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ABSTRACT

A number of instruments for probing the plasma
sheath during reentry are described. The instru-
ments respond to the induced magnetic field pro-
duced by the interaction of the ionized gas flowing
through an applied magnetic field. Flight models
to measure the product of electrical conductivity
and velocity, ou, and the ou profile are discussed.
In addition analysis and description of laboratory
transducers for determining velocity, ou fluctua-
tions, and average electron collision frequencyare

presented.

-iii-




CONTENTS

NOMENCLATURE . . .. ... .t iiiit i i i
I. INTRODUCTION . .. .. .. . ittt e,
II. DISCUSSION OF PLASMA SHEATH . . . . . . ... . ...\ . ...
A. Parameters Influencing the Plasma Sheath . . ... .. ... .
B. Parameters Characterizing the Plasma Sheath . . ... .. .

III1. FLIGHT INSTRUMENTATION DEVELOPED AT PLASMA
RESEARCH LABORATORY .. ... ... .. i .

A. Relation of Signal to Flow Properties . .. ...........

Average ocu Transducers . . .. .. .................

B

C

D

E. Average Electron Collision Frequency. .. ...........
F Velocity Measurement . .. .. ...................
G

Turbulence Indicator . ... ... ..................

IV. SUMMARY

.....................................
................................

......................................

TABLES

Electron Densities for Different Trajectories .. .. .. ... ....

2. Data for Plasma Sheath on Sharp Cone . . . . ... .. .. .......

-V =




FIGURES

Transducer Coil Arrangement . . . . .. .. .. .. ... 10
2 Flow Field and Location of Transducer on Reentry

Vehicle . .. ... ... . ... e e e 13
3 Observed Value of 7a and the Angle of Attack of the Reentry

Vehicle . .. .. . . . e e e e e e 14
4 Average ¢u Transducer Geometry Readily Adaptable to

Cone Designs. . . . . . . . .. . i it i e e e e e 15
5 Cancellation of Earth's Magnetic Field and Addition of

Induced Magnetic Field due to Plasma Flow . .. .. .. ....... 17
6 Flight Instrument to Measure gu. Transducer, 8 1b;

Electronics Box, 2.5 lb; Compensation Box, 11b . .. .... ... 18
7 Illustration of the Results of a Calculation of gu

Profile . . . . . . . . . e 20
8 A Coil Geometry Providing Three Different Scale Primary

Fields . . .. .. . e e 21
9 Comparison of Actual and Measured Profiles . . ... . .... ... 23
10 MHD Electrical Conductivity/Velocity Profile Meter . .. .. ... 24
11 Crossed Sensing Coil Geometry . . . .. .. .. .. .. ... ..... 25
12 The Excitation of the Primary Field and the Anticipated

Signal . .. e e e e 28
13 Velocity and Turbulence Transducer . .. ... ... ... ....... 29
14 Typical Signals from Velocity Transducer . . . .. .. ........ 30

—vi-




NOMENCLATURE

A cross sectional area of sensing coil, m
= . . 2
B, B magnetic flux density, Wb/m
== . -
E electric field, V/m
e sensing coil electromotive force, V
F cross correlation function
-
J current density, amp/m
K, K(y) influence function, V/(mho/m)(m/sec)(m)
L characteristic transducer length, m
N number of turns
n sensing coil normal
L electron density, m™3 or cm”
R primary coil radius, m
T distance between current element and point where magnetic
flux density is to be determined, m
t time, sec
u, o flow velocity, m/sec
3
A\ volume, m
X, ¥, 2 spatial coordinates, m
a angular position of coil relative to reference axis
) boundary layer thickness; shock layer thickness, m
€ electrical permittivity, F/m
e angle of flow relative to reference axis
B magnetic permeability, H/m
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Subscripts
i, j

(o]

NOMENCLATURE (Continued)

electron-neutral collision frequency, sec
electrical conductivity (scalar or tensor), mho/m
electrical conductivity (scalar), mho/m

time (see Eq. 11), sec

frequency, rad/sec

indices
free space value
cyclotron

plasma
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I. INTRODUCTION

Surrounding high speed vehicles within the earth's atmosphere is a
plasma sheath arising from the heating of air in the shock-wave, in the
boundary layer, or in separate shear layers. The plasma sheath, which com-

pletely encases the vehicle and feeds the wake that extends downstream many

body diameters, interferes with radio communication to and from the vehicle.

These facts have been well known to the professional missileman and space
scientist for many years; since the Mercury flights, the facts are equally

familiar to the layman.

