AN EXPERIMENTAL INVESTIGATION OF THE EFFECT
OF A TRANSVERSE HYPERSCONIC PLOW VELOCITY
UPON A LOW-DENSITY D. C. ELECTRICAL DISCHARGE IN AIR

Thesgis by

Gary L. Marlotie

In Partial Fulfillment of the Reguirements
For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California

1962



ACKNOWLEDGMENTS

The author wishes to express his sincere appreciation to
Dr. Anthony Demeiriades and Professor Lester Lees for their en-
couragement and guidance throughout the course of this investigation.
He also wishes to thank the staff of the Hypersonic Wind Tuannel for
their assistance and advice during testing; the members of the
Machine Shop for constructing the test equipment; Mra. Truis van
Harreveld for her able assistance in carrying out the desk compuia-
tions; Mre. Betty Wood for preparing the figures; and Mre., Roberta
Duffy for her typing of the manuscript.

The suthor acknowledges with gratitude the receipt of 2
fellowship from the Douglas Alrcraft Corporation for the year 1959-
1960,

Thig study is part of a general hypersonics investigation
being conducied at GQALCIT under the sponsorship and with the
financial support of the U. 8. Army Research Office and the Advanced

Research Projecis Agency, Coniracti No. DA-04-495-0ORD-3231.



AGSTRACT

The low~density 2. C. electrical discharge in a uniform gas
stationary with respect to the eleci:réc%% has been studied extensively.
However, when the gas moves at a hypersonic aspeed transverse to
the electrodes, several completely new effects are introduced., Exe-
periments were carried out with alr in the GALCIT 5-inch by Beinch
hypersonic wind tunnel with a nominal Mach number of 5. 8. I i’::;
breakdown voltages and steady-state sub-normal glow voltages were
measured across a channel formed by two sharp-edged insulating flat
plates in which flat-plate ""Rogowski' elecirodes were embedded,
Segmented electrodes were then used in the normal glow regime to
measure current distributions at each electrode for various electrode
segment combinations, total currents, and densities.

Some important results of the present study are the following.
For the characteristic dimensions and speeds involved, the explicit de-
pendence of electrical breakdown upon the velocity of the stream is
small compared to the effect of boundary layer éenéity defects. A
theoretical treatment of breakdown is given and qualitative agreement
with experiments is obtained. In the normal glow regime using seg-
mented electrodes, an unmistakable explicit flow velocity effect was
observed, with the discharge current paths being displaced downstream

compared to static bell-jar tests at equivalent densities.
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MNOTE: In general, MKS unite and thelr standard abbreviations are .
uged when there is no cleayr convention established. However, those
gquantities that are peculiar to the wind tunnel and the equipment
mounted therein ave §ieqmnﬁy left in their move familiar form.
Also, quantities to be compared to static discharges are sometimes

left in "practical” units.
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1. INTRODUCTION

In general, it may be said that the 10§V~densiﬁy D. C. electri~
cal discharge in a uniform gas stationary with respect to the elec-
trodes is well unéewi:oodik Over half a century of active research
and countless papers have left us with a number of authoritative
reference works in the field.

An extensive treatment of the general problems of breakdown
may be found in ''Electrical Breakdown of Gases', by Meek and
Craggs. 7yt Further exhaustive information on various factors im-~
portant to gaseous discharges and the refined measurement thereof
is found in "Basic Prﬁéeﬁseﬁ of Gaseous Electronics', by Loeb. 4
Fundamental collision processes that occur iﬁ both breakdown and
sustained dischafges are to be found in the detailed treatise, "Elec-
tronic and Jonic Impact Phenomena', by Fdaasey and Burhop. 8)
Simple introductory treatments are given by (:ahine(?‘) and von
Engle!!), while two volumes of "Handbuch der Physik", Gas Dis-
charges I and II, Volumes XXI(% and XXH(B). contain perhaps the
most complete account of electrical discharge phenomena over the
complete current range.

In contrast to the huge list of publications on ''static! gaseous
discharges, there is little relevant information on gas discharges in
the presence of a high speed gas.(IS’ 16) Recently, however, the experi-

mental study of electrical discharges in high speed flows has become

ate

Surface effects are still a problems.

T Numbers in parentheses denote references at the end of the text.
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of topical interest by reason of the sharply increased atiention given
bagic non~equilibrium interactions between charged particles and a
highespeed neutral gas.

Consider the effect of the addition of a highespeed gas flow bee
tween the electrodes of a D. C. electrical discharge. The "well under=
stood' static discharge becomes disrupted by the appearance of con~
vection in a direction generally different from that of the eleciric
fleld; in addition, the presence of the electrodes themselves and the
discharge may cause severe non-uniformities in the flow field -«
which in turn affecte the discharge, and so on. Thus, in the general

cage, the flow affects the discharge and the discharge affects the flow.

FLOW DISCHARGE

A

From the thooretical point of view, this interaction ie reflected by &
complete coupling of the two groups of governing equations -« the cone
servation equations of each species and the electromagnetic relations
including Obhm's law. Thus, at present, the general theoretical situe
ation offers little hope. Experiments, on the other hand, can and have
been made of situations involving this reciprocal interaction, but the
large effect of the geometry both on the flow and on the discharge has
generally limited the results to the particular device under study.
Less ambitiously, then, as a simpler approach we investigate
regimes in which the infteraction occurs essentially in one direction.

The possibilities are:



1) FLOW DISCHARGE

2) FLOW DISCHARGE

It is casily seen that {1) is indeed posgeible, and it is the basis for
the experimental investigation of this paper.

For example, since gaseous conduction of electricity may de-
pend on a quite emall percentage of all the particles in the gas, it is
quite possible to change the discharge characteristics by a small
chaage in the flow parameters, whereas even orders of magnitude
change in the electrical cizrcult may not perceptibly perturb the Qow.
This should be the situation when current densities are very low and
the dynamic impact (pvi) of the flow is very high. If p (the flow
density and thus the discharge deunsity) is to be kept in the usual low
density region of gas discharges, then U o’ the flow velocity, must
be high. Thus, high»speaé flow effects on breakdown and sustained
low-current discharges into the glow regime can be studied experi-
mentally in 2 hypersonic wind tunnel with a negligible effect on the
gtream parameters, thus satisfying {(1). {(See IV. l.)

It would be well to examine the significance ?f 2 superposed
hypersonic flow upon conduction between two slectrodes imbedded in
two parallel flat plates with the electric field transverse to the flow.
Consgider first the case of inviscid, shockeiree flow, where the ve-
locity, density, and pressure of the gas are assumed identical from
point to point. These assumptions are very significant, since they

mean that the flow field is uniform, making the problem similar to
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that of the static case where the condition of uniformity is also met.
The only éﬁf&mmm between the two cases is the existence of the

fluid motion in the present problem. The effect of the motion of the
gas relai:@ve to the electrodes ig not cbvious a priori. However, it
cannot be significant if the velocity of the flow is much smaller than -
the transverse drift of the electrons and ions under action of the elec-
tric field, It is true that the electron drift velocity is much higher
than that of the ions. On the other hand, since Coulomb forces make
charge separation difficult, and since the ione are a necessary com-
ponent of the breakdown mechanism, it would be more appropriate

to compare the flow velocity with the ion drift velocities. This will
be done in detail in a later section. In 2 flow of this type, it is pos«
sible that the progrees of the electrons toward the anode remains
unaltered by the stream if the d&n@it}r is low {of the order of m"‘"‘ of
atmospheric) and the electron-atom collision cross section is low; in
other words, the fluld density remains {as in the static case) the
important parameter as far as the electrons are concerned. The
situation is different when it comes to the positive ions by virtue of
their much larger transit time between the electrodes compared to
the electrons. With a hypersconic transverse velocity cmgnpe’nenﬁ,

the positim ions may have a tendency to be swept downstream and to
escape the discharge area. If this tendency to escape the discharge
region because of the convection of the free stream is stronger than the
electrical effécﬁs tending to retard the iclmss. chai*ga ssparation could
occur. In self-sustaining discharges, this process will represent a net

current leaving the discharge region, and a difference between anode
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current and cathode current should appear. Cn the other hand. if the
ions escape only by taking an equal number of electrons with them
{escape in pairs), then restoring forces would not arise, but the
overall "ionization efficiency™ of the discharge should decrease since
a smaller number of ions and elecirons now arrive at the electrodes.
We conclude that conduction between electrodes may be altered by
the direct influence of the inviscid flow field on the ions and possibly
by an indirect influence on the electrons.

Consider next the effect of viscosity. In this case, a bound-
ary layer will grow on each electrode. Were we considering low
speed flow, the boundary layers would resulf only in a non-uniformity
in stream wvelocity. In hypersonic flow, however, the boundary layer .
also introduces large density gradients normal to the electrode sur~
face because of the large temperature changesa in the viscous bound-
ary layer. For a Mach number of é over an insulated surface, the
fluid temperature adjacent to the surface is approximately six times
larger, and the density six times smaller, than the free stream cone
éitiens?. Here, we encounter a phenomenon unknown in previous
breakdown studies; the gas in the inter-electrode space has a strongly
non~uniform density distribution, which should certainly affect the

behavior of both ions and electrons.

In the low density ""cold" discharges under consideration, where the
electrons receive the ionization energy from the electric field (non~
equilibrium lonization), the effect of temperature in the gas upon the
discharge is manifested only in its effect on the density (a mip effect).
See p. 69 of ref. 3, "The Glow Discharge at Low Fressure'', by
Gordon Francis.

