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ABSTRACT

The problem of radio signal attemuation during hypervelocity
reentry is reviewed and epplication of the forward facing jet to this
problem is considered. The effect oa the bow shock of a blunt body
caused by the forwverd faclng Jet was investigated experimentally at
BASA langley Research Center facilities and data from the published
report of theat investipgation is considered here with a viev toward
application of the results to the radio attemuation problem.
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ON THE PROBLEM OF RADIO SIGHAL ATTENUATION
DURING HYPERVELOCITY REENTRY



INTRODUCTION

At the present tlme a problem that is of great concern to the safe
recovery of hypervelocity space wvehicles lies in maintaining contimuous
deta transmigsion and commnicaetion contact between the vehicle and the
ground during the critical braking period of the reentry maneuver., Cone
timuous radlio transmission is, at the present time, lost during this period
due to the strong bow shock that forms around the body. The temperature
through this shock is raised enough to lonize the gas in front of the
vehicle which in turn prevents transmission of the signal. That is,
the ionlzed gas layer, or plasma, has a finite electricel conduetivity
which may absorb and, or reflect the radio signel. Several solutions to
this problem asre at the present time under consideration and sre being
examined experimentally.

One method which has shown some success, does not attempt to alter
the plasma but rather relies on the use of wvery high frequéncy signals
which are not attenusted by the ionized gas layer. This approach while
basically eimple in concept unfordunately brings about many new problems
involving equipment development. In addition, at certain high frequencies
atmogphere attenuation has to be contended with. Sinee the necesssry
transmiesion sand reception gear are not evailable for wide application of
this method at the present time, it is worthwhile to look at other
solutions. Exlsting electronic equipment could, of course, be used if it

were possible to decrease the amount of ionization behind the wehicle bow



phock to & degree that would allow satisfactory transmission. Liquid
injection methods which cool the plasma and thereby induce recombination
have been considered and show some promise of success. Another method,
namely, the use of an injected gas, has been given little consideration
up until now because of its inereased complexity compared to a liguid
and because, no advantage of employing of a gas over a liquid bas been
adequately shown. The present discussion glven in this paper will help
to demonstrate a marked advantage that an injected gas can have over a
liquid. This sdvantage lies in the ability of the gas in certain instances
{referred to in the text as large shock displacements) to alter greatly
the shape and the local strength of the main stream shock, thereby not
only lessening the degree of ionization by cooling as a liguid does,

but by decreasing the extent of the plasma altogether.

The present paper includes informetion for the prediction of these
large shock displacements and in addition provides & possible theoreti-
cal explanation for the occurrence of them. An understanding of this
phencmenon thus permits consideration to be given to a ges injection
device as a way to help alleviate the radic attenuation problem., Although
general consideration here is given to the application of the injected gas
wmethod for relieving radio attenustion it wae not possible to explore many
experimental phases of the problem. The majority of the experimental and
theoretical work considered here is concentrated on showing the flow
phenomena and establishing the criteria that would ensble a forward-facing
Jjet to be used as = measps of increasing the possibility of radio transe
mission through the bow shock.
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Jeteexlt dlameter

model diampter at Jel exit

electric fleld vector

electron charge

colllision frequency

plasme frequency

frequency of signal

current density

attemation

distance; between the foremost point of the main streanm

center line

distsnce between the inltial intersection of the jJet
mixing reglon and the model face measured slong the
model center line

Mach number

electron mass

electron concentration

phase constant

Loschuldts mmber {2,686 x 1049 eu")



P pressure

t terperature

v velocity

Xo electron mole portion

o angle of attack measured between main stream flow direction
and model center line

4 ratio of specific heats

€ permittivity of free space

8 oblique shock angle

b perpeabllity

v angle through vhich flow must expand from M = 1.0 to a
given Mach number

c scalar electrical conductivity

Subscripts:

o standard or initisl comditions (for pressure 1 atm, for
tempersture, ice point)

® free-pirean, test-section conditions

J Jjet free-gtream copditions at exit, nominal velue

t stagnation condition

max madmum

1. condition at Jet nozzle just inside exit

2. condition at jet nozgle just outslde exit

A prime mark denotes condition after a normal shock.



CHAPTER I
THE BLACKOUT PROBLEM

As a blunt body reenters the earth's atmosphere at a high wvelocity
the air in front of the body is forced to pass through a large pressure
discontimuity or bow shock. It is by virtue of this shock that the
kinetic energy of the wvehicle is converted to heat as the body decelerates.
This method of wehicle deceleration is responsible for the existence of
extremely high temperature geases in the vicinity of the body. As the
temperature increases the oxygen and nitrogen molecules in the gas
behind the bow shock dissociate and lead to the release of free electrons.
The reactions leading to the relesse of these electrons can be thought
of briefly as follows. In crossing the bow shock, the sir moleucles
undergo a large nupber of collisions. Pert of the kinetic energy of
the vehicle is absorbed as these collisions ralse the temperature of
the gas to a maximum value. Further collisions cause the ailr molecules
to dissociate. The single atoms may then recombine in a manner in
which free electrons are released, for example, monatomic nitrogen and
oxygen recombining release an electron, N + 0 »K0* + e”. Other chemical
reactions also result in the direct ionization of the atomic particles,
for example, N - N+ e-. Descriptions of this phenomena are common
and may be readlly found in the literature. Reference 1, for example,
presents charts relating the thermodynamic properties for alr in chemical



