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ABSTRACT

AN EXPERIMENTAL INVESTIGATION OF IONIZATION OF
SUPERSONIC AIR BY A CORONA DISCHARGE
Publication No.
Udyavar S. Satyanand, Ph.D.
The University of Texas at Arlington, 2005

Supervising Professors: Frank K. Lu, George Emanuel.

A technique is developed to ionize supersonic air flow in a shock tube by a
weak corona discharge. The driven section of the tube is open to the atmosphere.
The shock propagates in the driven section at about 1 km/s by means of an area
contraction near the downstream end of the driven section. Air is ionized by a
unipolar corona discharge device comprising of a sharp-edged wedge as a high-
field electrode inserted in a 41.25 mm (2") ID tube that forms a low-field
electrode. The device requires less than 0.5 W. A ring probe, downstream of the
corona discharge device, collects charges (ions and electrons) from the air; its
output voltage is thus a measure of the degree of ionization. The degree of
ionization is varied by varying the corona discharge voltage and the flow speed.

Corona generation was initially demonstrated with bench tests. These

indicated an increased degree of ionization with an air flow created by a fan,



relative to that in static air. Tests in a shock tube, with subsonic and supersonic air
flow, and with a negative corona, provided results with the same ionization
behavior. The operating range of discharge voltages is relatively small for a
positive corona; hence, shock tube tests were confined to a negative corona.
Shock tube test results indicate that, on a 10 millisecond time scale, corona
generated ionization was convected downstream to the probe location in a
supersonic flow. An anomalous shock tube result is a probe signal, without a
corona discharge, that is similar, but weaker, to the signal with a discharge.
Although the tests were done with shock speeds up to about 1 km/s and
with atmospheric air ahead of shock wave, the technique of ionization and plasma
measurement can be extended to higher speeds and lower pressures. It is also
suggested that a supersonic wind tunnel with a Langmuir probe be used for this

type of work.
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CHAPTER 1

INTRODUCTION

A proof-of-principle experiment is discussed for the generation of a steady
corona discharge in a supersonic air flow. The experiment is performed in a shock
tube where the strength of the incident shock wave is increased by its passage
through a large area contraction located in the low pressure side of the tube. The
increase in the shock Mach number is sufficient for the flow, downstream of the
shock, to be supersonic. A corona discharge is generated in the low pressure side
of the tube to ionize the supersonic air. The corona discharge ionization device
(CDID) consists of a slender wedge with a sharp leading edge inserted into the
tube forming high and low-field electrodes respectively [Figure 1 (a)]. The
discharge between the leading edge of the wedge and the inner wall of the tube is
generated by applying a high DC voltage between the electrodes. Typical
discharge voltage and current values are 9.5 kV and 40 pA respectively. The
discharge power is below 0.5 W. Thus, the corona is weak and the ionized gas is
referred to as a cold plasma. The plasma is convected behind the incident shock.
A ring probe, located in the downstream side of the wedge, measures the

ionization level.



After the incident shock has passed the wedge, the supersonic flow passes
through two weak, attached, oblique shock waves as shown in Figure 1(b). The
Prandtl-Meyer expansion fans, generated at the base of the wedge, interact and
weaken the oblique shock waves. Consequently, there is a minimal disturbance to
the flow, although there is a wake flow downstream of the base of the wedge. The
discharge is between the sharp leading edge of the strut (wedge) and the adjacent
walls. Most of the ionization, however, occurs in the intense electric field that is
local to the leading edge of the strut. The rate of generation of the ionization can
be oscillatory with a high frequency, as will be shown later. For the purpose of
this study, the average rate is equivalent to that of a steady corona discharge. The
rate of ion-electron recombination is expected to be quite slow in a cold plasma.
Ionized gas is thus convected downstream, primarily in the wake of the strut. This
ionized wake constitutes a pre-ionizing ‘“trigger” that sharply reduces the
otherwise quite large breakdown voltage of the gas. Depending on the application,
an array of struts would provide multiple layers of pre-ionized gas in the
downstream flow.

A possible application of interest would be for a hypersonic air-breathing
engine that utilizes an array of intense arcs between relatively widely separated
walls. Each arc would initiate a detonation wave in a fuel/air mixture inside the
supersonic, ionized wake flow. With a wall separation of perhaps 10 cm, a very

large breakdown voltage is required for an arc. For sea-level air, the breakdown



voltage is about 11.5 kV/ecm." With pre-ionization, however, this value is
expected to be sharply reduced; the resulting arc is now intense and reproducible.
Despite the high speed of the flow, a system of detonation waves would rapidly
merge and process a slug of combustible gas before the gas enters a thrust nozzle.
Other possible applications for a steady, pre-ionized, supersonic flow would
include electronically excited, supersonic lasers® and magneto-hydrodynamic
(MHD) shock, or wind, tunnels.>*

Alternative ionization methods, e.g., would include seeding the gas with
sodium or cesium’ or using an electron beam.®’ With the current approach, pre-
ionization by a corona discharge has a number of advantages:

(1) steady operation at a high pressure,

(i1) small power requirement,

(i11)) modest disturbance to the gas flow, and

(iv) simple to implement.

Still other features are discussed shortly.

A corona is a special type of glow discharge. It may be AC or DC;
hereafter, only a DC discharge is of interest. The corona is referred to as unipolar
when the field strength is large at only one electrode, as is the case shown in
Figure 1. If the intense field is at the anode (cathode), the corona is a positive
(negative) discharge. A weak corona is distinct from other types of glow

discharges in having, at least, one electrode with a small wall curvature (sharp



point, sharp edge, or thin wire), and a large voltage difference between electrodes,
but with a very small current. Hence, the electric power requirement is quite
modest, and the ionized gas is considered to be a cold plasma. For instance, in the
subsequent experiments, the maximum values for the voltage and current are 9.6
kV and 40 pA, respectively, with a maximum input power of only 0.4 W. While
sufficient for ionization, it is insufficient for the direct initiation of combustion in
an air/fuel mixture and for generating a discernible pressure disturbance.

A corona wind is used to enhance forced convection in an incompressible
flow.® From Reference (8), it is known that a positive corona is stabilizing for the
flow, whereas a negative corona is destabilizing. In other words, with a negative
corona, the flow can become turbulent, if it is not already. In a unipolar positive
corona, Reference (9) demonstrates that the electrons are concentrated inside the
intense field about the anode, while the ions are distributed throughout the region
containing the rest of the field. In a unipolar negative corona, the positive ions are
concentrated inside the intense cathode field, while the electrons are distributed
throughout the region containing the rest of the field.

