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CHAPTER I
INTRODUCTION
Due to the increased use of composite materials in modern aircraft, on-board digital electronic systems are increasingly susceptable to electrical interference from
lightning.

In order to provide guidelines for the design

and test of future systems immune to this type of disturbance, understanding the actual lightning threat is essential.
In 1980, the National Aeronautics and Space Administration (NASA) initiated a program studying the response
of aircraft to direct lightning strikes.

In-flight light-

ning measurements were accomplished with an instrumented
P-IO6B Delta Dart (1). An interpretation of some of the
lightning signatures obtained is presented in (2). Analysis of UHP radar data recorded concurrently with direct
strikes to the P-IO6B suggests that the aircraft actually
triggers the lightning strikes (3). In an effort to increase our understanding of the basic physical processes
involved, it was decided to investigate a similar type of
electrical breakdown phenomenon in the laboratory.

As a

result, we have constructed a laboratory experiment in
which an isolated conducting object triggers the breakdown
of a large gap stressed by a high-voltage DC power supply.

Previous Work at Texas Tech
Initial measurements of laboratory spark initiation
were accomplished at Texas Tech in 1985 using the three
spark gap configurations of Figure 1 (I4.). These configurations include not only the isolated-object arrangement,
which is similar to the aircraft-triggered case, but also
the simpler cases of positive and negative point-plane
gaps.

Data was gathered from a D-dot sensor and a fast

framing camera, with the D-dot waveforms being integrated
by a 10/^s analog integrator.
Measurement of flashover voltage for the three configurations versus plate separation was carried out first.
The main result obtained was that the flashover voltage in
the negative "point-plane" gap was typically two to three
times higher than it was in the positive case, as previously observed by Hutzler (5).
An aluminum ellipsoid was used as the isolated object
in configuration 3> and one half of this ellipsoid was attached to the underside of the high-voltage electrode in
configurations 1 and 2 (Figs, la, lb) to act as the point.
The point-plane arrangement allows one to study the breakdown behavior of a single point for comparison with the
two-point breakdown of an isolated ellipsoid.

The point-

plane case may also have some relevance to the aircraftlightning interaction problem because it is similar to the
situation where one channel is attached to a particular

3
point on the aircraft and then a new channel develops froiTi
another point on the aircraft.

The high-voltage electrode

and half-ellipsoid simulate the aircraft, and the highvoltage lead and resistor coming from the power supply simulate the attached lightning channel.
In configuration 1, the plate separation used was 2'.6
em (8.5 in.) with a flashover voltage of 130kV.
photo for the event is shown in Figure 2.
five frames is from right to left.

A fra.r.ing

The sequence of

The propagation of the

leader through the gap was found to be associated with a
relatively slow, near-linear rise in the integrated D-dot
waveform.

When the leader reaches the ground electrode,

are transition occurs, and a sharp increase in the inte^^rated D-dot waveform results (i.e. collapse of the electric
field in the gap). The velocity of the leader was found to
be 3.3 X 10^ m/s, which is comparable to that reported by
Levesque (6).
For configuration 2, plate separation was 17.1 cm
(6.75 in.) with a flashover voltage of -l68kV.

The framing

photo corresponding to this case is shown in Figure 3.
Since the event was quite rapid, only frames of the later
stages of arc development were obtained.

The are phase is

readily identifiable but no leader propagation was obse^vea.
The case of no existing attachment channels, configuration 3> was simulated by suspending the conducting eliipsoid in the center of the gap (Figure 1c). The ,. late

separation was 25.I4- cm (10 in.), and flashover voltage was
l52kV.

The framing photo for the event is shown in Figure

i|. The completion of an ionized channel in the top gap
and partial propagation of a leader across the bottom gap,
as shown in the first frame, resulted in an initial rise in
the corresponding integrated D-dot waveform.

The closure

of the bottom gap and subsequent arc, frames 2 and 3>
caused the appearance of a second rise in the integrated
D-dot waveform.

It should be noted that a leader-are tran-

sition delay was present and varied in length for different
firings.

Aging of ellipsoid tips was also observed and was

found to have a significant effect on the breakdown voltage
of the gap.
New Research at Texas Tech
The focus of present research efforts in our laboratory has turned exclusively to studying the breakdown of an
isolated object in a uniform electric field (configuration
3 above).