equilibrium for temperatures up to 15,000° K and for pressure from
105 to 10 atmospheres. As a direct result of this phenomens a high
concentration of free electrons exists behind the shock and it is the
presence of these free electrons which causes the attemuation of radio
signals. Since the electron concentration of the plasma is a function
of the state properties of the gas, the density of the free electrons
(that is, electron concentration per cublc centimeter, Ng), can be
calculated 1f the {low field associated with the plasma is defiuned.
Briefly, Ne = Xeno Ft” >

:‘” o
the electron mole frection Xg, Loschmidts mumber, N,, and the ratio of

That 1s, Ng is equal to the product of

pressure behind the bow shock to sea-level pressure dlvided by temperature
behind the bow shock to lce peint temperature. Reference 2, which makes
use of hypersonlc vehlele data over a range of flight veloecities and
eltitudes, presents computed electron concentrations existing behind the
tow shock of the vehicle and these results sre shown in figures 1 and 2.
Figure 1 1s a plot of the pressure and temperature existing behind the
bow shock of a reentering body as & function of wvehicle wvelocity.
Included is the sltitude at vhich these pressures exist., From this
figure, and from the altitude versus density relatlion it is possible to
caleulate the electron concentration behind the bow shock; this ls shown
in figure 2. Once the electron concentration is known as a function of
altitude, for example, it is possible to obtaln an estimate of the smount
of radio signal attenuation caused by N,. Before proceeding with this,
however, it iz necessary to introduce one more flow criterien. In the

sbove curves it has been assumed that the plasma has had sufficient time



to reach equilibrium conditions. For the case of normsl shock waves

at high Mach numbers this is a good assumpbion since it has been shown
(ref. 3, for example) thet the distance needed behind the shock to

reach these conditions is quite small, Flgure 3, taken from reference 3,
shows data obtalined in a low density shock tube which illustrates that
the ionization distance for chemical equilibrium in air is of the order
of & few centimeters for the free-stream Mach numbers encountered during
reentry. In addition it can be seen that the ionization distance
decreases as the free-stream Mach number increases. Included on the
figure is a curve representing the theory of Lin and Teare, reference 4.
This assumpiion of complete equilibrium ls on the conservative side
because of a lack of complete equilibrium would mean lower electron con-
centrations and less sigunal attenuation. Assoclated with the electron
concentration Ng, is the plasme frequency, fp, and this quantity is
glso shown in figure 2. The plasme frequency is a parameter proportional
to the square root of free electron concentration in the plasma and is s
measure of the natural oscillation of an average free electron (for an
infinite plasma). For example, in a plasma in which some of the electrons
have been displaced from their equilibrium position by an external force,
a restoring field is created which, if the force is removed, will cause
the electrons to oscillate about their equilibrium position. A second
important property of the plasma is the electron collision frequency.
This parameter is equal to the aversge mmber of collisions undergone

by each particle per unit time. (See ref. 5, for example.) These two
characteristics are responsible for atienuation of a radio signal passing



through the plasma. To determine a quantitative approximation of the
amount of signal reduetion caused by a given plasma, the following
theory based primerily on the theories given 1n references 5 and 7T,

is given. Certain simplifying assumptions will firsei be made which
enasble solutions but do not, as will be seen later, alter seriously

the results. The electromagnetic thecry briefly presented is for
Plane wave, monocromatic radiation interseting with a plane homogeneous
seni-infinite medium in thermodynamic equilibrium.

Consider & plane wave normally incident upon a semi«infinlte
uniform plasma. The bourndary is & discontinuous jump fram free space
values to the plasma values. At the boundary, part of the wave may bve
reflected and the rest transmitted into the plasma. Figure 4 taken
from reference 8 qualitatively illustrstes this phenomenon for two
plasma conditions. In case 4(a) the plasmo frequency is approximately
equal to the plasma collision frequency. It can be seen that the cutoff
for reflection and absorption is quite gradual; in the second case 4(b)
(f? >> £.) the cutoff is very sharp, and when the signal frequency is well
below fp almost the entire vave is reflected. ©Oince the second case
corresponds to plasms conditions at the beginning of reentry (fig. 5
taken from ref. 9) if the signal frequency is small practically no
propagation through the plasaa could even be expected. It is necessary,
therefore, toc have a signal frequency near or grester than the plaszma
frequency i1f tranamission is to be attained. For this resson high signal
frequencies are used and the problem of first importaence becomes one of
sbgorption rather than reflection. ¥For this reason only the transmitted
part of the wave will be considered in this paper.
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To proceed with the theory it can be said that 1if the signal wawve
length in the plasms is nmech grester than the electron mesn free path
of the plasma, the ionized gas can be assumed to be an uncharged conducting
contimum. (See ref. 6.) The wave equation for this medium is (for
example, ref. 10)