In addition to communication blackout, the plasma sheath causes other
problems. Less dense plasmas, while not causing blackout, have adverse
effects on electromagnetic wave propagation, including refraction of the
waves, introduction of noise, distortion of antenna patterns, and mismatch of
antennas. The radar cross section of a reentry vehicle may be enhanced by
one, two, or three orders of magnitude depending on the radar frequency and
the reentry vehicle. Refraction of the electromagnetic waves may make

angular information from on-board radar of questionable value.

However, the plasma sheath is not entirely detrimental. Magnetoaero-
dynamic attitude control attempts to exploit this flow of conducting gases by
developing forces on the vehicle. The advent of practical superconducting
coils has caused renewed interest in this aspect of attitude control. The
plasma sheath also makes possible magnetohydrodynamic (MHD) power
generation. If one considers the enormous amount of kinetic and potential
energy dissipated during reentry, it is apparent that only a small fraction of

this energy need be extracted to have megawatts of power.

This paper reports on flight instrumentation being developed to gain
information about the reentry plasma sheath. Discussion of the plasma
sheath is continued in Section II. Flight instrumentation and laboratory
meters developed to obtain information about the ionized air are described

in Section III. Section IV contains a summary of this paper.
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II. DISCUSSION OF PLASMA SHEATH 1-7

In order to circumvent or to find sclutions for the problems (e.g.,
telemetry blackout and enhanced radar cross section) and exploit the
opportunities (e.g., magnetoaerodynamic attitude control or MHD power
generation during reentry), detailed knowledge of the ionized air forming the
plasma sheath is essential. Information can be obtained from calculations,
but in order to proceed with the calculations, idealizations and simplification
are often necessary. Experiments in hypersonic facilities yield useful
information; however, it is difficult to duplicate all the similarity parameters
In-flight measurements can be used to provide valuable guides for additional
theoretical and experimental work and as criteria to indicate where the
calculations are sound and where important physical phenomena have been

omitted.

In order to design instruments to measure a property of the plasma
sheath it is necessary to know approximately the range of values that will be
encountered during reentry. It is necessary to know the correct gain for the
amplifiers! Although the information presented in this section was initially
obtained to answer the obvious questions of amplifier gain and instrument

design, it is of sufficient general interest to warrant inclusion here.

A. Parameters Influencing the Plasma Sheath

The trajectory, or more specifically the altitude and Mach number of
the vehicle, has a pronounced influence on the plasma sheath. Table I, which
is intended to demonstrate that increased velocity compounds the difficulties
with electromagnetic wave propagation, lists typical values of the electron

density, N for equilibrium air behind a normal shock.
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Table 1. Electron Densities for Different Trajectories

Electron Density, cm"3

Trajectory Typical Velocity
ft/ sec 200 000 ft alt 300 000 ft alt

. 12 10
Suborbital IRBM 15 100 7 % 10 6 x 10
Suborbital ICBM 23 200 8 x 1013 g x 1011
Orbital 25 600 2 x 1014 3% 1014
Superorbital 36 700 3 x 1010 5 x 1014

(parabolic)

Body shape also influences the plasma sheath. Simple axisymmetric
bodies are usually categorized as blunt- or sharp-nosed, depending on
whether or not the bow shock wave is attached; however, for the purposes of
plasma sheath analysis, these bodies are differentiated by the manner in
which their sheath properties are determined. Thus, a blunt-nosed body is
one whose sheath properties are determined by air that has passed through
a normal or nearly normal shock wave. A sharp-nosed body is one whose
sheath properties are determined by the viscous dissipation in the boundary
layer, which on a sharp-nosed vehicle is supplied with air that has passed

through a weak oblique shock.

There is also an intermediate category of vehicle that may be described
as slightly blunted. The boundary layer on the forward part of a slightly-
blunted vehicle is fed by high-entropy gases from the nose. At some point
along the vehicle, the high-entropy flow is absorbed by the boundary layer;
downstream from that point the boundary layer feeds on air that has been

processed by an oblique shock.

The spatial distribution of temperature and electron density normal to
the surface obviously depends on body bluntness. There are, of course, more
complex body shapes, especially for manned reentry vehicles, aerospace

planes, and other lifting bodies.




Another factor determinir}g the properties of the plasma sheath is the
ablation material. Vaporization and injection of the ablation material has a
fluid m‘\echanical effect on the boundary layer. Impurities in the ablator may
seed the boundary layer and increase N.. Ablation products influence the
chemistry of the high-temperature air by altering compositions and electron
densities. An additional degree of complexity is thus added to the plasma

sheath.