Further understanding of the breakdown process

involved in this ease requires a more in-depth look at the
individual phenomena which constitute the entire event. A
unique experimental arrangement, described in Chapter Two,
along with comparisons made with the results reported by
previous workers, enable us to accomplish this goal.
Bipolar corona was found to have a profound effect on
the sequence of events leading to the high current state of
flashover.

As such. Chapter Three explores the basic

nature of the corona, which occurs near the tips of the
isolated object.

Both qualitative and quantitative infor-

mation is presented for each corona polarity and sone of
the intrinsic differences which exist between tine two are
pointed out.
Chapter Four concentrates on the subject of flashover
in the gap.

Several preliminary stages of development

which necessarily lead to actual flashover of the gap are
revealed through the use of very fast camera techniques and
concurrent analysis of sensor waveforms.

Direct measure-

ment of peak current in the arc is given as well as an inferred measurement obtained from the response of a D-dot
sensor located in the uniform field region.
Conclusions are drawn in Chapter Five along with suggestions related to future research areas which will serve
to enhance continued progress in the area of aircraftlightning interaction.
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Figure 1:

Spark Gap Configurations: (a) Configuration 1: half-ellipsoid attached to positive high-voltage electrode. (b) Configuration 2: half-ellipsoid attached to
negative high-voltage electrode. (c) Configuration 3: full ellipsoid centered between positive high-voltage electrode and
the ground plane.
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Figure 2:

Leader Propagation and Are Transition in
a Positive Point-Plane Gap.
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Figure 3:

Arc Transition in a Negative Point-Plane
. Gap.

:;'

Figure l\.:

Leader Propagation and Are Transition in
a Gap Containing an Isolated Conducting
Ellipsoid.

CHAPTER II
EXPERIMENTAL APPARATUS
The basic experimental set-up, a spark gap containing
an isolated conducting object in atmospheric air, is shown
in Figure 5,

An aluminum ellipsoid with a 10.0 cm major

axis and a 1.0 cm minor axis is suspended in the parallel
plane gap by an adjustable dielectric stand.

The ellipsoid

represents a field enhancement factor of fifty, roughly approximating that of the F-106B aircraft as discussed in
(i;).

The high-voltage electrode is a 91 .i| em (36 in.) di-

ameter aluminum plate with a toroidal cross-section.

The

12.7 cm (5 in.) radius of curvature of the plate's edge
tends to limit its observable contribution to the corona
current.

The ground electrode consists of six 1 .22 m x

3.66 m ([}. ft. X 12 ft.) aluminum sheets connected on a
steel girder frame to create a 3.66 m x 7.32 m (12 ft. x
2l\. ft.) ground plane.

Electrode separation is varied by

moving the prusik knot on the nylon rope suspending the
top plate.

With a plate separation of 2S•k

the gap capacitance was measured at 78 pF.

cm (10 in.),
Connected a-

cross the parallel plate geometry is a Hypotronies model
8000 series 2[|.0kV variable DC power supply with a i|mA current capability.

The supply is equipped with a control

unit which displays the output voltage and current on two
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meters on the front panel.

The meters are accurate to

within plus or minus two percent full scale.

In series

with the supply and the high-voltage electrode is a 100
megohm, 20%, power resistor.

The resistor has corona in-

hibitors attached to each of its ends and limits the supply
current to a maximum of 2.IpnA.

The resistor-corona inhibi-

tor geometry produces a capacitance of 26 pF.

The output

impedance of the power supply was measured to be six megohms and a ripple factor of less than 1% at full load was
observed.

These figures of merit indicated that the supply

can be considered close to ideal since it is always lightly
loaded by the 100 megohm series resistor.
Data Acquisition
The system used for data acquisition is depicted in
Figure 6.

Data was obtained from two sensors:

a D-dot

sensor located 14-8.2 cm (19 in.) from the axis of symmetry
of the gap and an I-sensor located in-line with the axis.
Both sensors are of "flush plate dipole" design in order to
minimize field distortion in the gap.

The D-dot sensor is

a model FPD-1A (Plush Plate Dipole) manufactured by EG&G
with a bandwidth of 390MHz and a sensitivity of 0.01 sq.
meters, and is shown in Figure 7.