V%»«uﬁg%-wggw@ (1)

and for a wave traveling in the x direction
% e % 3E ~
- Qe - Jg = = 0Q 2)
d3x? . 3% ¢

Assuming a harmonic solution for this equastion results in

B . B Tot-inwke

vhere
(K + jn)2 = -pe(2xr,)? + juolext,) (3)

K is the attenuation constant and n is the phese constant.
Rext conslder an electrom in motion in a periodie electric fleld
which is polarized in the y direction, the field can be represented as

E = B o2 Tst (4)

Writing the equation of motlon of the partiecle, including a damping
force due 1o electron collision glves
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By me o dy
me % = ¥ - oxfong L (5)

where € is the electron charge. Substituting equation (4) and

rewriting

ne &8 + 2xtene I - Fpge?WIfat (6)

Aspuming the plasme electron collision freguency, fo, to be a constant
allows the solution

N 1 J& 2xjfat .
V" (onte + onite) (outgmg) (7)
The current density associated with tne moving electrons is (ref. 6)
- S
e e ®)

geg is again the electron velocity. Substitution of the velocity term

using the first derivative of equation (7) ylelds

3 %32 x

" (ent, + enyty) mg )

Using Ohms law J = oE and substituting into equation (9)
~2
e 1
O = Ve oo (Gats + 24j%0) (10)

and substitution of equation {10) back into equation (3(a)) for the

attenuation constant gives (see again, refs. 5 through 7)
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~ ~ 2
o 2
2nfyg | - 2 2
2 .2 ¢ .2 ¢ 2 >
c & P 2 2
fl"’ oy ?(fc “'f&)
f@..’,f "
¢ B
L _
9 _
(11)

for the sttenuation coefficlent.

Solutions to the plane wave equations for the transmitted portion
of the signal are presented in figure &, reference 2. It cen be seen
that for values of plasme frequency mich larger than the collision
frequency, fp >> £, +the signal will be cut off sharply for values of
fy approximately equal to fp. For values of f& = £os however, the
attenuation is much more gradual. The range of fp »> fo is assoclated
with high altitudes and velues of £, = f, are assoclated with low
altitudes. If fg is less than the maximum value of fp, therefore,
the signal would be cut off sharply as reentry beging and the return of the
signal at lower altitudes (as fp again is reduced to fg) would be
gradual and difficult to predict. To compare this prediction with actual
flight test data consider figure 7. Here on a plasma frequency-velocity
plot is shown the MA-6 Mercury flight reentry trajectory (ref. 8). From
the theory one would expect significant attenuation of C-band telemetry
(5.5 KMC) for the part of the trajectory above s line drawn at a plasma
frequency velue of 5.5 KMC. Actual attenuation of C~band telemetry did
indeed occur during reentyy but not for as great a part of the trajectory
as indicated by the simple theory. It is seen from the figure, however,
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that the theory has predicted an inclusive envelope in which radlo
blackout did oecur.

Attermation of other signal freguencles may be approximated in
the same manner as was done for the C-band signal. At certaln free
quencies sbove Ceband; however, atmospherie attenuation becomes a
problem which must slgo be given consideration. Figurve 8, taken
from reference 11, for example, illuvetrates hov atmospheric attemuaw
tion enters the problem at signal frequencies much showe 10 KMC.

The plasma conditions given in figure T zre those existing at the

most severe part of the flow (thet is, behind a normel shoek) but
since other positions in the plasme are so dependent on loecal {low
conditions which depend for example, on vehicle shape, flow separation,
and so forth, they were not consldered for the blunt body case.

The signal blackout problem has been esteblished and it remsins
novw to show that the jet probe proposal con be spplied to this problem
and thet some degree of success of the proposed method can be
established.



CHAPTER IX
RESULTS OF WORK DONE ON THE JET PROBE

The expression "jet probe" or "forward-facing jet” as used in
this paper refers to the concept of a gas jet ilssuing direetly forward
from a highespeed blunt body. The jet alters the strength and shepe
of the bow shock of the body, from whieh it is flowing and thereby
has & large influence on the aerodynasmic charascteristics of the body.

Before considering the spplication of the jet probe to the black-
out problem, it is desirseble to look into the fiuild flow studies that
have been done on the jet both experimentally and theoretically. A
review of this work is a necessary part of understanding the reasons
vhy little consideration has been given to the jet in work done on the
blackout problem thus far. Reglone of exploration of this concept are
given and present limitations of the use of the probe are pointed out.

