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ABSTRACT

Argon gas* which had been partly ionized by an electric
arc with an enthalpy input in the order of 104 BTtJ/lbn was
expanded through a supersonio wind tunnel nozzle*

It was

found to contain residual positive ions in excess of elec¬
trons*

These residual ions amounted to 10"4 times the total

number of flowing atoms; a slight increase occurred with
decreasing enthalpy input-*

This quantity also represented

the only residual ions of the gas jet leaving the expansion
nozzle at ambient temperature and a pressure of 0*25 mm Hg«
Normalization of these ions was achieved by means of diffu¬
sion to the surface of the pipe recapturing the free jet.
The normalization rate is

R —

So<m

with S being

the surface area of the pipe, and o<m , the mean degree
of ionization of the gas*
1022(ft"2 sec"1)*

\

The amount

is approximately

iii
ACKNOWLEDGMENT
The author la very grateful to Dr* Herbert K* Beckmann
without whose patient guidance and assistance this work
would not have been possible.

The author also wishes to

acknowledge the invaluable assistance of Ray Martin in the
construction of the apparatus*

In addition, the aid in

operating the wind tunnel given by Maurice Patterson is
appreciated*

The author also wishes to express gratitude

to his wife, Carolyn, for her assistance and encouragement
throughout the course of this work.

TABLE OP CONTENTS

Abstract
Acknowledgment

11

111

Introduction

1

Normalization of an Ionized Gas

3

Apparatus and Equipment

9

Discussion and Results

12

Summary

21

Bibliography

22

Symbols

23

Appendix

INTRODUCTION
Because temperatures intermediate to those of chemical
reactions and those of atomic reactions can be obtained in
arc generated plasma jets, they have aroused considerable
interest*

Jurgens*W and Peters® have developed methods of

determining velocity and temperature distributions.
observed secondary arcing in plasma jets*

Weiss

3

He also investi¬

gated velocity and temperature distributions and the manner
in which these are affected by magnetic fields* Among other
4
works is that reported by Ducati and Cann on the propulsive
properties of a plasma jet and that of Giannini® on the
megnetohydrodynamio effects in an electric arc*
The discovery of the tendency for secondary arcs® in
electrically generated plasma jets indicated the possibility
of the emission of electric currents with the plasma*

This

phenomenon was the basis for the experimental investigation
which this thesis presents*

A high density Argon plasma

jet was generated by means of an electric arc*
4
of plasma jet is understood, to be

This type

"a controlled flow of highly ionized gas in which
the densities of free electrons and positive ions
are approximately equal and the static pressure
is atmospheric or higher*11
The jet was then expanded through a supersonic nozzle to
such an extent that it formed a free Jet of nearly normal¬
ized gas*

Upon entering a pipe leading to a vacuum tank,

(#) Superior numbers refer to the correspondingly numbered
works as listed in the bibliography*

2the electrical properties of the Argon gas were observed.
The Intention of this study was to determine the rate at
which a net electric charge was produced by the plasma jet**
i.e., to determine how

Q

truen the plasma was, and to obtain

Information, within the limits of the existing Instrumenta¬
tion during the early construction stages of the apparatus,
pertaining to the rate of normalization and the degree of
ionization of the gas emerging from the free jet.

This In¬

formation Is desired for the design of expansion nozzles for
plasmas.
Optimum flow nozzles are those which permit Isentropic
expansion.

Thus, the desired expansion process would ap¬

proach, to a practical degree, a quasi-static process; i.e.,
the gas would at all times be near a state of thermodynamic
equilibrium.

During the adiabatic expansion of an Ionized

gas, the change in state of the gas is accompanied by the
electrical phenomenon of normalization.

This normalization

involves some form of recombination of the positive and
negative carriers in the gas and is therefore time depend¬
ent,

For designing expansion nozzles, it is desirable to

obtain knowledge of the degree to which this time dependence
of normalization hinders a quasi-static expansion.
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KORMALIZATION OP AN IONIZED GAS
Normalization of an ionized gas la achieved by two
mechanisms*

In the absence of solid surfaces, a compli¬

cated collision process results in the normalization of
ions*

The second mechanism, which will be considered here,

occurs on solid surfaces*
Upon diffusion bf ions to the conduit wall, any reac¬
tion that might occur does so in the two-dimensional plane
of the surface*