' Qf course, for a "sufficiently' cold wall, the wall e:iensity could be
higher than the free stream value.
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Finally, shock waves should be considered. In hypersonic
flow, it is only with difficulty that the region between two near-planar
electrodes can be made reasonably sshm:k—ime. Like the boundazry |
layers, the greatest effect of the shocks should be the non- uniform-

ities (in velocity, density, etc. ) introduced into the flow field.
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. BREAKDOWN VOLTAGES

il. 1. Approach and Objectives

In a gaseous discharge, the production of charge carriers is
usually accomplished by one of two methods, thermal agitation or the
use of an electric field. In the first method, the gas is heated as a
body so that particles at the high-energy end of the Maxwell temper-
ature distribution attain energies exceeding the ionization potential
of the gas molecules. In ihe second case, the gas is immersed in a
strong electric field which provides ionization energy to a small nume
ber of electrons which are always present {from cosmic rays, for
example); the additional electrons formed {n turn malke ionizing col-
lisions and so on, thus creating an avalanche which leads to dielectric
breakdown and one of the seli-sustaining discharges.

With the presence of a high-speed gas, in order to fulfill the
coadition that there be an essentially one-way effect of the flow upon
the discharge, the second case is appropriate -~ where the electron
energy is obtalned by acceleration in an electric field. Cf all the
operating points on a typical vclta:ge«-c:uzﬂrem characteristic of a dise
charge, the single point of breakdown is especially appealing, since
dieleciric breakdown is one of the processes best understood in static

%
gaseous discharges . Since we are interested in a region where the

For example, in the usual static gaseous discharge between flat
plates, there is only one parameter {to a good approximation) that de-
termines the breakdown voltage V, ==~ the so-called Paschen simie.
larity parameter. This is essentially pd , the product of the constant
density between the electrodes and the electrode separation. Hence,
Vb = Vb(pd) in the static case (sece vel. 7, p. 82)
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currents are initially of order microamperes or less, there is no
question but that there is a one-way interaction occurring.

Accordingly, the objective of this work was the comparison of
breakdown voltages obtained with and without motion of the gas be-
tween the electrodes. This comparison was done by studying experie-
mentally the effect of a hypersonic flow on the long-eéstablished
Paschen breakdown characteristic, which relates the breakdown volte.
age uniguely éﬁ the product of density and inter-electrode distance.
Preliminary tests, as well as rough analyses based on elementary
concepts of gaseous conduction, indicated the new important parame-
ters introduced by the flow. Subsequently, further experimente were

carried out in order to ascertain the role of these parameters.

II. 2. Description of Experiments

IL. 2. 1. Wind Tunnel Description. The experiments were con=

ducted in the GALCIT Hypersonic Wind Tunnel (Leg 1), which is of

the closed retuim, continuously operating type. The tunnel has a nome
iml‘Maeh number of 5.8, and the test section has a width of 57, a
height of about 5 1/4", and a 29"'-long test rhombus, as shown in
figure 1. A fixed reseyvoir temperature of 225°F was chosen in
order to apply extensive flow data taken at this temperature to the
electrode configuration (conveniently) chosen. The tunnel has an
available range of pressure from 14. 4 to 104. 4 psia, corresponding

to free stream densities from p_ = 0. 0055 to p = 0.040 Kg/m3 .

At room temperatures, these densities in turn correspond to pres-

sures from F=3.5 to ¥ = 25 3 mm Hg, which is



. -9
within the range of the low-density static glow diacharges (presgsures
of a fraction of a mm Hg to several cm Hg§ studied most extensively
{see figure 6). Hence, it is seen that the hy;ﬁéraomic wind tunnel is
well suited for discharge work., A complete description of the wind
tunnel and compregsor plant is found in references 10 and 11,

IL. 2. 2. Electrode Geometry. The electrode and flat plate

geomaeatries used in this experiment were arrived at after prolonged
experimentation with various configurations. The final configuration

¥ which

congisted of two circular 2-cm diameter copper electrodes
were mounted in the i@&lawing manner: one electrode was embedded
in a 5" by 26" Lucite flat plate with provision for several electrode
positions; the other was embedded in a emaller 3" by 5" Lucite flat
plate supported by a steel beam that could be moved fore and aft to
correspond to the lower electrode position (see figure 1)

The electrodes were contoured in the “Rﬂgawski“%‘?’) fashion,
which essentially gave them the shape of certain aquigmmaﬁai lines
between flat plates with a voltage difference, and hence created a uni-
form electric field in the gap {for electrode separations no larger than
a given value). A constant 2 em mpwatimi was used, because this
wae the magirmum that could be realized befor® arcing to the metal
tunnel walls became objectionable. (Also see Section IIL 3.) On the

other hand, shock wave geometry became quite complicated for sig-

Copper was chosen merely for convenience, since gpuitering of
electrodes was no problem here. In any case; the coating of "burnt
oil" from the tunnel compressors and other impurities probably
masked any identity of the electrode material.
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nificantly smaller separations. The curvature of the electrodes
required for a 2 cm separation did nof significantly
affect the flow field for work of this nature, as was demonstrated by
total pressure traverses with the electrodes and with fat dummy
plugs (see figure 2).

With the above arrangement, the effect of the shocks generated by
the leading edges of the flat plates was small compared to the large
density defects in the two boundary layers. Hence we have a config-
uration in which we may study the effect of large boundary-layer type
density gradients upon breakdown voliages across a channel; as will
be seen later, the total boundary-layer denegity defect is thought to be
the most significant parameter in the pregent problem. Since the
boundary laver on 2 flat plate at this Mach number has a thickness
governed by the tunnel pressure and the distance from the plate lead-

5 .
{ ), we may cover a large range of boundary laver thicknesses

ing edge
in the channel by varying the tunnel pressure and by varying the eleg-

trode positions fore and aft,

IL. 2. 3. Flow Geometry. Since the experiment has been ar-
ranged so that the interaction is one-way (flow = mmﬁmgs }o the com-
plete flow situation is givén solely by fuid-dynamical considerations.
In practice, the electrodes were designed with flat plate configura-
tions and the tunnel was operated under conditions identical to those

. . %
prevailing when extensive fluid-dynamical measurements were made ;

therefore, assurning the leading edge shock from the upper plate is

See references 5 and 12.
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weak enough not to disturb the flow profiles, one may convert the
- pertinent ﬁaﬁ:«pﬁam boundary layer profiles of references 5 and 12 to
the present configuration.

The deunsity and mean free path, both free stream and wall
values, are ploited versus tunnel pressure in figure 3. The density
profile between the electrodes and an approximation thereto is given
in figure 4 with certain parameters labeled. The parameter (5/d)}1+u),
which represents the relative distance across the elecirodes digturbed
by density gradients, is then plotted versus the product of tunnel den-
gity and electrode separation in figuve 5. (The reason for this will
appear later. ) Piguve b is a plot of free stream density versus f“' .
which is the corresponding pressure in mm Hg al room temperatures
this quantity is useful because most static discharge data is taken at room
temperature with pressures measured in mm Hg.

. 2. 4 Test Equipment. A D, C. power supply was used

which has three filter stages and is rated at 2000 V D. C. and 250

mA {see figure 7). The ripple figure at no load {corresponding to
just before breakdown) was about 0.2 V rms at 1000 V. The voliages
at breakdown were automatically recorded on a Moseley Autograf
Function Flotters, When static breakdown data were taken in the tun«
nel, the pressures were read on the oll manometer bank of the tunnel.
Total pressure measurements {ci. figure 2) checking for the influence
of the non-planar electrodes were also read {rom the manometer bank.

1. 2. 5. Test Frocedure. Firgt, the procedure consisted of

measuring breakdown voltages across the hypersonic stream at vavie

ous electrode positions and {ree stream densities. The copper
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electrodes were wiped clean with acetone before each day's run and
were then installed in the tuanel and allowed to come to & "uniform
dirtiness" with oil from the compressors. It was found to take about
an hour for the slectrodes to settle down and give consistent voliage
readings even after the tunnel had arrived at temperature equilibrivm,
The voltage readings at low densities went up about 5 per cent com-
pared to reasonably clean electrodes just installed in the {warm) tunnel.
This behavior points up a major unknown in the problem =~ the effect of
the electrode surfaces upon breakdown; they are necessarily quite
contaminated with impurities (such as compressor oil, and of course,
oxides). |

Secondly, breakdown measurements were made at several static

(no flow) densities in the wind tunnel. The gare “dirty” electrodes were

kept in the same positions in the tunnel as {or the dynamic tests (with
flow). A range of static densities was obtained by closing the inlet
valve of the tunnel, opening the exit valve, and pumiping the tunnel
down with the compreesors. The above procedure was followed in
order to subtract out, as far aﬁp%aimg. the effects of elecirode
contamination and possibly wind tunnel geometry in making a come-
parison of the static and dynamic breakdovwn results.

For the statlc case, the breakdown should follow the similarity
laxe, V%;» = %}Qgﬁd} . Hence, to get even lower values of the product

pd , the plate separation was also reduced.