10,11

Corona discharges are a relatively common phenomenon. They can be

detected by a faint glow (in a darkened room), a distinct buzzing sound, and by
their ozone odor.'? Quantitatively, a Langmuir probe can be used to measure the

plasma.9



Depending on the application, a corona discharge may have several useful
features, in addition to those previously mentioned. For instance, the stabilizing
feature is useful with a supersonic laser. On the other hand, for the generation of a
detonation wave (using pre-ionization) in a combustible mixture, both
destabilization and ozone are advantageous. Ozone dissociates to O, and O, where
the oxygen atom radical is effective in reducing any ignition delay time."
Autoignition at a hot spot is enhanced by turbulent mixing,14 which can reduce the
time from arc energy deposition to the formation of a detonation wave.

As indicated by several of the preceding references, there is a considerable
body of literature dealing with corona discharges. The author, however, is
unaware of existing publications in which a weak corona is generated inside a
steady, supersonic gas flow. For instance, Yano, et all.,15 discuss a subsonic glow
discharge that becomes supersonic after passing through a nozzle throat. The
discharge is not a corona, since neither electrode has a small curvature and the
input power is 680 W. Similarly, the discharge is not a corona in Ershov, et al.'® It
occurs between electrodes located outside of a low pressure, supersonic plume
and the current exceeds 1 A. In Leonov, et al.,'” a high frequency discharge
occurs in a supersonic flow by means of filaments in which the power into a
single filament is at least 1 kW. A filament appears to originate at the sharp
leading edge of a flat plate and then is convected downstream while it remains

normal to the plate. The corona, however, is not weak, steady, or a cold plasma.



Although referred to as a corona, it is not, since the power level is too high and
the electrode does not have a small curvature. Finally, in References 18 and 19,
the discharge is generated in a subsonic flow.

The next chapter describes the technique used to ionize supersonic air by
means of a corona discharge. Also described is an existing shock tube suitably
modified to include the ionization device.

Bench tests were initially conducted to demonstrate the presence of a
corona. The bench tests were also necessary to determine a suitable ionization
voltage with the present configuration, to get as high an ionization intensity as
possible. A plasma diagnostic, adaptable to the supersonic flow condition in the
shock tube, is utilized during these experiments.

Chapter 3 discusses experimental results for bench and shock tube tests
and analysis of the results is also provided. The results exhibit a sustained plasma
in a supersonic flow. They also indicate the necessity for improving the
instrumentation technique. An anomaly is discussed that should be deciphered.

Finally, in Chapter 4, a number of recommendations are made to improve

the instrumentation and operation of a corona ionization device.



CHAPTER 2

EXPERIMENTAL FACILITY AND PROCEDURES

2.1 Generation of supersonic air flow

2.1.1 Concept

A shock tube is used to generate a high-speed flow downstream of a
normal shock wave. A desired shock speed is obtained by charging the driver
section with dry air at a suitable high pressure, while the initial pressure of the
driven section is atmospheric air. The driver and driven tubes are separated by an
intermediate double-diaphragm section, which initially is charged with air at
about half the driver pressure. Both diaphragms rupture upon venting the
intermediate section. A shock wave is generated with supersonic air flow behind
it that propagates downstream through a test section containing a corona
discharge. It can be shown® that the incident shock Mach number needs to be
greater than 2.07 to generate a downstream supersonic flow. There is a sudden
contraction inside the driven tube, which results in an increase of the shock
speed21 of about 15 - 18%. The smaller cross-sectional area tube downstream of

the contraction contains an ionization device for generating a corona discharge.



Figure 2 shows a shock tube with an area contraction and a corresponding
wave diagram. Regions 1 and 4 contain the initial low and high pressure gases in
the driven and driver sections, respectively. The low pressure side of the tube is
open to the atmosphere for all tests; hence, its initial pressure is taken as 10* kPa.
The cross-sectional area to the left of state 6 is A, , while to the right it is A, ; the
area contraction ratio is @ = A;/A;. (See the List of Abbreviations for the
definition of symbols.) The incident shock wave partly reflects from the
contraction thereby giving rise to region 5. Part of the incident shock propagates

into the small diameter tube with a Mach number M ,, which is larger than the
incident Mach number M S.Zl Region 8 is a uniform flow region between the

transmitted shock and the contact surface, labeled CST. Pressure and velocity
tangency conditions apply across CST. Region 7 is also a uniform flow region. A
rarefaction wave is required between states 6 and 7 in order for the relatively high
pressure flow at 6 to adjust to the state 7 pressure. The leading edge of the wave is
fixed at state 6 and is sonic.*” It is analytically established®' and experimentally

verified that the transmitted shock Mach number M, is larger than the incident
shock Mach number M | by about 15 - 18%.
2.1.2 Technique to get a desired shock Mach number M

The basic parameter that governs shock tube operation is the diaphragm

pressure ratio p,/p, given by



p/
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For air on both sides of the diaphragm section, the specific heat ratios, vy, and v,,
equal 1.4. The pressure ratio p,/p, is a function of M as well as q,/a, . Since
the driven gas is air at room temperature, a, is fixed; M is then dependent on

p./p, and a,. Hence, there are two ways by which a value for the pressure p,
can be computed:

(1) For a given driver gas, a, is fixed and p, can then be obtained for a
desired M value by choosing p,. Table 1 provides theoretical values for p, for
M =125,3,3.5 and 4 when p, is specified. To operate the tube at a high Mach
number value, it is necessary for p, to be sub-atmospheric.

2) The pressure ratio p,/p, can be reduced appreciably for a given M,

value by employing a driver gas with a large acoustic speed a, as compared to



a,. Table 2 provides theoretical data for M ranging from 2 to 4 with

driver/driven gases of air/air and helium/air. It is evident that when helium is used
as the driver gas, p, is appreciably reduced.

Table 3 provides theoretical values of the parameters on both sides of the
area contraction, with air as the driver and driven gases (see the Code in

Appendix A). For instance, with p, equal to 145 bar and p, at one atmosphere,
M equals 2.5. With an area contraction of 13.65, it is possible to have a
transmitted shock Mach number M, of about 2.96 and a Mach number of 1.35 in

region 8.

2.1.3 Shock tube facility

Figure 3 shows the layout of the shock tube facility. The high performance
shock tube consists of a high-pressure driver tube, a double-diaphragm
intermediate section, and a driven tube with an area contraction ratio of 13.65.
Dry air from a 6.9 MPa (1000 psi) compressor is further pressurized up to 31 MPa
(4500 psi) using a Haskel pump. This high pressure air is stored in a spherical
receiver for charging the driver tube (152.4 mm ID, 3.05 m long) and the
diaphragm section. The intermediate section (152.4 mm ID, 0.114 m long) is
charged with air at about half the driver pressure. This section is vented at the
start of a run; the double diaphragms eventually burst and a shock wave is
generated in the driven tube. The driven tube consists of two sections in which the

first has an ID of 152.4 mm and a length of 8.344 m. The second section is a

10



2.188 m long 304-stainless steel tube with an ID of 41.25 mm and is open to the
atmosphere at its end. This length includes the test section, which is the corona
discharge device (Figure 4). The pressure rating of the 152.4 mm ID tube is 408
atm (6000 psi) and that of the 41.25 mm ID tube is 188 atm (2800 psi).23 The area
contraction & equals 13.65.