B. Parameters Characterizing the Plasma Sheath

When a macroscopic approach is used to analyze wave propagation,
the plasma is characterized by its electrical permittivity, €, and an electrical
conductivity, ¢. Attenuation and phase shift can be calculated if these are

known.

In terms of microscopic plasmavariables, € and ¢ are functions of the
plasma frequency, wp {or Ne), and the electron collision frequency, v. In the
presence of magnetic fields the ratio of electron cyclotron frequency to

collision frequency may be of importance.

Spatial distribution of ¢ and o, which is defined both as the profiles
normal and tangential to the vehicle surface, is required information for the
analysis of wave propagation. 710 The model of a plasma filling a semi-
infinite half space is inadequate for obtaining realistic predictions about the

plasma sheath.

Table 2 contains information concerning the plasma sheath surrounding
a sharp cone. The quantity w./vB determines the strength of magnetic field
required to make wc/v equal to unity. This is the strength of magnetic field
required to make the plasma behave as an anisotropic medium. For example,
in the flank region at 150 000 feet a magnetic field of 157 gauss gives wc/v =1.
The dc electrical conductivity, equal to w123€ O/V, has been calculated. The
plasma sheath thickness § has been taken as being equal to the boundary-

layer thickness. In Table 2, § is for a station 3 ft from the nose.
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The instruments described in the following section measure ou. Hence
ou has been calculated using as an estimate u = uOO/Z. One advantage of an
instrument that responds to ou is the relatively small change in this quantity
with altitude. In the altitude range 250 000 to 100 000 ft, ou varies by less
than a factor of 2, whereas N, changes by a factor of 500. Instruments
responding to Ne must have a wide dynamic range. The reason the ¢ does
not change appreciably is that increases in Ne are compensated for by

increases in V.

In contrast to sharp-nosed vehicles, values of ogu as high as
5% 10° mho/sec may be observed in the flank region of blunt-nosed vehicles.
This is 100 times larger than for a sharp-nosed vehicle. As a consequenci,

measurements of the plasma sheath on a sharp-nosed vehicle are significantly

more difficult.




III. FLIGHT INSTRUMENTATION DEVELOPED AT PLASMA
RESEARCH LLABORATORY

Several instruments for measuring plasma sheath properties, which
are in various stages of development at the Plasma Research Laboratory,
will be described in this section. The first instruments described--three
average ou meters and a ou profile instrument--have been flown or are soon
to fly. The MHD flow angle indicator, the velocity meter, and the turbulence
indicator have been tested in the laboratory. An instrument for the measure-
ment of electron collision frequency has been theoretically analyzed but has
not yet been tested in the laboratory. These instruments may be used to
measure not only the reentry plasma sheath but also other high-speed ionized-

gas flows, including rocket exhausts, MHD generators, and arc plasma jets.

A. Relation of Signal to Flow Properties

L1 the signal, which is the voltage induced in

In previous publications
the sensing coil, was analyzed in detail. The analysis will be briefly

reviewed here.

Consider a coil arrangement consisting of a sensing coil located between
two primary coils as shown in Fig. 1. The primary coils are driven at audio
frequencies and provide a magnetic field B that penetrates into the plasma
flowing at velocity 1—; Currents, -j!, are induced as a result of the motion of
the conductor through the magnetic field. The induced magnetic field gi’
which fluctuates at the frequency of B, links with the sensing coil that hes a
voltage e. Thecurrents Jare equal to o'(f+ a % ]'_5;), The electrical conductivity
o is the dc value and for ionized gases equals wlzjﬁ O/V. It can be shownz’ 12
that, for the two-dimensional case, E is zero, and for oblong primary coils

—

(long dimension in the z-direction), E is negligible. The voltage in the

sensing coil is

NAp O
_ o 0 olu X B)Xr - 9 =
e = 5 /;__1._3-—-_ ndv - N'ﬁfB n dA . (1)




ct

l
®

SENSING COIL
WITH N TURNS
AND AREA A

PRIMARY COILS-

z - AXIS IS NORMAL TO AND OUT OF
THE PLANE OF THE PAPER

Fig. 1. Transducer Coil Arrangement
An emf is induced in the sensing coil by

the time rate of change of normal com-
ponent of Bi'
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The second integral represents the primary field that links the sensing coil;

it is an unwanted voltage and is termed the null signal. By careful balance of

the primary field this signal can either be eliminated or made negligibly small.