If such a motion occurs, the probability

for the recombination of ions and electrons is near unity
since the three-dimensional motion has been restricted to
one in two dimensions and since the surface Is present to
absorb the energy released by normalization*

6

However, if

the material of the conduit is an electrical conductor hav¬
ing an external supply of electricity, then all charged par
tides will neutralize upon contacting the conduit surface*
The wall is then an ion sink*
Now consider a gas emerging from a plasma which has
been expanded into a free jet*

Also let the conduit which

recaptures this jet be a pipe whose material is an electri¬
cal conductor; and let this pipe be constructed as a series
of short length pipe sections with electrical insulation
between each section*

Then, normalization of this jet may

occur within the gas and at the wall of the pipe recaptur¬
ing the jet*
Regardless of the recombination mechanism, an electron
is required for every ion that normalizes*

If an excess

4-
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of ions or electrons is present in the normalized gas, these
particles will eventually diffuse to the pipe where they
will neutralize and produce a net charging tendency.

By

employing electric current measuring instrumentation, the
net external current required to counteract this charging
tendency on the pipe can be observed.

This net current de¬

termines the excess number of charged particles initially
in the gas.

If the gas is generated from a true plasma, no

net current results.

If a net current does result, the de¬

viation from true plasma conditions can be measured.

In

other words, the algebraic sum of the external electric cur¬
rents from each pipe section is equal to the unbalance of
charge within the gas.

I
In addition to determining the net charge within the
gas, the recombination rate of the gas leaving the nozzle
can be studied.

It will be considered that recombination

occurs only at the pipe wall.

This, of course, implies that

the gas contains only positive ions and neutral atomsj then
recombination cannot occur within the gas.

Since the motion

of the electrons is easily influenced by electric fields,
this condition of recombination only at the pipe wall can
be satisfied by imposing an electric field in the gas if
necessary.
The gas which contains only positive ions and neutral
atoms will produce a charging tendency as the ions diffuse

to the pipe wall and neutralize.

By counteracting thla

charging tendency with an external current supply,
wall becomes an ion sink.

the pipe

Normalization then becomes de¬

pendent upon the diffusion of ions to the wall.

In other

words, if electrons are supplied to the pipe wall by exter¬
nal means, normalization of ions occurs at the rate at which
ions diffuse to the wall.

This normalization rate at a par¬

ticular pipe section is the current extracted from that pipe
section.

The diffusion of ions, and hence normalization, is complete
at the downstream pipe section for which the current ceases.
In addition to determining the rate of normalization
of Ions due to diffusion only, the degree of ionization of
the gas entering the region of observation can also be de¬
termined.

The sum of the electric currents to all down¬

stream pipe sections is then a measurement of the number
of ions entering the pipe section under consideration; I.e.,
the number of ions divided by the total number of atoms is
equal to the degree of ionization,
or

s-i

Summarizing, the sum of the currents to all the pipe
sections is the initial unbalance of current emission from
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the plasma and hence Its deviation from a true plasma.

By

applying an external electric field in order to eliminate
an electron stream, the sum of the currents from all fol¬
lowing sections determines the degree of ionization of the
gas at any cross section.

The normalization rate for the

gas, which contains no electrons, in any pipe section is
the current supplied to that pipe section*
Since the above theory provides an experimental method
for determining the diffusion normalization rate, the re¬
sults can be compared with an analytical solution of this
diffusion problem*

For an approximate solution, electrical

forces can be neglected, and a simple analogy can be made
with heat transfer relations*
The analogy to be used is the following*
The heat transferred,

Q = H S (AtJ .
depends on the surface coefficient, h, for which, in pipes
with turbulent flow, the expression is

7

0.023

For the diffusion of ions, the first above expression
becomes

R = (3 S^-x-) ;
but, since the wall is an ion sink, the degree of ioniza¬
tion at the wall is zero*

-7-

Thus',

R — ^

S °^m

whore the logarithmic mean degree of ionization is

Then,

Thus, with

fi

p

■

=

is expressed in experimentally determined quantities*
For the diffusion of ions, the second heat transfer

equation becomes

P

0.02.3

Kinetic theory can be used to obtain an approximate
value of D for self diffusion.8
permits the determination of

The above equation then
*

However, this equation

must be modified for an increase in turbulence caused by
pipe entrances or shock waves.

j3

is increased by a factor

of about 1*3 for a length of only six pipe diameters.
other pipe lengths, the corrected value of /3 is8