The 254 mm x 254 mm square diaphragms are constructed from 10 gauge
hot-rolled 1008 steel plates, scored to various depths. Figure 5 illustrates the
scoring pattern.

2.2 Generation of a corona discharge

2.2.1 Principle

A low temperature plasma is produced by means of a corona discharge,
which is initiated by creating a field strength high enough to exceed the corona
breakdown field strength for air. A high field strength is produced near a sharp
point or edge of a conductor by charging the conductor to the required voltage,
which then becomes a high-field or active electrode. The other electrode called
the low-field or passive electrode can be a plate, rod, or a tube. Intense ionization

is limited to a small region near the active electrode.
2.2.2 Facility

A unipolar type of DC corona discharge ionization device (CDID) was
built to investigate the presence of charged particles in a supersonic air flow.

Figure 6 illustrates the CDID, which consists of a stainless steel wedge whose

11



sharp leading edge is the high-field electrode (Figure 7). The wedge is inserted
transversely into a stainless steel tube that is the low-field electrode. This tube has
an ID of 41.25 mm, OD of 50.8 mm and a length of 362 mm. Insulation between
the two electrodes is cast from a pourable, two-part urethane rubber, liquid

Flexane 94, that has a high dielectric strength and a high temperature capability.

The assembly is connected to the stainless steel section with the leading edge
of the wedge facing the incoming flow. Lexan tubes (127 mm long, ID 41.25 mm)
are mounted at both ends of the CDID to electrically isolate the CDID assembly
from the rest of the shock tube. A 12 kV D.C. supply is used to charge the

electrodes that generate a corona discharge at the sharp leading edge.

2.3  High-field electrode

2.3.1 Discussion

A wedge-shaped electrode for corona discharge generation, in contrast to a
traditional wire or rod-type electrode, is favored for the following reasons:

(a) The wedge is inserted with the sharp leading edge facing the incoming flow,
transversely inside a steel tube that forms the low-field electrode. This
configuration easily withstands supersonic aerodynamic loading. It also
causes a minimum perturbation of the high-speed flow. The wedge is
secured, along with insulation, to the tube by means of clamps.

(b) The sharp leading edge of the wedge results in a high field intensity at the

edge.

12



(c) Attached oblique shock waves at the leading edge of the wedge are weaker
than a detached bow shock.
(d) The cross-sectional area is designed to resist transverse shear at the fixed
ends, caused by the aerodynamic loading of the supersonic flow.
2.3.2 Geometry
Based on the above considerations, the following wedge design was
selected [Figure 6(a)]:
wedge angle =2 6 =14.25°
wedge base width =b =4.76 mm
median of the triangular section = a = b/ (2tan 0) = 19 mm
length of the wedge along the sharp edge = 191 mm
For a deflection angle 6 = 7.125° an attached oblique shock is possible for
upstream Mach numbers above 1.32.** Table 3 provides values for the following

parameters for an incident shock Mach number M _of 2.5:
M, =296
Mg =135
ps = 1007 kPa corresponding to p,= 100 kPa

From oblique shock theory, the pressure behind the oblique shock at the wedge

is p, = 1.45 p, = 1460 kPa. Figure 8 shows the aerodynamic pressure loading on

the wedge. The unknown base pressure is conservatively assumed to be zero. The

fluid force F on the wedge in the flow direction is given by

13



F =2 p,—2—(ID of the tube)sin®
cos0

where

0=7.125°

ID of the tube =0.04125 m,

F =1.958x 10" po=0.286 kN
The induced shear stress on the cross section is

F
B 2(cross —sectional area of the wedge)

where

. ab _
cross —sectional area = 7 =45x%x107° m?

This results in T = 3.18 MPa, which is much less than the yield strength, 276
MPa, of the AISI annealed stainless steel.
2.4  High-voltage DC power supply system

2.4.1 Transformer-capacitor circuit

Figure 9 is a schematic of the small diameter tube including the test
section. A power supply unit, capable of up to 12 kV DC, is shown in Figures 10
and 11. A variable autotransformer, connected through an isolation transformer to
the 120 V, 60 Hz main supply, is used to vary the AC output of the 12 kV (rms),
60 mA neon-sign transformer from 0 to 100 %. The output of the neon

transformer is rectified by means of a full-wave bridge rectifier that consists of 4

14



diodes with a peak inverse voltage rating of 125 kV each. The AC ripples in the
output of the bridge rectifier are filtered and charge stored in a 1 pF, 50 kV
capacitor. Since the corona discharge current is of the order of 40 pA, the
capacitor is capable of a slow discharge, thereby providing a near steady DC
voltage for the CDID.

Four resistors, in series, with a total value of 500 MQ are connected across
the capacitor to prevent the capacitor from discharging too quickly when the neon
transformer is isolated. The time constant for the RC network is RC = 500 MQ x
IuF = 500 seconds. Thus, the capacitor took 500 seconds to lose 63 % of its
original value. As the run time is several tens of milliseconds, the steady power

supply duration is satisfactory.

A maximum voltage of 14 kV DC is obtained with the neon transformer of

12 kV AC. The peak voltage level of the transformer is

V, =42V, =2x12=1697 kV

rms

A voltage drop of about 4 kV is observed across the diodes making available a net
DC voltage of about 13 kV. However, the maximum voltage required for the

experimental study is about 11 kV and this voltage drop is acceptable.
2.4.2 H.V.relays for charging and discharging

The power to the wedge-tube electrode configuration is applied through a

pair of high-voltage fast-acting relays with 15 ms response time (Figure 11).

15



These relays can be triggered simultaneously and they operate on 12 V DC. The
current limiting resistor (1.1 M) on the output side of the capacitor prevents
arcing. As noted, the discharge current is of the order of 40 pA. The voltage drop
across this resistor is negligible (about 0.5%). Another pair of relays in series with
a resistor of 200 kQ is provided to discharge the capacitor. The total resistance in
this RC circuit during discharge amounted to 1.3 MQ giving a time constant of

1.3 s. Thus, the capacitor can be discharged quickly at the end of a test.
2.5 Instrumentation

The large diameter driven tube is instrumented with two flush-mounted
pressure transducers PT2 and PT3 as shown in Figure 4. These dynamic PCB
model 111A24 transducers have a full-scale pressure range of 68.9 atm. They
have a voltage sensitivity of 5 mV/psi with a 400 kHz resonant frequency, a time
constant of 100 s, and a rise time of 2 ps. The transducers are mounted at
distances of 6.185 m and 7.531 m from the diaphragm section. The transducers
are used to obtain the pressure of the air behind the incident shock wave at two
axial locations along the shock tube. The incident shock speed is calculated using

time-of-flight data between these two locations. The incident Mach number M | is

calculated from the known ambient conditions present in the driven tube. The

pressure p, behind the transmitted shock wave and the transmitted shock Mach
number M, are then obtained using the annotated code (Appendix A) that also

produced the data in Table 3.
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Transducers monitored the transient conditions in the driven section
during a run. Data sampled by the transducers are recorded with a 48-channel data
acquisition system (DSP Technology) interfaced with a personal computer at a
sampling rate of 100 kHz/channel with 12-bit resolution.

