during World War II. In the past several y=ars, however,

the discovery of atmospheric windows and the possibility of space applications
have stimulated considerable effort in device development and refinement of
knowledge of propagation characteristics in this region of the spectrum.
Several reviews of the state of the art have been presented recently

(Refs. €3-66), and it appears that the development of practical comrnunica-
tions systems is near and that these systems will be competitive with optical
systems that are either operaticnal or in the design stages. Although reentry
comymunication is {frequently mentioned as a likely application, the require-
ments for a system have not been defined, but it is now possible to do so to
the extent required by our preliminary evaluation criteria.

Curren! capabilities of receivers in the millimeter region are given in

Ref. 63; the present status cf millimeter wave sources is desc.ibed in

PR

Ref. 66. These references indicate that the most promising region of the
millimeter zpectrum for reentry communications is between 50 and 100 GHz,

since device capability deteriorates drastically with increasing frequency.
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Ambien: noise estimates are given in Ref. 63, and atmospheric attenuation

data are given in Ref..67. The noise level is lowest in the vicinity of

9% CHz, which alac corresponds to a very sharp minimum in atmospheric
attenuation {leae than { dB). It is concluded that 95 GHz represents a near-
eptMumA'qpefating frequency for a millimeter communications system.

An experimental ground-to-ground communications system operating
at 95 GHz has been developed by the Electronics Research Laboratory of the
i Aerogpace Corporation, and it is on t‘;xe bagis of this research that 2 hypo-

) thetical reentry systemn is evaluated. Systems calculationg are presented
5 in YVolume II, Appendix J.

The calculations indicate that to obtair an cutput signal with a signal-

to-noise ratio of 10 dl3, a state-of-the-art receiving system requires that
the gignal power intercepted by the antenna be 5 X 10-15 W. This value is
based on a bandwidth of 3 X 105 Hz for the modulated signal, an estimated

. noise figure of 16 dB, and x noise temperature of 296°K, If there were no

N bemer pre

E: losses. a power of 9 mW emitted by an isotropic radiating system on the
vehiclie is sufficient to achieve a range of 100 riles with a IZ()()--i‘t2 receiving
aperture. With system and atmospberic losses of 10 dB, the transmitter
power required for a clear weatner systein is 90 mW. Such a transmitting
system that could operate in a reentry envircnment does not now exist, but

it is likely that a system could be developed with a weight penalty of less

than 20 1b.

The system described is 3omewhat sensitive to cloud cover (estimatéd

‘,._ ’ . maximum attenuation is 5 dB) and very sensitive to rain (estimated maximum
; attenuation is from 20 to 30 dB). It is quite conceivable that an advance in

the state of the art will result in a capability for an all-weather system. The
conclugion is that a ?-mm syetem is a likely near-future solution to the
blackout problem but that at present time the complicated equipment required
at receiving sites {Ref, {5), weather sensitivity, and marginal performance
of systems based cn present technology are important factors to be considered
in comiparisons with other sclutions.
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3. OPTICAL SYSTEMS

The recent disco;/ery that gallium-arsenide semiconductor devices
(injection lasers) can be used to convert dc currents directly into narrow-band
radiation at 8426 A has stimulated the development of optical communications
systems. One system (Ref. 68} using such a device with a 5-mW output has
been used to transmit television signals over a distance of 30 miles under
advantageous background conditions. Anocther system (Ref. 6Y) with a peak
power output of 22 W, average power of { mW, aad a total weight of 6 1b
has been designed to transmit voice signals from an orbiting vehicle to a
sround station. In the latter system, target acquisition and tracking, which
is the major difficulty in the concept of narrow-beam space communication,
is handled visually and manually by an astronaut (the required pointing
accuracy was £0.7 mrad). Similar experimental systems are mentioned in a
state of the art summary by J. P. Gordon (Ref. 70), who.concedes that the
petential competition of millimeter systems is strong but without obvious
advantages for many applications. At this stage, even crude compé.risons
may be premature, but we will attempt a comparison for the reentry
situation, basing device capa'bility estimates on reported research experience.