The I-sensor of Figure

8 was designed and constructed in our lab.

It is essen-

tially the same as the EG^cG sensor but is connected to a
sampling (or shunt) resistor and is used to measure the
current flow in the spark.

The sampling resistor can be

easily changed to give a wide variety of output ranges.

If

no conduction current contacts the I-sensor, then it operates as a D-dot sensor.

The dimensions of the sensor v;ere

chosen to give the desired bandwidth and sensitivity in accordance with the results of (7), (8), (9). Using a Tektronix type 7312 Time Domain Reflectometer (TDR), the sensor risetime, with no sampling resistor, was found to be
0.09ns, giving a bandwidth of 390 MHz. Using a sampling
resistor results in a larger bandwidth due to the "RC dependence of the risetime.

The sensitivity is 0.015 sq.

meters.
The sensors are connected to a Tektronix 7831]- mainframe storage oscilloscope with two 2.7l| ni (9 ft.) sections
of 50 ohm semi-rigid coaxial cable and Type N coaxial connectors.

The plug-ins used with the scope are a Tektronix

type 7A26 dual-channel amplifier with 200 MHz bandwidth
and a Tektronix type 7B53A time base.

A single scope trace

of the outputs of the two sensors is accomplished by delaying one of the sensor signals with respect to the other and
setting the scope to the add mode.

The delay was obtained

by connecting a 250ns, 50 ohm delay line with 3.68dB total
attenuation to one of the input channels on the 7A26.
In addition to oscillograms of the sensor signals,
photographic data was obtained with a TRW model 1D Irnaj-Converter Camera complete with a model 6B high speed framing plug-in.

Exposure times are 20ns and interframe

delay is 30ns.

The 300 volt pulse required to trigger the

camera is provided by a TRW model [|.6A Trigger Delay Generator (TDG) at a risetime of 1Uns.

The 50 ohm trigger re-

cognizer of the TDG is driven by a high-speed JFET source
follower amplifier connected to the gate output of the
oscilloscope.

Unfortunately, the time between trigger in-

put to the TDG and the "zero-delay" output from the TDG is
115ns, so that this amount of delay is always present before the first camera frame.

The scope is externally trig-

gered by the signal from the D-dot sensor.

Additional vi-

sible-light photographic data was obtained through the use
of a Pentax K1000 35^11^ camera with a 75-200r(im Albinar zoom
lens and ASA 200 Kodaeolor film.
To provide relative immunity to the effects of electromagnetic interference from the discharge in the gap, the
scope and trigger-generating components were located in a
screen box.
was filtered.

In addition, the AC power strip inside the box
Appropriate attenuation of sensor signals

was provided by Narda (DC-3GHz, 0.3kW peak) 20dB attenuators and a Weinsehel (5kW peak) 20dB attenuator.
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F i g u r e 7 : D-dot Sensor- (Photo c o u r t e s y EGScG I n c . )
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HAFTER III
BIPOLAR CORONA
Due to enhancement of the local electric field caused
by the ellipsoid suspended in the gap, visual manifestations of ionization and excitation processes, known as
''partial breakdowns" or coronas, can be observed and studied long before complete breakdovm of the gap.

These co-

ronas will be bipolar in nature (i.e., corona of both positive and negative polarity) and will emanate froia the tips
OL the ellipsoid (Figure 9a). r'or tne positive hign-voltage case, the ellipsoid takes on the polarities shown in
Figure 9b, with negative corona appearing in the top ^ap
and positive corona in the bottom gap.

Keeping in mind the

symmetry inherent in the experimental set-up, reversal of
tne ambient field yields the saiae phenomena with the locations of the positive and negative coronas bein^ trans^josed
(Figure 9c).
Application of a DC voltage to the hi^n-voltage electrode, rather than a pulsed voltage, will allow uccu::.ulation of space charge near t.ie ellipsoid tips whicn :Liri c.^.su.'fie a transient or stationary Voci-i,

Ii' cjr.ditionj are

such that this space charge becoiaes stable, curu;_de:':aule
distortion oV the original "pcnt-pla^ne'' field- oV t..e
uo )er

and lower ^^ajs will occur, resulting in tne

21
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appearance of different corona modes.
Positive and negative coronas exhibit remarkably different characteristics and will therefore be treated individually in the following sections.