The data acquisition system is triggered externally to record data during
the air flow. A pressure transducer PT1, mounted on the driven tube at a distance
of 2.22 m from the diaphragm section (Figure 4), is used to trigger the data
acquisition system. This pressure transducer is connected to the triggering circuit
of the data acquisition system through a signal conditioner. An amplifier is used
in the triggering circuit to suitably amplify the output of the pressure transducer.

The voltage across the capacitor, which is also the corona discharge
voltage, is measured by means of a high impedance, digital DC voltmeter
connected across a voltage divider as shown in Figure 11. The total resistance is
500 MQ. A voltmeter, connected across a 5 MQ resistor, thus has a multiplying
constant of 100. A bi-directional 50 pA (and a 100 uA/200 pA not shown) DC

analog ammeter, in series with the test section, measures the discharge current.

Charged particles in the supersonic air plasma cause an electric current to
flow through a ring probe attached to the test section as shown in Figure 9. The
ring probe is located 368 mm from the leading edge of the wedge in the test
section. It is made of oxygen-free copper having a width of 9.53 mm. Its ID and

OD are the same as the Lexan insulator. It is isolated electrically on both sides by
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1.59 mm thick Teflon rings. Voltage output from the ring probe is measured
across a 100/333 kQ resistor. Output from this resistor is captured after
amplification as pulsed signals using a HP 54542A digital storage oscilloscope
that has a maximum sampling rate of 2 GHz. The sampling rate used for the study
is 25-100 kHz, with a record length of 2048 - 8192 samples. The low-frequency
noise rejection feature of the oscilloscope is used to minimize the influence of the
AC noise signal received by the ring probe. The oscilloscope is triggered by the
output of the triggering pressure transducer PT1 simultaneously with the

triggering of the data acquisition system.

2.6  Experimental procedure

2.6.1 Bench tests

Bench tests of the ionization device at atmospheric pressure were
conducted prior to shock tube tests to obtain discharge voltage versus discharge
current characteristics and the discharge voltage versus ring probe output
characteristics. Figure 12 is a photograph of the apparatus. Charged particles
attracted to the ring probe (referenced to the ground) cause a current to flow
through the probe circuit. Current is obtained by measuring the voltage across a
precision resistor in the probe circuit. Tests were performed to ascertain the
maximum discharge voltage that could be applied to the CDID without arcing.
These were conducted over a 0-10 kV voltage range across the electrodes both in

static air and with air blown through the device by a small fan set at its maximum
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speed (Figure 12). Tests with air blown by the fan ascertained the effect on the

probe output of air flow past the ionization section.

Ionization at the leading edge of the wedge is demonstrated by visible tiny
corona glow points along the leading edge (Figure 13), by feeling the ionic wind
convected along the tube, and by a buzzing sound. Ozone odor, produced during
ionization, is also sensed. A high voltage, low current discharge, confirms the
ionization. The pulsed nature of the probe output also demonstrates the

unsteadiness of the ionization process.

Output of a single ring probe is captured by an oscilloscope for each
discharge voltage. Corona discharge voltage and corresponding current are also
measured. The RMS value of the probe output voltage is calculated. Tables 4 and
5 show bench test data for both negative and positive coronas. Figures 14 and 15
show the corona discharge characteristics and the ring probe characteristics
obtained from this data. The probe output of a positive corona is large enough to
be measured without an amplifier unlike that of a negative corona, which requires
an amplifier with a gain of 100. The probe output of a positive corona is also
obtained with the same amplifier used for the negative corona in order to compare
the two. Figures 16(a) and (b) show the relative characteristics of negative and
positive coronas. Figure 17(a) and (b) show the ring probe signal with and without

air flow from the fan for a negative corona.
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2.6.2 Shock tube tests

Tests were conducted with the CDID installed in the shock tube. A
catalogue of tests is provided in Table 6. Only test runs with proper triggering and
diaphragm ruptures are listed. Figure 18 is a photograph showing part of the
shock tube and instrumentation. Discharge and probe characteristics are necessary
with the new setup. These characteristics differ from those for the bench tests. A
comparison can be made between the ionization intensity in static air and that for
aregion 8 (Figure 2) with subsonic or supersonic air flow.

Static tests with a corona discharge were conducted for discharge voltages
varying from zero to 9.6 kV (Run 1 in Table 6). Figure 19(a) shows the corona
discharge characteristic. The configuration of the CDID is a little different from
the one in the bench test, due to its extended length in the shock tube; hence, there
is a small difference between the two results. Figure 19(b) (Run 1) shows Vin
from ring probe data (from the oscilloscope) versus the discharge voltage. Figures
20(a) and (b) show, for this run, oscilloscope traces of signals of static air
ionization. Static tests were conducted for both negative and positive coronas. It is
observed that for a positive corona, a measurable ionization intensity occurs only
for voltages above 9 kV, and arcing would take place if the voltage exceeds 9.5
kV. Arcing is accompanied by a cracking sound inside the CDID and by the
micro-ammeter needle deflecting beyond the meter’s range. Hence, it was decided

to conduct shock tube runs only with a negative corona.
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Tests were conducted with a subsonic flow downstream of the incident
shock, and with corona discharges at about 9 kV. From previous negative corona
static tests, it was known that a high intensity of ionization occurs at about 9 kV
without arcing. Unscored aluminum diaphragms of thickness 0.4 mm were used
to generate a subsonic flow. Driver and driven pressures were 1.28 MPa (185 psi)
and 100 kPa (14.5 psi), respectively, before venting the intermediate section of

the tube. The PT2 and PT3 data are used to evaluate the shock Mach number M
with the time-of-flight method. The transmitted shock Mach number M, and the

flow Mach number M, following it are obtained according to Reference (21).

Figure 21(a) shows data (Run 6), from the PT2 and PT3 transducers, where
pressure jumps due to the incident and reflected shocks are evident. Ring probe
output is amplified with a gain set at 10. Figure 21(b) shows the output for a
negative corona at 9 kV (Run 6). Figure 21(c) is an expanded diagram of the ring
probe output for the indicated duration. Video pictures were taken using a
surveillance camera during a run to observe the changes in the discharge voltage

and current and the oscilloscope wave-form image.