The useof injection lasers in space has been discussed in detail by
C. M. Johnson (Ref. 71) and B. S. Goldstein and J. D. Welch (Ref. 72). It
was stressed that these diodes will be useful because they are of small size
and weight, they are capable of emitting hundreds of watts of peak power,
they can convert dc power to radiated power with efficiencies approaching 50%
at 77°K, and they can be modulated directly by varying the input current.
Calculations were presented which indicate that long-distance communication
i1; feasible if the transmitted bearn can be pointed with milliradian accuracy.
Here, we will investigzate the feasibility of optical systems as reentry black-
out alleviants. For this purpose, calculations have been made that are
gimilar to those referred to above, except that account has been taken of the
backgreound radiation due to the re-entering vehicle and an omnidirectional
radiating system has been assumed for the purpose of comparison with other

systems.
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The optical system calculations are given in Volume II, Appendix J.
Considerable range advantage is gained by pulsing. and a pulse-length of
10 nsec has been chosen. A pulse repetiticn frequency of los/sec provides
an information rate comparable with the systems described in previous
Sections of this report. To obtain a signal-to-noise ratio of 10 at the output -
of a photomultiplier circuit, the peak signal power at the input of the receiving
system must be 3 X 10—8 W if account is taken of davlight and vehicle noises.
it is assumed that the receiving lens has an aperture of 10 ftz and a field of
view of 10‘631‘, and that the radiation from the vehicle is the same as that
from a blackbody at 2500°K with a cross-sectional area of 5 mz. flor a
range of 100 miles and an 2t.aospheric absorption of 6 dB {clear atmocsphere),
the source required for an omnidirectional system on the vehicle must deliver
a peak power of 50 kW and an average power of 50 W. These requirements
exceed the present state of the art (Ref. 69) by a factor of about 1()4 and the
predicted near-future state of the art (Ref. 72) by a factor of about 50.

Without 2 major advance 1n device technology, a trackirg and pointing
system is required for a reentry optical system, even in clear weather.

If a lower bound of about 10 deg is placed on the transmitted beam width due
to vehicle oscillations, the source requirements become about 100 W of peak
and 100 mW of average power, It is reasonrable to expect that such a trans-
mitting system can be built within a 10-1b weignt limit with near-future tech-
nology, but the problems of tracking the ground station and pointing the
transmitting system are much more imposing. It is doubtful that these can be
solved for a reentry environment within ressonatle weight limits, unlegs the
irajectory is well known in advance so that pointing information can be stored.

The systems described are extremely vulnerable to weather, reguire
complicated ground equipment, and each requires considerable advances in
technology. However, the research required for optical cornmunications
systems is likely o continue as an adjunct to the space exploration program,
and it is to be expected that better devices and lightweight tracking systems
will be developed. We conclude that an optical reentry system is a future
possibility but that at the present time it appears to be less promising than

millimeter systems.
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IV. SUMMARY AND RECOMMENDATIONS

To accomplish the stu.ed objective of defining a program of reseatrch
and develcpment directed toward solving the lifting reentry communicatioas
problem, a comprehensive list of proposed blackout alleviants has been
assembled and evaluated. The feasible techniques have heen selected aad
the pertinent probiem areas have teen delineated. A summary of these con-
clusions is presented here.

A recommended research program based on the conciasions of this
report is described. This program is organized into three phases, Only the
first two phases are described in detail, since the design and testing eifort
of the {inal phase depends upon the evaluations of the results o. the uthexr

phases.
A. SUMMARY
1. FEASIBILITY OF PROPQSED SYSTEMS

The following conclusions can be drawn from the feasibility aralysis of

Section III:

1. The communications fin is the most promising of the aerodynamic
shaping techniques. This technique is desirable because it is
simple and, therefore, reliable, requires a lower systems
margin since the plasma is effectively eliminated from the signal
path, and is relatively unaffected by the oscillations of the vehicle.
The primary disadvantage of the technique is the aerodynaric
design constraint that it introduces.

2. The techniques based on injection of coolant into nonexpanding
flows and of electronegative species into expanding flows are the
next most promising. Tl 2se techriques have the disadvantage of
requiring the perforation of the vehicle surface and being sensitive
to ascillations of the vehicle, particviarly in the case of expanding
flows.