Since we are primar-

ily concerned with conditions conducive to complete breakdown of the gap, we will focus our attention on corona at
voltages slightly below breakdown potential for the gap.
Positive Corona
We have observed two distinct modes of positive corona.

The first mode, henceforth referred to as glow corona,

consists of a thin region near the positive tip (anode) of
the ellipsoid.

The steady glow occurs when sufficient

space charge of negative ions accumulates around the anode
(10).

A "quasi-uniform" field is set up between this space

charge and the anode, as shown in Figure 10.

If the space

charge is of ample density, the locally confined field will
be large enough to cause "breakdown" in this gap.

Because

of the quasi-uniform nature of the field, this breakdown is
Townsend with photoionization of the gas as the main source
of the secondary electrons (10). As the voltage on the
high-voltage electrode is increased, another mode of corona
appears in the form of a pre-breakdown streamer.

This .node

develops from the glow when the field is adequately nonuniform.

Glow corona may exist simultaneously with tlie

streamers as seen in Figure 11.

In this photograph, the

glow is recognized as the bright region near the tip of the
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ellipsoid (top) and the streamers are the readily apparent
blue column extending far into the gap and eventually contacting the gap electrode.
With the I-sensor mounted in the ground plane directly
beneath the ellipsoid, as previously described in Chapter
Two, several oscillograms of positive streamer activity
were recorded.

A typical trace, for an ambient electric

field of 5.36kV/em, is shown in Figure 12. The positive
polarity of the pulses indicates that positive charge is
flowing from the sensor plate through the sampling resistor to ground, as it must for downward streamer currents.
The frequency of the pulses was typically found to be 20^
30 kHz and was, for the most part, regular with slight
variations in pulse amplitude.
A closer look at the structure of the individual pulses yields the waveform of Figure 13. From this figure,
we can see that the record consists of five distinct regions:

an initial flat region of very small amplitude, a

steeply rising front and associated current peak, a decay,
a steady current which flows for varying lengths of time,
and finally, a second current peak and eventual decay to
zero.

Recalling that the sensor behaves like a J-dot ser.-

sor until the streamers make actual contact with the sensor
plate (at which time the record represents conduction current), the uniform propagation of a streamer from the anorie
is associated with a constant D-dot level for approxi.-.a' fly

2k
l50ns.

The tail end of this response is seen as the flat

region of minute amplitude at the extreme left of the waveform.

The sharp rise in the leading edge of the waveform

should correspond to the bridging of the gap by the streamer.

The linking of the ellipsoid anode and the sensor by

the streamer produces a current maximum of typically 25mA.
The positive streamer current then decays to a level determined by the electron attachment coeffficient, V, for air
{)>-^Q /s).

The current flowing after this decay (about

10mA) is referred to as a "dark current" and is probably
due to electrons generated within the channel itself, some
detachment process, or contribution from the cathode (11).
This dark current, which flows through the low conductivity
channel of the bottom gap (about 3M5Vem as measured by
Bieknell (11)), seeks to charge up the capacitance of the
"point-plane" geometry in the top gap.

The capacitance,

estimated at 1 pF, would have a charging time of about
23 s, accounting for the "flatness" of the current waveform in this region.

However, a second current peak occurs

which cuts short this charging process and leads to the immediate decay of the current.

The appearance of the second

current maximum creates a waveform which appears somewhat
similar to the two peak signature of the flashover described in the next chapter.

In the present case, the se-

cond peak may be some phenomenon oceuring in the top gap
or increased ionization in the lower gap causing a rise in

2S
the conductivity of the channel. Unfortunately, no image
converter photos are available of this event.
Further increase in the sensitivity of the scope trace
shows evidence of a fine-structure contained in the waveform of Figure 12. This fine-structure is illustrated in
the oscillogram of Figure Ii;. These pulses represent the
D-dot response of the sensor to negative corona in the upper gap.
Negative Corona
Unlike the positive corona, the observed negative corona remained completely localized (Figure 15)«

The solid

angle encompassed by the corona in the figure increases
with increasing ambient field.

