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Secretary of the Commission
Docketing and Service Branch
U.8. Nuclear Regulatory Commission { ) '{
Washington, DC 02555 pot

Gentlemen:

UBJECT: Draft Regulatory Guide on "Lightning Protection for Nuclear
Power Plants," dated August 1979, Task RS 705-4

An Ad Hoc Working Group (3.4.13) composed of members of the Surge
Protective Devices Committee (SPD) and the Nuclear Power Lngineering
Committee (NPEC) of the Institute of Electrical and Electrcnics Engireers
(IEEE), and the American National Standards Institute C62 (ANSI C€2) has
reviewed the draft Regulatory Guide on "Lightning Protection for Nuclear
Power Plants" dated August 1979, Task RS 705-4 (Guide). An extension of
time for comments on this Guide from the SPD Committee to November 23,
1979, was granted by Mr. E. C. Wenzinger, Chief of Reactor Systems
Standards Branch, in his letter dated September 7, 1979, to Mr. W. R.
Ossman, Chairman 2f the Ad Hoc Working Group.

The attached comments are submitted with the intent of improving
the technical content of the draft Regulatory Guide. In particular, the
comments discuss lightning theorvy to the extent it applies to lightning
stroke current magnitudes, lightning protective systems, and lignhtning
stroke currents bypassing the protective shielding. The discussions and
comments are based on the assumption that the nuclear power plant and
associated substation are shielded from lightning.

For clarification and convenience we have proposed in the attachment
the rewording of several sections of the draft Guide. References arce
included to support the technical aspects of our comments.
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secretary of the Commission
November 13, 1979 Page 2

The technical basis of our discussion also applies to the draft
"value/Impact Statement." Since specific comments were not made
on individual sections of the "Statement," it should not be
interpreted as concurrence.

Very truly yours,

— ‘\,' { ’;/ . é ’ »
S e B ‘«L\_»’.""'/ (O S
5. 3. Haralampu, Chairman
Surge Protective Devices Committee - IEEE

-

J. L. Koepfinger, Chairman
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Cel Committee = ANSI
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ﬂuc-ear ?:wer Englneer: ng Committee - IEEE

C. L. Wagner, Chairman, Technical Operations Department
Power Engineering Society = IEEE
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Discussion and Comments on Draft Regulatory Guide
Task RS 705-4, August, 1979 on
Lightning Protection for Nuclear Power Plants

by the

Ad Hoc Working Group (3.4.13) on
Lightning Protection for Nuclear Power Flants

Ad Hoc Working Group composed of members of the:

Surge Protective Devices Committee -
Institute of Electrical and Electronics Engineers

Nuclear Power Engineering Committee -
Institute of Electrical and Electronics Engineers

C62 Committee -
American National Standard Institute

1.0 Section B - Page 3 of the Guide

11 Line 12 - Replace the words "frequency of lightning surges"
with the words "frequency of lightning strokes”

This better describes the event and agrees with the Aefinitions
in the IEEE Dictionary.

TR Line 14 - Replace the worde "design basis discharge surge"
with the words "design basis stroke”

This better describes the design basis.

-
w

Line 17 - Replace the words "lightning-induced surges" with
the words "lightning caused surges"

The surges being discussed are not induced

1.4 Line 18 - Replace the words "Lightning surges" with the words
"Lightning strokes"

Same comment as above

1.9 Line 19 - Complete the sentenc; with the words "at a lower
frequency of occurrence”

This clarifies the intent. 9 0 0 04 O O 3




1.6

s

Discussion for paragraph beginning with line 29

Mention is made in this paragraph of the sensitivity of solid
state logic systems to transient voltages generated externally
to a plant. This thought is commingled with the application
of surge protection to the power transformers supplying the
station auxiliary power. By this action cne would be led to
believe that the application of surge protection to the power
transformer would prevent failures of sensitive equipment.

Surge protection applied to protect transformers or switchgear
insulation does not recessarily reduce surges sufficiently to
protect sensitive sciid state equipment. This equipment may
need its own protective system. This position is supported by
work which is being carried out by the IEEE Surge Protective
Devices Working Group No. 3.3.6, Low Voltage Surge Protective
Devices. This Working Group is producing a Standard titled
"Application Guide for Low Voltage Surge Protective Devices
(600 Volts or less)," IEEE Standards Project 769,

Suggested rewording starting with line 34 and continuing on
page 4 of the Guide througn line 10

"For example, power to redundant on-site safety related electric
distribution systems is typically supplied from the off-site
transmission system through a minimum of two power transformers
to provide redundancy.

"In any of these transformers, there is a very low probability
that a primary to secondary insulation failure would occur for
any reason, If this type of failure does occur, it could
impress the primary voltage onto the secondary windings. To
avoid a "design basis event common mode failure" affecting the
redundant safety systems, surge arresters or other protect._ve
devices shall be applied on the transfcrmer secondary winding
system.

"1f calculations indicate that the arresters located on the
high voltage winding of the transfor.er adequately protect

the insulation of the transformer low voltage winding system,
surge arresters are not required on this system. Calculations
are treated in the IEEE Tutoria) Course Text 79EHO 144-6 PWR
on Surge Protection in Power Systems.

"Additionally, a lightning caused surge entering the high
voltage side of the transformer can propagate to the low
voltage circuit through capacitive and magnetic coupling of
the transformer. Arresters located on the transformer primary
winding will provide secondary winding protection.

"Any of the above surges entering from the high voltage side
of the transformer are not expected to damage any of the power
plant safety related systems. These systems are low voltage
systems at least two transformations from the oif-site high
voltage transformer."
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2.0

3.0

1.8 Discussion

A lightning strike to one line feeding one of the off-site
transformers or a direct hit to the transformer will not
disable the plant.

The NRC Regulatory Guide 1.6 entitled "Independence Between
Redundant Standby Power Sources and Between Their Distribution
Systems" endorses IEEE Standard 308-74, entitled "Criteria for
Class IE Electric Systems for Nuclear Power Generation Station."
These documents state that a minimum of two off-site independent
systems have to be available to feed any class IE equipment and
that in addition, each system shall have an on-site power source
such as diesel power. Therefore, the failure of any off-gite
transformer should not affect the safe shutdown of a nuclear
power plant. !

In addition, a lightning surge entering the transformer

primary is not expected to reach the low voltage circuits since
the impedance between the transformer primary and class lE
equipment 1s high and the surge will have dissipated before
reaching the low voltage systems (600 Volt and below).

A direct hit on the lightning protective systems on the plant
site will cause the ground potential to rise. t is possible
that solid state electronic devices important tc safety, will
become stressed under this condition. To reduce the chance of
damage, low voltage protective devices can be applied.

Page 4 of the Guide

2.1 Line 24 - Replace the words "lightning arresters" with the
words "surge arresters."

The former term has been superceded.

2:3 Line 31 - Same comment as for 2.1.

Page 5 of the Guide

31 Line 10 - Same comment as for 2.1.

3.2 Lines 10-11 - Delete the last sentence of the paragraph: "This
standard also was no ..."

We don't believe this sentence is pertinent here.

3:3 Lines 12-15 -~ Suggested rewording tc include additional
information which is pertinent:

"The statistical data on lightning stroke and arrester discharge
characteristics relied upon for development of the above
standards were collected in the 1940's. Continuing studies
subsequently have verified and added to this data. The most
recent studies have been documented by EPRI in the report
EL-1140 and by DOE, as outlined in reference 34 of the Guide."
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Section C-1

3.4.1

3.4.2

Discussion on the Wave Shape

It is recognized that in serv_ce, the discharge currents
through surge arresters seldom, if ever, have an

8 x 20 microsecond wave shape. Data from field studies
indicates that a greater percentage of the arrester
discharge currents crest in less than 8 microseconds,
and exceed 20 microseconds at half of the crest value

on the wave tail. (11)

The use in Standards of the 8 x 20 microsecond wave
shape is valid as a laboratory definer for the
following reasons:

a. All laboratories are equipped with surge generators,

and wave shaping parameters external to the surge
generator, that readily produce the 8 x 20 wave

shape for the range of discharge currents considered

for imsulation coordination.

b The B8 x 20 microsecond arrester discharge current,
in the current range cunsidered for insulation
coordination produces a voltage wave that approxi-
mates the 1.2 x 50 microsecond wave shape that
is used to determine the withstand strength of
insulation.

It is recommended that paragraph C-1 delete any

reference to the wave shape of the stroke current.

It erroneously implies that the discharge gcurrent

through surge arresters is the same as the strole

current.

Discussion on the Design Basis

The Guide makes no distinction or difference in the
terminology of stroke or stroke current, surge or '
surge current or discharge current. In the electrical
power industry and among practitioners of surge ‘
protection, these have distinctly different meanings

and relate to different functions and times in the
mechanism of generating and protecting against a
lightning stroke or switching surge. 1n the rc;owmenoa-
tions presented, this terminoclogy has been clariiied
and used in its correct meaning.

' 90004006
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The Draft Regulatory Guide assumes a finite prcbability
that a 200,000 ampere lightning stroke can occur. It
also assumes a finite probability that this 200,000
ampere stroke will contact a protected structure or
system and will discharge the full value of this

stroke current through a protecting arrester. It is
submitted that the second assumption is unrealistic.

In fact, lightning protective systems can be and are
designed so that the maximum current of 2 lightning

stroke which bypasses the protective shielding and

terminates on a protected conductor 1s limited to a
lesser value by design. This lesser value is an order
of magnitude less than the possible maximum stroke
current. Further, the design of surge and lightning
protective systems involves the use of shielding systems,
grounding systems, and capacitive coupling systems (as
well as discrete protective components such as surge
arresters and capacitors) to reduce, divert, attenuate,
and dissipate the stroke and surge energy so that no
element in the system is ever subjected to the full
value of the incident stroke current. In designing
the protective system, advantage is taken of the con-
figuration, or ability to configurc¢ the protected system
in order to improve the ability of the protected system
to absorb or dissipate the lightning energy and thus
render the protected system less vulnerable to damage.

\

These aspects of the design and application of lightning
and surge protective systems have been excluded by the
second assumption embodied in. the present Draft Guide.
The IEEE Surge Protective Devices Committee st ongly
urges NRC to recognize the impracticability of the
second assumption, which would have a serious impact
on the surge protective industry in developing a new
class of arrester for the proposed 200,000 ampere
discharge current, which is over three times the
present capability as demonstrated by tests. Such a
high discharge current can be prevented by applying
the arrester in an overall protective system which

has been designed to limit the surge current applied
to the arrester to a lower specified value than that
of the stroke current.

In making this recommendation, the IEEE Surge Protective
Devices Committee fully supports ths recommendation in
Section 2 of Attachment A to the Draft Regulatory Guide.
This recommendation would limit the maximum lightning
stroke current which can bypass the staticn protective
shielding by design of the elevations and horizontal
separations between shielding conductors and protected
conductors. These relationzhips are controlled to limit
the maximum striking distance (stroke attraction distance)
of a protected conductor to about 150 feet. (33)
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Control is achieved when, for any possible stroke leader
tip location at greater than the specified striking
distance (and therefore greater prospective stroke
current), there is a protective shield conductor closer
to the stroke leader tip than is the protected conductor.
This can be visualized as a spherical ball with radius
equal to the specified striking distance (recommended
150 feet) with stroke leader tip at the center, rolling
across the ground and protected structures to occupy
every possible position of a descending lightning stroke.
Every point touching the sphere wherever it moves will

be at specified striking distance and specified prcspective
stroke current. Every point outside the sphere will be
at greater striking distance and greater prospective
stroke current, but will be protected by preferential
breakdown and stroke discharge to some point touching

the sphere. If a smaller striking distance (and smaller
prospective stroke current) is selected, this zan be
visualized as a smaller diameter sphere which zan roll
iown between the shield conductors to touch the protected
conductors if the radius is small enough.

The basic protective principle is based upon an electro-
geometric model of lightning strikes to shielding and
protected conductors which has been calibrated against
many thousands of mile-years of performance of various
transmission line designs. Good correlation has been
obtained between actual and calculated predicted results.
The theoretical basis starts with understanding the
mechanism of the lightning stroke as it descends from a
cloud charge (1) (2) (3) (4) (5) (6). Golde observed
that the stroke is attracted at some point in the order
of 100 meters from its terminus (7). Golde also observed
that the attractive distance was shorter for low strcke
currents, as was also noted by Franklin. He postulated
that electric gradient under a stroke leader is a
function of ‘.he charge in the leader channel which is

in turn proportional to the amplitude of the stroke
current. When the stroke leader tip approaches close
enough to ground or a structure to develop a critical
breakdown gradient of about 5 kV/cm, the stroke terminus
is determined (8). Wagner developed a model for the
stroke, and predicted stroke voltages, stroke currents
and striking distances (9) (10). The model and predic-
tions were verified by laboratory long gap breakdown

and other experiments (2) {10) (12) (13) (14) (15).

Based on Wagner's model of strike distance and prospective
stroke current, Brown developed the analytical electro-
geometric model of lightning shielding (17). Both

models were extensively verified in the late 1960's under
the Pathfinder project which installed some 4600 lightning
stroke recorders on 50 transmission lines (16) (18) (19)

(20) .
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The electrogeometric analytical model has been extended
and calibrated against actual performance by Brown to
predict discharge currents, line flashovers (shielding
failures), and backflashes (21) (22) (23), together
with simplification of the analytical techniques (24).
The application of this work to EHV transmission line
performance has continued successfully (25) (26) (27).

Concurrently, there have heen applications of the
electrogeometric model of shielding to high voltage
substations, based on the transmission line work and
Sargent's analvsis of strokes to tall structures and

to open grouna (28) (29) (30). Recently, tiie work on
stations by Mousa (31) has shown the practicality of
design tu control stroke current to a bus under shield-
ing failure conditions by limiting the maximum strike
distance. Lee has shown a simplified graphical technigue
for desigr. application (32). °

There is some variation in the relationship between
strike distance and prospective stroke current as
reported by various investigators. However, subsequent
to the early work by Golde and Wagner which was
pPrimarily based on theoretical deductions from stroke
photographs, there is remarkable agreement among the
five relationships in the literature which have been
used in predicting transmission line performance. At
20,000 ampere prospective stroke current these have a
striking distance range from 205.to 281 feet, with a
mean of 235 feet and a sigma of 29 feet. At 150 foot
striking distance they have a prospective stroke current
range of 10,000 to 12,500 amperes with a mean of
11,000 amperes and a sigma of 1,100 amperes. A very
conservative design with adequate margins can be
achieved by coordinating insulation impulse withstand
with a 20,000 ampere stroke reaching the protected
conductor but designing the protective shielding for
150 foot maximum strike distance which would allow a
probable maximum stroke to the protected structure of
only 12,500 amperes.

It is recommended that the design basis event for
lightning and surge protection in nuclear power plants
be based on a 200,000 ampere lightning stroke reaching
the lightning protective system and a lesser stroke,
limited by des‘gn of that protective system (as
described in Section 2 of dttachment A to the Draft
Regulatory Guidz) to 20,000 ampores reaching the
pProtected structure or system. The insulation withstand
capability of the protected system and the arrester
discharge current capability would then be selected to
protect properly, and survive without damage, whichever
of these conditions produces the most severe surge stress,

90004009



By proper coordination and design of the protective

and the protected systems, the system designer can
control at each point in the system whichever of these
design basis strokes will prevail. It is recommended
that the changes proposed to accommodate this technical
approach, which is the current state of the surge
protective art, be adopted in the Guide.

2:4.3 Paragraph C~1, page S

Based on the above discussions, we reccommend that this
paragraph be changed as follows:

“1. DESIGN BASIS LIGHTNING STRCKE

The design basis for lightning and surge protr.tion
shall be either:

a. A lightning stroke current of 200,000 amperes
reaching the lightning protective system; or

b. A lightning stroke of 20,000 amperes reaching
the protected structure by shielding failure
(limited by design of the shielding system)
which may subsequently be discharged by a
surge arrester."

Section C-2, pages 5 and 6 - Discussion for sections C~2.1, C=2.2,
C-2.3, and C-2.4

Section 2.0, as now prepared, fails to recognize that the surge
protection selected should be designed with two purposes:

R It must provide an adequate protective margin for the
insulation system it is to protect against various types
of surges.

2 It must perform its protective function and then be capable
of returning to normal (resealing) when the surge has been
dissipated.

In Section C-2.1 the emphasis is placed upon the use of a
surge arrester rated for 100% of normal line to line voltage.
This emphasis fails to give recognition to the fact the modern
transformer and insulation system for off-site power sources
are designed to have insulation withstand levels which would
not be adequately protected by a 100% rated arrester.
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Section C-2.2 is an apparent attempt to acknowledge that certain
systems can and must use less than 100% arresters to properly
protect an insulation system. However, it presents an over-
simplification of the application rules for surge arresters.

The attempted simplification stated in Section C-2.2 relates

to a rule for the acceptable application of a surge arrester
rated 80% of the line-to-line voltage. 1If the statements

given in Section C-2.3 are followed, there is no need for the
inclusion of Section C-2.1 or C~2.2 in the Regulatory Guide.

Similarly, Section C-2.4 is unnecessary since ANSI C62.2 and
the statement in Section C-2.3 provide adequate guidance for
all instances of the application of surge protection for trans=-
formers and switchgear.

4.0 Page 6 of the Guide

4.1 Sections C2.5, C-2.6, and C-2.7

e Discussion - See comments made in Section l.8.

4.1.2 Suggested Rewording;df Section C~2.5

"Surge arresters with a current discharge capability
at least equal to the current to which they would be
subjected by a design basis stroke if exposed to
lightning should be installed only on windings of start-
up and auxiliary transformers where the insulation
withstand does not exceed by an accepted margin (per
ANSI C62.2) the surge voltage at the winding terminal
resulting from a design basis stroke. For redundant
systems that do not share transformers, the discharge
capability recommended in Section 7 of ANSI C62.1-1975
is acceptable."

4.1.3" Suggested Rewording of Section C-2.6

"Surge arresters with a current discharge capability

at least equal to the current to which they would be
subjected by a design basis stroke if exposed to
lightning should be installed at the electrical switch-
gear upstream of the feeder breaker connected to start-
up and unit auxiliary transformers shared by redundant
systems where the switchgear insulation withstand does
not exceed by an accepted margin (per ANSI C62.2) the
surge voltage at the switchgear bus resulting from a
design basis stroke. For redundant systems that do not
share transformers, the discharge capability recommended
in Section 7 of ANSI C62.1-1975 is acceptable.”

4.1.4 Section C~-2.7

Since the design basis will limit the arrester discharge
current to 20,000 amperes, there is no need to consider
paralleling surge arresters. Sectior C-2.7 should

therefore be deleted. 90004 0 ] ]



5.0

-

Page 7 of the Guide

9.1

5

5.

.8

2

Section C-2.9

We recommend that this section be deleted. As has been discussed
in the revised Section C-1, "Design Basis Lightning Strokes," a
surge arrester when applied to an adeguately shielded power
system will not be exposed to a discharge current of greater

than 20,000 amperes.

We interpret the reference which is made in C-2.9 to ANSI Cé2.1-
1975 (Section 7.5.1) to a durability design test for a surge
arrester. Currently this test specifies an artificially high
arrester discharge current of 65,000 amperes. This is used in
the design test of the arrester to impress upon its internal
parts, voltage stresses which are considerably in excess of
those which it would experience in actual use. Thus, there is
no real regquirement for a 200,000 ampere durability test.

Section €-2.10

8.253 Line 3 of the paragraph

Delete thé words "design basis" to clarify the sentence.

5,2.2 Lines 4-7 (Last Sentence)

Reword the sentence as foilows to include the technical
basis discusezd in 3.4.2 above:

"However, for redundant systems important to safety which
are electrically connected to these transformers, the
surge voltage at each of the transformer terminals and
for the discharge voltage of any surge arresters applied
on these terminals when subjected to a discharge current
of 20,000 amperes, shall be less than the transformer

insulation withstand by an accepted margin per ANSI
ch2.2."

Section C=-2.11

This entire secticn should be revised to include wording
resulting from the following discussion:

Removal of surge arresters after a period of field service for
retest does not fully accomplish the intended results. Testing
at any interval without other monitoring means does not preclude
the failure of an arrester within the interval between tests.

The removed arresters cannot be testid as specified in the Guide

in accordance with all the performance test requirements of the
Design Test section o2f the applicable arrester standard.
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Because of the limitations of surge generators, and 60 Hertz
power sources, the arrester units must be dismantled and re-
assembled into smaller prorated sections for a number of the
tests. MNoteworthy among these are the High-Current and Duty
Cycle tests. It is well documented that a prorated section

of an arrester can accurately represent, for a particular test,
the characteristics of a complete arrester. 1If the testing

of arresters removed from service is required, the testing of
the parts - f the larger unit as prorated sections must be an
acceptable practice to the Nucleuar Regqulatory Commission. It
must also be recogﬁized that there is the possible consequnece
of damaging the arrester during removal and retuilding the
components into the lesser rated prorated sections. The
conversion of the larger unit into a number of prorated sections
will also 1. crease the cost of retesting.

It is recommended that an alternative approach be used to
determine the condition of the surge arresters rather than the
specified removal and test procedure. 'The arrester's condition
can be periodically monitored while energized by suitable
devices in series with the arrester. With these devices,
reliable information about the arrester's condition can be
obtained. Proper judgement of the data from these devices

can also anticipate well in advance a potential failuve of the
arrester.

There are recordihg instruments, or devices, with reliable
field service records that can provide the necessary data.
Surge counters are used to record the number of times the
arrester has oper:ted. A Rogowski coil, around the ground
lead of the arrester, that is coupled to a recorder can
determine the magnitude and wave shape of the surge current
through the arrester. A current milliammeter can determine
the grading current through the arrester, and if suitably
designed, can indicate the presence of conducting contaminant
on the surface of the weather housing. A replica of the inter-
rupting gap of the arrester can be connected into the circuit
so that a judgement can be made of the condition of the arrester
gaps. The voltac¢e wave shape of the grading current through
a noninductive resistor can be observed on an oscilloscope.
The latter gives an indication of corona if present and the
magnitude of the leakage current. The periodic recording of
the data from such methods can be compared for indications of
arrester change or severe duty. A judgement can then be made
to remove the aicester. Inspection of the unit removed will
serve as an indicator for refining the decision to remove,

or leave in place, arresters with similar design and duty
records.
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6.0

ei3e

Page 8 of the Guide

6.1

6.2

6.4

Section C-3.1

Change the words "Ground wires" to the words "Shield wires."
(Accepted terminology)

Section C-3.2

We recommend rewording of this section to reflect the discussion
in 3.4.2 above:

“Transmission line shielding should be designed to limit
shielding failure stroke current contacting the conductors to
no more than 20,000 amperes."

Section C-3.3

We recommend rewording for clarification and accuracy:

"?he footing resistances to ground of the towers for a sufficient
d;s;apce from the station should be designed low enough to
minimize the probability of backflasn of the line insulation."

Section C-4
6.4.1 We recommend title be changed (o:

“LIGHTNING SHIELDING FOR PROTECTION OF STRUCTURES"

6.4.2 Section C=4.1

We recommend the addition of the following words at
the beginning of the sentence:

"Lightning shielding, including shield wires or air
terminals..."

6.4.3 Section C=-4.2

we recommend the beginning of the sentence read as
follows:

*The protective shielding system should be connected..."

6.4.4 Section C-4.3

We recommend rewording for technical accuracy as follows:

“Lightning protective shielding systems should be
designed to limit the prospective stroke current of
shielding failures (strokes contacting the protected
structures) to no more than 20,000 amperes. A striking
distance of 150 feet is recommended for conservative

design." 900040l4



7.0

8.0

9.0

Page 10 - Value/Impact Statement

Comments previously made for pages 3-7 of the guide also apply to
this page.

Page 11 - Value/Impact Statement

B.l Line 3 !

Change the¢ words "The frequency of induced" to the words "The
frequency of occurrence of direct lightning..." for clarification

purposes.

8.2 Section b starting with Line 13

Discussion of 3.4.2 made previously applies here also. The
parenthetical phrase on line 20 "(if the secondary is not
properly grounded)" is not pertinent here. It makes no
difference; the phrase should be deleted.

8.3 First sentence starting with Line 22

This sentence should be rewritten as follows: "Substantial
effort has been expended to determine a conservative 'design
basis stroke.' This work is actively continuing (Refs. 34
and 36-39)."

Page 12 - Value/Impact Statement

2.1 Line 1

Replace the word "ground" with the word "shield." This is an
accepted terminology.

9.2 Line 4

Replace the word "Conventional" with the words "Protective
shielding and lightning rods..."

9.3 Paragraphs ¢ and d starting with Line 8

Replace with the following:

"Installation of surge arresters to adequately protect switch-
yards and substation equipment in accordance with good engineering
practice and existing standards."

9.4 Line 12

This line should read as follows:

"Installation of low voltage surge protectors on,.."
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10.0

11.0

-14-

Page 13 - Value/Impact Statement

Section 1.3.1 - Fourth Paragraph

Reslace the words "surge characteristics" with the words “lightning
stroke characteristics /' and the words "surge amplitudes" with the
words "lightning stroke amplitudes." In addition, the end of the
first sentence should read "... and frequency of occurrence."

The equipment insulation tolerance to voltage surges is defined in
several ANSI and IEEE Standards and Guides. The NRC should identify
areas needing attention. The IEEE Technical Committees may be willing
to provide the technical expertise.

General Comments on the Value/Impact Statement

All our discussions and comments on the Guide are also applicable
to the Value/Impact Statement. Proper correlation should be made.
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red-to-plane gap upon application of a 60.
cycle voltage or an impulse having a slow
front and long tail.  The higher value of 160
kv per foat or 5,500 volts per @ represeats
the chiareteristic of o fod-rid gup to which
1 negative potentid s applicd Tt would be
mteresting if duta pertsining to a rod plane
gap were obtained 1n a range of 400 inches
for which the apphed voltage is & negative
slow-front wive  These data could be
compared directly with the low gradient of
L8 vuits perom ubtained with o« positive
wave  Fig. 14 of referenice | of Mr, Hugea
Ruth's diseussion grovides some nforomation
woneermng  rodorod gaps which  indicates
lineurity up to 180 inches aund a gradient
f abourt 5,000 volts per cm.

The question raised oy Mr Hagenguth
Detrass thut we were aot suthclently clear
tn the general expusition of the paper. We
tred to convey that sparkover of the gap
QTS in two phases, Arst the developrueat
if the spuce charge (corona disciarge), and
secotid, the development of the channel
(high conducting are plasmai. Only the
tirst phuse develops below critical voltage.
Above entieal vonage both oeeur in se-
e -\_ - \ 7

Regurding the development of the space
charge, Park and Cones stated that “An
analysis of a large aumber of records ob-
tained with slowly nsing surges indicited
that the peak current wus spproxinitely
propurtiotial to the actaul value of valtage
at the instant the discharge stiuered
Therefore, in an ambient of low free elevtron
concentration and with the application of a
steep voltage wave, the crest value of the
voltage wave | srtaned before trggering
meeurs.  Bur of the concentration of free
erdirons 5 gh. tnggering mav oeour on
the nsing portion of the wave with a4 cor-
responding reduetion in erest value of the
current. It s to he presuined that o cores.
spunding lengthening of the current wave
would =asue.  According ta our theory of
breakdown, the substantiul development of
the sgace charge 5 o precedent (o the de
velopment of channel  The current requires
to develap the spuce cliirge s small in
companson with the shortcircuil current
of the surge generitor when ultimate break
down occurs  Therefore, swhen the current
shunt is adjusted to read the short-cirouit
current, the space charge current 15 swamped
vr th channe! farmation currents even

The Lightning Stroke—II

C. F. WAGNER

FELLC'W AJEE

» A PREVIOUS PAPER.' sinularly
I utled, the authors undertook to sva-
thesize certain characteristics of the light-
nmng stroke by applying and extrapolating
the results of laborathry experiments.
Thew were supported in this effort by
data concermng the transient character
isties of ares® and the properties of cornna
within eylindrical shells. A companion
papers m Lhis issue. discusaes the proper
ties of laboratory produced sparks and
the present paper applies this information,
together with additional dat: cuncerning
aatural iightaing. to a more detailed con-
sideration of the lightning stroke A new
mechanism of the leader steus s pre
sented.  Also, a theory of the very im
portant events that oecur Jduring the
edarly stages of the return stroke s elus
Jated

General Description of the Stroke

Before discussing the wvarious phuses
of the stroke, a4 general deseription of
the stroke without detaled substantia
tion will be presented The hypothess
pictures the leader as cothposed of two
parts: a very thint goad conducting core,
which will be called the channul, preceded
and surrounded by a negative spuce cliar e

A. R. HILEMAN

MEMBER AJEE

which will be called the curona sheath
The diameter of the channel is only about
2 mm (aullimeters: and its drop about 50
or 60 volts per cm centimeters) [t has
characteristics of an are plasma with very
high temperatures and may be highly
luminous.  The diameter of the corona
envelope mav be about 100 feet and may
extend about 150 feet in front of the chan-
nel  The internal gradient of the corona
sheath lies between 3,000 and 10,000
voits per em. It has characterstics of a
glow or corona discharge, its temperature
18 low, it s pierced by streamers, and
considerable difficulty 15 sometimes ex-
perienced in phoograplung it

As the channel f the leader of the first
component of 4 struke reaches 4 partic
tiar point it 5 momentanly arrested and
streumners forge ahead into wvirgin wir
These streamers form the eorona sheath
and @s they proceed distribute a space
charge that has characteristics sumilar to a
corana lischurge and to the space charge
assoctaterd with the furmative stuge of the
breakdown of lung gaps.  As the space
charge develops the potental {ifference
deross the coruna sheath has an increasing
effect in estramung the progress of the dis-
charge But, before the churge cun be

come fully effective in checking the fur

322 Wagner, Hiiman The Degiining Strok
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the early stuges of the channel formation
and its presence is not appurent.

In reply to the cominent made in the last
paragraph of Mr. Hagenguth's discussion,
tt does not appear that a glow discharge or
pilot leader without some sort of coliduc tng
core (chanuel) would possess sufficient con-
ductivity in the furm of a cylinder 10,000
of 20,000 feet n length and 100 feet in die
ameter, to supply the current required o
provude the progressing corona discharge
space charge | in frant of the leader Fur.
thermiore, if leader consisted of only such
a4 glow discharge, the gradieat per unmit
length must be approximately 7,000 volts
per ¢m.  The drap ulone in such lendes of
20,000 feet length would he 3% 107 wolts
This would require a deposition f charge
along the stroke channel that increases
lineurly with teight  The resultant cusrresnt
at the eqrtn. As the retyrn stroke tupped
these chaiges progressively, would result
I a cureent at the carth that would inerease
progresspvely with tune up to about 100
asec and in magnitude would be many times
the recorded values Thus we are of the
opumon that a conducting core must exist
within the beader

REF &
ther progress of the atreamers, condi-
tions just in advance of the tip of the

channel becoine conducive to the initia-

tion of a channel or are plasma at this
point.  This new channel in reality merely
constitutes a further extension of the
leader channel  Each new chanael spurt
starts with a refatively low velocity that
follows 4 curve with time that is strongly
concave upward  This continues until
the channel catches up with the boundary
of the corona sheath.  The channel can-
Aot DENZress nto srgin air in the foem of
4 hwhly conducting plusmia and, there
fore, ceuses  In the meantime the corona
streamers continue to progress from the
new tip of the channel and the whaole
process s repeated  The photographie
studies of Schonland® and his associates
reveal this rapid extenswn of the channel
as a short step of very high heiliance
And with respect to the development of
the chaanel (which they term: streamers
ther say, "Definite evidence that the
streamers channels| travel downward s,
however, afforded bv the broadening of
the upper part of their tracks

Aceording to schonland, the lengths of
the steps vary between 10 and 50 meters
with a modal value of about 50 meters or

“iper 0l1-488, recommended hy the ALEE Trane
ausmun and Dwtnibution Committes and sppraverd
by the AIEE Technwal Operatinns Degrmrtment
for peesentition 4t the AIRE South Zast-duath
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150 feet. The corona sheath advances
with an average velocity of between 1.5 X
10" and % 0X10" cm per sec /second) or
hetween 0.0005¢ and 00025, where ¢
is the velocity of light. The time re-
quired to develop the corona sheath be-
‘ore it is again overtaken by the channel,
usually ranges from 30 to 90 usec (micro-
seconds), and the velocity of the step
exceeds 5X10' cm per sec or 0.16¢.
However, more recent measurements of
electric fields next to the earth,~" in-
dicate that as the earth is approached the
tme intervals between steps become
smaller and attain a value of 13 usec.
Schonland aad his associates'd-1 re.
ported uncompleted leaders which ceused
to ovelop before reaching the earth,
They also found that the intervals be-
tween steps aue the length of the steps
sometimes rema:ied constant during a
considerable portion of the leader path.

While the foregoing description applies
to the more common cloud-initiated
stroke, a sumilar phenomenon aceurs with
earth-imtiated strokes. Hagengith and
Anderson' presented a photograph of a
stroke that was initiated from the 1,273-
foot Empire State Building. 1t ex-
iibited very pronounced steps that oc-
curred at intervals of approximately 23
usec, The explanation for the formation
of steps must, therefore, be independent
of polarity except in degree

The step process of the lightning stroke,
18, in some respects, simpler than labora-
tory-produced discharges The forma-
tion of the space charge in the case of the
stepped stroke alwavs emanates from an
are plasma constituting a copious supply
of free electrons, There is, therefore, no
statistical tme lag during which the
imitiation of the discharge awaits the
propitious positioning of a free electron.
The process is not complicated by the
necessity of considering the development
of st.eamers irom an opposing electrode
until the leader nears the earth.

Analysis of the Stepped Leader

POTENTIAL AND CHARGE DISTRIBUTION

As a preliminary step in the discussion
of the nature of the step inechanism. it
will be necessary to establish the stroke
potential und the general nature of the
charge distributed along the leader
Since the potential of the chunnel is us-
swmned to be the same along its entire
length, then the sum of the drop across
the corona sheath and the drop from the
corona sheath to ground must be the
same at any point. To determine this
potential some assumption must be made
with regard to the distribution of charge

OcroBER 1961 Wagner, Hileman—The Lightning Stroke—IT 90004

across the lateral sections of the corona
sheath.  Since the charge at the very tig
constitutes such a small proportion of the
total charge, it cannot have a very great
influence upen the potential of the con-
ducting channel lying on the axis of the
downward leader. For the moment con-
sideration will be limited to the essentially
cylindrical portion of the leader, It is
shown in the companion paper that in
laboratory discharges, just prior to break-
down, one function of the space charge
appeared to be to equalize the electric
gradient so that the uniform gradient
equalled the averaze gradient.

In a cylindrically symmetrical space
charge, that distribution which leads to a
uniform radial field is one for which the
density varies inversely as the radius.
Thus

Ae . _—
g= "~ in coulombs per em? 1
r

where  is the radial distance from the axis
and 4, is a constant that represents the
charge density at 1 em, It is also true
that if the charge extends to radius », with
£. the radial field in volts per em, s the
total chorge in coulumbs per om length
of the channel, and 1%, the total radial
notential drop, then

IS 10
fowr === o, in oM 2
and
Vor = 18X 104 g, in volts (3)

Such may be the distribution of charge
around the wire of a wire-plane electrode
just prior to breakdown,

Since the leader tip is always in a state
of incipient breakdown it is not unreason-
able .0 assume that after the tip of the
chaanel has passed a particular point the
distribution still remains somewhat the
same. Furthermore, at breakdown the
gradient for a negative electrode is about

—.‘, p = T
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Fig. 1. Approximate form of corona sheath

ot its most extended point beyond the channel

as the head of the channel has progressed
to 1,000 feet above the earth

chlc 1, Detcmmnlnn of Leader Potential, Charge Densities, and Corcna Sheath Envelope
for Fig, 1
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9,000 volts per cm, and since no branches
of the stroke are init'ated from behind the
tip, a somewhat smaller zradient of 7,000
volts per em may be assumed to exist
there. Therefore, if in any section g, is
assumed then from equations 2 and 3, »,
and V,, are determined,

An instant in the progress of the leader
will be chosen, showa in Fig |, at which
the channel is just about to begin another
spurt in its advance. The corona sheath
along the channel and in advance of it is
fully developed for that sarticular step.
Only that part of the vertical path below
an altitude of 10,000 feet is considered.
While there may be other collecting paths
withitt the cloud it (s asumed that they
have no effect upon the phenomenon oc-
curring at the tip, It has been shown by
Schonland, Hodges, and Collens® that
the total charge on the first leader when it
s fully extended is about 809 of the
charge in the section of the cloud originally
tapped by it, Caleulations indicate that
such a proportionate part of the charge in
the cloud, because of its distance, has a
negligible effect upon the phenomenon
ocewrring at the tip. The tip of the
channel 15 assumed at this instant to be
1,000 feet above the earth. The leader
15 assumed to be divided into five
cylindrical sections with a henuspherical
dome at the base. The four bottom
evlindrical sections and the hemisylierical
dome are shown in Fig 1. The battom
cyhndrical section is 50 feet long and the
others in succession are 200, 250, 1,300,
and 7,000 feet respectively. An infinitelv
small diameter, perfectly conducting
core or channel is ussumed to extend from
point A up through the column

In Table I, the results of a cut-and-try
computation to determine the churge dis-
tribution and the potential of the core
are shown, The charge densities in the
five sections are shown in row . Row 4
gives the corresponding radii of the
sheaths and row § the corona sheath po-
tential drops.

The inset of Fig. 1 shows one of the
elemental cylinders into which the corona
sheath s divided. To determine the
potential of a noint p on the surface of the
sheath midway along the cylinder, the
volume charge can be assumed to be con-
centrated along the axis of the cylinder,
The potential of this point due to the
charge on the cylinder is then, from Fig.
34 of reference 12,

< g-&\/ r l.-;l
¥ IRAOMNGy X270 i volts 4
L)
where ¢, is the charge in covlombs per
em. By similar expressions given in refer.
ence |2, the potential af point » due to the

A24

charge on the other elemental cylinders
can be obtained. This also applies to the
negative image charges. Rowsa toe thus
show the contributions to the potentials
at the mid-puints of the fve sections due
to the chuarges in themselves and the other
four sections, Row f is the sum of the
individual contributions.  Adding  the
internal potential drops given in row i to
these values gives the potentials in row §
which represent the potentials of e
points on the channel just opposite the
mid-points. These should be equal in
order to satisiv the condition that all
points on the channel have the same
potential.  Thus, for this condition, the
puteatial of the channel is about 53¢ 108
volts. In addition to the charzes in the
cylinders, an approximately hemispherical
bowl of churge at the end of the leader,
must be included in the computat'ons.
The total charge within a sphere whose
charge density varies as A /7 {s just 1/2 of
the total charge within a evlinder whuse
length is equal to its diameter and whose
deasity © A/r. On this basis it can be
estimated that, in this case, the contribu-
tion of this charge to the potential at
point | would just about be equal 1o the
contribution of the churge in element 1,
which is 4.83X 10 volts. This would re
quir® a slight modification in the charge
densities and the radii of Table I  With
these computations as a background, the
curved shape shown in Fig. | was drawn
as being representative of the form of the
chaige volume surrounding the channel
tn which the internal field is 7,000 volts
per cm.  This is only an approximate re
sult but since the theory, proposed here,
18 not critically dependent upon the shape
and distrtbution of the space charge it
was deemed sufficiently accurate for the
purpose at hand The average density
of charge over the bottom 500 feet is about
9%x10* coulombs per cm. If this
charge 15 drained to earth as a wave of
current at a constant velocity of 307
that of light, then in aceordance with
equation | of reference 1, the discharge
would develop a current of 30,100 amperes
or at a veloaity af 1095, 27,000 amperes
Schonland'? arrived at a value of charge
density of 8)< 10 eoulombs per em from
entirely different considerations, such as
the modal values of charge lowered in a
complete stroke, the mwnber of comipo-
nents in a stroke and the length of the
stroke. More will be said of the develop-
ment of the actual current to ground.

It 15 of interest to ohserve that for this
case the potential of the channel fails
within the range of 10" to 10® voits ac-
cepted by the majority of the workers in
this field.

Wagner, Hileman— e Lightning Siroke—[1

Ahead of the chaunel tip the space
charge density and the electric field are
probably more intense than in a radial
direction behiud the front. The electrie
field ahead of the channel approaches
the critical value of about 9,000 volts per
em at which the cnannel extension again
commences,

Tve pok Seace CHARGE FORMATION AND

VeLociry or Its Formarion

Very little information is available from
laboratory data upoa which to buse these
quantities. [n reference 3, it was shown
that from the Park and Cones data' on
spher=-to-plate zaps, with the sphere
negative, for an {1.3-cm zap the time for
the corona currest to reach zero was 1.3
wusec. This corresponds to an effective
velocity of charge formetion of 0.0006 ¢
With the sphere positive the velocity was
0.0013 z. The Hagenguth, Rohifs, and
Degnan® data for a 200-iach rod-rod gap
with the unode grounded gave a time of
formation of 9 wsec, which corresponds
to a velocity of 0.0009 ¢,

Schonland's modal value of 150-foot
steps indicates a time of formation of the
uegative space charge of 30 usec. Since
the average need travel only half the dis-
tance, this corresponds to an average
velocity of formation of
130 50 48

S5 A0 10 = 43X 10" ¢m per sec 4.3
<X 3 X 10~

=) 0013¢
For the positively projected steps'! from
the Empire State Buwlding, cited earlier. a

50-foot step, with a time of formation of
25 usee, gives a velocity of formation of

50 30 48
Mofbuie ot AT ¥ = 5 (6}
KI5 10 3% 10" em per sec (6)
=001

The lightning and laboratory data com-
pare favorably.  Not all of the step inter.
val time can be attributed to the forma-
tion of the space charge as a portion is
also required for the formation of the
channe!

Verocity or CHAMNEL

So far the comparison of the churacter.
istics of the step of natural lightning with
those of la'vseztary produced sparks have
showr re:* fying agreement. However,
when one compares the velocity with
which tue chanuel advances, the agree-
ment ceases. [t was mentioned in refer-
ence 3 that it the Park and Cones ex-
periments't the head of the positive chan-
nel starts with an initial velocity of 4 < 10¢
cm per ir 0.00013 z and increases

4

graciut oy ¢ iest and then more rapidly,
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attaining a terninal velocity of about
10" cm per sec or 0.003 ¢. The negative
channel seems to travel with a greater but
unknown velocity.  Singe similar thermal
processes must be lnvolved the veloeity of
both polarities should be of the same order
of magnitude. Schonland'® states that
the steps of the downward leader com-
plete their passage in 1 usee, which for
the 130-fuot step to which he was refer-
ting, invalves o weloaity of
E‘A’f 2 =4 5% 10" em per sece= 15 ¢
0
n

This s a sericus discrepancy but as the
analysis proceeds 1t will be explained
satisfactorily.

DEVELOPMENT OF CHANNEL CURRENTS

Fig. 1 shows the column of the light-
ning discharge at an instant wheu the
space charge in advance of the arrested
channe! has reached its point of greatest
advance. Conditions just in advance of
the tip, point 4, of the channel are at this
instant propitious for a further advance
of the channel. It seems as though these
conditions are related to a certain com-
bination of high charge density and field
It certiinly invalves the same relations
as the transition from a glow discharge
to a high conducting arc plasma, for this
is the essence of the phenomenon involved.
Thus is essentially thermal in nature and
involves considerations of high energy
concentration. The conditions conducive
to this transition are not well understood
In the companion paper it is indicated
that when the anode is far removed irom
the cathode, the critical gradient at which
a space charge develops into an arc
plasma at the cuthode is in the order of
0,000 volts per cm.  Fig 2 shows another
view of the tip of the leader. The density
of the dots is intended to be suggestive
of the charge density. From this condi-
ton 1t may be assumed that the conduct-
g channel extends itself from position 4
to position C and as it extends into the
space charge it quickly attains a low volt-
age drop.  Justification for this statement
is provided by Higham and Meek," who
demonstrated that for currents in the
range of 0 to 300 amperes that rose to
crest in 1,/4 usec, the drop reduces to 150
volts per em n 1/2 gsec. This drop is
small in comparison with the electric feld
of the space charge, which had been as-
sumed to be 9,000 volts percm. The high
initial drop may still be significant in its
effect upon the phenomenon., However,
for the moment assume that the drop
along the channel extension s zero.

The projected channel as it advances

Octoner 1061

forms a pencil of zero electric field along a
line where previously the gradient had
been constant at about 9,000 volts per
em.  If the extension of the channel into
the space charge is very rapid and if it is
assurued that the surrounding space
charge cannot change rapidly, to achieve
the condition of zero gradient parallel to
the axis of the extended channel, charges
must be induced in this part of the chaa-
nel that produce 3.3 nt paral!
channel that is just equal and opposite to
that of the field befare heing disturbed by
the projection of the channel. To form
an idea of the charges and currents in
the extension, two conditions should he
assutned. First, that no current is fed
into the exwtension from .4, that s, that the
extension from o consists of an elongating
conductor insulated from the main chan-
nel at 4. Second, that this connection is
closed and that the channel and its ex-
tension are perfectly conducting

¢!t the

For the first case, the problem is the
determination of the charge distribution
along a cylindrical conductor whose leagth
is large with respect to its diameter, whose
total charge is zero, and whose electric
gradient along the surface of the conduc-
ter paraile]l tn the asis is known.  Assum-
ing a step whose length is 150 feet, whose
gradient is 9,000 voits per cm, and whose
radius is 0.01 foot, or 3 mm, an approxi-
mately triangular charge distnibution re-
sults, as shown in Fig 3{A), whose den-
sity at the leading tip is = 1.5X10™* cou-
lombs per em and at the trailing tip of
+1.5X 10 coulombs per em. The re-
sulting deasity is not sensitive to varia-
twuns in radius, thus, decreusing the ra-
dius to 0.0053 foot increases ¢ density
about 109, and increasing the radius to
003 foot decreases the deasty about
1265, As the head assumes intermediate
positions in its travel, the distnbutions
continue to be approximately triangular
at any instant.

In justification of the diameters of the
channel extensions used here, reference
is made again to the work of Higham and
Meek. " which shows that the diamea of
a 300-ampere arc grows from | mm at !/4
usec, to 2 mm at | usec, and 4 mm at 8
usec. This curve is reproduced in Fig
4 of reference 2.

Current must flow within the channel
extension to achieve such charge redis-
tribution. [f the tip of the extension
moves with constant velocity then, ag it
reaches a certain point, the current rises
suddeniy at that point and remains con-
stant until the channel has reached its
maximum  extension. These relations
are shown in Fig. 3(B) for 2n assumed
travel time of the head of | usec wmith a

Wagner, Hileman—The Lightning Stroke—I[

velocity of 0.15¢. While this inay not be
the actual travel time, it does correspond
to the time indicated by Schonland. In
any case, it can be used later as a basis
for reference, At the very lip the current
reaches a maximum value of 7,000 am-
peres. At any peiunt the product of cur-
rent and duration of the flow is constant.

Now consider the case in which the
extenston is connected to the channel at 4
as shown tn Fig. 4. While the extension
is traveling downward, the disturbing in-
flusnce of the sudden propagation of the
duwnward step is also felt in the conduct-
ing leader behind point 4. The velocity
with which a disturbance travels alung the
arc plasma appears to be dependent upoen
the previous intensity of ionization of the
plasma, as is evidenced by the velocity of
propagation of dart leaders and return
strokes, [o this case assume that the
disturbance travels up the channel at a
velocity of 5075 that of light.  Thus, dur-
ing | use¢ while the chaanel s moving
downward 150 foot from A to C, the in-
fluenced portion of the channel is the
500 foot above 4. Let it be assumed that
the radii of the leaders on both sides of

“ousEc O

Fig. 2. Tip of the downward leader of the
first component of a stroke, thowing the
sppro.imate distribution of charge within
the corana sheath and the charges that
must be induced in the channel extension
and in the channel above the channel tip,
for several sositions of the channe! extension,
assuming that the channel extension accuns
rapialy
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A are 001 foot, or 3 mm. For the
moment assume that this movement is se
rapid that the space charge contributing
to the feld cannot change iu intensity in
the immediate space surrounding these
lengths. Tn this case the charges induced
ou these leagths are approximated by the
solution of the electrostatic problem, for
which the potential fram 4 downward in-
creases linearly to 150 X 30 48 %9000 or
41X 100 volts at C and upward from 4
the poteatial is the same as that at A,
The average potential of the #30-foot
length must shift subject to the condition
that the total charge is zero. Fig 4(A)
shows such a distribution of potential
The determination of charge density, i
terms of known potentials, is rather diffi-
cult without recourse to a digital com-
puter, but the iaverse of determining
potentials, in terms of charge densities, is
relatively simple.  In Fig 4(B) the dotted
lines show an assumed charge distriby-
tion ot the nature expected in this case
The solid lines show the corresponding
potentials. It is found that the potential
distribution approximates in shape the
one under cousideration, From this
solution the desired charge distribution
produced by the known potential is given
in Tig 4(C)

This curve uf charge density is replotted
in Fig. 2 by the curve gbe. Other curves
for one fourth, one half, and three fourths
of the travel distances are also shown in
Pig 2and in Fig. 4(C!. The currents re.
sulting from these charge distributions are
shown in Fig. 4(D).  For these assumo-
tions the maximum vcurrent 18 about
12,000 amperes

The actual condition for rapid ad-
vances of the channel probably lies be
tween these two cases. They will be
greatly enhanced by the churacteristics
that influence the transition from a glow
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Fig. 3. Charge
and curent distri-
bution in the chan-
nel extension assum-
ing that no charge
is drawn from the
channe! behind its
3 tip  during  the
% interval  that the

extenzion is taking
. place

CURRENT
IN AMPERES
40090 8000

to an arc and also by the transient char-
acteristics of an arc as the current tends to
increase rapidly.  In Fig 11 of reference
2,1t is shown, that for an impulse current
wave that rises linearly from zero to 10.-
000 amperes in | 4 ysec the voltage drog
at 1/4 usec is 3,200 volts per inch ar 1,250
volts per e, For shorter instants. with
the same rate uf rise, the drop is even
higher This is merely indicative of the
voltage drops that may oceur with very
rapid changes in current.  Because of the
rapid veloeity of propagation above point
4, the reference point in Fig. 4, and the
longer distances invalved above ., it is
likely that the arc drop will also
influenice this portion of the circuit and
offer additional impedance to the flow of
cwrent downward from 4 Actually
the arc drop tends to supipress the charges
in both circuits to some extent, becyuse
whatever drop does occur reduces the need
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o
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w400
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for additional charge to annul the electric
field existent before the development of
the leader

The criterion that determined the wag-
nituce of the induced charges was that the
electric field parallel to the channel ex-
tension produced by there charges is
equal and opposite to the field into which
it 18 prorected. This results in a zero
electric field parallel to the axis of the
such exists
for the radial field along the extension oi
the channel or for points in front of the
extension. If, for example, the charge
density attains 3 wvalue of 1.5X104
cowlombs per em that is indicated in Fig
5 the electne field 4 mm to the side or
'

in front

eXtetsing,  No cancellation

2 mm f the tip would feach the

following fantastic value; see equation 3
of Fig. 3 of reference |:
Ox 101 X OMX 1.5X 104

Epm ey e 8

4 04

= J A X 8 volts per cm

This merely means that in the attempt
to maintam a4 low axial field, charges of
great value develup which in turn produce
profuse lonization in the space surround-
This is merely anothes
formi of corona or glow discharge. The
radius of the carona sheath would expand
to about 10 times 2 mm, or 2 meters.
But this would naot vitiate the argument
concerting the axial gradient. As the
corong expands into the onginal space
charge, equalization of charge density
results which in turn decregses the field
ongimally respansitile for the ejection of
the channel [n this manner the charge
density below 4 in Fig 2 1 gradually
transformed into a charge volume density

s 1
iadnnel

ng the

o

g 4 a2
TURRENT (N 03
AMpe

Fig. 4. Nature of charge and cument distribution induced in the extension and the channel
during a rapid extension of the channel when the otal induced tharge in the extension iy drawn
from the channel benind rhe tip
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Fig. 5. Measurements of  remains the statement by Schonland that
"“ﬂf fields next to earth  only | usec is required to travel the length
ot points remote from the i the step. This contradicts laboratory

4t

stroke data which show that channels start at a
A Reslor of cathoderay Jow velovity and increuse rapidly So
oscillogram  that  illusteates before drawing definite eonclusions, con-
relacive magnitude of Ffelds sideration will be given to additional
procuzed Dy steps and Dy evidence, This ewidence 18 discussed
R :T,:‘? of first component subsedtiently sn the electric fields, next
. ) of 8 sroe to earth at poin te from the strore
B-—Actusl recard that shows .

that 45 earth s approsched
the feld produced by the

pe - S iGdLN ) e TR
steps iust shead of the retuen PosITIVE POLARITY STEPS

HioKe come imaller and The experiments of Park and Cones'
" 3' ) r Guration mamifest the same externnl churacter-
=REPITE 2 ¢ 8 PISAL JeEban atics for the formation of both positive
~f the Reld record aven o P ',\:"_ .
orn the 2arly (e of the Tesds ¢ space charges. Theretor
that steps result from the same
mterpiay of the space charges and the
channels, the negative channel formation
should be similar in character to the
positive channel formation. Further-
more ce the channel formation and
characteristivs are essentially thermal
phenomena involving the absorption ind
the loss of energy, one would expeet the
churacteristics to be smilar for both
polarnties
Frecreie Fiptp MEASUREMENTS NEXT
resembling that above pant 4, The o in matural lightoing we the tw 10 THE EARTH
tense field ahead of the tip just mentioned  terminals may be separated by enormous In the past this informurion has
probably supplies the explanation for the  distances and the movement of the length  been analvzed in terms of the electrie
high velocity with which the leaders in if one step would not make any apprec couple of the charges comprising the
the steps of lightning advance able change in gradient from this con stenkes ©% 8 A\ore recently Wagner™?
The currents described so far illustrate sideration alone  Therefore, the induced lias interpreted these neasurements in
the assumed phenomenon that the travel sharge in the chunnel extension becomes  terms of waves of charge and has concen-
time of the channel extension s | usec an important element not only in ex wrated on those phases of concern to the
In considering the case in which an open plaining the movement itself but in ex- wransmission engineer. A definite limita
cireuit was used at 4 of Fig 2, 1t 18 slaiming the high velocities that may be tion of some of these data has heen the
evident that this assumption i§ ncorrect attained resolution of the Lime sweet hetime
for some current must certainly fAow from But, while the photographic evidence  constant { the measuring circuit  Time

above this point. In considering the i Schonland supports some sort of ac-  resolutions of ! asec have been di
.y - - ¢ 1 )% y § . ~ .

other case current would cease below . tivity such as just outlined, there still  attain {n recent work of this nature

after a uume of 1 usec, but would cantinue

to flow above « because, after a current

wave is once established, it should con A L b = F
tinue to flow until its energy 1s absorbed 2% 4 SEY
by losses. Ewvidence to support the cond ' o o 2
tion of Fig. 4 is offered by the photo ) ; VECTOR CORONA l
graphs of Schonland. that show that not ! | POEENTIAL- I o STAGE fla o
»aly the step and a short distance behin.. ' | s ov . 1 » .\: f;;_ _;' o
it 18 Mighly lumincus, but also that a fine _ Sl B RSSERL 3
v : - \ farb. “N.ED late -
trace of much fainter luminescence exists \ . ! e 5y e Ly v
behind the tip of each step. This sug- o 7 et A ~<-L-"; -l E————
gests that current such as illustrated by g I o\ g » | S
Fig 4 1s also being supplied from a long ‘:{f";:' .\\'l“ JRCTOR /
length of the channel If the channel CHANNEL STAGE 447 CHANNEL - :ﬂ\ 5 POTENTIAL | [
development time 8 3 wsec instead of | e 405 STAGE 1. &
usec, the currents mvolved would be TORONA STAGE t ¢
correspondingly smaller g d

In laboratory-produced sparks, as the
tips of the channels approach each other  Fig, 6. Interplay of current supplying the corona sheath with current in the chanrel extension
the gradient between them becomes larger of & step that leads o the deveiopment of an electric Reid ot the earth at a point remote from the
and larzer.  This condition does not exist stroke of 4 character sinular to measured values
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Clarence and Malan have utilized an
amplifier with a high wnplification and a
frequency response up to 300 ke. Kita-
pawa and Kobayashi® state that ther
recording equipment can measure a rise
tune of about | wsec and that the time
resulution of the time sweep is less than
10~ sec.