Manipulation of the vectors as indicated in the first integral leads to

NAp o cr(y)u(y)xBY(x, y,2)
e = —4"—/ f[ 3 dx dy dz ) (2)
xJyJz T

which can be rewritten as

e=/o‘uK dy ) (3)
Yy

where

NAp w xB_(x,y, z)
K(y)=_4—ﬂo—/xfz—%3-——dxdz . (4)

The function K(y) is known as the influence function and can be readily

measured in the laboratory. 1 The influence function equals the signal that
would result from a unit layer of conducting material with unit conductivity

moving at unit velocity and located at distance vy.

B. Average cu Transducers

A transducer with a single influence function and hence one signal
yields a measurement of the average value of ou as given by
— e
ou = TE Iy (5)

An average ou transducer was flown successfully aboard a reentry vehicle.

This transducer and others will now be discussed.

-11-




1. Flight on RVX-2A

An instrument!? using a transducer geometry similar to that shown in
Fig. 1 was flown on board the RVX-2A, a sphere-cone reentry vehicle. This
reentry vehicle (R/V) followed a typical ICBM trajectory. Figure 2 shows the
location of the transducer on the R/V and the geometrical relation of the flow
field to the applied magnetic field. Figure 3 shows the results of the

measurement.

The upper curve in Fig. 3 is a plot of the angle of attack of the R/V as
a function of time. Also indicated are the periods of fade and blackout of the
telemetry. The lower solid curve shows 0 as a function of time; 70 was
obtained from the flight measurements of e, laboratory measurements of
JK dy, and Eq. (5). The electrical conductivity behind a normal shock was
calculated for the RVX-2A trajectory. Results of the calculations for o,
based on the method outlined by Mey’er,13 are shown by the dashed curve,

with values for mho/m, on the right-hand side of the lower graph in Fig. 3.

Observe that the meter signal follows the oscillation of the angle of
attack; i.e., a local minimum of the signal corresponds to zero angle of
attack. At time A (Fig. 3) the angle of attack is zero, and %u is at a minimum.
At time B the angle of attack is at its peak value, and ou has increased to a

local maximum. This fact suggested the instrument described in Section D.

2. Axisymmetric Transducer Geometryl‘{l-16

Aerodynamic stability requires the center of gravity of the vehicle to be
in front of the center of pressure. Conical reentry vehicles frequently
require dense ballast placed far forward to achieve this condition. The ballast
replaces a part of the payload. A transducer has been developed that serves
two functions: it provides measurement of an average value of ogu, and its
welight serves as ballast. Figure 4 shows the coil arrangement, which has
been tested in an arc jet. Analysis shows that most of the signal is due to the
induced currents in a narrow region of the plasma flow concentric with the

sensing coil. Two reasons account for this. First, the magnetic coupling

-12-




SHOCK WAVE

OUTER SURFACE
OF BOUNDARY

SURFACE OF
REENTRY VEHICLE

Fig. 2. Flow Field and Location of Transducer on Reentry Vehicle
The coils of the conductivity meter are located well aft on the reentry

vehicle. The flow of conducting gas u interacts with the magnetic
field B to provide a current density 1i.
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between the sensing coil and the current rings in the gas falls off sharply as
the separation between the two increases. Second, the applied magnetic field,
which drives the currents, falls off rapidly with distance from the sensing
coil. For the geometry shown in Fig. 4, 95 percent of the signal is due to the
currents within a region in the gas twice the width of the sensing coil (see the
inset in Fig. 4). This means that the plasma flow is sampled in the vicinity
of the sensing coil, and interpretation of the signal is more meaningful since
only a localized region contributes to the signal.

3. Transducer Using Permanent Magnets17

When the instrumentation prograr‘n2 was first initiated at the Plasma
Research Laboratory it was necessary to decide whether to use a dc or an ac
applied magnetic field. The first instruments developed used ac. However it
is obvious that the induced field Bi exists with a dc primary field. In order to
measure ocu with a thick metallic skin between the conducting flow and the
transducer, a dc meter is essential. If an ac method is attempted, eddy
currents in the skin attenuate both the applied magnetic field and the induced

magnetic field.

The earth's magnetic field is approximately 500 milligauss. For one
application aboard a reentry vehicle the calculated Bi varied between 1 and
10 milligauss. Hence cancellation of the earth's magnetic field is necessary.
One method of cancellation is to use two magnetic detectors whose outputs are
sensed differentially such that the signal due to earth's magnetic field cancels,
whereas the signal due to plasma flow adds. Figure 5 schematically depicts
one arrangement. Figure 6 is a photograph of the flight instrumentation

package.