Tests (Runs 7-9) were conducted with supersonic flow, initially with a
negative corona discharge in the voltage range of 8 to 9 kV, and with scored steel
diaphragms. The driver pressure was in the range of 13.1-15.1 MPa with
atmospheric air on the driven side of the tube. Figure 22(a) shows pressure

transducer data for Run 9. The corona discharge, for this run, is 8.55 kV at the
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time of diaphragm rupture. Shock Mach numbers M  and M, and the flow Mach
number M, are then obtained as described previously. As can be seen from

Figures 22(b) and (c), the ring probe output (Run 9) saturates. This is because the
signal is amplified (with a gain of 10 set in the amplifier) beyond the limits set in

the oscilloscope.

A probe signal duration of about 60 ms may seem excessive, €.g., see
Figure 22(b). This is a consequence of a relatively long tube length (13.58 m),

moderate M, and M, Mach numbers, and a large area contraction. The

contraction generates, for instance, a significant reflected shock wave with its

downstream flow moving toward the high-pressure end wall.

To ascertain if there is a probe signal for a supersonic flow without a
corona discharge, the tube was run without applying any excitation to the CDID
(Run 10). The driver pressure was set at 14.48 MPa with atmospheric air on the
driven tube side. The unexpected result (Figure 23) shows an output that appears
to be almost the same as the one with a corona (Run 9), with other conditions the
same. In both cases, the signal does not require amplification beyond that
provided by the oscilloscope. It was then decided to do away with the amplifier in
the ring probe circuit and to capture the output within the limits of the
oscilloscope. Tests (Runs 11 and 12) were carried out with supersonic flows with
the same driver pressure and with and without a negative corona initially at 9.55

kV. Figures 24 and 25 show results with and without a corona, respectively. RMS
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values of the output for the duration of 12 to 50 ms are indicated for these runs on
the plots. A test (Run 14) was also conducted for a subsonic flow without a
corona with the driver pressure equal to 128 kPa (185 psi). Figure 26 shows the

corresponding data with Vs (un-amplified) for the duration of 17 to 47 ms.

To establish if a flow contains a greater intensity of charges compared to
that in static air with a corona, it was necessary to investigate, in the shock tube,
the Vs of the output for a corona at the same initial discharge voltage of 9.55 kV

used in static air. Figure 27 gives the result from a static test (Run 13).

A detailed analysis of the results from various tests is given in the next

chapter.

23



CHAPTER 3

EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Bench tests
The following observations are based on bench test results.

1. Tables 4 and 5, as well as Figures 14 and 15, show that the starting voltage for
a negative corona is nearly 8 kV whereas that for a positive corona it is about 9
kV. Arcing occurs between the electrodes at 10 kV for both coronas; hence,

subsequent testing did not go beyond 9.55 kV.

2. Itis observed from Figures 14(a) that airflow with a negative corona discharge
at 9.5 kV reduces the discharge current from 24 pA to 15 pA. This conductivity
decrease stems from the stretching of field lines by the airflow. This is confirmed
by the increased probe output [Figure 14(b)] during flow compared to a static air
output for all voltages up to 9 kV. Figures 15(a) and (b) show a similar trend in
the case of a positive corona. The output slightly decreases for voltages above 9
kV for a negative corona, possibly due to a higher rate of recombination. Figures
17(a) and (b) show a pulsed output for a 20 ms period in the case of a negative
corona at 9 kV, without and with airflow, respectively. The respective Vipmg
outputs are 0.51 V and 0.76 V. This indicates that the plasma contains more

charges with a flow.”
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3. The probe output is significantly larger for a positive corona than it is for a
negative one, at a large discharge voltage, as seen in Figure 16(b). This indicates a
greater ionization intensity with a positive corona. Since the operating range for a
positive corona with the present electrode configuration is small (9.25 to 9.5 kV)
compared to a negative corona, the subsequent shock tube investigation was

carried out only for a negative corona.

The negative corona decision has two consequences. First, the discharge is
appreciably weaker. Second, as noted in the Introduction, positive ions, rather
than electrons, are concentrated around the wedge’s sharp edge in a negative

corona.

3.2 Shock tube tests

A primary objective of this study is the detection of a plasma in supersonic
flow. The data obtained from several runs are compared and discussed as outlined

below.

Figures 19(a) and (b) show the corona discharge and the ring probe output
characteristics from a static test (Run 1) on the CDID in the shock tube with a
negative corona. These are a little different from Figures 14(a) and (b) due to the
changed configuration for the CDID in a shock tube. The configuration change
arises from the extended length of the CDID, on both sides, on mounting it on the
shock tube. Figures 20(a) and (b) show a pulsed output for each corona at

discharge voltages of 6 and 8 kV.
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In the case of subsonic flow (Figure 21, Run 6), with a negative corona at

9 kV, M, is found to be 1.66 (time-of-flight). The transmitted shock Mach
number in the small diameter tube is evaluated*' at 1.95, which results in M=

0.931. The pressure and temperature downstream of the transmitted shock are 426
kPa and 482 K, respectively. Figure 21(b) (Run 6) shows that the RMS value of
the probe output, V., amplified with a gain of 10, equals 156 mV. The
unamplified Vs output is thus 15.6 mV. Figure 26 (Run 14) shows the
unamplified Vs output, for an equivalent run without a corona, equals 12 mV,
for the same interval of run time of 17 to 47 ms as that chosen for Run 6. This
interval excludes the effect of the shock wave and is sufficient to provide a
meaningful result. A difference of 3.6 mV between these runs suggests the
possibility of the flow sweeping downstream charges from the CDID ionization

region.

For the case of supersonic flow (Run 9), with the driver and driven tube
pressures at 14.5 MPa (2100 psi) and 100 kPa (14.5 psi), the incident shock Mach
number in the large diameter tube is found to be 2.5. The transmitted shock Mach
number in the small diameter tube is evaluated®! at 2.96, which results in M =
1.35. The pressure and temperature downstream of the transmitted shock are 1

MPa and 790 K, respectively.

For a supersonic flow with and without a corona, the Vs probe output, is

considered for the time interval of 12 to 50 ms. This interval excludes the effect of
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the shock wave and is sufficient to provide a meaningful result. Figures 24 and 25
(Runs 11 and 12) show Vs values, with and without a corona at 9.55 kV, as 326

mV and 310 mV, respectively.

The high intensity of the output, for a subsonic or a supersonic flow
without a corona from the CDID, suggests the existence of some other source for
the generation of electrical charges picked up by the probe. Note that the
supersonic flow with a corona contains a 16 mV (between Runs 11 and 12) larger
charge than one without corona; the same trend occurs in the case of a subsonic
flow. This difference in output is not due to any source other than the corona from

the CDID.