Fig 5(A), which is a replot by Kitagawa
and Kobuavashi® of one of their récurds,
shows the slectric field about 10 miles from
a stroke The field produced hy the
first retirn stroke 1s indicated by the first
large sudden change, the R change. The
stmall nipe preceding the R change are
stated by the uuthors 1o be about 30
pse¢ apary; they approach 20, then 15,
pree dunng the time just preceding the
R change and are due to the gteps in the
first leader

Fig. 5(B1 is an oscillogram which was
obtained by Kitagawa and Brook™ in New
Mexico, Thenuture of the field measure.
mwents preceding the R chunge is shown in
wiure detad.  Fig. 5(C) s anuther replot
of & very eurly portion of Fig. 3(B) by the
present awthors and s intended unly to
meicate the general nature of the feld
produced by the steps, The
chianaes in Figs. 3(A) anu (B are fuith.
ful measurements but might be distorted
slightly by limitations in response, The
dropping portion of the large R change,
is definitely affected by the time constant
of the low-cut filter used in the recording
apparatus and should not be used to draw
conclusions. Clarence and Malan® ob-
served similar field changes just preceding
the return stroke and state that they cou-
sist ol @ “train of steep and predominantly
positive pulses following each other at 3-
to 10-usec intervals."

As a result of field measurements
Schionland™ was led to conclude very
early that the current in the steps is less
than 109 of the current in the main re-
turn stroke.  This conclusion was venfied
by later work and is discussed in more
detail by Wagner " But aside from the
magnitude of the ground gradient meas-
urements, the thape of the recurds leads
to impartant conclusions.

raptd

MECHANISM OF PROPAGATION

Fig. 6 represents an effort to show
oualitatively the sequential mechanism of
the step. Fundamentally it is bHased
upon the observed facts that for labora-
tory gaps the formative current? of the
space charge starts at a high value and
decreases somewhat exponentially with
tine and that the current® supplying the
channel dunng its development stage
starts at a low value and increases ulmost
as a positive exponential with time. In
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Fig 6(A) the tip of the channel is shown
just as the corona space charge 15 de-
veloped to its maxinum position and the
channel 15 about to start its development
from 8 to ¢. Al references to time are
referred to this instant as zero,  Fig. 6(B)
shows the currents within the newly
developed channel and also fur points
ahove ¢ at different instants which start
small and increase with time. At 25
usee the head of the channel reaches
the bhoundary of the space charge and must
stop its progress. At this instunt the
churacter of the discharge changes sud-
diesily Trom a channel extension to a corona
discharge. A counter gradient builds up
inside the corona sheath through the de-
velopanent of the space oharge and the
current hegias to decrcase. The manner
of change is indicated in Fig. 8(C) at
different instants. The sclved lines in
Figs 6(D) and 6(E) show the time varia-
tion of the current at specific points.

A knowledge of the vectur potentisl of
the current 1§ necessary to determine the
electric field at the ground at a point re-
mote from the stroke. This i8 propaor-
tional to the integral of the product of the
current and the distance through which it
8 pperative hwded by the distunce to
to the point of observation. Since the dis-
tance to the point of observativn 18 sub-
stantially constant for all of the points
in the step, one need oply consider
the area under the curves of Figs 6(8)
and 6(C). The dotted lines in Figs.
6(D) and #(E) represent these quantities
as a function of time, These are
also shown by the dotted lines in Fig.
6(F).

Except for the slow propagation of an
average charge to replenish the charge
i older steps and to supply part of the
charge in the new step, the rapd changes
in charge imvolve equal positive and nega-
tive values of charge, g other words,
the process is lurgely one of rapid redis-
tributions of charge rather than a transla-
tion of a charge. Such redistributions do
not contribute to the develupment of an
electric field at the ohservation point.
Thus, the only vontributing factor is the
time rate of change of the vector potential
of current. The tiume differential of the
dotted line of Fig. 6(F) is indicated by the
solid Line of Fig, 6(F), The field at the
observation point is proportinnal to this
quantity. The discontinuity arises from
the fact that the slope of the vector po-
tentia]l changes signs rapidly as the dis.
charge transforms from a channel to a
corong discharge. It cun be seen that this
field is stmilar an penerdl chargeter 1o the
electric fieids depicted in Fig. 3(C). This
interpretation of the phenvinenon of the

Wagner, Hileman—The Lightning Stroke—1IT

step results in an electric field to which
the cwrcuit of Kitagawa and Kobavashi®
can respond farithfully, and for which
the time resolution of thewr films is ade.
fjuate.

The time interval during which the
channel current has the higher currents
ig small in comparisor wath the total dura-
tion of the step, perhaps only several
mavroseconds.  But it does appear that
the duration is lunger than the 1 usec
referred to by Schonlund, Perhaps the
sharply rising portions of the current
curves should be sharper than here in-
dicated and that Schenland was able to
record only @ short anterval of the very
highest current with the photographic
sensitivity of the flm that he used. Per.
haps algo, the resulution of Schonland's
film was not sufficiently fast. Malan ¥
mn deseribing the type of equipment he
and Schonland used in South Africa,
states of the time resclution due to the
velucity af the lens as "possible to meas-
ure intervals with an accuracy of a few
microseconds,

The luminasity of the steps should give
some wlea of the current curried thereby
Tncirdentally  Schonland®® arnved at a
value nf 16,000 amperes, but concluded
that the “lutninosity of the step process is
far too weak to make it likely that the
step carries @ ~urrent of this magnitude "
The discussion just presented is not suffi-
ciently precise to warrant an accurate
estimate of the magnitude of the current.
It does, however, uffer a method suggest-
ing how magnitudes in the urder of sev-
eril thousand amperes might occur.  This
is based upon decreasing the value of 12,
D00 amperes, discussed in the development
of the channel formation, somewhat in
proportion. to a 5 or 10.usec channel
formation period instead of the | usec
ussumed at that point.

Further, it was assumed that the
charge and channel {ormation periods
were about equal. The time of space
churge formation increases with gap spac-
ing but the time of channel formation is
independent of gap spacing. This would
tend to make the tune of channel forma-
tion smaller than the time of space charge
formation, 1t is difficult to assign a
defimite value for the ratio because the
time of channel formation also decrease
as the pvervoltage increases,

The detailed oscillogram n Fig, 3(B)
clearly shows that the early stages of the
downward leader are much more vanable
than the later stages. Tust prior to the
R charze, while periods of the steps are
sttll iiscernible and, as Kita-
gawa and Kobayashi, have reduced to
13 usec, the smagnitude of field chunges are

tated by
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Fig. 7. Stages in the development of an upward zhannel

negligible in comparisan with the R
change. Nonnder and Stuffregen™ also
comiment on the fact that in some of their
measurements of ground grudients “there
is @ calm period before the beginning of
the muin discharge ™ The step phe-
pumenor 8 only an mnewdenial preliminary
setting the stuge for the great incident
culminating in the main stroke

The long periods of the steps during
the Leginning of the leader furmation may
be occasioned by the limitations in the
charge accumulating ability of that por-
tion of the discharze within the cloud, or
stated differently, by limitatwns of the
leader's ability to muintain its potentiul
as its capacitance is increased with fixed
charge. As the length of the leader in-
creases, the reservoir constituung the
source of the charge for the next step is
greater and constitutes a more reliabls
voltage source,

[t is significunt that so few photo-
graphs are available showing steps in the
latter stage of the leader development
just before striking the earth, Only two
or three such photographs ace available
and these indicate small steps, On the
other hand, negative evidence is avail-
able from the work of Berger, who has
photographed the last stages of the leader
at a very close range of less then 1.
feet and with the exception of two photo-
graphs has not been able to discern the
presence of steps, Three explanations
suggested themselves to Berger: (1) the
photographic sensitivity of his films was
not sufficieatly great to penetrate the
intervening atmospheric conditions; (2)
the Plexigias drum (2 mm thick) through
which the light must pass may have

the steps and cutreat variations in the
leader were so stmall that the light ap-
peared as a continuous heam, The third
possibility 8 probably correct, partic.
ularly in view of the evidence afforded
by the ground gradient measurements.

CrrrenT N CORONA SHEATH

It is pussible to estimate the magni-
tude of current in the leader steps by an
extrapolation of the measured laboratory
currents. In reference J the current
pip for a 6-fvot rod-rod gap, for a posi-
tive umpulse voltage of 360,000 volts
(90 of critical) was estimated as 23
amperes. Now apply these duta to a
lightning stroke i which the wvoltage
across the space charge i its most ex-
tended position is about 30,000,000 velts,
To get an idea of the current thut might be
expected in a stroke to form the corona
sheath at each step sumply prorate these
voltages. This results in a current peak
of 30,000,000/860,000¢25, or S80 am-
peres. Park and Cones'* observed that
the current pips vary over considerable
limits for a given condition, Takiug this
facior into consideration, and prorating
the data of Park und Cones (sphere-plate
gap) and that of Hagenguth, 2ohif, and
Degnan'® (horizontal rod-rod gap), it may
be concluded that the curcent in the steps
of the strokes may be in the order of 1,000
or 2,000 amperes.  Although these extrap-
olations are quite large, they indicate
that the lightniny stroke channel currents
necessary to develop the corona are of a
relatively modest value compared to the
return stroke current

Ihe work of Park and Cones demon-

of the corons space charge is entirely
independent of and a precursor to the
subsequent channel development, al-
though the channel may begin befure the
space charge is fully developed. That
this work was conclusive probably can be
attributed to three conditivns: (1) the
use uf a 007 X 100-usec wave that rose 50
rapidly that it could be regarded as a
rectangular wave; (2) the choice of o
sphere instead of a sharp rod; and (1) tie
control of the iree electrons and ions in the
gap  In most cases the voltage rose to
full value and for some gap spacings the
air next to the gap was stressed to as
high as 150,000 volts per cm hefore a free
electron or ion was positioned to trigger
the gap. When a slower t.ave that rose
to crest in | wsec was used the results be-
came erratic and the crest of the corona
current pip was approximately propor-
tional to the voltage at which triggering
occurred. It would be expected then,
that with a copious supply of free elsc-
trons the current peak would be relatively
low and spread out ove: considerahle
time, This conditivn must have pre-
sented itself in the experiments conducted
by Saxe ind Meek and possibly others in
which the current in a pointed electrade
over a flat plane failed to exhibit the
magnitude of current peaks of Park and
Cones when the applied voitage rose to
crest in about 2 usec.

But the magnitude of the peak corona
current is also dependent ypon the ratin
of the time to erest of the applied voitage
to the time required to develop the space
charge Foar a lightning stroke step
length of 130 feet a time of about 25 to 50
usec is required to develop the corona

ahsorbed the light from the steps, and (3)  strates most clearly that the development sheath ahead of the channel tip, There-
Octouer 1061 Wagner, Hileman-—The Lighining Stroke—II 629
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fore, a gradual nse in poientiul of the
point from which the corona emanates in,
say, 5 wsec would not have much effect
upon the peak value of the corona cur.
rent passing through this point, because
during this time the back voltage de-
veluped by the space charge would not
have sufficient time Lo build up

Development of Return Channel

APPROACHING THE EARTH

Fig. 7 is u simplified proture of the gea
eral processes that oceur at successive
MELLnts 48 u stroke strikes a tall object
stich as & muast or 4 transeussion line
tower. Euvdence has indicated that as
the jvader approaches - sarth the steps
become shorter i length and time In
order to discuss what uceurs at and near
the earth, the steps will be assumed to be
so small that the channe! and its asso-
clated corona sheath propagates with a
constant veluesty of 1 fugt per ssec, which
8 approximately what Schonland ab-
served as the average velooity of the
downward leader, While specific numer-
ical values are aseribed to the various
stages, it should be realized that the
actual values vary over the wide linits
characteristic of hghtning phencmenon.
The mast is indicated as being 100 feet
tall and the width of the heavy lipes is

l
|
60 -

intended to convey an impression of the
current Howing at the instant. It is as-
sumed that the potentiagl of the channel,
indicated by the full line on the axis of
the corana shieath. 1s 50 000,000 volts with
respect to the earth,

Fig. T(A) shows the position of the
chunmel at an itstant where the tip, &, 18
stiil about 400 feet above the carth. 1tis
surrsunded by 1ts negative corona sheath,
When even more reminte than this a eorona
discharge begins to develop from the
tower and at this metant bas airesdy de-
veloped sizahle neoportions,  From this
pusition thevhuannel and its corona sheath
chrtinge thett progress ta earth and shen
they attiin the pesition shown in Fig
TiBL in which the up 18 275 feet sbove
the Lewer. a ¢Lannel begins to develop
from g

This distance 1s determined when the
average gradiemt between a and b attains
& value uf about 6,000 volts per em, the
crivieal value at which breakdown oe
curs.  Thus

00,00

P e T e f!’tt 9
4,000 % 30 48

This instant will be desivnated as the
reference posnt jor time.  Prior to this
profuse corona had existed at g but the
channel had not begun to develop until
this ipstant. Four microseconds later,
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atams of high stroke curents
tecorded by Perzer® lranse
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as shown in Fig 7(C), the channel from
hoth @ and b has progressed to the points
mdicated. In T(D! further progress has
heen made and the current has grown
significantly. At the same time the cur-
rent feeding the downward moving chag-
niel of the last step draws current from
the old tow-rurrent chunnel feedurg this
last step from above. As was explained
in the discusstun of the step process the
propagation of this current is slower than
the speed of light, 1t is limited pritnarils
by the speed with which the are path can
accommodate ttself to the higher con.
ducuvity und the speed with which @t can
deaw the chgrge from the spave charge
Corresponding fingers of the channel must
extend 1mto the space charge abuve the
last step to collect the appropriate cur-
rent. And so the progress continues
through (E) and (F), the instant at which
cantact 1s finally made between the main
channels o the last step.  Fig 715 and
0 shiow later instante at which the hewd
of the return channel bas penetruted
farther into the space charge and lowered
# substuntial portion of this charge to
cuarth,

Note both the progress of the upward
chanuel of the lust step and the time
intervals between the indicated posiions
which huave been chosen to suggest in-
creasing!y higher and higher velocities of
the upward chynnel. As the upward
channel progresses, tentacle-like streaniers
reach cutward and upward and tend to
spread the positive charge over a greuter
area than that encompassed by the chan-
nel itself.

The current at the earth associated
with the development of the corona sheath
18 small with respect to the current oc-
curring during the channel foripation
stage. This statement 15 based upon
laboratory tests. The surge impedance
of the stroke does not differ greatly from
the senes resistance that s usuallv em-
ploved in high-voitage laboratory test
circuits, so that the final reference cur-
rents should be proportiunal to the wiilt-
ages in the two cuses, Several «ets of
data, Park and Cones'* Hagenguth,
Rohlfs, and Degnan,® and Wagoer and
Hileman,” indicate magnitudes of the first
current pip (current that supplies the
space charge’ less than a few per vent
of the fingl current.  The tests of Purk
and Cuues show that when the crincal
voltage 15 only slightly exceeded. even
when the wive shape s almost rectang-
wiar, the current crest s very small.  As
the slope of the applied wave Levomes
slow, wiigh should be the cuse s fhe
electrudes move toward cach other dowly,
the first current pipas eves sinaller
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Fig 9. Channel formstion in an awrested
dischaise in # 6-foot red-red qip showing
the sutward formation of 2+ "¢l channels
Crmiint CURVES

The most extensive osc . Cius-

urements of stroke currents are those
made by Berger™ in Switzerland which
were collected on a T0-teter steel tower
and mast mounted atop Mount San
Salvatore. The measuning shunt was
located at the base of the 1S-meter mast
Berger bas published 39 cathude-ray
oscillograms taken from 1946 to 1954
of which the 14 that exceeded 40.000
ammueres are reproduced i reference 19
Oscillograms B, ©, M, 1, ], and K from
Fig 5 of this reference are replotted in
Fig %, They were intentionully trans
lated with respect to time so a better
idex of the extent which thev cp-
ordinate with each other cauld be seen
Cseillogram (B) is the most well-defined
The others, with the exception of (C) for
which the zero of time was clearly in-
dicated, were drawn so that they coin-
aded with {B) around 30004 amperes
Thev all indicute a variation with time
that follows a somewhat positive expo-
nential curve Other available oseillo
grams of stroke currents are reproduced
in Fig 3 of reference 1. With the excep-
tion of the record obtained by means of a
captive balloon, which is not character-
istic of direct ground strokes theyv all
exhihit this same upward concave char-
actenstic

As shown in the companion paper® all of
the gap currents for rod-rod zaps exhibit
the same positive exponential character
istic with time It also illustrates that

to

. the time lag of rod-rod gaps is the same

expressed in microseconds for all gap
spacings, and is only dependent on the
fractional amount %+ ~“ich the critical
voltage s exceeded The times to crest
af the currents from Fig. 8 do aot differ
greatly from the laboratory curves, de-
spite the great differsnce in gap lengths,
if the curve for companson 5 one in
which the critical voltage is exceeded only
shizhtly

QCToner 1061

Both the rate of currert rise during the
formative stage of the channel and the
terminal or final values of the current are
affected by the constants or impedances of
the test circuits. It 15 shown in the com
panion paper that the current increascs
from zero along a concave upward curve
until it is limited by the series resistance
The Berger oscillograms of the lightaing
stroke current show that similar forces
giust be gotive in limitng the flow of cur-
rent to an essentially constant value after
contact of the two channels has been
established. These forces probably in-
volve such factors as the speed with which
the low-current channel of the downward
ieader can be converted to a bighly con
ducting high current channel and the
velocity with which the positive corotid
head of the return streamer can propugate
within the negative space charge cylinder
that had beea depasited by the head of the
downward leader in its progress toward
earth A substantiully constant veloeity
i¢ attained and some of the factors deter
miring this velocity will be discussed next

Induced Charges and Velocity of
Upward Streamer

Wagner and MeCann® showed that as
the upward leader propagates upward
within the cylindrical volume charge
deposited by the downwaed leader in its
progress earthwar' by wirtue of the
electrostatic relationship, a positive charge
is drawn upward from the earth by wndue
tion. This charge may be viewed as
neutralizing the nezative charge of the
downward leader. In the Appendix of
reference 273 the foilowing relation is de
rived expressing the propartion of chirge

so neutralized This might be called
the induction factor.

dqy R R

. (10

log = /log -
a0, =108 [ /log

s

where 4Q) is the charge 1n an elemerntal
ring of radius »; in the downward corona
sheath, dg, is the induced pusitive charge
in the upward channel produced by 40
r, is the radius of the upward channel,
and R i the rudius of a large soncentric
svlinder representing earth, The po-
tential of the upward channe! is the same
as that of the large cylinder representing
earth. The wvalue of the neutralizing
charge so computed s dependest upon
the assumptions used For the values
assumed by Wagner and MeCanu the
induced positive charge was about T0%
of the negative charge. This same con-
cept was later amplified by Wagner and
Hileman.' Assuming R to he 300 feet,
the radius of the arc channel tube0 2 inch,
and that the charge on the downward
cotona sheath was coneentrated at a
radius 7 equal to 200 emord 75 feet, they
arrived at a value of 0.42. The factor
used is thus dependent upon the mech-
anism by which the neutralization takes
place. On further reflection it appears
that the channel probably extends up-
ward and outward a5 indicated in Fig 7.
This condition is illustrated by the last
stages of the arrested discharge shown
in Fig. 9, which shows the natvre ol
the development of the channels of a
vertical 8-foot rod-rod gap forwhich the
voltage has been chopped by a parallel
gap just prior to the union of the chan-
nels extending from both electrodes. This
tvpe of mechanism indicates that the ra-
dius of the upward channe! »,, of equation

- a0
T \/\
v 9
- = I FROM BERGERS
“ 95 O8CILL FIG BB s
z 2 2 =
T k2 B
H B
i 23 §v /
a =zZ=z 2
g $% < /
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| z vE LOC'TY if /
500 4 910 <204  OF NEAD OF r
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| o aa 18 . 1
IOO-! oca ¢!
| 9
3004 206 -
|
iq. e v ily=ti ’
Fia 10 . cbu:g—«mc el sos S L TRavE ¥
curve compute to have a ‘ HEBD OF
terminal velocity of 012 ¢ .5 . 507 - AMANNE L
and to be proportional to ]
the current curve, Fig. B(B), 04 904

The comesponding distance
curve s also shown
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10, is much larger than previously thought
and that an induction factor approaching
unit might well be achieved.

Whether the actual mechanism of
neutralization is of this character, in-
volving a rapid movement of positive
charges into a region adjacent to the nega-
tive charges, or viether the negative
charges also move in toward the positive
chanuels 1s not kouwn, It is probably
similar to that which occurs in the last
stages of the laboratory-produced spark
where high terminal velucities ar® pro-
duced.

A number of experimenters® W4 have
measured the progress of the tp of the
channel as it moves across a laboratory
gap and frum these measurements have
computed the velocity. They all show
that the channel starts at a low velocity
and increases rapidly with time. The
result resemnbles the shape of the current-
time curves,

Schonland, Malan, und Collens, dis-
cussing the velocities of the return
streamers of lghtning, state that the range
of variation is from 2.0 to 144X 10* cm/
sec and the mean 5.2 10% cm/sec, while
the value indicated as most frequent is
35x10%cem/secor0.12 ¢

In the companion paper evidence is
shown to indicate that the channel cur-
rents in rod-rod gaps bear the following
relation to the instantaneous velocity:

(=3IXV (11

where 1, is the current in amperes and V
is the velocity in cm per sec.  1f the most
frequent return veloaity of 0.12 ¢ is in-
serted in this equation then i, becomes
11,500 amperes, which is gratifyingly closs
to the most frequent magtitude of stroke
current of 14,000 amperes.

Or, viewed differently, il a rectangular
wave of charge moves vertically from the
earth at a constant velocity, vc, then the
associated current is also a rectangular
wave. 1f the return channel can be repre-
sented by such a wave, the implication is
that the head of the wave ot reaching any
vertical section instantly annuls the por-
tion of negative charge at that elevation.

ETEPPED
DOWLALRAD
LEADER

RETURN
-
STAQKE

e

/
/

Fig, 11, Boys' camera photograph of sioke
to ground

The following simple relation then exists
Letween the charge per unit length and
the current:

i=1q, (12}
U, on the other hand, the charge at any
section transfers inductively to the down-
ward channel at a constant Linear rateasa
function of time, with the velocity re-
maining constant, the current also in-
creases at a linear rate until the crest 1s
attuined. Thereafter, the same simple
relation exists between the current and the
tipear charge Jensity.  1f the head of the
return channel moves upward with a
veluoity that is ot cunstant, but increases
progressively with time, the above simple
relation between current and charge
density coniinues to hold if the wave of
charge remains truly rectangular. This
conditicn also requires that the wave of
current remains rectangular, that is, that
it increases equally for all points belind
the head of the wave, if it is accepted that
the welocity of the heat of the current
wave is similar in shape to the current-
time wave, INo accurate photographs of
the first few hundred feet of travel of the
return channe! are avaflable from which
the velocity can be estimated. If it is
assumed that the flat portions of the
siroke curreants, obtained by Berger,®
arise from the induced charges rising up
the column. after contact is made be-
tween the  ward and downward chan-
nels, then it can be expected that the
terminal velocity of the upward channel
op contact must be (using ‘he most fre-
auent value! in the order of 127 that of
light. Fig. 8(B), which is the most clearly
defined of Berger's stroke cuirents, is re-
plotted in Fig. 10. Assuming that the
velocity is proportional to this curve and
fixing the terminal velocity at 0.12 ¢, a
velocity curve shown by the dotted line is
obtained. Integrating this curve with
time results in the dot-dash curve that
gives the travel of the head. The dis-
tance traveled in the time required to at-
tain constant velocity indicates the puint
above ground at which umon with the
downward channel occurs.  This distance,
about 400 fest, fails within the range of

expectancy.

EViDENCE OF Urwakp LEADERS

Fig. 11 is a photographic reproduction
of a sketch showing the luwer end of a
Bovs' camera record obtained by Dr D.
. Malan and presented in a discussion of
upward leaders by Dr. R . Golde®
The point ¥ indicates where the downward
feader terminated and was met by the
upward channel from the earth. Its
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height is approsimately 50 meters. The
lengths of the last few steps before ~on-
tact with the upward channel are clearly
showa.

TorTUOSITY OF PATH

Scuonland observed that successive
steps do not generally folluw the same
direction. The tendency to muintain a
straight line in the progress of the channel
is not strong.  Since the chunnel of each
step starts from the center of high charge
concentration, the directivn taken by the
channel would be highly sensitive 10
slight differences in density. There may
be muny simultaneous starts in different
directiuns but only one finglly duminates,
The dominating wne develops a lower im-
pedance, and in the process of forging
ahead decreases the electric field parallel
to its path in its vicinity, and also the
tangential components of field of the
lagging channels so that less charge sep-
aration is required in them to neutralize
the field in which they are advancing.

General Discussion

In luboratory gaps the space chiarge
furms at a substantially constant velocity
and thus the time of formation is pro-
portional to the gap length. On the
other hand, with gap lengths of at least
100 inches as shown in Fig, 10 of reference
3, the time to breakdown is sulstuntiully
independent of gap length, These rela-
tions indicate that the time of space
charge furmation plays a mure important
part as the gap length increases and
emphasize the role of the charge furinas
tinn in the step mechanism of hghtning.

The forcing electric field at the earth 18
applied slowly in steps as the du wanward
leader approaches and then more rapidly
as the tip of the lust downward chunnel
develops. 1n this way the pusitive charge
at the earth has a somewhat longer time
to develop than the space charge ahead
of the downward channel as the latter can
develop inteasively only after the channel
has completed ancther step Lo a new posi-
tion. Or if the head of the downward
channel moves at substastially constunt
veloeity, as the ground gradient smeasure-
ment of Kitagawa and Kobaovehi and
others indicate, then the space clwrge is
continually being formed from un elec-
trode that moves at the averave veloety

of about 1 foot per uséc. The sruce
charge from the earth terminal is bheing
formed from a stationary ¢lectrode.  The
current during this inter—ad cupril ind the
charge in the corema sheath is refatively

emall. The significant current only oc-
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curs after the head of Uie upward channel
has attained a high velocity, such as in
exce:s of 002 ¢

The provence of the steps in the dewn:
ward leader should not be accepted as
evidence thut the spuce charge formation
is complotely halted at any point as might
be the case when o definite impulse valt-
age g upplied to a cylindrical eonductor
and the pace charge develops to a
deriite Teunn Rather, it shugld be
thought of 4% a centinwioy formation. and
when the conditions at the terminal are
favurable to the formation of a channe!
the progress of the channel s renewed
These two ¢unditings merely merge into
gach other A similar phehomencn s
presest in the leader of strokes sub
to the frst These leaders had been
thotight to be continuous and propagate
with a velocity of about 001 ¢,  But the
electric neld measurements® at points
teinote from the stroke, have demon-
strated that theyv mvolve fast repeating
provesaes with a pencd about 10 usee

The co-ordination between, the various
eompornenta of the stroke can be illus-
trate- b 3 numencal example.  Consider

a 4irohe approaching the earth with 3
pot U with respent to the earth of 50,
000,000 volts.  Assume that the averige

gradicsnt of the space charge between the
head of the downward channel and the
earth necessary to initiate the channel
from the earth is 8,000 volts per cm.  As
can  he seen from  equatinn 9 thas
determines the height of the downward
channel ar this instant as 275 feet.  From
Tabie | and ¥ig it can be estimated
that the charge distribution along the
strone sorie distance back from the tip is
abeut 534107 coulombs per em for a
stroke  potential of 50000000  volts
Now U it is assumed that the velocity of
the head of the upward channel at and
after contact is 0.12 ¢, then the stroke
current at which it levels off 18, from equa-
ton 12

g ) 10w 3 LIRS 10

4w
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and f the velocity 18 0.0 ¢, the stroke
current 1§ 5000 amperes

In the theory proposed here, it was
assumed that the charze density vaned in-
verselv with the radius which results i a
constunt electric  gradient. However,
this assumption is not eritical. It should
be recalled that ane role of this partic
glar quantity 5 to indicate wheu the
cambination of Seld and charge density
reachies such a crtical value next to the
arrested chanuel that the channel will
again resume its progress. It mignt be
that the actual distribution is not of the

OCTUBER 1051

type assumed here but, whatever it is,
the average field might constitute a
measure of the conditinns necessary for
channel development. The space charge
must be related to the total putestial
thereby produced asitisthe quantity whose
development retards the downward prog-
ress of a step.  Alsp, it was seen to be a
measure of the critical sparkover gradient
For this purpose an average gradient
¢ ysed with egual walidils as
cunstant gradient, The other role of the
charge distributed within the downward
leader i the masnaer in which it afects
the potentinl of the conducting channel
enmyptising the core. But this s only pue
factor that affects L Th

the potenual. The
charze i other portions of tie leatler and

‘:"“.\;

Mt

=

the distance from the earth are also im-
portant. The field outside as well as in-
side the space charge determines the
potential of the care. Thus considerable
departure from the assumed charge dis-
tribution might be permissible without

greatly affecting the potentil

Multiple Strokes

The fact that multiple lightning strokes
take the same path o ground tmplies that
the effects of the preceding component
have not become fuliy dissipated by the
time the charge-gathering mechanism
within the cloud has attained sufficient
potentis! to break down the weskened
path, The usual explanation Ziven for
the subsequent strokes seeking the same
path is that some remanent jonization in
the path which offers some sort of
directive effect still remains  MeCann
and Clark,® however, offer an alternate
explanation by stating that the main
return stroke curreat heats a small
colutan of air to a verv high tempera-
ture, Followiag completion of the stroke
the heated column diffuses into the sur-
rounding air, but as it does s it forms a
column with a larger and larger radius
whose density gradually approdches nor-
mal, Since the breakdown voltage de
reases with decreusing density, the pre
ceding path offers an easier path
subsequent discharge

But, regardless of the explanation, it
s an observed fact that the velocity of
oropagation of the downward leader of
components of a stroke subsequent to the
first travel with a much higher veloeity
than the first component, These are
called dart leaders. They are almost free
of steps, although Kitagawa and Ko-
bayvashi' have seen indications of very-
high frequency steps in these discharges
also. While the average wvelocity of
propagation of the first component 18

,...
-
=
=
®

about 0.001 ¢, the velocity of the dart
leader is about 0.03 ¢ As the dart
leader approaches the earth, there must
still exi.t mest to the earth a similas
channs!l in witich the sapie eonditings
exist as in the chassel thrauzh wuich
the dart had developed. Therefore, a
similar dart leader should spring from the
garth and meet the doswnward Movingdant
feader. If it is true, as with the con-

not Bhts Bl prpresed dvwew

kS ity SGAL SEE LU Ll N L’
with the velocity of approach of the
channels, then the cursaat should have 3
steepier slope than the first component
Ta Fiz. 10, for example, the current should
tesdl to start from the valne at which the
veloeity is 0.03 7, unad the average rate of
rise should he tigher. The latter sgazes
of the current cutve shounid be sumtiac
in slope to the latter stages of the current
of the first component.

Recentlv Berger? presented informa-
tionn concersing the waveshape of the

ts, Su ient

urrents | PR

the first, that were abtzined an Mount Sun

salvatore. Oge chart shows the current

in ag 1l.component stroke. The first

component had the usual coucave-up-

ward shape and tose to 30,000 amperes in
The crests af the subsernue

n Compone:

99 usec

components were smuller but the rise
time was less than | asec. In coaversa-
tion with one of the authors Berger
stated that this informating was limitad
by the trippirg time Of the cathdde ray
oscillograph, and that the portion of the
record prior to this was lost,  These rates
of rise are much faster than for the fest
component and may be significant in
considerations affecting transrmssion line
performance. Both the magnitudes of
the subsequent compunents, and thewr
titnes to half-value, were less than the first
component. This information is still too
meager to draw general conclusions

Comparison With Other Theories

In a subject as complicuted as hightning
discharge it is difficult to determine whe
atiginated certain component aspents of
the theorv. The noveity of a compiete
theory resides rather :n how the com-
ponent characteristics are assembled
and affect each other. Little attention
has been ‘given to the behavior of the
stroke just before reaching the earth
and the mechanism of the return stroke
Without attempting to cover Lhe entire
field. several theories that have recenved
widespread attention will be described
bnefly,

Schouland'® concludes that the charge
advances downward as a cviindrical,

Wagner. Hileman--The Lightning Stroke-~I1 533

9000403

.

€ 23

TenEET TRFLYY g SOSS "

1

P ——



R T S SRR o S ————

. s

e e

-

L i, w——

o

weakly ionized, body whose surface
gradient is 30,000 volts per em or some-
what less to account for the lower air
densities at high altitudes. This pilot
leader advances at a constant velocity,
1t is accompanied n steps by a highly
junized leader, The highly ionized leader
cannot advance into the uncharged space
ahead of the weakly ionized pilot. Sup-
pose une considered un instant chortly
after the leader nas caught up to the pilot.
Thev advance together in a field of about
0,000 velts per em. But as the pilot
advances the negative charge produces
a negative gradient belnd it that is
directed m an oppesite direction to that
of the propelling feld and eventually the
uet field drops below 6,000 velts per cm
at a puint behind it. At this pont the
advance of the leader ceases. This
rapidly produces a positive space charge
ahead of the arrested leader because
glectrons cannot be furnished to re-
plenish the space charge. In the mean-
time, the pilot advances by virtue of its
self inductive property. With the de-
velopmient of the pusitive space charge, a
gradient of 30,000 volts per cm is again
quickly established and the thermally
jonized chantel agan advances.

iKometkov,®® un the niher hand, as-
cunies as do the present authors that the
channel tip is fed by a thermally lonized
channe! having a drop of about 80 volts
per cm and that a eorona space charge
having a gradient of between 6,000 and
H0L000 volts per em s produced ahead of
and around it. The stoppage of the
leader, according to Komelkov, is att-ib-
uted to a decrease in the potential of che
channel tip caused by the need to charge
up the new seciion

Brace © attnbutes the step fuormation to
the rapid transiiion from a glow discharge
of hagh graaient to an arc discharge of low
gradient when the low discharge current
reaches the critical value of | umpere.
He also postulares that as the arc has
paused and starts on its new step a iateral
flow of curreat to supply the glow nocurs.
The current at the tip imcreases as the
length of the step increases until it reaches
approximately | ampere,

Griseom?® hag proposed another theory
with a highly conducting channel that
leeds the tip  This theury 18 radically
different from the others. His concept
is that us the discharge advances a great
butbous volume of charge is furmed at the
end af the conducting channel many
times creater in  dismeter ‘than the

Hndrical envelone of charge behind the
tin. As the chdrge volume grows, it
maintains a suriace gradient of 30.000
volts per em, although mention is made of

#34

a gradient withun the spac. narge. The
next step develops when through chance,
a pratuberance is form ad o the envelope
of the bulbous spc.oe charge ‘hai may
neeur anywhere on ite surface,  This pro-
duces an unstable condition and, the new
protuberance i3 enlarged, it draw s
charge by means of a plasmea that 47 ows
inward into the last hulbous up.

The theory presented here is a com-
bination of these theories. Cetain aspects
are drawn from each and certain addi-
tinns have been made. The smalls
digmerer oonducting core is similar o
that premused by Komelkov, Grisoum,
and the authours \m @ previous jater,
The shape of the corona sheath is some-
what like Kumelkov's, All the theories
accept that the gradient in the courona
space charge is in the order of several
thousand volts per em, but only Schon-
land recognizes that the average value
must exceed a certain critical value to
encourage the development of the exten:
sion of the olasma channel. However,
Schonland ¢ semewhat vague as to the
actual existence of <uch a plastia channel
within the pilot leader. Tt is probable
that the actual transition from the ghaw
to the arc is of the nature prmposed by
Bruce but un a filamentary basis, Thus,
the space charge in advance of the
arrested channe!l s fed by a host of fila-
ments or strearers and the current at the
hase of each one ncredses as s length in-
creases. At some instant, current in one
of these filuments reaches the critical
value of | ampere and at this instant, an
arc plasma begins tu grow from this peint,
This may occur in several flaments al-
most simultapecusly, But one of the
filaments eventually prevails in its growth
and because of its shielding effect upon
the others robs them and eventually
emerges as the new channel  The direc-
tion taken is determined by chance which
would explain the forked character of the
stroke path, This is similar to the ex-
planation of Komelkov

No doubt s tempurary drop in pos
tential of the tip of the channel as the new
step is formed exists just as premised by
Komelkov, But the authors feel that
this hasa secondary rather than a primary
influence  The present theory differs
from that of Grisconn but agrees with that
of the other three in the assumption thatl
the extension of the conducting plasma
Yegins fram the tip of the last chunnel and
grows toward the earth, rather than from
same spot on the peripaery of the cirong
shedath back to the ¢ i
The Griscom prestrike theory views the
timing of the inception of the new step a8
8 chance distortion occurring on the sur-

puncting ~hanmel.
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face of the envelope, and the other
theories view the phenomenon as mare of
the pature of a triggering phenumenon.
The lung periods of rather umform steps
would seem to favor the triggering view-
point.

As was mentioned at the beginning ot
this paper, the real “aterest of the uuthors
ie¢ in studving the scquence of events as
th s stroke strikes the earth.  Aside from
the work of Bruce and Golde,** Grisecom,
and the authors, little has heen done along
this iine Gulde® assumes that us the
A wrward leader apiriaches the earth,
corona atrepamers develop when 4 Jradi-
ent o ahow, LLO00 volts per ©Im 1s et
tained. The reduction from 30000 volts
per o i tahen to provide for mmor
irregularities such as grass, shrubs, etc.
This he takes as the condition for deter-
mining where a stroke will strike. The
authors believe that a corona sheath will
develop much as Goide proposes.  They
do not feel, however, that the existence of
vhe corona sheath at the earth is the con-
trolling criterion.  They feel that the
sigrificant factor is the instant at which
the average gradient between the ti and
a point on the earth, of about 5.500 or
G000 vidts per cm, is attained. At this
point & conducting plasma is formed from
the puint on the earth which moves up-
ward with accelerating velocity toward
the slowly moving downward conducting
plasma of the leader. Gnscom's pre-
strike theory proposes that befure the
development of the currents of the return
streamer a prestrike current, from aiich
this theory derived its name, nccurs at
the edarth whose magnitude is about that
of the return stroke current und whose
duration is about 1 gsec. During this
microsecond, the curreént presumably rises
feam zero to the crest value and returns
agsin to approvimately zero befure the
current associated with the return stroke
OUCUrS.

Improvement of Line Performance

While the purpuse of this paper s to
analvze the lightning stroke characuer-
istics with the aid of the availabie xaowl-
edge concerning the predischarge current
of laboratory zaps. @ knowledge i the
latter suggests a muoilifieution of the
manner in which the nnjpulse “huracver-
isties of insulation are apphied in the v.m
putation of the lightming characteristics
of lines. It is not senerally appredated
huw imiportant the gredischurie currents
of certain $vpet of gags il he

Fig. 12 shows a Jround wire altached
to the top of 8 tuser and a comlitor
suspended from a tower arin by means of
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an insulator string Tt is assumed that
the tower top, tower arm, and ground
wire are ail at the :ame potential with
gespect to groand which will be desig-
ared by oen  Also

g = potential of conductor at the tower

g =current fdowing in ground wire from
euch side

o= otirrenr dowing in conductor from each

side
2w surgy impedance of ground wire and
ponductor, assuried tn he the sime
Jweonuteal  surge  impedance  betwesn

gonductor and ‘ground wire
Then Yy apolving counventinnal wave
the irs @quations
ey= &y ediaic {131

R Dt =20 14
Eliminsting 1, from these equations

elm, L2 =2at
¢ ] z

&

be (18}

and letting the eoupling factor Z, Z be
designared by K

o= Key, =11 =K 20, 16!

The voitage across the insulator string, e,
is
1—-Kt2¢ 17}

R | T gy |

]~ Kpp=(1=K1Zi/2 (18

where { is the predischarge current taken
by the insulator string

The first term is the companent of volt:
age thut is usually considered in line
calculations, but the actual voltage across
the iasulator string is less than this by
the drop through the line impedance (1 —
A"Z 2 This relation is true whether
the computed value (1~ K)e,, neglecting
the predischarge currests, is produced by
the stroke currents in the tower and
ground wires or by electrostatic induction
from the charge o the stroke above the
tower

In reality, therefore, the significant
voltage that should be used with the con-
ventionally computed wvalues for the
insulutor string is the laboratory-obtained
voltage across the insulator string or other
forn of ins davon plus (1=AN20 2
Tests have n  heen made on a bare string
of insulators but suppese that for IS
5 Thanch insulators for 4 4-usec time lag
the Hashover voltage s about 2,000,000
yoits. then if the predischarge current is
about 300 amperes, =500 ohms and
K=043

(1=K 21 2=8R(0K) volts (19

or 397 of the flashover voltage
But if steps are taken to amplifv the
predischarg¢  currents, much  greater

QctuBer 1961

effects can be obtained. Cousider this
same insulator string. Suppose that a
triangular pipe-pipe gap such as described
for Figs. 19 and 20 of reference 315 used.
For a breakdown at 4 ssec, a charging
voltage of ahout 1680 is required for the
A-foot gap. The predischarge current
is about 500 amperes and for the voltage
acenss the zap i about 1000000 vuits
Compuaring Figs. 19 and 20 of reference
3 it will be seen that the wurent i
pruportianal to the 2ap spucing for

same overvaltage conditions, 3o, if the
gap is increased to 12 feet the terminal
voltage will be about 2,000,000 volts
which matches the insulator string flash-
wer voltage and the predischarge ecue-
rent will be about 1,200 amperes.  The
drop through the line impetance s then
(0915630034 1.200), 2 or 275000  valts

W o

This amounts to 1367 of the insulator
string voltage

Conclusions

The authors have attempted in the
light of laboratory data to determine
what happens during the very complicated
phencamenon of the lightning stroke.  Be-
cause of the modest limitations of labora-
tory factlities. it 1s necessary toextrapolate
a great deal to reach the grand scale of
patural lightsing The following 15 a
brief summary of the theory advanced in
this paper,

1. The downwurd leader of the frst
compunent of the stroke consists of a
centzal  highly conducting arc  plasma
chanael of abaut 2 mm in diameter which
tas 2 drop of about 80 wults per em. The
conducting are plasina is surrounded by a2
negative space charge whose radial gradient
1% ahout 9,000 eolts per em,  The radius
is approximately 20-30 fect and depends
upon the poteatial of the struke

2 The steps of the first component are
formed by the aiternate advance of the
central channel and s surrounding corona
sheath. [If an instant at which the central
channel has just ceached a point of maxi
mum progress in one of the steps is con-
sidered, the corana sheath adviances hevond
this pomt in front of the channel tip
Reasonable agreement 05 obtamned by
extrapolating, frum laboratory data, the
wsne of formation of corong pulses of gaps
to the tine or farmation of the inerement
of the corona sheath.  When in the progress
of the development of the corona gheath,
the energy concentration ut the tip of the
arrested channel reaches a eritical value
or possibly when individual corony stream-
ers reach @ certain eritical current, the
progress of the channel is again resumed
The high speed of the progress of the
chantel step is expluined by the high charges
induced in its tp, bedause it constitutes
an extending pencil of high conductivity
that pterces the trelatively stable space
charge of the corona shesth. This phenom-
enon s repested as the leader heud travels

Wagner, Hileman— The Lightwing Stroke—-11

from the clowd to the earth. The currents
in the steps are stmall 1o comparison with
the currents in the returu stroke.

3. From independent measurements of
electric felids nest to the enrtll 4t puints
sepire fronn the steole, it has b
thiit the frequency of the onpatses prodoged
by the steps becammes smafler as the garth
is approsched; they dimnish from about
30ty 100 gsee at the gloud to about 13 asec
gear the earth, One might assume that
the step lengths are correspeonsdinghy re
dused. This deducting is reindareed by
P photogeapidc  Teeonds that sl
steps of short lengthy just prior to reacling
the enrth.

4. As an approximation, it might he as.
sumed that the downawnrd leader, as it
apperoacties the sarth, moves with a tonstasnt
velocity without Whan 4 certam
puit i its prograss is reached the electric
gradient on objects progaeting from the
carth exceads a vajue of S0 voits per
em and corona streamers begin to form
at the earth. These streamiers continue
to grow and a corona sheath is formed
about these objects As such they are
aot imporsant but the space churge asso-
ctated with them has an squalizing efect
apon the fGeld between the advuneing
channel and the eurth The current at
the earth associated with the formation of
the corona sheath is small with respect to
the current in the return stroke.  Only
when the advancing channel has reached a
point where ‘the gradient between the
chanael fip and the easth, or prajecting
objects, reachivs an average value of 6,000
volt per em dees an are plasma foem from
th' object upon the earth. Prior to this
ine ot the entire tower top of A transinis.
sic.. line tower might be enshrouded in
oo g without  seriuus conseguencss
Thereafter, the current at the earth n.
greases Ut an ever Jncreasing rate forming
4 concave upwurd curve with time aatil
the maximum value is attawed. At this

iosisn

{9
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puint the channel tends to fatten off
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Fig. 12. Diagrammatic sketch of tower with
ground wire and conductor showing nomen-
clature used
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The velocity of the tip of the downward
channel is approsimately 1/10 of 175 that
of light or 1 foot per usec 50 that it might
be viewed as an e¢lectrode at a constant
potential of several tens of millions of
voits progressing (oward a flat opposing
electrode or a projecting rod. As this
occurs the gap length is decreased stowly.
Thus, in referring 1o labdratory data for
guidapce concermng the phensmenon, one
must look 1o the current that results wheo
an impulse voltage that will just cause
Yreakdown is appied to a gap. In these
cases it 18 found that the current increases
4t un ever-ipereasing rate and extrapolating
from luboratosy diruensions one finds an
acceptable agresment in the duration of the
tisiig  pornom of the current. Again,
srguing from  laboratory resdits wihieh
show 3 curresponding increase in velocity
of the tip as the current increéases, one
might eonclude that a corresponding ine
crease in velocity of the return channel
also occurs. The limiting value of the
veloeity is that of the observed head of the
brightly luminous return stroke which is
in the order of 10309, of the velacity of
light. This value is attained as the current
tecomes constant and s limited by the
puiential of the stroke divided by 113 surge
impedance. The voltage drop caused by
the channel furmation current being drawn
through the surge impedance of the stroke
Jdows the veloaity with which the final
chiannels approach =ach other and conse-
quently lengthens the rise tune of the
cursent at the earth.

3. For components of the stroke aiter
{he frst, the leader from the cloud advances
at & relatively high veloeity (39 that af
light). Since the same sondition, that
gave rise (o the high velocity of the down-
ward lead, exists in the channel next to
the earth, it is reasonahle to suppose that
she return channel of components subse-
quent to the first likewise develops at a
more rapid rate than the return channel
for the first component, In consequence,
as observed by Berger, the rise time of the
current at the earth of components subse-
quent to the frst is much smailer than that
of tihe first component.

8. A method has heen presented for
including the effects of the predischarge
currents of the insulator string into the
computation of the lightning performance
of transmission lines. In this connection
it will be abserved that a knowledge of the
colt <time characteristie, alone, of 2 gap
1av: be quite insdequate to apply a pro-
tective gap or to predict the perforiance
of @ string of insulstors with its gradung
ring. The channel currents must also be
known.  Adiacent ubjects such as the tower
structure will affect these currents,
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K. Berger (Assoiation ¥
triciens, Zutich, Switzerlund): Tt 5 of
axtreme vilue that the quthors undertook
to dtaw a consistent picture of the lightning
phenomenon on the baus of all avail-
able research work about lightning and in
compparison with new measurements on
breakdown of long Jaboratory gaps. This
job facilitates the work of the puwer av ginert
who is unable to concern himself with the
electrical details but who is interested in
having a clear idea of the areas uf greatest
disturbance in His high-voliage trans-
mission system. It ulso allows the spe-
cinlist to have an over-all view of the light-
ning process so that he may discover real
or apparent contradicuons in the picture.
The report 15 based on measured or b
served fgures and does oot lose iwself in
unkuown microphyvsical processes

In the companion paper the wathors
have exantined present infurmation OB
hreakdown of long gaps and added some
new ipvestigations. The presentation 12
sults in 8 two-part develipment of leaner
sirokes which is compused of a cotslanmly
growing corona discharge with & large
diameter of 10 to 20 meters and a very
thin channel of 2to 3 mm of » that expands

e des Elee-

in very rapid steps of 10 to 100 meters
The authors compare velooty, Medd
gradients, 1nd curreats of artifion puar ks,

with those of leaders and they ucceed m
shuwing that there is 4 SUrpRsIng s allelism
T agresment .