In order to enhance the

sensitivity of the I-sensor to the negative corona, the
high-voltage electrode was made negative, thus producing
the negative corona in the bottom gap.

Oscillograms show

that the negative corona consists of the usual characteristic Trichel pulses. No negative glow mode was observed.
When a positive glow is present at the ellipsoid
anode, the Trichel pulses are regular with a frequency of
approximately 60 kHz (Figure 16). The frequency of the
Trichel pulses depends on the time needed to clear the gap
of the negative ions produced in the previous pulse ('2).
Figure 17 illustrates the case when positive streamers are
present at the anode.

The D-dot response of the sensor to

these streamers is marked by the larger periodic pulses in

26
the oscillogram, and the Trichel pulses are the fine-structure in between.

The Trichel pulses show marked frequency

and amplitude modulation as previously noted by Bieknell
(13)> whose experiment, using an isolated conducting cylinder, was similar to ours.

In the present case, the pulses

exhibit a frequency ranging between 150 and [|.00 kHz.
Examining the individual Trichel pulses more closely,
we obtain the waveform of Figure 18. The pulse consists of
a quick rise to a D-dot maximum and then a decay to zero.
Pulse width was roughly 150ns.
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Figure 9:

(4-)
(c)
Bipolar Corona: (a) Bipolar corona emanating from the ellipsoid tips. (b) Corona polarities for positive high-voltage
electrode case. (c) Corona polarities
for negative high-voltage electrode ease.
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Figure 10:

The Positive Glow Disehar-;e
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Figure 11: Coexistence of Positive Streamers and
Positive Glow Corona.

30

Figure 12:

I-sensor Response to Positive Corona
Streamers.
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Figure 13:

I-sensor Response to an Individual Positive Corona Streamer.

32

Figure 1l|-: I-sensor Response to Negative Corona in
the Upper Gap.

^2>

Figure l5i

Negative Corona Discharge

3k

Figure 16:

I-sensor Response to Trichel Pulses with
a Positive Glow Discharge Present at the
Ellipsoid Anode.
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Figure 1 7'» Modulation of the Trichel Pulses when
Positive Streamers are Present at the
Ellipsoid Anode.
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Figure 18:

I-sensor Response to an Individual Tri'
chel Pulse.

CHAPTER IV
FLASHOVER
Having discussed partial breakdown, attention will now
be turned to the high current phase of complete breakdov:n
of the gap, namely flashover.

High speed photographic data

and recorded sensor responses are correlated in order to
develop a scenario for the flashover process.

In addition,

two methods of are current measurement will be presented
and compared.
Flashover Characteristics
A representative waveform obtained from the D-dot
sensor during flashover is shown in Figure 19.
form is composed of three distinct parts:

The v/ave-

an initial pulse

of roughly 350ns duration, a time delay of widely varying
length, and a second intense pulse of [j.0 to 50ns width.
Correlation of the image converter camera photographs with
the D-dot waveforms is achieved by superimposing the camera
monitor pulses on the waveform.
Investigation of the first pulse of the D-dot waveform proved to be a very difficult proble;n.

3ince the ex-

periment involved DC voltages and relied on the s,:ontanecuG
occurrence of flashover rather than a triggered or'currence,
the time delays inherent in the diagnostic system prevented
us from photographing the initial rise of the f.rst pu^se
37
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m

the D-dot waveform.

Various techniques were employed to

reduce this "event-to-photo" delay as discussed in the Appendix.

Despite this limitation, information about the

latter part of the first pulse was obtained.

Figure 20a

shows an oscillogram of the first pulse of the D-dot waveform.

The corresponding framing photo was quite faint so

a representative drawing of the results is given instead of
the actual photo (Figure 20b). From this figure, the following can be observed:
(a)

The camera monitor pulses indicate that the first

frame of the photo coincides very nearly with the maximum
of the waveform shown.

At this point, a channel has alrea-

dy formed in the top gap and a leader, with its associated
corona bush tip, is partially bridging the bottom gap.

The

fact that the negative "point-plane" gap breaks first is
interesting in that, as previously noted, it takes two to
three times the voltage to break a negative point-plane gap
as it does to break its positive counterpart.