For

8*

-

Is'- ?[ 1

+

(fj ] •

Artificially agitated turbulence increases
as high as 6.*®

p

by a factor

When a shock wave is proceeding the flow,

a violent turbulence results for which increases in the co¬
efficient by one order of magnitude have been observed for
11
high Reynolds numbersJ 12 is a common factor*
In this
application, the Reynolds number is low so that the proper
value of

fi

has to be found by experiment*

-2-

APPARATUS AND EQUIPMENT
The experimental apparatus consisted of a small blow¬
down type wind tunnel,

A schematic drawing of the wind tun¬

nel Is shown In Figure 1,
upward*

The direction of the flow la

The wind tunnel consisted of a plasma generator*

a nozzle* a free jet section* and piping to a vacuum tank*
Since the free Jet was smaller In diameter than the tubing,
a diffuser was added at the entrance to the conduit*

A

settling chamber of approximately 1 cm® volume was provided
by electrical insulation material between the nozzle and
the plasma generator.

The nozzle, with a conical contour

for its divergent section, was constructed of graphite.

The

nozzle had a throat diameter of l/lO inch and an exit diame¬
ter of 1.75 inches.

Its length was 6 inches*

The design

nozzle exit conditions for the gas were ambient temperature
and 0.25 mm Hg pressure.

The length of the free jet sec¬

tion was 4 Inches; however* the diffuser extended to about
1 inch from the nozzle exit.

Steel tubing of 3-inch diame¬

ter extended from the diffuser to a 1,000 ft3 spherical
vacuum tank.

The pressure in the vacuum tank was maintained

at 1 mm Hg*
The plasma was generated by a Plasmatron purchased from
the Plasmadyne Corporation.

A schematic drawing of the

plasma generator is shown in Figure 2.

It consists of es¬

sentially a cylindrical chamber with the electrodes forming
the ends of the cylinder.
standard commercial bottle.

The Argon gas was supplied from a
It entered the plasma generator
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tangent i ally through a small hole In the cylindrical wall
near the anode thus creating a vortex to stablize the arc.
The cathode, forming the top enclosure of the cylinder, had
a l/4-lnch diameter passage for the plasma.

The anode had

a cylindrical tungsten insert; and the cathode, similarly,
contained an annular tungsten insert.
faces of contact for the electrio arc.

These provided sur¬
Both electrodes had

internal water-cooling systems; however, thi3 proved unnec¬
essary for tests of short duration.
The plasma generator received its power from a 25 KVA,
D.C. welding generator.

The arc wa3 initiated by a high

frequency electric field at the electrodes which was pro¬
duced by an arc welding starter.
Since starting of the arc is more reliable at low gas
pressures, the mass flow was reduced during the starting
period.

This was accomplished with two solenoid-operated

valves.

It was also discovered that clean, rough surfaces

on the tungsten electrodes facilitated starting of the arc.
When the generator was started, one of the solenoid valves
opened by means of a relay.

The gas flowing through this

solenoid valve was controlled by a pressure regulator that
supplied a small quantity of gas while the arc was start¬
ing at a pressure of 3 psia.

When the arc struck between

the two electrodes of the plasma generator, the decrease
in voltage caused a relay to cut off the high frequency
starter.

This relay also opened the second solenoid-

operated valve which permitted a gas flow to the orifice

li¬
re a trie ted only by the regulator on the Argon bottle*

Dur¬

ing operation, the chamber pressure was about 2 atm*
A small vacuum pump was employed to maintain a vacuum
in the tank*

The vacuum pump could be connected to either

side of a 5-inch diameter valve in the pipe line connecting
the wind tunnel to the vacuum tank*

A mercury manometer

was used to observe the absolute pressure in the tank*
In order to observe the electrical properties of the
gas downstream from the free jet, the .piping

from the dif¬

fuser to the vacuum tank contained eight flanged pipe sec¬
tions, each three Inches long and each electrically insu¬
lated from the others*

The valves, the remainder of the

piping to the vacuum tank, and the vacuum tank Itself were
also electrically insulated*

Yiiring connected this series

of insulated sections to Instruments installed for observing
or Imposing electric charge on the pipe sections.

Measure¬

ments were made with a 24-channel S.I.E. photographic re¬
cording oscillograph*

-12-

DISCUSSION AND RESULTS
Eighty tests were performed.