The transition from corona to ire dis-
charge of the leader is of special interest
The first currest pip creates tne
charge of rather coastant grallicnt f abowt

§ ovoem. When this  grewing TR
th,

e

space charge has ruackied U ceflan ie
a highly conducung ¢ Yuimel begins to form
in the center of this charge, This channey
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e

stop- iunedistely and resumes later in the
nes: step.
A solution should be found by the
swrge speviafists to esplnin the reason
wed wranzition of high Seld

por { to the lowv field of the
eha 1 or are discharge. When
eutiiopting d4ifferent theories the duthors

speak of the concenceation of energy and
the heatiig of the fine channe! or of a
eritical current, which ascording to Bruee,

18 approaiestely | ampere. o the classical
ottt o Professor M Tagler, who mads
i bt o relse disdhargns i
the § ng af this céutury at the Unail-

1

vetsit of Deesden, especially on Lichlentrrg
figures ar Glestemtladungen on glass plates, it

was found that the transition from glow dis-

charge ooraae discharge) to arc discharge
huntel) took place, when a cers

eliarge has puised within @
ghi =1 tifie 10 4 single corond Strenmer,
This ctitd chirge ATHOUNLS 1O apprasis
mutsly | elevtrostatic anit. '™ Agearding 10
Topier, the lightmng discharge 15 o ghiding
dischurge like Lichtenberg figures, but is in
spues, insteud of oo a surface of insulator.
Another problem which has not beea
sofvet By the discharge physicists i3 why

ghe ‘reskiyv Soemed channe!l supplemen
stops inimedintely after formatim of 4

certait lengeht. The authors say that the
cannot expand beyond the space
According to Topler this is ant

charnael
churg»

true,. He found that ZLichtenfery figures
pxpatn! far out of space charges and he
staws expressly that this is the case with
lighting According to Sehioalawul, stup-
pag= 15 caused by the Held-creating action

of the elvctric charges of the proceeling
ghanne! which correspuads to the theories
of Mesk and Loeb an breakdown of sphere

875, pp 10611080, 1863, vol. 10, pp 191208
vol. 21, pp. 193222, 1004, wvol. 22, pp. 119-128;
vol. 23, pp S07-aT4. 1907

2. M. Topler. Phynikalische Zeltshri®t, Leipziz,
Germany, vol, 8, pp 184487, pp. T43-748, 1007

3. Huawisrrasuon UEE MATE RN SRS N
e beek), M. Topler. Vol @, Verlag
Jeon, Gereeany, 1913

4 Tear Meesanigy Seamk Disor 40w I8 Arm
o Atweseismie  Paessces- | Meek, Loeb.
Jaurwal of Adplied Phever, New Vurs, N Y
Tune, 1040

E. Back L.owsultynt, Pittaburgl, Pa
This mupes presents & sew study of the
ligttuing stroke. It is ass thut the
several recent papers on this subject have
beey metivated by the unespestad fash.
overs that have necurred on high-valtage
lines on high towers with singleshield wite.
At the eud of the present pag
is made to that feanssiission jife prn
In the transmisdion line problem it hud
seared 1o s that the probabaliny of direct
hits on the tower conductors, so-called
shielding fuilures, Bave aot been emphasized
sufficiently. They are aot reaily shieiding
failures because the shielding is probably
not good under the Creumstinoes 2n-
countered

{0 conzideriog both the Wag
theory, with the lurge corous unvelope,
and the Grscom theary, with a bulge of
charge which progresses by  successive
bussts, the chances of stroke contact with

both the Wagner-Hilemin

a conductar seem to be significant although
we are aot able to back this up by cal
culation.

In the case of a high tower and with
condustors oriented bevond the shield
wira, what «Joes the stroke thin ey the
leader, earona envelope, 9f Hulb
proached within atoot the
of the earth and reasonabls

at

tuner aeighit

close to the

line? Tt sees the earth and it also sees
she line conductors as well as the shield
wite aad towsr, perhaps 352 hulk. Corona
of strenmers smanare from wil three, and
the bursts feam  the Wagner Hilenan

corana efvelope ¢ the Grisonm Buld may
g0 sideways Photographis are  extint
showing almost nght angls bends in 2
stroke  The stroke has to decide whethet
to hit the sarth, the (ower, the siieid wire,
ae the line conductior, Tius dedision may
be the resalt of gelative pasitions and same
forsuiteys facturss On o a svstetn
ofe of the nducturs s
kv below warth potental which s a0
added attraceion for the stroxe. What
we are trying to say is that as the tower
beight increases, the shielding is less efec.
tive and direct hits are promoted by this
and by the bias caused hy the line potential

335w
e 280 0 W

[t is our our intention o Argue 3N
the propesed stevge thaory and adatain
that all of the unexpected Dushinvers ure
the result of direct hits <o the line wonduc-

tors, but it is our opiniun that 3 high
percenitage of them jre.

Fips i

1 have verified this effect on the basis of - P . {
Fig- 4 el 8 of the authors’ puper.  Indeed L p {
the gralient of o 30-meter spuce charge’. st X Ll 4 - P
of the {m-.u:;-s 'wf”k ineed ia\ the paper|y) U wl ) ,,1'. ',‘;i,, \lt ' \-\
results in a value of about 8 kv em exzit-Lr U A { VRO U A N
ing in the corona space, and therefure can -L_/L/ U bu LAl AU .
eanc~! . The velocity of electrons are v, e
thetl Gevressed creating a plasma, which i8 i * i
‘ust the orolaagated channel The only . ] I -~
pecessary copdition to achieve this effect | \ i A 1 I\
is that the supply of electrons from behind AR POTT, PRPIPTIT2T PrT a7 r T eoreaesy 4 4
the tip of the ¢hannel is less rapid than the "

advance of electrons before the tip

[ fuund the comparison of the snape of
eurrent fronts of artificial spurks with the
frowt of lightoing currents of great interest.
Indeed the concordance i8 astonishingly
goodt.  Furthermore, the explication of
ste=per current fronts in subsequent strokes,
as abserved on Moust San Salvatore, by the
higher apeed of the subsequent leaders is
of milch interest

The ruthors stated that they attempted
to presugt o picture of the very complicated
phenomgnon of the lightning stroke, |
think teey did this in a very clear and
concise aunner, aot as physicists, but as
engineert who are accustomed to making
all the necessary ubservations and measure-
ments. [t is to be hoped that the yet
unanswered basic phivsical problems will
aiso be soived by discr ge physicists
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Fig. 13. Successive positions of leader head approaching 4 tower, A-D, and coneept of pie-
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8. B. Griscom Westinghouse Electric
Curpuration, East Pittshurgh, Pa.)i The
authors have integrated many items of
esperimental data and theoretical argu-
ments into a complete theory regarding
the phenomena of natural lightning. I[n
the section of their paper entitied “Com.
paunson with Other Theories,” they point
out that thetr theory agress with some,
but disagrees with nther, views expressed
in these theones. The prestnke theory!
written by this discusser wus one examined
by them. While agreeing with some
elements of the prestnke theory, the
authors differ regurding certain crucial
pints.  This 15 a healthy aud desirable
attirude, fur 1t is only by the expressiun of
views and counterviews that the secrets
of lightmng eventually may be wrested

from sature. 1 stull firmly hold to the
validity of the prestrike theory dnd its
implications on the stroke mechanism,

therefore, most of the comments brought
out in this discussion refer o the differences
in concepts

Tu iligstrate some of the areas of sgree-
ment and disagreement, Fig. 14 of reference
31 of the paper is reproduced here as Fig 13
fur companson with the authors’ Fig T,
Agreement will be noted in that both
figures show bulbous ends in the space
cluarge wolume surrounding the lower end
of the leader core and the wuthors stite
eisewhere that they attribute sver three
titmes as much charge per umt length for
the tip as for the leader proper. In their
previous paper of the same title, the
mathematical analysis and  conclusions
were entirely confined to uniformly dis-
tributed charges along geometrical lines?
Thus, they have adopred one of the com-
ponents of the prestrike theory. Further
pomnts brought out onginally 1o the pre.
strike paper, and used in the authors’
puper, are:

1  The bulbous volumes of space charge

at the lowermiust end of the leader are
pulling churges of opposite  sign  {ram
grounded lijects prodectiog upward

2. There are capillarial spark traceries
cavituting charges out of the leader head
spuce churge 'the discusser's stage (E)
and the suthors' stoges (Coand D)

8 These spurk {rwenes matenalize into
highls nductipg plusing <hannels dise
cusser’s stuge GO oand authors’ stuge E .l

4 Culpunation finally  takes place as

Wagner, Hiloman

Fig. 14. (A) Geometric
- description of an elementel
hoop of charge used in deriving
equation 2, and (B) the
general appearance of the
space charge at the earthward
extremity of a lightning lesder
head. Note: The x-z plane
is about 300 meters above

the carth's surface

shown in Fig 20 of refcrence 51, not bere
repraduced, and stages (F) and (G of
the authors’ Fig. ©

One of the dissimilarities of viewpoints
hetween the two figures is that the authors
have assumed a volumetric distribution of
space charge varying inversely with dis
tance frum the leuder tip such as to produce
a radial gradient of 7,000 volts per om.
The prestrike paper used 3,000 volts per
em, This is implicit from the term =3 X
1 R in equation 1 of reference 31, where
R is in meters, Also, 1n describing their
stepping  mechanism  they consider the
plasma chaunel to grow from the leader
enre to the boundanes of the space charge,
necording to their Figs, 2, 3, und 4, whereas
the prestrike theory calls for a cavitation
of charge with a plasma chunnel finally
making a junction with the leader core,
whereupon a moderately heavy curreat
of 12,000 gmperes for the average case
flows down  that channel, forming the
bright step and re-illuminating the pilot
leader core upward of the junction point,

It is cunous that the authors thould
show the same prestnke cavitation process
in their Fig. 7 that the discusser showed
inFig 13.but otherwise describe the stepping
process as a plasma channel growth in the
reverse direction, that is, from (A) to (C)
in their Fig. 2. This they jusufy by
qurting Schonland,! ' Definite evidence
that the strenmers travel downwurd s,
however, affurded by the broudening of
the upward part of their tracks.” However,
Schonland was referning to the pilot leader,
and not its extension, a8 evidenced by the
fuct that the furegoing quotation was
taken from o section entitled “Veloeity of
Lender Streagmers,” and also from  pre.
ceding and following context in the same
paper. The following statement 15 mude
in the discusser's prestrike paper: “This
analysis leads to the conclusion that the
pilot leader trace and the Lnght step start
simultaneousty and at the wume pant in
space; the former truveling upward, the
latter downward.”

It appears. therefore, that the authors
and 1 agree that the stepping process is
self-triggered at the lowermost up of the
leader und not at the dloud. and conse-
guently we are boath n disagreement with

Schonland on  this particular paant. A
farther interesting quenatin from Schon.
fand is, ““the tips of the stieaijers the

nistance ) exhitat
mation. "

channe! extenslons in this
no distortion due to lens
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which is another way of saving that he
did not have sufficient resolving powe:
to determine whether they traveled uy
ur down

It is not ton difficult to explan Schon
tund's experimentally observed “broadenns
of the upward part of their | the pilot lzader
tracks.”” When the step weurs, the newl
formed channel dennds charge, that i
the flosw of current.  That this deprind o
violent and aceompanied by a lerge invre
ment of current is evidenced by the phote
graphic Lnightness of the step, and the re
Muinination of the pilot lesder wrack. I
engineering  language, a  short-duratiol
highsmagnitude pulse of current is driws
irom the pilot leader eure and the puls
travels up toward the cleud as o travelin
wave. After a fashion, the piiot leads
core acts like a transtudssion fine with di
irbiited L, C and R ciements R 15 e
Wigher per unit length than for o wetalh
conductur so there is considerubie enery
loss, causing re-luminatiun of the plusm
channel in air, a spreading in time an
space of the current puise, and a reductio
in current amplitude, as the pulse trave!
up the leader to the clond, in its quest f
charge teplenishment. This fts in pes
fectly with Schonland's statement? “Hae
bright step appesrs as 4 tesmination of
fainter streamer extending the whole wa
from the sturting pomnt of the discharg
such  (fainter) streatners inereasing o
brightness und decreusing in width s the
earthward ends are approsched,”” scoeprin
that Schonland was in error in
that the starting point is at the cload eod

It is suggested that the authuors comeef
of the leader and s tip, or head, the
Fig. 2, is more nearly what would |
uxpected from a continuing corong di
charge, except that with the latter,
still air, further charges with densit
varsiig as 1/¢ would extend heyond th
suthors’ urbitrary boundiery  where th
gradient was assumed to be 7.000 vl
per cm. It would seem that m the viole:
stepping of the natural lightning leads
the phenomencn would be a corona burs
ar impulse corona, where the (harge dr
plavenient is rapid, producing loud crackir
sounds when a conductor is suddeniy ove
vaolted. The charge 18 nostly
teated i a <hell ontside of wineh the vivewr
gradient averages 30,000 voits per cm
siightly less,

While the authors have now recagniae
that the charge on a leader cunnot i
regarded as constant per unit of lengt
they still use line charges tn compu
potentials.  This 15 shown by thutr cguraty
4, which applies to line chirges Thie
procedure 18 to use zounes of chuarge Wi
the lineal deusity of charge neressing
the eatthward up of the lvader s 4
proached. Tlhe masitngm rativ o line
charge Jdensity used by them s [T 8 2
There cun e o 1
to the use of gonal vartations i ohyrge §
unit length
the valtage

AR

v onge

ar 355w 1.0
0
when the =nd use s O ehtd

contributions  to loegtia

remiote from the lender Honever, t
fine churge concept dovs not pve

curreet contour for the cusclupe of Charg
whether the Jharge s meidered S Main
s the surface 4 the wnveligw as 13 9
cuditention  ar MYing - IO 5 © 2
distance [frorh the eetac. 9 wvording

i

O roRLR [[4

the authors’ colhcupis




The followiwg treatment :or charges
having rotational symmetry with respect
v an axis {s more rigntous, and permits the

evnraur of & wolgme of charge to he de.

for I LA (Sl 1 depesdunt onls
pom e pereoveraaae of the mvesigatur
IS IREITT y vty i oenurge as dhastrated

in Fig 148, lee & in Fig. 147 A beacireular

Roop ot chatyge; wated tn the :th |
wnd - paeatlel to che xoz plane. Let X be
P | nLiddsdi 4 fiop Lot

the s mile sharge dewsity per unit of

gt { YhHe Noul in " % pev metes
thes quoulities as g | no Fig
A Then, the coutnbution to Lk
gotential i volts 17 of a pont P o the
vy plane due to an infinitesimal length
of choarge ut Py is
Yo LXK (J8
4% 20
i
potertizl contnbation ¥ M voits
y the entite hoop My s obtatned as

twiee the intesral of equation frum d=1
tg #=g¢. This is:

Equation 21 4s n camplete eiliptie integral
N« k<1, and may be evaiuated
by the ase of standuard published tahles.

. total potential at any pont £, Fig

proviged

141 A, for aos surface of volume of charge
svirinetrical abuat the ¥ axis may be
descradned by summing up the coneribu-
tiot of as many hoops of churge as
necessary to define the postulated space
hurge with rtespect to its contour wndd

jistribution. It the
o the surfuce, then oaly
w s required.  If the charge is v e
fistribuced, then Huonps
pet lamisa may be used, with variable hoop
churge dersities Ay, A, ete. For a lightming
feader, the effect of image charges in con-
tributing ta the pote: P must also
be considered

This method of obtaining potentials
dur to spuce charges s not neacly as time-
consuming as might be antic.pated  Tral-
tnderror  proge are  pecessary, as

Chargs 1s

it

por lani

et New i"'\

aretrically several

"

ieial of

ures

with the lsde chirge method used by the
hafs, but convergeuce & rapul
The authors arrive 4t 4 3108 volts as

voltage at pownt 1,

i their Fig L to the hemispherical
i charge w zone |, wheteas the
miore sigoroys progedure given here shows
a wontnbution of ROX ™ volts This
difference does uut tell the compiete story,
it must he barne in mmnd that
the proper contour for the corona envelope
will nut be abtained uniess the cotiputution
pricedures are correct  When the maore
figoeanis treatment 18 used. it will be found
that the fatm of the corona envelope shown
by the authors' Fig | does not adequitely
ceveul the disproportionality betweuen the
churge in the huibous leader head, and *he
chuannel charge smmediately above

the contnbution of

bl

because

Ocroner 1961
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In deterinining the contour of a leader
head wherein the major portion of the
churges ts regarded as being oa the hounding
surface, the first approximations are directed

1 an squporentil syrfce

18 By teial pnel error,
mutually consistent contusrs and ol
charge densities, A of equation 21, such

that the potentials at puoiets 24 Pg Po

ete, on Fig LB sre esseatially equal
Let P, Pa', P gte, be pomats logited
by sECIOrs rinal $0 ¢ ¥ 14
i1 ¢ dlg, dle chestn of aonvenjient langt
Sl

aldi=d¥ 2
then

dV = Tt 23
where Vs the scalaf potential ab o arimed
Pt v FOis the s e porentid xt the

voeresponding unprimed point

If the gradient d17 4l given hy equation
24 is not the desired value, thea the hoop
charges must be altered aceordingly. It
should he understood thar the dieader

charges above Fe of Fig 148 il th
various Hoage irges st be given dia
cunsideration  in  detertmnatiwns ot the
potentiuls of all powts Line or powt

charges cin be ysed when D, is large com
pared with R, Fig 14 A In the wdealized

ate, the desired surface geld ntensity s
0 KE wolts per e, bat  rregulantt

will caues the average Fradient to be uch
less Any  puints ‘:‘h ,;'I ete, ol Fig
14/ B must not be catteident witit potnts
on any houp of churge, as tne eiliptic

ntegral formulation is not salid for such
cases. L it is desired that there be a small
fall of potentiu! irom ! Pato P oete,
then the tors 41, @ wan be wnglined
frorn the normal.  For ex e, o a fall
of 5,000 voits per cru 15 desired along the
siugrge ensélope and 50,000 volts per em
itom £y to Pg’, ete, then d1; can be

directed downwardly  about 8

from the nortal with satisf

degress
guracy
that when the leader core

’:é i

H

it would see

has penetrated to € of the authors’ |

the electric field intensity at its tip would
be enurmous compared to what it was
when located at 4 In the prestrike theory
a virtual anode” cavitates cnarge from
the leader head and this is 3 nonslent

process until it bores its way to the eader

core. While the authnes show s same
cavitatinn process in Fig T where the
annde is a real one, they du nat do sa during
the stepping  process and  this  appears
ihconsistent

They have endeqvored 0 use the re
cordings of ctrtadn nvestigetors if wlectric
fiel! intensity to support thewr version of

the lightring dischargs mechanism { nad

examined aimifar data and concluded that
while uaseful for certain purpuses, this

type of record was unsuited to determning
the mechamsm of the lightning stroke
In their section on electric feld measure.
ments next to the earth, the authors speak
i slectronic devices Raving “high ampli-

feation t amd Csweep resolution’ imes 4
10 psec. High amplification appears to
he the inverse of the requirdments for
feld  intensity  measuroments furing
thunderstarms.  Some of the discusser s
investigations' showed electric  field  ane

The Lightning Steake-

tensitics of the order of 100 kv per meter
for nearby strukes. Fig 15 is a typical
record. Attention is called to the fact
that most receiving -type trindes or pentodes

will ant ent more thun 5 wolts mput
Wittt saunation  This i3 beont they
will deaiw gobl ourrent, of the plite epttett
will Lo, 26T wynnd thess valies of
nput voitige  In {

Wi flegtssar

the penphitier 3
wheh the Intnt ie of v odider
A F AN I ; t

s 7 t Vil
k=iv o be Jdue to
L tomeeuve 14
Vopara g S
lex wtteraein of

it duhious atrat

the value of information goncerming vleetne

fields due to distant thunderstorms 3s
recorded by vacuum tube or trunsistor
ciroutry One need oniy contemplate
that thanduerstorms are area WEairs, and
d.l"d ? Wien )oour ainoeat it e asiy
at several azimuths.  Further, ihs il
leaders are nultupls braoched, awl the
2igs 4nd 0@y are randon towil Wav,
or paraflel to the recurding station and

g, Al of
i puises

variously polarized and retec

thig results in 4 congluneration

areiving ot the recording  statiof aned
feduetions 48 to e fates o chunge i

i grrent hased on such repords must
be apy catserl  with e ST e VTR AT [
have ohtain S0 recurds of
wlectric field thunderstorms

at thres mied
pastovest Mpe. space
The thre-h id or Zr
1 b IS8 &
the dpper K thostt Deny, nuy
i
1 found that dunng

esy (1 4 attaight
$-mile intersuls

measyrenent Was
meter and
volts per merer [t w

ik

feettd

btained

thany thamdes sturims, fechrids s
at ontly ofe of the theee recoriling locat nns,
[n uthet words, for equinment, h

masitmim distance from o thundercloud
which would prosdues a record was Wl the
seder of 4 miles. Thi- seemns to be a de

U

record  of
electric field change of about 100,000 volts
per meter during thunderstorm

Fig. 15. Kiydonograph type
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sirable attribute. The essential point here
is that recording devices with sensitivities
capable of showing field changes as low as
1 millivult per meter may produce records,
particularly at night, of atmosplerics as
much as 1,000 miles away, whereas devices
having a range of say 6 to 100 kv per meter
will most certainly only record local events.
The authors present Fig. 9 as though
they regard it as the equivalent of a “snap-
shot"” of that part of the electric discharge
occurring during the interval between the
application of voltag: and the time of the
voltage chop by a paralleling gap. Actually,
such photographs are composites of the
pappenings while the voltage is rising, plus
the events following the chop. Merrnll
and von Hippel* conclusively demonstrated
that slectronie charges propagated out from
an electrode 1nvo 4 gas will rush back to
the ¢lyctrade when voltage is rapidly res
moved fromn it. They term the resultant
Luchtenbergtype  tecordings as  “hack-
figures.” Park and Cones' Fig. 17 show
identical results vecurring three dimension-
ally duning chops. The upward projection
of charge from the negatively charged
sphere 15 followed by the develupment of
dowtiwardly directed plasma channels from
buth the anode plate and from loeal con.
centrations of charge which had been
deposited 10 the intervening air space as
the voltage wi. rising The direction of
travel for each of these phenomena is
unguestionable & wview of the mass of
evidence hHy many investigators that the
travel direction of gaseouys electne dis-
charges is revealed by branches which
diverge in the direction of travel. The
forvgoing 15 with respect to the small
electrode 4s negative, as is the case with
most lightnicg leaders. The process 1s
slightly different when the small clectrode
is positive. 1t is of further interest to note
that 4-4" and B-8'in Fig 18 of the same
reference, show voltage choppiug to resuit
in an almost identical, but reversed dis-
plucersent of charge as that thich took
place during the application of wvoltage.
Tiis vear equality only exists for discharges
where there are few or no plasina channels
developed. The former condition approsi-
mates the charge aud discharge of a lossless
capacitor; the condition invoiving plasma
channels i3 more like a leaky capacitor
wherein a large part of the imtialiy stored
energy is dissipated in Joulean heat and is
thereiore not r overable upon discharge.
The authors misunderstand one aspect
of the prestrike theory 1 that they state
“the charge wolume grows, naintaming
all the while a surface gradient of 30,000
volts per em.. ." The puaper dres not
make such a statement. It is only when
the surface gradient drops to this value,
or somewhat lower, that growth ceases or
becomes very slow. Fig. 8 of the pre-
strike paper’ plots charge prop-gation
rates against gradient ratio (the number
of times the curface gradient exceeds
0000 volts per o). Duning most of the
growth of the leader head, the wurface
gradient greatly exceeds 30,000 volts per
cw, the amount depending upon the iiter-

until the gradient at the boundary averages
30,000 volts per cm, or slightly less,

2. Because of a random protruding volume
of space charge having a local surface
gracdient in excess of 30,000 volts per cm,
plasma channels eat into the main volume,
cavitating additional charge into the
pratruding charge volume.

3. The plasmma chunnels finally eat their
way to the tip of the leader core, swhere.
upon, since the energy available to the
plasma channels is now relutively unlimited,
a heavy current flows down the ohinnel
extension, illuminating it brightly, and
projecting another volume of space charge,
at a lower elevation. Then & period of
relutive quiescence {ullows until anuther
protubesanee causes the sequence to reneat
itself

Wagner and Hileman's communts on
this discussion, pro and con; should go a
long way toward an gnderstanding of this
most fascinating and important subject,

[ would like to repeat the appeal made in
reference 1 for a standard terminology for
use in describing the various phenomena
of electric breakdown in gases. It may He
that many of the disagreements bie' ween
theories are due to misinterpreta’ions of
termis. In closing, 1 would Hk: to ac-
knowledge the asastapce of D. L. Griscom
for his helpful suggesticns, urd for his
development of equation 21.
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C. F. Wagner and A. R. Hileman: e
would hke to thunk Professur Berger for
his gumplimentary commments, particularly
with regard to bis concurrence with the
authors’ engineering approuch in  their
effort to correlate the stroke mechanism
with laboratory measurements on long gaps.
He has raised two very interesting puints
and it is haped that lurther work on these
subjects will remove much of the ignarance
counected with these phases of the problem.

Mr. Beck has introduced an important
pownt that worries the transmission engi-
neer.  While this paper 13 not concerned
with the applicativn of the theory of the
stroke, cemain  charactenisties of our
meckumem are directly applieable to the
praoblemn of the =helding of conductours by
overhead ground wires. This theory indi.
cates, as is illustrared by equation 9, that
the decisive pont in the progress aof the
lesder to earth as to whether the ground

paper. In conjunction with our associates
we are working on this subject at the
present time. As a result of work og the
stroke mechanism we have not only modi-
fied our ideas concerning the curreat at
the earth and the movement of the charges
above the tower, but {eel that a <ignificant
number of the unexplained line fluskovere
on the 345.kv lines must be due to shielding
fallures. And so we agree with Mr Beck

in emplasizing shiciding  falures a5 g
possible source of trouble.
We agree wholeheartedly with  Mr,

Griscom in the desirability of the free
expression of wviews and counterviews

We must admit that his funther commenis
have not modified our own upinions re.

garding the physieal processes involved in

the lghtomg stroke. Mr. Gnoseaom has
listed fowr points and has preceded these
with an additional one in which he nnpiies
that these chiractenstics f the diselarge
were original with the prestrike theory
and that they were adopted from his
previous paper on the subject. We have
stated that it is difficult to determine the
soprce of component aspects of this com.
pieuted phenomenon and in replyving to
Mr. Griscom’s comments fully we chould
attempt to review 4l the litersture beaning
on fhese points. But in comparing our
mn publications with the prestrike paper
we Have the following comments.

It is not correct that in the previnus
paper ‘reference 1| of the current paper)
that the gnplveis wag “entirety confined
to unilic 1y distributed charges slong
geometric ines.”” la Fig 7, of the previous
paper, the estintaled vertical oharge dis-
tribution in a leader 18 shawa, 1t includes
not only the end effect but also the effect
of the voltage drop 1a the central channel
fevding the churge. Laterally through the
cross section of the leader it was recognized
that the charge has a volume distribution,
In this previous pager it was assumed that
the boundary of the charge was such a
surface us to possess a gradient due Lo the
internal charge of 30,000 wvolts per cm.
This 1s the same assumption used by
Schimland and Grseom, and probably
hers. We recognized that an internal
gradient mut exist within such & viiume
and estimated this effect by simply gesum-
ing that the radius was hall of the +alue
so computed. But while it was recognized
that the space charge was distributed «ver
a volume, we never attuched the sume
impertance to its precise determination as
dows Crriscom. While we have modified
our own thinking fram the assumption
that there egists a field of 30,000 volts per
em atound the periphery to the dssumption
of a volume distmbytion that vanes n-
versely as the distance from the conducting
core, we do not helieve that either one can
describe  the bounduary previsely. The
acrual physical processes ure proliably too
complex to he satiefied by wuch nple
pEstun ptions

With respect o Crosgam's first jeant,
reference need unly be inude to Frg 10
of rejerence 1 of the paper 1o indicate the
recognitiom of the production of corona

play of equatiuns 1 of the paper wire, the conductor, ot some poiat on the  space <hurge induced by the downward
To clanfy the leader stepping process earth, wiil be the ylimate ar Tt leader an various rewmbers of the foaer
of the presirike, the [uiheving three se- will pat be reached before a distange of I addis‘on, tefereoce e sande 10 Fig, N
quences ure regurded as constituting a step! peruaps 10 o 300 foet [rom the simeken chich Anows the jresence o the gitlve
puint is atwained, This is a direet conse- space chsrge in the downward Jievted

1. Space charge ‘s propagated outward quence of the theory presented in the leader and the positive space charge extend-
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ing from the ground and also the develop-
ment of the channel curreat. Since this
previous  paper  was written we have
ot fed nur previous coscept of how the
54 I desalvps from the space chargs,
but this Fe ceftion 1o the point snade
by Mr Griscuin. Bt has besn Kadua for
a lung tine that space charge and upward
chanaoels develop from the geound as the
leaster approaches

Grisoont!  sefers to Ucapdlanial  spark
fraceries’ that cuvitate out of the Sead
spasce cliarge and the sabseqent i
it of the ghuanuels. Tins language is
gomendat vague and we do aot fully under.
stand the fmport of this phraseciogy. It
is our understamding of Griscom’s theory
that the “eavitation™ process begins from
the bounding surfsce of the space charge
il groporgctes ip€s the space  charge

Heveloge

THis ¢ ol 1s entirely Jdifferent from that
priy P 'hy us i that we bellsw the
eateristun of she chuonel desslops frowm

the tip of the eonducting core of the leader
and in the final step from the tower top
also, Wih this understanding of the
meaning of “eavitational” process, none
it the processes deseribed in Fig. 7 of the
puber 18 4 Teasitationgl’ proewsa dut dre
siniply the devedapmieny af ehanm .3 emu-
naning from relalively good cunducting
electrofes from the leader core for the
downward devalopment and from the mast
for the upward wmoving chanael [n
referciuce | owe deserihed the process of
chiarge collerzion by the retwn stroke as a
sort of counter guboun effcdt
Mr. Griscom objects to our wse of 1 line
churge to compute the potential schey the
charge is in reality a volumetne distrihu-
tion. With sphenical distnibution, the
potencia!l at any point is independent aof
the manner in which the charge is dis-
tributed wathin the mmdus of the pot
under  consoleration. This is  true  for
infigitely long eviindrical distributinns, It
is also true for the potential of the mid.
point of the su lace of a eylinder of Bnite
length 5% long as the length is several times
the radlius of the eylinder.  The total charge
can be regnrded as distributed along the
axis. This assumpuon s valid to axial
lengths down to several times the radius,
he range of validity of the use of ths
expression 18 dependent upon the actual
charge distribution. For a charge dis-
tnbution that varies inverzely as the
radius it is valid for much shorter eylinders
than for a charge concentruted oo the
surface. Considering the present state of
the knowledge regardicg the charge dis-
tribution we feel that our use of this
espression, an this manner, s justified

We wish to congratulate Mr Griseotn on
his develapment of the expression for the
poteatial at a point due to a umiform dis
tribution of charge around a loop. It s
a convenient sxpression in 4 practical form.

He then computes the contribution to
the potentiul at point ¢ in Fig. 1 of tha
paper, and states that the more ngorous
procedur: gives 30X 1M voits nstead of
4B UMW volts obtained by us. This
difference is less than 10, of the total
putential and while it might affect the shape
of the space charge in the head of the
leades it would not sigioficantly affect
the potential of the leader core Any
tendency to imerease the radius would be
partally compen-ated for by the increuse

OQcroser 1961

in the internal drop. We do not feel that
the assumptions warrant a statement of
accuraey within 107, aor that the exact
shape of the lender head is a significunt
factor. [a our opinion, the significant
facta s iy the averuge grodient bBerivgen the
lewdder wore and earth proe o thy Iast step

But white the space charge distmhution
is under discussicn, we might mention
that we Have heen unable o determine
the sedson for chuosing the particass vaiys
f 3000 voits per em for the gradient
within the space phargs wad By Gmeom
in the srestrike tieury. [ hidden Wwiting
the mathematical expressions  atd 1o
mention made in the text of how this
particular aumber was derived

Furchermeace, we wauld like to ¢omttent
on some aspects of Mo Griscom's compauta-
tan of the damtour of the Space charm
envelope 4t the instint of muavimum de
velopment, As stated by mm in the
parigraph of his discussiun  proceding
equation 22, the tirst approdmations are
directed toward obtaining an equipotential
surface. Now let it be assumed that the
leacler head shoivn in Fig. 86 of his prestrike
paper is such a surface  Further, let it
De as:
external jugsface gradwenc i3 aormai o the
surfies ane equal to S0HN woits per cm
and that the internal surfuce gradient is
also aormal to the surfice and equal to
3400 volts per cin. Now if & smail eviin-
der 15 thought to be situated in such a
way that one of the at <urfuces ties inade
atl the ather outatds of the <Santour
surface, the surfuce jutegeal of the agensl
component of feld, around this ¢y 'inder,
s equal to 4» times the surfuve charge
density THis speaifies the churge density
distributed on the eqavelope which 15 can-
stant over the entire surfuce. Buat such
a consuant surfage charge distabution upon
the contour of Fig 8 of the prestrike paper
hears no reseiblance to the type of charge
density depicterd tn Fig 13(A) nf the samge
paper

In Fig 15 of his discussion, Mr Griscom
shows a2 dramatic Licktenbery fgure ob.
tained by an instrument located on top
of a building approximately within 2 miles
of a lightning strose.  He states that this
record represents an electric feld intensity
of the order of 100 kv per meter This is
fot surpnsing as it is known that cofona
discharges occur from objects close %o
strokes and for a corona discharge to occur
the ficld intensity must exceed 10,000 yoits
per e Furthermore, this fecord was
obtased on the roof of Al building which
in itself enhances wie magmtude of the
observed field as cootrasted with what
would have occurted on level ground
Unui the method of applicatt o of data
of this sature is fiven ane cannut comment
upan ihe vaiue of such records

Mr. Griscom questions the suitability of
electric field intensity measurements for
the determination of the mechanism of the
lightning stroke. Based upon the papers
of Brook and Kitagawa, and supported by
correspondence and personal conversutinns
af ane of the authurs with these gentlemen,
we have great confidence h such measure-
ments for studying the mechanisin of the
stroke  The fotlowing comments conceen.
ing, the accuracy uf these ubservitions are
baled in part on these personal contacts

ed, 38 ad pprodination, that the

Wagner, Hileman— The Lightning St-oke--[1

The equipmeut be ng used by Brook and
Kitagawa in New Mexico has o fat re-
sponse put to a midimum of 5 me,  Since
the filtn 15 run Continmmon=iy, a Cupromise
betivoen fim speotd and resofutiov Mad o
be made. In the iitors W ReLnomy in
the use of i, & fesclving pover of the
tepnrds of 4 mauiniim of ) uses was
chusen. Howeses, this limitation does not
affucr the accuraey of the recorded instin.
tanenys values of the meid intensitids.
W batwve 1 our pussesiint o fecurd nhtained
froagy D, Brook b owhich the aviximum
defliotion of the B Juitge was neld within
the scale of the oscilluscope.  This record
provides a alirect compuarison between the
magnitude of the feld intensity produced
hy the steps and that produced by the
R change which confirms the statement
shat the farmer afe stutl o Ganpiiraon with
the latter. Whilke the equipmeit used
formerty by D Rithgawa gl e Pessind
the kigh response of the preenl Squiblnest,
the oscillograms of the new eguipmest
show essentially the same results without
such defects as avershnot, ete,

Due to language difficulty the “low.cut
fiter” meationed w1 Df Kitaguwi's paper
refecs t0 2 mighepass alter. The aver
shigat. which caa be seen on e Kitagaad's
old réecurds is not Caused Dy TECIAS) ITum
4 pacailelizing pulse of voltuge. Degpend-
mg upon the input time constant, the over-
shout i3 more of less dependent ypoa the
duration of the pulse D Ritagawid, in
Jupsiay, used a Bd-micrisecond time cons
Sale 0 Sew Meats Doglins Eitagiwa
and Brook gsed a TD-usec tme coustint.
Such wyershoots are aot sigmiicant. The
system tself, amtennas, amplifiers, ete,
was checked by simulsting a umiform feld
above the autegna with a plate several
inches abosve the antenna and to which
approxitmarsly 100-volt square waves were
applied. The linearity of the equipment
was excellent.  An S0-dectbel attenuatar
was locuted betwevn the aute ina and the
preamplifiec -cathode followar  This was
adjustable and the setting was determined
by the distauce of the starth,  This equip-
ment has been in yse and was developed,
to its present degree of aceuracy, after
5 yeurs of guestioning sunilar in nature to
that mentioned by Mr. Griscan,

Mr Geiscomt s in errar in his statement
that thundersioriis, 4t least in New Mexico
where these observations were being made,
are large aren affars. They were isolated
and lovated by observers in all directions
while the rfecardings were being tade
Their computations show that the proba-
bility of overlapping of suvcessive strokes
is very low. Perhaps the Yest evulence,
accarding to Dr. Brook. of the existence of
these pulses and theirr identification with a
single Jightning stroke cowes from their
correlation of actual stepped leader phutos
graphs with the stepped leader elevtric
geld change Such one-to-one correlations
are very convincing

We appreciate that under certain coadi-
tions an arrested dischurge cannot be re-
garded as 4 “'spapshot’” of the electnc
discharge at the instant of chopping  This
is particularly true for appiied voltages
just below the critical value But for
applied voltages just sbove critical after
the channeis have had an apportumty
to develop, the bright channels of mg!l‘
lumunosity do represent the progress Of
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e Theoretical Considerations I.n!Ah: attenLion ap |
. ! aetion of the !lv,‘l :‘
The Function of u Lizhtning Condactor aupiecs of the desi; |
| question of the spe
LE by o manifestation of haan weakness it a peejudice onee acquiced tends had given little th
to be retwned even in the faee of overwhbelming faetual evidence contradicting "
the basis on whieh it was founded. In the reahin of seionee « prejudiee nmay be tu Hanclawd, 41
4 termed a miseoneeption, Such a misconception which has persisted for over chd: mh‘“:‘" rli'luu |
tvo hundied vears and whieh is still widespread is the belicf that lightning _ n'vlsu-rw;(‘iun il
conductor has the ability, or indeed the purpose, of dissipating stlently the .rll‘;lll'f Th.v bl |
eleetrie charge in a thundereloud thus preventing ‘he “proteeted” building e A :
being struek, able time. Howey |
several learned |
How did this eonception originate and why has it persisted for over two vocoived Trom th
centuries? Briefly stated, Franklin was led to sulving the mysteryof the Ughitoing porated in a heas |
discharge by recognizing and stressing it similarity with the electric “park the time, Guided
whieh could be produeed and studied in the laboratory. In his experiments he dual funetion of o |
found that a condueting body which was insulated from easvth and which had the wiforteaate @
hoeen eharged to a high voltage from Leyden jars conld be silently discharged which was still se: ;:
over distenerss to severad inches by a pointed metallie conductor which was (6). |
connceted to earth, 1t was this observation which led hun to suggest (4) that Let us then ¢ |
an earthed pointed lightuing conductor might diseharge o thundereloud and modern knowled,
thus “prevent a stroke,” field of « thunde:
today. The time |
[Tinvever, i the same letter written in (T35, viz. two years after the publiea- hus been frequ |
tion in Poor Dichard's Almanae, he romarked: “T have meutioned in several of proportional ¢ |
my letters, and oveept nnee, always in the allernative, viz. that pointed vods {ield or 200 - :
erveted on buildings, and communizating with the moist earth, would cither a v ‘
prevent o steoke, or, if not ovevented, woukd conduee it, so that the building by »
should satfer no damage.” flast ,
Peanklin continues to complain that, while the frst aiternative was only duetors woue
“part of the use” of a lightning conduetor, the secand alternative, which wus Jightning flash.
i proven beyond any doubt as soon as lightning eonductors had been fitted to manney 'n.u.-et 0 |
) Suildings in Ameriea and Furope, “scems to be totally forgtten.” This eonelse one funetion—t
! statenient clearly summarizes Franklic's vews on the action of o lightning anel then to dise |
” ; condaetor,! |

FPranklin's warning and eomplaint were, however, soon forgotten. Tollowing
the highly personal controversy waged by the Abhé Nollet, and possibly stimu-
tated by it, the installation of lightning eonductors made rapid progress in
Franece. This development was guided by severaui autharitutive stuteients
isaned by the Feench Aeademy of Seiences duving the peviod (823 to 1867,

! i a figrther statement in 1700, white still emphast ing the proveuting setion of o lightaiig
podl, b refers 40 the “sevond and principsl fnteution of the rods o, sie, that of andinofing

tive Hglitning™ (see (4), p. 879),
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The Tightning Conduetor

- ——

Little attention appears to have been paid in these publications to the mode of
action of the lightuing conduetior; nstend eniphasis was placed on practieal
aspeets of the design and installtion of proteetive systems aod on Hhe important
quiestion of the space proteeted by o lightuing rod, o question to which Franklin
Laud given little thiaght smd (o whieh further referenee will bhe made later,

- P o

[n England, the ndroduction of the lightning rod was initiadly hedevilled by
the politieal elimate of the tine, strengthened by King Gearge H's loathing of
any sugeostion which oviginated from the ebellions Ameriein Yeolonies.” s o
result, the fnallation of lightning conduetors progressed cather <lowly in

Sitain and setentific disetssions on its Tunetion did not develop for @ eonsider-

able thue, However, in 1878 4 “Lightning Rad Conferenee” was convened by
several learned British soeieties and their delibevations, inelading opinions
recetved from the United States and several Furopean eountrios, were ingor-
purated oo heavily documented veport (8) whieh received wide publicity at
the time. Guided by the opinion « the many experts who were consulted, the
daal funetion of a hightaing rod was agnin stressed, thus contributing greatly to
the unfortunate persistence in the helief of a preventive action, a possibility
which was still seviously advaeated by so eminent a setentist as Sic Oliver Lodge
{6).,

Let us then eonsider the function of u lightning eonduetor in the light of
modern kuowledge. That an earthed conductor when subjected to the electric
fiekd of a thunderelowd discharges a eurrent into the atowosphere is well known
tocday. The time vaviation of the magnitude of this “peint discharge eurvent”
lins heon feoguently voeovded (7). [ts erest value s, as o fiese approsination,
proputtional to the nagiitude of the electrie gradient. Tn an average cleetrie
tickd of 200 volts/eentimeter wider o thunderelond the current fowing through

vertienl eonduetor 50 feet high is nbout 5 microamperes. The eharge dissipated
by an average lightning flash? is about 30 eonlombs and, if the average rate of ]
Hashing is taken to be two fashes per wnute, it follows that 6,000 sueh eon-
duetors would be required over an area of, say, hall a square mitle to prevent one
lightning flash. The praetieal possibility of lightning eonductors aeting in this
maner must thus be diseounted, and it 1= elear that o lightuing rod has only the
ane futetion—to lntareept a lightuing discharge before it can strike 4 <tracture
aned then to discharge the lightuing curvent harmlessly to earth.

T S DO A S (R

.~

———— g e e ARy FAN -

-

As hag been established by the work of Schontand (8), the normal lightning
stroke over open ground develops in the form of a leader discharge which
progresses from the eloud towards the ground. During this phase same of the
elowd eharge is deposited along the gradually extending leader channel, the tip
of which remaing at o polential with respeet to earth which i only =lightly: lower ; :

2 Tn vcommen with normesl practiee, 4 fightinng Hash or, more precisely, o multiple-stroke
flash, Is dnderstoad to dennte the stenence of seveeal individuaal hgh!ni:u{ strokes slong esson. 3
Ually the stame discharge ehannel, A lghtning stroke shoukl be andeestood s the sequence
of o dowroward leador followed by an upwvaied setien stroke.

-
Vol 284, Nu. 6, June 1967 403

B T

pra—— i e we— r . - i — - - v ey a - —

90004043

R R R R R RRRRR—==»=, - . - e e e —————— e ———————— e



R. 1. CGolile

tha that of the elowd ehaege from which it developed. The negnitade of this
potentinl ean be inferrad from physieal ressoning, but the wreiter profees to
think in teems of the charge (91 on the leader elummel which ean be deduesd

Diuwing the
ol and the
superimponed ¢

- diveetly from reeordings of cleetrostatie feld changes doving the leanlor proeess obijeets o the
' amil fram oscillographic records of lightuing eurrents. Charges from o fraction Visthiar iebomin
- of & eowlomb to aboat ten coulambs, with an average of about one conlomh, ean st be given |
. . . . ¢ » . R ~
’ thus be shown to be assoeiated with the lower part of the elunnel of an indi- timted 1o sael o
. ! vidual lightning stroke. through that poi
5 - channel itself, b
Phe distribution of the eharge along the leader channel pust be affeeted by o "' | ‘l : |"- .l‘
et ’ : e ; . iohd to w ,
the position of branehes which oeeur in the great majority of the leaders of the o whieh 1t
fist component steokes and by the electrostatie lield between the thunderelowd The I S
, A B S
: and the leader ehannel and earth, As the tip of the leader wmoves towands the B St o
ground, the clege density near the leader tip must inerense ab A fuster rate Uranklin  he
than the elinrge density in the uppes parts of the ehannel, [Towever, the eficet diselarge and t
of this non-uniform charge distribution ex be negleeted when determining the involved, impro
cleetrostatic field changes during the progres ion of the leader discharge. high voltages b
~ - ) ) , cameras and ot
' Calenlation (10) shows that, on the simplifying assumption of a vertieal the spark diseha
wabeanehed leader ehannel carrving 1 eoulomb and of a plane gromd surfaee, The lightnine e
. . . = 3 a - -
the clectrie fickd below the leader viries aecording to Fig. Lia), As inclicated, its erest value i
the tickd gradient is highest vertieally below the leader and fulls off rapidiy m seversl tens or o
all diveetions with increasing distance, Figare 1(b) shows how the field inereaxes wis reprodueed
am thie height of the leader tip above ground deerenses to long spark g
. a redueed senl:
1204y R ) 115010 W U 15 00, g SO | 6 3 M _—
“T“\"‘ |" I’ | T 11 ‘t TS i il v I e | il’ 'f—‘ { the tip o tlis
| 1 4 ) VO LS SR U5 4 I SN P G £ 1% B S "Rl WA . p
T _‘f_‘—' T | il . within “spei
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The Lightuwing Conductor

During the peviod esnsidercd <o far, the corvent which flows between the
grovund and the thnadereloml eonsiitaies a displacetent enrrent fo which e
siperinposcd the point discharge erevents which fow theaugh ol condueting
ohjects on the groand, sneh as baddings, freex, bushes, or even gras< blades,
Varthor sefevenee to theso euerents is macle tator. At s stage, cansideration
st be given to that fastant when these apward lowing enreents e ¢oneens
trated to such an extent mnto une, or possibly several points, that the ewrreat
through that point assines the régime of an eleeteie are wlieli, just as the leader
chiannnel tself, beeomes self-propagating under the intluetce of the high cleetrie
tield to shieh it owes its uitiation,

The Long Spark Discharge

Pravklin had aleendy emphasized the similarity  between the Hebitning
diseltairge and the electrie spark but, beeause of the high speeds of propagation
nvolved, improved knowledge of the Liboratory spark had to wait until very
ligh voltages beeame available to produee long spacks and until fast rotating
camoras and other deviees hiad been developed which permitted the progress of
the spurk discharge to be recorded both photographically and oscillogeaphically.
The lhtuing eurrent has o unidiveetional wave shape which vises from zero to
its erest value inoa few mieroseconds ind deeays more slowly to zero within
several tens or a few hundred mieroseconds. In the laburatory this wave shape
wits reprodueed by npulse generators and the vesults of applyving such voltages
tor fung spark gaps were deemed by the swritee (11 and others to repeesent, on
it rediecd seale, the development of the Hghtaing diseharge ot the instant when
the tip of the leader had spproached the growmd, or 1 lightving eonductor, to
within “striking distance,” o teri which will be defined more precisely later,

Thix method of appriach is not quite encreet, as can be shown by eonsidering
the rate af tnerease with time of the voltage to ground of the tip of the leader

stroke. This rute ean be expressed (11) by e t oo
~ grd Hhr i £t eyt
¥ ! 7 g 5 PRy
defdt = L8 X 10 i "[‘— volts per em. X e, (1)
v ' bt ’
VLR )

where ¢ = the ehavge on the leader ehannel (1 conlomb for 4 stroke of average
itensity) e

-y -

g = acanstant (10-Y ™ o

» o= veloeity of propagation of leader stroke (13 X 4077 em /see ) o
v = hweight of tip of leader.above mroupd at time ¢,
ol + v -l - & k) o g

A ";l v .'-" .
b & )= - ' . |

With the above aver age values and for of = 100 m, the sate of voltage rise is

seen bo be 24 kY ‘adcrosocond. This, then, is the arder of magnitude ot which

the veltage applicd to o long spark

st stages of a lighting stroke 15 to be stadiod. Asstming sueh o lsboratory

mvestigntion to be earcied ont at, say, 2 MY, the test voltage shoold seach jts

erest vidie in about 83 ndereseeomds, ad not insthout | mderoseeomd s i the
o " I -

. ¢ = ,; *
e e d . f bt § i3
B s e S ol AT

-
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R Galde

standard impulse with which most laboratory tests on fong sparks have been
performied. !

A anidiveetionind voltage which rises toits ceest in several s or handeeds
ol mieroseconds 15 oenlled o long-tronted pailse voltage i contreast ta the
Fat impnlse voltage whieh rises to its erest inahout T oiersecond and the
waveshape of which has been standardized mternationally to represent the voltage
which is impressed on an overhead fine conductor as the result of o diveet light-
ning stroke to that emsductor, Long=fronted impnlse voltages have assaned
i eased importanee in pecent years sinee they can be used conveniently to
study problems avising i the insulation cosardination of ehov. lines due to
switehitng opervations i clect riegl transntission systems,

\ substantind amount of fnfornation las beconwe avatlbie reeently on the
hreakdown eharaetersties of long ae gaps (120 under long-fronted impulse
voltages. These huve been shown to be muel nwre eatuplex than the character-
isties of the sane gaps under short-fronted impulse voltages. Again, while the
physieal mechani=m of breakdown of long gaps wider short-fronted impulses
ix now reasonably well understood 113, corresponding know ledge velating to
otg-fronted impulses is still vorher radimentars . However, from some work
reported by Stekoluikoy (147 i ews be eonehuded that, so far us the inttintion of
this hreakdowt i coneerned (and toas s the aspeet in winels we are heve intere-
wsted), there is no basie difference between its amechanism ander short and
long-fronted impuise voltages.

Breakdown of 4 long aiv gap under a steep-fronted impulse voltage is initiated
dmost meneiahly at the highsvoltnge eleetrode. In the ease of a high-voltage
rogd eleetrode, breakdown starts by formation of eorona which then leads to the
development of o leader channel. The great mujority of nalcal lightuing dis-
charges carry negative charges from the elond to ground. They may therefore
be simalated in the laboratory by negutive high-voltage rod cleetiodes, the
aronnd being represented by an erthed plane eleetruide. In such a negative

{ voc -plane acrangement the negative initial coromn and the subsequent leader
‘ apick eover almost the whole gap distanee before an upward eovona discharge
! atd o counter spark are initiated from the earthed plane. Az these twa leador
sparks meet, a vetirn spark erqitivalent to the retaen styoke i the lightoing
14 diseharge develops and the applied voltage collipses.

! From Stekolnikov's work it appears that, if the same gap srangement is
subjected to slowly rising impulse voltages, the foregoing mechanism may be
eontphiested by the development, after the initinl coronn stage wnd the devclop-
mer toof o short feador spark frome the high-voltage vod electrode, of o mid-gap
brcakdown process which prog s=es simultaneously aud in oppesite diveetions
towneds the high=voltage leader channel aud the eaethed plne. The ocearvenee
of an upward spak diseharge feom the plane appeses to be st to that ander
thie influenee of o steep-fronted pulse,

If, now, o eod electeade s mounted verticnily on the carthed plane, eons
verting the rod plane into o rod-rod contigiration, the mitid occurienee of

i g 0 ———
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The Lightwiny Conductor
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Fri. 2, Lightuing strokhe to climnoy pot showing meeting point between downwind leadee
wived wpss and steeaiuer,

eavorin e of a leader diseharge wt the negative high-voltage clectvode subs
jerted to a steep=fronted impulse voltaze s unehanged. However, alter a brief
time intocval or oven stiaudtaneotsly with the enset of the kigh-voltage corona,
enronn al<o develops from the tip of the parthied rod electeade, and the two
pro<idisenarges from the high-voltage electrode and feome the earthed point
mect somewhere in the mid-vregion of the gap.

No similay information s available on the wechanism of hreakdown of a
Fock=vodd gap uider slowly rizing impnlse voltages, Until sueh information be«
eomies wvatlable, 16 must be assamed that the basie mechanism is unehanged ns
i the ease of the rod plase eleetvode system.