1. 2. 6. ILxperimental Results. The breakdown voltages, Vi

both for the static case and the case with flow, including two electrode
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positiong, are plotted against the sirnilarity parameter for the siatic
case, pd, in figure 8. For the dynamic data {with flow), the free-
stream static density is used as the reference since it is easily found.
Any other reference density, such as an average one between the
electrodes, would generally be move cumbersome to compute, and
in any case, would only shift the scale of the abscissa. It is noted
that the static data follows the Faschen similarity, Vy, = Vh(pﬁ) » and
we were justified in using smaller values of the electrode separation
to get small values of pd.

The striking regult is that the dynamic breakdown data lies
considerably below the static data. Of the two major expected causes
of differences between static and dynamic data, presumably the ef-
fect of the velocity field would tend to raise the breakdown voltages,
and the density defects in the boundary layers would tend to lower
them. Since the experimental voltages are significantly lowered, we
suspect that the velocity effect is smaller than the density effect.

In general, it is seen that one obtains lower breakdown volt- |
ages the further aft one goes on the flat plate because of increased
boundary layer thicknesses. At this point, however, a new trend ap-
pears. There is a definite difference of breakdown voltages with a
polarity reversal of the electrodes across the non-symmetrical
boundary layers., We conclude that it iz not just 'ﬂm total density de-
fact that affects breakdown, but aleo the way it is distributed.

In order to establish experimentally the explicit effect of the
velocity of the stream upon breakdown, the electrodes were progres«

sively modified in order to obtain increasingly smaller values of the
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ratio of electrode streamwise length w to electrode separation d
{= 2 ¢cm and held constant). [See the sketch on figures 9, 10,1 This
reduction in w/d presumably will fend to increase the breakdown
voltages and emphasgize the velocity effect. The shape of the elec~
trodes was retained in order to maintain the same electric fisld, but
their exposed streamwise length was progressively decreased using
insulating cement. This procedure gave the electrodes more and
more of an elongated shapeé transverse to the free stream (plan view).

The msulﬁé are plotied in figures 9 and 10. The trend is
readily apparent despite the scatter. It appears that at the previcusly
used gap-to-length ratio of unity, the velocity of the stream has a

quite small effect upon breakdown compared to the density defects.

I1. 3. Theoretical Considerations

II. 3. 1. Velocity Effects. Consider the effect that the velocity

of the stream might have upon the discharge. For the reasons given
in the introduction, attention is primarily focused upon the positive
ions.

Examining the problem from a naive point of view, imagine a
single neutral molecule flowing parallel to the elect rodes with a ve=
locity U N Assume the molecule is then ionized by a fast eleciron,
becoming a singly-charged positive ion. This ion will retain its
parallel valmi%;y component fjm » but in a very short time will at-
tain an additional transverse average drift velocity of Vis » because of
the electiric field transverse to the stream velocity. The subsequent

directed motion will be the vector sum of these two velocities (sce
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sketch)., Very crudely, one might expect velocity effects to become
very important where U w"’.}g ia of order w/d or larger, because
then a significant portion of the positive lons would simply not reach

the cathode and the avalanche process would not occur.

(pooie D

f —-—l w l-— Positive Ion
N
l E v, v,
it i
( Cathode

Pooitive ion velocity a’iata(é) for alr indicate that for typical

t
# .
the order of 2000 m/sec. Alternately, the strong fiecld approxima=

conditions under which the experiments were carried out, vy is of

tion to the ion velocity v, which may be used as a lower limit is

t
givan“‘z) by:

Eel, 4 Eer %
in /° nn
ig ~ ) v ) ()
where Jsinml = neutral mean free path,

m; mm = Mmass of molecule,

In the static case at room temperature, ilon drift velocities are usue
ally plotted versus a parameter E/P. In the general case, we want a
qguantity that is proportional to the average energy picked up in a mean
free path. This is EL or E/p (for comstant T this E/P)., Thus,
in order to use static data, the pressure at room temperature must
be converted to density units or viceeversa. (See figure 6.)
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For E=10° V/m, e=1.60x 1077 coul, Ay = 3 X 1076 m
7.

(typical value), m = 48 X 10727 kg ;
1,60 % 3 x 107

i
3 .

Thisg value is consistent with the values taken from experiment, and

thus Vit

These two estimates of positive ion velocity were based upon

appears to be of the same ovder ag ‘&’%’w {=800m/s)

free stream conditions. The effects of non-uniformities in the flow,
such as the thick, low-velocity = lowedensity boundary layers, will
all be such ag to increase the ratio of transverse drift velocity to
free stream velocity.

In summing up, for electrodes for which the ratio of 1mgm w
to separation distance d is of order unity or greater, the positive
ions can easily make their way across the gap, and the explicit effect
of the stream velocity may very well be small ce:mgamd to the effects
of the large density gradients in the gap.

This conclusion leaves unexplained the surprising experimental
fact that the velocity effect is small compared to the density effect for
much smaller ratios of (w/d) than one might have reason to expect
from a simple "hit or miss" argument involving the positive ions and
the cathode. For, referring to the previous shetch, if breakdown can
occur at the limit ﬁmlvﬁ wwid, where U o 28d d are fixed and
the pressure {density) is constant, and we take Vie ™ E® ~ VZ » where

i/n

n<l, we have V, ~ {1/w) . This estimated V, becomes quite

large at small w, contrary to the experimental results.
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II. 3. 2. Density Gradient Effects.,

In order now to examine the density gradient effects, cone
sider two flat~-plate Rogowski electrodes across a gas of arbitrary
density profile p = ply) with a potential difference V = Ed between

them {see ghkotchl

¥V
( Anode D
a

v ! ﬁi“y‘}

i)

¢ cathode D

Assume an electron is emitted from the cathode. This elec
tron will accelerate toward the anode, lonizing the gas and releasing
other electrons which are themselves free to a.ceeiémm in the elec-
tric field and thus also fonize the gas. If nly) is the number of elec-
trons atacertain y , we have a asumber of lonizations

dn = nady , _ {2}
where

o = numnber of ion paive formed
clectron~meter in divecuon of &

Hence, with =n , electrons arriving at the anode per electron

emitted at the cathode.
n

A é
j% *® fﬁ.iﬁ‘y.
1 ¢



d

f o dy
n, = e . (3)
These electrons cause (n Al positive ions to impinge on the cath-
ode {assuming single ionizations -« no recombination):

| ﬁ a dy

number of positive ions impinging on cathode = @ﬂ -1, {4)

Breakdown is said to occur when the lons, as given by {4),
act to replenish the original electron which left the cathode through
some physical mechanism. For the purposes of this argument, this
| mechanigm ig taken to be secondary emission due to positive iong ar-
riving at the cathode. (See complete discuesion in Loeb, ref. 4.)
Thus, we arrive at a modification of the well known Townsend break«

down criterion:

d

jad‘y
g

Y (e 1) =1 {5)
where y is the number of electrons emitted at the cathode per in-
cident ion.

Using the Townsend approsimation for o (see Appendiz A) of

- Bpy)d/Vy,
o = Apiy)e . ()
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where V%;} is the voltage at breakdown = Bd, the condition for break.

down bacomes:

f -metyiasv,
f Ap{yle dy
vie® a1y s 1. )
Solving for the imtﬁgg&l.
J‘ a dy
e? = Y
Y
o
¢ ; ~Bely} vy, oyt |
f&d‘v& j&pme dy = ﬂtn{»-,—?w)- {8)
0 0

At this point, we need to know the functlion p = ply) . The profile
given in figure 4 hag several free parameters (fl.e., 8/d, u, 4, 0}
and can be adjusied to give a reagonable approxdimation to certain
boundary~layer type flows such as the ones in the experiments.

. The integral may now be evaluated and sclved for a parameter
combination which easentially represents the relative distance across
the gap that is disturbed by density defects (pee Appendix B). - The

result is:

%n(m}

{p
(SMremy = 2 (9)

where
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o~ oM

¥ = wh& %W [{M-@-Nﬂ@w}a “N“—(Es,w'*«z-;-@ "{;‘N}.
and
M = X*(#M.
N o= (152,

Cc = Blp md)f Vi

In the limiting case of uniform dengity, {&/dX1 +x#)= 0, and
the numerator of the RHS must be zero. This result may be put in
the form of the usgual siatic breakdown, Vb E h{pﬁ) {see reference
1), Written out, this is

V. = Bipd) {10}

For alr (see Appendix A),

A= 9.3x%x10° m%/ke,

B = 2.323X 100 Vv m2/Kg .
Given & value of v, we may plot this static curve. Now, vy is tabu~
la,ted‘fw various electrode maﬁeria,.law). but this data does not apply
to the electrodes used in the present experiments: they are quite con-
taminated, and vy is known to vary greatly with the condition of the
electrode aurﬁ%&gé). However, y can be sstimated by curve-fitting
equation 10 to the breakdown results already obtained in the static
case. (See "Theoretical’ curve and static data on figure 8.) This
procedure resulted ina vy~ 0.001, while C waﬁzmg }um:s vy = 0,025
for pure outgassed copper.