The V.ms probe output from a static test (Run 13) with a corona at 9.55 kV,
for a run time interval of 12 to 50 ms, is 9 mV (Figure 27). By comparing this
value with the 16 mV mentioned above suggests that supersonic flow contains a

greater number of charges than static air.

Figures 14(b), 15(b), and 17(a) and (b) show a similar behavior, in the

case of bench tests; an increased intensity in the output signal because of flow.

It is also observed that the current goes to zero momentarily after the
shock wave passage. Since the discharge voltage between the electrodes is still in
the vicinity of 9-9.5 kV, a condition of zero discharge current indicates that there

is an insufficient charge-intensity between the electrodes to maintain conductivity.
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This leads to the same conclusion as mentioned in the case of subsonic flow; the

L 6
flow sweeps ionized gas downstream".

During a test (quiescent, subsonic, or supersonic) the corona discharge
voltage and current are visually monitored by a surveillance camera. As noted, the
voltage slowly and smoothly decreases from its pre-test charged value. A gradual
change is not the case for the discharge current for either a subsonic or a
supersonic test. As soon as the crack associated with diaphragm rupture is heard,
the microammeter current is observed to sharply drop from its pre-rupture value
of about 40 pA to a zero, or near zero, value. After the minimum value occurs, the
ammeter reading rapidly increases to a value below its initial value, in accordance
with the steady decrease in the discharge voltage. The response time of the
ammeter and its circuit is unknown. Hence, the actual time interval, between
when the current reading starts to decrease until it recovers, is unknown. This
time interval would be meaningful if the recorded response time of the meter and
its circuit is no more than 0.1 ms. The initial current decrease is interpreted as
indicating the time when the transmitted incident shock passes over the wedge.
The shock and its immediate downstream flow proceed to sweep the ionized gas
with it, thus extinguishing, or nearly extinguishing, the corona. The subsequent
increasing current indicates, however, re-establishment of the corona, but now in

a high-speed flow.
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Figures 28(a)-(c) (Run 12) demonstrate this behavior. Figure 28(a) shows
the microammeter with a value of about 35 pA, while the discharge voltmeter has
a 9.67 kV value. Right after the shock passes by the wedge, [Figure 28(b)], the
meter has a near zero value when the discharge voltage is 9.55 kV. Figure 28(c)

shows that the meter has a slightly larger value at a later time.

A sudden increase in the ring probe output [Figures 21(b), 21(c), 24 and
25], at the instant of shock passage through the CDID, is significant for subsonic
and supersonic flows. A similar observation was also recorded in previous

research’ but no definite reason was attributed to this.

A number of possible reasons are discussed for the observed probe signal
during a flow without a corona and for the signal spikes at the time of the shock
passage. Hard tapping on the CDID tube with a hammer was done without flow
and without a corona. An amplifier, with a gain set at 100, was connected in the
ring probe circuit. A delayed spike in the output signal, a little time after
continuous 5/6 blows at the probe end of the CDID, is observed. This delay is due
to the slow response of the amplifier, and suggests generation of charges from an
electromechanical source, such as the piezoelectric property of a material. From
several sources of inforrnation,26 it is found that Teflon, used to insulate the ring
probe on both sides, is a piezoelectric material. Other possible reasons for the

probe signal, such as the influence of Lexan insulation material, were considered.
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The mechanism of ionization behind a shock wave was also studied to explore its

possible contribution to the ring probe output.

3.3 Uncertainty analysis

Data uncertainty arises from measurement errors. Limitations of the data
acquisition equipment, sensors, and instruments contribute to the data acquisition
errors. The uncertainty analysis employed here is based on the method given in
the Reference (27). Let R be the desired result of an experiment; it is given as a
function of a set of measured variables x;, X», X3,.... Let wgr be the uncertainty in
the result and w;, w», ws,... be the uncertainties (known) in the variables. Then

the uncertainty in the result is given by

R Y (R Y (or Y
We=||l—=—W, | +|=—wW, | +|—=—w,]| +...
ox, ox, ox,

The manufacturers’ specifications of transducers and sensors are used for the

P2

uncertainties of the variables.
Table 7 lists the experimental parameters measured and acquired along
with their uncertainties. The only result that is evaluated is the shock Mach

number given by

The shock speed is determined by the time-of-fight (TOF) method and is given by

AL
w, =—
S At
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where AL is the distance between two transducers, PT2 and PT3, and Ar is the
time for the shock wave to propagate past the two transducers. The sonic velocity

corresponding to the ambient conditions is given by
a, =(YRT,)"?
The variables involved in the above relation for the shock Mach number are thus

AL, At,and T,.

The uncertainty in the measurement of AL is # 0.001 m. The uncertainty
in the measurement of time Ar, referred to the peaks of the pressures obtained
from the data acquisition system, is taken as + 0.013 ms. The uncertainty in the

measurement of the temperature 7, is * 1 K. The maximum uncertainty in the
evaluated shock Mach number M, from the equation for uncertainty given

above, is found to be £+ 0.7 %. This shows the TOF method used is precise enough

to obtain the incident shock Mach number.

The uncertainty in the measurement of the voltage, V., in the
oscilloscope, from the manufacturer’s specification, is = 1.3 %. Other parameters
measured are the discharge voltage, V and current, I. The voltmeter is a digital-
type meter and the ammeter is analog-type one. The uncertainties of these were

found to be £ 1 % and + 2 % respectively.
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CHAPTER 4

CONCLUSION AND RECOMMENDATIONS

Based on the previous discussion, the following conclusions are made.
1. Results from the shock tube tests confirm that a plasma generated by a
corona discharge sustains itself in a subsonic or supersonic flow.
2. The rate of ionization is greater for a positive corona compared to a
negative corona. With a modified configuration, such as increasing the smallest
distance between the electrodes, it is possible to have a wider operating range of
discharge voltages for a positive corona without arcing.
3. Supersonic air at the downstream end of the CDID contains a greater
charge density than when subsonic.
4. An investigation should be considered into the reasons behind the
generation of a probe signal with high speed air flow in the absence of ionization
due to a corona. A series of ring probes, Teflon insulated, were used in the shock
tube ionization (by seeding) studies of Reference (5). They did not check,
however, on the probe signal when ionization was not present.

The possibility of ionization behind a shock wave is first considered.

28-30

Extensive investigations were carried out on ionization behind shock waves in
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air and other gases like argon. Details of the mechanisms that produce the
ionization behind a shock wave are available.”® Experiments carried out were at
shock speeds above 5 km/s and at low pressures on the order of 1 mm of mercury
or even less.