The Final Stage of a Lightuing Stroke to Ground

-

S e R B

g

i

. v " A - 1 3

Laving thus formed o pieture of the breakdown of o bing air gap, it scems i
Wegitimate to assume that the final stage in the developiment of i Bglitiing steake '
t

!
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Lo earth or ta on o earthed uhju'! 18 determitned |)_\' the sane pln'lmuwn:l, thus
reverting onee again to Fraskiin's argronent about the stmbaety between the
hghtning diseharge and the electrie #park, Photographic ovidenes to support
this argument s difficalt to obtan® ey beemse of the remote possibility of
seeuring & photograph with a votating canera of aelose ightning dischaege amd
beeanse of the high spoeds of propagation over shoet fengths of sueh o diseharge.
The writer s all the more happy to reproduce the still photograph (Fig, 2) of a

feel ) amder ot
elusiot that, in the
wlich a lightning o
et bor stroke ssonld

Tamw 1. 30 Per

| close diseharge Kindly plaeed at his disposal by Me. Vesanteri, - -
The photograph shows the lower end of a tightning diceharge to the chimney - .
pat of o bulding in Helinki taken ot o distanee of ahout 215 teet, The dis- AgHRin g
ehurge must elearly have boen of low severity as indicated by the small amonng P =
ol halation on the original photograplie negative and by the absence of damnage owd=radd
to the chimuey pot apart from an aeeamnlation of sont, Over most of its length ::m:-rml
q . 4 X e ¢
the photograph shows the luminous eore of the lightning channel, but near the ol
centre this channel is elearly divided into four distinet parts, From an anadogy Hid-plane
i of suuilar photographs of long spark discharges it is snggested that it is this ;:'": 'l’:a*'e
i point at which the downward moving leader stroke is met by the shovt upwaed u‘:j—::{m:
. . RLEE S R LB
i leader diseharge from the chimney pot.
| Rl roed
. i 1
A few other photographs liave been published <howing the ocewrence of HRH-hing
| s :
' upward strenmers frem ohjects about to be struek® so that it may be aceepted - D
! . . ‘ . . . ‘. v
| that 4 lightuing leader stroke progresses e the form of w self-propaguting dis-
| ok o a oharee o "Wy v carcls oy ' cradie ab
5 c'lv,‘ngr from o charge « eater in (lhe elowd '”\E".“L ground until the gradient at a In the upper pa
{ poitton the ground surface has inereasad sulliciently to cause an apward stecamer towother which h
s . e . dgin e X N = . o L
of the type showa in Fig, 2, to be initinted. The question then arises a= to the voltagss 1ising *
S EAL b 1 presee S o
eritical value of this gradient. eolbage by °
' be regn
Reasons have heen given to show that the gradient at the ground swrfuce 50 per et
below a dow neaming lighrmng leader fluk(f ieronsos il o rate w r.mh s » um'l.\r enn Tie it
to that oceurring in an impulse voltage which rises to its erest within a period
of a few tens to o handred mieroseconds. The breakdown voltages of long uir
. - . 4 iy . i1/
gaps under sach long-fronted impulse valtages have been deterndned experi- Por wod-vod g,
mentally dining the last few vears, A eritieal exammation (12) of the results nerensing distanee
obtained by different investigators <hows that, while average hreakdown volt- e, ean be secepod
ages and their statistieal devintion can be establishod for positive impulse dosen gradient deers
- voltages, the available data for negative impalses wre too meager and too in- fignire of aboat 7 kV
eonsistent to permit any gienevalization,
. ‘ ' ) ' ‘ Positive lightnin,
The reason for this polaeity effect i3 the mueh highere negative, as compared ehavges In tomperate
with the p(-h‘lll\(‘,.hl‘l‘:lk«lu\\n \nl[;l.gl_‘ A 'u-sult af W h.l(-h an ingpulse ',,r'm-mhu: information on the
producing 2 long-fronted voltage of 2 MV is eapuble of eausing o bhreshdown of fratigg-domtond gl
p to 6 meters (20 feet) andor positive impualses, but anly up to 3 meters (10 weres of @ fuifdy
A Prol. Berger's companion paper page 4TX) brilliantly shows how thee diflionlies have vod vk ol pend 1k
Lo avereame, ereuse with (nerenst
Lre, for instance, Fig. 6, pagge 564, in the companion paper by Wagner. ditfevonce between tl
;.
‘LJS Journe of The Feauklin tovtitute Vol 381, No. b, June 1967
N
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T'he Lightning Conductor '
feets ander negative impulses, This observation leads to the i teresting eons '
elision that, in the rare ease of a positive lightning diseharge, e distanee over
which o lighining conduetor would exert an atteactive effect on a downeoming
leder steoke would be groater than for a negative stroke,
! I
Pl |
Tamew Lo 30 Por Cout Switvhing-1mpalse Brenkdvien Godionts of Long Spok Caps /5 ',/’:' fTy i l
Diistanee in meters
Configration Polarity 1 4 3 4 8 Ref.
Rod=renl - 6.7 .5 3.9 {18) !
“-“!‘an L 8.0 T 2 ‘10)
Ronl- rod - 7.0 4.0 18)
lésnl-pl:mt - 1.1 7.4 6.4 18)
Rad-plane - 0.0 16} :
Rod- plane - 1.3 0.0 (7))
Rud plune - Sk P 18)
Hod-rod + G4 3.2 .5 4.0 3.4 (12) :
Nud=plinie -+ 5 3.7 4.8 3.0 2.8 12)

[ the apper part of Tuble [ the 30 per cent breakdown voltages e colleeted
together which have been ablamed by different authors with neaative imptilse
voltages rising to their erest within 1090 ta 200 microsecunds. Dividing these
voltuges by the breakdown distanees produees the values listed anil these ean
he reaarded ws the eritical gradients eapuble of producing gup hreakdown in
30 per cent of all voltage applieations. The infoemation contained in this table
can be sumimarized as follows for breakdown distanees feom | to & mieters.

S I Y C—_— L ———————

Fer rad-rod gaps the eritical breakdown gradieut deercases anly tittle with
tereasing distunee and for gaps of the order of 4 meters a valne of about 6 kV/
eme e be aoeepted as representative. For rod-plane gaps, the eritieal breuk-
down grudiont decreases with inereasing distance and, for 3 meters, rouches a 1
figure of about 7 kY ‘em

Poxitive lightwing flashes eanstitute only about 20 per eent of all earth dis-
cliarmes o tomperate rogions snd even loss in tropieal regions, The corresponding
mtornution on the entieal breakdown gradient of long gaps under positive
Pagg-fronted impube voltages is sulded to Table [ The values quoted constitute

versmses of a fairly large body of esperimentad data, [t appeses that, bgth for :
vod v andd vodd - plae gaps, the erdtiend hereakdown avulicnt contimes to de- ! ‘
crepse with inereaxing distaoees sithin the sunge investigzated oned that the '
ditforence betweon these two configurations ix greater than for negative polarity,

y
Ot
Nud, 388, Na, 6, June (967 "().’
1
I
i -
T ity - b= R o —c e T T ———— !
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When applyving these expevimiental data to the naturad hghtming diseharge,
several faetors caghit 1o be eonsdered, Piest wid foremost, any quantitalive
exteapolation from the seale of Bihorpbory tests on gaps measaring o few meters
to the seale of the bt diseharge must always be subgeet to eertain nental
rescrvations Portunately, an aneertainty with respeet ta the entiead bhreakdown
wrachiont within the fuivly maerow Himits invoiyed eon beshiown (100 uot seviousty
to affect the conclusions reached.

The seeond major consideration involves the geatieivieal representation of
a lightning discharge to gronnd by novad - plane configuration and of o lightning
diseharge to o lightning rod by o rod vod aerangement. Considering fiest the
lighitning leader chinmmel, its tip s saerounded by o covotia envelope aud the same
oeeurs at a high-voltage ol clectrade so thut, eloetrostatieally spesking, the
two arrangenents ean be vegarded as <ioilar,

There is little objection to reprosenting a single veriieal lightning rod by an
eurthed rod electrode. On the other hand, apen ground cannot, strietly speaking,
be represented by a plane eleetrode. The earth’s surfuee s norneely covered by
small growth, grass blcles ar stanes and every sieh projeetion is eapable of
produeing a point discharge, as beautifully demonstvated by Schonland's
measurement of the point discharge current produced by w <miadl tree. Simlarly
laboratory investigations of long rod-plane gups have shown that, particularly
for a positive plane which corresponds to the normal condition of a negative
lightuing discharge. roughness of the surtids plane or slight projeetions mate-
clally wifect the breakdown miechuuism 20 as to make 1t ore similae to that of
the rod-pod arratgeniont.

A thivd point worth noting i« that the present discussion is confined to the
ense of a vertical uubranched leader channel, Most lightning dischages deviate
by a greator or lessor degree from the vertieal and both this fuet and the oe-
currence of long hranehes from the muin leader channe! must eause a distortion
of the eleetrie fickd about a lightning ronductor. The siune applies f the lightuing
conductor 5 oot placed on a aniform plane but on a buildivg or on sloping
geonred, Thoese Factors must eloarly affeet the vesults to be derived from labora-
tory avestigations of the tvpe considered here.

Ate pressure and pain fortunately exert only a very =light effect on the break-
down voltages of long air gaps

From the foregoing eonsiderations it can be eoncluded that, as o st ap-
proximation, it is legitinwte to visualize the nornial uatureal lightiong leader
strake as w =ell-propagating diseharge which progresses towards gronnd guided
by the toenl Aeld distribution in feont of the leader tip bat anadfeeted by any
fesctures on the ground wntil the evttieal hreakdown strength of the renvining
cistanee froan ground is vesehed, When this stage has been teaehied, an apward
streanver disehaege is initiated and the leader stroke is divected towards it,

The auly condition in which the “noemal” Hglonmyg dischorge disenssod

160

Jonipnad of The Utank il lustitute

here todilied el
Hate Daitkding o af
tory om Mouut San
of o downward lesd:
that the lencer =1,
ductor leading o

0 the prosent eont

The Striking Diste

[n order to deter
upward diselinege is
LUEe, 1t appeans e
thut the eritiend bres
the ground eonfigur:
negutive lightuing o
With these values th
upward streamer is |
The results of this e

As indicated by t

o

s

Sirking Dist
&
i

3 3
L

Dscsayra
S

Fri. 3. Steil

poit o on the gronnd
nology which was sig
i< o funetion of the &

AL Hhe present st
whtieh o “all” structire
the eepder bs referred to

Vol. 203, Soon; Sune 1900

e, — e

§ ——— AN\ —— A g e e T T

90004050




P ——

'|

3

R i e

- —— -— = -
— v e » e

R S O R S — —

R ——

B L R B Eip

Phe Ligidwang Couductor

here 1= modifiod avises in the ease of @ structuare of the hivight of the Fapire
State Building or of sueh tall tawoers as ased i Berger's <19 hghtnmg olseryas
tory on Mount San Salvatore, Forstruetures of sueh height,? the normal proeess
ol A downward eader stroke folfowed by an upward retarn stroke is veversed in
that e lewder stroke is frequently initiated at the tip of the tall lightuning eon-
duetor Tewding o an apward feader steoke followed by o pacido-returm stroke,
[ the present context this type of diseharge will ot be considered any further,

The Striking Distance of u Lightoing Stroke

I wrder to detesmine the height aboye ground of the leader tip at wiich an
apwirdd diseharge = lable to ocenr from the ground o from an earthed strue-
fure, it appears teasonable to suggest, on the busis of the data given in Table I,
that the eritieal breakdown grsdient is, as o fiest approxunation, independent of
the grownd eonfigurstion and that its value is of the order of 3 KV e, for the
nesative lightning discharge and 3 KV /em. for the positive lightning stroke.
With these vidues the height of the tip of the leader ean be calealated when an
upsward strewmer is liable to be mitiated from ground or from an carthed objeet,
Thie results of this eslewlation ave shown in Fig, 3.

As indiented by the eurves in Fig 3, the Leight of the lender tip at which the

]
ol Lt
‘\ o
» -
“ o~
50 sasilive g0ty
- o~
e o
.: il // /
& /.- e il
‘.; l e - Fugothee polority
G 130 s -
2 r v ~
2 oL ///
IR L ’
4 | (/
-
aeL 4 /'
| 7~
Va
2 & < 4 . 'S e
L ] n « 0 Lol el t i) -y
Lightning Cutrent Ampiitude ; WA "
B b, striking distanees of negitive gud positive hghtaing strokes

poiit on the zround to be struck is deterinined or, 1o nse the deseriptive termi-
nology which was <ignifieautly wheady used by Pranklin, the “striking distanee”
i< fanetion of the ittensity of the ensuing lightuing stroke. This conclision is

b the peesent state of Koowledge noinlieation cun be givin of the conditigs wder
whiteli " sreuctare s eapable of eausing dpwaed tesder strokes to develog, Hawever,
{he reador ix releired to Beeger's compruion paper i which this question s disetsaed.

il
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Fra. & Laghtaing stroke to chimnaey.

pretty ubyicus if we eonsider that the eleetsie gendient under o leader ehannel
i= a funetio 4 of the charge on the leader eliannel (us shown by g, 1) and that
this in tuer iz cruportionad to the araplitude of the eurrent in the return stroke
to which it gives rvise. This stiking distanee is greater for the less frequent
positive stroke than for the normal negative lightning discbarge, While this
distance may wmount to 200 m or slightly more for the rave, very intense light-
ning tashes, it wmounts to no moere than about 30 meters for an average negative
lghitning stroke of 20 k..

teverting to the phatograph shown in Fig, 2, the height abuve the chimpey
struck of the subdivision in the lightning chanoel is about 9 moand if it s de-
dueed from evidenee provided by the loug iborstory spark diseharge that this
meeting point of the downward and upward discharges oeeurs at o height of
about 60 per cent of the total striking distanee, this latter may be estimated to
have been about 15 m From Fig 5 this would indieate o lightning enrrent of
about 9 kA, mz, a weuk diseharge, wenuelusion which had alveady been reached
fronn ather evidenee.

Tigure 4 shows a Hghtuing steike to an 83-Ffool high factory ehimney o, to be
nere preeise, as can be elearly seen with the gid of @ magmfy ing slass from the

162
aba Jowrnal of The Frauklin Tnstitute

T A S A

aviginal photogeaph
traek of tee lghtan
at whieh the down
clowge from the ).
Ustoiking dist i
above awd belo .
wis hot much more
of moderate intensit
other photographs
strokes are availuhle
indieatod in Fig. 3.

Reveral researely
ealeulating the stril
the scope of this pa
mvestigations.

The Attractive Ras
and the Space P'vo

The stoking dist
tip of the leader ch
struck is determines
by the geometrieul
it strode to apen -
also tdiente
stroke an’
the strok
“thie uttr,
eonduoter attrae
cahstant bt which

Ones prain it 18
Franklin, In a lette
“The distance at w
sieddenly, striking th
o highly eharged, i
stons il form of the
This distanee, whaty
steiking distance, as
will be made, ™

The problem of
tnrther gquestioi of th
ITeve a elear di=tine
virtieal Luhitaing o
by suel a eonvduetor,

Val 2% N 6, June a3

v w— -

- - o R L .
P . o —. e AR v e ——

90004052

—— TR e TS e WL



- B e R e R T S R

The Lightning Condictor

ariginal phistogeaphie negative, to its lightning conduetor, The sharp bend in the
fraek of the lghtning channel can, in this ease, be takon ta constitute the point
at which the downeaming leader <troke was first atteacted by the upward dis-
clarge Trom the lghtuing conduetor so that this distanee woald signify the
“atriking distanee” aving vegard to the similae Bght intensitios of the trewk
above and below the knee point, it can be dedueed that the striking distanee
wis nol mueh more than about 30 meters, thus onee agan indicating o stroke
af moderate intensity, as also suggested by the small amount of halation. Many
ather photogeaphis showing similae, sudden changes in the tracks of lightuing
strares are available supporting the ovder of magnitade of the steiking distances
indientod in Fig. 3.

Several research workers (20 22) have followed the author's upproach in
coleulating the striking distanees of lightning strokes. However, it 18 beyoud
the seope af this puper to diseuss the varving assumpiions or vesults of these
fuvestigations,

The Attractive Range of a Lizhtaing Conductor
and the Space Protected by it

The striking distances plotted in Fig. 3 were exlenlated as the height of the
tip of the leader channel above ground ab the instant when the point to be
struck is determined. If, as argued earlicr, this steiking distanee is anafleeted
by the geometiical configuration of the earth electrode, iz, if it is the sawwe for
a strwke to open grouud as for a steoke to 4 vertical lightning conduetor, then it
also indieates the masimum horizontal distance between the tip of a leader
stroke and a lightning conductor over which the lutter is eapable of atteseting
the stroke to itself. This distance may be eulled “the attractive distance” or
“the attractive range.”" It thus follows from Fig. 3 that a single vertica! lightning
conduetor attracts to itselt lightning strokes over a distunee which is not a
entistant but which inereases with inereasing intensity of the Hightning discharge.

Onee again it is interesting to note that this idea had alveady veenrred to
Franklin, In a fetter written in September 1767 from Paciz he states (23):
“The distance at whieh a body eharged with this fluid will discharge itself
sucldenly, striking through theaiv into another body that is net charged, or not
<o highly chiweged, s diffevent aceording to the quantity of t'.e td, the dimen-
siops and form of the bodies themsolves, atd the state o0 the air between them.,
This distanee, whatever it happens to be betwern any two bodies, is called their
sriliing distanee, us till they eame within that distanee of cach other, no stoke
will be made,”

The problem of the attractive range of a lightuing conductar raises the
further gquestion of the space over which sueh a conduetor wiil proteet o building.
Heve aoelear distinetion needs to be made between the attenetive range of a
vevtiend lightniig rod swhieh has been diseussed ao far and the space protected
by stieh a conduetor, & distinetion shieh is Teequently overlooked, The attractive

ey
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i, 5. Ludl lightudng rods on Cermn eastle.

runge of a lightning rod deseribes the distunce over which w single vertieal
lightning rod of given height standing on an undisturbed plane ean be expected
to attract o lightoing leader stroke to itself. The space proti cled by sueh o oon-
duetor, on the other hand, should define the spaee over which a Hghtuing eon-
duetor creeted on o building of given dimensions ean be relied upon to proteet
the building from boing struck.

in o thunderstorn the surfiace of sush u building is wet and, just like the
surface of w tree, is eapable of earcying cutrents which may be suflicient to
cupport point discharges from curners of the roof strueture To what extent
this efiect can reduce the range over which a hghtiing conductor is eapable of
diverting o lightuing leader stroke to itself is unknown, Fortunately, this ques-
tion is of minor practical impurtanee sinee medern lightning proteetion insists
on litting lightuing conductors along ridees ar pavapets of roofs so that all
prominent covners are effectively protoected,

In existing publications, the essentinl differcnee between the attractive
e and the spaee protected seems to have heen widely overlooked and it is
oni this understanding that historieal views sbout the space pioteeted by a
Lihtuing conductor may now be examined, Beyond the statement just quoted,
Franklin® does not seom to have made any pronouscement o this topie. The
statement itsell appears to have been completely overlooked by later investi-
witors, and the fisst reference to the proteetive range of o lighining conductor

& Tudirovt evidence on Feanklin's view regarding the space proteeted by o vertival Hightoing
rodd muy be deduced from the Gumens case ol the powder magazite st Pririleot (244, the hght-
ning protection of which was desigoed by committer of Tour selentists, aue of whom was
Franklit, A eorner of this butlding was dargged by dightning. The rativ of the hosizontd
distanee between this poiat aml the lightuing rod dul the helght of the tip of the rod olave
the point strick was LGS to 1, so fhat this “ypatoctive i wis apparently eogarded s
aderpnstes by Feankling Ttmay be potetd Pl one gt the shight dhamagge ilicades g come-
paratively weak Hightoing discliarge.

464 Journal of The Feankiin fostiute

N

- C e T I AN @ -y W v - oo e S e

seens o oeenr in e
ul Rewnees (251 whic

Lo that edition,
hetitning cosdietare
spraseer whotit i, the e
sl (200, “the sequn
its results the erecti
Biriillings o as to iner
\s an intorested oby
exenmplitiod by Pig. 5,
was undoubledly ju
Freneh ANeademy of
vital importanee of
protected by a lightod

I subsequent ed’
attenetive distance b
From 2 to 175 and &
Provee (27) it was |
the 19th centuey on

-~ —~— SO+~

Fra, 6 Zones of prot

JIe
A
Dyl
1.F¢
AL
(i

At
HA

Vial. 381, N 6, Jupe 1907

e e e R

90004054

T



3 - - W N A e ew CEBN - WEE AN . e - & .- “ -

Che Lightwing «ondactor
<ot Lo oeenr i the “Instiaetions sur les Parstonneeres” of the French Avademy
ol Retenices (28) which were fissd issuld in 1823,

I that edition, which was presented by Gay-Lussae, b wis stated 4\
lghtaing eonduetor proteets effeetively against 1 lightning steoke a cieular
sparee ot it, the padins of which is twice its height.” As stated by R Aneder-
coit (260, “the sequivseenee in this supposed absohite formuly hadl for one of
s resuits the ercetion of wonstrously huge vods made to tower high aboye
bildings =0 as to inerease the field of protection to the argest possible extent.”
A< an interested abserver enn still notiee on the continent of Earope and as
exemphiicd by Fig. 5, Anderson’s complaint about monstrously high eonduetors
wis undonbiodly justified. Yet, be this as it may, great credit acernes to the
Freneh Aeademy of Seiences for having first drawn official attention to the
vital importance of formulating aceeptable rules on the space which is effectively
prateeted by a lightaing rod.

fn subsequent editions of the Freach Instructions tie original ratio of the
attenetive distasee to the height of o vertienl ightning conductor was radneed
Com 2 to LT5 wid in the fiest Biitish pronouncement an (i subjeet made by
Procee (27) it was further veduced to unity. The various suzgestions made in
(e 19th century on this important ratio are iflustrated in Fig. 6.
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Credit is frequently given to Walter (283 for mnking the fiest altompt at
determining the proteetive range of @ lightumg conduetor by eolleeting fuetual
infornsd L one poinds steack by lightoimg in the inediate vieinity of elineeh
steeples couipped with hghtuing conductors, This overlaoks the faet that abont
fifty yeurs earlier aseienti=(sueh s Oliver Lodge (6) or a practicing engineer like
I Anderson (260 had already drawn attontion to many instonees whiees b o
ming had struek w building within the “protected” zone suggosted by varous
atthoritios amd had veached the conelusion that, to speak of a fixed space of
protection, was “inadmissible.”

However, once again all this cavlior work was forgotten when the introdue-
Gon of the lugh-voltage impulse generator made it possible to upply to a variety
of test objeets very high voltages which were believed to sinmlate the wave
shape of that produced by a lightning stroke. This development initiated the
period of laboratory model tests to determine expernnentally the attractive
range of o lightning conductor, thus reverting uneonsciously to the unhappy
Benjanun Wilson (29) who opposed the Franklin lightning rod and who tried
to prove his point by tests carried out with an enormous battery of Levden jars
in the Pantheon, & large building in Lotdon’s Oxford Street.

F. W, Peck (30}, who was the first to undertake systematic model tests,
found that the atteactive range depended on the height sbove a gronnd plane
of the high-veitage eleetrode chosen to represent the helight of the thundereloud.
Taking this height as a thousand feet, he found a “proteetive ratio™ which varied
between 2 and + Peek's reputation was such that this figure was ineorporated
in the 1032 edition of a US. Code (31) in which it was vetained until 1945
when it was replaced by o rvatio of unity for important cases and of up to 2
tfor less tmportunt cases.

Onec it hiud been established that a lightuing leador stroke is “unaware’ of
any feature on the ground until it bas eome within striking listanee, model
tests were earried ont with the high-voltage eleetrode simnlating the tip of the
leader ehannel at a height above the ground plane which was gradually reduced
tir the hieight of the grounded rod eleetvode scumulating the Lightning conduetor.
Many such test series have sinee been pedformed 132) and the resulis have
been applied to determining the attractive effect exerted by a lightning eon-
duetor,

Even with this fatest vefinement, there exist in the author's view several
ahjeetions against the aceeptance of results from model tosts oy o quantitative
determination of the attractive mnge of a lightning eonductor althonugh they
ean be of eonsiderable value for compurntive investigations 133), such as the
:'li(‘lllilzg effoet of o g]'anllllol wire with respect to the an‘ comiictors of o
franstission system. Apart from the rate of valtage rise which <bould in the
future be used for such tosts and which has beou diseussed varlior, the following
njor objections may be advaneed:

466
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The Lightwing Comluctor

19 10 it s avcecpted that the striking distuee of w lightning discharge s a
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e

fanetion of the eleetrie gradiont hetween Hx tip and the wronud, then the ats
Ceetivae effeet of o tightning conduetor nust vary with the ehiarge deposited
Wdong the leador ehannel and thos with e intensits of the dischusrge. 1t 4=
ditlienlt Lo see by this featire ean be simulated in o laborntory test,

s

23 The breakdown meehanisim of o long spawk gap in the faboratory is
soatly adfectod by the sevies pexistanee in the diseharge cirenit, This has been s

ey cstablished by tests with (ast-rising iipulse voltages. Ta what extent

this also applics to the more slowly vising inpribse voltages ~uggested by the
wiiter i st present unknown, On the other e, it s debatabide to what extent
lefinite effeetive impedanee ean be abteibuted to a lightning leader ehaanel.

3 Maving regard to the very high negative impulse voltages rorquived for
impulse tosts on long <purk gaps and the great dispersion uf the vesults, model
feots have frequently been made with positive impulse voitages and no justi=
feation o be fownd for trying to represent the normal negative leader stroke
by a positive rod eleetrode.

Tor sumnarize, then, the physieal eonsiderations vutlined in this paper load !
e author to the eonclusion that Oliver Lodge wnd Riclard Anderson were
vieht in claiming that seceptance of a fised vulue for the area proteeted by «
liahtaing conduetor 1 unjustified, Expressed more positively, the attractive
pinge of a lightning eonductor should be regarded we s stiatistieal quatity de-
pending prinuwily on th e seventy of the lightoing stroke, T8 the eurves given in
Vig. 3 are aceepted e a guide, o lightuing stroke of average intensity wauld be 7 st s
atteneted over i distance of about twice the hieight of the comluctor. However, o/,
cven s distance might be vedueed by an unknown amount if soy unprotected
prrt of a building was of sueh a <hape snd in such @ position as ta be capable of
iitiating an upward streamer discharge.

Practical tspects of the Lizhitning Protection of Structures

A lightuing conductor system comprises three muain patts, the roul con-
duetoes, the down conduetors and the envthing arrangement] these swill now
e brivtly exansined,

The Roof Conductor System

Pranklin’s publie introduetion of the tightuing eonduetor, it will be reealled;
wax tade in Poor Riehard’s Abocaae for 1753, In this brictest ol spectioations
34, Pranklin suggests 1o provide “a snsall on rod™ abich “may be six or
vight foet ahove the highest point of the buailding.” A few sontences nter he
stihes: T the house or baen be long, there may be a ¥od or paint at eachy el
and & middling wire alang the ridge Trom ane to the ather,”

[n s Fraiklin's ideas about the lghtning proteetion of structures, it
wist he remombeied that e was Lugely eoncerned with smull dwellitigs and

b e
. ¥
ate
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serienltaral buildings, nmany of them pade of wood, which were, and still are, procdueed by the 1o
Frequently desteoyed by fires <turted by hightoing, However, even within this entdicr, a bghitning |
restreteted range, he alrendy reeammuended the two mest naportant paits vl the aeevtrvenee of o hal
vood cunductor systet, vz, ong or more vertieal finids wind o harizantal ool Phis oonesfriciion
conduetor, shown by the v

. ; 1 ' o gt ; tevng N, 1
Mihiough Franklin took o keen interest il epses of lightuing stiokes to erudively, & u

buildings which had been protected by s Hghtuing vods, and adthough he
utilized the experience <o guined in disenssing such problems as the necessary

canduetors for hutl
latest edition of ano

cross seetion of a lightaing conductor or the visk of side flashing, the expetience Ax stiggested ear
wssetnblod during his lifetine was severely limited, Tt is, thereford, il the maove attract to itsell ove
notewarthy that alvendy in the first mstruction for the proateetion of a “long” the compaiion pape

breiehig he suggested that hightning conduetors be installed “at each end™ of
the building.

As the knowledge of the value of the lightuing condactor spread aeross the
world but before modern specifiecatious for the lightning protection of structures
bl boen drawn up, the eonstruetion of protective systems deviated from
Franklin's original suggestions in several cespeets. Let us fiest cotisidder the
“lgitning vod” or fiwal. Frankbin had = wgestedd o give tas the form of o
Uhpass wire the size of o common kuitting needle shacpencd to a fine point.”

.___\l_\ :{\_ Z/
\W

i W
}, .
’ i
| /
n ' -
. f
L’ 1 ,.’“
oL S
Fic. 7. Air terminals (aiter U, 8, Cude) (1),
He was elearly led to this suggestion by his obcervation that a pointed earthed
gonduetor s more cillective m <li.«('|\:‘l,ﬁl-u A\ l‘h:n".',i‘ll \\mt}' than a x‘uulniwl ol
blant conductor, We now know that, <o Far as Helduing s eoneerned, this
argnnent i invalid, but i led to the widespread adoption of many pleturesque
et equeite wseless designs meowhich o =harply poitted vodd was surrauteded by a
multiplieity of spikes giving it oeensionally the outline of Wi angey poretpiine,
Some bliae for the preservation of these features nsst b plaeed one the report Fro, 8 Lightning jiots
“'!8 Journal of The Franklin Lstitute Vi, 26 Ng n, Tune 1907
- - i e [ra— -~ - B B e e L
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Vhe Lightuing Condactor

prcdduesd by the Londen Lightving Rod Confereney i whieh, as mestioned

caviier, o lihitning pod was st evedited with thy Binetion of proventing the

wemrenee of a0 hglitning disclooge. On the other had, nowbere it seems his
this constetetion been presceved Tonger than in the Cngiod States (31D, as
hwh by the shapes of fineds reconunendod as late as 1952 (see Fig. 7). Al-
tepratively, w multiplieiy of short findals superimposed on Bovizenddal vool
conductors for buildings of Loge ground swrfaee bs st ceconunended e the

-

Lotest ecdibion of another Smevican Code (381 (see Fig. 8)

\x stgestod earlior, o lghtning rod eannat be eelied apon with eortaimty to
iinet bo itsell overy lightiung troke of low seventy, (Funre l(lLl) .'.l).'n‘j ol

the coanpanion paper by Borgor shows @ diveet hghtning roke into one of the
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fall mests nstaflod on Mount 8w Salvatore, and simidae “lailures” of o tall
lightping conduetor invariahly to attraet to itsell every lighiing steoke have
foen eeprrted Trong te BifTel Tower aned the Fripire State Building )

Attention hus already been deawn to the possibility of, say, o shirp corner
of o voof steneture consing i potit discharge ond wiving rise to an upwasisd streatier
which then attesets o lghtning Jeader stroke (o the stractine, bypis=ing the
lightuing rod. To avoid this visk most modern Roeomaensdations state that the
oot of buililings be fitted with s ridge conduetor eunning adong the whaole
length of a gablod roof (Franklin's “picddiing wire™) o along the parnpets or
cilges of Tt rools Por roofs of large dimensions, these conductors Bd ddong the
pevimeter are supplemented by additional horizantal tapes providing a mesh of
preseribod dimensions. Typieal voenmmendations for the width of such a mesh
are listed in Table 1L

ar 4 i Dimensions of Roof Conductor Mesh

Maxinium recommended distanee between
et tors Tin meters)

e i i s S i e S s e S e SO

Oeslinury

Country Ref stevetures Disnger struenres
Switzerkad 130) 15
Liermany 37 20 1
Pritain (38) 1% 0 et 75 Lo B0 25 te 10 feet) aevording
to degree of risk
1, R 135) y 55 0 (with sdditional finisls)

Following the foregoing considecations to thew logieal conelusions, some
ndern Codes have dispensed altogether with the provision of vertical tinials
for roof straetupes. This development is based on the wrgament that under the
dtaenes of the steong electiie fiekls disenesod carhior; the shape i the ¢rn-
Auetor designed to intercopt a lightning disclinree is imnnderial,  gonel sion
whielt 18 su; ported by the breakdown voitnges of long sparks under vng- conted
hopulse voltages, Thus, in the latest Puitish Conle (38), the provison of an
areay of vertical lightning rods is recopunended only for small datgor 2tructures
while even for tall chinneys the provision of o ving eonduetor imstalled along
the edge of the top of the straeture ix deemiod to provade adeguate prateetion.
Neither in the Swiss (36) nor in the German 37) specifientions are vertieal
finials mentioned at wll The only form of construetion ahich s contitor to
this developrent is the so-cadled subinsactice lghtning eamduetor for which it is
climed that o single vertieal enmduetor ean protect a Liilding of lnrge surfaee
aren. Turther veferones to this deviee is made loter.

Por explosive stores or ofher stinilir anall stroctues 56 L ipperative
to prevent @ lightning earrent puitaeting any part of the stroeture surfied, [n

-
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Down Conduete

Onee o Hehtaine
it is the fuaietion
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Haowever, fur my
tull structn -, sueh
eomiluetors are requ
erete Duldings, the
svatony provided it
aued lower ends, Sin
pense with separate
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Phe Lightuinyg Covductor

R .

- witeh woease the eoof conduetor syatem is hest replaced by aosystem ol eatenary
wires <nspended from Gl toswes arrarged aeound the straetue i so designed
s o exehide the possibility of side Bishing from the protective <ystem to the
building, This sehieme is hased on the same prineiple as the proteetion of an
aloctines | teistission line by s overhivad ground wiee,

My i pol

-

1

l

"L is interesting to note in passing that the siaue prineiple hus been adapted |

seoeesstully by Szpor (39) for the protection of suall farmbouses in Poland for y ! :

|' quite different veasons, A< o rule these buildings are wade of woad and fre- ! J

5 quaently they have thatehed roofs. A large muanber of these farmsteads are f ]l
! destroved every vone by e startod by lightning and it proved ceonninienlly

] ppossible to provide afl these stenetures with effective lightoing protuetion :

| basedd ot tormal miles and dimensions and to have these installations regularly -!

wspected in later years to vasure that they remained inoa satisfaetory state. ‘ J

. Szpor thus suggested n seheme which enabled the farmer to instull Lis own ;

| lightning protective svstem and to do so ot a winimal cost. Fssentially his ; "

seheme consists of 4 galvaniged ivon wive of 10 mm? (0.016 s, in.) eross seetion : |

waspended from two wooden aprights installed ot the two etuds of the roof ndge |

anil estonding tn both directions under a sloping angle dow?, to gronnd level,

calfiient Jongths at cither end being buried i the growd ©y provide clfective

earthing,

- ——

Pown Conduetors

i s the funetion uf the down conducton to teansivr the lightoing carrent to the
varth slecteodes. For o small building o ingle down eonduetor i adequate, but
for o building of lurge ground surface and for 4 tall structure several down
combuptors ave required if <ide Hashing to internal metal is to be avoided, Such
doven econduetors may be mstalled on the outer surface of the building or, where
Phis (s anaeceptabile tor aesthetie vensans, along internal witlle or cectain serviee

B SeR—

i Diice o lightaing <tioke has been tercepted by the roal eonductor system,
|
|
‘ <hiits.

However, for mauny modern mdastezal or {lat buildings as well s for many
tull <tenetures, sueh as water fowers, cooling towers ete, no separale down
asilinetons are roquivod, Thus, for steel-frumed stroetures and reinforeed con- : |
vrete bildings, the internal metal ean be utilized as purt of the protective
t avstemn provided it gives aodieeet metallie eonaeetion butwien its appermost
f ard fowwer ends. Similarly, buildiogs with continnous enrtain walling eun dis- i

pense with separate down eonduetors. AL that is teeessaey in sueh enses 18 to } |
o the wppor ewds of the metal framewark to o ool eonductor systen and to ! |
Bioye (6 ennnoeted oo ethicient cartiiing systeny, |

by rifeet, this sehome leads to e only importast Hghtning prfective sgstem
which goes bhoyotud Franklin's ongival deas This sohctae, st snegoested by ;
Jomies Clork Moswell (400 aind o applied to many small gtractures of x- |
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treme explosive hazal, otilizes the coneeption of the so-eallod Favaday cage Lo
avaid the ceenrrenee of aoy potentio difference within the protectod bailding
s s to ke the hutlding, in Maowell's own words, “a elosod eonlieting
vessel " 1t ix the developinent of sueh a potentinl ditference betworn the tght-
ning eomduetor systeme and tnternal metal, carthoed o otherwise, which las
given rise to the great majority of allegod Gdluves of the protective <ystem ad
which bronght Fraonkiin's svstem ioto carly anjustified diseepute,

The vick of =ide flashing can be overcame by cificient multiple bonding to
the down conduetors of wny extended metal fixtuzes or serviees in or on (he
bailding, Wath wereasing building hetght sueh bonding moust be done bath at
the bighest and lowest poins of any extended suetal eomponents. This also
strossos the need for eareful record keeping and peviodie elioeking to ensure
Pt any altevations to service pip s and other metal Gxtures have ot interfered
adversely with the etticaey of an ovginally sound srrangement,

Mueh uninformed eriticism has been voieed against the use of a vight-angle
bend i a doswn conduetor or ity eonneetion with o roof conduetor. The bending
foppes aeb=ing wb sueh o point ave usually too fow tooaifeet o eonduction of asaad
evoss seetion and risks of side lishing, are neglizible unles the candaetor s bent
baek =0 as to form o long but narvow re-chtvant loop.

Larthing System

Prauklin was well aware of the baportunee of a good curth conneetion for a
Hghtnitg vocdl Already o Poor Richoud's XMimwewe does e reconunend (34)
that the lgutning conduetor be “of sueh a length that at one end being three op
four feet n the moist ground.” In later publientions and letters he veverts re-
peatedly to this subjeet, Thus, in a letter dated Pebruary 20tk (762, in which
he gomments on an acconunt of the suecessful dischaege of a ligtaniong flash to
the house of a Mr, West in Philadelphia, he remarks (41):

“Thete s one girentsstance, ez, that the hglitning was seen to diffuse
itself from the foot of thie rod over the wet paverent, which seems, 1 think,
to indieate, that the earth uonder the puvement was very qey, and that the
ved shonld have busn sunk deeper, till iF came to earth molster, and therefore
apter to receive and dissipate the eleetiie fuid.”

Inadequate sarthing of lehtning conductors led to moay Pulires in early
petaellations with the result that this matter was given special attention by the
Freneh Academy of Sefences whose sevies of Hecommendations have heen
mentioned before. X low earthing resistanee meay be vequited (or two reasons,

P the oo penson, pepsesis i ab ali=netal e or aeeoplone s imtaine Toot electrie
bk, Muoowell, woeidentully, was alse the brst peson to diew attenting to the Lot that
lghtnang comitotor would stteat more Qgshes o woakd Tesve aeonreed 1o thie e <put

b 3L ot D Bt besd,

-y
“ - Juarsal gi The Frankiin fnstitute
PR —————— T R
ol - —

B TR A e =

Fiestly, apart from the b
catdnetor, the ohnge yoit:

sl fhashing snd secondly
peot funetion of the eat”
niny fatal aeeidents to

Buried plates whieh e
prosent time huve the de
whieh is liahle ta drying «
Between plate amd =urros
which compress the soil 2
be ixed beenuse aof the rov
are offvetive, particnlarly
fheir iitial surge impedm

Bonding of the earth
metal services such as el
method got only ussists
protective system but it
wroind, Such bonding m
tiom, but neans are avail

The Protective Ran

[iforation on th
lightning cunduetor ;
struetures is o

Country

U, 8,

Britain
%itand
South Afrwea

L o= raline of protsed

bras kels have been derived

<till o oxi=t I nationnd
it o whiel the studi
duetoo s tpissid ol
it he enpeetod to

SUFPYIsE =i the aathi

Vol #24, Noo o, Juag 1961

FITAASN . o . e B

90004062



mo-called Faraday cage to
i the protected building
, aelosed conducting
renee between the light-
or otherwise, which has
e protective svstem and
distepute,

ient multiple bonding to
or serviees in or on the
iz must be done both at
I components, This also
lodie checking to ensure
tures have not interfered
gement,

the use of a right-ungle
Fconductar. The bending
Feet 0 conductor of usual
less the conduetor is bent

| earth convection for a

s he recommend (34
¢ ang end being three or
nd letters he reverts re-
fary 20th 1762, in which
¢t of o dightning flash to
).

g was seen to diffuse
which seems, T think,
rery dry, and that the
moister, and theretare

many failures in early
special attention by the
bmendations have been
wuired for two reasons
€ ure nnmune from electrie
ttention to the faet that o
ovenrred ta the sgune spot

Josrnal of The Franklin Instiute

B S S ——

The Lightwing Conductor

Firstly, apart from the indoetive voltage drop which arises across a long down
conductor, the ohmic voltage drop in the earth eleeteade determines the risk of
gide flashing and secondly the patential drop aeross the ground surface is o di-
rezt function of the earthing resistanee, The resulting voltages have led to
many fatal necidents to human beings and to quadrupeds

Buried plates which have been widely used for earthing purposes up to the
present time have the drawbaek that they have to be placed in made-up soil
which 15 liable to deving out 5o that, in the course of tune, the area of contact
botween plate and surrounding soil may be materially reduced. Driven rods
which compress the soil are therefore mieh to be preferred. When these eannot
be used beeause of the roeky nature of the ground, horizontal buried conduetors
are effective, particularly if they are arranged in star formation so as to reduce
their initial surge impedance,

Bonding of the carthing system of the lightuing conduetor to all buried
metal serviees such as eleetrie eables, gas or water pipes ix imperative. This
method not only assists in seeuring a low overall carthing resistance for the
protective system but it also prevents the risk of a long are discharge in the
ground. Such bonding may tend to interfere with systems of eathodie protee-
tion, but means are available to overcome these difficulties,

The Protective Range

Information on the protective range or protective angle attributed to a
lightoing conductor in several modern national Codes for the protection of
structures is colleeted together in Table ITI. Considerable differences are seen

Tasre L. Protective langes tor Angles)
Adopted in National Recommendations

Ordinary structures Danger striuctures

Country Rel R/H o /U a
U.8 131) 2 | 11 (45°)
Britain 138) (1) 45° .55 1) 30°
Paoland 42, 1.5:1

South Afrien 43 (1:0) 457

R = radiug of protected cirevlar base. H = heght of lightmong conductor, Figures in
brackets have been derived for purposes of comparison

still to exist in national vecommendations. The Brtish Cade is the only doeu-
ment in which the statistical aspeet of the attiaetive range of a lightmng ¢on-
ductor is stressed and in which it 15 stated that a single hightning conduetor
eannot he expected to provide complete proteetion, This faet need not eause
gurprise sinee the author must admit at having exerted a certain influence in

(73
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the delibevations of the deafting commiittee. Ow the other hand, itis notewarthiy
Chal the Swiss recommetdtions make vo referenee whatsoes er to this subyjoet,

Despite existing dilferenees, all national Codes sgree i axeribing to any
lishtning protective syste o lmited range of effectiveness Completely different
elatns are made for proteetive systems coploy ing radio-netive materials in-
corparsted at the tip of weanventional vertienl Hightning vod, The suggeestion to
use pielivsactive maderials for — Lous aspects of Bahtning proteetion is by no
means novel, but elaits hove been made in veeent years to the eifeet that a
single rod of normal height, iF fitted with a radio-aetive tip, is eapable of pro-
teetitig an eutive hailding of large horizontal dimoensions.

In oo to test the effiency of w radio-netive lightning conduetor, Viiller-
Hillebrand (44) creeted four of these deviers in aceorduance with the supplier's
instractions and, at distanees of between 31wl 53,1 meters, he erected o con-
veutional hghtning vod of the same height as the radiosactive eonductor. He
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The Lightning Conductar

then veeorded the poind disclouge earvents produced by the two comdinetors
wnder (handeestorm eonditions m Switzertand wud in Sweden, The resalts of
these investicions are sumpistized e g, 9, The enrves Chiow Chad, (o <mall
sraddicnts Clistoit thunderstorms), the normal vod produces bo imeasthahle
pratnt dischage current wherens the radio-aetive Tightning conductor disehninges
enrrents of the arder of a fraction of a micranupere. However, as a thunderstorm
woves eloser and the gradient inercases, the carves begin to merge. Miiller-
Hilteheand evnelides that this result is in full seeord with theoretieal prodietion.

Tluts, i it s admitted that the enrrent discharged into the atuosphere hy o
frghit ning ennduetor is indieative of its atbraetive aetion, a radio-active lightning
comdietor must be taken to provide the same degree of protection as a conven-
tionad eonduetar of the same height abe e ground.

The only national Code which appears to 1ake specifie reference to radio-
aetive lightning conduetors is that i sued in Germany (37). It states “The
provision of cadio-active material on lightuing 1ds exnnot produce a note-
worthy effeet, The additional jontzation ereated by them Hes; according to
clentifie lnvestigations, several orders of magintude buelow that causvd by
notursl ionization of o lightning rod in a thanderstonn feld wita no vadio-
aetive moterial” The British Code (38) merely indicates that no artificinl means
e known by which to increase the runge of attraction afforded by a lightning
ennductor,

Conelusions

The mode of action of a lightuing conductor is now reasonably well estab-
lishod, Its <ole purpose is to intercept a lightaing discharge before this can
contaet gy poitt of the building to be protected and to discharge the lightning
current harmlessly to ground. The risk of =ide flashing to internal or external
netal ean Le overeome by bonding and, if this i= efficiently carried out, the risk
f sidde flushing is unsifected by the maguitude of the carthing resistunce vf the
protective systen, Under such eonditions the main advantage of & low eacthing
vosistanen is the reduction of the potentisl dvop aeross the ground suriace abont
the point of earthing In order to avoid side flusning in the ground, bhonding is
exsoniial botween the lightning protective earth electrode and any wljacent
Luriod metad pipes ar vables.

Apart from church steepies, vertieal finials can be roplaced by horizontal
ool conduetors which shatald be so arranged as to eover all sharp edyes of the
ol stenetare. Tnternally sirangod down conduetors ave as effective s external

andietors, Foe buildivngs with #teel frames, continuos reluforeement oF con-
Citntonts euttain walling, down eontdnetors enn be dispensed with, provided the
Arnetiarst metal bs effoetively carthed and, wheve advisable, conneeted to o yoof
cotidluetor system,

- -
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The =pace protected by a lightaing conductor is still subjeet to futher ine
vestigation slthowgh theve wee slrong reasons to helieve that the distmee aver
whieh a lightning eonductor = eapable of atteacting w Hghtning diselurge is a
statistieal quantity veloted to the intensity of the lightning stroke.

In conclusion, the anthor wishies onee maore to pay homage to the genius of
Benjumin Pranklin whose lightning conduetor systens vequired only  minor
adeditions or modifiestions sinee its first ennneiation i 1753, Truly, he was over-
modest in weiting (45) in 1762: “Iudeed, in the construetion of an instrament
<o mew, and of which we could have so little experience, it is rather lueky that
wee should at fiest be so vear the truth as we seem to be, and commit so few
orrors.”’
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The Relation Between Stroke Current
and the Velocity of the Return Stroke

CF W

FEL

Sc—mary: The velocity of the return
S «f 5 an important eiement in estimating
(1 <Zesurge impedance of the return stroke,
(2 tae potential of the downward leader,
ax. ' 3) the leagth of the last striking dis-
tame.  The energy required to establish an
x~ plasma can be determined from labora-
ters tests. By equating this quantity to
the emergy required to retard the velocity
ai 3 taveling wave, the censequent veloe:
iry f the return stroke can be evaluated in
tem=¢ of the stroke current.

I‘ 1935 Lundhoim'* presented an inter-
=ung relation between the current in,
iz the velocity of, the head of the return
st e Rusck? later reviewed Lund-
bem's derivauon wad, after modifying
ame of the constants, arrived at the fol-

lowsnz result

15
J ) S0 108 1)

ie x3ich ¢ ts the velocity of the head of
the return stroke expressed in terms of
the velocity of that of light, and [ is the
5t xe current in amperes ‘amp). This
pee-tion 15 shown in Fig. |
1z 2 shows the distribution of occur-
rez e curtve of the velocity of the re
tu-s stroke determined by Wagner and
MeCannt (Fig 20 of reference 4) as a
resclt of their analvsis of 19 records
presented by Schonland, Maian, and
Celens ' Fig 2 also shows a repiot of
the frequency of occurrence of strake
carrents as published by the AIEE
Lizhtning and Insulator Subcommittee *
Rusck, aceepting, a priort, that the veloc-
ity of propagation 1s a function of the
stre ke current, plotted the mutually con.
gected points shown by the dotted line
in Fig 1 It can be seen that the rela-
tx = hetween the two curves is remarkably
ged
The derivation of the Lundholm expres-
511,215 somewhat obscure in some respects
as it 1s based upon an empirical relation
{ Toepler” which states that the resist-

Paper 62-1004, recommended by the AIEE Trans.
miss o and Dastnibution Commitiee and approved
by the ATEE Techinical Operations Department lor
presentation ut the ATEE Sumemer General Meet.
ot (enver Coln June (7222 1962 Maouscnpt
wi= tred March 21 1962 made svailabie for
pe=toag May 2, 1042

. T Waanem s with Westinghouse Electnc
.emiration East Pittehurgh Pa

CTUHER 1963
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ance of the path of a discharge varies
inversely as the charge that passes that
poiot in the discharge path. It is the
purpose of this paper to re-examine the
relation between the stroke current and
the velocity of the return stroke in terms
more susceptible to pbvsical ipterpreta-
tion and more readily determinable from
laboratory tests

Simplified Analysis

To develop the phvsical concepts, a
number of simplifviag assumptions will
be made Later these will be modified or
eliminated by further discussion. These
assumptions are as follows:

1. The return stroke can be viewed as a
wave of positive charge (apd current)
whose Lead travels upward, neutralizing,
as it progresses, the negative charge laid
down by the dowrward leader. This wave
moves upward trom a plane surface, which
in this paper will be assumed to be per-
fectly conducting For the imitial as-
sumptions, however, the svstem of simul.
taneous waves, shown in Fig. 3(A), that
moves outward from 0 and U, will be
premuised. This is done pnmarily because
this system, after the heads of the waves
have progressed sufficiently, leads to a
finite solution.  All of the essential elements
of the actual case reside in this one also

2.  All of the waves of current (and charge

of Fig. 3(A) are rectangular

'

3. The waves travel with a constant
velocity o, where ¢ is the velocity of light
and v 3 aumenc

LUNOMOLM~ RUSCK

OF THAT OF LIGHTY

VELOCITY AS A FRACTION

Ree 4§

4. Each wave of charge ¢,, in coulombs per
centimeter (cm), has associated with 1 a
wave of current 1., in which

te=veg, (2)
5. The are plasma behind th~ heads of the
waves has a constant radius 4 in cent .
meters; its resistivity is zero

8. All of the current flows on the surfiuce
of the plasma, all of the charge 13«75 on
its surface.

7. In Fig. 21 of reference 8 it is shown
that to bring a S-foot spark discharge to
high conductivity for currents between
1,000 and 2,000 amp requires an energy
that is proportional to the fina! current of
the discharge. This energy is approxi-
mately equal to 0002 watt-second per
centimeter per ampere. \Venfication of this
value is given in the Appendix

The properties of a system of waves
such as the one shown in Fig J(A) have
been discussed in connection with Fig, 12
of reference 9, in which it is shown that
to establish, as has been premised, rec-
tangular waves of charge and current
which travel with a constant velocity of
ve, series-forcing voltages, as shown in
Fig. 3(B), must be inserted on both sides
0 and O’ In addition, a retarding
voltage must be inserted that is st mmetri-
cal with res;»ec: to the heads of the cur-
rent waves. The paths of the waves are
separated a distance D it will be shown
subsequently that this system of waves i3
approximately equivalent to the case in
which, when D 1s made equal to twice the
distance the head has traveled from the
earth, a wave of charge rises vertically
irom the earth. Fig 3(C) shows in more
detail the total voltage, using 0 and 0
as reference points, that must be nserted
progressively in series to bring about the
propagation of rectangular current waves
These voltages are the integrals from
these reference points, of the electnic
field's longitudinal component, at a radius
o from the axes of propagation The

o

o % °
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100 0 200
N XILOAMPERES

ch 1. Relations between stroke current and velocity of return stroke
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Fig. 2. Relation between frequency of occurrence of lightning stokes (AIEE cur 2) and

velocity of return stroke

forcing voltage in each conductor, after
a time slightly iz excess of the travel
time between the cunductors, attains a
constant value of

1'-601,}'319 (3
t a

where D s the separation between the
two parallel paths of waves. The retard-
ing voltage 1’ has two compooents:
(a) that occasicned by the charge, which
attains a limung value of

1. D
rf- -6051° It - "‘)
v ¢

and (b) that occasioned by the current,
which attains a limiting value of

D
'y mBli;vin = (S)
g

The retarding voltages are then the sum
of these quantities:

1
1y = 605, (r- ‘)'m? 6
v/ @

Let it be assumed that the heads of the
waves have progressed to a point where
the forcing and retarding electromotive
forces (emi’s) do not overlap If v=],
the waves travel with the velocity of light;
since the retardation voltage ‘s zero and
the voltage waves propagate with a verti-
cal fropt, the forcing voltage 1s equal to
60i; In D/c. For 1,=1 0, this expression
will be recognized as the conventional
surge impedance. ln addition to the
longitudinal electric fields at radwus a,
from which the forcing and retarding
voltages were derived, radial electric
fields which arise from the charges go
also exist.