In our case,

the presence of the relatively conductive streamers in the
lower gap effectively lowers the acquired potential of the
ellipsoid, thus increasing the field strength in the top
gap.

This dominance of the early stage of breakdown by the

negative point-plane gap is further illustrated by moving
the ellipsoid down from the midplane of the gap towards the
ground plane.

The larger the negative point-plane separa-

tion, the larger the required power supply potential for

39
complete breakdown of the entire gap.

Framing photos of

any negative leader phenomena were not obtained due to the
extremely high speed of closure of the top gap. However,
some fine structure is evident in the leading edge of a few
of the acquired D-dot waveforms, as illustrated by Figure
21 .
(b)

The second frame shows a decay in the luminosity

of the established channel.

The completion of a channel in

the top gap leads to the appearance of a high electric
field in the bottom gap, causing a positive leader to propagate towards the I-sensor.

The upper channel, not having

made the transition to the high conductivity conditions required for the high current arc, is still of relatively low
conductivity.

Consequently, the current drawn across the

high impedance of the top gap by the positive leader in the
bottom gap precipitates a drop in the potential of the ellipsoid and extinction of the positive leader.

This ex-

tinction phenomenon has been previously observed by Labaune, et al (1l|-).
(e)

The third frame indicates complete loss of lu-

minosity by the channel and a corresponding decay in the
D-dot waveform.

This marks the beginning of a period of

extinction (typically less than 1/xs) preceding the actual
transition to arc.

The oscillogram of Figure 22 is typi-

cal of those obtained in this period and the related framing photo shows no real evidence of luminosity in the gap.

ko
The transition to arc of the entire gap is marked by
the second pulse of the D-dot waveform.

A D-dot oscillo-

gram is illustrated in Figure 23a with its corresponding
framing photo given in Figure 23b.

The first frame shows

no luminosity since it occurs in the period of extinction.
In the second frame, however, visible evidence of activity
in the gaps is readily apparent.

A very faint reillumina-

tion of the channel in the upper gap is present, but, as
can be seen, the transition to spark occurs first in the
bottom gap.

This identification of the actual location of

the beginnings of the arc with a framing photo has not been
reported by previous workers.

A time exposure photograph

of the entire arc event is given in Figure 2k*
For the event of Figure 23, arc transition occurs
without being preceded by leader propagation from the positive point of the lower gap.

In some instances, however,

there is evidence that indicates that positive leader propagation does precede are transition.

Figure 25 consists

of two integrated D-dot waveforms of separate events.
Aside from the decays due to the time constants of the analog integrators used, the waveforms provide a picture of
the collapse of the electric field in the gap.

Comparing

the two waveforms, we see that the upper is a relatively
short event while the lower is quite a bit longer.

The

region of interest is that section just preceding the second peak.

Any evidence of positive leader propagation

il1

will show up as a slow linear rise in the electric field
record.

Figure 25a gives no indication of a leader. Fi-

gure 25b, though, has the characteristic ramp indicating
leader propagation.

Measurement of the time involved pro-

duces an approximate leader velocity of 1 .7 x 10^ cm/s,
which is fairly consistent with the results stated previously.
Current Measurement
In addition to employing the direct method of current
measurement accomplished by the I-sensor, the current flowing in the gap can also be inferred from the D-dot sensor
by making a few assumptions.

A simplified equivalent cir-

cuit of the experimental set-up is shown in Figure 26a.
Extensive ringing of the circuit was not observed in the
experimental results so inductances were ignored in the
circuit.

The initial charging polarities of the capaci-

tances are indicated.

The circuit can be further simpli-

fied by making the following observations:
(a)

Since the power supply has a relatively low out-

put impedance, it can be considered to be fairly ideal.
As such, the voltage across capacitor CI is essentially
that of the power supply.
(b)

Capacitor C2 appears as a small impedance for the

time scales of interest, enabling us to neglect the large
parallel resistance, R2.
Accordingly, the circuit of Figure 26b remains.

The
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circuit is intuitively pleasing in that the capacitance of
the gap, C3, along with the capacitance of the corona inhibitor-resistor combination, C2, are charged up initially
and then simply discharge through the gap.