In contrast, the experiments carried out here had a maximum shock speed
of about 1 km/s into atmospheric air. Literature for these conditions, which would
indicate that dissociation occurs, no less ionization, could not be found. The
reason, of course, is that the maximum post-shock temperature is only about 800
K. At this temperature, only a modest fraction of the oxygen molecules are
vibrationally excited. Post-shock dissociation, and certainly ionization, cannot
occur.

Teflon, being a piezoelectric material,26 could be a source of the non-
corona signal generated during propagation of a shock wave and high speed air
flow. Since the ring probe is in direct contact with the Teflon rings on its sides, it
is more likely the source than Lexan insulation or charged particles on the inner
surface of the tube wall.

Based on the experimental work undertaken and the results obtained from
it, the following suggestions are put forth.

1. It would be useful to investigate the signal generated due to a high speed
flow in the shock tube. The signal due to ionization by a corona is almost

obscured by this non-corona signal; it is therefore difficult to convincingly prove
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the success of this experimental work. One way of eliminating the non-corona
signal, if due to the piezoelectric effect, is to replace the ring probe and its Teflon
insulation with a Langmuir probe. A suitable sting is required to secure the probe.
One of the reasons, for the selection of a ring probe in this work, is the ease with
which it could be secured to the CDID. The other reason is to provide a greater
area for collection of charges from ionization. It is now realized that a different
kind of probe that does not give rise to a non-corona signal is vital, since the
ionization signal due to a negative corona is small.

2. It would be useful to have a steady supersonic flow to conduct this
experiment. A steady flow would establish if ionization is sustained downstream.
Hence, a supersonic wind tunnel, with its plenum chamber raised to the necessary
pressure and temperature, would be useful for this work.

3. A test for supersonic flow without a corona may be run by switching the
positions of the ends of the CDID. This places both the Lexan insulators on the
downstream side of the ring probe. The data from this would explain whether or
not Lexan could be a possible contributor to the non-corona signal obtained
before switching.

4. It is recommended that shock tube tests be conducted with the downstream
section evacuated to a low pressure and with and without a corona. The results
from these tests might shed light on possible explanations for the non-corona

signal.

34



5. It would be useful to have the output of the microammeter recorded
continuously during a shock tube run. The timing of the sudden variation in the
discharge current would then provide information about its nature of association

with the shock wave or supersonic flow.
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APPENDIX A

CODE
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Input to the code consists of M, vy, R,

> D> and 0. Further details

may be found in Reference 21. Several common Mach number functions are

defined as
X =1+ 72_ M? (1)
Y = yM? 771 )
Z=M*-1 €)
A number of preliminary calculations are as follows:
P 2 )
p v+l ’
p/
Py _ Py - 5)
pl a %’4_1)
(-0 (P2, -1)
|- a, P
2 P %
{471 +27,(%, +1)( / —1)}
P
L_| 2 | XL (©)
T \y+1) M
ZS
M2 = (X Y )1/2 (7)
a, = (yRT))"” @®)
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State 5 utilizes the following equations where M, and M, are iteratively

found. A superscript (1) denotes a first estimate.

(r+1)/[2(r-1)]
M," :( 2 J L 9)
y+1 o
R = Do am o - -1 (10)
T
MY = 1+(ﬂ) M| -2V, (11)
4 4
- _7/;—1 ~r(M2+Mr)+72_1(M2+Mr)2
FZ( r) = MS - 1 1 1/2
7 o, it P ] o, it 72|
=0 (12)
M,=M,+ M, (13)
Ps 2 P
o=y (M, )= (14)
p v+l P
2
7+l M} T,
T 1/2
a_s:(_s] (16)
a, T,
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State 6 is given by:

ag 2 v as
—=—X,| — a7

a, y+1 a,

M, and a,/a, are iteratively given by two coupled equations

MW=1.15M, (18)
a " 200

[_7J 14 (19)
a, a,

a +la —1M] -1
F,(M,.a,/a) =279 7 ) (20)
a, 2 a y+1 M,

/ 2y/(y-1)
7
F4(Mr,a7/a1) = 7M12 _7_4_1& L4 - 7/__1 =0 (21)
2 p|as 2
a;

State 8 is given by:

Ps__ 2y (22)
p 7+l
2
Lo(2)xy o
T, \y+1) M,
P
=L 24
Py RT, 24)
2
Py _y+1M,; (25)
P2 X,
Z
My=—"——— (26)
Cox,r)"
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Parameters not shown, such as M, are readily obtained from the above.
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Table 1. Air/air p, values.

MS p4/p1

P

Py

M, p4/p1 P Py

M‘v p4/p1

P pa || Mo opi/pe P s

Torr bar Torr bar Torr  bar Torr bar

25 145 750 145 3 6315 750 631 ||3.5 3030 258 1045 4 17686 52 1219
145 517 100 631.5 517 435 3030 103 418 17686 36 854

145 259 50 631.5 258 218 3030 52 209 17686 26 610

145 103 20 631.5 103 87 3030 36 146 17686 10 244

145 52 10 631.5 52 435 3030 26 104 17686 5 122




Table 2. Comparative values of p,/p,
for driver/driven air/air and helium/air gases.

M, p4/p1
air/air helium/air
2 33.67 9.664
2.5 145 21.54
3 631.5 44.16
3.5 3030 86.42
4 17686 165.2
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Table 3. Shock tube parameters (for driver/driven - air/air) with a 13.65 area contraction.

[y =14, R=287J/kegK, T, =300K]

A N L IO S
25 296 120 135 750 145 145 713 7.20 10.07 10.1 641 790 608 759
26 3.08 1.23 138 750 194 194 7.72 7.72 10.92 109 672 833 641 798
27 320 1.27 141 595 206 260 8.34  6.61 11.81 9.36 703 878 674 837
28 333 130 144 440 204 349 8.98 5.26 12.73  7.46 735 924 707 875
29 345 133 146 336 210 469 9.65 432 13.69 6.14 769 973 739 913
3 357 136 148 259 218 633 10.33  3.56 14.68 5.06 804 1022 772 951
3.1 3.69 138 1.51 181 207 857 11.05 266 1571 3.79 840 1074 804 989
32 381 141 1.53 129 201 1165 11.78 2.03 16.77  0.20 877 1127 835 1026
33 393 143 154 103 220 1594 1254 1773 17.86 246 915 1182 867 1064
34 405 145 156 77.6 227 2193 1332 138 1899 1.96 954 1239 899 1101
35 417 147 158 51.7 209 3037 14.13 097 20.16 1.39 995 1297 930 1138
3.6 429 149 159 362 205 4240 1495 0.72 21.35 1.03 1036 1357 961 1175
37 442 151 1.61 259 206 5970 15.81 0.55 2259 0.78 1079 1419 992 1212
3.8 454 152 1.62 18.1 205 8488 16.68 040 2385 057 1123 1482 1023 1249
39 466 154 1.63 129 210 12198 17.58 030 25.16 043 1168 1548 1054 1286
4 478 1.55 164 879 208 17740 18.50 021 2649 031 1214 1614 1085 1323




Table 4. Bench test results with a negative corona.