Before proceeding with the application
of these relations, it 15 interesting to
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develop the energy relations 11:volved.
For v=10, the power input in.~ es~h
conductor P, is equal to Vi It can be
shown that this power is expended in
developing the magnetic energy per unit
length Pm., which is equal to Li;* 2, and
the electrostatic energy associated with
the radial field Po, which is equal to

CV*/2.  These quantities are egual
Therefore, forv=1,

PimPo+Pme (7)
and

Poy=Pue=Pc/2 (8)

If v»1, for the sarne forcing voltage an
equal charge will be distributed along
the conductors, but the current will be
oaly ¢ times as great as for v=1. The

surge impedance will be 1v as great and
the power input P will be

FP=yP, (9

The electrostatic energy will be distrib-
uted v times as fast as for + = | and, there-
fore,

v
Pr'l‘P«‘EPc (10}

The magnetic energy per unit length will
be t* times as great and will be distributed
v times as fast. Therefore,

Pu®tPr -:; P 1
The power absorbed by the retardation
effect is proportional 1o the instantaneous
back emf and the current, but since the
current exists only on the left-hand side
of the retardation voltage, the power

absorbed by this effect is
1
Pv’;’l'vlj {12)

-

Remembering that for 1#]1, 1; varies as
v, then this guantity is proporuional 1o

P.-éﬂ(x-—é)}’, (134

Equating the power input to the sum of
the stored electrostatic power, the stored
magnetic power, and the retardation

power

v e 1 1
l'P¢-éP¢‘-§ P é(t'—;)rl’g (14,
which is an identity and verifies the ulu-
mate distribution of the power input

Returning to the application of these
relations to the immediate problem,
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when V, is inserted irom equation 6 into
equation 12,

1 D
P.om =30 v==-}ln=— 1,7 watts (15)
r ¢

which is the power that must be absorbed
by the head of each wave so that the
waves are retarded to a velocity ¢

From assumption T 1t s revealed that
the energy required to raise a spark to a
conducting state within the time interval
wmvolved in the breakdown process of a
rod-rod gap is 0.002 watt-second per
centimeter per ampere. The power that
must be absorbed bv the head of the
traveling wave, to bring it to a conduc-
uvity which will support the current of
tz amp, s proportional to the velocity,
The power P. can also be expressed,
therefore, as

P, w0002 11, (16)
Equating equations |5 and 16
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-30(r-3) (.n ‘?) 13 muc(0.002), (17)

or
«(0002) o

g™

30an =9t
8

and

| o——
(0 002)
vel [QITS 41 19)

D
/ 3053 In -
a

A certain similarity in the form of this
equation and that of Lundholm-Rusck
(equation 1) will be observed. The
author does not wish to discuss at ' as
point the numerical values of the ~..am-
eters in this expression, except to state
that a typical value of D would be ahout
600 feet, and of g, about 01 foot. For
these values equation 19 becomes

90004070

”SXIO'

vmi/ /Y (20)

In the foregoing it was assumed that
the effective radius at which the charge
might be considered concentrated and
the radius of the cylinder in which the
current flows are identical This is not
true. The charge is concentrated at a
much larger radius than that of the
evlinder along which the current flows.
When this 1s taken into consideration and
the radius of the charge concentration is
represented by the svmbol b, then, as
shown in reference 9, @ in equation 4
should be replaced by 5. Following this
change through equations 6 and 15, it can
be seen that equation 17 then becomes

D
801,t Elng-rln-] =16(0.002)1,* (21)
v b a

and
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Representation of the Return Stroke
by a Conductor Rising from the
Earth

Up to this point, the stroke has been
represented by waves of charge (and cur-
rent) propagaling -alung. parallel paths
Actually, however, the downward leader
distributes a negative charge that i
approxsmately uniform along its entire
length. The return sireamer or stroke
can be regarded as draining this charge
10 earth as its head moves upward, or as
neutralizing the negative charge by an
upward-moving positive charge. There-
fore, the return stroke is represented more
realistically by a wave of charge (and cur-
rent) that rises’vertically from a plane of
jufinite extent. Again, in order to state
specific conditions and to obtain precise
results for these assumptions, a rectangu-
lar wave of current will be premised that
extends itself above a plane of zero resis-
tivity with a constant velocity v The
effect of the plane can be represented by
replacing its presence Ly un image charge
wave of opposite polarity and its 4s80C1 -
ated current wave as shown in Fig. 4(A).

1o passing, it should also be noted that
this representation is not accurate. Ac-
cording to the author’s viewpoint, the

current that rises from the ground;
simultaneously, a corresponding current
begins to flow {rom the end of the down-
ward leader toward ground, this current
being supplied by a wave of current that
progresses upward, draining as it does so
the charge laid down by the downward
jeader in its progress toward the earth.
But for the present discussion the refurn
current will merely be assumed to rise
from the earth.

For preliminary considerat.on, both
the charge and the current will be as-
sumed to be concentrated at radius g
As shown io reference 9, the current wave
of Fig 4(A) that flows to the right from
0 produces an electric field parallel to the
path of propagation, given by the rela-
tions in Fig. 4(B), where g is the distance
from the axis of propagation. The field
E develops from 0 with the speed of light
and, therefore, outdistances the head of
the current wave, The field E, travels
with the head of the current wave and
consists of two components: E., assoa-
ated with the charge, and E,, associated
with the current, These fields are also
circumscribed by the sphere that expands
trom O with the velocity of light. The
image current 1o the left of 0 produces
similar fields but, for large values of x,, the
instantaneous position of the head of the
current wave, only that component of
the field produced by the image current
which expands from 0 and is equal to E
is of importance

+ given in Fig 3.

turn siroke has a very low drop (of the
order of 60 volts per centimeter)- There-
{urn stroke cap then be conceived as 3
metallic conductor of essentially zero re-
sistivity that extends itseli vertically
The field along the surface of this conduc-
tor must then be zero. To produce the
currents such as premised in Fig. 4(A),
forcing fields equal and opposite to E and
retarding fields equal and opposite to E,
must be assumed to be injected into the
circuit. This can best be visualized by
assuming that series voltages are inserted
progressively in incremental quantities in
series in the conductor, so that the inte-
grated values of these fields are equal to
these series voltages. The values of
these voltages are indicated 1o Fig 4(C).

It is difficult to generalize and to draw
conclusions from these analvtical expres-
sions. A particular case i, therefore,
chosep for numerical evaluation; this 1s
For this case v 15 taken
as 03, g as 0.1 foot, and =z, as 1,000 feet
Of particular interest is curve D, which
gives the voltage that must be inserted in
series from the head of the current wave
%, for the wave to be slowed down 0t =
0.3 and the current wave to be rectangu-
lar. This shows that for umt current a
total voltage of 900 volts (the value of
this curve for x=0) is required Thus
the power that must be absorbed n re-
tarding the wave as determined from cur-
cuit conditions (that corresponding to
equation 15) is

return-stroke channel current begins as a The arc plasma that constitutes the re- P, = 900:," (&3
] /1—--? ios [ «~7TER)
THOC -
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Fig. 5. Forcing and retarding voltages in the return stroke after the
carth; @ rectangular weve of current was assumed for the fullsline comput
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head of the current wave has progressed to & point 1,000 feet sbove t e
stions and & current wave with a hront of 100 leet was essumed for e

(assumed velocity of propagation, 30% that of light, redius, 0.1 foot)
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Equating this to tuc power determined
by laboratory tests, as given in equation
16 for this particular value of v,

9001 = (0 3HIX10%N0.002 )1y (24)

or
1, = 20,000 amp

To determine the effect of the front of
the current wave, the rectangular wavs of
unit amylitude was replaced by a stepped
wave with ten steps of 0 | amplitude each,
as shown 1n Fig 5 The correspondiog
forcing and retardiog waves are indicated
bv the dotted lines. It will be seen first
that the amplitude of the forcing wave,
which corresponds to its surge impedance,
is unaffected by the front of the wave.
To determine the retarding effect it is
necessary to evaluate the power rather
than merely the voltage For the case
ir which the current is rectangular, the
current to the right of x, is zero, and to
the left it 1s constant. The power ab-
sorbed at the head nf the wave is then the
product of this constant current and the
series voitage indicated by curve D Thus
for unit current, if the wave is rectangular,
the power that must be absorbed at this
instant within 100 feet from the head 18
690 watts; within 300 feet, 800 watts;
and within 100 feet, 000 watts. But if
the front is stepped. the curreat to the
left of % between x equals 900 feet and
x equals 1,000 feet vares, and it is neces-
sary to compute the voitage across each
10-foot interval, multiply by the corres-
ponding current in each elemen: and
integrate the produsts. This has been
done, 1t was found that the power that
must be absorbed between x equals 900
feet and x equals [,000 feet is 354 watts
for a crest current of unity. Adding to
this the power that must be absorbed dur-
ing the interval in which the current is
constant, it is found that 704 watts must
be absorbed within 300 feet of the head,

Ocrorer 10103

and 904 watts within 1,000 feet of it.
Thus it can be seen, as would be surmised,
that the enmergy absorbed is dependent
onlv upon the velocity, and is independ-
ent of the front.

From Fig. 4, it is shown that the re-
tarding voitage for the rectangular wave
isequal to

i
301, <'—!‘) In X
v

e I A

{a\,l-r' o/ loet +1] (28)
where v is the distance measured back
from the head of the wave over which the
field must be integrated. The energy
that must be absorbed to reduce the veloc-
ity tor, then, is this expression multiplied
by i;. Equating this expression to P,
from eguation 186,

I
301, < - - v) In X
v

r i N ]
Lc\/l‘-:;’-r\(_uv X-:T‘) s J
=pe(0 0023, (26
!"
lg-l—-'?’
¢(0 002)
[ _ ¥ "—T——T—“]
D Inl T ==+ m—igmer | 4
LoV i=¢! (d\ 1-:-’) J
(27

For the present purposes, interest will
be centered on values of ¥ greater than 300
feet. In the discussion of arc characteris-
tics in the Appendix, it is shown that the
growth of the diameter of the arc requires
considerable time and that, for the cur-
rents involved, the arc radius will be less
than 0.1 foot. Therefore, unity under the
radical can be neglected. Furthermore,
y/a will be so large that | —¢? within the
radical can be replaced by umity. With

Wagner—Stroke Curren! and the Velocily of the Return Stroke
g 3

¢ = 3X 10, equation 27 then simplifies to}

2x100 ot

(Qy) | =g!
ln -
. @

This is identical to equation 18 and dem-
onstrates the similarity of the two circuits.
For y/a equal to 3,000, this expression
reduces to

(28]

iy=

2
ipm 2 3% 108 —— (29)

]yt
If v/a 1s 30,000 instead of 3,000, ; is oniy
increased 269,

Now if the difference in charge concen-
tration at radius 5 and current concentra-
tion at radius g is taken into consideration
and the same simplifications that led to
equation 28 are inciuded, the expression
for stroke current becomes the same as
equation 22 with D replaced by 2y. Thus

vie(0.002)

e e
30['.:; % owm¥] .
b 8]

.30

The family of curves of Fig. 6 have been
drawn from the above expression, with
a equal to 0.1 foot (3.05 cmn), D equal to

300 feet (914 meters), and different
values of & This particular value of D

was chosen because it was estimated to
be a reasonable value that would obtain
over the entire range oi currents as the
stroke current attaiped its maximum
value. Further, it has already been
shown that the results are not critical
with respect to the chowe of D Because
of the factor v? for the term involving the
quan‘ity a, the huice of ¢ s also ot

critical The radius 5 ts, however, criti-
cal The distribution of the charge

around the core of the downward leader
is still controversial. Is the valume dis-
tribution uniform wathin a evlinder at
whose surface the gradient is 30,000 volts
per centimeter? Does almost all of the
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charge reside near the surface of this
cviinder? Or does the volume distribu-
uon vary inversely as the radwus to pro-
duce gradient within the corona sheath?
Perhaps none of these conditions 1s cor-

rect. However, for the present situa-
tion, some assumption rmust be made
The author has made the assumption

that & for the value corresponding to
100,000 amp is 10 feet. This establishes
point 4 on the final curve depicting the
relation between v and ;. It will be
assumed that b is proporticnal to ¢
From equation 2 it can be seen that b is
also proportional to 1,/v. Therefore, to
determine the point on the final curve for
b equal to 5 feet, one must only draw a
straight line through the origin whose
slope 1s twice that of a straight line
through 4. In this way point B was ob-
tained. By similar constructions, the
dotted line shown 1n Fig. 6, which repre-
sents the relation between ¢ and #; and
which incorporates the variation in b,
was determinéd. This curve is repiotied
in Fig 1 for comparison with the curve
obtained by observation and the Lund-
holm-Rusck curve. The dot-dashed
curve of Fig 6 shows the correspondiog
valuesof b

Relation Between Stroke Potential
and Velocity of the Return Stroke

In Fig 5 the series voltage |” required
ablish the current ¢; is indicated. It
can be approximated by the equation
L)
Ty 2y ..
n-ﬂ"l"lﬂ'—' 'Jl‘
v b

The radius for the charge concentration
must be used in this expression. Insert.
ing ¥¢ {rom equation 30 into equation 31

1

.

Lo 29

el 2X 108 2

l=rln 2 10 2
a/ b

The main variable in this expression,
except for v, is b This factor can be esti-
mated from the curve in Fig. 6 and |/

- in volts

32

oblained as a function oi current (or
veloaity This procedure assumes a
Table |
i, Y, X X,
In Amperes o 10* Voltsa 1o Meters o Feet
20000 280 50 164
40,000 40.3 a8 222
60, 000 48 8 83 278
10 K0 64 0 i 364
150, 000 ,.76.8 134 438
200 000 B4 B 150 441
614

Fig. 7. (A) Gap vollege )
and (B) current for sparkover

of & 9-lool rod=od sep

together with  (C)  their

replots end  instantaneous
power
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knowledge of the factor ¢, which has been
taken as constant and equal to 0.1 foot
But in actuality ¢ varies with current as
well as b A more realistic assumption is
to let & be the value given in Fig 6 and
let g vary linearly with 1, being 0.1 foot
at 100,000 amp. When this is done it 18
found that V' can be approximated very
closely by the following expression:

1=220

=] 2X108

33)

This indicates that the stroke potential is
independent of the stroke current and is
a function of the velocity oslv. In
Table I the stroke potentials are indicated
for different values of v; it can be seen
that they are of the order of magnitude
estimated by other investigators.
According to the stroke mechanism
theorvy proposed by Wagner and Hile-
man,'® the length of the fina) striking dis
tance as the downward leader approaches
the earth 1s equal to the stroke potential
divided by the critical breakdown gradi
eat, which is about 3,000 or 8,000 volts
per the final
striking distance, the smaller the chielding
angle must be to provide adeguate shield-
mg. Therefore, 1o be conservative the

centimeter, The smaller

Wagner—Siroke Current and the Velocity of the Return Siroke
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Table I also indicates the range of these
values

General Comments

In Fig 5 the curve 4 + B+ D represents
the voltages that must be inserted in series
in 1ncremental amounts at that instant so
that the resulting propagated current
wave will be of unit value and rectangular
in shape reviously these voltages were
arbitranily divided into two parts: (1)
that from x =0 to the crest (1,760 voits)

was regarded as the forcing voltage, and
2) that between the crest and 3,300 feet
about = 1,600 volts) was regarded as the
retarding voltage. So long as these net
voltages are maintained the same for any
two cases onstant

with time in either case

necessarilv
the two current

(but not

waves propagate with the same velooty.
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The wanuer in which they are distributed
will aff2ct the wave shape of the current.
In dewermining the retarding wvoltage 1o
eguation 23, the retarding field was inte-
grated from x=y back to x=0. It would
have been more accurate to have inte-
grated from xr=y back to the point at
which the curve 4+ 8+ D crests (or 700
feet). However, it was shown that be-
cause of the logarithmic gature of the
function this imit is not eritical

While from a mathematical viewpoint
it is itmmaterial whether the charge trans-
ported from the leader is regarded as a
pegative charge lowered to grouad or as
a positive charge rising to neutralize the
negative charge, from a physical view-
point further consideration must be given
to the problem. If, as the author be-
lieves, the charge on the downward leader
exists in the form of negative ions, the
mobility of such ions is low enough to
prohibit the explanation of the formation
of the current as a flow of negative ions
The currest must rather consist of a fow
of positive charge drawn {rom the earth
that peutralizes the negative ions. If the
return stroke s viewed as a highly con-
ducting extensible conductor that rises
ftom the earth, this current must rise by
As shown in reference 16, the
magnitude of the current that would flow
in this case is determined by the relative
radii of the return-stroke channel and the
charge locatiun. The more nearly equal
these are, the tmore perfect the neutrali-
zation and the larger the current. It is
probable that in its upward tra*zl the
return-stroke channel branches out to
collzet by induction a large portion of the
ionic charge. The core of the return
stroke does not increase [rom absolute
zero, but from a value existing in the core
of the downward leader at the instant iti
which the head of the return stroke
reaches that particular section of the
downward leader

induction

Regarding the downward leader as a
conductor of equal potential along its
entire length, the charge distributed in the
charged column will be larger npear the
earth than at poicts at higher altitudes
This should result in a gradually decreas-
ing current in the return stroke after its
initial crest has been attained. Since the
velocity of the head varies with the cur-
rent, as indicated in Fig. |, the velocity of
the head as it rises should also decrease
Also, as mentioned previously, as the
length of the return stroke increases, the
voltage drop required to supply the ther-
mal energy conducted and radiated to the
surrounding air no longer remains negligi-
ble: it also coatributes to slowing the
velocity of the head of the return stroke
Furthermore, as the length of the return
stroke lengthens, its surge impedance also
increases, which tends to diminish the
current. On the other hand, while the
voltage drop along the dowaward leader
is small and negligible during the initial
stages of the return stroke, its integrated
effect over the length of the downward
leader results in a higher potential of the
downward leader near the cloud than
near the earth, Thus, as the return
stroke approaches the cloud, the higher
foreing potential tends to counteract
somewhat the effects just enumerated

Several of the parameters used in this
study are not known preciselv. They
vary with time, but specific values still
mus: be assigned to them. The author
does not, therefore, claim a precision
that does not exist. Fortunately, these
parameters occur as longarithms and s0
they need not be known with great prec-
sion. The precision is sufficiently great to
define the nature of the phenomenon  As
more data become available, appropriate
corrections can be made  More informa-
tion is desirable concerning the simultane-
ous variation of the velocity of the return
stroke and its current. And littie infor-

ENERGY N WATT SEC PER CM
o

fig. 8 Esperimentsl evelua-
tion of energy fed into rod~
rod gaps of 3. to 9-loo!

400 800
CURRENT IN AMPERES
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spacings during sparkover a3
¢ function of the Anal current

and the Velocity of the Retirn Stroke

mation is known concerning the charge
distribution within the corona sheath. not
only during the frst few microseconds
(usec) of formation, but for longer times
during which other factors than those
dominant during formation may be active

Conclusions

While the lightaing stroke has doubtless
been idealized and simplified to a con-
siderable degree in this analysis, a number
of pertinent conclusions can be drawn
within the purview of these limitations:

1. The general form of the modified
equation relating the stroke current and
the velocitv of the return stroke, first
suggested by Lundholm,‘'? has been
verified, using as a basis the energy re-
quired to establish a spark. The modi-
fied curve is shown io Fig, |

2. 1t is shown that the velocity of the
return stroke is depeadent ouly upoan the
energy necessary to make the arc con-
ducting and not upon the rate of rise of
the head of the current wave ia the chan-
nel as it moves upward

n

3. The potential of the downward
leader as it nears the earth and the final
striking distance are functions of the
velocity of the returu stroke and are
given by the following relations

Vel 2X 100 (33)

1 =221t

Xy= 656 —— o feet (38)

Appendix. Characteristics of
Sparks and Aves

Reference was wmade earlier to tests! in
which, from the breakdouwn of spark gaps,
the energy required to establish a given ar¢
current was determined These data
were for rod-rod gaps 6 feet in length
While at the time that these tests were
made tests on gaps of other lengths had
been made, the ene:gy bad not been com-
puted for the gaps of other lengths. Fig 7
shows the form in which these data were
collected and represests: (A) an oscillo-
gram of the voltage across a 9-fout rod-.od
gap of such a value as to produce compiete
breakdown in 3 wsec; (B) an osallogram
of the current through the gap, and (T
a replot of these two records, together
with a computation of the instantaneous
product or power. The total energy ab-
sorbed in the gap was found by integrating
this curve, which was found equal to 3 06
watt-seconds per centirmeter length of gap
The integration 1 this case was continued
only to the first zero of voltage. The value
of the curreat assigned to this test was the
value obtaned by extrapolating the smooth
portion back to the instant at which the
voltage becume 2ero This value was

.
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141 ot properties of the are. Muvr'? showed

";:' ! ?_‘ that for a steady-state condition, the
3 ¥ = current distribution within the cure of the

~Ch gf! arc falls off from the axis as a quadratic
4 - L o exponential function of the radius  Energy
& ey »00 losu 18 by conduction, although radiation
" uow 0 7 33& also plays a part. The arc core is sur-
-,"l" 5. e dt/cm/omp Ek‘ rounded by a sheath of air at high temperg.
4 3 X0 601 61 Cutrent / L sssesnsnnmensne e O 0024 ture, since at the core boundary the tem.
x ¥ P L geembsLieerrent perature is continuous. To determine the

4 ¥ 250+ 0o18°% A -0002 energy or ‘thermal content’ that must

. § © be injected into the arc when the current
2@4540' LE '," Diamater -000i6 rises slowly, the energy umparted to the

& 15042 30_5 3 surrounding air must be included Yoon

g - : -oo02 and ’S;;mdle.“ ;)n ob;crva:cms lwlth an

z arc o amp, obtained a thermal content

! § - § aﬁ: 24 “<hre arop =0.0008 of 0 0025 watt.-secund for air at atmospheric

; $~304% | E ~0.0004 pressure and showed that for a stepped

| E ..v' incremental increase (or decrease) the

0+ 0+ OLmal o thertnal content shouid vary exponentially

with a time constant of 85 usec. This
siow phenomenop does not inciude the very
rapid effect associated with impulse cur-
rents. Fig. O shows the growth of the
diameter of the arc, as abtamed by a photo-
graphic process by Nonnder and Karsten.
More recently Aller and Craggs.'* photo-
graphing impulse currents that rese to a

o

0 20 L)
TIME IN LSEC

Fig. 9. Characteristics of a 68,000-amp damped oscillating current arc’! that rose to crest in

19 usec, length of gap, 51 cm

-

1,500 amp,; therefore, the energy becomes
equal for this case to 0.00192 wart-second
per cestimmeter per ampere.

Fig. 8 gives the energy data for gaps 3,
8, and 9 feet in length. The data for the
6-foot gap are those given in reference §
In drawing the mean, the data for the
@.foot gap were favored. The slope of the
straignt lipe is equal to 0002 watt second
per cextimeter per arnpere. These data
covered a current range up to 2,250 amp
and chaanel formative times from 04 to
8.3 usec,

While these tests indicate that the
potential across the arc path drops almost
immediately to zero, a drop of, for example,

mately withio the first 5 usec.
concluded that the energy input per crest
ampere increases with current L 1s also
clear that for long times the energy per
ampere is well in excess of the value of
0002, which agamn indicates that the
velocity should decrease as the head of the
return stroke approaches the cloud

Wagner, Lane, and Lear'* also measured
the drop across high-currest impulse ares
The gaps they used were small (less than
2 inches) but the currents rose to crest in
much shorter times. Fig. 11 shows some
of their data reduced to eperg)y input.

In judging these data it is necessary to
bear in mind some of the very complicated

It can be

erest of 188 kilcamperes in 7 7 usec, demon-
strated that the initial velocity o expansion
of the arc was 14=31x10" cm per
second, as compared to the veloenty of
sound of 034X 10-% em per second [t
seems reasonable to conciude that for the
rapid changes of a few microseconds in
duration, the surrounding air does pot
participate in the heating effect; however,
it does participate for siower phenomena
and phenowmena of longer duration, such
as when the arc path of the return stroke
has lengthened as its head approaches
the cloud, or during the dissipation time of
the stroke between components

From this brief and necessarily incum.
piete discussion of the arc, the additional
information obtained from other than gap

80 volts per centimeter would be difficult

to deteet. A drop of this magnitude 1s

equivalent for a duration of 1 usec to

003 watt second per centimeter per 0004+

ampere, or 2.3, of 0002, For the pur-

poses of this application, one is interested

in onlv the first few microseconds after

crest current is attained; therefore, this

~ontiouous coptribution to the energy can

be negiected. [t can, however, be a coo

tr'butung factor along with others in ex-

plaining the decrease in velocity as the head

of the return stroke rises toward the cloud.
Coasideration will pow be given to other

availabie data from which the energy input

1o bring an arc to a high conducting state

can be determined Naorinder and

hareten,!’ by means of a combination of 0

impulse generators, produced currents up

to 102,000 amp through gaps of 25 and 51

em. Fig 9 gves thewr results for a current 80

that rose to a crest of 68000 amp m 19

usec, The current, the arc drop, and the

inslanianeous power are in the form given

by the observers. In this paper, the

author integrated the power curve and

divided by the crest current to provide the

i curve piotted by the dotted line. Fig. 10

(14 show: similar information computed by the

authae from the data of Norinder and

Karsten for different impulse currents _

i 1t i c¢ifficult to draw direct conclusions Fig. 10.  Energy

' {rom these results, since the primary  inputinto oscillatory ]

intersst of this investigation lies approxi- current arcs L
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breakdowns, while not contributing to a
more accurate evaluation of the energy to
use in the veloc'iy (crmula, does pot
contradict the value determined from the
breakdown of long gaps
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Discussion

J. H. Hagenguth (General Electric Com-
pany, Pittsheid, Mass.): Much of Dr
Wagner's theory of the lightning stroke 1s
based on a leader mechanismn;? he has
postulated, ""the downward ieader consists
of two parts, a very thin good-conducting

Ocroeer 1003

Fig. 11. Energy
input into develop-
ment of an oscilla-
tory current arc (Frst
number represents
megnitude of first
current crest; second
number, time to Arst
crest)

o
o
~
: S

;

/
/,

ENERGY IN WAIT-SEC PER CM PER AMP

/ 80 31270071 2

20%00/12

56200712

18800/4 4

o
o
-1

core or channel, and a coroua sheath that
precedes and surrounds the channel.”!

Photographic evidence, mostly by Schou-
land and his colleagues, does not indicate
this. The coroua sheath has oot been
pbotographed, but has been impiied to be
a so-called pilot ieader. The photographs
show that the conducting cores, which are
not perrmanent, are formed and extinguished
in a very sbort time and are reborn about
every 50 usec, each time progressing further
toward the earth, possibly coliecting posi-
tive ions produced during the progress
of the invisibie pilot leader and other
positive dabris in the corona sheath. [
am npot aware of a photograph that shows
a continuous core of the downward leader
There is a photograph of an upward leader
from the Empire State Building’ with
several portions where the core appears
td be continuocus. Possibly in this case
the conditions postulated by Dr. Wagner
existed. This one perhaps was the notable
exception that proves the rule

In connection with the relation between
velocity of the return stroke and the stroke
current, it would be interesting to know
where the feld data of Fig 1 originated
Has it been possible to correlate Berger's
data on this basis?
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C. F. Wagner: Mr. Hagenguth has raised
a question concerning the evidence upon
which [ postulate that “the downward
leader consists of two parts, a verv thin
goud-conducting core or channel, and a
corona sheath that precedes and surrounds
the channel ' There appears to be little
doubt concerning the presence of a corona
space charge. The only question must
refer to the presence or absence of a good-
conducting core. The head of the down-
ward leader must be fed either through a
channe! consisting of a thin arc plasma
whose voltage drop is about &) volts per
centimeter, or through a glow discharge
[f the latter s true, the vertical voltage

IV 2gner — Siroke Current and the Velocity of the Return Siroke
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gradient must be of the order of several
thousand voits per cenumeter. [f one
assumes this gradient to be 5,000 voits
per centimeter and assumes that the leader
length is 5,000 feet (150,000 em), the drop
along the leader channel caiculates to be
7.53% 10" volts, quite bevond any modern
estirnates of the cloud potential Further-
more, one would expect that the boundary
of the resulting space charge (or corona)
would have the forrn of an tnverted cone
of enormous radius near the cioud. This
also is coatrary to all modern thinking.
The conducting cores to which Mr. Hagea-
guth refers are formed very quickly behind
the steps, so quickly that their velocities
approach the vejocity of light Such rapid
development of good conductivity can
only take place if the channel aiready
consists of a good-conducting path. The
fading away of luminosity mercly reflects
the reduction tn current  Benind that
part of the path which produces a trace on
the photographic film there must exist a
stmaller current not sufficiently photo-
graphically sensitive that feeds the forward
progress of the leader. [n this region the
current should be almost constant and of
such low value that it does not record an
the photographic film

M:. Hagenguth also inquires about the
source of the field datg in Fig | [ believe
that the text explains this in detaii The
original data consisted of the 1@ photo-
graphic records of strokes obtained by
Schonland, Malan, and Collens. Wagner
and McCann then analvzed these data,
from which the velocity curve in Fig 2
was obtained The stroke current curve
of Fig 2 is the AIEE curve. Then,
assuming a single-valued relution between
the stroke current and the veloeity, the
field data curve of Fig. | was obtained
To be more specific, any single value in
Fig. 2 on the percentage urdinate will
provide a single current value and a single
velocity vaiue, plotted as constituting one
point in Fig. 1

Subsequent to the preparation of this
paper it came to the author's attention that
Dr. Muiler-Hillebrand had piotied sunilar
surves between the wvelocity of the return
streamer and the current
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Tmowlede: of the surge imnesdasce of the return
FESAm AL,

According o the records of the electric field
remole rom e stroke, made by Kitagawa and
Yobayashi' and aiso by Kitagawa and Brook,? the
aiie lnterval Sotween stpps as the leader approaches

ne zamni occaies shorter and shorter, While re-
aute from .'!l-‘ carth, the ctep interval s 50 micro-
sseonds; but tiids progressively decreases to 20 and
{naily 13 just b.-.c.-c ‘he earth is reached. It would
be surmisec *hai the lencths are corresoondingly
‘asmer but. 12 the wWriter's knowledge, good evidence
of the strok2 phenomenon near the earth is not
avaible, Ei(:pt {lor the discussion that follows
ammedtateiy, the step phacomanon will be neglected,
hacause it can have oni: ¥ a secondury effect upon the
rhiznemenon cocursing near the 2arth. Taus, as the
P2uder approcches the carth, w will be assumed to
-yﬂraﬂs.h 20§ B> ”3.'“ rale.

However, Defore '2aving the discussion of steps, one
additional abservarion snewid oe made. The steps,
in the writer's apinion, resuit from the contrasiing
sharactor of two stributes of the leader.” It was
‘tated in coor.otion with Fieo 1 dhat 3 corona space
sharge develoos in advancs of the arresied. highly
eonductinn coanna! or cors.

Tnothe Dnoroeew, vhea on impalse voltnoe (o0
low to gapse s~nrt over i apniiad acepss a rod-nlane
v8n, o churdipg SRR {3ws, Dl swperpascd upon
s eharginy cutratt is o s ttime impulse corona
gL Al nd® niess .cr. rapidiy 10 crest and ihen
decrentes siowly 1o zeco. The dscay of the corona
cuent may be liribusd m :h* davelopment of a

oA 3Ly charsy ansi ansily inhikitss furdher flow
of stirsdas. Tor doidinion o I, 19 OgTur in tH2 cnde
ot she sreole eaden bt cglore the stroke current (s
omelaialy eulad off, the saice-chargs aimosphere
in advanse o At arrested (or almost arrosted)
cagens? beenn gt faderanie ar the devalormant {or

af the 2namnel. Thig stale has s
anatogy in the luberatery tod-plane gap when a
vivitage slightiy in exeass ef e © ‘tic-;l spATRIng
voltuge is cppded. After the vnace ¢! J.‘"‘ deveiop-
Mant siooe o almost cemplated, channals hagin to
o, The curren: sUppiying thass c"’nr"-" ingraases

£ SRt st I and thon RS 2l an Sver: increosin 2

fn each step the lightning chunnel extenrds in
wie torm o0 o viia sgncit i slasma and ceases when
: i

ths tip b sacned w orovnt at which the space-
Jarge conSilans are vo anjer condugive 1~ the
furdhos © . of the plosm. The spure chorge
rah sominuds its siowsr 4 i.:n-” and he process
tremanted. Tae wverage wilor of the shanngl cure
rent nure he of 1l \,‘.-f“‘r of {f ) of 290 omperes:
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engcsds the cx..i:rv value of st~ut 30.000
'J yoper < do ror appest to be pomtizuiarly ime

septant. Tag oeouwr on any projaedion in tag visinity.
The ehurty: 48 48 2mogintad corona sheatl cone
wnle el a0y anCe ovaTe sariil. 2 1d mean-
vufla © o ORSHL Dpned GiinTse cbove fh2 mast also
1Nci

N el rat is ranghed i (@), at which the
cnocetveen 2 oond the top of tie mast in
this ease L. dGAUGMELY 6000 = 8200 em. ur 270
t2el, Luhoracory tests with rd-rod gaps having long

epacing: .osilesie that when the ae
gradignt of 6.100 Loits per cm is gxceedad, chunncls
hogin 10 Fiany frémy Both noims, Tn:: :he irstant
6! wplgh oz Beaey returnseimalie current bogins to
IWrts, o the refvrenss Dot for sime gisen at
g tnp o Fig. 8, Four mizroseconds kutar. as shown
in Fip 2,05, e channels from both a end. & nove
progices i 1o the noins ndicoted, In 2(D). further
progisss dac heen mizos and the current has grown
<~;;nui.;; ntiv. At tie same tine the cufrent feeding
the Cowiretd moving vasencl below » draws cur-
reat frim the eld Rew-aurrent channel zbove &,

he =spoamating of Gt gurzeat is sower than

the spend of Bam; it s Umited primarlly by the speed
with wivies e ond =0l fun Jccommodure el o
the wigtwe ¢« wWaenvire and the arete with whish it
1 ARy IS Shafis Cin 1G8 CoTOnd. sIdR Ccianpe
- - WL, L LB« A 953

laid down by the leader. And so the orc see coe
tinoes through (EY and finally (F i, e iasund oo
witich contact 1s made betvsen the mam clun gl
Fig 2(G) and (H) :Low lzter instants aw winh he
head of the return chunnei hos pensirnizd !
into the space charge and lowered ¢ furthe; portion
of this charge i¢ carth. The magnitude of th?

rent at the different points 15 suggested by the (G
tive thickness cf the lines.

Note also the pingress of the vpwrrd Shanwd
which is intended to sugeest a higbwr and Iove
velogity until the fast step is completal estaisie’
afier which the velosity showid be censturt o G-
crease as the head of the romrn streamsy odvanues
toward the cloud. Ac the upwert chonngl arozre
tentacle-like strearmiers reucn outwasd ard p.ord
and tend to spread the positive chargs over & Aroa
arca than that cnvompassed hy the caunadd s

CNEST CUNRENT ANC
VELCCITY OF RETURN STRCIE

Knowledee concerning the mzgaindes of th oo
current of the lightning sticlz v of a7 pour

atiree. Judging {rom the data ccagarnipy e ~ate
cenlane ithat excesd a portouiar value Iwihisn U

|"'!.l'\-' termzd the dJistribuiiven o WP Foodbe ek

edge is quits scowrate——baing kare up
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crutie measufe in firms 1 slorm Copge. s
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In Fig. 3 is plasiad the
developad by ASTE ia 1650 ader goniZen~ton
=}t Snown dale avak
of the ruturn strole is uf aite ip docerminaer 2
rhysical pliznomena e8ic :;g':..? el s per
siroke. In Fig 3 is chown the di=t iz
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Poeolay poriimears of distributicn. The result is
on- e The ":‘,e‘.' curve of Fig. <,

a2 A moiont-of what r..'.:; :ns in the raturn
tgs om thic eanth can beer be
derin g daret the system of current
Viaes Shgan in .‘«_;. 14). These consist of four
LNIwar cucrent waves uac propagate with a
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deastant Velociy ve alang ths pam;zci iines a4’ and
' ospaced & dTifnes D. It is shown in referances

+2 und 13 (hct o esiablish und maintain a set of
-UErents of s Cuurestir, an emt equal to

v

o 600 =t & @

TeEL Sb aserted i razh line on gcach side of o at a
fauici @ and, in addiven, 2 i retarding emf

wal 1o
: D
1% = ‘M’:(-i- - l') i == (3)
v ] a

Tt olso 92 insorted ut o radivs @ at a poin: that
TON3s mregressively dlong the lines n phase with

wads ol (he surraatl waeses, This Yzaves a
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v‘U

f o mevas oo e eurront waves ‘with the
s : ' T t — i on ol -
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bile WAL Qlag s » oMl voy 44 esome
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p ratarain q uol'q r"
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roves with ths fond of the camant wave, Detvicen
hooenicn e cnd the teud ol the mave, the inagis
wehadd Adeop s 2000, Similar ppintions soply waen tha
s Hnzarly im0 wih a sloping
“nt. "nthis 2ae sha rrtording veltage i spread out

i ot ol (he earrnt wave, and for

surrent nas the same overall magmis

Tests on shogt ares with cusrent

unusands e amosees

5 up to tens of
indicate '.‘at aitar the crest

Cursent is reasnca. o 2 dron saross the are decrensos
sty quigkly. In arebobly s aa o microsecond,
W abont 100D velt: mer em. aikd tien mare grdu-
ifv 19 mauch sniader values This sudden crop in

age is demonniratzd in Figo 8, vhich shows the

\ ich
vada g2 acress Lad the current through a 9-feot rod-

o1 ’e tead lar T
rou wup whon fmnrired be o veltage sufficisnt to
5

f

prodees sparsoter ' 3 microceconds. The actuzl
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Hovwever, during the transition perind o' e
2zs noth of the siroke it accommtedaiig sl rem
the conductivity of a current of ahoy: 229
which is characteristic of the chaans! ¢
vard 2nder. to the condacti=ity of tre S,000 -
peres or so of the retuen stroke, a ver high transigne
voliage drop must oceur. The dlamater of the 4o ja-
creasss from about 2 mmi to about 7 ¢1. Durine ths
period the arc must asorh an 2no-mo
energy In increasing this volume of ;us to the 2zn-
temperature characteristic of are senduction. I L
energy requirements derived from the traveling-vavs
reiations are eguated to the caerey reu urements -
tamned from laboraiory testc on gaps, 1 it poacha
to deveicp a relution hetwen the curroat ‘a the r2-
tuen stroke and s veloeit -.’

Thus, from the circust condiion, it
from Fig. 3(B) that ;.:ner absorbed 1
tery occurs only during thc period doring swhisi: guse
reat flows (which sccounts for the fuctor "4 in the
equation) und is enpcsguentiy
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instunat were assumed o be asscciated with the de-
veionmant of the space charge. The current for this
case wus taken as 1,700 amperes; thus the energy
hecomes egual to O.0018 wett-cecond p2r em per
amppere. Averaging the results of a large number of
niar 230 on X+, 8-, and 9-foot rod-rod gaps gave

3 resut egqual to 0,0020 watt-second per om per
ampzre, Thi actual fower 1put into the arc of tie
return sizoke must be proportional to its velogcity in
which is v times ¢ times the current,

VIR per sec,
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The foregeing assumption—tnst the el
dius at which the charge m.ght H2 <o

centrated and the radius cf :H cviinder in which the
current Hows are identical—is «rroneous. 7@ ¢hisge
is concentrated at a much larger radius & and the
currest at ancther point, such as 7. Taef &5 5

in references 12 and 13, wvhen thic
made, cquation 7 beeomes

nEny can.
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In the interesis of simpler presenuion, e iCe-
going expr»uion wias developeg 1o waves that trowl
paralle]l to each other, whorsus in e acius! cxer 2

vave teavel wpvard from 2 fas plane, however. in
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vivelorm of e currant of the retumn stroke at the
Fusnd gar Le dilerence of two negative exponential
"r\u, suel o stven by Bruce and Golde!” in which
the currens rises rupidlv at first. reaches a crest, and
SR Cecays siov'y. For purposes of transmission-
“Ae compiitucns this waveform was usuallv ap-
wenimaizd by o tinearly risi: g front to either 2 or 4
mRtGsesonGs with o fatton. {L was oaly aiter furiher
congapiation of the rasulis ubla'ncd by Berger'® in
2 cigful, calent, and palns toking investizution
2op Mowat S2a Suivacore, tog:ther with an effort to
wrrelate these reculs with those obtained in the
= SOTHtOEY. IRat the writer and his associate. A. R.
“iilimun, tecame onvinced that the waveshapes of
Ul weture stroke currents were concave upward to
“rerestvalur and then varied semewhat erraticaily,
ndin: vpon s complexitics of branching.

z'-‘é-_;. Vs 0 repiot of the fronts of the larger cur-
TN weperted by Deeger't in 1952 from his results
A MU Sur Belvatore, Becanuse of the ¢ gradual rise
he Buinning of the fronts, the actual storts werp

} b Ticapar

VLlmeG, Therdtore. (ho gurves Were trans-

! S el sed mrorzh 50.000 amprres
M2 Lt n;. S shows a later secics of
Ams adined by Derzer’ during 1959 and
OF importares n a \:':-‘;uw""r' of this question is
Cevaluaion of i serae imcedance of the stroke,

dduvpeard jounas in dl‘ narging into the (inal
toeween @ anc N oof Fig, 2 ofiers an impadance
T rubd ar vyl disehazss enn occur irough

MeR At iicd the rriem stroke above the
Lo e n Tz 20F). ean propagate within
AR CLATZ i down by the downward laader.

bormedean e b g funaion of the height of the tip
Dg fpn strosr snd also its veleeity. in refer-
Y Y .
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The series imredance of the stroke is thus abowt  current. and time is ploned from the instas: 100
1,300 whms. crest current is reached.

It is s"::'w'" n referense 20 that for rod-rod gaps It will be obfc"-‘d that oli of t."- surves Bave i
betwean 20 @ "‘u (30.7 em) and 100 inches (254  same general s in that thev are concave up ar.
) ', the ume lzg for the application of a  Furthirmore, :.:c time scales nre \f the risht seler
ya0-microsecsond wave s independent of tie gap of magnitude. it thus apnears sop discharzs £
jength, Tins tact gives seme justification for extrapo- scr\cd in the luberatory can b2 J""ln. cimctiv 4

-
€.
3
2

ting frem ps of laboratery dimensions to those deterimine the agture of lizhtning phencmone. The
cl naiura sy dimensions. excellent sorreliticn betvesn the obsepvalicns i e
Fig “(3 .cows the wavefront of the first com-  luboratory aad those on Mowni San Salva.cee poo-

'

sonent o current of uightning strokes. The letter vides confidence in the fact that. although the it
Jdesignations ou the curves reler to the corresponding were obiained by means of 2 1wl mast atop o Ligh
surves of T4 7. The curves in Fig. 9(A) are com-  hili, thev showid be charac wristic of similar phe-
nuted curves'” ‘m:cd upon: (1) an extersion of the ncimena on flat terrain as well

work of Akopian, Larioncy, and Torosian®" in which

ney ‘enonitioted that tor a 125-cm rou-rod gap,  COMITNENTS SUOZEQUENT TQ THE FIINT

the velogit with wiich the channe! dps {rom the To this point, consideraiion has Seen gan Rd)
w0 slec.redes apmroach each other is proportional (o the first compenent of a stroke. 2f possibie inlo-
(0 the exces of tha insta.ancous gradient in the un-  est to the transinission enginuer ore e subssguent
rndeed wap over the critical sparking gredieat. which  strokes. In Fig. 10 are shown o awmber of o=

v indepsadent of (he san jensgth: aad (2) the as-  crame for suBctcusnt eampanenti, slen phtainad ©
sufiplien. xaey wied B tosts, that the ourreni taken Perger® for the repfod 100V=RL i
Peowhg oo o rroportiorat to the velociiv at which  tripning of the o legrash. it wos TPpestie i 28
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The lightning stroke %

. . . ) : 3 2".:: ‘?u‘" ?

as related to transmission-line performance 2.

PART Ii i

In the conclusion of this two-part article, the efficacy of ground wires

in shielding the phase conductors is descril.ed in terms of the length of the

striking distance of the downward leader. Upward concave return strokes, as well as
repetitive strokes, have also been studied. The use of “pipe~pipe” gaps -
across insulator strings effectively improves the lightning performance of the line

It has long been accepted that the principal role of
the ground wire is to intercept the stroke. Then,
with sufficiently low tower-footing resistances, it
has always been assumed that satisfaciory transmis-
sion-line performance would be attained. However,
with the introduction of extra-high-voltage transmis-
sion and its higher towers, unexplained outages de-
veloped, resulting in the need for a re-evaluation
of methods of computing line performance and for
a more detailed study of the stroke mechanism.

SHIELDING

Provoost?! presented at Paris in 1960 an excellent
résumé of the role of the ground wire in shielding
the conductors. Supplementing this review the writer
wishes 1o make the following additions to this rather
complex problem.

Some of the earliest work was done on simulated
models. It was recognized that precise similitude
relations might not apply to reduced scale models.
The Writer, McCann, and MacLane,® for example,
in 1941 artempted to determine these relations by
changing the model scale and by altering the rela-
tive cloud height. The theories of stroke propagation
and spark breakdown that have been developed since
that time would have provided reliable guidance on
the proper cloud height or striking distances to use.
Another approach to this problem is geometrical in
nature, but its application is dependent upon setting
up a criterion to determine the location of the lower
tip of the downward leader at the instant at which
the ultimate stroke termination—whether tc the
conductor, to the ground wire, or to the ground—
becomes decisive. Golde,®® assuming a particular

Part I1 of a two-part article, prepared originally for publication
{n German i a current issue of Elektrotechnische Zeitachnift.
C. F. Wagner, Feliow [EEE, is a consulting engineer, Pittsburgh,
Pa

- -
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charge condition of the leader, computed the elec
trostatic field strengths next to earth and assumed
that the point to be struck is definitely chosen ‘as
soon as upward streamers develop from the earth, 3
or earthed objects. Strokes to earth were to be de- gty
cisive when the computed gradient at the earth was’ @i ‘
10 kv per cm. The writer followed another course™=3
and computed the critical striking distance from "2 s
computation cf the stroke potential and the critica ]
breakdown gradient as determined from extrapolati ¥
laboratory tests. Young, Clayton, and Hileman® in“ets
a recent paper also adopted this approach in deter.
mining the location of the ground wire. Their analy~%
sis will be discussed in more detail later. R, .
It would appear that the records of actual expen=z§
ence on the operation of transmission lines would 33
provide the best measure of the protective angle. 1 pdes
is pot always possible to determine precisely 'L
faults are caused by lightning and when this fact3se
is established it is not always possible to determinc/ams
whether the particular failure was caused by a direchag
stroke to a conductor or by a back flash. To sup pOrt s
the conclusions reached with models, the writer, Mol
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Fig. 11. Lightning ouiages as @ function of protective aﬂ P Be057H
for 110 to 165 kv, with average iower-jooting L, -
less than 10 ohms, as reported by AIEE comminee :
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Fig. 12. Lightning faults a.i'reporred by W. Casson"

€ann, and MacLane*® examined the data available
1940 and published, among other curves, the one
hown in Fig. 11. This curve was based upon the
perience of a large number of lines in the voltage
.mngé between 1 10 and 165 kv, for which the average
“tower footing resistance was less than 10 ohms. In
drawing the curve more weight was given 10 the
fpoints representing the larger circuit-years of expen-
]Eence. In 1959 Casson** presented the results of a
Isurvey questionnaire, which has now been extended
and covers the performance of 180 circuits compris-
Xing 24,197 kilometers in 'he range above 225 kv.
E‘ﬁ‘ 12 is taken from this report. The breakdown

into single-circuit and double-circuit experience
shows the effect of the higher towers of the latter.
# ln 1958 Burgsdorf™ showed the same effect of
alie height of the line, but went further in that he
.computed the number of expected back flashes and,
subtracting these from the actual flashovers, segre-
Sgated the number of direct flashovers. This, of
course, assumes an accuracy of back-flashover com-
putation that may not be warranted in all cases.
Kostenko, Polovoy, and Rosenfeld®” extended this
iwork to extra-high-voltage systems and found the
fq!lowing empirical relation to express the quantity
¥, which is defined as the ratio of strokes hitting
the phase conductors to the total number of strokes
hitting the line.

-4 (1)

® = protective angle at the tower, degrees
= ground wire height at the tower, meters

~ This function is plotted in Fig. 13 for three differ-
®ent heights. In the United States, experience indicates
fﬁm the number of strokes to a line is about 100 per
34100 miles per ywar. Taking this factor into consider-
. lion it is found that the curve in Fig. 11 agrees
w. tXtreme iy well with the curve in Fig. 13 for A = 30
£ Meters, The implication, of course, is that all of the
;;W'ag:s for Fig. 11 were caused by shielding failures,

e

'which_mighi‘ well be the case because of thc'low.
* tower-footing resistances.

These conditions of shielding are quite consistent

* with the picture of the stroke mechanism presented

earlier in this article. As mentioned previously, the
driving potential necessary to establish a rectangular
wave of charge and current that moves vertically
upward from the earth is given by equation 10, where
y is the distance from earth to the head of the wave
at any instant and b is the radius at which the charge
can be regarded as concentrated. Inserting the value
of i from equation 9 into this expression, then

1

Ve 1.2 X100 3 3 volts (12)
- _Z I _!
E o° In . / n >

The parameter a varies linearly with current and b

almost linearly. If a be assumed equal to 0.1 foot
and b 10 feet at 100,000 amperes, then equation 12
can be approximated by :

V=12 X108 T(13)

v

| =22¢
This equation indicates that the stroke potential is
dependent upon v only. According to the stroke
mechanism theory presented here, the length of the
final striking distance as the downward leader ap-
proaches the earth is equal to the stroke potential
divided by the critical breakdown gradient, which s
about 5,000 or 6,000 volts per cm. The smalier the
final striking distance, the smaller must the shielding
angle be to provide adequate shielding. Therefore,
to be conservative the value of 6,000 volts per cm
is used and the final striking distance X, becomes

em {14)

X,m2 %100

- 656 feet a8

This expression indicates that the last striking dis-
tance also is a function of v alone, or since v from
o4

“

012 1

0 0 20 0 40 L1}

@
Fig. 13. Probubility of shielding tailures according to

Kostenko, Polovoy, und Rosenfeld”
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Fig. 14 (above). Assumption of siroke diversion according to Young, ° ©

Clayion, and Hileman*

Fig. 15 (right) Shielding failures according to Young, Clayton, and
Hileman, with fifieen $%-inch ‘nsulators: b = 15§ feet

Fig. 4 is a single-valued function of the return stroke
current, X, is also a function of the current alone.

Table 1l gives both the stroke potential and the
striking distance as determined by these relations.
The stroke potentials are of the order usually asso-
ciated with this quantity by other investigators in the
field. From the fact that the striking distance can
be of the same magnitude as tower heights, it can
be surmised that the protective angle should be a
function of the tower height.

The direction of propagation of a leader can be
viewed as being influenced by two different effects.
The first is the general directive field produced by
the electrostatic field between the cloud and the
earth, which determines the general path of propa-
gation of the leader from the cloud to the earth. It
is affected by the different cells of charge concentra-
tion within the cloud. In some cases this field will
produce cloud-to-cloud discharges rather than cloud-
to-earth discharges. It provides the general guidance
of the discharge. The second effect is the more ran-
dom field at the head of each step. This field is
responsible for the sudden change in direction that
sometimes occurs when a step is arrested and sub-
sequently reinitiated.