-16-
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C. Conductivity/ Velocity Profile Meter!: 11

If transducers with different magnetic field geometries are used, the

flow of ionized gas can be sampled differently. Each geometry provides a

different signal given by

shock wave
e, = 0'1J.Ki dy (6)

ablation
surface

where the subscript i identifies the different signals. The Ki are measured
in the laboratory; the e; are measured in flight. Distinctly different K, can
be obtained by changing the primary magnetic field geometry and by altering
the geometrical relation between the induced magnetic field and the sensing

coils.

From this information the ou profile can be calculated. One procedure
is to divide the integration interval into discrete intervals Ay., which may be
of unequal length. Having chosen the ij, the corresponding (o—u)j values can
be determined as shown in Fig. 7. For the case illustrated in Fig. 7, a five-
signal transducer is required. A three-signal transducer is shown in Fig. 8.
Other geometries, including a nine-signal transducer, have been considered

and are discussed in Refs. 1 and 11.

The transducer illustrated in Fig. 8 is designed to sample the plasma
flow in different ways by having different scale primary fields. A plasma
layer of Ay thickness appears to the small primary coil to be Ay/R =1 in
thickness and to be centered at y/R = 2. The same plasma layer appears to
the large primary coil to be Ay/R = 1/3 in thickness and to be centered at
y/R = 2/3. The plasma layer is measured by use of different portions of the

influence function.

-19-




SHOCK

WAVE
ﬂys
y Ay,
ﬂya
SURFACE OF Ay,
ABLATION

MATERIAL;

Y

Ay,
A -
ou

Fig. 7. Illustration of the Results of a Calculation

of gu Profile
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Using knowledge of €1 €5 €3 and the influence functions Kl’ KZ’ and
K3 from the system shown in Fig. 8, the profile of a spinning graphite disc
was calculated. A comparison of the actual and measured profiles is shown
in Fig. 9. Three different experiments are plotted, with the disc located at
0.5, 1.0, and 2.0 inches from the transducer. The influ_ence function for the
smallest primary coil has been plotted in the bottom graph. The error in
predicting the disc thickness, when the disc was 2 inches from the transducer,

is due to the fact the meter is not sensitive beyond about 3 inches.

A MHD profile meterl8 has been built for flight aboard reentry
vehicles. Figure 10 is a photograph of the instrument, which provides
four continuous samples of the flow. A similar instrument is being developed
for flight on board the Low Observable Reentry Vehicle (LORYV).

D. Flow Angle Indicator19

The instruments described in this and the following two sections have
been tested in the laboratory but have not been developed as flight

instrumentation.

Using the magnetohydrodynamic (MHD) flow angle indicator is analogous
to using two total head tubes displaced at a small angle to measure flow angles.
When the pressure in each tube is equal, the bisector of the tube angle is
parallel to the flow. The MHD flow angle indicator is shown in Fig. 11. The
transducer is not rotated to give equal signals, but the ratio of signal strength
is used to calculate the flow angle. The equation relating signal ratio R to

flow angle 6 is

@ = arc tan( (7)

1-R 1 )
1+ Rtan a
The symbols are defined in Fig. 11. The angle a measures the location of the
sensing coils relative to the reference axis. When the plasma flow, which is

above and parallel to the plane of the paper, deviates by an angle 6 from the

-22-
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Fig. 9. Comparison of Actual and Measured Profiles

-23-




1339 211j0xd A3100184 /£311A13ONPUO) TedTIIDE QHN 01 "S1d

87 ¥ LHOI3M
H3DNASNVHL

YNSIS TINN

T130NVO Ol
SY313WO0ILN310d

875 1HOIIM
X08 SOINOY1O313

-24-




P REFERENCE AXIS

PRIMARY COILj

Fig. 11. Crossed Sensing Coil Geometry
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reference axis, sensing coil 2 has a larger signal than sensing coil 1.
Equation (7) gives © as a function of the signal ratio R and a. The transducer
can yield the local flow angle 6 without knowledge of o or u of the ionized
gas. However, if ey and e, are measured separately and the transducer is

calibrated, simultaneous measurements of cu and © are obtained.