Ring probe output

Discharge| Discharge current (amplifier gain =1 )
voltage Without yvith Without yvith
airflow  airflow airflow airflow
kV HA HA Vims Vims
0 0 0 0.0161 0
1 0 0 0.0182 0
2 0 0 0.0203 0
3 0 0 0.0196 0
4 0 0 0.0218 0.0202
5 0.5 0.5 0.0217 0.0211
6 0.5 0.5 0.0203 0.0218
7 0.5 0.5 0.0323 0.025
7.5 1 0.75 0.0213 0.0213
7.75 1 0.75 0.0803 0.0247
8 4 3 0.134 0.291
8.25 8 4 0.241 0.414
8.5 11 6 0.352 0.521
8.75 15 9 0.421 0.605
9 19 12 0.514 0.756
9.25 23 14 0.76 0.736
9.5 24 15 0.73 0.706
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Table 5. Bench test results with a positive corona,

(a) without amplifier in the probe circuit, (b) with amplifier in the probe

circuit.
(a)
Discharge Ring probe output
Discharge current (without amplifier)
voltage  without with without with
airflow airflow  airflow  airflow
kV A HA Vims Vims
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0 0
8 0 0 0 0
8.25 0 0 0 0
8.5 0 0 0 0
8.75 0 0 0 0
9 3 2 0.156 0.064
9.25 15 12 0.314 0.392
9.5 40 30 0.561 0.611
(b)
Discharge Ring probe output
Discharge current (amplifier gain =10%)
voltage without  with without with
airflow airflow airflow  airflow
kV uA uA Vims Vims
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0.024 0
8 0 0 0.022 0
8.25 0 0 0.024 0
8.5 0 0 0.0227  0.0227
8.75 0 0 0.0228  0.0224
9 3 2 0.672 0.568
9.25 15 12 4.61 4.487
9.5 40 30 4.361 4.296
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Table 6. List of shock tube runs, p,= 10% kPa.

D. Corona
Run Date MPa (psi) discharge Type of flow
1 02/19/05 0.1 (14.5) Negative Quiescent
’ ) 0-9.55kV  (static air)
2 0221/05  1.38(200)  eBAUVE g conic
9kV
3 02/28/05  1.38(200)  eBAUVE g conic
9kV
Negative .
4 03/07/05 1.24 (180) 2 66 kV Subsonic
Negative .
5 03/11/05 1.31 (190) 9 kV Subsonic
Negative .
6 03/16/05 1.28 (185) 9 kV Subsonic
7 03/17/05 13 (1900) Nzgﬁgve Supersonic
8 03/18/05 15 (2195) Negggve Supersonic
Negative .
9 03/22/05 14.5 (2100) 855 KV Supersonic
10 03/23/05 14.5 (2100) No corona  Supersonic
11 03/28/05 14.5 (2100) No corona  Supersonic
Negative .
12 03/29/05 14.5 (2100) 955 KV Supersonic
Negative Quiescent
13 03/30/05 0.1 (14.5) 9.55 KV (static air)
14 04/01/05 1.31 (190) No corona Subsonic
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Table 7 Data uncertainty

Measured variables Uncertainty
AL +0.001 m
At +0.013x 107 s
T, +1K
P, +2%
\Y% + 1%
I +2 %
Vims +13%
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APPENDIX C

FIGURES

49



— High Voltage
’> DC power supply

. 7

. 7

AN

\ . Tube
\ Insulation
Wedge

(a)

L Shock%
Wedgj x BK/
// 5

Expansion fan Wake

(b)

Figure 1. Schematic of device for generating a corona in a supersonic flow,
(a) Side view, (b) Top view.
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Figure 2. Configuration and wave diagram for a shock tube with an area
contraction in the driven section,
(a) Schematic, (b) Idealized wave diagram.
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Figure 3. Layout (schematic) of the shock tube for a corona discharge in supersonic air.
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Figure 6. Corona discharge ionization device (CDID) (dimensions in mm),
(a) Photograph, (b) Schematic.
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Glow points

Figure 13. Corona glow points along the leading edge of the wedge.
Dotted lines are drawn to indicate the location of the leading edge and
to represent the inner upstream and downstream ends of the CDID.
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Figure 14. Bench test results with a negative corona,
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(a) Corona discharge characteristic, (b) Probe characteristic.
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Figure 15. Bench test results with a positive corona,
(a) Corona discharge characteristic, (b) Probe characteristic.
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Figure 16. Bench test results with positive and negative coronas,
(a) Discharge characteristics, (b) Probe characteristics.
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Figure 17. Bench test results — probe output of a negative corona at 9 kV,
(a) in static air, Vs = 5.14 mV, (b) with airflow from a fan, V,,s= 7.56 mV.
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Figure 19. Static test on CDID in the shock tube with a negative corona (Run 1),

(a) Discharge current versus discharge voltage, (b) Ring probe output versus
discharge voltage.
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Figure 20. Sample outputs from static test on CDID in the shock tube (Run 1).
(a) Pulsed output for a discharge voltage 6 kV, (b) Pulsed output for a discharge
voltage of 8 kV.
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Figure 21. Results for subsonic flow with a negative corona at 9 kV (Run 6),
(a) Data from the pressure transducers PT2 and PT3, (b) Data from the ring
probe, (c) Data from the ring probe (expanded).
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Figure 22. Results for supersonic flow with a negative corona at 8.55 kV (Run 9),

(a) Data from the pressure transducers, (b) Pulsed output for a corona at 8.55kV,
(c) Pulsed output for a corona at 8.55 kV (expanded).
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Figure 23. Result for supersonic flow without a corona (Run 10).
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Figure 24. Result for supersonic flow with a negative corona at 9.55 kV (Run 12),
(a) Ring probe output, (b) Ring probe output (expanded data).
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Figure 25. Result for supersonic flow without a corona (Run 11),
(a) Ring probe output, (b) Ring probe output (expanded data).
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Figure 26. Result for subsonic flow without a corona (Run 14),
(a) Ring probe output, (b) Ring probe output (expanded data).
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Figure 27. Result from a static test in ambient air with a negative corona at 9.55 kV
(Run 13).
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Figure 28. Oscilloscope image of the output signal before the diaphragm rupture (Run 12).
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Figure 29. Oscilloscope image of the output signal right after the diaphragm rupture (Run 12).
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Figure 30. Oscilloscope image of the output signal a little after the diaphragm rupture (Run 12).
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