If the earth plane were perfectly flat, one could
assume that the stroke density would be uuiform
over the ertire surface. In this case a projection from
the earth of height A feet that is smail in comparison

Table Il - Stroke potentials and striking
distances at various currents

L v, Xy
amperes megavolty meters fowt
20.000 n0 % bd
40 000 L) ol >
§0.000 “as L&) n
100 000 o imn ot
150000 %8 134 (8
200 000 us 150 1

0 6 ©
PROTECTIME ANGLE W OFLAEES : .7
90004088 ' 3§
with the striking distance X, would, s sh‘OWt;::b ;.i

Walter, ** attract all the strokes within a radius

. r On’-
the earth, so that ~ ¥

rm X,V 2h/X, feet (18]
or within an area, so that

A = 2er® = 42X, h square (eet «

Thus a person 6 feet tall, if the striking distance ag8 A
200 feet, would attract all strokes withis a radius of B8
60 feet. BRE 3
If the assumption is maintained that the projcc_fg
from the earth does not influence the stroke densi
then as the height is increased all the strokes wi e
a radius of X, should be collected by the projectioniieE
and a further increase should not increase the numees
ber. This conclusion does not agree with experience MRl
A height is finally attained at which the attracti
effect is increased either by simply altering the fiel§
or by the production of secondary effects, such sl
increased glow discharge currents as premised byg
Muiller-Hillebrand.* o~
For the moment let us continue to assume thale
projections from the earth of the height of trans NS
sion-line towers do-not affect the uniform strorBEER
density. The degree of shielding can then be comuen
puted on a purely geometric basis. .
In Fig. 14 the strokes between B and B would Ded
attracted to the ground wire, beween 4 and B OUSEEM
cach side to the conductors, and between D and ;‘ o
on each side to the earth. Young er al.** artacked th
problem on this basis. They first assumed the el
tion between v and i given in Fig. 4, computed 28
stroke potential in accordance with equation 15, ane
took' the statistical distribution of current into cof
sideration. They determined the number of shieldingg
failures from operating experience, subtracting theZh
computed number of back flashes. and then
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‘ese datd as a cnterion of accuracy of the method. .-~ 2 'The lengths of the last sﬁ-iking distance l'va.x"y_' 2

use the results did not agree with this criterion, :with the return strok current, being smaller for
they compensated the assumption of uniform stroke “smaller currents, a4t L. oy b
distribution and other assumptions by modifying the * 3. The lengths of these striking distances are to
1é;r}ve_in.l"ig. 4 to obtain satisfactory agreement be- the order of 50 to 150 meters, sagf |
veen éompulau'ons and experience. This appears 4. These lengths require that the protective angle
ni‘sn'ﬁable '

on the basis that the values for velocity for a SO-meter tower be less than for a 30-meter
used in the production of this curve were average  tower. ‘ '

Values over the entire return stroke path, whereas .

earlier values in the life of the return stroke should  BACK FLASHES .
ha - Back flashes have traditionally been computed by
s Miiller-Hillebrand® pas shown a considerable dif- assuming a current that rises linearly to a flat-topped -
ference between the average velocity and the velocity crest value. Berger’s waveshapes with their ever-
“for the first S microseconds of return travel. Further- increasing rate pose new questions regarding the
[ﬁare. 2 modification in one of 1he relations, such as adequacy of the linear-front assumption. In com-

: velocity—~current curve, is Justified because in the puting the orobability of flashover of the insulators,
Somputation of the potential, the return stroke was only the front of the current wave and a few micro-
assumed to nse directly from the earth, whereas the seconds after crest’ current has been attained are of
phenomenon is complicated by the simultaneous up- impoitance. However, to determine the destructive
ward and downward approach of the heavy currents action upon protective devices the entire wave must
ixthe last step. Because these modifications of the be considered, - "
jdocity-current curve were the most convenient In the past only the effect of the current injected
parameter (o alter, Young et al?* obtained the results  into the tower has been taken into consideration in
shown in Fig. 15, in which the number of shielding computing flashovers. With the old assumption that 4
fgilurcs are plotted as a function of the ground wire the current rises directly from a stricken tower with- Ry ©
Qg'ght at the tower and the protective angle. These out the presence of an upward channel, Wagner and '
ggibe compared with the curves of Fig. 13. Both Hileman® showed that for a current front of two )
sets of curves are, of course, based in part on data microseconds, the time-space change in charge in- T
secured by assuming satisfactory ability to compute the stroke channel above the tower was sufficient 3
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back fashes. 0 produce a voltage across the insulators of the iliv {:!
® § ®The paper, based upon model tests,** emphasized same order as that produced by the current. But (i
of ™Wo other points that in the light of the theory pre- according to the theory presented in Fig. 2 the g
sented here may be of importance. r in hilly current develops by the formation of channel simul- k g
0 | ountry, the down-slope side of the line oners greater faneously from the lower tip of the leader and from . 31
Y. B &posure to lightning than does the same configura- the tower top, Fig. 16 represents a simple mode]'® ; L i
n E Yom in level terrain. This results from the lesser of the current and charge fuctuations for use in : 3
" R Araction of the earth to strokes on that side. And, estimating the effect that the charge might have on ‘!
& %cond, in terrain of extremely high resistivity, such the voltage across the tnsulator string. In (A) the -
2 8 desen country, the protective angle should Ye less ) .8
¢ AN in terrain with low or moderate soil resistivity, ) : e
J 'S likewise results from the smaller protective . . - b
5 1€ of the earth, because in effect the towers appear ' ’——J RS
Y § Bbe of greater height. l nt 53
2t would be highly desirable to make additional F | ' ' £ila
“§ 8 on transmission lines wherein the single factor i s |
t.h.éhltiding failures is completely isolated from others | - KLt
* § 5900t dependent lementary ¢ tion . ! 221
P & vack ﬂan:es,e pon supplementary computations r":;' S F “q:
-9 Writer does not wish to imply a precision that , s — ;? ' i.‘f
Ot exist, either with respect to a knowledge of ! ;_J‘-J "E3 :;f;
e Observations of the strokes or to the subsequent ) | T ' 2 T
YPulation of their parameters. He does believe ! ‘ Sl ST
X the mechanism of the stroke as presented here »d 1 » a 8
R ! f -~ - Y3
®sults 7p d rationalization and coordination of the ! 4 y | ¥ iFe
€. with the shielding failure observations on ! l : . 13 Frpa.
L MMission lines. [t has been indicated that e b - e 2= i 3’ "E
‘:.l'e'éme: obscrvgd phen?mcnon can .be explained on :.. ... w mwerr o A s ; : ‘{1
o nc basis thl’OULh the medium of the last Fig. 16. Time and place variation of siroke current and ;; .
B g drsmncc, charge just prior to and alter impact with the earth T -. ‘
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(B) (C)

Fig. 17, (A) Surge-generator circuit. (B) Voltage and (C)
current oscillograms for a gap having a length of 50 feet
and spacing of 6 feet, with a series resistance of 975 ohms.
Scale: 369 or 345 amperes per division, 2 microseconds per

division

time variations of current, velocity, and the extension
of the channels from the earth and from s in (B)
are shown. In (C) and (D) are shown the corre-
sponding special distributions at the instants marked
on each curve. With these approximations it is pos-
sible to compute a preliminary estimate of the effect
of the time-space change in charge above the tower.
Qualitative considerations indicate that the effect is
not as great as with the previous assumption of stroke
characteristics.

REPETITIVE STROKES

It is still controversial as to whether a current of sig-
nificant magnitude, measured in several amperes or
tens of amperes, continues to flow in the path of the
stroke be:ween components. Berger's direct observa-
tions of current in the stroke at the earth'® indicate
a value of less than one ampere in the interval be-
tween components. This factor is of interest in shed-
ding light on the reason for components subsequent
to the first seek.. the same path. A continuous flow
of current may n. be a necessary condition for such
discrimination. Some authors have vaguelv stated
that the remanent ionization from the urst compo-
nent provides the guidance for the second compo-
nent, but have not stated precisely how a greater
concentration of ions in the previous path provides
the preference factor. McCann and Clark®' have
suggested and given evidence that it is merely a
thermal phenomencn. Time is required for the very
‘hot gases comprising the arc plasma of the return
stroke to diffuse into the surrounding cooler air. In
this process the high-temperature core develops into
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drops in temperature. The density of the cxpandmg :: the
cylinder is lower than the ambient atmosphere. Since disc
a rarefied gas requires a lower breakdown voltage ™ of th
it may be argued that this is the discriminative fdczorﬂ then
But regardless of the explanation, the second and 1+ § % 5!
subsequent strokes pass down the same path. It ma‘t%J rent
superficially appear that, in a sense, the flashover curre
path of a string of insulators is merely an extensiog® ng T
of the stroke path to earth. This theory is not strictly in th
true, however, because in the carly stages of (be,,,. that
discharge, the stroke current as it strikes the tranges the ™
mission line divides inversely as the surge xmpcdancu ¢ s de
of the respective paths and only a small part may e, of sh
traverse the insulator string. And in the later stage: o Fig
the portion of the current that fiows in the condu E ERE
in seeking a path to earth impinges upon the induc The «
tance of the transformer, whereas the portion thafyy, J Umes.
flows in the tower encounters only a very low im:Ti~ § vera:
pedance. Thus, it does not follow that the same Con'g. gven
dition prevails in the arc path across the ﬂas ; over
insulator string as prevails in the stroke path. It ‘ma 4 part
be that during the interval between components the > ¥ substa
arc path across the insulator string has re!urned m portior
‘.5 virgin state. T §cular
The effect of wind upon the stroke path of sui*" portior
sequent components is to impart a parallel dxspla‘ It follc
ment, which does not seem to affect the breakdown '8 car
charactenstics. A corresponding displacement of ‘theg- & 1P of
channel of the arc that takes place across the insy T‘? i
lator string would carry the terminals of the arc'path® & of this
away from the two ends of the insulator string andj nsulatc
influence profoundly the breakdown characterisusgsdl ‘0/tage
of the string. B rnsmi
One would expect for the foregoing reasons i g ose th
the factors tending to produce repetitive insulataety & <TOSS
flashovers are much less severe than those tending® urrent:
to produce repetitive strokes. And since the numbegbiell 'Y thai
of insulator string flashovers on high-voitage imes t}
is only a small percentage of the total strokes toA Also, fc
line, it would be expected that the repetitive numbegilie 8 ‘" rect
of flashovers is very small indeed. iy "
PREDISCHARGE CURRENT?OOO4 090 Nosen s
0 feet

voltagc below its critical breakduwn value is appik

to such a gap, then only a relatively small
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o discnarge. However, if an impulse voltage in excess
“of the critical value is applied as shown in Fig. 17(B),
then at some instant such as a a large current flows,
;n shown by (C), until finally the short-circuit cur-
Jeot of the surge generator flows. The increase in
current results in an increase drop across the “damp-
p ing resistance” of the surge generator and is reflected
in the sudden drop in the gap voltage. It is found
that the average value of the current increases as
the “formative time™ of the channels, a term which
is defined as the interval between a and the instant
; of short circuit of the gap, decreases.
Fig. 18 serves to illustrate the general relations for
a gap 50 feet in length having a spacing of 3 feet.
The numbers on the curve represent the formative
b umes. If a short-time ‘mpulse wave of a particular
W average voltage, but with duration of less than that
~Bven on the curve, is applied to the gap, then flash-
over will not result. It has also been found that for
Ea particular formative time, the average voltage is
§substantially independent of the gap length and pro-
* portional to the gap spacing. Moveover, for a par-
Ycular formative time. ti» average current is pro-
"portluna! to the gap length and to the gap spacing
«It follows from these relations that the curve of Fig.
18 can be used to estimate the characteristics of a
<83p of any proportions.
" To illustrate one application, consider how a gap
“of this nature connected 4¢ross a string of suspension
insulators of a transmission line can decrease the
;V(mage that appears across the insulators when the
ftransmission-line tower is struck by lightning. Sup-
Pose that the computed value of voltage that appears
facross the insulator string, neglecting predischarge
JLurrents, is the driving voltage £,. This is the quan-
tity that is usually taken as the lower-top potential
Umes the quantity one minus the coupling factor.
:5\150. for simplicity, let it be assumed that the waves
Are rectangular. Let it also be assumed that the full-
yave critical fAashover value of the insulator string
knder discussion is 625 kv. This particular value is
shosen so that a pipe~pipe gap of spacing 3 feet and
20 feet in length, (or which experimental data are
svailable, can be assumed 10 be connected across the
iring. The solid line of Fig. 18 gives the relation
tween the average current through the gap and
the average voltage across the gap
* The dots indicate the formative time, which, neg-
Ettmg the time for the formation of the space charge,
‘approxx‘mately equal to the time to breakdown.
3 @ voitage of 860 kv appears across the gap and
Sulator string, breakdown will oceur in 2 micro-
®conds. However, in the process of breaking down,
& Average predischarge or prebreakdown current of
700 amperes must flow for this ume interval. The
E'frcm must be drawn through some sort of surge
Mdedance of the line. Actually, it lows through the
{Muctor and returns *hrough the parallel circuit

e
ik

widiatiug UL lae grouny wire and earth. Since half
the current flows from each side, the effective surge
‘impedance will be about 150 ohms. The drop through
this surge impedance is then 2,700 X 150 volts or
400 kv. This drop is spread out longitudinally along
‘the transmission circuit. In other words, to produce
a voltage of 860 kv across the insulator string, a
driving voitage of 860 + 400 or 1,260 kv is actually
required. This voltage £, is plotted in Fig. 18 as the
dashed line. An alternate method of comparison is
to assume that the driving voltage E, remains equal
to 860 kv. Then, moving down along the £, curve to
860 kv and then dropping vertically to the E, curve,
we find that the voitage across the insulator string
and the gap is now 710 kv and the voltage can ap-

pear for a period of 2.9 microseconds before flash-

Qver occurs.

The inset of Fig. 1 shows the equivalent circuit,
which can be set up very easily in the laboratory.
The improvement resulting from the use of the pipe-
Pipe gap can be gauged by comparing the voltage E,
with the voitage E,.

In the foregoing iliustration, a line insulation of
625 kv was assumed. If, for example, a higher line
insulation is involved, then the critical flashover
value of the gap should be inzreased correspondingly
—the equivalent oi increasing the gap spacing. But
the predischarge current for a specific formative time
is proportional to the gap spacing. Since the surge
'mpedance is substantially independent of the insu-
lation level, the voltage drop through 1. surge im-
pedance is proportionally higher than the assumed
line insulation. [t follows, therefore, that for a given
length of pipe-pipe gap, the improvement is inde-
pendent of the insulation level of the line. The ordi-
nate of Fig. 18 can therefore be generalized to reflect
this condition by adding the scale showing the ratio
of the average 8ap voltage to the critical flashover
of the gap. To the extent that the insulation leve!
increases in proportion to the system voitage, it may
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be concluded that for a given gap length the improve-
ment is independent of the system voltage.

Because the predischarge current is proportional
to the gap length, it follows that the improvement
should be proportionately greater or less than that
indicated in Fig. 18,

An additional characteristic of pipe-pipe gaps is
of importance in their application. Tests have shown
that their voit-ampere characteristic is unaffected by
rain.

CONCLUSION

Transmission line insulation must satisfy three re-
quirements. It must be cble to withstand

l. The power-frequency voltage and some degree
of contamination. Up to now this has not been a
limiting condition and when and if it does become
limiting. then doubtless additional research and de-
velopment will be undertaken to provide a remedy.

2. Switching surges. In some cases at present,
switching surges constitute the limiting condition.
This limitation can be removed either by eliminating
the high surges at their source or by controlling them
by adequate lightning arresters. If the latter course
s pursued. then it must be remembered that the con-
trol of switching surges can be attained by a relatively
few number of installations. On the other hand, the
provision for the power-frequency voltage or for
lightning must be incorporated at every tower.

3. Voltages produced by lightning. Although in
some cases ljightning does not appear to be a limiting
condition. when the necessary improvements are
made to withstand normal power-frequency voltage
and switching surges, lightning will then become a
problem. A line with a phenomenally good operating
performance from all causes should be regarded as
an overbuilt line. As improvements are progressively
made in system design, it becomes more and more
imperative that the detailed reasons for the perform-
ance be better understood. And so the electrical in-
dustry 1s faced with the need for greater effort to
collect information concerning lightning and to
understand its effects.
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The question of furthering such a policy 1.;‘.‘?!;'.,,.
the managements of electric utilities, who ara s ) #
sible for the operation of the systems, and, 1o 4 o
extent, with the munagements of the manuﬁq%r

N
who must supply the equipment for the ";y:’%t
How much of the burden should the reg Sta\&
groups carry? What recognition should Siven ,%‘:
those particular manufacturers who spend um‘gr’.ﬁn
effort on system problems in which they haygts s
direct interest? These are some of the QUEStiGHg e
must be answered by the electric utility 1,,3;&7’;;
There is great danger that because of m? p'l'?g"‘» ¢ thai cover
profit squeeze some of these problems wiy D bys
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COMMUNICATIONS

PARAMETRES DES COUPS DE FOUDRE

par K. Bencer, R.B. ANDENSON
el ., KposisGen
du Comilé d'Etudes n* 33
(Surtensions ¢l coordination de lisolement)

Rapport publié a lu demande
du Président du Comité

M. V. Parva

1. — Introduction.

Le Comite suisse des recherches en haute tension
exploite depuis 1943 une station de mesure des phé-
nomenes de foudre au Mont San Salvatore prés de
Lugano, Suisse. L'objet principal de ces mesures
ctaut Venrcgistrement des formes de courant des
coups de foudre qui frappent deux pvlones de *élé-
vision installés sur celte montagne, Des photogra-
phies de nuit ont ¢lé prises de coups de foudre se
produisant dans le voisinage et I'on a également pro-
cede plus recemment a des enregistrements du champ
clectrique au cours des orages. Des rapports décri-
vant Pinstallation de mesure et rendant compte des
resultals obtenus ont été publiés en premier lieu
par Berger en 1955 [1, 2], puis par Berger ¢t Vogel-
sanger en 1965 (37 et 4 nouveau en 1966 [4), En
1967 Berger a présente 'un des cing articles sur la
foudre parus dans une edition speéciale du Journal
du Franklin Iastitute (5], -

Finalement, les reésultats des mesures effectudes
entre 1063 et 1971 ont ét¢ publiés par Berger en
1972 (6] et Panncée suivante (7]. Aa cours de l'an-
nee 1972, une partie des données recueillies pendant
la perinde 1963-1971 a ¢t¢ analysée plus en détail;
un ordinateur a ¢te utilis¢ cette fois pour deétermi-
ner les courbes de frequences cumulees, séparément
pour les coups de foudre positits, pour les prenneres
composantes et pour fes composanieos suivantes des
coups de foudre negatifs, ainsi que pour caleuler les
correlations correspondantes. Le préseat rapport pre-
sente des formes de courant de foudre ot donne un
resume de tous les resultats obtenus.

2 - Parametres des courants de foudre.

2L — Définttion des catégaries.

On a trouvé que Pensemble des coups de foudre
frappant les pylanes du Mont San Salvatore pouvait

PAPLERS

PARAMETERS OF LIGHTNING FLASHES

by K. Bewcen, R.HB. AxvEnsos
and H. KrosizGen
of Study Comnuttee No. 33
(Quvervollages and Insulation Co-ordination)

Paper published at the request
of the Chairman of the Commiltee

Mr. V. Panva

1. — Introduction.

Ever since 1943 the Swiss hiyh-volluge research
cominitiee has been maintaining a lightning measu-
rement station on the Monte San Sclvatore near
Lugano, Switzerland. The main purpose of these
measurements was to record current shapes of
lightning flashes striking two television towers on
the mountain. During the night photoyraphs were
taken of lightning flashes occurring in the vicinily,
and more recently recordings of the electric f[ield
during a thunderstorm were also made. Reports on
the measuring installation and the results oblained
were publishéd first by Berger in 1955 (1, 2], and
later by Berger and Vogelsanger in 1965 (3] and
again in 1966 [4). In 1267 Berger contributed one
of the [ive articles on lightning [or a special edition

¥

of the Frauklin Instifute Journal [3).

Finally, the results of measurements belween 1963
and 1971 were published by Berger in 1972 '6) and
in the following year (7). During 1972 some of the
data collected over the period 1963-1971 woere ana-
lyzed in more detuil; this time a computer was used
to determine cumulative distrthutions for positive
strokes, and for negative first aud subsequent strokes
separately, and to calculate relevant correlations.
Representative lightning current shapes and a sum-
mary of all results are given in this report.

2. — Parameters of lightning currents.

2.1, — Defintions of cutegories,

It has been found that he ensemble of lightning

[laskes striking the towers 10.004\ ‘cSWllurr
Y g

ad




¢tre groupé en catégories distinetes, comme il est
indigue er-dessous,

Coups de foudre
I

coups ascendants coups descendants

coups coups  coups coups
positifs negatifs — positifs négatifs

Daus le preésent rapport, la convention adoptée
est que la polarite d'un coup de foudree est eelle de
la charge du nuage et elle pewt facilenent étre iden-
tifice d'apres la polarité des courants mesurés, Les
cotps de foudre ascendants, qui constituent la ma-
jorite des coups au Mont San Salvatore, peuvent ¢tre
identifies par le fait quils se ramifient vers le haut,
quand une photographie du coup a eté prise, ou,
sinon, par la présence de courants de quelques cen-
taines d'ampéres se maintenan! pendant des dizaines
ou centaines de millisecondes ¢t pouvant ¢étre sui-
vis, soit immediatement, soit apres une bréve inler-
ruption, d'one ou plusienrs impulsions de courant.
D'autre part, les coups de foudre descendants se ra-
mifient vers le bas et n'engendrent pas de courants
de predecharge de duree supérieure a quelques mil-
lisecondes,

Etant donné qu'on pense que les coups ascen-
dants sont essentiellement associes a P'effet des py-
lones de television installés sur le Mont San Salva-
tore, l'analyse presentee dans le rapport actuel traite
uniquement des coups de foudre descendants, con-
siderés conune plus représentatifs de la foudre na-
turclle. Toutefois, dans cette catégorie, un coup de
foudre peut ne comporter qu'une seule impulsion
de courant, ou, se composer au contraire d'une suc-
cession d'impulsions separees par des intervalles de
temps au cours desquels il ne s'écoule que peu ou
pas de courant. On dit alors qu'il s'agit d'un coup
de foudre multiple et, dans ce cas, la premieére
impulsion presente des caractéristiques différant no-
tablement de celles des impulsions suivantes, de
sorte que lorsqu’on détermine les parametres carac-
téristiques des impulsions composar* les coups de
foudre il est nécessaire de repartir  les-ci en deux
catégories au moins, a4 savoir :

(a) premiére coimposante;

(h) composantes suivantes,

A la condition qu'il n'y ait pas d'autre facteur
variable exercant une influence significative sur le
processus de la décharge de foudre, on devrait trou-
ver, dans chacune de ces catégories de courants de
coup de foudre, une population de courants homo-
gene ot 'on devrait pouvoir s'uttendre i ce que I'en-
semble des mesures fournisse des resultats unifor-
mes, en dehors de différences mineures altribuables
a des errears residuelles. Ces resultats devraient dune
presenter une repurtition donnee (normale ou logo-
norntle par exemiple) autour de la moyenne de ia
population.

22, - Choix des parumetres.

La forme des coups de foudre et de leurs compo-
sintes peut ¢tee caractérisee par un petit nombre de

KLECTAA N 4l

may be grouped into distinet cateqaries as shown
helow

Ligh'ning flushes

|
upward flashes downward flashes
positive negalive  positive negative
fNlashes flashes  flashes Nlashes

The convention adopted (n this report is that the
polarily of flashes is taken from the polarity of the
charge in the clond and is easily identifted by the
polarity of the measured currents. Upward [lashes,
which constitute the majorily of the [lashes al San
Satvatore, may be identifred by the upward bran-
ching of the [lush «f a photograph of the [lash was
taken or, fatling this, by the continuing currents of
a few hundred amps lasting tens or hundreds of
milliseconds that may be followed immediately or
after short current interruplions by one or severc!
impuite currents. Downward flashes, on the other
hand, branch downward and do not produce pre-
discharge currents lasting more than a few milli-
seconds.

Since upward flashes are thought to be primarily

assoctated with the effect of the television lowers

on Monte San Saivalore, the analysis presenled in
this report deals excinsively with downward flashes
which are believed to be more representative of
natural lightning. In this category, however, a flash
may consist of only one current stroke or a succes-
sion of such strokes separated by intervals during
which little, if any, current [lows. The latter 1is
termed a muitiple siroke flash and in such a flash
the first stroke displays characteristics which dif-
fer markedly from those of the [ollowing strokes,
und thus when delermining the characteristic para-
meters of lightning strokes, these should be separated
into at least two separate categories, i.e.,

ta) first slrokes, and

tb) following slrokes.

Provided there are no [urther variable faclors
erercising a signiftcant influence on the process of
the lightning discharge, there should now, within
these cateqories of lightning [lash currenls, be a
homogyeneous population of currents, and all mea-
surements conld be expected to yield uniform re-
sults apart from minor differences attributable to
residual creors. These resills should therefore fol-
low some distribution (e.q. normal or lognormal)
about the population mean,

”

2.2, — Selection of paramelers,

The lightning flush and stroke current shape may
be characterized by « [ew parameters, which are

- 90004094
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paramétres, qui peésentent également de Pintérdt
lorsqu'on considére les dommages susceplibles '¢lre
eauses par un coup de foudre, Les paramelres me-
surés sont les suivants : =

(a) Coup de [oudre.

(1) eourant de eréte — pic de courant e plus ¢le-
ve du coup de foudre;

(i) durce da coup de foudre — durée pendant
laquelie il ¥ a écoulement de courant ou, dans le eas
d'un coup de foudre multiple, le temps qui s'écoule
jusqu'a la fin de la derniere impuision;

P

(iii) intervalles sans courant — intervalles  de
temps pendant lesquels 1l ne 8'¢éeoule ancun courant
mesurable;

(iv) charge du coup de foudre — charge totale
transportee par un conp de foudre.

(b) Composantes d'un coup de foudre.

(i) courant de créte — pie de courant le plus éleve
d'une impulsion;

(i) durce de front — intervalle de temps compris
entre le point 2KA du froat et le premier pic;

(iil) durcée de Pimpulsion — intervalle de temps
compris entre le point 2kA du front ¢t le point
de la queve ot 'amplitude du courant est tombée
a 50 % de sa valeur de créte;

(iv) vitesse de montée maximale (raideur de front
du courant) — tangente a plus forte pente du front
d'une impulsion;

(v) charge du choe - charge éleétrique transpor-
tée par la partie variable de Uimpulsion (le point
de la quene de l'onde de courant a partir duquel la
charge transportée n'a plus ét¢ considérée comme
faisant partic de la < charge du choe » a été déter-
miné en examinant la forme du courant et il n'est
donc pas défini de fagon précise);

(vi) eharge de Pimpulsion — charge totale de
Vimpulsion, c'est-d-dire la charge du choc majorée
de toute charge transportée par le courant conti-
nuant & s'écouler aprés la fin du choc;

(vil) énergie présumée de Vimpulsion — énergie
qui aurait ¢té dmsipée par le courant de I'imipalsion
s'éeoulant i travers nne résistance d'un ohm, ¢'est-i-
dire fizdt A% ou J/ohm. Cette deéfinition fera I'objet
d'une discussion ultéricure pour accord.

2.3. — Répartition des variates.

La répartition des mesures individuelles (variates)
des parametres dans leurs catégories respectives
joue un role important de guide dans Vestimation
des valeurs a escompter pour les mesures futures,
Celles-ci peavent étre déduites, soit d'une connais-
sance prealable du processus physique engendreant
un coup de fouwdree, soit la repartition meme des
echantitlons recucillis. La prise en considération du
processus physique, dans ln mesure ou nous comproes
nons bien ce dernier, ne fournit pas de raisons
conduisant impérativement & admettre telle ou telle

ulso of interest when considering the possible da-
maging effect of o lightning stroke, The parameters
which have been measured are the following

(n) The lightning flash.

(i) peak current — the highest current peak in
the flash:

(ii) flash duration — the length of time during
which there is curreal [low or, in the case of a
mulliple stroke flush, antil the completion of the
last stroke;

({it) no-current intervals — intervals between
strokes of a flush durinyg which no detectable cur-
rent is flowwny;

tiv) flash churge — the tolul charge transferred
by a flash.

(b) Lightning strokes.

(i) peak cunrent — the highest current peak in
a stroke;

(ii) front duration — the time interval belween
the 2 kA point on the frant and the first peak:

(tit) stroke duration — the time interval belween
the 2 kA ‘point on the front and the point on the
tatl where the current emplitude has fullen to 30 T
of its peak value;

(iv) maximum rate of rise (current steepness) ——
the steepest langent on the [ront of a stroke;

(v) impulse charge — the electric charge lrans-
ported by the rapidly ehanging part of the stroke
(the point on the curreat tail after which the charge
transported is no longer considered part of the
“impulse charge " was deternuned by inspection of
the shape and is therefore not precisely defined);

(vi) stroke charge — the total charge in the stroke,
ie. the impulse charge together with any charge
transported by continuimg current after the impulse;

(vii) prospective stroke enerqy — the enerqgy
which would bhe dissipated by the stroke current
flowing through a one-ohm resistor, ie, [i*dt Ats or
J/ohm. This definition is subject to further discus-
sion and agreement,

2.3. — Distribution of variates.

The distribution of individual measurements (va-
riates) of the paramcters in Lheir respective calego-
ries is an (uportanl gmde as lo the values expected
to be found in future nwasurements, It may be infer-
red either from a [oreknowledge of the physical
prur'rn leading to the lightning discharge or from
the saniple distribution iself. Consideration of the
physical process, as far as we understand i, does
nol provide compelling reasons to assume any par-
ticalar distribution. The sample data itself must the-
refore provide the clue to which of the known dis-

90004095 .




26 ELECTHA Nt qt

repartition particuliere. Ce sont done les donnees
cles-micmes prises comme echantitlons qui doivent
seevire a faiee decouveir eelle des eepartitions connues
qui peut sdapter aelles avee un degre de confianee
suftisant. Dans e passe, Ia repartition logarithmigue
aete gencralement acceptee et des analyvses ante-
ricores (61 ant montre que 1y courbe des frequences
cumulees sur une base logarithmique  s'apparente
sullisamment avee les donnees dant on dispase, a
un troee rectiligne. La repartition logarithuyione g
done ¢te admise dans la présente anabyse, 1 faus
tautefois prendre garde, dans les déductions qui en
resultent, au fait qu'il peut tres bien v avoir (autres
repartitions convenant aussi bien ou meme micux
i ces données.

2.4 — Résultats.

Les ligures 1 4 10 établies avee une base logarith-
inique, montrent les courbes des fréquences cumu-
fes de dix des parametres da courant de foudre.
ba higne droite o ¢té tracee en minimisant la somme
des carres des distances des points (également reliés
entre cux par des lignes drostes) et elle peut done
Ctre utilisee pour obtenir la meilleure estimation
possible de la movenne et de Pecart-tyvpe 2 des
logarithmes des variates o la distribulion de la
population,

Cela implique que la foncti.a de densité de proba-
bilite w(x) ait la forme sui.ante ;

tribntions can be fitted to the data with o sufficient
dearee of confidence, Historically the logarithmie
disteibution hax become generally accepted and past
aunalyses 6 shawed that canvilative distrthutions
vit a Aovgarithnue base produce a reasonable fit of
the data to a steaight tine. The logarithoie disteibu-
tion has therefore also been asswmed i this attalysis,
Cautéion should, however, be exercised when using
the implications of this. since there iy ekl be
other sdistributions which [it the data just as well
or belter,

PUUR ORIGINAL

2.4. — Hesults.

Figures 1 to 10 show, on a logarithmic base, the
cumulative disteibutions of, ten of the lightning cue-
rent  paramelters. The straight line is the least
squares [it to the points (which have also been con-
nected by straight lines) and therefore may be used
lo obtain the best estimate of the mean 1 and stan-
dard deviation ¢ of the logarithms of the variates in
the population distribution. '

The probability density funclion wix) is therefore
tmplied to be :

w(x) = (/xoy/T n) exp ((log x = u)*/2a3 ()

et quielle soit done complétement définie par les
deus paramétres u et o.

Lorsqu’on compare les valeurs réelles aux valeurs,

donnces par la droite de régression, il est evident
‘e des différences appréciables peuvent appuraitre,
Dans eertains cas, en particalier lorsqu'il s'agit des
Parties extrémes de la répartition, on pourrait éga-
Wuent prendre en considération les valeors reclles
poar b predetermination des fréquences d'occur-
tene e o variable,

0% pus ¢té traceé de courbe de répartition nour
Fenergie totale presumée du coup de foudre, ¢tant
donne que Penergie des composantes consecutives
A b prenaere sant insignifiantes par rapport o celle
de L premiere, Les résultats sont ¢galement présens
fos o de tabiteay |, qui indigue les valeurs corres-
kit respectivement  aux fréquences  cumulées
S oades nveaus de probabilite de 93 %, 50 1%
Yhoatdees valeurs étant lues sur lu druoite de

feleasian,

LR 1 concerne le tableau I, Jes valeurs des
Prrrans de crite de la foudre sant corroborces par
A ihgition de frequence publices pur Popo-
VAR X gl g troyve une valeur meédiane (Je
AN wlbenge partie de 624 valeurs de mesures
faliles effectuees sur des eheminées o
Crohes e srandde hauteur, Nocompris 192 valeurs
Htant des exniin de K. Berger. Ce resallat ingite
e les paramiétres mesures sur des cuups
be seendants atteignant tes pylones de tele-

o de |y hantagne voisine de Lugano peuvent

LU T 1Y |

and is fully defined by the parameters n and 7,

When camparing actual values with valwes pre-
dicted by the regression line, it is clear thal sub-
stantial differences may be found, In sowme cases,
particalarly where the ertremes of the disteibutions
are concerned, the actual values might also be con-
stdered when predicting [requencies of ovccurrence
of the variable.

No distribution of total negative flash prospective
energyy has been drawn sinice the [ollawing stroke
energies ure insignificant when added o those of
the [irst stroke. The resulls are ulso yiven in Table
I showing the values [or the cumulutive disteibu-
Lions at the 95 ¢, 50 & and 5 % probabidity levels
respectively, (As read off against the Fegression
line),

Regarding Table 1, corroboration of the values of
peak lightning currents are shown in the disteibu-
tiun reparted by Papulansky '8 who observes a
median valtee of 28 kA oblained from 624 palues of
reliable carerent measurements made on tall ehim-
neys and tawers, i ladivig 192 values from Berger,
This resull tends o suggest that the measured para-
meters of dowmard flushes striking the lelevision
tewees on the mountan in Luguna may be campa-
ruble with thuse of tghitning steiking tall structures

U 90004096
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Parametres typiques de la foudre.
Typreal lightming parameters.

27

Fig.
No.

Parametre
Parameter

Unite
Unit

Pourcentage de cas depassant la valeor
uce dans le tableau

Per cent of cases exceeding tabulated

value

95 %

50 %

5%

101

Courant_de_créte

Peak _current

(mintmum 2 kA)

premiéres composantes
negatives et coups de foudre
negatifs

negative first <trokes and
[lashes

composantes suivantes
niégatives

negative following strokes
coups de foudre positifs
(sans composantes suivantes)
positive flashes (no follou~
ing strokes)

KA

14

4,6

4.6

30

12

80

30

250

93

94

26

Charge

premieres composantes
neégatives

negatwve first strokes
composantes suivantes
negatives

negative following strokes
coups de foudre négatifs
negative flashes

toups de foudre positifs
positive flashes

5.2

1.4

7,9

80

11

40

350

90

Charge du choe

Impulse charge

premicres composantes
negatives

negative first strokes
composantes suivantes
i.egatives

negatives following strokes

coups de foudre positifs
(une seule impulsion)
positive flashes

(only one stroke)

1,1

0,22

2.0

4.5

0,95

16

4,0

89

118

19

Durée de_front

Front duration

premieres composantes
negatives

negative first strokes
composantes suvantes
negatives

negalive following strokes

coups de foudre positifs
positive flushes

us

ME

M

‘1.8

an
-

3.5

55

11

nn

18

4.5

200

90004097
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Fig.

No

Paramétre
Parameter

Unite
Unit

Pourcentage de cas dépassant la valeur
indiquee dans e tablean

Per cent o

cases exceeding tabulated

value

95 %

50 % 5%

0

122

di/Zdt_mavimal
VMavimum di/dt
premicres composantes
negatives

negate first strokes
composantes suivantes
négatives et coups de
foudre négatifs

negative following strokes
and flashes

coups de foudre positifs
positice flashes

kA/us

kA/us

kA/us

55

0,20

12 32

40 120

24 32

9%

115

16

Duree de Uimpulsion
Nroke duralion
premicres composante
negatives

negalive first strokes

composantes suivantes
negalives

negative following strokes
coups de foudre positifs
positive flashes

us

s

30

6,5

75 200

9

91

a8

Integrale (i%dt)

Intezral (13dt)

premieres composantes
negatives et coups de
foudre negatifs

nezative first strokes
and flashes

composantes suivantes
negatives

negative following strokes
coups de foudre positifs

positive flashes

Als

Als

Als

6.0 x 102

85w 2P

25 x 1o*

5.5 x 104 55 x 108

6,0 x 102 5.2 x 10%

6,5 x 10* 1,5 x 107

10

133

Intervalle de temps entre
tmpul9ons negatives
Time intervals between
negatice strokes

ms

-3

33 150

]

94

39

Mhurée du coup de foudre
Flash duration

negatifs (v compris les
coups de foudre & une
seule impulsion)

negative (including single
stroke [lashes)

negatifs (non compris les
coups de foudre a une
seule impulsion)

negative (exeluding

singlv slroke flashes)

positifs
posttive

0,15

31

14

13 1100

180 200

85 500

90004098
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Figure 4
Charge du choe - O {choe)
(1) Prenneres impulaons negatives
(25 Lmpulsions suw antes negativeg
() lmpulsions pusitives

Impulse charge Q (impulse)
(1) Nexative first strokes

(2) Newatwe following strokey
(3) Positwe strokes

‘
. ! A :"“i;j. 5
‘ -
| [ ]!
: 1 O
s, .__l__.._.\L*_;.ﬁ"
bl MEEE
A EY
- ! BRI
Figure 5 80 ' G
!
Duree de front -~ T (front) ! i - 1#1!
(1) Premieres impulsions negalives L | ] L!
(2) Impulsions suiv antes negatives 50 | (1] /
(3) Impulsions positives, | [ ,
Front duration — T (front) [ ‘
(1) Negative first strokes |
(2) Negatwe following strokes 20
(3) Positwe strokes
1
5 e
——
I fd
S
’ T S L " \" | Flg- |°-I

.

e e

e T S S -
i
. X
. ‘ s
ey ‘
; |
. .’.
S |
e
b 0
10

Figure 6

Vitesse de montée maximale du coutsnt - di/dt (raideur de
front du courant)
(1) Premictes impulsions negatives
(2) Impulsions suivantes negatives
(3) Impuilsions positives,

Maximum rate of rise of careent dildt (current steepness)
(1) Newatios fiest strokes
(2) Negative following vtrokes
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- . Figure 7
=271 e v e
| 111 Utee de L impuision nurue
| i f . { (1) Premicees impulsiins negalives
‘ T i (2) Impulsions i antes negatives

Figure 8

Duree du coup de foudre = T (coup de foudre)
(1) Coups de foudre negatifs v compris bes coups de foudre
simples,
(2) Coups de foudre negatifs non compris les coups de foudre
simples
(3) Coups de foudre positifs,

Flash duration T'(flash)
(1) Negative flashes including single strokes
(21 Negative flashes excluding single strokes
(3) Poutiwe flashes

{3 Impulsions posityes

Stroke duration ~ T (tad)
(1) Negatwe firet strohkes
(2) Negatwe following strokes
(3) Mositiwe strokes

Figure 9

Energie presumer ~[ildt
(1) Veenmieres impulsions segatives
(2) lpulsions i antes megatinves
(3) Tmpulsions postnes

Frowpeetive vnvegpy — | icdt
(1) Negxative first strones

(2) Newatper Tollowing strokes
(3) Positiwe strokes
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' 1| | \ Intervalles sans courant entre impulsions negatives
A il i! A Y ! l No-current intervals between negative strokes
10° 10! 02 104 ms '
¢lre comparables i ceux des coups de foudre attei-
gnant des structures de grande hauteur en plaine.
3. — Correlations entre les parametres du courant 3. — Correlation between lightning current para-

de foudre,

On pourrait concevoir que des proprietés impor-
tantes de la décharge de foudre puissent étre mises
en lumiére si certains des parametres cités au para-
graphe precedent etaient sulfisamment correles. Si,
par exemple, il existait une correlation linéaire entre
le courant de crete et la duree de front, on pour-
rait soupconner l'existence d'une simple constante
de temps, qui permettrait de calculer la vitesse de
montee. Une simple analyse de regression considé-
rant le courant de créte et les autres parametres,
puis separement 'un aprés lautre, a ¢té cffectuée
autrefois (6] et ses résultats ont ¢té presentés sous
la forme de diagrammes de dispersion comportant
«ussi le traceé de la droite de régression. On a sup-
posé une régression lineaire des logarithmes des
variates, ce qgui revient a dire qu'on a admis la
relation gy = Ax”, Une representation graphique de
ece genre de regression est rassurante duns les pre-
miers stades d'une analyse, mais, lorsqu'il s'agit
seulement de faire 'essai d'une hypotheése de correé-
lation entre les parametres ou entre les parameétres
transformes il suffit de caleuler le coeflicient de
corrclation et de vérifier sau validite a un niveau
predetermine,

Les tubleaux 11, I ¢t IV donnent les matrices des
coclficients de correlution caleulés, respectivement
pour les impulsions positives, pour les premieres
itmpulsions negatives ¢f pour les impulsions  sui-
vantes negatives.

Les wbleaux de coeflicients de corrclution sont
considerds, comme pouvant apporter une aide utile
a la formulation d'un modele de décharge de foudre,

meters.

Important properties of the lightning discharge
conld conceivably be brought to light if some of the
paramelers mentioned in the previous sections were
significantly correlated. lf, for instance, the peak
current and [ront duration were linearly correlated,
a simple time constant to determine the rate of rise
might be suspected. Simple regression analysis of
peak current and other parameters, taken one al «a
time has been carried oul before (6 and the resulls
have been presenled in the [orm of scalter diagrams
showng also the linear regression line. Linear re-
gression of the lojarithms of the variales was assu-
med, i.e. the relationship y = Az". Such a pictorial
view of the regression (s reassuring (n the (nitial
stages of an analysis but for the purpose of merely
testing the hypothesis of correlution belween the
parameters, or lransformed paranicters, it is suffi-
cient to compute the carrelation coefficient and lest
ity significance at a predetermined level.

Tables 11, 1T and 1V show the computed malrices
of correlation coefficients in respect of positive stro-
kes; negalive first and negative [ollowing strokes,

The tables of coreelation coefficients are consider-
ed 1o be useful as an «wid to the formululion of «
maodel on the lightning discharge. Some paramnelers,
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Taureat (1 = Tawee 1

Coefficients de corrélation entre les paramitres des premicres impulsions positives (c'est-g-dire de coups de
foudee positifs. car il n'y a pas de coups de foudree positifs multiples ).
Correlation coefficients hetween parameters of positive fiest strokes. (o posttive flashes, there bring no
positive multiple stroke flashes)

Vitesse A ) Duree charas
Co‘\;;anl “:’:e mo‘r’;é«- Charge Charge de | Duree de ‘.d': ' du
erite | feont nax, |de choc [Energe | Fimpulsion| limpulacn ‘(;l_l coup de
_ : o Ampulse | Energy | Stroke Stroke : foudre
Peak Front | Mur. o v oy S foudre Flash
current |durotion| rate | ©"OEC e urelion | ylash rha‘:.
e
of rise duration
Courant de eréte
Peak current 1'09
Durée de front ”
Front duration 0,07 1,00
Vitesse de montee
max., 049 |-068 1.00
Max. rate o/ nse
Charge de choe - " - po
Impulse charge AT ol 0.23) 1.00 |
Energie , -
Energs 0,84 0,22 0,39 0,82 1,00
Charge de l'impulsion e
Stroke charge 0.62 0,32 011] 0,74 | 0,72 1,00
Duree de 'impulsion 0.58 0.48 0.02] 080 | o072 0.75 1.00
Stroke duration X ; = : g L 2
Durée du coup de
foudre 0,33 0,112{-0,15| 024 | 0,17 0,64 0,2 1.00
Flash duration
Charge du coup de
foudre 0,62 0,32 010 0,74 | 0,71 1.00 0,75 0,64 1,00
Flash charge

Les coefficients en caracteres gas dépassent la vdeus aritique au niveau de sgnification de 5 %
Coefficrents in boidface exceed the critical value of the 5 % level of sunificance.

Degres de liberte 14
Degrees of freedom : 13

Certains des parametres, tels que la eharge de choe
et Ia charge totale d'une umpulsion, sont li¢s l'un
a Pautee en vertu méme de leur définition et il est
evident qu'il existe entre cux une bonne corrélation,
Neéanmoins, lexistence ou absence de  certaines
autres corrclations pewt fournir des indices signi-
ficatifs quant au mecanisme probable de la decharge.

4. - Formes typiques du courant de foudre.

4.1, — Géneralites,

La constatation que les formes des  premiéres
impulsions posibives, des premieres impulsions nega-
tives et des fmpulsions  stivantes  negatives  sont
nettenient differentes, en ¢e qui concerne nobian-
ment les durees de front, nous a conduits a definir
trois catégories dimpulsions. La bonne correlation

such as impulse charge and total stroke charqge, are
related as a result of their definition and a good
correlation between them is self-cvident. Neverthe-
less other correlations, or the lack of such, may pro-
vide significant pointers lo the probable discharge
mechanism.

4. — Typical lightning current shapes.

4.1. — General,

The observation thal pasitive first stroke, neqative
first stroke and negative following stroke shapes are
distinelly different, puarticularty in so fur as the
frout durations are concerned, has led (o the desi-
geativa of theee calegories of strohes. Good cor ¢-
lation  between paramelers such as peck current,
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TasLeau 1 = Tasee 11

Coefficients de corrélation entre les parametres des premicres impulsions négatives.
Correlation coefficients between parameters of negative first strokes.

Vitesae Durse
) charge
C(:lunnt Dl:ree d";. Charge Charge de | Durée de cod\:. du
.?' l’r‘ ““ m;n ," de choe| Energe Uimpulsion | 'impulsion ,|.-p coup de
LP:;: F:::M ”::' (mpulse | Energy | Stroke Stroke fide fqudrc
current |duration| rate | charge charge | duration Flash ’,:'"he
of nse duration| "F
Courant de créte
Peak current 1,00
Durée de {ront
Front duration 0,37 1,00
Vitesse de montée
max, 0,36 |- 0,21 1,00
Max. rate of nse
Charge de choe =5 :
Impulse charge 0,77 0,2 0,39 1 1,00
Energle 088 | 030 | 042] 089 |1.00
Energy
Srape e limpulsion | o6y | 029 | 019] 091 {078 | 1.00
Stroke charge
guonée de Vimpulsion, | o006 | 0,38 | on0 o5t |os2 | o4 1,00
Stroke duration
Durée du coup de
foudre 0,08 0,25 [-0,02] 0,14 | 0,10 0,2 0,12 1,00
Flash duration
—
Charge du coup de
foudre 0,54 0,36 0,19 0,72 | 0,64 0,78 0,44 0,64 1,00
Flash charge

Les coefficients en caracteres gras depasent la valeur eritique au niveau de signification de 5 %
(oefficients in boldface exceed \he autical volue at the 5 % level of ngnificance

Degres de liberte = 77
Degrees of freedom : 77

observée entre les paramétres tels que le courant
de créfe, la charge du choe et la duree de queue
conlirme que les formes de courant sont similaires
dans chaque catégorie, ce qui incite a construire une
forme typique pour chacune d'elles, .

4.2. — Construction d'une forme de courant.

Pour trouver une ordonnée 7y de la forme moyenne
d'un courant d'impulsion de foudre, toutes les ordon-
nees (. du point K des courbes enregistrees sepa-
rement ont ¢té ajoutées ¢t le resultat divise par m,
nonibre des ordonnées mesurées,

'
On a done :

ol m est le nombre tolal de courbes utilisées pour
o determination de 7, wy point k. Ce nombre est
visrtable du fail de ta différence des lungueurs d'en-
registrement, due aux techniques d'earcgistrement
et de ehiffrage (3],

|
m

J=

impulse charge and tail duration confirm that sha-
pes within the categories are similar, und this sug-
gests the construction of typical shapes [or each of
these categories.

4.2. — Constructing the shape.

To construct an ordinate Te of the mean lightning
stroke shape all ordinates i, at point k on the se-
perate curves have been added and the resull divided
by m, the number of ordinates,

Hence
m
5 3 (2
2 i “
1
twhere m stands for the tolul number of curves con-
tributing to T, in the point k. The number varies us

a result of different record lengths, caused by the
recording and diyilizing fechniques (3],
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TasrkAu 1Y = Tanrk 1V

Coefficients de corrélation entre les paramétres des impulsions sutvanies négatives,
Correlation cocfficients between parameters of negative following strokes.

Courant de | Durée de| Vitesse de Charat 44 ‘ l",ha'rgr de | Durée de
o Wsmiedl Frompedvperd (SN0 M Biovisof il R v
‘ ro A nerg J
current duration rise Impulse charge charge duration

Courant de crete
Peak current 1,00
Durce de front 5
Front duration 0.28 1,00
Vitesse de montee
max. 0,11 - 0,49 1,00
Max. rate of rise
Charge de choc
Impulse charge 0,69 0,13 0,31 1.00
Fasgie 0,69 022 015 72 1,00
Energy
Charge de ioprlionl g 4g 0,2 0,2 0,62 054 | 1.00
Stroke charge
Durée de Vimpulsion| g 4 -005 ! 030 0,44 037 | 012 1,00
Stroke duration 1

Les coelficients en caracteres gras depament la valeur entique au niv - wi de sgnification de 5 %,
Coefficrvents in boidface exceed the critical value of the 5 % ievel of 1wn ‘icance.

Degres de liberte 73
Degrees of freedam . 73

Avant de faire la somme puis Ja moyenne des
ordonnées iy, il est necessaire de s’assurer que les
courbes sont convenablement alignees, c'est-a-dire
que les points i, de 'écuation (2) correspondent
au méme stade du developpement physique de la
decharge de foudre, Le front raide des formes de
courant est une caractéristique appropriée et faci-
lement reconnaissable dans toutes les impulsions et
c'esl pourquoi les enregistrements ont eté alignés
en faisant coincider les points d'amplitude 50 %
de tous les fronts. Une technique différente, qui
calcule la fonction d'intercorrélation entre les deux
courbes et déplace l'une des couibes d'une quanti’e
égale au retard au bout duquel la fonction a un
maximuni, a abouti a4 une forme moyenne prosque
identique, ce qui prouve la valeur de la premicre
méthode (beaucoup plus simple que la seconde). De
plus, toutes les courbes ont ét¢ ramences i une méme
amplitude de eréte prise comme unité avant de faire
les moyennes.

(a) Premiéres impulsions positives,

Bien que les impulsions positives soient earacte-
ristes par des charges plus élevées et des fronts
moins raides que leurs correspondantes negatives,
clles n'ont pas entre elles suffisamment de caracteés
cistiques  communes pour permettre d’oblenic une
forme de courant moyenne aceeptable, Clest peut-¢tre
A aussi en partie au petit nombre de coups de
foudre positifs enregistres dans la période considé-
rée. C'est pourquoi nous nous sommes contentés de

Before summing and averaging the poinls i, it is
tecessary lo ascerlain that the curves are properly
ligned, t.e. the points i, in equation (2) should cor-
respond to the same slage in the physical develop-
ient of the lightning flash. The sharply rising front
[ the stroke shape is a suitable and easi'y recogni-
sable feature in all strokes and the records were
therefore aligned in such a way that the 50 % am-
plitede points on the [ronts coincided. A different
technique, which computes the cross-correlolion
function between lwo curves and shifts one curve
by an amount equal to the lag at which the func-
tion shows a maximum, produced an almost iden-
tical mean shape, proving the merit of the first
{much more siimple) method. In addition, all curves
were converted lo a unil peak amplitude before ave-
raging.

(a} Positive first strokes.

Althongh positive steokes are characterized by
greater charges and slower frouts than their nega-
tive counterparts, they do not have envugh cominon
featares (o produce un acceplable mean current
shape. This may also be due partly to the small
number of pasitive strokes which were recarded in
the period. A selection of 3 of the most typical of
21 recorded curves (s therefore shown (n Figure 11,
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reproduire sur la figure 11 un choix de 4 Jdes courbes
les plus typiques parmi les 21 courbes enregistrees,

(b) Forme des premiéres impulsions négatives.