3. The use of the magnetic window, with conventioral magnets,
appears feasibie, but it may be the heaviest of the feasible
alternatives. It is li'cely that informatior irom future experi-
ments will force a revision of the weight-penalty estimate and,

di
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kence, a reevaluation of the magnetic window feasibility. The
use cof a superconducting magnet appears feasible only for short
missions, since it requires the maintenance of low temperature.

Modification of standard commaunications systems to obtain
margins that exceed the plasma attenuation is not feasible be-
cause such a technique involves excessive weight and excessive
reduction in information transmission rates.

Communications systerns characterized by signal frequencies
outside the standard range are not practicable at the present
time. High-frequency band systems are capable of communica-
tion only at considerably reduced information rates, whereas,
millimeter and optical systems invalve equipment specifications
that are beyond the present state of the art.

Injection of gases, liquids, or solids into the nonexpanding flow
to reduce free electron concentration by attachment is not ieasible
since, in each case, the effect is of insufficient magnitude.

These conclusions are summarized ia the following tabulation. As

indicated, the systems fall into four separate categories: currently most

promising; possible with an advance in state of the art; limited utility; and

not feasible.

1.

CURRENTLY MOST PROMISING

a. Lozal Aerodynamic Shaping
b. Coolant Injaction (nonexpanding flows)
c. Electrophilic Injection (expanding flows)

d. Magnetic Window (conventional magnet)
POSSIBLE WITH AN ADVANCE IN STATE OF THE ART

a. Millimeter Waves

b. Injection Lasers
LIMITED UTILITY

a. HF Band Systems

. Magnetic Window (supercondacting magnet}

4-2
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3 4. NOT FEASIBLE

a. Increase in Transmitier Power s
b. Decrease in Information Rate
: c. Chemical Injection (nonexpanding flows)
';.‘. d. Electron Ausorbing Particles

_\5 2. PROBLEM AREAS

43 The following discussion is limited to systems found to be most promis-
ing within the present state of the art

1. In the case of the communications {in, research must determine

the extent to which venicle stability is affected (and ihe associated
5 weight nenalty}, accurate heat trausfer rates, and the materials
3 best saited to the coastruction of the fin,

. Z. For coolant injection, further research must determine the

pertinent properties of the evaporation and mixing processes,

) the important reaction rates, and the relationship of the windew
3 sice to its effectiveness.

¥ 3. In the case of injection of electronegative species into expanding
: flows, the effect of vchicle design on the flow field, the details
.3 of the chemical kiretics, and the solution to the distribution
problers must be determined.

4. For the magnetic window technique, research must determine o
realistic weight penalties, the effect of aperture size and field

inhomozeneities, and the incidernce of rf breakdown on system -
E perforrnance. K

B. RECOMMENDED RESEARCH PROGRAM

K¥:
G

i. INTRORUCTION

The development of any of the apparen‘ly feasible systems to the point
of flight test can be legically accomplished i three phases:

-4 1. Phase ] is research effort aimed toward resolving the most

3 critical probvlems, that is, those areas where the results could

s indicate that the estimate of feasibility of any of the systems is
e graossly in error.
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2. Phase II is research and development effort aim.d at providing
presently unavailable qualitative de.:lgn information. This
implies a partial freeze in the design of the systems that have
been selected at the end of Phase 1.

3. Phase IIl is the detailed design of flight systems in conjunction
ith develcpment testing. At the end of Phases I and II, a

comparative evaluation of the various systems is performed,

and only the most promising systems are selected for further

development.
Figures 46 and 47 give a graphical representation of Phases I and Ii of the
recormniended program. It is emphasized that the recommended research
and development program is based on the assurnption that sufficient funds
are available for simultaneous development of the four apparently feasible
systems. Should only partial funding be available, further concentration. of
effort will be required, that is, an a priori selection will have to be made

frem among the four systems. To this end, and based on our earlier dis-

cussions of the relative advantages and disadvantagesa of the feasibie tech-

niques, the following priority order for development has been established:

3 1. Aerodynamic shaping
E 2. Coolant injection {nonexpanding fiows)
: 3. Electrophilic injaction {expanding flows}
- 4, Magnetic window
TE 2. PHASEI

Phase I is designed to take advantage of the averlap in the natare of

[

effort required by the variocus technigues. Hence, the research «ffcrts ave

7

e

grouped by relevant technological areas rather than by effort required for

G icR Y

each technique. Four major areas or tasks can be identified.

a. Task I-1: External Flow Fields Abour Liftigﬁ Shapes

; This task is relevant to both the aerodynamic shaping technique and the

expanding flow techmque. The research objectives are

1. Determine stability criteria for typical gliding reentry vehicles
fitted with a communication fin. This effort will include finding
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the onptimum configuration that will minimize the weight penalty
incurred by restoring the aerodynamic stability of the vehicile
once it has been disturbed by the addition of the fin.

2. Establish the best body-stabilizer configuration that will achizve
proper expanding flow conditions over the stabilizer-antenna
location. This will include a partial mapping of the {low field
in the area of interest, the iavestigation of the exact location
of the boundary layer separation over the side of the vehicle;
and static pressure measurements at the antenn2 location.

3. Develop scaling laws.

Accemplishment of Task I-1 will require extensive wind tunnel testing

at high Mach number, which can be done at existing government facilities.

b. Task i-2: Dynamics of Injection of Fluids -
into High Velocity Flows

This task is relevant to both the coslant injection technique and the
expanding fiow technique. The overall cbjective is the developrr 1t of a
fluid injection technique that will provide the proper distribution o1 vapor-
air mixture at the antenna location. The followiag research program will

be necessary to attain the overall objective:

1. Investigate droplet size, velocity, and spatial distribution in the
early stages of the breakup of a liquid jet normal to a high speed
flow. | An understa.ndmg of this phase of the injection process is
important in that it provxdes the initial conditions f{or the sub-
sequent evapcration and mixing pr.cess.

2. Determiune evaporation rate of smal. droplets suspended in high
temperature air at pressure level cerresponding to reentry
counditions. This investigation will lead to a greater knowledge
of ti.e evaporation rel~xation time and, consequenﬂy, of the
sepzration required between the injection pomt and the antanna,

3, Investigate the mixing proress in the wake of the injection jet.
This can become &« serious problem if the evaporation relaxation
time is relatively long. In snch a situation, it may not be pozsible
to limit the lateral diffusion of th> coolant, which means an
inefficient utilization rate and increased coolant weight.

4,  Pe-form analytical studies suppcrting items 1, 2, and 3 and
lewdrag to required acaling laws.
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facilicies required tc carry out Task I-2 are a high speed wind tunnel
and a shock tube. The wind tunnel will be required to simulate the flow
geometry necessary for items | and 3 of this task. The shock tube is

necessary to simulate flov conditions for item 2.

c. Task I-3: Plasma Attenuation in Inhomogeneous i

Magnetic Fields

Task I-3 is relevant to the magnetic window techniques with conventional
magnets. The objective of this task is a precise determination of the plasma
attenuation in the presence of the inhomogeneous magnetic field produced by
a coil. Such a determination is critical because of its great influence on the
weight of the coil. Required are the actual attenuation of the communication

signal as a func*ion of mé.gnetic field strengths, the effect of displacement of

pres

the coil from the plasma slab, and details of the coil geometry.

&+

The approach to this problem should be experimental, involving an
experiment conducted in the proper coil geometry with a laboratory produced

plasma slab. Concurrentiy, a suitable scaling theory should be developed.

d.  Task I-4: Radiation from Small Apertures

; Task 1-4 is relevant to the magnetic window technique and injection
cooling. The objective is the determination of the minimuin allowable gize
of the aperture afforded either by the region of allevia‘cd plasma or by the
inside diameter of the magnet ceil to accommodate an efficient radiator at
the telemetry frequency band. This problem is of importance for the mag-

netic window technigue because of the strong dependence of the weight of tae

TR RS N S 1

magnet as a function of inside diameter for a given magnetic field. ;
Required are the antenna characteristics of the communication system .
. in the preasence of a simulaied plasma aperture or of the magnetic coil in a

free space environment. An experiment of this nature can be periormed ot

2 standard antenna range.