The idea of injecting a gas forward into a freee-stream flow was
explored as early as 1951 vhen some investigatione were made (ref. 12)
to determine the effect of a sonlc Jet on the drag of a blunt body

in transonic fiow. It was observed in that paper (also subsequently

in refs. 13~17) that the jet issulng upstream at a high exhaust velocity

could esuse a large change in the eserodynamic characteristics of the
body from which it was emerging. Thie work was extended by the author

1h
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and Mr. J. R. Sterrett at s free-stream Mach number of 6.0 with
additional interesting results (ref. 18), which are now given.
High~speed movies showed that the alteration of the main-gtrean
shock caused by a forward-facing jJet can be placed into two distinet
categories. In one case the jet produces no apparent change in the
bow shock over the body other than to cause 1t to increase in size.
In other words, the main~stream flowv appears to see an increasingly
larger blunt body as the jet pressure is increased. The bow shock
in this case is guite steady and the flow phenomena is similar to
that normally observed with gse or liquid injection (for example,
refs. 12-17). In the second case, an effect which was quite different
wes observed; the main-stream shock was far removed from the face of
the model. It is in this condition that the jet mey have the ebility
to permit successful radic transmisgion. An excellent illustration
of the two cases of shock displacement can be seen in figure 9 for a
model which has a nominal jeteexit Mach mumber of 6.4 and a ratio of
model diameter to jetwexit dlemeter (dn/dj) of 1.12. The photos for a
ratio of jet-total pressure to free-stream total pressure @t, 3/131;,,33)
of 1.14 through 2.51 show that the main-stresm shock for this range is
essentially of the same shspe ag a bow shock over a blunt body with no
Jjet flow; this, therefore, is an example of the first case mentioned
sbove. These photos also show that the jet itself has gone through a
norma)l or overexpansion shock before meeting the main stream. Merely
as 2 mesns of convenience this effect on the main-stream shock will be

referred to as the strong case, referring to the bow type main-stream
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shock and the strong overexpansion shock in the jet. The second case,
the case of lerge msinestream shock displacements, is seen in the photos
for variations in pg 3/Py o from 0.45 through 0.86. Here, as stated
sbove, the main~stresm shock is far removed from the face of the model,
as much as eight times that for the case of the strong shock. The
example shown in figure 9 is for a model in which alr was used as the
Jet gas. The effect of the use of hellum as the jet gas may be found
in figure 10.

The graphical determination of the mein-stream displacement distances
for the examples for figures 9 and 10 are shown in figures 11 and 12.
These data show the messured shock displacement distance divided by
model diameter plotted wersus jet-to-free-stream total-pressure ratio.

While figures 9-12 are examples of the data obtained in the experi-
ments of reference 18 for particular models, figures 13 and 1i are
summary plots of these date. Figure 13 shows meximum values of 1/dy
(the ratio of shock stand-off distance to model dlameter) plotted
versus model angle of attack. A rapid decrease 1s seen in 1. /4
es the angle of attack is increased even slightly. Figure 1k is a plot
of 1/dp as nominal exit Mach muber for the tests in which a meximum
sppeared to have been reached. It can be seen here that Ilpo./dy
increases greatly with jet exit Mach number for all the models tested.
The plot also illustrates the decrease in 1ly,,/d, for any given Mach
mmber as dp/d; increases. Since the data for this plot were taken
from both the air and the helium tests the Mach number variation
tends to ignore other differences in the properties of the gases on
Imax/0me It cannot be said here that the jet exit Mach number plays
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the only role in ihe marked increased in Ipgy/dn when helium instead
of air vas tested in models, but this question will be given further
consideration.

Summarizing the experimental results of reference 18 we find
that in general:

1. The nature of the alteration of the mainestream shock caused
by the jet could be placed into two distinet categories. In one case,
the bow shock was forced esway from the body but retained its basic
shape. In the second case the shock was far removed from the body and
appeared to be less steady than in the first case.

2. The case when the large displacements were observed was seen
to occur at higher valuves of total pressura ratio either as the Jet exit
Mach number of the model to jet-exit-diameter ratio was increased.

3. ¥hen the large displacement case peccurred, the length of the
displacement with respect to model dilsmeter was seen to lncrease as the
Jet exlt Mach number was increased from 1 to 10.3, and also as the model
to jete-exit-diameter ratio was decreased snd spproached 1.0.

k, The large displacement of the mein-streem shock was observed
to fall off repidly as the angle of attack was increased.



CHAPTER III
THEORETICAL DISCUSSION OF THE JET PROBE FLOW FIELD

The most significant result of the experimental dets reviewed in
chapter II was the observation of a large displacement of the bow shock
under certain test conditions. These conditions had not been previously
defined in terms of jet pressure, jet Mach mmber, etc.

Because of the importance of the larpe displecement phenomenon
in the application of the Jjet probe to the blackout problem; and
because this phenomenon is new, it is felt that en inclusion of a
possible qualitatiwe explanation of the concept should be presented.
Perhaps a good place to start would be with an explanation of what the
jet flow does as 1t exhsusts from the exit of the probe,

A jet exbausting into still ailr or into an opposing stream will
expand 11 the pressure just outslde the jet is less than the pressure
in the jet at the exit, that is, if p,/p, > 1. (Bee fig. 15.) If the
pressure just outside is greater (p;/pp < 1) the jet will compress. In
addition if the jet flow at the exit is sonic or supersonic that is,
it hﬁa 2 1, expansion waves will form at the exit for the case where the
Jet flow expands and compression weves will form for the case vhere jet
flow is forced to compress. In either case these waves will cross the
exhausting jet and will be reflected at the jet boundaries. (See
figs. 15(a) and (b) and 19 and 20.) Associated with the jet flow are

18
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regions of mixing in the boundaries of the Jet and the outside flow.