Having this estimate of vy, and using A= 0.17, n= 0. 525,

M= «0.747, and N = 1. 747 to curve~fit the boundary«layer density
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defect, we may now proceed to compare the theoretical curves with
the experimental data,

‘ The equation for dynamic breakdown may be plotied as
(6/d4){1 +n) versus p md for various values of V), (see figure 11).
Cross~plotting then gives vy, = Vi lp md) for various values of
(5/a){1 +n) (see figure 12). To compare this result with experiment,
plots are now needed of {§/d}1+x) versus ;ségd for the experiment,
since in the tunnel (6/d}{(} +#) changes with p o+ For various
distances of the lower electrode from the leading edge, this parame~
tar has alveady been obtained from J. Kendall's work (3) and has
been plotted in figure 5. We may now draw traces of (5/d}1+x)
versus p wﬁ for various electrode positions on the other theoretical
curves (figure 12}, These, finally, are the proper "theoretical®

curves to be compared to the experimental breakdown data.

. 4. Comparison of Theory with Experiment

Compaxing the static data in figure 8 with the static curve
{8/a}i+n) = O in figure 12 {also recorded on figure 8), it is seen
that the slope of the latter is slightly greater, which may well be at-
tributed to the fact that the electrodes used do not approximate infie
nite planes very well, and actually tend to look more like x’:he ends of
rounded rods separated by a gap.

We see thai the rough theoretical consideration of the density
defect can account for a great deal of the difference between static
and dynamic breakdown., This ehsewa&im helps substantiate the

previously noted experimental result that the indirect effects of the
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high velocity (the large density gradients) cause considerably greater
departure from the static breakdown characteristic than the velocity
itsell,
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I, SUB-NORMAL GLOW QURRENTS

11l. 1. Approach and Objectives

A typical static discharge characteristic is given in figure 13
{see reference 3). In Section 1I, the measurement of the breakdown
voltage V, as a function of pd was described, where the discharge
became self-sustaining, with current limited by the external circuit
resistance. In addition to breakdown, the sube-normal and normal
regimes of the flow discharge also hold promise of yielding useful
information about various flow effects on the discharge (density de~
fects, velocity eii’ecté} while still maintaining one~way interaction.

In the sube.normal glow regime following breakdown, the
voltage falls with increasingv current because of epace charge effects,
A positive ion sheath forms at the cathode, thus causing most of the
potential drop across the discharge to occur in a region calied the
cathode fall region“z). These large induced electric fields relieve
the need ﬁax a large applied field, and so the overall discharge volt~
age decreases. As the current increases, the cathode fall decreases
until it reaches a constant value. The current density at the cathode
then remains constant with the area of the cathode covered by the
discharge being proportional to the total current, i.e., the cathode
area participating in the discharge increases as the overall current
increases. (See 'The Glow Discharge at Low Fressure by Gordon

Francis [reference 3] for a complete discussion. )
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Hence, if the currents are sufficiently small after breakdown
into the sub~-noyrmal glow-discharge regime, the electric field may
not yet be grossly distorted. If it is possible to make measurements
of the discharge characteristics in this range of currents, the possi-
bility exists of estimating the role of the stream velocity on break-
down and the low-current discharges.

One of the first things to examine is to what degree the {ree
stream velocity acts differently upon the positive iong and the slec-
trons, in the sense of imparting to the electrons and ions different
rnean streamwise velocities. We might expect a difference due to
several things., First, the collision cross section of the {ree stream
neutral particles with the positive ions iz up to an order of magnitude
greater than the collision cross sectlon of the free stream neutral
particles and the alectronsiz ). {The classical result is Sni ~ A/ Sm. )
A second difference is that the electron, being much less massive than
the positive ion will be imparted a higher velocity when contacted by a
neutral. (Classically, for a one-dimensgional elastic collision of 2
particle of mass m, by a particle of mass m 1 and velocity Vi mué
velocity of the m, particle after collizion is given by

vy ® zmivxlml tm, {see reference 2). Since m, Am, for paait&?@
ions and m, +maﬂﬁ‘ m, for electrons, the above result follows.} A
third difference, however, and one that overwhelmas the other éwﬁ, is
that the positive iong remain in the discharge region much 1@5@@? than
the electrong and are subjected io the force of the free stream fora -
much longer time than the electrons because of their much smallér mo-

bility and thus much larger transit time AT between the electrodes.
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Therefore, the total impulse FAT upon the lons is much larger than
that on the electrons because A7 is much greater, and not so much
because of the differences in forces in the two types of collisions.
Granted that there is a significant difference in the effect of
- the free stream upon the electrons and ions, what is the result of
this? In the absence of streamwise electric fields, * the charactere
istic particle paths of the ions compared to the electrons should be
such that more ions than electrons would simply miss the appropri-
ate electrode and so a net number of positive charges would be swept
out of the discharge region. This effect would appear as a net dif-
ference between anode and cathode currents. With streamwise in-
duced electric fields considered, however, one expects that such
charge separation will be hindered, resulting in a "dipole’ type of
discharge with a net number of éleatrons more likely to be found on
the upstream side and positive ions on the downstream side of the dis~
charge (see A. C. Plpkin's paper, reference 14). Both of the above
effects are present in varying degrees; that is, there is a tendency for
the charges to separate due to aerodynamic forces that are opposed by
the streamwise electric fleld created according to Polsson's equation.
To look for these effects experimentally, several things may
be done. Measurements of anode and cathode currents along with
Kirchhoff's Law will tell us whether a net current is leaving the dis-
charge. In addition, as in the breakdown case (see Section Il 2. &),

the streamwise elecirode dimension w can be decreased and the

Streamwise electric fields cannot be large {of the same order of the
applied {ield) if the charged particle density is very small.
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effect studied on the anode and cathode currents and on the overall
level of the voltage-current characteristics. (If the polarization of
the discharge is appreciable, then this reduction of w should, in
extreme cases, interrupt the discharge.) The overall voltage level
should be checked, because of the possibility of decreased discharge
efficiency even if the electrode currents prove equal by reason of the
particles leaving in pairs. In other words, some of the energy ob-
tained by the electrons from the applied field is wasted {f after an
ionizing collision some positive ions are swept out of the discharge
region and take an equal number of electrons with them because of
their mutual attraction. These ''pair' losses may have the same ef-
fect as an im;raasé in the recombination rate insofar as the discharge
is concerned, beeaué@ ionized particles are simila,rly removed from
the &iacha.rge in pairs. It might be axpeét@d. then, that an increased
voltage level would be necessary to maintain a given current level in
the discharge under the above conditions if a parameter (such as elec~

trode width) is varied.

II1. 2. Description of Experiments

111, 2. 1. Elecirode and Flow Geometry. The electrodes and

flat plate supports used are the identical ones described in II. 2. 2, with
the lower electrode fixed at the 17' position. Thus, the flow field is
identical, and the information for the 17" electrode position in II. 2. 3
is unchanged. This should be a reasonable configuration for this work
also, since at high pressures onl”); about 30 per cent of the gas is dis~

turbed by the boundary layers (refer to figure 5, the 17" curve).

Hence, a lavge portion of the dynamic impact of the free stream is
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felt across the discharge.

II. 2. 2. Stability Considerations. Since the subenormal glow

regime is characterized by a falling voltage with increase of current
{like a negative registance), .there is no siable operating point on this
curve using a supply that looks like a voltage source {(low internal ime
pedance compared to load impedance). To have a stable operatingpoint
on the voltage-current cha;racteristic. we must make the power supply
look more like a current source by means of large ballast resistors in
series with the discharge {i. e., the power supply characteristic should
cross the discharge characteristic in the manner shown in figure 13).
The criterion for stability may be stated as dV/dl+ R > 0 where dV/dl
is the slope of the discharge characteristic at the point of intersection
with the power supply characteristic (taken to be a pure voltage source
in series with pure resistance R). That is, if the slope of the dis«
charge V-l characteristic may be considered a "resistance", the net
circuit resistance must be positive for stable operation {see discussion
in reference 2Z). Thia condition is sometimes known as Kaufmann's
stability criterion.

Hence, the discharge will be started in the glow regime and
then the current veduced and the ballast resistance increased as nec-
essary until the V-l characteristic shows that operation in the sube
normal glow regime is achieved, |

11 2, 3. Test Equipment. The experimental arrangement used

is given in figure 14. The battery power supply was left completely
"floating" with respect to the wind tunnel metal walls. {The effects of
uging a power supply held at a fixed potential with respect to the tunnel

walls will be discussed later. ) Fifty small 45V batteries were used as



-2fe
voltage steps with six larger batteries being used for continuous adjuste-
ment between the steps. The total b&last resistance necessary to
achieve the desired currents varied from 600 to 1100 MQ. Two large
10uA moverment meters were used to measure ancde and cathode cuwre
rents.

Il 2. 4. Test Procedure. In order to maintain equilibrium,

the discharge remained on during a complete day of testing. Supply

voltage, V and cathode curvrents XC were vead at 0. lyA increments

g
of anode current ] A at every 5 psi increment in the wind tunnel. Then
Discharge Voltage V = Vs-RIA*m{) IC volts (IA. IC in uA), where

R = 500 or 1000,

| Por comparison purposes, this experiment was repeated in a
bell-jar using the electrodes with the same degree of contamination
they attained in the wind tunmel. Subsequently, the exposed area of the
electrodes was narrowed with ingulating cement to the shape given in

figure 18, Both wind tunnel and bell-jar data were repeated for this

configuration.