A
ey e e
AR

i rreim

4.8




ax st s B Fh TR 1 IS

3. PHASE II

In this phase of the recommended program, the varicus tasks are

.
j

|
3

defined in terms of each particular alleviation technique as there is very

.-

little overlap in technological area. Consequently, concentration of effort
0. each technique is the most effective method of obtaining the desired
quantitative design information.

a. Task I1-1: Heat Transfer Studies

s This task is relevant to the aerodynamic shaping technique. The
objective is twofold: (1) evaluation of the material best suited for the leading
3 edge of the fin and its incorporation to the fin structure; (2) evaluation of the
) effect ¢f localized increase in heat transfer on the ablating bottom surface of
\ the vehicle due to the interactien of the vehicle boundary layer and the fin -
3 shock. - -
B The first part of the objective is intended to check tli= asaumption that
£ a fin can be built to withstand the long heating period without losing its -

- ) original shape. An arc jet facility will be : equired to simulate the reentry

§ environment.
Part two cf the objective is necessary because of a possibie catastrophic
interaction between the localized increased ablation rate in the vicinity of the

shock-boundary layer interaction zone and the flow field. This problem could
' be best investigated in an arc jet facility.

3 b. Task II-2: Chemical Kinetics of Electronegative
Species in High Temperature Air

This task is relevant to the expanding flow alleviation technique. The
objective is a better knowledge of the electron recombination process in an =

5 expanding {low ¢f a mixture of high temperature air and electronegative

material. Required is the relaxatiun time for the process at conditions
relevant to reentry. An accurate estiinate of the relaxation time of the

electrong towurd equilibrium is of fundamental importaace iu the prediction
: of the electron density in the vicinity of tne stabilizer antenn...




Kt

A suitable experimental program for Task II-2 can be carried out in
the expansion nozzle of 2 small shock tunnel, the electron density being

morniwred in the nozzle ty means of a microwave interferometer.

c. Task 1I.3: Chemical Kinetics of a Mixture of Water

Vapor and Droplets in High Temperature Air

This task is relevant tc the coolant injection technique. The objective
is knowledge of the rate of electron recombination in a mixture of water vapor
and droplets in high temperature air. A secondary objective is the investiga-
tion of the acceleration of the recombination process by the addition of
electronegative material in the primary mixture, An accurate estimate of
the rzlaxation of the recombination process is necessary to calculate the
optimum position of the injection jets with respect to the telemetry antenna.

An experimental program will be necessary to fuifill the objective of
this task. A shock tube may be the best research tool for such an investiga-
tion, provided the proper suspension of vapor and water droplets san be
cstablished in the test gas.

d. Task II-4: Breakdown Studies

This task is relevant tc the magneric window technique. The cbjective
is the determination of the breakdown level at typical reentry conditions in
the presence of 32 magnetic field. The problem arises because, in the
magnetic window technigue, it is necessary to raise the power of the trans-
mittar to such a level (~10 Wicm?') that breakdown of the plasma in the -
vicinity of the antenna rnay become a problem.

This task rcguires an experimental approach, with emphasis placed
upon producing the proper plasma conditions rather than upon a geometric
simulation of the reentry situation. A shock tube will be suitabie for such an

investigation.
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e. Task 11-5: Optimum Coil Design Studies 3

This task is relevant to the magretic window technique. The objective
is the design and development of a boiling-water-cooled magnet coil and its
integration into the vehicle structure. 3

The main problem is the design of a coil that can be mounted very close
to the plasma sheath, the coil weight being proportional to the square of
the distance between the sheath and the coil. It is possible that some modifi-
cation of the vehicle skin and associated ablation material will be requircd :

to produce a minimum weight system.

4. PHASE III o

Phase II of the program is the actual production of flight hardware for

specific missions. The information acquired from the first twc phases of the

rccommended research cffort should be sufficient for the design and develop-
ment of communications systems that will function adequately for a wide

variety of reentry missions.
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