That is,

i(t) = -C3(dV/dt) + C2(d(V1-V)/dt)

(1)

and with VI = constant,
i(t) = -(C3 + C2)(dV/dt)

(2)

We now assume that the gap can be modeled as a simple parallel plate capacitor with
V = Ed

(3)

D = g £ E

(3»)

or

Since d = constant and £

\:> J

= 1 ,
r
'

i(t) = -((C3 + C2)(dD/dt)d)/e^

(il)

If the D-dot sensor is placed within the uniform field region between the plates of the gap capacitor, its output
will essentially give us the D-dot term contained in Equation (Ij.).

The output of the D-dot sensor is
Vj^(t) = R^A^(dD/dt)

(5)

with R corresponding to the sensor load impedance and A
s
s
denoting the sensor equivalent area. So substituting (5)

k3
into {l^),

we have
i(t) = -((C3 ^ C2)d/(E^RgA^))V^(t)

(6)

This final equation provides us with a measure of the current in the gap from known constants and the output voltage
of the D-dot sensor.
The accuracy of Equation (6) can be examined by comparing the signals from the D-dot sensor and the I-sensor
during the same event.
27.

A typical result is shown in Figure

Both waveforms are displayed in the same trace, where

the D-dot waveform lags the I waveform by 250ns due to a
delay line inserted in the D-dot sensor data line.

Cali-

bration of the two signals is achieved by considering total
attenuation introduced in the data lines, load conditions
on the lines, and Equation (6). For the I-sensor,
I^(t) = (102.0)V^(t)

(7)

and for the D-dot sensor,
lQ(t) = (93.1)Vj^(t)

(8)

Table 1 contains a series of four measurements which are
representative of the type of results achieved.

The D-dot

method of current measurement typically underestimates the
actual measured current from the I-sensor by 8 percent.
This is not an unusually large discrepancy and can probably
be attributed to the fact that the D-dot sensor was located

ki
slightly outside the uniform field region which exists directly under the high-voltage electrode or to the circuit
approximations made in the calculation above.

k5

Figure 19:

D-dot Response to Flashover

U6

(a)

(b)
Figure 20:

The First Pulse of a D-dot Waveform:
(a) Oscillogram of the first pulse with
camera monitor pulses superimposed.
(b) Framing photo of the first pulse.

kl

Figure 21

Fine-structure in the Leading Edge of
the First Pulse of the D-dot Waveform.

^8

Figure 22:

Oscillogram of the Extinction Period
Preceding Arc Transition.

k9

(a)

Figure 23:

Transition to Arc: (a) Oscillogram with
camera monitor pulses superimposed. (b)
Corresponding framing photo.
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Color Photo of Flashover
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Figure 2SJ

Int'egrated D-dot Waveforms of Flashover
(a) Transition to arc without leader
propagation (lOmV /div, lOOns/div).

:?'

Figure 25

(Continued) (b) Transition to arc with
leader propagation.
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V

C3

C2

I T " VI

VI =
Rl =
CI =
R2=
C2=

POWER SUPPLY VOLTAGE
POWER SUPPLY OUTPUT IMPEDANCE
POWER SUPPLY CAPACITANCE
CURRENT LIMITING RESISTOR
RESISTOR-CORONA INHIBITOR STRUCTURE
CAPACITANCE
C3s GAP CAPACITANCE
R3= GAP RESISTANCE
S = GAP BREAKDOWN

(a)

VI

(b)

Figure 26:

Equivalent Circuit of the Experimental
Set-up: (a) Simple circuit representation, (b) Reduced circuit representation.

5k

Figure 27:

Simultaneous Oscillogram of Both I-sensor
and D-dot Sensor Responses to Flashover
(D-dot sensor response delayed by 250ns)
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TABLE 1
COMPARISON BETWEEN CURRENT
MEASUREMENT METHODS
Arc C u r r e n t i n Amps
(I-sensor)

Arc C u r r e n t i n Amps
(D.- d o t s e n s o r )

183.60

167.58

20i|.00

190.86

168.30

167.5ti

22i+.i4.0

186.20

CHAPTER V
CONCLUSIONS
The individual processes involved in the breakdown of
an isolated object in a uniform electric field have been
successfully examined through photographic techniques and
electromagnetic sensor waveform analysis.

A detailed char-

acterization of bipolar corona was established by identifying unique properties of both positive and negative corona
and their effect on subsequent arc phenomena.