1. 3. Results and Discussion

The first result is that,at least to the degree of accuracy in-
herent in the meters {about 5 per cent maximum), there is no difference
between anode current I A and cathode current IG for the complete
range of conditions as represented in figure 15 (full-size electrodes
used). This result implies that if a positive ion is blown out of the dis-
charge region, it takes an electron with it and thus maintal ns charge
neutrality, and/or that there is some mechaniem allowing the positive

jons to resist the bulk motion of the high-gpeed gas and remain in the
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discharge area. One of the above possibilities should hold, since from
gimple mobility and geometry considerations, a substantial number of
the positive ions are deflected by the stream sufficiently to miss the
cathode (see discussion in Section I. 3).

As a comseguence, the current plotted in figures 15 and 18 is
just the discharge current. In figure 15, the low current data was lim-
ited at the higher densities by the increasing curvature of the discharge
characteristics compared to those at lower densities, thus causing the
operating point to become unstable. At the higher currents, the daia
range was limited by the total power supply voltage available, since
the voltage drop across the ballast resistance begins to become quite
large {around 1500 volis), being proportional to discharge current.

The "Large Electrodes’ curves on figure 16 are a cross-plot of some
of the data in figure 15 showing the density {pressure) variation ex.
plicitly for constant current operation.

The fact that the anode and cathode curyents were the same may
not be a "result’ of the experiments because of the ﬂéating power supe
ply. In figure 17, the cathode was held at 0, -300, and ~940 volts with
respect to the tunnel,and the cathode currents were ca:);aiziara.bly srmall-
er than the anode currents at the higher pressures. However, at least
2 significant portion of the current defect was a result of concentrated
current paths that were formed between the walls and the electrodes,
i.e., was not only a result of positive ion current lost downstream.
These concentrated stray currents formed because of the proximity of
the tunnel walls and their fixed potential. It is true that the walls are
over 10 cm distant from the discharge, but since the boundary layers

over the electrodesapproachthe tunnel walls, an alternate current path
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between the metal walls and the electrodes may form in the very low
density regions of the boundary layers {the density at the surface is
about one~sixth of its free stream value). Hence, thé effect of the
stray electric fields produced by the tunnel is multiplied in imparﬂcance
since EX or E/p is really the important parameter (see the footnote
in Section IL 3. 1).

On the other hand, with a floating power supply, if a current
path should form with the wall, the eimrgé carried would float the pow-
er supply with respect to the tunnel so as to deécrease the stray electric
fields. That is, the electrodes automatically are kept at such a poten~
tial with respect to the tunnel walls so as to minimize the tunnel's par-
ticipation in the discharge. Unfortunately, a positive ion current leave
ing the discharge region also represents a net current between the
discharge circuit and the tunnel since electrons for the ions' neutrali.
zation must eventually come from the tunnel. The result of this is that
if ions are blown out of the discharge region initially, the electrode ¢cir-
cuit will float more and move ﬁagaﬁve with respect to the tunnel walls
until perhaps an "ion potential well" is formed in the discharge region
of sufficient magnitude to overwhelm the flow velocity and equalize the
electrode currents, v

At this point, the qualitative appearance of the disch@ge {which
was very faintly visible) deserves comment. At the lowest densities
and highest currents, the visible discharge covered a significant por-
tion of the electrodes, but as the density increased and current de-
creased, the eléctrade area covered by glow shrank and moved up-

stream. Furthermore, there was no particular visible effect of the
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flow upon the discharge except through the changes of luminosity due
to density effects {i. e., no visible sweeping or bending of the discharge
downstream).

By examination of figure 15, the only @grtian of the curves that
could allow an eleciric fie!é without transverse space charge distortion
is the portion at the lower currents, corresponding to the sub-normal
glow discharge region where the V<l characteristice are beginning to
rise to the breakdown values. This is in the 1;.{3«”7 ampere region, as
iz evident from Poisson's equation in Appendiz C. We emphasize the
region where large electric field distortion has not set in so that we
can have roughly the same electric fields that govern breakdown in
order that resulis of this section may be applied to that problem.

The question arises as to whether the additional electrode area
available over the sffective visible area occupied by the glow is con-
tributing to the experimental results. To examine this point, the elec-
trodes were made an order of magnitude smaller in exposed stream-
wise length «- from 2 cm to 0. 2 em in the configuration of figure 18,
and the measurements were concentrated on the higher densities and

-7 ampere region, where the sifects should be most pronounced,

10
The change of geometry was proven {o have no effect upon the static
discharge at the same general operating level by comparing the V-l
characteristics of each geometry {see figure 19). (This means that

the smaller electrode configuration still served as "infinite" electrodes
sofar as the static discharge was concerned. ) In order to maintain a

stable discharge, it was found necessary to use 1100 megohms total
resistance in place of the 600 megohms. The results of the dynamic
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experiments are plotted in figure 18, and this is cross-plotied on fig-
ure 16 {"'Small Electrodes’), The anode and cathode currents re-
mained identical (at least to within 5 per cent) over the range tested,
but a much larger {factor of 2) voltage was needed compared to the
"Large Elecirodes' curves on figures 15 and 16. It is difficult to ex~
plain this magnitude of voltage difference between the two cases solely
by means of an "ion potential well'. An alternative is that a significant
number of positive ion - electron pairs are now being blown out of the
discharge, thus decreasing its "efficlency" with the result that a much
larger voltage is now needed to maintain a given current. ¥

In general, the mechanisms at work in this section are largely
unclarified. However, desgpite the problems involving the metal tune
nel and floating supply, there can be no doubt that a strong interaction
of the discharge with the flow has been observed.

See Section V, 2. Suggested Experiments, under Part V. Sug-
gestions for Further Study.

The possibility that fewer lon-electron pairs are produced by the
smaller electrodes is contradicted by the comparison of the static
data with the smaller and larger electrodes.
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v, NORMAL GLOW CURRENTS

1V. 1. Approach and Objectives

Having discussed the breakdown problem and subf»mrmﬂ
glow currents, we turn now to the microampere to milliampere cur-
rent levels found in the }n@wmgl glow regime {see figure 13). At this
point, the slectric field is distorted, the potential "drop" has assumed
a large value close to the cathode, and the current im:m%a% at con=
stant voltage. %ﬁaﬂw. the transverse electric {ield should be quite

small across a loang (Vpositive’) column where the discharge meets
the free stream exactly as in the static discharges {electric fields in
static dischavges in the positive column are approximately a few
volte/em). In this case then, the possibility exists that the discharge
is much less "rigid” and will tend to yield more to the iree stream.

With emaller electric flelds, the transit times (AT} of the

ions and electrons will be greater and theve will be movre tirne for
the flow to act on the discharge particles and give them a correspond-
ingly larger impulse FAT {assuming the transverse fﬂé’ws F dus to
the air stream remaln about the same).

Since the currents used in this part of the work were much
higher than before, we have to calculate the maximum diacharge cur-
rent density that can be used without violating the condition that we
have a one-way interaction of the flow upon the discharge.

Eventually, we reach a point where the Joule heating of the stream
by the discharge is sufficient fo change the parameters (e. g., density

and velocity) of the stream significantly and to destroy the one-way
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relationship. To check this point, we will compare the kinetic energy
degsity of the free st#egam 1o ng“Q (30u1as/m3) where p oo is the
freé stream density (Kglm?’). and U oo is the free stream ‘valocity
{m/8}), with the Joule heat produced by the discharge JE {Jeul&simgs}.
where J is the current density (A/ma). and E is the electric field
strength (V/m), in the time that a free stream molecule travels the
streamwise length of the electrode area w/ D’w(s) . |

Hence this condition becomes
2
Jz«:,(w/um)/é;pmum < 0.05 (say), : (11)

or

T <0.025 p U [WE .

From the higher current values obtained in the low~intensity
glow discharge experiments, we may estimate the quantities in the
RHS as follows for three stagnation pressure levels, taken to be 20

psig, 50 psig, and 80 psig:

Cuaantity 20 peig 50 psig 80 psig
1 v : '
pm (Kg/m") 0. 0125 0. 0248 0. 836
U, (m/s) 800 800 800
{m) 0.01 0. 61 0. 01
j {(V/m) 17, 500 28, 500 30, GOO
3
0.025p_U
© D (Afm) 915 1390 1540




o

Hence, say, J < 1000 Alm , OF

5 , JE{WIU ) ,
J < 100 mA/cm”™ for u-—-—a-r--» < G.05. {12}

an o
We now check the change in the free stream parameters rele-
vant to the discharge {i.e., density and velocity) for this value of J.
To do this roughly, we use the differential form of the one-dimensional
inviscid relations for a thermally and calorically pexfect gas:
d(pl) =
pUAY = «»dP
e, d T UdU = dg

ap _ dp , 4T
e R

where
BT <

P {13)

g =

is the heat added per unit mass and is considered very small com=
2 4.
pared to m’mfz .

These equations may be solved for dU/U, glving
dUu d 1 :
T ertl—z) (14)
P 1M
where M ig the Mach number.

For M >> 1 and the vatio of specific heats = 1.4 (for air)

we have

-'——-—ﬁ-—-j-’im - 0,20 {15)
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m 0.20 {16)
where Q = EJw/ip mﬂgg is the non-dimensional heat added. For

BEJw

PV
U_-U
—L—i & 0,01 (18)

and

P2 Pa 401
Pm

-

: | (19)

Hence, if we operate with curvent densities leas than 100 m}cmz .
the parameter O = EJw/ %Pmuia will be lees than 0,085, t}zeﬁemity
and velocity changes in the free stream will be less than a per cent
or so, and ¢sgentially a one-way interaction will ococur between the
free stream and the discharge.