La fgure 12 montre la moyenne des formes de
premieres impulsions de courant négatives, tracée
avee deux echelles de temps différentes (A ¢t B)
Dans la zone de 120 4 160 nx, le nombre de courbes
atilisees pour la determination de la courbe passe

de 88 (enreyistrements courts ¢t longs) o 10 (enre-

distrements longs sculement), ce qui explique I'on-
dulation qu'on constate dans cette zone. Un autre
defaut de précision, inhérent a la technique d'enre-
gistrement employée a Forigine “37, se produit dans
te voisinage de 200 s et il est trés probable qu'il
est il aussi une source d'erreurs residuclles.

(¢c) Forme des impulsions suivanles néqalives.

La figure 13 montre la moyvenne de 76 formes
dlimpulsions suivantes negatives, tracces ici aussi
avee deux cchelles des temps (A ot B, Un trait
particolierement frappant de eces courbes est la
modification assez brutale de pente de 1y queoe au
hout d'environ 5 «s, suivie d'une décroissance lente

(o] 8 16 24 32 40 us-8
00 "
-0 2 |

| ' [
04 %‘ . \ g
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Figure 11
Formes de courant typiques — Impulsions postives

Typical current shapes — positive strokes

Figure 12
Forme de courant moyenne Premiéres impulsions negatives
A ~ echelle des temps Y ~ échelle des temps
infeneure speneure
Mean current shape Negutive first strokes
A = lower time scale B — upper time scale

(b) Negative first stroke shape.

Figure 12 shows the mean negative [irst stroke
current shapes on two different time scates (A and
B). In the region between 120-160 sec. the number
of curves cont tbuting to the mean curve chanyes
[rom 88 «shet and lony recordings) lo 10 tonly
lony recordings) which explains the ripple in this
area. A further inaccuracy, inherent in the original
recording lechnique '3, vecurs ut arovnd 200 nsec.,
must likely wlso contributing to residual errors here.

(e} Negative following stroke shape.

Figure 13 shows the mean of 76 negative fallowing
stroke shapes, again on two lime scales (A and B).
A streiking feature of these curves is the rather abrupt
change tn slope of the tarl after about Jusec, and
the subsequent slowly decaying tail. Ereors due to
the same recording technique referred to above can

Figure 13
Forme de courant moyenne  lmpulsions suivantes negatives
A — echelle des temps B~ rchelle des tempy supe.
inferieure neure

Negutive following strokes
U ~ upper time scale

90004106

Mean current shape
A~ Lower time scale
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de b queae, Des erreurs dues @ la méme technigue
denregistrement, auxquelles i a ete fait allusion
prlus laul, peavent ctre tenues respoasables de on-
dulation observee aux environs de 20008, Au dela
e Sas apres le o debut, de trace devient inecrtain,
car dans la plupart des enregistrements originauy,
fes amplitudes des courants a4 Fechelle adoptee sont
tees faibles et ne peuvent ¢tre lues avee precision.

5 -— Remerciements,

Les auteurs remercient la Fondation saisse pour
Farde qu'elle leur a généreusement apportée pour
Pexéeution de leurs travaux au Moot Sun Salvatore
et sans laquetle ils n'auraient pas éte en mesure de
recucillic ces donndes, lis expriment ¢galement leurs
remerciements au Conseil de la recherchie scienti-
fique et industrictle d'Afrique du Sud pour le tinan-
cement des travaux de H. Kroninger, qui a participé
pendant un an 4 l'analyse des donnees.

N+ 4 . ELECTRA 37

he held respunsible for the eipple al approximalely
2 onsec. dAfter about 30 wasee, from the start, acenray
detertarates sinee the current ampliltdes inomost of
the vriginal records were very low on the scale wid
conld nat be aecuralely resolved.

5. — Acknowledgements.

The authors thank the Swiss Foundation for their
yenerous support of the work on Monte San Salva-
ture, without which these duatu could not huve been
comptled. Thanks are also due (o the Council for
Seientific and Industrial Research of South Africa
for financing the work of H. Kroninger who axsisted
in the analysis of the data over the period of one
year.

Bibliographie — References

(1) K. BERGER = “fhe Messeinnichtung fur die Blitzforschung aufl dem Monte San Salvatore”, Bull SEV, n®5, 1933, pp. 193232,

(2] K. BERGER — “Resultate der flitzmessungen der Jahre 1947-1954 aufl dem Monte San Salvatore”. Bull SEV. n®9, 1955,
pp. 05450,

131 Ko BERGER et E. VOGELSANGER — “Mesaungen und Resultate der Blhitzforschung der Jahre 1955.1963 auf demi Monte San
Salvatore™, Bull. SEV., Bd. 56 (1965), n°1, pp. 2.22.

(4] K. BERGEK et . VOGELSANGER - “Photographische Blitzuntersuchen der Jahre 1953-1965 auf dem Monte San Salvatore™.
Bull, SEV., Bd 57 (1966), n®13, pp. 599-620.

(51 K. BERGER — “Novel observations on lightning discharges : results of rescarch on Mount San Salvatore”. Journal of the Franklin
Institute, vol. 283, n°6, june 1967,

(6] K. BERGER ~ "Methoden una nesultate der Blitzforschung auf dem Monte San Salvatore bei lugano in den Jahren 1963.1971",
Bull. SEV,, Bd. 63 (1972), n°24, pp. 14031422,

171 N BERGER ~ "Oszillographische Messungen des Feldverlaufs in der Nihe des Blitzeinschlages auf dem Monic San Salvatore”. Bull.
SEV., Bd. 64 (1973) o°3, pp. 120.136.

(8] F. POPOLANSKY ~ “Distribution de fréquence des amplitudes des courants de foudre”, Frequency distribution of amplitudes of
lightning currents, blectra n”22 (mai 1972) pp. 139.147,

90004107




B i e T I

Mechanism of Breakdown of Laboratory
Gaps

C. F. WAGNER

FELLOW AIEE

HE AUTHORS' primary interest in

the mechamsm of gap breakdown is in
its relation to lightning <troke phenuniena.
In considering the effect of the lightning
stroke upon transmission lines, the prob-
letn has been resolved into two parts,
The first of these is the clectrical response
of the line to specific ussumed stroke
characteristics. A method!"? to deter-
mine this response was recently presented
before the AIEE in which it was shown
that the time change in the charge in the
stroke above the tower may be as im-
portunt as the current fed into the
transmission line. The second part of
the problem is the determination of those
stroke charactenstios that are required to
implement this approach. An  initial
effortt along this line was previously pre-
sented in which an attempt was made to
stroke characteristics by
correlating the known stroke character-
istics with laboratory determined char-
actenistics of long sparks. A further
effort® was made to utilize the available
information concerning the electric feld
produced at remote points to determine
the wavefront of the stroke current
[he purpose of this paper is to present a
review of available information on labora-
tory produced sparks, to present new
data on this subject, and to co-wrdinate
the external manifestations of gap break-

synithesize th

down from ap engtueering potnt of view.
These results have been co-ardinated in
a companion paper® in this issue, with
similar data from natural hghtning.

General Phenomenon
In order to establish the general nature

of the phenomenon the experiments of
Park and Cones’ will be described first.

Paver 61-489, recommended by the AIEE Truns.
mitsion and Distribation Committee and approved
by the ATEE Techoical Operations Depart ment ioe
presentation at the AIEE Scuth Eust South
Central LDistrict Meeting, New Orcans, La.,
April 57, 1961, Manuseript submitted January
0, 1961; made available fur printing March 3, 1061

C.F Waorerand A R, Hieman are Louth with
the Westinghivuse Flectric Corpuration, Fast
Pittsburgh, Pa.

The authurs wish to achnowledge the valuable
asustance of P, H, Loog, . Bradu, and L. Kaloing
fur performing the gup breakdown 'osts and of
H L. Zwith for \he cumputer coding of the channel
velaerty equations for rapid and wccurate determis
oation of the gap time lag curves

A. R. HILEMAN

MEMBER AJEE

Later a more detailed discussion, sup-
ported by experimental evidence, of var-
iuus phases of the discharge will be under-
taken. It has heen known for a long
time that the breakdown of long gaps
proceeds in several phases. These are
clearly defined by Park and Cones,
Their setup, Fig. 1(M). consisted of a
metallic sphere of 1.6-cm (centimeters)
diameter mounted on a vertical shielded
rod connected to ground which permitted
measurement of the current from the
sphere alone. Above the sphere at a
fixed distance above ground a flat in-

SPHERE
l NEGATIVE

. -
o ‘0 20

MICROSECONNS

Fig. 1.

REF. 12

sulated plate was mounted to which volt.
age was ipplied  Some of their data were
obtained with a 007 X 100-usec (micro.
secand) wave which may for all practical
purposes, be regarded as a rectangular
wave. The crest of this apphied wave was
beld constant at 145 kv, and conditions in
the gap were varied by changing the gap
length by raising or lowering the sphere,
The current flowing from the sphere
was measured by meuns of a cathode-ray
oscillograph and the setup was houded
in a bLlack box to expedite photographing
the discharge.

Fig. 1 shows a replot of the current
from the spaere as this substantially rec-
tangular wave was applied to gaps oi
various lengths.  Some liberty was taken
by the authors to line up the large current
pips as this illustrates the phenomenon
more clearly, Small distortions of time
scales result from this procedure. The
time of application of voltage is in-
dicated by the small currunt ripple just

SPHERE
POSITIVE
G — Soe —ay
v
L*46cm
M At -
Lrai
I et et i
L:36 ;[
/
J N e
L=30 I
« 5 ST SR S
e 90004108
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\
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M |
A
) 86cm
sem [
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Currents” resulling whan an 0.07.4100..5ec 145-kv Impulse is applied to the gap

setup as shown in M
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preceding the "almost vertical current
change which represents the charging
current to supily the electrostatic field
before the gasacous dischirge phenomenon
ovcurs. The large abrupt change s
termed the “frst eurrent pip” by Park
and Cones. Generally the current pip
dees not coincide with the instant of
application of voltage but is somewhat
delaved. The delay is occasioned by the
chance nccurrenve of a free electron com-
ing within the overstressed regiun in the
vicinity of the sphere and triggering the
discharze. This is usually called the
vstatistical tirme delav' as it depends upon
a chance oceurrence. The crest of the
first current pip for the sphere positive
derreases from 18 amperes for L=22 cm
as the gap is increased and for the sphere
negative from 20 amperes for L=10 em.
The magnitudes vary over wide limits.
The current rises to crest ‘a about 0.U1
wser atd then drops somewhat expon-
entially L zero in about 0.3 usec for the
sphiers pither positive or negitive

The current ceases after the disappear-
ance of the first current pip at larger gap
settings but with the smaller gups, such as
L=20cm, for the application of the pasi-
tive potential Fig. 1(L) shows that after
the current almost deereases to zero it
slowly rises again becorming more rapid
and is finally limited by the constants
of the circuit. The oscillogram does not

record the final current as a protective
gap short-circuited the oscillograph ele-
ment. This rise in current has been
tertned by Park and Cones the “second
discharge rise.”

The first current pip {5 approsimately
the same fur the application of a negative
impulse wave, except as to magnitude, as
that obtained for an applied positive
impulse, but the secoud discharge rise
is not as gradual in its change and has
steeper rates of rise. In each case after
the second discharge rise has begun, com-
plete breakdown follows unless the volt-
age wave is chopped.

PostTive DISCHARGES

The photographs exhibit different char-
acteristics for positive and negative dis-
charges. Since the discharge is the sim-
pler with the sphere positive it will be
described first. For the longer gaps the
photographic evidence indicates that
streamers that produce light radiate from
the sphere but do not complete the pas-
sage of the. gap. As the gap is reduced
to 25 cm some of the streamers do complete
passage but the curreut still drops to zero
and breakdown does not oecur. Fo L=
20 o complete breakdown occurs,
Photographs taken when the waves were
chopped by means of a parallel gap show
that the appearance of the discharge be-
gins to change after the second discharge
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rise starts. This change consists of one
or more bright discharge chanuels that
start at or near the sphete. These dis-
charges have been termed “channels” by
Park and Cones to distinguish them from
the first kind of discharge which they
termed  “streamers.” These channels
move in zigzag fashion across the gap.
The length of the channe! as a function
of time was measured from the progress
of the photographed tip and is showe in
Fig. 2

To form a working thesis on which to
base discussion the following explanation
similar to Park and Cones’ is offered to
describe the phenomenon. There is no
space charge in the interelectrode space
prior to inmtiation of the discharge The
charge on the sphere is determined by the
electrostatic solution for the particular
configuration. The tield is strong near
the sphere and decreases as the plane is
approached. If the gap spacing 's suffi-
ciently small, a zone in the vicinity of the
sphere is stressed beyond the critical value
of about 30,000 volts per cin,  As a free
electron appears in this overstressed
zone. streamers form which radiate from
the sphere. The streamers are not uni-
form in length and with a sufficient!y large
gap none reaches the plate. The net
effect of the streamers is to produce @
space charge that develops its own tield
and potential drop. Since the applied
voltage across the gap is constant, as the
space charge develops. less potential is
available to produce the charge on the
sphere. Consequently the ele tric feld
adjacent to the sphere decreases uatil it
reaches 30,000 volts per em at which point
further supply of current is inhibitec.
The net result is that when the gap is
long, a ball of space charge forms around
the sphere. A state of equilibrium is at-
tained for which the formation of the
space charge is arrested and ionization
processes cease. If the gap is decreased
and an impulse is reapplied a new state of
equilibrium is attained for which the ball
of space charge is larger.  Finally, as the
gap is further decreased, the space charge
expands to occupy the entire interelec
trode space and, with additional reduction,
conditions become conducive to the de-
velopment of a channe! from the sphere.
The discharge is converted from a glow
discharge to an arc plasma that begins
to grow from the sphere toward the plane
at a rate indicated by Fig. 2. The
criterion for the critical condition, next
to the sphere, appears to be such that a
charge distribution will produce an aver
age gradient across the entire gap of about
#,000 volts per em. Conditions govem-
ing the transition from corona to 4n arc

Wagner, Hileman— Mechanism of Broakidown of Laboratory Gaps 605
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F 3. Current response’? of a 200-inch
vod rod gep when a 3 » 50.usec 3,000,000
volt surge is applied

A -Vaoltage wave
B, and D—Current waves
£ ~Timing wave of 100,000 cycles per second

are not well understood. It is neces
sary to wait for further developments by
the phyvsieist before a more delinite
explanation can be given. The drop
along the plasma channel is very low and
thus when it s initiated the effect is
progressive as the channel merelv con-
stitutes in effect an elongation of the posi-
tive electrode. The eontinually decreas-
ing ygap length encourages all the factors
ongimally responsible for the development
of the discharge. When the head finallv
reaches the plate, the channel constitutes
a virtual short circuit of the surge genera-
tor and the subsequent current is de-
pendent upon the constants of the zen
erator circuit and the characteristics of
the are. This effect is illustra‘ed by the
current oscillogram for the 20-cm gap of
Fig. 1.

NEGATIVE DISCHARGES

With the sphere nejative, the charge
develups within the interelectrode space

in a similar manner, although the actual
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A-—Five successive applications at increesing voltage

B-~Currents resulting from A

C—5ull higher voltage with corresponding current

D—Agpplication of voltage ond resulting current with the insulators only

.

mechanism of production may be quite
different. Thc negative discharge is
more diffuse than the pusitive Y
visually and photographically. It o u-
sists of numerous streamers of fine texture
while the positive discharge consists of
fewer but stronger and more crooked
streamers.

In the authors’ interpretation of the
phenomenon just before sparkover it is
issumed that the electric gradient, be-
cause of the space charge, is approxi-
mately constant across the gup although
this assumption is not esseptial to a
generai understandingof the phenomenon.
For the authors’ purposes it is convenient
to think in terms of an average gradient
across the gap., Returning to the Park
and Coves expr ments, as the gap is
decreased and ufficiently small, the
gradient in the inter.lectrode space
due to the space charge increases and
the charge density next to the sphere
s higher than at the plane. But the
onditions necessary 1o initiate a channel
from the positive plane are reached prior
to the conditions necessary to initiate a
channel from the negative sphere. So
the channel starts {rom the plate before
ne starts fromn the sphere. But as the

prisitive channel progresses from the plate,
onditions beeoane more eritical at the

sphere and a channel is Snally injtiated
irum there also. The two channels meet

»

lote the sudden rise of the current prior 1o the later ir

crease

in mud-gap. From this point the current
is again determined by the constants of the
surge zenerator and the characteristics of
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ature of the breakdown

DiscrssioN

The general 1
of nonhomogeneous gaps, consisting of a
.ii\:ﬁ..ur-,,e fullowed by the de-

velopment of a (.v::.!un'.rxg channel, has

Carona

been known from the eartiest days of im-
pulse testing.  Fur example, Slepiun and
Torek? O by chupping mmpulse waves

showed by means of photographs the
stages of progress of the discharge and

also some indication of the muaximumn

currents. Ultilizing a rotating camera
Allibone.” in 1938, presented an extensive
study of discharges in long gaps andes-
tablished the chronological sequence of

the leader fullowed by a return stroke in
the laboratory, He commented upon the
absence of a discharge from the plane
when the rod of a rod-plane gap is posi-
tive. This distinetion betses t the corona
voltage and the breakdown was
grized as early as 1031 by Goodlet,
Edwards, and Perry. %

Romelkov! in 1947 working with gaps

between 10and 100 cm coneluded that the

drop in the chanpels was very low, shout
5 s per om, #nd that ihe gradient
r the corona streaniers was in the range

of 6,000 16 10,000 volls perem.  Saxe and

‘regkdown of Laberatory Caps Ocroper 1061



Meek™ also concluded that the drop along
the channels is small,

Hagenguth, Rohlfs, and Degnan®
furnished limited evidence on a vaster
geomecric scale which might be viewed as
suppourting the general nature of the
dischiarge discussed here. Thev measured
the current flowing in the ground electrode
of a 200-inch rod-rod gap whena 3,000,000-
volt negative 3 X 50 usec impulse was ap-
plied to the free electrode. Fig. 3 15 a
reproduction of Fig. 12 of their paper,
Curve .1 shows the applied voitage which
for this gap was just below critical.  With
20 apphications of this voltage, nine cases
developed a glow that bridged ouly a
portiin of the gap and the current in the
grounded electrode was as shown by
trace B, in nine cases the glow bridged
the entire gap and the current was
as shown by trace C,; and in two cases
complete sparkover occurred and the
current was as shown by trace D. The
magnicudes of the three current pips
were remarkably consistent and averuged
7.9 amperes. The duration of the pips
was 9 usec.

As early as 1929 Torok and Fielder'
measured the predischarge currents of
suspeasion insulators. Fig 4 is a re-
production of sorue Jf their oscillograms.
In all of these recurds the negative pole
was grounded. Fiy. #(D) shows the
voltage and the current jor flashover of a
string of 16 insulators. The delay tn cur-
rent occasioned by the necessity of the
correct positioning of a free electron
is evident and the resultant current is
typical of others that have been presented
Figs. 4(A) and 4(B) are mates; the
former shows the applied voltages and
the latter depicts the resulting cwr s
as a 18.uat insulator string with an arc.ug
ang of +-inch pipe was flashed over.  Fig.
4(C) shows the same test piece with the
application of a still higher voltage. The
short-circuit current of the surge genera-
tor was most likely about 2,000 amperes.
It is not known whether the current
trace recorded the (rue muaximum as ot
may have beun limited by the nperation
of a protective gap placed aurass the shunt

Thus with this general background of
the phenomencn and limited historical
review, a discussion of the cumponent
parts of the discharge will be undertaken.

Corona Streamers and Envelope

It s clear frotn the foregoing that fur
impulse voltages in excess of the curona
threshold voltage but less than the critical
breakdown value, a self-limiting space
sharge is distributed throughout the inter-
electrode space. This charge must an

QcTomer 1951

some manner produce an electric field that
inhibits further growth of the discharge.

AVvERAGE ELECTRIC GRADIENT AT
SPARKOVER

For Positive Discharges

As has been mentioned, Allibone com-
mented on the abseuce of an upward
channel from the plane of a rod-plane
gap when the rod is positive. Park and
Cones also observed that for the sphere
positive the channel proceeded from the
sphere completely across the gap. Prob-
ably the absence of a channe! arising from
the plate was most dramatically con-
firmed by Norinder and Salka® in their
elaborate photographic investigation of
spark discharges. The absence of a
complication caused by the formation of a
channel from the plate insures a some-
what simpler analysis for this type cf dis-
charge and for this reason the rod-plane
discharge with the rod or small sphere as
positive electrode will be considered first

After a voltage is applied across a gap
the spoce charge expands and becomus
more intense until the gradient next to the
electrode drops to 50,000 volts per cm as
was mentioned earlier. When the radius
of the rod of a rod plane gap is small, then
only a small {in the limit zero, for a
pointed electrode) potential is required
to produce a charge on the electrode
that will result in a gradient at the elec-
trode of 30,000 volts per cm.  Then prac-
tically all of the applied voltage 15

available to produce the space charge.
For these cases, when the gap is ad-
justed so that the corona space charge
envelops the entire interelectrode space,
the applied voltage divided by the gap
length is the average gradient along the
axis of the corona envelope.

Once the channel has begun to form the
discharge develaps to ultimate sparkover
almost invariably,  For the eritical spark-
over voltage, half of the applications of
voltage produce sparkover. Conse-
quently, this voltage constitutes a meas-
ure of the average gradient of the space
charge to produce sparkover because the
cases that do not cause sparkover repre-
sent the maximum development of the
space charge without the formation of a
channel.

In Fig. 5 the average critical sparkover
gradients of rod-to-plane and rod-rod
gaps from different sources for both
polarities are plotted. The positive
polarity data are indicated by the full
lines, The Bellaschi and Teague' data
represented the full wave (1.5X40-usec)
critical sparkover values and were made
on gaps up to 200 em. Breukdown oc-
curred at about 8 wsec. The Hagenguth
Rohlfs, and Degnan'? data covered an
even greater range up to 640 em with an
impulse wave of 330 usec. They stated
further that their unpublished data, with
gap spacings up to 30 feet tended to give
average gradients of the same wvalue
The Gorev, Zalesky, and Riabov' data,

: |
\ f’
-ocooJ '
\ J — (D BECLASOM) AND TEASUE ‘&
\ WAGENGUTH, ROLFS AND SEONAN 'Y
\ 3 DHAGENGUTH, AOLFS AND DEONAN
‘\ ' N @ 50REV, ZALESKY an0 Riagay T
.
90004 | '\‘\ D% s @ NORINOER anD SALkA ¥
) o TS
% N e
\ S o)
1 ® ' P .~\‘~ WIRE 7O PLATE
P,
\‘l‘ e - R ey
8000 - .\ .
\
k ) @ STATES THAT 34PS UB *D SOFT LSOO
“TEND 0 GiVE AVERAGE GRADIENTS OF

THE SANE /A JE"

v “mw=e NECATIVE BOLAR TY
e e DOSITIVE POLARITY

AVERAGE CREST SPARKOUVER GRADIENT INVOLTS PER CM

ey
5000 - i ':D \ l + 3'1—
4000 -+ e .
) 100 200 300 409 300 620

GAP LENGTH INCM

Fig. 5. Aversge crest impulse sparkover gradient for both positive and negative polarity for
gaps of different configuration as a function of gap length

Wagner, Hileman— Mechanism of Breakdown of Laboratory Gaps 607

]

N ATt sa—




N WeA—

e

e

P

—-————— .

i A i

- S T Sy U P SR R————

with 1.5X40-usec imp.lse waves, agreed
quite clusely with the other data. The
Norinder and Salka' curve for the rod-
plane sparkover was only 119 below that
of the others. The curves marked by
a small horizontal line with curled-up end
represent horizontal wire-to-plane data.
They agree almost exactly with the rod.
plane curves. These curves indicate a
practical working average of the average
arest sparkover gradient for long gaps of
about 5400 volts per ¢m for rod-plane
gaps and about 6,000 volts per cm for rod-
rod gaps which can also be interpreted as
the average gradient along the axis of the
gap produced by the space charge.

Part of the discrepancy between the
laboratory data may be ascribied to differ-
ences in waveshape of the applied voltages
as well as differences in methods of im-
pulse measurements and to laboratory
and observational conditions. Berger's
CIGRE report,® which discussed com-
parative tests by 14 different laboratories,
indicated that the critical sparkover
voltage gradient for a 45-cm rod rod gap
for positive palarity gave a range of from
6,000 to 7,600 volts per cm even aflter
air degsity corrections had been taken into
cunsideration.

For Negative Discharges

In Fig. 1 the waveform of the first
discharge pip has approximately the
same waveshape for both polarities but
the magnitude for positive polarity is
somewhat larger than for negative polar-
ity. A corresponding difference in the
relative charge for positive and negative
applied valtiges supplied to the corona
envelope of a evlindrical conductor above
a plane when impulse has also been noted
by Wagner and Llovd. "

As mentioned previously a funda-
mental difference does exist when a rod-
plane gap is impulsed by a negative po-
tential and when impulsed by a positive
potential. This difference is the appear-
ance of local discharges at the plate after
the negative corona space charge has
developed to some extent. One of the
plate discharges finally develops into a
plasma channel that grows toward the
rod befure a channel develops from the
rod. Because of the presence of the
discharges {rom the plate, the sparkover
curves cannot be used directly to deter-
mine the average gradient that leads to
development of a plasma channe) from the
rod. One wonders at what value of
average gradient would a negative space
charge develop into a channel from the
cathode if the spiace charge were permitted
to form from the cathode without inter-
ference of 4 corresponding discharge from
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the anode. During the initial stages of
the channel growth the velocity of the
channel is emall as compared with the
later stages. As the head of the channel
progresses, the space charge tends to
deve.op abead of it. The initial channel
development from the anode merely
serves to shorten the gap length and in-
creases (“e gradient adjacent to the cath-
ode to a point where a cathode channel
will form. The influence of the anode
channel on the cathode channel should
be proportionately less for the long zaps
than for the all gaps and should be
tess fur a plane anode than for arodannde
So, in order to estimmate the average
gradient at which channels are developed,
one shold refer to the sparkover data
for rodplate gaps for long spacings, and
make some allowance for the develop-
ment of the channel from the plate.
From Fig. 5 the critical average gradient
at which the negative channel develops
is estimated to be 8 000 to 9,000 volts/em,

TiME 1O EsTABLiSH THE CHARGE

Moast photographs of the predischarges
(used merely to apply to that which ne-
curs before the praduction of the conduct.
ing channels) very pronounced
streamers of high light intensity. The
hiead of some of these streamers travel at
very high velocities. For example, Park
and Cones stated that the mean streamer
velocity was found to be 500 em per
usec or 1.7% the velocity of lignt for the
sphere negative and 800 cm per usec or
2.3% the velocity of light for the ¢phere
positive. The average deviation was 90
{or the sphere negative and 100 for the
sphere positive, However, these numbers
cannot be viewed as the actual rate at
which charge was developed in the inter-
electrode space. Sume other mechanism
must have been present which the physi-
st may help to explain,  As mentioned
by Park and Cones, the streamers “should
be thought of as a traveling wave of high
charge density which is propagated by a
process in swhich new charges are cons
tinually produced at the leading surface
of the ball by the high gradient there,
In the path behind the ball there is left
a high concentration of both positive
and negative ions, with an excess of
positive jons in case the sphere is positive
and an excess of negative ions in case
the sphere is negative.” The shape of
the current wave of the first discharge
pip is quite repeatable for the sphere
positive and somewhat less repeatable for
the sphere negative. The averare wave.
shape rises to crest in about 0008 usec
and decays approsimately exponentially
to half value in about 0.08 usee, As Fig,

»!l\_‘W
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1 indicates, the time to reach zero is about
0.3 usec. The waveshape stays essen-
tially constant for both polarities, for all
gap spacings, and for fast and slow ap-
plied voltage waves.

Remembering that in Park and Cones'
experiments the applied voltage was kept
constant and the gap conditions were
varied by changing the gap length, the
fully developed discharge will be taken as
that for which a 0.07 X 100-usec puositive
wave produced 509 sparkovers. Fram
their data this was 24 cm for positive
polarity,  Theeflective velocity of charze
formation for the pusitive spave charge,
ve* will then be defined as the velocity ab-
tained by dividing the half gap length by
the time required to produce the fully
dt‘\‘ﬂuped field. Thus

24

-"XOE; 1‘0-_“ =4.0Xx10" ecm per sec

-

Uy

=00013¢ (1)

For the negative polarity, the effective
velocity of charge formation is

Py e 5 | A% 107 ot per sec
P T 2x03x10° ¥
=0.00068¢ (2)

The paper by Hagenguth, Rohlfs, and
Degnan'? provided another factor. At
the critical sparkover point of a 200-inch
rod-gap with a negative impulse applied
to the free rod, the time required to
develop the space charge was about 9
usec, This corresponds to a velocity of

200 %2 4

= - .
2XeX 10

ts =2 810" cm per sec

=0.0009¢ (3)

Considering the wide range in gaps, from
4.3 to 200 inches, to which these values
applied it is remarkable that these num-
bers are so yverv nearly equal.
Concerning the actual physical process
involved in the establishment of the spice
charge. it will be observed that the elec-
tron drift velocity in a field of 30,000
valts per cm and a pressure of 760 mm
(millimeters) is, from Loeb,® about 1.4
K107 em per sec or U.0005 ¢. This feld
is chosen for comparison purposes bes
cause it lies midway between the initial
and final fields. This value compares
favorably with the values given by equa-
tions 1, 2, and 3,

Cuarce axp ELgciric
Distrisurion WiTHIN THE CGAP

So far consideration bhas been given to
characteristics of the space charge that are
subject to actual experimental determina-
tion auch as the average critical Lreakdown
gradient and the extersal current feeding
it. Because of the difficulties of measure-

Ccroner 1061
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ment, little is known of the actual
structure of the charge distribution or
of the field distribution. Doubtless these
distributions are a function of time.
Photographic evidence puints to the early
development of streamers which may be
quite independent of and unaffected by
each other. Thev probably are responsi-
ble for ionization phenomena that pro-
duce charge separations, The speed with
which the space charge develops suggests
strongly that s development is asso-
ciated with the movement of electrons
rather ti..» ions for both polarities, In
time the ciovements of these charges pro-
duce a mass or aggregate effect in which
all the streamers play a part.

In contemplating the averuge electric
gradient just prior to breakdown, from
Fig. 5 for positive polarity, one is imme-
diately struck by the fact that it is con-
stant over avery long rangeof gap lengths,
What sort of charge distribution would
give rise to an average gradient that is
independent of gap length? Park and
Cones suggested a charge concentration
that varies inversely as the distance from
the spherical electrode in their sphere-
plate gup. For either a truly spherical or
truly evlindrical charge distribution the
resultant electriv gradient is o constant.
For a rod-plane gup with the rod positive,
such distribution can be viewed as being
produced by the following mechanism,
Suppose that positive fons and electrons
are produced uniformly along the nu-
merous very high-speed streamers that
emunate from the positive rod.  As the
electrons move toward the anode, if the
positive jons that are left behind have a
uniform radial distribution along each
streamer, then the volume distribution
would vary inversely with the radius

The magnitude of the space charge
current and the photographs of the dis-
charge both indicate that the mechanism
of the negative discharge differs from that
of the positive discharge, but the result-
ant charpe distribution may still result
in a field that is substantially constant

INTERIM SUMMARY

It appears that if a rectangular voltage
ts applied across a nonuniform gap whose
average gradient is just less than the
values given in Fig 5, a self-limiting space
charge develops that inhibits further flow
of current. The flow oi the charge
into the gap is at a rate of about 0.001 ¢
which corresponds approximately to the
electron drift. Park and Cones' data
show that for 10- to 20-cm gaps this
development requires about 0.3 usec for
its completion and in the Hagenguth,
Robifs, and Degnan data about 0 usec
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with a 200-incn gap.  With slower rates
of rse and an abundance of electrons
to trigger the gap, the current supply-
ing the space charge is reduced in magni-
tude and spread out over a longer time.
A considerable gradient exists within
the corona envelope and for the posi-
tive discharge, just priar to sparkover, the
value is about 5400 to 6,000 volts per
em and about 8,000 to 9,000 volts per
em for the negative discharge.

Channels

It has been observed by a number of
investigators that the positive discharge
from a rod- or sphere-plane gap is much
more stable and cousistent than the nega-
tive discharge.  This applies particularly
to the development of the cha nel
Probably this explains why more data
are available concerning the positive
clanne!

PosiTive CHANNELS

Fark and Cones’ presented the data
shown in Fig 2 concerning the progress of
the head of the brightly luminous posi-
tive channel as it moved across the gup
of the setup mentioned previouslv. The
gap was set for 20 em and a 0.07 X7, wave
having a crest magnitude of 145,000 volts
was applied which was chopped by a
parallel gap. The symbol £ indicates the
time after the first current pip at which
the wave was chopped. Corresponding
phote  aphs of the discharge showed
the distance that the channel had pro-
gressed during the chopping time. The
slope of this curve is plotted by the
dotted line and indicates that the
the initial velocity is 3X 108 em per sec
or 0.000! ¢ which rises slowly at first and
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then more rapidly. According to Park
and Cones, at midgap (10 cm) the rate of
growth is about 20:<10° em per se¢ or
0.0007 e.

Akopian, Larionov, and Torosian®!
undertook elaborately combined oscillo
graphic and rotating drum photographic
tests on rod-plane and rod-rod gaps of
100-200 ¢m with positive impulse poten-
tials applied to the gap. Thus, they were
able to co-ordinate the travel of the head
of the channel with the instantaneous
value of the terminal voltage. Komel-
kov't had previously demonstrated that
the drop in the chanuel was about 50 volts
per cm. Therelore, assuming the drop
0 be negligibly small, the voltage across
the unbridged portion of the gap is
identical with the terminal valtage,
They showed as indicated in Fig. 6 (Fig.
8 of Akopian, et al.) that for a rod-plane
gap with positive potential applied to the
red, the veloaty of the head of the channel
for a constant value of the unbridged gap
varied linearly with the applied voltage.
In this figure «, is the applied voltage in
kv, ¢ is the gap length in cm, and x is
the unhridged portion of the gap in em.
Curvesare drawn for three constant vidues
of the unbridged gap The veloeity
rises from zere at a valve of terminal
voltage u, that would produce discharge
when applied for some length of time
("prolonged action” according to the
language in reference 21). Beyond this
voitage the velocity is proportional to the
excess of the terminal voltage above this
value. The values of u, for the three
cases are indicated below the abscissa.
They also showed that the positions of the
straight lines are related and that for
rod-plane gaps the following relation for
the veloeity holds.

90004113

%

g

—

A A




. TPy w—e

e -

o M

e

B

T L2 ]

$ 2-00532 cm per usec (4)

For a rod-plane gap up to 200 em, & is
about 9 and for individual discharges the
coefficient k may diverge from its mean
value within £20%,. With u, known as
a function of x (very nearly linear), the
veloeity v and consequently x can be
solved in terms of the applied voltage u,,
Akopian, Lanonov, and Torosian® have
tested this procedure with applied voltage
waves of widely differing shapes with
gratifyving results.

NEGATIVE CHANNELS

The negative channel i1s wuch more
erratic than the positive channel but,
because the experimental results are
usually complicated by the presence of
positive channels, it is difficult 1w dis-
crniminate between the effects of the two
polarities when both are present and in a
developmental state. Examination of
the channel ourrents of Fig. 1 reveals that
the currents rise more sharply when the
sphere 1s negative. This may possibly
indicate a bigher velodty fur the channel
developoug from the sphere. Tt has ulso
been observed photographicalls that the
positive plate channel progressed a cop-
siderable portion of the gap before the
negative channel started from the sphere.
But in spite of this handicap the two
channels met in mid-gap. This was pos-
sible only if the negative chanpel traveled
with a higher velocity.

Similar evidence has been provided
by the experiments of Hagenguth, Rohlfs,
and Degnan' which were described pre-
vicusly in connection with Fig. 3. In
nine out of 20 shots with the same
voltage applied, the glow bridged the
entire gap without sparkover. TIn Fig. 11
of their paper a well-defined streamer can
be seen “'progressing from the grounded
positive rod within the glow emanating
from the negative electrode.” For the
particular photograph shown this streamer
has progressed about one-fourth or une-
third the distance across the gap. “On
complete breakdown of the gap (not
shown) at the same voltage there is a
well-defined split in the spark near the
middle of the gap. indicating where the
the finul streamers [in present terminol-
ogy, channels | emanating from both elec-
trodes, met.” This experiment also
strongly indicates higher velocity of the
negative channels,

Norinder and Salka® reluted similar
experience with rod- and sphere-plate
gaps.  The plasma chanvels hegan at the
plate (anode) and proceeded toward the
rud or sphere electrode. At a consider-
uhly later time similar chanuoels emanated
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from the rod or sphere and met approxi-
mately in the middle of the gap.

Rop-Rop Cars

For rod-rod gaps, channels form from
both electrodes, Akoptan, Larionov, and
Turosian determined that fur an electrode
separation of 125 cm the velucity with
which the channel tips approuch each
other can be expressed in the relation

B
i cm per usec (5)
&

v=l]
where %, is again the actval instantaneous
voltage in kv across the electrodes and
ts is the critical voltage in kv of the
unbridged gap, x in em. Thev general-
ized no further than this single gap but
did show that this relation produced
good results when the applied voltage was
varied over a wide range of waveshapes,
Rusck,? on the other hand, stated that
this approach was not a complete soly-
tion because tests made in his laboratory
“show that the formula given in the above
mentioned paper cannot be utilized on
other gaps.” He cleverly obviated the
complexity of taking photographs of the
discharge by simply acvepting two im-
portant assumptions that are also in-
herent in the work of Akopian, Larionov,
and Torosian. First, that the drop in the
channel is negligibly small and conse
quently the channels can be viewed as
extensions of the electrodes, and second,

that the velocity of approach of the
channel tips is a function of the instanta-
neous electrade voltage and the length
of the unbridged gap. As a basis for hig
work it was necessary to determine ex-
perimentally the time to sparkover of
gaps to a rectangular applied voltage
wave. He found that by applying such
a wave 1o irradiated gaps from 10to 70 em
the time to sparkover, r, could be ex-
pressed by the following formula:

20 +10s'\* ’.
T - . 'l’ - In usec °)

where U is the magmitude of the applied
rectangular wave in kv and s is the gap
fength in om.  Rusck also stated that be-
cause the critical sparkover voltage, U,
is approximately a linear function of the
distance s, the time lag can be expressed
by

rn-l.T( E—,‘) in usec 7

His relations were sauisfactorily utilized
for different tyvpes of upplied waveforms.
He warned that his work should be applied
to time lags less than 4 to 5 usec, as in-
correct results would he obtained for
lunger times,

Observations by the Authors

If u, in equation § is explicitly defined
as the critical sparkover vollage of a
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rod rod gap in response to a rectangular
wave and it is assutmed that this quantity
is proportional to the gup length, then

Uy =mx in kv (8)

If the difference of the applied waveforms
is taken into consideration the factor m
corresponds approximately to the average
sparkover value in Fig. 5 in kv per cm
Equation 5 can be rewritten as

dx Uy
& - --b(‘ u) (9)

which merely states that the veloeity is
proportional to the excess of the average
gradient across the unbridged portion of
the gap over the critical sparkover gra-
dient. Generally the factor & will vary
with different gap lengths; the negative
sign is inserted for analvtical purposes
s0 it may be recognized that the un-
bridged gap decreases when the quantity
with the parenthesis is positive Further
transformation of equation 9 is possible
to the following:

()
LI L (x) (10)

-0

m\ i 5

The right-hund side is thus reduced to a
per-unit gap length basis

Rusck’s equation 7 which is applicable
.to rectangular voltage waves applied to
10-70-cm gaps shows that the time lag
is independent of the gap length. The
work of McAuley®™ with 1.5 40 impulse
waves on gaps up to 100 inches when re-
plotted in Fig 7 shows a similar inde-
pendence of gap length  If, inequation 9,

k= Ks (11)
then equation 10 is also independent of
gap length  This simply means thut the

Ocroner 1961

velocities of the channel tips, as will be
explained in more detail later, are pro-
portional to the electrode spacings
Some such effect can be expected from
the physical considerations involved,
Suppose as premmsed earlier, that in their
development the corona streamers de-
posit a charge density in the interelectrode
space, such that at the iustant of chan
uel initiation the electric gradierit between
the electrndes is essentially constant
and equal to the value m.  Furthermore,
if it is assumed that this space charge is
relatively immobile, then as the arc
plasma develops within this space,

it forms a good econductor extending as
a thin penci from each electrode. In
order to satisfy the condition that the
electric gradient along these good conduct-
ing pencils is zero, it is necessary that
charge be induced along the pencil that
will produce an electric field jus. equal
and opposite to that which had existed
previously, Theinduced charge will vary
linearly along the pencil and will be pro-
portional to the distance traveled by the
tip The charge density, and conse-
quently the electric field, at the tip will
be proportional to the spacing of the
electrodes

Now if a new term, V, is defined as the
overvoltage factor

v-l("»‘) (12)
m's

and equations 11 and 12 are inserted
into equation 10, then

&/s
kmdt = =~ ———— dlx/s) (13)
Ve=x/3
In this same nomenclature, equa-

tion 9 expressing the velocity can be
changed to the following

é-?,_,,,,,[l.(w)i_l]
dt m\ /%
ll"SKM("""l) (14)

which confirms the previous statement
that the velocity is proportional to gap
length.

Fig. 9. Determination of
the variation of channel
velocity, current, and length
of unabridged gap with time

for an applied 0.5 <5-usec
voltage waveshape for & rod-
rod gep. Solid line and
dotted line x 3 curves for an
applied surge with crest over-

CURRENT, ki GAMPERES - VELOOTY, 1w0e CM/ALSEC - X/S PER UNIT- VOLTAGE PER UNT

= YOLTAGE .

voltage factors of 1.25 and 9
1.10, respectively

30 L]

Y 20
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Fig. 10, Calculated time-lag curves for a rod-

rod gap with an applied rectanguler voltage

weve as determined from equation 16 com-

pared with Rusck's™ test data indicated by
the points

X —Positive polarity
O-—~Negative polarity

APFLICATION TO PARTICULAR
WAVESHAPES
With ¥ Luown as a function of time,
équation 13 permits solution of the
determination of the diminution of x
with time, Solutions will be obtained for
two waveshapes,

Rectangular 1Vave
With V constant

‘ h
/
o [l [ 20 ()
" s V=x/s ]

; V=%/
Kmtm =(1=5/0)+Vln ——5 (18)
and for complete sparkover, the time lag
Tis

T ]V A
KmT 1+ u",_1

(16)

The value of T is plotted in Fig. 8 for
Km equal to 0.5 but the curve is applica-

tle to any wulue of Km,  This value of

Kom was used as it corresponds to a valae
that, as will be shown shortly, fits the
observed test data of Rusck and of
Akopian, Larionov, and Torosian.

Linearly Rising and Falling Waves

The time lag, T, for a specific over-
voltage factor, V, for other shapes of the
applied voltage is most conveniently
determined by using a step by-step sclu-
tion of equation 14. One such solution
fora 0.5 3 0-usec surge, whose crest over-
voltage factor s 1.23, is shown in Fig. 9.
The guantity x/s remains at 1.0 per unit
until the applied voitage exceeds an oves
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voltage ratic of 1.0 at which time the
channel begins its travel across the gap.
Therefore, the time denoted by the dis-
tance ¢ is actually a “dead time”, that is,
during this time the voltage ucross the
gap is not sufficient 1o initiste a channel,
The total time, T, for the channel to com-
plete its passage of the gap is 3.8 usec.
Also, the velocity of the channel with
respect to time is shown in Fig. 8. The
significance of this curve is most easily
visualized by rewriting equation 14 as

d -:Km( ‘_"27’[}) (17)
dt x/s

Therefore, from Fig. 9, thc.\c:iwu‘i(_\' for
any specific titne is the distance ¢ divided
by distance b multiplied by the constant
sKm. The current curve of Fig. 9 is
discussed in a later section,

In Fig. 8 the time lag curves for several
waveshapes for Km=05 are presented,
The overvoltage factor is plotted for other
than the rectangular wave as defined by
eguation 12 except that s, is the crest
voltage. At sparkover times when T is
less than the frant of the wave, the uver-
voltage facior plotted is the crest voltage
actually obtuined across the gap. In
other words, these curves are constructed
and plotted in the same manner as nurmal
time-lag curves. As noted, the time axis
can be changed easily for any other value
of Km.

Tt may be seen in Fig. 8 that the critical
voltages va inversely with the wave
tail but are independent of the wave-
front, For example, the critical voltage
for @ 1.5X 40-usec wave is about 1,05 and
for a 1.5X10-usec wave is about 1.13.
However, the critical voltages for a 1.5X
40- and a 0.5X40-.sec waves are equal,
As expected, with small values of tine
the reverse is true; that is, the front is the

dominant characteristic, Most of the
difference 1n time lags for short times is
due to the differences in dead times,

Cunsider now the critical voltage for a
0.5% 5 0-usec wave. According to these
caleylations and theory, at an overvolt-
age factor of 1.25, T=38 usec. It was
noted in the calculations that for an
overvoltage factor of 1.10 the gap did not
spark over but channels were initiated.
This is illustrated by the dotted curve of
Fig. 9 which shows that x/s starts to de-
crease when the overvoltage ratio ex-
ceeds 10. However, biecause the short
wave tuil causes a rapid decrease of vali-
age, the x's curve reaches a minithum
value, and then rises to its uriginal value
of unity,

INTERPRETATION OF TEsT DaTa

Rusck's data are convenient for testing
the vahdity of the relations presented
here because he sttempted to obtain a
rectangular anplied voltage wave. It
rose 1o crest an about 0.8 ssec and was
flat thereufter with the absence of oscilla-
tions. Fig. 10 shows his test points for
rod-rod gaps of from 1010 70 em, There
was no appreciable aiference Letween
posttive and negative polarity, By choos.
ing Km=046 and m=6.18 kv per cm,
the curves represent the computed results
for a rectangular wave. For times longer
than 1 usec the agreement is very good,
about as good as Rusck obtained with his
expression. But below 1 usec Rusck's
relation shows a Letter agreement with
tests,

Fig. 11 i a reproduction from the
paper by Akopian, Lariunov, and Torosian
showing the time-lag curves for several
different apphed voltage waves for a 120-
em rod-rod gap, The relations are the
same s used here for which & or Ks was
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Fig. 11. Time-lag curves for

a 125.cm rodwod gep cal-

culeted by eguation 5 com-

pared with test date for

spplied positive polarity volt-

age waveshapes s illustrated
in inset?
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CHARGING
VOLTAGE

Fig. 12. Voltages
scross and cuments
through o 6-foot
vertical red-rod gep
for positive polarity
applied surges. The
surge generstor
charging voltage for
critical sparkover is

98 volts
39
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11, The valie of K is then 11/125 or
0.088. From the 15X 40-usec curve the
value of m was estimated as 720/125 or
5.76 kv per em.  The factor Km is then
0.507 which mayv be compared with 0.46
used in computing the curves in Fig 12
An average value of 0.5 might very well
have been used in both Fig. 10 and Fig
11, The other two curves of Fig. 11 in-
dicated the dezree of agreement obtain-
able with widely different waveshapes. Tn
their computation it is presumed that
Akopian, Larionov, and Torosian used
the experimentally observed potentials
directly across the electrodes and there-
fore took into account any internal
drop that may have existed in the surge
generator,

Experiments by the Authors

The authors undertook measurement of
the current in lonyg gaps under sparkover
conditions in order to verify some of the
discussed coneepts and also to study the
factors affecting the current variations,
because this 18 the most important
vartable to the transmission engincers.
A surge gencrator consisting of 30 1/4-
microfarad capacitors was used. Other
constarnits of the circuit are shown in the
insert of Fig. 12. In one series of tests
a vertical 6-foat 1 2- by 1,/ 2-inch rod-rad
gap was used.  The tip of the lower gap
was about i feet above the laboratory

Ocroser 10601

s :IIO
1 Rt
3
s 5 7
fluor, The voltage across the gap was

measured with a 21,000-chm  com-
pensated voltage divider and the gap
current was measured simultaneously by
means of a shunt located about midway in
the lower rod.  Successively higher volt-
ages were applied to the gap by increasing
the charging voltage of the generator.
The charging voltage is an arbitrary
pumber depending upon the a.c voltage
applied to the low voltage winding of the
transformer, which supplies the voltage
that is subsequently rectified to charge
the capacitors of the generator. How-
ever, while arbitrary, it is a quantity
proportional to the voltage to which the
generator is charged, prior to being dis-
charged into the test circuit. For the
eritical voltage of the 6-foot gup the
charging voltage was 98 volts, The re.
sultant wavechape of the eritical voltage
s shown in Fig. 12, Increasing the charg-
ing voltage resulted in drawing more
current from the generator during the dis-
charge process and this current drawn
through the resistance of the surge gen.
erutor resulted in considerable distortion
of the voltage across the gap.  Figs. 13(A)
and (B) are typical oscillograms of the
voltage and the current.  The inductance
of the surge generator generally does not
play an important role. The oscillation
in the current and voltage following com-
pletion of the passage of the gap by the
arc plasma is caused by the interplay
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Fig. 13. Typical oscillograms of voitages

acrass and currents through two parallel é-foot

tod-tod gaps separated 1B feet. Cherging
voltage is 200 volts

A~Voltage scross gaps

B—Current through gap which sparked over

C—Current through gap which did net spark
aver when sther gap sparked over

of the inductance and the capacitance.
Its effect hias been ignored by estimating
the current, when necessary, as the aver-
age current during this period,

In Fig. 12 a number of curves of voltage
and current for different charging vol-
tages are plotted, Contrary to what
might be expected from the theory just
presented, current does nut begin to fluw
at just the instant that the critical break-
down voltage is exceeded. The time de-
lay at which current is initiated is longer,
the smaller the excess voltage over critical.
The delay is made up of two components,
first, the period of waiting until a free
electron enters the overstressed electrical
zones at the two electrodes when the
corona streamers that form the space
charge are released, and second, the time
required for the development of the space
charge and conditions propitivus for the
formation of the channels from the elec-
trodes.