Two different configurations have been built and tested: one is shown in
Fig. 11; the other is described in Ref. 19. The accuracy of the flow angle
measurement is 1 deg #5% for -45 deg < 8 < 45 deg. (For an angle of 40 deg,
the error may be £3%.) For bounded 8, the a can be adjusted to give optimum

performance.

E. Average Electron Collision Frequencyzo

A scalar electrical conductivity has been assumed in the previous
sections. If a sufficiently large magnetic field is applied, the ¢ becomes a
tensor. Table I gives the value of B required for a ratio of electron cyclotron
frequency w, to collision frequency v equal to unity. Equation (1) has been
expanded, considering o to be a tensor. For the coordinate system and coil

arrangement shown in Fig. 1, the result is

2
NAp w_w w B x w B x
_ o o ug' z'y x\[ "z z y
R T 2( 2+v)( 3)+(1+2(3)

2
where w_, w. , and w_ are the components of » , and o' equals o € [v.
x' Ty z c p o
Fortunately, most of the terms drop out in the integration as a result of

symmetry. In final form the equation for the signal voltage is

NAw 8 , B x
— _ o ug Vi
€= am ot ¥ g d¥ (9)
w, T
1 + —
v va
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Note that when ((.oc/v)2 << 1, Eq. (9) reduces to Eq. (2).

An average value of the ratio wC/v can be measured by using an applied
magnetic field as illustrated in Fig. 12. When an appropriately strong dc
field is applied, the denominator of the integrand in Eq. (9) exceeds unity,
decreasing the signal. When the primary coil is excited only with weak ac,
the denominator is nearly unity and a signal e, is measured. An average

value of the frequency ratio is given by

v o 1/2
&)=

average
where w' = eB m.
e dc/

F. Velocity Measurement

An experiment was performed using the coil arrangement shown in
Fig. 13 and an arc plasma jet. The primary coils were excited dc and had
alternating poles. Emitter followers were used to isolate the sensing coils
from the distributed capacitance in the external leads. A flat frequency

response from 10 to 100 kc was thus obtained.

Typical traces of the voltage induced in the sensing coils as a result of
the plasma jet flowing through the steady applied magnetic field are shown in
Fig. 14. Voltages appearing at the upstream and downstream sensing coils

are closely correlated. The cross correlation function

fel(t)ez(t + 1) dt

F(T) = 77 72 (11)
([e? dt) (feg dt)

was calculated as a function of 7 for several oscillograms similar to Fig. 14.

Maximum values of F ranged from 0. 85 to 0.92.
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For the case shown in Fig. 14 the peak value of F occurred at
T = 22 psec. The distance between the upstream and downstream coil sets

was 7.9 cm giving a velocity of 3600 m/ sec.

G. Turbulence Indicator

The preceding experiment is an example of serendipity. The aim was
to measure velocity, and an average velocity measurement was obtained;
however, it was discovered that additional information about the flow is
contained in the noisy signal traces. The amplitude and spectrum of the
signals illustrated in Fig. 14 are related to ou fluctuations in the plasma

stream.

Although the data obtained await thorough analysis, preliminary
observations can be made. The time dependent terms in Eq. (1) are ¢ and u,
and not B. The close correlation between the upstream and downstream
signals indicates that the ou fluctuations are convected, with only small
changes due to the nonstationary terms. The spectrum is dictated by the
response of the transducer to the different scale cu fluctuations. Experiments
using wire loops that are moved through the applied magnetic field indicate
that only loops in the range 0.5L to 2.0L cause significant signals (L is the

length of one complete coil set in the streamwise direction).

The signals were obtained in an arc jet facility. It is not known whether
similar fluctuations occur in the plasma sheath surrounding a reentry vehicle.
One application of the turbulence indicator would be to detect on a reentry
vehicle the transition from laminar to turbulent flow. Since the skin depth at
10 to 100 kc in most metals is very small, the turbulence transducer should

be separated from the flow by dielectrics only.
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IV. SUMMARY

Several instruments have been developed, which depend for their
operation on the interaction of a high speed flow of ionized gas with an applied
magnetic field. These meters are admirably suited for reentry experiments
because the transducer can be located behind a protective wall and does not

require probes that have to be inserted into the plasma..

The average ou meters in two geometrical arrangements have been
developed for flight. One ou profile meter has been assembled (Fig. 10) as a
flight instrument; another model is under development. Instruments to
measure local flow angle (Fig. 11), average flow velocity, and fluctuations
(Fig. 13) have been tested in the laboratory. An average electron frequency

meter (Fig. 12) has been explored theoretically.
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