No data are at present avaliasble which give the thickness of this
mixing reglon for two opposing flows or two flows at high Mach numbers.
Beferences 21 and 22, however, present date which show that for a jet
exhausting at low supersonic Mach nmurbers into quliescent ailr the region
of mixing will extend approximately 3° o either side of the theoretical
Jet boundary. Due to the sbsence of data st other Mach numbers this 3°
mixing region was essumed for all cases in ‘this study. One result of
reference 22 was that the mixing region was not influenced signiflcantly
by the Jet exit Mech number for the range tested. Before proceeding to
a method for predicting theoretically under what conditions the jet
exhausting from the body will enter into the strong shock case or the
large displacement case noted in the experimental results, snd shetched
for reference in figures 15(a) and (b), one more flow condition must be
established., As the flows on the center line of the Jet and the main
supersonic opposing flow come to a mutual stagnation point with respect
to the probe (fig. 15), as they must, the stegnation pressures of both
flows must be equal. This requirement is perhaps the most significent
one assoclated with the vhole fiow phenomenon because it is believed to
be the condition which determines the behavior of the supersonic jJet
flow. At the gtagnetion point, therefore,

¥ = 1 l
Py = P (1)
o
Piai . Do Phe (1(a))

Pt,i  Pi,» Pty



vhere a prime denotes conditions after a normal shock. For a given

supersonic mein stream Mach muber g%z is fixed (for example, ref. 23).
For a given ratic of main stream to Je;; total pressure ?ﬁ, therefore
it is seen that g%:’i is fixed (eq. (1{a)) which means the supersonic
Mach number at which the jet overexpands or goes through a normsl shock,

is also fixed. For example, consider a jet exhausting at a given Mach
number and & mailn stream flow at an identical Mach number. If the Jet

and main stream total pressure are equal, g&.ui = 1, then a normal shock
t,

2

will occur just at the jet exit and a stagnation point will occur very
close to the jet exit similar to figure 15(a). If, however, -?%’% >1
the jet must expand (that is, the gas accelerates to a higher Ma.;h
mumber} as it leaves the nozzle in order to satisfy inviscid normel
shock relations (eq. 1(a)). Up to now the existing pressure ratio
p,/p, for this case (fig. 15) has not been considered, but it was
pointed out that if py/pp <1 the jet would compress and slow down as

it leaves the nozzle. Concelveble it could occur, due to exterior boundary
P,
P,
restrictions and pl/pg < 1 requiring e compression. Since these two

conditions that > 1 requiring sn expansion for normal shock

o
conditions cannot, of course, simulteneously occur it must be reasoned
that if p,/p, <1 inviseid normal shock conditions are not satisfied.
In other words the Jet cannot directly go through a normal shock in order
to satisfy pé’ 3= pi':,w“ This incompatibility can be removed, however,
by considering the jet mixing region, since a loss in total head through
the mixing region could allow all above condltions to be met. That is,
if the jet camnot expand sufficiently to meet both exit and center-line
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stagnation pressure conditions, then some viscous mixing evidently must
take place along the center line to account for the necessary jet
pressure reduction. (See fig. 15(b).) Qualitatively, then the conditions
of strong shock case (fig. 15(a)) and large displacement case (fig. 15(b))
have been given an explanation. Next some quantitative examples of the
two cases will be given. These exsmples are for a jet exhausting into
s#t1ll air and are therefore much easier Vo handle than the two flow
problems. However, they still give results which are believed to be
analogous Yo the actual two opposing flow problems.

Coarse net characteristic dlagrams for two-dimensional jets
exhausting into still air st several values of p,/p, are sketched in
figure 16. The pressure ratio (po/p, = 1.3) was beld constant and the
total pressure of the Jjet was varied to produce different wvalues of

Py /pp. That is

A = o ?M ..& P (2)
Py Pp Pt,m Pt’ 3 B,
where the first term on the right is held constant, the second term ls
varied and the third and fourth terms are fixed for a given Jjet model
and free-stream Mach number. Also shown in figure 16 are the assumed
3° mixing regions. These four sketches illustrate the conditions for
the large displacement type and the strong shock type of flow occurrence.
In figure 16{a) it can be seen that P%ad > pi'; o everywhere on the center
line before mixing occurs and, therefore, for equal stagnation pressures
(e condition that must be met somewhere on the center line) some mixing



must take place to decrease the total pressure of the jet. In this

figure and also in figures 16(b) and 16{c) the jet cannot expand to a
Mach musber high enough for p;;, P to be equal %o p&)w without mixing
energy loss because of the exit-pressure ratio p)/p,. These cases

vhere mixing occurs sre believed to be the cases where the large displace-
nent type patterns occurred in the experimental data, and sre of the type
sketched in figure 15(b). When the conditions are such thet mixing must
take place, the distance the jet penetrates into the main strean is

much greater than a case vhere s mixing loss 1s not reguired to satisfy
certer-line conditions. A case where Py, ’:}/3_)4‘:'1’43a is large enough to
allow an expansion and normal shock loss sufficient to satisfy center
line conditions without a mixing loss is shown in figure 16(d), and