Approximately twenty of

those initially performed served to calibrate the oscillo¬
graph measurements and to make necessary modifications in
the operation of the apparatus.

These initial tests also

showed that a definite voltage* which decreased in the di¬
rection of the flow* existed on some pipe sections.
The Plasmatron power input was determined by recording
the voltage drop across the electrodes and the voltage drop
in one of the electrode-feeder cables.

The mass flow was

calibrated with a pressure regulator on the Argon bottle
and an orifice in the gas line.

Mass flow rates of 0.53*

0.66* and 0.80 grams per second were used.

The duration of

the tests ranged from one second to three seconds.

Steady

state conditions were established after approximately 0.2
seconds testing time.
Results were obtained for tests of two general types.
In the first series of tests the electric charge on the
walls of the pipe sections from the diffuser to the vacuum
tank were observed.

Five runs were made with the first pipe

section connected to the cathode through a 4-ohm resistor
(shunt)* the voltage drop across the resistor was measured.
Measurements of the voltage of the remaining pipe sections
relative to the cathode were taken.

The pipe sections are

numbered in the direction of the flow (upward); i.e., the
section containing the diffuser is No. 1, the section above
the diffuser is No. 2, etc.

-13In these tests a very small voltage was observed across
the shunt*

The maximum reading indicated a current of

slightly less that 200 milliamps*

Voltages observed on the

next four pipe sections are shown plotted against the gas
enthalpy input in Figures 4 through 7.

The quantity re¬

ferred to as gas enthalpy input is the ratio of the Plasmatron power Input to the mass flow rate of the Argon.

These

results showed that for any particular pipe section, the
electric potential decreased with increasing enthalpy input*
These voltages were determined with an accuracy of about
i 1/3 volt*

During the starting period of the plasma gen¬

erator, voltage fluctuations occurred which prevented the
full utilization of the galvanometer sensitivity*
The 4-ohm shunt was then switched from the recording
circuit of Section No* 1 to that of Section No* 3*
tests were performed for this condition.

Eleven

This permitted

measurements of current from the third section and meas¬
urements of voltage from all other sections.
These eleven tests gave no measurable
current through the shunt.

readings of the

The voltages of the remaining

pipe sections were again plotted against gas enthalpy input
and are shown in Figures 8 through 11*

These results showed

that a rather large voltage existed on the first two pipe
sections*

However, while only a negligible current was

observed from the third pipe section, the voltages down¬
stream from the third section were similar to those that

14-
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were observed when the diffuser was grounded.
mate accuracy of these voltages was again

dt 1/3

The approxi¬
volt.

The curves in Figures 4 through 11 indicate a higher
potential on the pipe sections for lower enthalpies than for
higher enthalpies.

A possible explanation of this is as

follows: At the higher enthalpies the corresponding ioniza¬
tion levels are higher and thus the gas passing through the
cathode is a better electrical conductor than at lower en¬
thalpies.

This would facilitate neutralization of charge

before the plasma jet is normalized.

At the lower enthal¬

pies, the gas would be a poorer conductor of electricity.
In this case, electrically charged particles could lose
their electrical contact with the cathode before they neu¬
tralize.

This would result in more highly charged pipe

walls•
The results of the first series of tests (Figures 4
through 11) are also shown in Figure 12.

In this figure,

the voltage internally Induced on the pipe section is plot¬
ted against the average equivalent length (in pipe diame¬
ters) from the free jet.

These curves have the enthalpy

input as a parameter.

The solid points were obtained from

Figures 8 through 11.

The other points were obtained from

Figures 4 through 7.

These curves show the tendency of

voltage decrease on the pipe sections in the direction of
flow due to galvanometer currents in the order of 0.5
milliamps.

15A1though the above tests Indicate an almost neutral
gas, they do not yield an accurate value Tor the charge
being emitted by the plasma jet*

Additional attemps to

directly measure these currents with more sensitive instru¬
mentation were abandoned in view of the acute danger of
damaging the galvanometers.

Therefore, an Indirect method

making use of a battery was employed.
In the second series of tests, electric charge was
again observed on the pipe sections; however, a longitudinal
electric field was imposed on the flowing gas bjr means of
a circuit containing a battery and a resistor in series.
The quantities measured were electric potential, between
the pipe sections having the battery connections and elec¬
tric potential between the battery terminals.