Knowing the current density limitations, it remains to pick
the type of experiments that will vield useful results. First, obvi-
ously, we can make total current measurements at each electrode
similarly to the sub-normal case. However, in addition, we have the
poesibility of measuring current distributions by use of segmented
electrodes, now thai currents are high enough and the discharge area

large enough. Hence, we may compare current distributions in a
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static discharge with the curvent distributions in the presence of the
free stream at, say, given external current levels and discharge

densities.

1V. 2. Description of Experiments

IV. 2, I. Elecirode and Flow Geometry. In order to measure

current distributions over the electrodes, the electrodes were geg~
mented as shown in figures 20 and 21. Eachelectrode proper was made
of five copper segments 1/16'" thick in a 'Rogowski'(z) shape as seen
from the stream direction with the edges rounded. These electrodes
were apaced 1/32" apart and insulated from each other with Micarta
gpacers. To prevent high-electric-field end effects, half-Rogowski
electrodes, sultably rounded in the same manner as the spegments,
were likewise positioned at each end. This arrangement was mounted
in lucite flat plates of the shape shown in figure 20 with suitable sup-
ports. Insulating cement was used around the electrodes to cover

the end pieées completely and leave a portion 1 X 0. 1 cm exposed
of sach electrode, Hence, an active electrode streamwise length of
about 1. 1 cm resulted with & total actlve discharge region avea of
sbout 1. 1 ema and an area of 0. 55 cmz at the slectrodes propeyr. The
electrode leads were then attached from below the flat plates and led
out through the supports. The separation was maintained at 2 cm for
all of the tests (see figure 21), The fat plate geomstry was chosen
280 as to have reasonably thin boundary layers and to cause a mini-
mum disturbance of the stream at this separation {gee figure 30)

For purposes of rough calculation, the disturbances of the stream
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acroes the gap (e.g., shock waves) can thug be ignored and any as-
sessment of the gross effects of the stream velocity upon the discharge

will be made uasing free stream values of velocity and density.

Iv. 2. 2. Test Equipment. The test equipment and cireunit
used are shown achematically in figure 21. A fully-floating voltage
source of stepped batteries was used as a power supply (see SectionIIl). A
Simpson 260 meter was calibrated to read the voltage of the batteries,
draining a maximum of 50 uA in the procees, and the discharge volt~
age wag calculated using the total current and known ballast resistors.
A choice of ballast resistors was mounted on a pinboard as was the
switching arrangement for the electrode segments. A Simpson 269
meter was uged to read total currents, while a Keithley model 600A
fully -floating battery-powered electrometer was used to read the seg-
ment currents. For convenience, the current scales were employed, and
these caused a change in potential of at most §. 01 volt {full seaﬁie}‘ in
the electrode being measured compared to the others, The current
was measured by pinning the electrometer across the closed switch to
the appropriate eclectrode, opening the switch to sample the current,
closing the switch, changing the electrometer to another electrode,
etc. This process does not disturb the discharge.

A bell-jar, pressure pump, and Wallace-Tiernan gauge (0.1
to 20 mm Hg) were used in the static tests (see figure 22). |

IV.2.3. Static Tests. In order to check the electrode geom-

etry and to offer a comparison with wind funnel tests, extensive tests
were made in a bell-jar (see figure 22). The static pressures that

correspond to low wind tunnel densities across the electrodes lie in
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the 2~ to 8-mm Hg range of bell-jar pressure. Thisfactwas verifiedby
‘the correspondence (between static and dynamic tests) of the voltage
levels at equal currents in the high sub-normal glow regime. Ac-
cordingly, measurements were made at static densities of 2, 4, and
8 mm Hg with total currents covering five orders of magnitude from
10-7 amperes to 10_2 amperes, all well within our established one-
way interaction criterion of J < 100 m.A/cmZ .

First, voltage-total current measurements were made over
the complete ranges noted é.bove. Secondly, current distribution
measurements at both anode and cathode were made at decade current
intervals. Thirdly, anode no. 1 (the first anode segment from an up-
stream direction) was operated and the current distribution at several
total current levels was read at the cathode. The process was re-
versed, and anode distributions were recorded with cathode segment
no, 1 activated.

IV. 2. 4. Results and Discussion of Static Tests. The voltage-

total current data were plotted in figure 23. At the low currents, the
discharge voltage is coming down from the breakdown value, being
controlled and made stable by the large, 1000 M ballast resistor.

At a current level of about 10"6 amperes, we identify the sub-normal
to normal glow traﬁsition by the flattening of the voltage curves. In
this region, the faint glow was very uniform and increased in intensity
up to about 10—% amperes, after which it became non-uniform and
tended to concentrate on just one or two electrode segments (see cur-
rent distributions in figure 23). After reaching new minimums around

10_3 amperes, the voltage began increasing, and at 10_2 amperes the



« 40w
glow had become noticeably uniform again. The rather unusual two
modes in the normal glow regime must be attributed in some manner
to the clectrode geometry. Therefore, we confine our attention to the
first mode with its remarkably uniform properties covering two
orders of magnitude in mrraﬁt from 1uA to 100uA.

Several anode and cathode current distributions were taken at
each pressure and total currents of 1, 10, and 1000A. These are
plotted in figures 24 and 26, It was not possible to take data consist-
ently at 8 mm Hg because of minor instabilities, but the appearance
of the glow was very uniform and qualitatively very similar to the glow
at 2 and 4 mm Hg for each of the three currents.

To find out the sensitivity of the glow to changes in conditions
at one electrode, static runs were made with just the number one gege
ment of one electrode operated, with the distribution read at the other as
shown in figures 25 and 27. This experiment demonstrated a rather
pronounced insensitivity of the cathode current distribution to the
anode position or size., The anode, however, was very sensitive to
the cathode position or size. Accordingly, an attempt was made in
the dynamic case using the number one segment (uygtream) of the
cathode to see if the flow shifts the static~type ana&e ﬁisi‘riﬁuﬁm

All of the curves me#ﬁamsd above show considerable repro-
ducibility for the particular pair of electrodes constructed, although
they would be different for another pair.

1V. 2. 5. Dynamic Tests. After the completion of the bell-jar

teats, the eloctroden wore mmxnteé_ in the wingd tunnel in the manner

shown in figures 28 and 29, The flow patterns {Schlieren) are given
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in figure 30 for four pressures. ‘

In order to check the voltage-current characteristics found
in the static tests from 1 to 100 u A (see figure 23), the discharge
voltage and anode and cathode currents were measured over this range
for tunnel pressures of 0, 20, 40, and 60 psig. As in the sub=-normal
glow tests, the total anode and cathode currents were sensibly the
same, certainly being within 5 per cent of one another for all elec»
trode combinations. Furthermore, asg in the static tests, the Vel
characteristics were very uniform (see figure 31).

Having identified the same working range in the static and dy=-
namic tests, the same measurements that were done in the static
case were carried out in order to see what, if any, variation exists
between the two céa&s. Accordingly, current distributions were made
with all of the electrode pegments fuucﬁmmg at various tunnel pres-
gures and current levels (see figures 32, 34, 36, 38), (For the con-
version from {ree-stream pressure or density to bell-jar pressure,
see figure 6.) Again, as in the static case, the number one segment
of one electrode was switched on by itself and the current distribution
read at the other for various currents and pressures (see figures 33,
35, 37, 39)

During these tests, it was found that the current distribution
corresponded to what one would expect qualitatively from the appear-
ance of éhé amii:m& vigible light. Hence, several different combina-
tions of electrodes were tried at 0 psig and 1= 1uA ; the voltage
change for a constant 1A current was noted and the glow sketched,

giving an interesting visual indication of the current paths and their
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relationship to electrode position {(see figure 40),

1V.3. Results and Discussion

Comparing the dynamic and static voltage - total current
curves oveyr the range 1 to 100uA (figures 23, 21}, we see that they
are gimilar (both sets are flat), but that the voltage variation with
preasure ig considerably smaller in the dynamic case than in the
static case. (From figure 6, the density correspondence of the frec-
stream total pressure and bell-jar pr.:eware is 0 peig => 3. 5 mm Hg,
20 psig => 8. 3 mm Hg, 40 psig => 13 mm Hg, 60 psig=>17.8 mm
Hg. ) Furthermore, the voltage curves go through a minimum in the
0 - 20 » 40 peig range. The data taken at 0 psig and 20 psig in the
wind tunnel may be properly compared with the static data taken, and
the other pressures used to attempt to find qualitative trends with
pressure {(density). v

Comparing figures 24 and 26 with figures 32 and 34, we find
an unmistakable flow effect, with the curvent paths tending to be
"blown’ to the rear of the electrode area, increasing smoothly on the
cathode, and concentrating mainly on segment 5 of the anode. To
check the tendency of the glow to be swept downsiream, the number
one anode and c&ﬁmﬁé gsegments were operated in turn, and the cure
rent distribution read at the cathode and anode respectively., Asg in
the static case, the cathode current distribution did not change sig~
nificantly with anode choice,as can be seen by comparing figures 32
and 34 with figures 33 and 35. However, the static distribution at the
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anode with cathode segment number one operating, given in figures
25 and 27, is changed cmsidez’ajz;ly by the influence of the flow, with
the maximum current moving downstream compared to the static case
and the discharge being inclined at an angle with the vertical, Oper-
ating only the second cathode segment essentially shifted the anode
pattern down one segment. Interestingly, the "discharge angle" is
of the same order of magnitude that one would derive from an esti-
mate of ion velocities in conjunction with the free stream velocity
{see Section II. 3). If we accept the assumption that the free stream
acts directly on the ions to 2 much greater extent than it does dirvectly
on ﬁh@ electrons, then a possible explanation for this downstream ine
clination is the following: the ions that are formed in the body of the
discharge tend to be swept downstream and their electric fields tend
to deflect the electrons downstream from their "'straight line' travel
acroes the discharge (i. e., from anode number one to cathode nume
ber one). Ewven if this is the case, a problem of what happens to the
positive ions remains in view of the fact that little, if any, net cur~
rent leaves the discharge (I AT IG). A consistent explanation, at
least, is that those positive ions that are not pulled to the cathode by
an slectric field (see the "ion potential well" argument in Section
II1. 3) take electrons from the deflected swarm with them as they
leave the diecharge by means of their electric fields. The net result
is that there is a lack of electrons at the anode per unit time pre-
vented from impinging on the cathode by the free stream. Externally,
this would appear as an efficiency effect and increase the voltage

necessary for a given current with flow over the static case; the
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voltages are significantly higher, at least at the low densitie»s.