this case is similar to the one sketched in figure 15(a). Here the distance
to the normal shock 1s much less than in the sbove cases and this is an
example of the strong shoeck case. Now that two different types of flow
conditlons have been discussed for the simple two-dimensional model
exhausting into still alr and these two different types have been assoclated
with what has been experimentally observed, it is interesting to lock
next at the regions at which these two different types occur and to see
how these regions vary theoretically. Figure 17 for different jeteexit
Mzch numbers shows these regions. The solld line on the figure represents

the Mach mumber necessary for to equal 3’%,«’ and is obtained

4
Pt,3
from equation 1{a) for M, = 6.00. The dashed lines are the maximm jet
Mach mwbers that can be reached on the center line by expansion from

the jet exit and are obtained from equation (2) and from
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Vmax = Vi + 2(vz =~ v1} (3)

where v 1is the Prandtl-Meyer expansion angle, or angle through which
& sonic flow must turn in order to expand to & given Mach mumber.

Flow conditions representing the strong shock case would oceur
sbove the intersection of the dashed and solid lines and large dlsplacew
ment cases would occur below the intersection. The maximum p¢ ,j/?t,w
for large displacement at any glven Mach number increases as the exite
pressure ratic po/p, increases. This agrees with the experimental data
if it ls assumed that increasing the body-to«jet-exit~dismeter ratio
increases po/ho. Also seen is the fact thet the jet-exit Mach numbers
are very important in that the meximm values of p , /yt,w for large
digplaecement lncrease rapidly as the exlt Mach nmumber increases. This
same trend of increasing maximm py 5/pt)w with increasing exit Mach
muber was exactly what was observed experimentally. For low, nearly
sonic exit Mach numbers the region over which large displacements occur
is very short. Because of this and because other investigations up
until now have not been run at high exit Mach numbers these phenomensa
of large displacements have not received much attention as was mentioned
in chapter I. Figure 18 is & replot of figure 17 except that belium
was used as the jet gas. These curves are similer in trend but the most
important thing to see here 1s that the maximum values of py ‘5/;31:"m
for large type displacements for s given po/p, 18 Very mach greater for
helium than for air. This again was noted axp&rmntauy.

Theoretical exsmples based on two-dimensional flow into still air
have thus been glven which help to explain the observed experimental
results of the more complicated, two opposing flow problaus.



CHAPTER IV

PROBLEM

APPLICATION OF THE JET PROBE TO THE B

The results of the experimental tests reviewed in chapter 1II have
shown that the forwerd facing Jet can cause a large alteration of the
bow shock of & blunt body. In order to spply these results to a
typical ballistic reentry body for which the blackoubt problem wes
defined in chapter I refer first to the sketch of figure 19. Here
the blunt body is used as an antenna probe extending through but not
altering the main bow shock. To use the jet to alter the parent bow
shock will not be considered because it must be assumed that the method
used to allow radio transmission will not alter to any significant
degree the serodynamice charscteristies of the parent wehicle. A small
probe of this {ype would be subject to heating along the sides of the
probe but it will be assumed that the jet flow will be sufficient to
cool the probe sdequately in this region and that the face of the
probe which is subjected to the normal part of the bow shock will also
have sufficient protection when the gas is being used. A small probe
without cooling could not survive the reentry hest. The blunt probe
will have a strong bow-type shock assoeciated with it and will have
initisl electron concentrations and plasme frequencles identical to
the level behind the bow shock of the blunt parent vehicle (sssuming
equilibrium distance is very small). These conditions have already

24
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been discussed in chapter I. Thus the lonizstion problem associsted

with the blunt anterms probe wlll be pearly identical to that of the
parent wvehicle. For this discussion the gas jet operating at a strong
ghoek condition will not be considered. I% is true that the strong

shock case for the Jet (similar to ligquid injection), is itself s means of
reducing the amount of electron concentration at the probe, but in this
discussion it is desired to show the increased ability given by the jet when
operated so as 40 establish the case of large displacements. Datza actually
needed in accurately compubing the degree of electron concentration at

the face of the antenna, such a8 how the twe flows nix, recombipation
times, foce and flow temperatures, and so forth, have not been obtained
experimentally. Factors which msy be approximated from the results of
reference 18, however, such an entenmna face pressure and geometric erea
ratios, suggest that the jet mey be used successfully and by msking
further assumptions 2 model case will be considered. From the experie
mental results (chapter II) the design porameters for the jet can be
established (such as a,a/a.‘j = 1, high jet exit Mach nunber, and so forth).
It will be assumed that with these data 1% is technically possible to
design a jet antenna which will operate st the condition of learge dige
placerents throughout the part of the reentry maneuver vhere atteruation
reduction is needed.