The negative

corona remained localized while positive streamers completely bridged the lower gap, enabling the top gap to
close first.

A scenario for the flashover process was de-

veloped and can be summarized as follows:
(a)

The initial phase of flashover invariably oc-

curred in the negative point-plane (top) gap due to the
shorting action of positive corona streamers traversing the
entire length of the positive point-plane (bottom) gap.
(b)

Connection of the ellipsoid to the high-voltage

electrode by an ionized channel in the top gap activited
the development of a positive downward leader in the bottom
gap which produced a relatively strong response at the
D-dot sensor.
(c)

The voltage drop caused by the current drawn

through the high impedance channel of the top gap by the
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positive leader then produced a period of extinction in the
entire gap of typically less than V s .
(d)

Arc transition was then initiated and occurred in

one of two modes:

direct transition without leader propa-

gation in the bottom gap, and transition following leader
propagation in the bottom gap.

The origin of transition to

arc was placed in the lower region of the bottom gap.
Two methods of current measurement were employed and
tested for consistency.

One method placed a sensing ele-

ment directly in the current path and the other relied on
using a D-dot sensor for an indirect measurement of the
current.

Good agreement between the two techniques was de-

monstrated.

Peak positive corona currents were 25mA, and

peak arc currents were 200A.

From photographs, we estimate

the arc channel diameter to be on the order of 0.5mm, which
gives a current density of 1OOkA/cm --about the same as
lightning.
From the results of our experiment, we can conclude
that the negative point-plane gap largely determines the
development of the arc.

The establishment of a resistive

channel in the upper gap, and resulting positive leader
propagation in the lower gap, cause significant variation
in the potential of the isolated object and set the gap up
for a period of extinction preceding arc transition.

This

phenomenon is of value in the modeling of aircraft-lightning interaction.

Labaune (Ii;) and Moreau (15) have
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demonstrated previously that the strongest variations in
the surface electric field of an isolated object occur due
to current flow through this highly resistive pre-discharge
channel.

In addition, they have suggested a correlation

between this laboratory phenomenon and data provided by instrumented aircraft.

Turner (l6) has found that the impe-

dance of the attachment channel can have a profound effect
on the natural resonant response of an aircraft to discharge phenomena.

Further laboratory investigation of the

nature of the resistive channel preceding arc transition,
therefore, is certainly warranted.

It is also interesting

to note that the relaxation process described in (a)--(b)
above is very similar to that observed in the large gap experiments of Labaune (11;) and Moreau (15).
It is known that the presence of rain will substantially lower the flashover voltage of a negative pointplane gap but not that of a positive point-plane gap (17).
Brief tests in our experimental set-up where a fine water
mist was injected into the gap showed that a large drop in
flashover voltage was obtained.

This merits detailed exa-

mination in the future since here different processes may
come into play, with the negative point-plane gap no longer
controlling the breakdown process.
Improvements in our present experimental set-up might
consist of the addition of water and air motion to the gap,
order of magnitude increase in the gap dimension, and the
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inclusion of streak photography in the data acquisition
system.

An attempt should be made to measure the time-de-

pendent impedance of predischarge ionized channels which
form in the gap.

The use of isolated objects of different

shapes is also of importance.
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APPENDIX
A certain amount of delay is present in our Image Converter Camera trigger system.

As mentioned earlier, the

Trigger Delay Generator (TDG) is responsible for producing
the 300V pulse needed to trigger the camera.

The trigger

recognizer of the TDG has a minimum threshold of IV.

The

gate output of the scope will deliver, at best, only IV into the 50 ohm load presented by the trigger recognizer, or
10V if the load is 1 megohm.

A hi-speed JFET source fol-

lower amp was added to the gate output of the scope. With
this addition, the gate voltage transferred to the TDG was
well above the IV threshold and thus more reliable triggering was obtained.

To reduce delays further, all cable

lengths were minimized.

Unfortunately, the TDG has a mea-

sured internal delay of 115ns, which is much higher than
its 50ns rated value.

Adding up all of the delays in the

system yields an "event-to-photo" delay of approximately
l50ns.

As such, we are limited in how quickly we can pho-

tograph an event.
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