At the higher pressures (densities) and higher currents, this
downstream angle seemed to decrease, with the current turning up
mainly at the nurnber one anode. In addition, however, other efiects
arose which invalidates the resulie of these high pressure measure~
ments, These are rvecorded in the distributions and sketches of the
visible glow, figures 36, 37, 38, 39.

Omne possible explanation for, or at least contributing to, this
behavior is that (as noted previously) the 40 peig and 60 psig tunnel
total pressures correspond to free stream densities of 13.0 and 17. 8
mm Hg, respectively (see figure 6), This is far above the range, par-
ticularly at the higher currents, where stable measurements could be
made in the static case. (In the static case, 8 mm Hg pressuvre proved
just high enocugh so that reliable data could not be taken; see Section
IV. 2. 4.} Consequently, no static counterparts to these data exist for
comparison purposes. In addition, as in the static case at the higher
densities, the final distribution depended upon how the electrode sege
ments were turned on (a hysteresis effect), 80 that several modes of
operation were pogsible. The distributions plotted were the ones
ugually obtained when the discharge wae initially struck across the
electrode segment configuration shown. This behavior is in contrast
to the results at the lower pressures which were completely independ=

ent of how the discharge was turned on and the ''path" used to arrive

at the final electrode segment configuration by switching the various
electrode segments.
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Another possible contributor to the unusual results at high
densities is the formation of an "ion potential well” {(see Section II. 3)
and thus an "elsctron potential barrier" at high currents and pres-
sures. * The presence of this electron barrier would explain some
of the current distributions (see the 100uA distributions and sketches
at 40 and 60 psig on figures 36 and 38, respectively).

It appears that the data taken at 0 psig and 1 uA is relatively
free from the several objectionable effects mentioned in the two pre-
vious paragraphs. Accordingly, the 0 psig, l1uA operating condition
was used to get a visual indication of the pasitianvof the electron cur-
rent for various electrode segment geometries (the visible glow
roughly confirmed the measured electrode current distributions for
all of the c@ﬁiguraﬁms in figures 23 through 27 and figures 32
through 39),

The discharge characteristics as a function of the ralatiire
positions of anode and cathode are shown on figure 40. The pre-
vailing tendency indicated in these sketches is for the voltages {at
constant curremt) to aﬁacmaee {i.e., discharge is more "efficient”)
when the cathode is moved upstream relative to the anode. In addi-
tion, at both ends (upstream and downstream) of the electrodes, the
glow seems to bend, following what looks like an electric field cur~

vature {(at firet, the impulse is to think of the downstream curva-

From an examination of figure 17, the discharge will probably
float more and more negative as higher pressures are reached; that
is, an "ion potential well" or "electron potential barrier' will grow.
At the low densities, this barrier effect will be much smaller.
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ture as being similar to 2 loaded column, an analogy useful in some
arc work with transverse ﬂc;wa(l 5), but the miplanatim offered is
more probable). I we accept the thesis that the curvature is simply
on electric field effect, a possible explanation for the decreased
voliages noted above for forward movement of the cathode ' ‘emitter
is as follows: the electrons emitied at the cathode are directed into
the free stream velocity a¢ the forward end, thus helping the discharge
particles to compensate for the free stream velocity by giving them a
"head start''y whereas at the rear, the aiéct‘rie field has a component
along the free stream direction, and electrons staried along these
field lines create ionizations that are in a disadvantageous position

with respect to the electrodes.
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V., SUGGESTICNS FOR FURTHER 8TUDY

V. 1l. Analysis

In principle, the analysis of the experimental results of the
preceding sections should be facilitated by the absence of severe
chemical, thermal, and electromagnetic effects. The theovetical ob«
jective iz to find the current paths as a function of the eleciric and
fluid-mechanical pamme%ré. Specifically, one would like to kanow
the ion and electron number densities, B e the mean velocities,
%. e’ and the electric field £ in and around the discharge region,

Of the pertinent equations, we might write first a drift equa-

tion for each species

v, @ KUE)E+TU | {20)
-y fd gt
v, = B (E)E + Uy {21}

where diffusion terms are ignored, being very small compared to the
other terms. * |

In addition, we have Polsson's equation governing the changes
in the applied electric field due to space charges, some of which ma.y

be caused by the stream tending to separate the ions and electrons:

-y
veE = % = %{ni - n.) ' {22}

A cmxtizmi&y equation for each specie may be written
v (ﬁiv;ri) = 4 (23)

* Free diffusion of the charged particles is insignificant compared to
the stream velocity for small mean-free-path high Mach number
flows,
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v - gne?ra} = A (24)
where 1 is the net number of ion pairs created per umit volume per
second. These equations are not easy to solve as they stand even if
appropriate boundary conditions could be formulated (see Waﬁdima for
discussion of a simpler though similay problem with no flow), The
problem reduces to solving a highly non~linear partial diffevential
equation of higher order. One therefore seecks to find out what ap-

proximations can be used to the equations and boundary conditions and

still not render them trivial or irrelevant,

Ve 2e Suggaswei Experiments

The problem of positive-ion current loss from the discharge
remains, both for the sub-normal and normal glow regimes. [See
Mettler's theais (16). ] An experiment that may clarify this situation
could use a doubly~switched battery power supply such that the funnel
potential is always midway between the anode and cathode potentials,
Then the stray current problem may be attacked, say, by the use of
a larger facility {such as the Jet Propulsion Laboratory hypersonic
wind tunnel) and/oxr the use of a series of support geometries that
should change any stray current paths, while still maintaining the
electrode and local flow geometry, A “limiting"' geometry surround-
ing the discharge may be obtained such that atréy currents would not
be significant. If this procedure is possible, then the current dif-
ference between the electrodes (if any) which may be attributed to a
net nurnber of positive ions blown out of the discharge region, could

be studied as a function of the discharge and stream parameters.
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The ohjective remaining is the more detailed description of
the electron and ion concentration and the current paths in the dige
charge gap. In particular, the streamwise distribution of the current
density {cf. Section IV) is in need of clarification. =

It might be helpful to choose different geometiries for subge~
quent experiments. For example, conduction between two thin, pare
allel cyiin&&;}a normal to the strearn seems to have some attractions,
such as a uniform flow fleldand aknown slectric field (at least for
limiting cases of neutrality or extremely emall charge density}. The
study of the conductance of such an electrode gystem should give in-
£§rmatim on the bending of the current path due to the flow. Essenw
tially, what one is gtriving for experimentally is to formulate the
problem and get regulis that are in some sense at least qualitatively
independent of the exact geometry used and the particular condition
of the electrode purface., (An example is the breakdown - density
gradient phenomena in Section II. ) This criterion becomes of even
more importance if more complex segmented electrodes are used and
as finer details are gought.

If there is reason to believe that one is viewing a Ygeneral”
phenomenon, the charged-particle population and the ga.iaziiass mechs
anism in the gap should finally be studied with more sophisticated
techniques such ag optical filters, spectroscopy, and possibly

Langmuir probesg., The success of these techniques is rather

More information is needed on the interaction of two critical "ay-
ers'; the viscous boundary layer and the discharge electrode layer,
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erucially dependent upon the posesibility of cbiaining some theoretical
results to vee as a guide and basis of comparison.



Vi. CONCLUSIONS

{1) Within the range of parameters investigated, it is possi-
ble to cause ﬁiaiac*’aﬁc breakdown and to maintain self-sustained dis«
charges with the presence of a hypersonic stream of air flowing
transversely to the two electrodes.

(2) The density gradients in the viscous boundary layers help
reduce the breakdown voltages considerably below the values they
would have in the presence of a uniform static gas at free stream
denagity.