It has been shown that the Jet, when operating in the large dise-
placenent region, mixzes with the free~strean flov far ahead of the body.
(See fig. 20(c).) Furthermore, the alr that goes through the strongest
part of the bow shock must, in addition to mixing, expand rapidly around
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the probe. The distance the mein stresm ges behind the bow shock must
travel while mixing with the jet ges will provide time for cooling, and
some recombination. The distance traveled, and the amount of mixing, is
large when compared to the relatively short stand-off distance of the strong
shock case, figure 20{b). In addition, the schlleren photographs show
that the size of the normal or strong part of the bow shock is decreased
and the shock wave in the proxinmity of the antenna face is relatively
oblique. Free-stresm air crossing an cblique shock wave will encounter
& mch smaller rise in temperature than it would in crossing & normal
phock. A few measurements of the oblique shock angle at the axial
position of the jet probe face were mede from the schlieren photographs
and these dats are shown in figure 21.. It is seen that this angle is
relatively independent of the jet parameters as long as the jet is
operating in the large displacements regime. More important, however,
is the fact that this angle is only slightly larger than the free-stream
Mach wave angle (o compression wave caused by =n infinitely small dise
turbance). Since the Mach angle decreases rapldly with increasing
free-gtream Mach muber, figure 21, it 1s encouraging to see that the
flow has nearly expanded to these conditions, because it suggests that
the shock angle at the probe may be even less at free-stream Mach
munbers higher then that tested. Since the less normal is the shock
wave angle, the less will be the resulting electron concentration and
the lower will be the plasma frequency, it 1s, of course, desirasble to
loock for partiel alleviation of the blackout problem along these lines,
By assuming equilibrium condltions to exist directly behind the shock

{2 situstion much more severe than actumlly occurs, as will be seen below)



it is possible to caleulate the plasma frequency behind the oblique
shock and compare it to the more severe normal shock case. The plasma
conditions existing behind the obligque part of the shock have been
approximated as a function of shock angle in the following monner.

The state properties exlisting behind an oblique shock with a shock
angle B at a free-stream Mach number M; are identical to the
properties existing behiné a normal shock weve cccurring at a free-
stream Mach number of M, where M, = M; sin 6. This is due to the
fact that an cblique shock wave acts as a normal shock to the flow
perpendioculsr to it. (Bee, for example, ref. 24.) At a given altitude,
therefore, eince the local free~stream speed of sound is the same for
both cases, the welocities of the two cases are related in the same
manner, V, = Vysin 8. As a function of 8, therefore, plasma frequencies
were found by tracing along constant altitude lines in figure 7 to the
calculated Vo and reading the velue of plasma frequency on the ordinate.
For the Mercury trajectory shown in figure 7 the plasmz frequencies fp
have been obtained using this method and these results elong with the
normel shock cese are shown in figure 22. This figure shows that the
maxlmun plasma frequency obbained in the trajectory shown decresses as
the shock angle decreases. An angle of 50° for example, has reduced
the maximm plasme frequency by almost a half an order of magnitude
over the normal shock velue. In the sbowve calculations chemical
equlilibriun wes assumed to exist immediately behind the flow. Actually
the equilibrium distences for the outer portions that is the oblique
part of the shock wave aere finite. (Bee ref. 3.) In sddition, the
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expansion of the flow in this region will help to reduce the degree of
ionization., Figures 23 and 2% are sketches from unpublished celculations
which show the ionization distaunce, and percent of lonizetion to equl-
1librium ionization as funections of oblique shock angle. Flgure 25 shows
an increase in ionizmation distence of almost two orders of sagnitude as
& normal shock is reduced to an oblique angle of arcund 20°. Figure 24
shows thet reducing the bow shock ongle decrecses the percent of conw
centration that wlll resch equilibrium conditions. In addition, the
ges used in the jet, can be selected, as one with a large alfinity for
electrons. Reference 25, for example, has shown thal water vapor has
the ebility to reduce significently electron concentrations in rocket
exhausts. Finally from what has been determined experimentally and
theoretbically the pressures at the front of the probe are known to be
very much lower than the stegnation pressure behind the normal part of
the shock. With the sssumption that the pressure on the face of the
probe is 1.25 p, (besed on correlation between theory and date of
ref. 18) a second curve labeled probe hus been drawn for comparison
in figure 7. This reductlon pressure at the face of the anterns again
accounts for a reductlon in maximm plasma frequency reached. The walue
is en order of megnitude lower than the Tlunt face bow shock values
(MA-6 fiight).

Despite these encoursging trends o disadvantage of the jet system
exists which needs further consideration. This disadvantege of the jet
system is the instablligy In the occurrence of the lsrge displacement

phencmenon at even small angles of attack. This occurrence of instability



has already been noted in chapter II. A small flow misalinement
evidently disrupts the boundary pressures at the Jet allowing the jet
flow to overexpand and shorten the penetration distance. (See fig. 13.)
An occurrence of the loss of large displacements with even small

angle of ettack would result in e loss of most of the adventages listed
gbove. At the present time it cannot be said whether this instebility
problem can be resolved easily with additional eerodynamie design or
whether 1t will continue to be a serious drawback, despite fuxther
investigation.

Summarizing the benefits of the jet probe we find that s reduction
in plasma frequency has been shown to exist at the probe for the following
reagons:

1. The size of the normal part of the bow shock was reduced.

2, The bovw shock wae forced to ocour far shead of the probe, thus
allowing an increase in time and distemece for cooling by mixing, and
recombination.