By applying

Kirchhoff's law to this circuit, the voltage drop across
the resistor was determined.

This of course determined the

current without danger to the galvanometers since the maxi¬
mum voltage to be experienced was that of the battery.
Two tests were performed in which one terminal of a
23-volt battery was connected to a 1,000-ohm resistor that
was in turn connected to the fourth pipe section.

The other

terminal of the battery was connected to both the second
and the sixth pipe sections.
The results of these two tests showed that the gas in
this region did not conduct a measurable current in spite
of the application of an electric field.

This indicated

that the degree of ionization of the gas was smaller than

-16-

0*2 X 10

at the fourth pipe section; this value corre¬

sponds to the accuracy of the measurements which was + 0.4
milliamps.
Forty tests were then performed with the 23-volt bat¬
tery connected between the cathode of the Plasmatron and
the diffuser.

Resistors varying from 8.15 ohms to 1,000

ohms were used in series with the battery.

In addition to

measuring the voltage between the battery circuit connec¬
tions and that between the battery terminals, the electric
potential and the electric currents between the remaining
pipe sections and the diffuser were measured.

Results were

obtained for both battery polarities.
The runs made with the battery connected through a
resistor to the Plasmatron cathode and the diffuser resulted
in values of diffuser voltage relative to the cathode and
corresponding values of electric current.

These results

were plotted in the form of non-dimensional electron cur¬
rent versus diffuser voltage.
Figure 13.

These results are shown in

The current was made non-dimensional with re¬

spect to the mass flow rate.

It was plotted in the form of

equivalent electrons per second flowing in the direction of
the mass flow (current) divided by the mass flow In atoms
per second.

For almost all of these tests, the enthalpy

inputs ranged from 6,000 BTU/lbm to 12,000 BTU/lbn.

Three

symbols (explained in the legend of Figure 13) were used
to designate the different ranges of enthalpy inputs.

Two

straight lines were drawn in Figure 13*

The verti¬

cal line shows the indication that, for positive diffuser
voltages close to the ionization potential of the gas, the
current was limited only by the resistor in series with
the battery*

The horizontal line Indicates the saturation

current tendency at voltages negative with respect to the
cathode•
The following explanation is applied for the results
of Figure 13*

The cathode offers an easily accessible

source of electrons*

Thus, with the proper electric field,
t

these electrons can be drawn off as desired*

This condi¬

tion is represented by a vertfical line such as the one shown
in Figure 13.

For field strengths of opposite polarity, the

electrons are repelled from the diffuser in the direction of
the cathode; but the ions are attracted by the diffuser*
When all the electrons are repelled from the diffuser, the
current becomes saturated*

This is indicated by a hori¬

zontal line as the one in Figure 13*

This horizontal line

represents the net charge of the gas in the free jet and
its degree of ionization, since it contains no electrons,
for the condition of the imposed electric field*
When the above ideas are applied to the results of
Figure 13, it is important to note that at zero diffuser
voltage the current is in the saturation region.

This cor¬

responds to the results obtained in the earlier test series
when the diffuser and cathode had the same potential.

Thus,

the saturation current of Figure 13 is also the net charge

-18of the plasma jet and the degree of Ionization of the gas
In the free jet.

The current saturation line also shows

that the Ion flow was not altered with the relatively weak
electric fields employed*

Electrical forces were neglected*

and heat transfer theory was applied to the results for this
reason*
The region of zero current In Figure 13 corresponds
to the voltages In Figure 8*

This voltage Is Indicative

of the electric field required to enable a true plasma to
be generated*
Additional results of these forty tests were measure¬
ments of voltages or currents taken on the remaining pipe
sections*

Very small voltages were observed In a few cases*

but no currents were detectlble*

This Indicated that only

a negligible number of charged particles traveled past the
diffuser*

This agrees with the results obtained for the

battery connected between the fourth pipe section and the
second and sixth pipe sections (pp 15* 16)*
The voltage measurements for Figure 13 had an accuracy
of

2/3 volt*

Hie accuracy of the values for electron cur¬

rent varied with the resistors that were used In series with
the battery*

At the Intersection of the vertical line and

the voltage axis* the accuracy was about i 2 mi111amps or
± 0*01 X 10”4 electrons per atom; it was about ieo milli,
-4
amps or +0.4 X 10
electrons per atom at the top of the
vertical line and at the left of the horizontal line*

19These results indicate that with no internal electric
field the gas had an unbalance of electric charge by an
amount equivalent to the saturation current (horizontal
line of Figure 13).