{3) The dynamic (velocity) effect upon breakdown is smaller
than might be expected from simple geometrical camidemﬁmns at
various densities and reduced electrode widths,until the extreme limit
of small elecirode streamwise width and high density is reached,

{4) At high deneities in the sub-normal glow regime, much
higher voltage - current characteristics (for equal curvents) are ob-
tained when the ratio of electrode exposed streamwise width to sepa-
ration is reduced, yet the static voltage - current characteristics are
closely maintained,

{5} In the normal glow regime, pronounced downstream shifts
of current pathe due to the free-stream velocity are observed when
current distributions {obtained with segmented electrodes) are com-~
pared to the static bell-jar distributions at similar densities. The
most impressive cagse was obtained when just the most upstream cathe
ode segment was activated and the disiribution read at the anode seg-

ments. In the static case, most of the current turned up at the
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opposite (upstream) anode, but with flow the current burap w&a.s shifted
downstream aﬁd the discharge formed a characteristic angle with the
flow direction,
{6} In genmeral, the discharges in the hypersonic stream were
considerably more stable and could be examined successfully at much

higher average densities than bell«jar discharges.
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APPENDIX A

Derivation of o

In this paper, the classical Townsend approximation iz used
for o, the first ionization coefficient. Its derivation and limitations

{4 g); however, for an ar-

have been thoroughly discussed elsewhere
bitrary gas density, p = ply), it assumes a slightly different form
and will be re-derived here for convenience.

Briefly, it is sgsumed that the electrong do not 'gaixf energy
by collision, that the slectrons move only in the direction {y) of the
field, and that the probability of ionization is zero for energies less
than a‘i; s+ and is unity for energles greater than ev; where V; i
an effective i@nﬁ;:zaﬁm potential and e is the electron charge.

An electron is assumed to start a path with an energy very
small compared to a‘%’; + The least distance that the electron has to
move to gain enough enargy for ionization from a uniform ﬁa{l& E is
then

1 = V;/E . | {(A-1)

The probability that the distance travelled by the electron is larger
than 4 follows from the statistical distribution of mean free pa.thaém.
n -&/x
Lo e {A-2)
where n Llaﬂ, is the relative number of electrons travelling a dis~
tance greater than a given length 4 before collision, and A on 18
the electron~neutral mean {ree path.

If the average number of free paths per meter, (1/) en) ¢ 18
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multiplied by the probability of the path being of ionizing ieﬁg*ﬁ:h, the
probable number of ianiaing collisions per electron per meter in the
direction of the electric field is ebtaine@:
14
T -w&lkan 1 ”Viiﬁkan

a = X;;; e = x—;—:a . {A~3)
But 1/A = Ap, where A is a constant = [’mgizigj » and p is the
gas density = ply) . Also, for a uniform E, at breakdown, E =

Vh[c% » where V, i the breakdown volitage and d is the electrode

separation.
3
@ = Apl )Q”E?W}d"vb = | number of jon paira formed |
4 = lPelectron~meter in direction o & | °

{A-4)
The values and ranges of validity of A and B have been determined
by a number of experiments (see refs, 1,2). For alr, in MKS units,

A= 9.3%10° [mz/Kg] and B = 2,3 X107 v mzlﬂg] .
{A=5)
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APPENDIX B

Integration of the Breakdown Equation

The breakdown condition may be written in the form:

B%g_g}eﬁ

o ﬁ - )
f& dy = Jﬁpéwd Py = mﬁ’%ii (B-1)
3 .

Using the density profile p = ply) given in figure 4, we may
integrate the above expression as follows:

d ns f f*ﬁ%ﬁ detib d
o d fc:z,d@» G, dy + aé+faa:i+-md
éf vE g 2% 3% AN

0 né & dnd denub
8 5 den§ : ~
= {14n} f‘"’“lé’l"* {14+ mn) fo;zdy@ j\mgdy | {B=2)
0 né 8 |

Bp ol ~Clp/p )
C = —-«vgw . Thue, a = Ape . - {B-3)

Evaluating the integrals,
15 o
fal dy = a;ns = _{g)&(pwd)ﬂle”}‘c ' ' ﬁ"ﬁ*%}
s |
i . i ’
j a,dy = f 0,df = & f Ap (Meng) e CIMHNE g where § 5¢f) .
ns | n n

5 o ;
f a,dy = (3Alp diMe” M f e"Meaz 4 ($)atp aimve M j‘ 6o~ CEg,
s g :
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Now

¢ CNE ~CGNE 1 , -CNn _-CN

J‘&- dﬁ - ‘ %ﬂm—— I -4 n - }

" n
and

I&a“GN&ﬁg - } f G&%‘g&%

k3|
g"CN ~ 4-Chn 1 CN N
+n ; (e CNN_ ~CNy
woN LN QENZ

Hence:

*GM ' | e
f ztiy = (E)A(pwé} W { Nne «CNn Ne cn " (M%é}(ewaﬁ?}”a GE"%) 3.

{B-5)
d
de-ub TR ,

mgdy = § fﬁgwﬁ"ada = {%)A{pwd)e"a{ﬁ %~ 1). (B-6)
5
Substituting {B=4), (B=5), and (B-6) into (B-2), we have:
Iad‘y = (1 + a}{a»)A(p a)ﬂke -AC
0 }

5 e CM .cng , -CN,,. 1, -CNp_-CN

+(3ialp @ e Cls - (14m)) = aa (XL,

OF,

] -AC, e 5, -C 1 7, y+l
(3 14m){me” {~]}-s»a - {g)1n)e “Amma)"uwy ).



Solving for the parameter (6/d)}14x),

n giéﬁ )= Alp, é}a*{:

($)1en) = - -
Alp ) [me™C 4 & M -e"%}

Finally,
v+l
in (l"‘”‘} . a_,a
& Poo
{3 )l4n) = ;
3 . ‘? - ﬁ“c
where
= me 2Cy EW [+ Nms e ST e vt
and
M= A~ (%:i n
N = f'r*'}
Blpg,d)
¢ = v

{8-7)

17N

The best curve fit to the experimental boundary layer density profiles

oceurs for M= - 0.747 and N = 1. 747 (see fig. 4)



b0
AFPPENDIE G

Caleulation of Sub-Normal Glow Current Level

To caleulate the magnitude of the largest currents tolerable
in order to avoid large space charge electric flelds across the gap,
we uee Polsson's eguation,

a5 |
T - —g {all MKS units)

where E is the electric field, y here is the d:immnce‘ meagured
from the w.’ P =Py~ Py is the excess charge “‘eﬁamiw, and € a N
is the dielectric congiant for alr. HNow Py~ Pg ™ Py 0 gince space
charge electric fields are mostly caused by positive ions. * Hence
PPy ~ J'i!vit where 'Si is the posiiive ion current density, ‘lﬁand

Vit is the average lon drift velocity transverse to the electrodes.

"i‘iﬁez&

I3

dE e
k5 eoviﬁ

We know J‘i at most = J, and Vis is at least of osrdés: Um {sce
digcusaion in Section 11, 3).

Thue, we take Ji = 100, 0001 where I is amperes diacﬁarge
current, and Vi = 1,600, TFor J’i » we have tentatively agsumed that
the area of the smaller electrodes (0.1 emg} is just covered by the
discharge. Then

a8 ~ 36@,3@6 i s 1633 1 volts /meter
9 7 5,87 % 10 14 x 1000 meter

-

¥ See p. 213, ref. 2.



wllw
For less than a 10 per cent change in £ over a distance like

a boundary layer thickness (assuming E = 5 X 1(‘}4 V/im, b.l.t. =

0.005 m),
3
%‘g < st 100 . i96
and
10*% 1 < 108 or 1<1077 amperes.

Hence, if we work ia the 0. 1 microampere region of the dis-
charge, then large electric field distortion is avoided. For a guali-
tative indication of space charge effects upon the electric field, see

fig. 6 of wazdl}3),



AH13W039 34004103713 -1 9Id

941007




0.5 F
Tunnel Pressure = 29.4 psia. @
x=17in.
0.4 @
O+
Otf
0.3 or
e @
> 02 }F ®
$ '
%
0.1 (@ i
P
O o 1 | ] l ] 1 I 1
) 10 20 30 40 50 60 70 80

Ps (mm. Hg.)

FIG. 2- TYPICAL TOTAL PRESSURE TRAVERSE ON ELECTRODE
AND ON FLAT INSERT
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Note: x is the distance of the
lower electrode from

the flat-plate leading-edge

in inches.(See Fig.!l)
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FIG. 5- FRACTION OF ELECTRODE SEPARATION DISTURBED BY DENSITY

GRADIENTS AS A FUNCTION OF THE PRODUCT OF FREE-STREAM
DENSITY AND ELECTRODE SEPARATION
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Note : Density at wall “
=Ap =0.17p .
P, = AP0 TR

* *
Thus Ry = O.17P.

TUNNEL PRESSURE PSIG

-14.4 0 10 20 30 40 50 60 70 80 90
4
4

1 | 1 1 L 1 1 1 1

| ] T
0 2
Py ¥ 10° Kg./m 3

FIG. 6 - PRESSURE AT ROOM TEMPERATURE AS A FUNCTION OF FREE-STREAM DENSITY
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FIG.10- BREAKDOWN VOLTAGE AS A FUNCTION OF THE RATIO OF

ELECTRODE STREAMWISE LENGTH TO SEPARATION
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FIG. Il- FRACTION OF ELECTRODE SEPARATION DISTURBED BY DENSITY GRADIENTS
AS A FUNCTION OF THE PRODUCT OF FREE-STREAM DENSITY AND

ELECTRODE SEPARATION WITH BREAKDOWN VOLTAGE AS A PARAMETER
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FIG, 22 ~ STATIC TEST APPARATUS
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FIG. 28- DYNAMIC TEST APPARATUS
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