3. The alr that crosses the oblique part of the shock receives
much less thermal agltation and, therefore, has a lower plasma frew
guency than the normal portion of the shock.

4, The equilibrium distance for the obligque shock is finite, that
is, not zero.

5. The pressures existing in the proximity of the face are much
lower than the stagnation pressure existing behind the bow shock.

6. A ges with a large affinity for electrons can be selected for
use with the probe.
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Most of the asssumptions made at the present time in the caloeulation
vhich indicated the successful use of a forward facing jet need to be
verified experimentelly before it can finally be sald that the jet will
be as successful as proposed. Particular interest is directed to the
field of the investigetion of the sctusl electron concentration history
through the distance the plasma must travel from the shock to the face
of the probe. In addition, much more has to be known asbout the jet
plasme mixing process, and tests need to be run using gases with high
absorption cross sections. All of these sreas of interest are so com-
plex that in the end actual free-flight test models with all variables
represented will probebly need to be tested. A1l of these areas of
interest must be considered before successful operation of the jet
probe can be predieted. Consideration of these problems has become
worthwhile, however, in view of the experimental results treated
here which have given indieation that the forward facing Jjet msy have
useful appllieation in helping to solwe the blackout problem.



CHAPTER V
CONCLUDING REMABRKS

The problem of radio signal attenuation during hypervelocity
reentry has been reviewed. It was shown that the signal loss wag due
to the presence of a high concentrstion of free electrons existing
behind the bow shock of & reentering wvehicle. The existence of
electron concentration and signel loss was shown to be predictable and
in qualitative agreement with actual flight results.

The results of experimental and theoretical work done on a
forward facing jet were also reviewed. The existence of a region of
large bow shock alteration by the jet was shown and this region wvas
degcribed in terms of jet-toe-probe~dismeter ratio, jet-to-free-streanm
pressure ratio, jJet exit Mach mmﬂ;aer end angle of attack. Simplifiled
theoretical considerations were given to the shock displacement
phenomena which provided a possible explanation for the occurrence
of the large shock displacements.

Finelly eppilcation of the forward facing jet to the overall radio
attenvation problem was considered. The sdventages of the jet were
stated and several simplified i1llustrations were given that showed
that the jet could be used to help alleviate the blackout problem.



Although it hes been stated that much more experimental and
theoretical work in other phases of the overall problem need to be
undertaken, the experimental resulte for the flow phenomena show
that further work is worthwidle.
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Figure 4.- Influence of collision frequency and plasma frequency on
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(b) Model M1; dyfdj = 2.24.

Figure 11.- Effect of jet-to-free-stream total pressure ratio on main
stream shock displacement distance for a nominal jet exit Mach number

of 6.4; conical nozzle; a = O°.
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(c) Model bk; dp/d; =1.12; M; = 10.3.

Figure 12.~ Effect of jet-to-free-stream total pressure ratio on main
stream shock displacement distance for the tests which were conducted
using helium; a = 0O°.
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Figure 14.- Effect of jet exit Mach number on the maximum main stream

shock displacement distance; o = o°.
may not have reached its maximum.
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Main stream flow
Moy Py

Main stream shock

Mixing region
Mutual stagnation point

T T RS \

(a) .- Sketch of flow field for strong shock case.

Expansion or compression waves

’ Ml
Mo s Poy
Main stream flow /
Mixing region

Figure 15(b) .~ Sketch of flow field for large displacement case.
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(a) Type of flow which corresponds to large displacement case
(normal shock loss before mixing not sufficient for total

pressure loss); Dy/pp = 0.85 and Pt,j/Pt,w =1.1.

P> 0% o —
/

(b) Type of flow which corresponds to large displacement case
normal shock loss before mixing not sufficient for total

(
pressure loss); Dy/po = 1.00 when Pt,j/Pt,m =1.3.

P'tj” Pl

(c) Type of flow which corresponds to large displacement case
(normal shocl loss before mixing not sufficient for total

pressure loss); pl/p2 = 1.54% when Pt,j/Pt,w = 2.00.

————— Compression
Expansion
—_— Streamlines

—aws¥  Mixing regions

Note: Complete mixing regions
external of streamlines
not shown.

(d) Type of flow which corresponds to strong shock case
(normal shock loss before mixing sufficient for total pressure

loss); Dp/po = 2.30 when Pt,j/Pt,w = 3.00.

Figure 16.- Illustrations of two types of shock displacements,
po/P a@ssumed to be 1.30 for M, = 6.00; Mj = 6.00.
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s - stagnation point

————— interface

(a) Jet off

(b) Jet on,strong shock case

(c) Jet on,large displacement case

Figure 20.- Sketch of antenna probe.
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Constant pressure
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0 : I [
.01 o1 1.0

Tonization distance ~ cm.

( to N, / Ne, equilibrium =1 )

Figure 25.- Ionization distance to equilibrium as a function
of oblique shock angle.
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e = 26°
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N, , equilibrium

Figure 2h.- Nonequilibrium/equilibriu.m Ne versus altitude for
various oblique shock angles; V = 235,000 fps.
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