Furthermore, this was the degree of

ionization of the gas reaching the diffuser since it con¬
tained no electrons*

Normalization of the gas wa3 essen¬

tially complete beyond the diffuser*
A photograph of the flow in the region between the
nozzle and the diffuser is shown in Figure 3*

The light

in this photograph originated from the gas radiation*

The

diffuser, the shock wave, and the free Jet boundary are
visible in the photograph.
Figure 14 shows values for the degree of ionization
of the gas in the Plasmatron chamber based on the Saha
equation.^

The lower curves are for actual gas enthalpies

of 0*60 times the total power input*

The higher curves

are for actual gas enthalpies of 0.75 times the total power
input*

The actual degree of ionization obtained in the

plasma Jet should be within these curves.^

The average

value for the degree of ionization in the tests performed
is in the order of 20$.

Calculations then show that the

degree of ionization of the gas entering the diffuser was
0.05$ of that in the plasma Jet*

The plasma Jet was 99.95$

true plasma.
Approximate calculations were made to compare the nor¬
malization rate with the diffusion theory presented in a pre
vious section of this thesis*

The diffuser was calculated

20to have a diffusion effect equivalent to that of four pipe
sections.

The degree of ionization of the gas in the free
-4
jet was considered to be 10
while the value taken for that

entering the fourth pipe section was 10* •
ionization was reduced to
pipe sections; thus,
ft

in the equivalent length of six
=100 .

» 4.66 X 1022(ft’*2seo~1).

dent, D
mo
(ft sec

s

The degree of

For this condition,

Using a diffusion coeffi-

1*2 ft / sec, resulted in

~ 0.203 X 10

) according to the turbulent flow heat transfer

theory#

The two correction values for Increased turbulence
op
-2
(1.3 and 12) increase this value to 3.16 X 10 (ft sec ■).

Thus, the experimental value of ft is of the same order of
magnitude as the analytical value.
For Figure 16, the experimental value of ft was used
to demonstrate the distribution of current along the various
equivalent pipe sections.

A value of ft which allowed for

the shortness of the pipe was used for each point.

The sum

of the currents to the first four equivalent sections repre¬
sent the diffuser current.

The remaining points represent

the currents from the succeeding pipe sections.
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SUMMARY
As a result of this investigation, the following
conculsion have been drawn*
1*

The Argon ionized by the plasma generator was
approximately a 99.95$ true plasma in the
absence of an internal electric field at en¬
thalpy inputs of 10,000 BTU/lbn.

A better

plasma is obtained at higher enthalpies.
2*

The degree of ionization of the Argon in the
*4
free Jet was of the order of 10
in the
absence of an external electric field and it
contained no electrons.

The ionization of

this region decreased with increasing enthalpy
Inputs.
3.

For the enthalpy Inputs used, normalization
had decreased by two orders of magnitude at
the fourth pipe section.
for the equation

A coefficient,^ ,

R=3$'< m

was found to

be in the order of magnitude of 10®^ per foot
squared per second.
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SYMBOLS

a

thermal diffusivity of the gas
specific heat of the gas at constant pressure
diffusion coefficient
pipe diameter
charge of the electron
heat transfer surface coefficient
electric current (charge per unit time)
length of equivalent pipe
mass flow rate of gas in atoms per unit time
number of electrons diffusing to pipe wall per
unit time

*i

~

p

number of ions diffusing to pipe wall per unit
time
pipe section (number)

Q

—

heat transfer rate through surface S

R

—

normalization rate, ions (or equivalent charge)
per unit time
surface area of pipe
mean temperature difference between fluid stream
and pipe surface
gas velocity
degree of ionization of gas « number of ions/number
of atoms + ions

°<» —

degree of ionization of gas entering p

cK* ~

degree of ionization of gas leaving p

CKm—

mean degree of ionization of the gas within p
“surface coefficient" for diffusion

-24-
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viscosity
mass density of the gas
atomic density (number of atoms per unit volume)

APPENDIX

Schematic Drawing of Wind Tunnel
PIG. 1

PRESSURE

COOLANT

INSULATOR
PRESSURE

Schematic Drawing of Plasma Generator

PIG. 2

Free Jet Section of
Wind Tunnel
FIG. 3
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