It was impossible in the open condi-
tions of the laboratory to obtain a clean-
cut oscillogram of current supplying the
space charge just under critical voltage
as obtained by Park and Cones' and
Degnan.'® Apparently the high free
electror: concentration caused triggering
of the gap on the rising portion of the volt-
age wave and prevented the sharp rise
and exponential decay of the current.
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The results obtamned did suygest that if
the discharge had been delayed a crest of
about 25 amperes would have been ob-
tained,

CurrenT-TiMe RELATION

Saxe and Meek’® concluded that the
current is proportional to the velucity of
the leader stroke”  For the present this
relation will be accepted and it will be
assumed that the mstantaoeous value of
the current, 1, s proportional to the

instantanenus velocity.  Thas,
. da
fem =K, (18)
di

The negative sign is introduced hecause
as the unbridged gap becomes smaller
the sign of dx/dt must be negative and 1t
15 desirable to consider the current as a
positive quantity,

If this relation s valid, then upon
integrating both sides one arrives at the
refution

£ vt & T ds
Q=K (19)

Thie states that for any particular value of
s,  should be constant.  The area under
any one of the curves of current in Fig 15
to the instant of short circuit 1s the total
charge fed into the channel for a 6-foot
rod-rod gap. The range of values thus
ubtwmed from Fig 15 18 shown by a bar
m Fig 14, Similar results obtuined for
a 3-foot and a 9-foot rod-rod gap are also
plotted,  The slope of this curve gives a
value of X, equal to 8 2 nucrocoulombs
[ #r o or amperes per cm per usec,  This
lincanty serves to confirm the propor-
tonality expressed by equation 18,

Suxe and Meek presented a similar
curve obtained with a positive rod-to-plate
gap for gap lengthe of 8 to 55,4 ¢m which
showed a remarkable Yinear relation for
which the slope was 088 jnicrocoulomb
per cm, It also twars out the general
nature of the phencmenon,
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Fig. 14 (le#t). Relation be- 17—

tween the charge fed into the

plaume channe! and gap length s
for rod-red gaps

Fig. 15 (right). Experimental
time-lag curves for 3., 6. and
9-foot rod-rod gaps forapplied

VOLTAGE , PER UNIT OF CRITICAL
>
v

9 FQOOT AP 7

e
6 FO0T GaP “

positive polarity voltages as ) 0
illustrated

In Fig. 9, the velocity was cumputed
fur a 0 5% 5-usec wave and an overvoltage
factor of 1 25. Applying the factor K, =

.2 to this velocity curve gives the current
curve indicated. This should be com-
pared with the current curve in Fig. 12
for CV'=130. The comparison, though
not periect, shows a general agreement in
nature

Timme Lac CUrVES

With a given surge generator setting
having no adjustments made to maintain
a particular waveshape, the time lag
curves, according 10 the theory presented
here, should be independent of gap length
This happens because as the gap is
doubled, then with the same overvaltage
factor, the surge generator voltage,
the velocity of the channel, and the cur-
rent and the voltage drop are doubled aud
the same time lag should result. There
fore, d these relations are correct, the
time lag curves plotted against over-
voltage factors for 3, 6-, and 9-foot gaps
should form a continuous curve. This is
demonstrated to be the case in Fig 15

PROGRESS OF CHANNELS

Two vertical 6-foot rod-rod gaps were
set up 18 feet apart so as not to influence
each other elecirontarn»'. “When prop-
erly adjusted, on application of the surge
potential, one, the other, or sometimes

20 30 40 50 60 0 &0
TIVE IN MICHOSECONDS

both would spark over A current shunt
was placed in the grounded clectrode of
gap 4 onlyv, The upper curve of Fig,
16 shows a replot of the current when
gap A sparked over and the lower curve
when gap B sparked over as a voltage of
2009 of eritical was applied to both gaps.
Fig 13 shows the osellograms applicable
to this case. Imually both gaps carred
current equally but as the channels de-
veloped ome traveled shightly faster and
hence drew more current. 1t did so at the
expense of the other which then Jdid not
have quite enough current to maintain
a corresponding velooity. Furthermore,
the first one decreased the unbridged gap
and tended to travel even more rapidly
thun the other. The effect was cumula:
tive and the one to spark over robbed
more and more of the current.  This effect
was pronounced only after the differences
in velocities and the lengths of the un-
bridged gaps becume great. While the
phenomenon is essentially a resistive une,
largely dependent on feeding an appro-
priate amount of energy into the channel
to raise the temperature to those of an
arc, undoubtedly charges also rush into
the channels as thev progress and the
fields between the approaching tips in-
crease.  But upon contract such charges
rush toward cach ather from the opposing
channels through the completed paths.
Only an mappreciable amount of this
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¥ 1600 GENCRATOR
g { A 7 @
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Fig. 16. Current in gep A |
when seps A and B are im. '
pulsed simultaneously, Charg- ®c " Es Tl s 36 28 T30 38 ap

ing voltage is 200 volits
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charge is Hbserved externally as ey idenced

by the absence of a negative current (n
the unbridged zap following sparkover
of the other gap Furtlier evidence of
this prosress of the channels is offered
by the still photograph shown in Fig, IV
Nate

the estent to which the channels 1 the

tuken of both gups simultanegusly

gap that did not
vanced

Spurka\Ver have .ld

Rixa - Riva Gars
A Tlinch-digmeter ring made of 2-

o was mounted 94 inches abuve a

the latter was located 5 feet
floor.

pusitive polarity were applied with sub-

nch $ag
above the lubotatorsy Surges of
stantially the same surge generator con-
stants as shown in Fig 12, [a Fig. 18
vhe visetilorr am traces of voltages and cur-
rents are plotted.  The entical sparkover
voltage vecurred with a charging voltage
f 118. The character of the predis
charge currents is quite different from
and of much greater magnitude thun for
the #foot rod gaps. A very large drop
oceurs through the resistance of the surge

Fig.17. Channe! formation in

an unbridged gap when the

other gap of two 5-foot

parallele ! rod-iod gaps sparks
over

generator. Neither the K nor the X.
constants applicable to rod-rod gaps are
applicable to such a gap.  The multiplic-
ity of parallel channels apparently afects
the fields near the tips of the advancing
channels and retards them as compared
with the few channels in the simple rod-
rod gap.  The K constant was determined
only approximately and was found o be
about 0.05 to 0.06, which is smaller than
that for rod-rod gaps No further work
was done on this gap at this time.

Pieg-Pree Gap

An enlarzed form of the rng gap was
set up, primaril to sinudate a lung paral-
lel pipe gap which would have been im-
possible because of the restricted space of
the taboratory.  Theee 3-inch aluminum
pipes each 12 feet long were arrunged in
trianmilar configuration about 4 feet from
the laboratory floor and a similur set was
arranged 8 feet above it.  Fig 19 shows
coprespunding voltage nnd current traces
The currents were even larger thun for the
ring ring gap. A very pronounced pip
occurs at the beginning of the voltage

T o]
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w | |
¥ 200 {
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2 800
s ' 50
1 i ‘
l d
%5 2 3 6 ] o 2
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Fig. 18. Voltages across and currents through
a 94.inch ring-ting gap

traces. These are formed because of the
time required for the formation of the
space charge. The channel curcent form
very rapidly and if there were no indue-
tance in the surge generator eireuit would
increuse almost  vertically, Simultane-
ously a corresponding drop in gap volt-
age oceurs. TFor example, consider the
discharge for a charging voltage of 200
The 000.ampere current through the
surge generator produces an internal drop
of G0 1,000 or 000,000 wvelts. The
charge drawn from the surge generator

200Q e e Fig. 19 (leit).
o Voltages actoss capacitor produces an additional but
soo ) = ' and currents considerably smaller drop which is dicectly
through o 6-foot caleulahle. Because of the distortions
; . pipe-pipe gap
z 200
] R |
T
= 800 . il ‘l
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a0 e8 - Fi' 20 (’igh‘). ¥ 400
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TiME N MICRCSECONDS pipe-pipe gap TIME N W RCSECONDS
Ocruner 1061 Wagner. Hileman-— Mechanism of Breakdown of Laboratory Gaps 01

90004119




R———

.t ——

—

N S Sy T — r———

in the waves it was difficult to line up the
reference points precisely but it can be
assuned that the rapid rise of the cur.
rent trace should occur simultaneously
with the abrupt drop in gap voltage.

Fig 20 shows a corresponding group of
curves for the same gap set for a spacing
of 3 feet. Even larger currents result for
a particular overvoltage factor. The
channel currents were mainly limited by
the surge generator's ability to deliver
higher currents, The high currents are
attained with only madest increases in the
electrode voltages. With lower internal
resistarice even higher currents should
result.

No detatled analysis was made of this
type of gap at this time, but just as the
charactenistics of the rod-rod zaps are
useful for studyving the nature of the
stroke proper, and will be considered in
this connection in a companion paper,
the characteristics of the large parallel
pipe gap will be discussed further in a
paper concerning the performance of the
transmission line tower. The K con-
stant was found to be approximately
0.053 to 0.065,

Exercy Fep INTO THE DISCHARGE

The instantanesus values of current and
voltage from Fig, 12 were multiplied and
integrated to give the energy fed into the
discharge during the breakdown process.
The results of this computation are
plutted ae circles in Fig. 21 against the
short-circuit current, Iy, of the surge gen-
erator.  Four additional points obtained
§ months previously, also on a 6-foot rod-
rod gap, are plotted by crosses.  While
more than one channel is involved some
purtion of the time, the straight line in-
dicates the value of arc energy required
to rise the temperature of a pencil of the
gaps to arc temperature as 1.95% 10
joules per ampere per cm.

The energy required to develop the
arc should be linearly proportional to the
short.cireuit current and the length of the
gap. It is interesting to coniemplate
whetlier this iz consistent with the relation
that the total charge fed into the produc-
tion of the are, such as plotted n Fig. 14,
8 proportivnal to gap length only. As-
suming that a rectangular voltage wave
V is applied to the gap and that W is
the total energy supplied to the gap,
then

WeVQ (20)

If R is the series resistance, then at short
cireuit

e RLQ (21)
and substituting Q from equation 19
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Fig 21. Energy fed into a 6-foot rod-rod gap

W RK s (22)

which demonstrates that W is pro-
purtional to J,. and 5. Since in equa-
tion 19 it was assumned that the current
is proportional to the velocity, then the
linearity of the energy-current relation
lends further support to this assumption
for rod-rod gaps.

General Discussion

The authors have kept their cunjectures
concerning gaseous clectronies to a mini-
muin and have confined themselves largely
to the external manifestations of the
phenomenon, The physical appearance
of the caroma discharge alone iz ample
evidence that the gaseous clectromics
phenomenon is quite different for posi-
tive and negative polarity, but extemally
they differ only in degree. Nevertheless,
the authors wish to comment upon same
aspects of the discharge,

It was mentioned in the discussion of
the space charge that over a considerahle
range of gaps a rather definite average
electric gradient determines the long-
time applied voltage at which sparkover
ocours and it further appears that the
gradient is constant glung the center line
of the gap. The work of Akopian,
Larionov, and Torosian also indicated
this as the channel began to develop
when e corresponding to the particular
gap was exceeded. By “long time" in
this connection they implied a time of the
order of 100 psec. With lunger times it
18 quite conceivable that other factors
might enter which would alter the nature
of the space charge, Thus, for a sus-
tained and continuous potential, as in
d-c corona, the charge distribution might
be quite different.

It was found by Park and Cunes that
whena 0.07 X 100-usec wave was impressed
across thewr sphere-plate gap, set for a
length of between 20and 40em, the current
that supplied the space charge rose to
crest very rapidly and then decaved to
half valuein 0,08 usec.  So it may be =aid
that the space charge is substantially
established in 0.1 4sec. This period is a

function of the phenomenon cccurring
within the gap, as the regulation of the
circuit 15 sufficiently stiff that the cur-
rents reguired by the space charge do not
produce much drop in the external cire
cuit, While Akopian, Larionov, and
Torosian used a somewhat larger ex.
ternal resistance it can be assumed that
for the length of gaps and for the rates of
nise of voltage they used, there was very
little lag between the voltage and the
establishment of the space charge. Thig
explains why in their analysis of the
time to breakdown the phenomenon
could be described in terms «f the develop-
tent of the highly conducting channels
alone.

For longer gaps, such as the 200-inch
rod-rod of Hagenguth, Rohlls, and
Degnan, the time of space charge forma-
tion is significant with respect to the total
time to breakdown. It remains to be
ascertained whether the time lag curves
for different waveshapes for such gaps
can be cumputed in a manner similar
to that employed by Akopian, Larionov,
and Torosian and amplified in this paper.

The furegmng statements may be oot
cumnpletely vahid for conditions near the
end of travel of the channel, Here the
velacity attaine very high values and the
space charge may not be able to develop
sufficiently to keep pave with the values
corresponiding to the reduced unbridged
gap.

As the good conducting channel ad-
vances through the refatively immobile
space charge, as has been mentioned pre-
wiously, charges are induced upon this
pencil of are plasma. From the esti-
mates of the current in the channe! and
from experiments, such as performed by
Higham and Meek on the characteristies
of rapidly developed arcs, it can be cuns
cluded that the diameter of the arc
plasma is approximately 2 mm and that
the arc is a relatively good conductor. A
high charge is induced in the head of the
channel that is conducive to the develop-
ment of a high gradient laterally as well
as ahiead of . This charge and gradient,
in turm, give rise to copious corona dis
charges. The head thus expands through
the process which might be termed a
counter corona discharge that takes
place within the original space charge,
Cunditions conducive to the development
of such charges are present even though
the field gradient is not uniform as pre-
mised by the foregoing simplified assump-
tions,

More than cne channel can form S
multanecusly, hut as they progress in
parallel one will advance soneswhat fars
ther and tends to skield the otherselectro-
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staticully and thus reduce the field in
advance of thewn. By this process the
advince of the others s retarded and Lhis
effect begomes prugressive. For gap
cutfigurations that appruach twn ged-
metric lines parulie) ta each ather such as
formed by two long parallel pipes, this
effect should not be as dominant as for
a single rod-rod gap. The tests made
with two G-foot rod.rod gaps set 6§ fect
apart as thown by the insert of Fig. 12,
showed that in some cases both gaps
sparked over sunultaneously which in-
dicites that for separations greater than
the gap length the shielding effect is not
very great.  Tests with smalles separa-
tions were not made.  Allibone? shoiwved
thut even for two parullel plates two
dominant are paths can for n simultane
ously,

While more information ie available
eoncerning the propagatior of channels
from the annde than fror. the cathode,
siiue the process of cliaruel formation i3
ecentinlly u therma' process, it is ey
pected that the vele aty of propagation of
the channels frowr the cathode should be
of the sartie orde r of magnitude.

Summary

Upcn application of an impulse voltage,
of such value as not to cause sparkover,
a nonuniform field gap, of the propor-
tions frequently encountered in engineers
ing work, the field at first corresponds
to that which would be evpected finm
the conventional electrosiatic solution.
The fields in the vicinity of the electrodes
may exceed the critical field momentarnily
but when this tield s exoesded and a free
electron appears in the region of the
overstressed field, an electron avilance is
triggered that developsinto aspacecharge
For rod-rod gaps the space charge de-
velops from both electrodes but for rod-
plate gaps from the rad onlv, The flow
of the charge into the intervening gap s at
a rate of aboyt 0.001 ¢ which eorresponds
approximately to the electron drift; so
that far o 10.em gap the charge has dif-
fured through the entice gap in about 0.3
wsec and for a 2004nch gap in 9 asec.
The surrent feeding the space charge
rises very rupidly and decreazes somewhat
aleng an exponestial curve so that a
substantial portion of the space charge is
establishied in slightly less time than these
vatues.

A certain eritical average gradient exists
for gaps which will produce ultimate
sparkover of the gap with prolonged
application of the wvoltage There is
some evidence to indicate that when the
space charge is fully developed acrusa the
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gap the electric gradient in the gap be-
tween the electrodes is approximately uni-
form. Theaverage eritical gradients vary
between abotit 5,500 and 10,000 valts per
em dependir,, upon zap canfi gieation aad
polarity. When the eritical average
gradient is exceeded a channe!l i3 initiated
which usually starts from the anode. In
the case of a rod-plate gap with the rod
positive the channel develops fr the
entire length of the gap without the de-
velopment of a plasma channel from the
plate. But with the rod negative a
plasmua channel is first initiated from the
plate, and after progressing about half-
way aerpss the gap it is met hy a =2
rapidly moving chansel, which starteu ut
a later tine, from the rod. For a rod-
rod gap, the plasma channel also starts
from the anode and ts met in mid-gap
by a later imitiated channel from the
cathode. The drop in the plasma chan-
nels is so small that it is considered
nezligible with respect to the applied
voitages conecerned in this phenomenon

For rod-rod gaps. the heads of the two
channels approach cach other with a
velocity that is proportional to the excess
of the termindl voltage over the eritical
sparkover voltage for the instantanects
value of the unbridged gap, and inversely
proportional to the length of the un-
bridged gap. The channels grow with a
relatively small initial velocity which s
accelerated as the unbridged zap de-
creases. By using these velocity relations,
the tune lag of rod rod gaps can be
computed for any anplied voltage acruss
the gap, Expressing the applied voltage
in terms of the critical sparkover voltage
for a rectangular wave, results can be
recduced to a per-umit basis that is in-
dependent of the leagth of the gap.
The:e characteristics can he completely
described by two parameters,

The channel current is proportional to
the velocity of propagation of its head,
and therefore can be determined in terms
of the instantanesus veloeities discussed
prevvws" - For small overvoltagzes, the
channe  urrents are usually concave
upwa' , but for high overvoltages and
sufficiendy high resistances between the
applied voltage and the gap, the current
is of 4 stepped character.

The form of the current wave feeding
the initial space charge when a rectan-
gular wave isapplied to a gap and the form
of the current fowing during the develop-
oient of the channel is quite opposite;
the former decreases somewhat as a nega-
tive exponential with time, and the latter
increases somewhat as a positive ex-
ponential with time. [t s shown in the
companion paper in this issue that these

Wagner, Hileman— Mechanism of Breakdoun of Laboratory Gaps

contrasting characteristics lead te an
explanation of the steps in the lightniug
stroke.

The fact that the masmitude of the
eurreats fecding the initial space charge
are quite small, in comparisan with the
currents that oteur during the plasma
channel forming phase and with the
short cirenit currents permitted by the
constants of the surge zeneratars, was
appresiated] quite early. As shown in
the comparnion paper, the currents octur-
ring duning the steps of the lightmung
stroke are also small in comparison with
the currents in the return stroke. The
phenumenon appears to be essentially
a thermal one, sufficient etiergy must be
injected into the gap in order to raise
a thin cylinder of air to arc temipera-
tures
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Discussion

H. Baatz and A. Fischer
swhaft  {or hspunnunigsanligen

Studiengesell-
VL,
Nellengen ober FEsslingen, Germany): The
develupineént ol a discharge during the
breakdown of rod rod gaps was investigated
Voltage and current were measured stmuls
tanecusly by a cathode ray oscillograph at
the high-voltage electrode. The high-voit-
age electrode was chosen as measunng
point so that a single rod, without an op-
posite electrode, could be investigated.
Various forms of rods were used; see Fig 22
The optical view of the discharge figures
were taken, as are Lichtenburg figures, by
photographic puper which was held axially
hetween the electrodes

The vertically arranged rod.rod gap with
a distunee of 430 mm was investigated
natuly, Th tatice was alwayvs the sam:;
7 inpulse voltoge was
varted, For all osallograms the {mpulse
voltuge of 03,/40 was used I'he 1007
breakdown voltages for the distance of 350

Hoc!

e i

the peak value of the

mm were approsumately +305 kv and
- 315 kv
Posimive IMPULSE VOLTAGE

Fig. 23 shows a characteristic oscillo-

gram. At {4 the first part of the impulse
generator fires, and at & the impulse voltage
isapplied to the gap. During the rise of the

109

109

voltage 1o its peak value, iy, the capacitive
charging current with peak value & g, flows,
At the moinent 15, & current impulse which
may be called current of impulse corona
appears, Its peak value is 1y At 4, the
voltage at the gap is 4, This value is the
inception voltage of impulse corona.  The
corona eurrent, fy = i—1, dimimshes as an
exponential function. It remaing zero for
times VOItages at least 207, below the 100%
hreakdown voltage Up of the gap.

Necative Impurse VouTace (Fic. 24)

With tmas voltagesS D8 Up the oscillo-
grams ure nearly the same as Fig 23 with
inception of impulse corona at &y and
dimiishment of the current fagtde (3¢
capacitive current).  Sometimes the current
jtapulse of the impulse corona is totally
absent. With voltuges08 Up<ttpes< Us,
as shown in Fig. 24, a new event which
is not seen in the cwrent oscillogram
of positive electzodes appears  Alfter the
capucitive charging cutrent belonging to
the beginming of the impulse voltage
has disuppeared, sometines, during the
return of the impulse voltige at fLs, 4
very steep and tugh current impulse, 14
appears. This occusionully is followed by
anather, smaller impuise, The impulses
disappear as an exponential function. In
every case when the discharge develops to
breakdown, the current vupulse, 1y, and

Fir 22, Varicus
J-ﬂ 08 forrs of rod eleg-
“ e trodes
——
w
'N
i
R
Fig. 23 (left).
Characteristic os-
cillogram  with

impulse positive

22. Errrcr or Nos Stawnnamp Suscs Vorraces
on Ixstuamox, Supe Rusck. Bulienm no 408,
CIGRE, 16459

24 FLASHOVER CHARACTERISTION OF INSULATION,
P. H. McAuley. Eledrse Jowrnal, July 1998, pp,
273 -80.

04, Vourace Oeratiests iw Lone Caseous
SpaRk CHaswxms, J. B. Higham, J. M. Meek,
Proceedings. Physical Society, Londoo, England,
pt. 9, vol. A3, Sept 1950, pp 032 -648

A ———— e

sometimes 1y, may be observed While
they are still prescat the final rise of current
up to the breakdown at fp, fullows

The inception woltage %4 of lnpulse
corona  increases slightly with increasing
peak value of impulse voltage for all forms
of electraudes used, Table T shows the mean
values fur the different electrodes,

Table |

o e

Electrode uk
Kv)

1 +110 S5

2 + 08 R

3 - 105 uh

4 + 1458 - 46

All forms of electrodes used clearly show
the growth of 14 With Increasing fyae and
therefore with increasing steepness of the
impulse voltage. With peak values up to
Hman = 300 Ky, 1y 18 directly propartional to

Hman, S€€ Tuable I1.

Table 1l

iky/ umas (Amps 100 Ev)

Flectrode = Impulse - Impulse
1 232 1.35
2 1.7 1.5
3 178 125
4. 35 . 0

Figs. 25(A) nod 25(B) shaws oscillograrns
of voltage and current without breskdown
of the gap, and Figs 26(A) and (B) with
breakdown. The total occurrence includ-
ing breakdown is shown in Figs 27(A) and
27(B), In Figs 28 and 20 the corona
streamers hridge the whole gap without
hreakdown. When the breakdown starts
the chunnels Legin again at the electrodes
These pictures caninot be regrivted due to
blackened photographic paper. 1n the org-

inal photos the formation of the channels
is clearly seen

¥ |
th  t= 0t
b tiy—te— tig —

"2

018

>t
i
. t Fa. 24 (night), | ot
é Characteristic os-
0 cillogram  with t4 t2=0 tht tez to

i

impulse negative
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Fig. 25 Oscillograms 't breakdown

A—lmpulse positive
B- Impulse negative, time scale asin (A)

Fig. 26  Oscillograms with breakdown, time
scale as in Fig. 25(A)

A~ Impulse positive
B—Impulse negative

Iy

| N i ad i
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Fig. 27. Osxcillograms with breakdown

A—Impulse positive
8- Impulse negative
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Fig. 28. (A) Positive and negative streamers,
rod-red gap, 350 mm, impulse positive,
mex ™ + 260 kv. (B) Oscillogram for Fig.

28(A), time scale as in Fig. 25(A)

The wength of the strewmers wus measured
with oue single rod as electrade.  Here the
length of the corona streamers wias propor-
tional to the peak vulue of impuise voltage
(Fig. 30) Some reflections upon the pos.
sible field strength at the end of the corana
streamers and the distribution of electrie
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Fig. 29 (A) Positive and negative streamers,

rod-ted gap, 350 mm, impulse negative,

Umax = — 255 kv. (B) Oscillogram for Fig
29(A.), time scale as in Fig. 25(A)

charge are given o a publication about this
subject

The same method was used with the rod.
rod gup; see Fig 31 The corona strearmers
of the pomitive =lectrode bridge & great part
of the gap before single strenmers reach the
neguative electrode
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LENGTH OF CORONA STREAMERS INCM

The time, {5y whieh the corona stresners
need to bridge the gap and the tune, Iy,
of the developmient of the channe! are taken
from the oscillograms, depending on the
peak value uges of impulse voltage. Figs,
32(A) and 32(B) belong to electrode 1,

The main part of the delay of breakdown
is given by the growth of the channels
With ucrvusing ynpulse voltage the time,
tis, decrenses very rapidly,  Neyvertheless,
it 15 at least twice the time, £,

The gap rodd-plate as well as the rod-rod
gap was investigated. With positive im-
ptlses the distiunce was 500 mm, with nega-
Oive impulses 200 mm.  Both show the same
elinructenisties in principle.  The influence
of u registance at the high voltage electrle
wad also imvestigated Dietails will be
found 1o a paper soon to be published in
the eleckirotechnische Zedsonraft,

J. H. Hagenguth General Electriec Com-
panv, Pittsfield, Muss ). This paper is an
excelbent summary of various laboratory
wotk un the sparkover of nonuniforin field
gaps  However, T was slightly confused
by the interchangeable use of the terms
space charge, corona discharge, carona
stregmers, channels, and discharge channels.
One cannot always be certain of interpret-
ing these terms correctly.

The authors disouss the sparkover pricess
of & 200-inch rod-rod gap at 3,000 kv, as

Fig. 30 (leh),

B ———
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o
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7300
PEAK VOLTAGE IN kV

Length of posi- l‘o >
tive and negative
corona shreamens 2 3
measured  with
one single rod X 30
es electrode z
w 2§ |
=
20 -
Fig. 31 (dght), >
Length of posi- =15 |
tive and negative 2
corona streamers . |
i in the rodwrod ©
00 gep, distance 35 X |
cm =z
z o
“w e

shown in reference 13, and current oscillo
grams of Fig. 3. [t seerus to me that this
mechanism, as indicated by photographs, is
quite different from the photographs of the
Park and Cones' gaps. The photographs
of the latter puper, obtained with chopped
waves applied to a sphereto-pline gap,
indicate numerous streamners but do not
show the glow discharge shown in the 200-
inch gap.

Unfortunately, one cannot be certain of a
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o« =]
LENGTH t - OF NEGATIVE STREAMERS i CM+—

|

]

|

1
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o

i
15
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higher for the spark condition. For ihe
spark condition also, the tail was slightly
fonger and strewmer current started directly
at the end of the current pip tail, increasing
very sapidly at first and then more <lowly,
in a concuve manner, to spnrkover current
with spatkover being completed in 13 Lsec
or a total of 27 asec from curreit gero,
Since it ‘was indicated that the stréwmers
appeared to meet i mid-gap, the ground
streamer velocity would be approximately

correct  interpretation because only  sull 1.7 107 om‘sec which s dimilar 1o that
phatographs are available.  Nevertheluss, given Ly the authors’ equation 2

my inmterpretation, based on phetos and I the mutermediate eondition where the
oscillugrams, is as follows: The 2060 inch glow bridged the gap and 4 streamner was

gap voltage wus just below the eritieal (109
sparkover) resulting fu nine impulses where
a weak, ultraviclet glow spanned about
half of the gap, and current trace B of the
authors' Fig. 3. lo nine other cpses the
glow bridged the gup and a streamer de-
veluped from the grounded rod, current
trace C; and in two cases sparkover was
completed and resulted in current trace D,
In these latter cnses there waus a well-defined
split in the spark in the middie of the gap,
indicating where the final streamers emanat-
ing from both electrodes met. In ail three
conditions there was an initial current pip,
This is almast equal in the two cases where
the spark was incompleted, and wbout 209

seen, & second current pip developed about
R usey after the first pop was reduced to zero,

In the cuse where the glow reached part
way, ahogt three-quatters weross the gap,
there wis no second cutrent pip, or if there
were, it was less thun | ampese, the liimting
sensitivity of the curreut measuring cureuwt,
A very short, small glow at the grounded
rixd appeared

The very heavy glowing ball from quartz
fens photos around the excited negative elec-
trode appeared as very thin streamers of the
same lengths when photographed with a
glass lens sunilar to the Park-Cones’
phatos,

Thus it appears that this glow may be

3 - *
3 ¥ P =
L | Se— o 2% |
- a
- = 2 b e
2! %
2 15 - z 15— 1
w w !
SN 14 d
- = | Fig 32. Time of
N streamer and
08} 08— . i channel lor 25.
ecm rodod gap
0 e et e et e e et ———! o ————— e L. —— o — — ‘J ;
200 300 00 200 300 o A Poalarity
PEAK VOLTAGE IN kV FEAK VOLTAGE IN kv - i
Palailer nvses
(A) {B) tive
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siritar to the pilot leader postulated by
Schonland  From the lmited duta there
are at leust two pussibie processes for this
under crneal altage cunditions;

1. The pilot leader starts ot the eavited
negetise rod towatd the grounded positive
vod, develuping @ very weuk, high-smiped-
ance plasma (order of 27X 108 ehmsl,
bridges the gup, and a stresuer starts from
the grounded rod.  This streamer bridges
about 175 of the gup and vet no streamer
6 visible from the gegative electrode,

2 The pilot leader starts ut the excited
wegative rod toward the grounded positive
rocd and 18 met by a sunilar leader from the
grounded rod. After contact, a stredtier
starts from the grounded rod, a8 in 1
However, it is possilile that the leader from
the grounded ried {5 a streamer, although
osciltugrans B and € do not seem tn indicute
this

These interesting conolusions state thut
in this 200-inch rexd gap o leader develops
aeross the entire gap without a streamer
adwvancing toward it from the ground elec-
trocde, wven though the electrode has o aon-
unifurs Geld aropnd 1. The questivn then
s whether & siinilar progess ocenrs in the
lighieming stroke

With regaerd to average gap gradients,
the authors arrive at o fAgure between 5,500
and 10,000 volts ‘e, which is correct for
impulse appligution and e types of gaps
stucicd  In a recvnt paper,t ynusual, fow,
dry Mashover strengths are shown in Fig
21, At 400 inches, the average gradicut
wits 1,800 volts/em. These Hashovers were
obtained with slow-front switching surge-
ty pe waves and also with fast front long il
waves resemhiing  ditect  voltage. The
lightning stroke pilot lender advanced at
abontt 18 107 gm/sec and therefore prob-
ably resenihled a direct voltage excitation
father thun an impulse.  Consequently, the
lower gradients would prevail  This is in
contormuance with gradient measurzments
under lightning conditions® such hs 3,400
valts ‘om measured on the belly of a 8-23
aireraft just before u lightning stroke.

There is a question regarding the authoes’
statement that It was imposiible in the
ppen corditions of the laboratary to obtain
a clean-cut asoiflogram of current appiving
the spice churge just under critical volt-
age .. Apparcntly the lgh free electron
concEntrition cuused triggering of the gap on
the rising portion of the voltage wave and
prevented the sharp rise and exponential de-
cay of the eurrent.” Why didn't this oecur
at wvaltages above the critical spurkover
woltage where tiire to Sparknver was s
much 45 8§ usee and more?

{n their general discussion the authnors
rention the penoil of wre plasta with a diarn-
eter of dbout 2 mru 1t should be noted
Cthat bn the 200uinch gap there wis no peuel
until the glow diseharge ar pilot leader hud
developed  Thus it might be assumed
that there was an pencil i the lightning
prict leader untd the return stroke was
established  Dr. Flowers has investigated
the channel of the spurk discharge® and
found that the gurrent density wus about
1,100 amperes,/cm ?
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C. F. Wagner and A. R, Hileman: The
data presented by Professor Baatz and
Mr. Fischer are very illuminating and add
considerably  to the knowledge of the
subject.  The authors look forwazd with
great interest to the Elektratechnische Zeit
whrif! paper shercin these tests will ‘be de-
scribed 4n mare detil.  The fullowing enm-
ments are direcred to their very cleas but
aecessanly limited presentation. Sines the
primary purpose of the review by the
authars of the avaiiubie laboratory data
wus 10 provide a background upon which ta
base a thenry of the lightning discharge,
the muterinl hredented by Professor Baatz
wndd Mre Fischer oill be disepssed o5 spplied
to this figei end

One of the pertinent guestions in the de-
scaption and anulvais of the steps of the
first component of a lightuing stroke 78 the
electric gradient within the space churge
surrounding the eunducting core of the
leader  OF expressed in another wuy, the
gradiont alonyg the streamers that constitite
the caronu discharges  Fig. 50 provides ine
formation on this paint.  In the peelinnniry
copy of the discussion 1t was stated that
these duta were abtained with tite rod placed
2,260 mm above a flat plune,  Consider
first the case for which the rod s positive.
To obtatn an approximite sstimate of the
electric gradients, let it be assumed that the
electric fields bBetween the tips of the
streamers and the plate carrespond to those
thitt would exist herween a charged sphere
and a plate in which the rudius of the
spherte is small in comparison with the dis-
tance to the plate, Let Eg be the field next
to the sphere in valts per ¢ and R the
radius of the sphere in ¢m. This field is
average in churacter and noattemipt is made
to consider the higher fields that must sur-
tound the tips of individual streamers. The
potential in volts between the sphere and
plate is then

1 !
U= R’ER[R.--"-N;] (23)

tf the field i85 constunt at a valye of Ep
within the sphere then the field becnmes a
cottingaus valie ut the ndge of the spliere,
The total applied potenti is the foregoing
expredsion pluy the quanatity FrR  Now if
the puint on the curve of Fig 32 for which
[lear 18 300 kv and & is 24 ¢m (s arbitrarily
chasern then solving fur Zg provides a value
of 8,050 volts per em which is quite close
to that which we used in our paper.

When this sure methedd s used In cises
for which negative poténtiul has been ap-
plied to the rod, unreascuably high values
of electric fields are obtained. This raises
the question of the justification of using the
photograpitic records of the discharge as a
eniteriun of the advance of the space chirge
Tlus is acceptable with positive discharges

as the electrons produced by the unization
processes at the tip of the streamers ure
drawn inward toward the rod and the
phetagraptue fecords shawed may constitute
a thue smensure of the boundary of the less
miobile mositize onsthar re ngin  Howsver
with megstive potestial, the eleritons
formied in the ionization process having hig!
mobiiities can advance outwurd beyoad the
bounwary indicated by the photographic
record.  We are somewhut reluctint to ex-
press aur opinion on the giseaus slectronie
pheniomenon and, therefore, present this
point of view more in the outure of conjec-
ture rather than fact.

There is 4 difference of opinion concerning
the magnitade of current involved in the
steps of the lightning stroke.  The data
presented (n Table [ of the discussion may
shed some lght on this poine, [t 65 stated
that for a 3A0ma rodrod gap for pegitive
applied voltage, fg is directy praportional
ta Usias up 0 300 kv and less thaa 2 am-
peres pe- 100 kv, Extending this linearity
to u stroke pocential of 30,00 kv one ob-
tains a current of 1,000 amperes, that eon-
firms the point of view that the current in
the steps is sindll in comparison with the
return stroke ustually referred toas the B,
cnange | eyrrent

The authors regret that Mr, Hagepguth
was confused by the interchangs of terms
The proble n is very complivated and we
used different tern.s for the same phenori-
enon 1 order to  differentiate hetween
two quite different pheniomena,

Mr. Hugengath plesents an interesting
discussion  concerning  the ocgurrenes  of
streamers that appear to bridge the entire
gup.  We are of the opimion that this
phenomenon is similar ta that showa by
Pirk and Cones and although the latter
used a glass lens thetr camera was much
claser to the disch.rge. A suuilar phenome-
enon is shawn in the hritlinnt photographs
of Proivssar Baatz and Mr, Fisvher. As
mentioned by Mr Hageaguth, one must
bear in mind that these are stll photographs
and not instantapsous exposures  We are
at i lass ta expiiin this phenomenon but it
certainly invelves a trail whose impedance
is 50 high thit the streaners do not lead to
an immediate ehinnel Cin this case meaning
an are plasmu channel),

Mr. Hagenguth commients on average
sparkover gradients and mentions that in
a recest paper a value of 1,804 volts per cm
wn < swn, He mentions that these values
were obtained with slow-front switching.
surge type waves and also with fast-front
long-tail waves resembling direct voltage.
Examination of the reference reveuls that
this vilue was obtined for a tod-plane for
which a positive 100X3 200 .u8ec wave wis
applied, In reference 13 of the paper, duta
are given by Mr. Hagenguth that the averiage
gradients of rad gaps up to 250 inches dpe
progch a value of 160 kv per faot. They
then say that "Other data, not published,
with gap spacings up to 30 feet between two
generutors churged to apposite polarity
and with wave tails of the order of 2000
usec tend ta give average gradients of the
same value " Aceording to Mr  Huagen-
guth's daty it appears that this wave nght
be described asa "fast-front long tail wave
Perhaps the significant difference in the
value to which Mr Hagenguth referved,
namely, 1800 volts per am, is that it repre-
sented the chumeteristic of a dry positive
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rod to-plane gap wpon application of © 60
evele voltage or an mpmilee huving a slow
frant and long taill  The higher valoe of 1K
kv per foot ue 5,800 yalts per vin represents
the charwelenstic of a rodaod gap to winch
a negative potential is applied 1t would be
urteresting if dawn pertaning to 4 rod plane
gup were obtatied in 8 range o 400 inches
for wiuch the apphed voltuge 15 o negative
siow-front wave., Theswe data could be
compared directly with the low gradient of
LK vults per e abtwined with a pusitive
wave, Fig 14 of reference 1 of Mr Hagen-
guth's discussion provides some infortiation
cvoncerning rod-rod gaps which indicates
linearity up te 180 iaches and a grudient
of about 3,000 valis per om.,

The question rased by Mr Hfogenguth
betrays that we were not afficiently clear
i the gest ral expostion af the paper. We
\ried o canvey that spiithoyer of the gap
ocours i two phises, first the development
of the space charge (corona dischatge), aod
second, the development of the channel
(high conducting arc plasmal, Only the
first phuse develops below critical voltage
Above critical voltage both wecur in se-
quenee

Regurding the dovelopment of the space
churge, Purk and Cones stated that " An
analysts of a large oumber of records ob
tained with slowly nsing surges indicared
that the peak current was apptoximately
proportional to the wotual value of voltage
at the instant the dischurge started
Therefure, tn an ambient of low free slectron
coneentration and with the application of a
steep voltuge wave, the crest value of the
valtage wave is attuined before triggering
wecyrs.  But if the concentriation of froe
electrons is agh, (Nggering may oocur on
the rising purtien of the wave with a cor.
responding reduction in crest vidue of the
current. [t s to he presgmed that a corre-
sponding lengthemng of the corremt wave
would tnsue.  Avcording o aur theory of
breakdown, the substantin! develupnent of
the space ohafge 15 0 procedent to the de
velupmrient of chunuel,  The currstitrequired
to develop the spoce chrge 15 somdl in
cothiperisan with the shor-oirouil curtem
of the surge generator when uitimate Yreak.
down aceurs  Therefore, when the current
shunt is adjusted to read the short-circuit
current, the spuce chuarge current 1s swamped
by the channe! furmation curreénts even in

The Lightning Stroke—II
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FELLOW AlfE

N A PREVIOUS PAPER.' similarly
| titled. the authore undertook te syn-
thesize certatn characteristies of the hght-
mng stroke by applving and extrapolaung
the results of Jahoratory  experiments
They were supported tn this effurt by
data concerniny the transent character
istics of wres® and the properties of catony
within crlindrical shells, A conmpuanion
paper? in this iseue, diseus<es the prapey.
tes of laboratury procuced sparks and
the present paper upphes this miormation,
together with additional data concerming
natural lightning, to a more detuiled con-
sideration of the lightning stroke. A new
medianism of the leader steps 15 pre
sented,  Also, a theary of the very i
portant events that occur during the
early stages of the return strike iz elue-
dated

General Description of the Stroke

Befuore discussimg the wurions phuses
of the stroxe, a geuneral deseription of
the stroke withont detaled =ubstuntia
tion will be presented.  The hypwothess
etares the lvader as connposed of twre
farist u very tlan zood comadudting gore,

whith wall be called the cha

nal, preceded
and sarreunded by a negative spuce charye

{320
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which wil’ be called the corona sheath
The diameter of the chunuel 1s only about
2 mm Cnidlimeters! und its drop about 50
or 50 volts per om It has
characteristics of an are plasina with very

centimmeters)

high temperatures and may be highly
luninous, The diwmeter of the corona

envelope may he about 100 feet und may
extend abomn 150

b feet in front of The chan-
nel.  The internal crudient of the corona
cheath hes between 5000 and 10,000
valts per em. 1t has characteristics of a
glow ur corana discharge; its temperature
is low. 1t is pierced by streamers; and
considerable diffioulty 15 sometimes ex
perirneed in photograplisng

As the dhannel of the leader of the first
canponent of a stroke reaches a partic-
ular point 145 momentanily dreested and
streamers forge ahiead into virmg ar
These streamers form the corona cheath
and a8 they proceed distritute a apace
churge that has charsetaristics similar toa
eciona dischurie and to the space charge
asanciated with the furmative stuge of the
breakduwn of lng gaps.  As the space
hurge develops, the potential difference

auriss the corong steenth Hins «n inore ing
~1-n! I redieal ng Tie ity syest of 1hie e
vharge  But, Dadore the cliarge cun bie-

come fully effective in checking the fur-

Lae Lightuing Stiokr

the eurly stager of the channel farmation
and s presence 18 got Apparent.

In reply 1o the cormnent made in the last
paragraph of Mr. Huagenguth's discussion,
i1 dowes not appedr that a glow discharge or
pilut leader without some sort of conducting
core (channel) would possess sufficient con-
ductisity in the furm of a cyhinder 10,000
g 200000 feer in length and 100 feet in di-
ameter, to supply the ourrent required to
provide the progressing coronag  dischiarge
space charge ! front of the leader.  Fur-
thermare, if the leader consisted of only such
W glow dischurge, the gradient per unnt
length must be approsimately 7,000 volts
per em. The drop alone in such leader of
200000 feet length womld he 3x 10 volts
I would require a depesition of churge
along the stroke channel that inerenses
tamariy with beight.  The resultant clirrent
#t the varth, as the return stroke lapped
these charges progressively, swould result
mow wrerrant at the corth that would inerease
progressively with tiine ap to abwat 100
used und in magnitude would be muny times
the reenrded values  Thus we are of the
opinion that a conducting core must exist
within the leader

ther progress of the streamers, condi-
tinns just in wdsence of the tip of the
chunel beo ane conducive to the initia-
tion of @ chunnel or are plusma at this
point.  This new chanael in reality merely
constitutes @ further extension of the
leacder channel,  Each new channel spurt
starts with a relatively low velocity that
followwe 4 curve with time that s strongly
concave upward. This continues until
the chiannel catehes up with the houndary
of the corona sheath,  The channel can-
not progress into virgin wr in the formn of
a Inghly conducting plasma and, there-
fure, cegses.  [n the meantime the sorona
steeaiers comtinue o progress from the

new lip of the chunpel and the whole
The photograpine
studhes of Schonlund® and hig associates
reveal this rapd extension of the chananel
as a short step of very high brlliance,
And with respict to the development of
the channel [whwh they term <Yreamers)
thies S@y, D
stresruers [ehanoeo] travel dowisvard 1
however, afforded by the Lresdening of
the upper part of their tricks. ™

Aecording to Schosiland, the lengths of

the =tEps |

v

process 18 repeated

fopte evidenve thHat the

viary belween 10 and 80 meters

wtth g madal value of about 50 meiers ar
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itv, and cost reductions ¢un he made in
the core siructure.  Advanees in material
devel ginent, partivudacty high gtrenath
Zirvet fare Al

oy doatribsted ool

53 suitaMle fof sadium use,
e (’IP"\ b3t by
conCEL

Other fucets of the advaneed program,
gimilarly abmed toward increasing the
rebabiliny ind dectensing the cost of high-
periormance sodun graphite reactyrs in
the 300- ta 300 -mwe range, cover the de
veiopenent  and  test of high-capaeity
sediam pumips, control and safety rods
designed to sperute under high power
density conditious, as well as advances
in the technolagy of tiguid metal puritica-
ticen

Asicle from these enginecring develop-
ments, safety s an important aspect of
any power reactor design. The low-pres-
sure auaimum stored energy advantages
of sodiumi-conted reacturs have long beea
knawn; it Bas recenmt!y beconie apparent
thut sodium ia exceptional o s whility

to retain fission praducts in the event of
accidental failure of cladding, either by
a nuclear excursion or by material dete
tiocation. Quudtitative studies ate in
progress taverify thesmatl fisdon groduct
release from sodiam, estending to the
telease of fission products when con
taminated sodium is burned These
studies currently mdicare that less than
110 of 1% of all fission products gen-
erated are réleased nto the containment
provided for sodium graphite reacticg,
and that no acgident wet postulated
releases sufficient energy to bridge this
containment, Thus it appears that the
sodium-graphite svsteny is an extremely
safe one from the standpoint of publie
hazard. as well as in operational perivrms.
ance

Application of this knowledge to the
sodium-graphite concept allows the ad-
vanced svstemn design to be kept up to
date so that the most modern system

may be available o orguaizations ool

cernedd with the economic generation of
electric power from puclear sources

Concluzions

It appears that the advaneed SGR
design has wittal capital and operating
cost competitive with moders fosdl fueled
stutions in any aress of the United
States, This svitenl 15 capable af pro-
ducing superheated stenrn with tesnpera-
tures and prossures comparable with
modern steam plant designs. The HNPF
is a significant step toward realization
of the capabilities of SGR systems,
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Surge Impedance and lts Application
to the Lightning Stroke
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Summary: Caronn effects and a temporary
High resistance introdduesd into the pith of
the return stroke evrredt are two factors
that contribute to the determination of the
velucity of the propagrtion and sufge im-
pedance of the return stroke  Using feld
thuoey eoncepts it is estitmired that the
surge impedance of the stroke (8 about 3,000
ohuis  This quuntity 8 of valuge in esti-
riating the length of the last step and wave
front of the stroke current

cept of surge impedance of gonduc-

Nl’l RMALLY, the caleulation and con-
tors is approached through cireuit thenry
Recently, surge impedances of both hori-
zontal and verticul conductors with re-
spect to earth were determined by use of
field theory concepts ' [t is the purpose
of this paper to (1) consider further the
concept of surge impedanyy from the view-
Puaper 811043, recommeniami by the AIEE Trans-
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printing Aagust 21, 1041,
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point of electric fields and thus establish
a more deflnite understunding of the na-
ture of surge impedance, and (2) estimate
an approximate value of surge impedance
that can be applied to the return siroke
of natural lightaing,

Characteristics of Traveling Waves

Wheu it is assumed that the wave of
charge and its associated current travel
with the wvelocity of light, certain sim.
plifications resul® as compured with the
assiunption that waves of charge and eur-
rent travel with a velooity tess than that
of light In the latter case clectric fields
thiut propagate with the speed of light
extend in front of the wuves of charge and
current.  &s discussed later, reduction in
velocity can be attributed to either the
effects of corona or toa high ohmic voltage
drop thut develops as the current ia the
head of the wave increases rapidly.  Both
of these effects can occur simullaneotsly.
The development will consider first the
case of waves that travel with the velocity
of light, and then waves that travel with a
velucity less than that or light

Wagner, Hileman~-Surge Impedance and he Leghtning Siroke
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For cach case three dilferent combin-
tions of waves will be cunsidered. The
first s shown in Fig. 1(A), This is a
single rectangular wave of charge (and its
associated current) that is initiated at
zero time and travels to the right with
constant veloeity. Such a wave cannot
exist by itsell but can constitute an ele-
mental building block for more realistic
combinations.  The electric fields pro-
duced by this wave have previcusly been
determtined . *?  The wave ¢combinatiog of
charge shown in Fig. 1{B) is more realistic
and does not require a continuous source
at the origin to supply the charge fed into

!
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Fig. 1. Combinstions of traveling waves used

in analysis of surge impedance
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Gp 07 ig Fig. 2. Tengential component
s TN of electric field caused by o
e e T f_"_ _ 3‘_1 0 T single rectancular wave of
el a i et oo e charge and cutrent traveling
B N S N S N T —— with the velocity of light
o
0% x*

the waves. The electric field produced
by this comhination is identical to the
field produced when the wave to the left
is replaced by a vertical infinitely large
plane of zero resistivity, shown by dotted
tine in Fig. i(B). Of course, with the
infinite plane, a corresponding current
fluws in the plane that expands radially
with the velocity of light,  While this case
approaches the conditions of the lightning
stroke, as will be demonstrated, the iute-
grated effect of the fields increases with-
out limit and for some purposes magnifies
the difficulty of drawing precise concly-
sions. The combination of charge waves
shown in Fig. 1(C) results in finite values
of putential, and assists in the visualiza-
ion and evaloation of the nature of surge
impedance.

Waves TraveLss witH 1 VeLodiTy

OF LIGHT

1. Single Wave. It was shown in
reference 2 that when a rectangular wave
of charge, ¢, in coulombs per cm (centi-
meter) and its associated rectangular
wave of current, €, in amperes of the type
shown in Fig. 1{A) are suddenly initiated
and travel along a straight line with the
velocity of light, an electric field is pro-
duced that expands also with the speed of
light. Fig. 2 shows such & wave. At g
point plocated a distance ¥ in em along
the path of travel from the point of yrigin
and a Jdistauce a normal to the path of
travel, the electric ficld E; parallel to the
X axis is

e Vil D

1
E; = = 0x10Mg, ——===== in voOlts pier cm
/ <1 ]
Valdr
(L)

For all points behind the head of the
expanding electric field, the feld has the
shape indicated in Fig. 2. And since

Is=cqo (2)

where ¢ is the velocity of light in em
per second, E; is also

E; =~ 301, —j'l“ re (3)
v a5t

2. Oppositely Travcling Waves. When
waves of charge of opposite pularnty
elongate along the same geometric line as
shown in Fig. 8 the electric field parallel
to the xaxis is just twice as great as for
the presious case,

1
Ey= = 18X 10V — ===
n atrxt

= 0y = (4)
x/a'+x‘

Now consider a line parallel 1o and at a
distance ¢ from the x-axis, Within the
area bounded by a sphere having a radius
given by the expression

Fig. 3 (below left), Tingen- £00H
tial component of eleciric field, J
forcing emf's, and gredient of 1‘
forcing emi's caused by weves 8004

1012 Wagner, Miloman—Surge Ini}
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Vat+itaa (8)
the ficld is given by eguation 4, Outside
of this sphere the field is zero  If the

cylindrical surface defined by the radius
o is regplaced Ly a tube of zero resistivity,
the clectric field nn its surface parallel
to the x-axis must be zero, If this tube
be bLroken up into infinitesimal clements
and sourcesof emf (electromative furce) be
inserted between the elements whose
gradivnt is just equal and uppesite 10 the
firld given by equation 4, then bLoth the
conditions fur 2ero tangential feld and a
field necessary for the propagation of the
wave are estublished. The inserted
senirees of emf will he called the “forcing
einf's" These forcing emf's must he
inserted progressively fust as the head of
the field reachies the particular point,
The gradient of the forcing emf is shown
by the dotted line in Fig, 3.

The total forcing emf intraduced up to
point x s then

.y |
V Sj 604, - e dx
o 8 a4 gt

coioa [ 414 (2)]
=6z ‘”(,) 6)

The totul voltage that must be inserted to
the righ: and left of zero is shown in
Fig. 3.

For 4; =1.0, this voltage properly dis-
tributed eyuals the surge impedince us
defined hire.  Thus, for x/a = 100, 1,000,
and 10,000, ¥ is 318, 415, and 505 valts,
respectively.  As x increases, 1M increases
without lunit.

s Tf Ex 83 DUE TO CURRENT
of sppasite polarity elongating ]m 018 03 04 08 usEC “"FN':“‘“
aleng a conductor with the /‘ L
velocity of light % 4004 171717
- .
s
- |
B = 3304
- o] { \
& [  gesg e
N N s L
3 an — it —a - e, ‘.\ it
2 200 IR 5
-4 ! TeA0M a
Fig. 4 (ughth =« ‘ . oL s ek
Forcing  emf's 3 o0 —r Lo
" -l L
necessary in o =T e g
conductor A to g N ) !
produce waves I O — SR P
g " .
that propagateon = oo b NET 300
conductors A < [. . - v SEot
snd B with the 2l R Eo R
velacity of light e, B
as shown In the { R
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3. Tue Purallel Comductors. Fig. 4
shows two parallel conductors of radius
@, separated a distance D, Assume two
pairs of rectangular charge (and current)
waves thut propagate from Qand from 0.
The polazities are indicated in the inget.
Negleeting for the moment the fact that
the fields radiate fron two different points
aricd that, therefore, the envelopes of the
fields do unt enincide, the forcing voltage
tn en~it eonductor s

Ve Cf':,-:’fn [::f \!1—, (Z)']_.

o[oy@) T @

.

Fee x largze with respect tog and D
. ... b
Vig=80In =~ (8)

which is identical with the conventional
expresdion for surge impedance,

The rote at which this imiting value is
apj ‘bed gud the noncoingidenceof the
spheres of influence are hest illustrated
by ati example, Consider two conductors
each having a radius of 3 em (118 inches)
separatied a distance of 80 meters (08.3
feet). The assumed current waves are
indicated in the inset of Fig. 4. The
upper datted curve shows the forcing emf
in conductor 4 due to the current and
chargein 4.  Similarly, the lowest dotted
curve shuws the forcing ensf in conductor
4 duetothe current and charge in conduc-
tor B. For x large these quantities can
be added algebraically and give the
conventional value of surge impedance
whiich for this configuration is 414 ohuns,
For ¢ less than 0.1 microsecond (usec)
the presence of charge and current in
condictor B is not felt on conductor A and
the emf{ is simply that for conductor ..
For slightly longer times, say for =015
wses, the sumn of the two fields is effective
up to point 5 of the inset but between
point b and poiut a only the field due to
current and charge in 4 is effective. The
emf for differcut tirhes are indicated. [t
can be seen that after 0.1 usec, which is
equal to the travel time between condue-
tors, the conventiona!l value of surge im-
pecdance is elfective, For iustants less
than ubout onethird the travel time be.
tween conductors the effective surge im-
pedance is less than the conventional
value It reaches a maxitmum at an in-
stant equal to the travel timme between
conductors and then decreases rapidly,

Feoruvary 19602

Fig. 5 (lert). Sim-

plified  assumption

used to represant
corcna sffest

Fig. 6 (right), Tan-
gential field caused
by a single rectan-
gular wave of charge )

and curren! traveling

at a velssity lass than
thet of light

It should be recalled that these forcing
emif's represent the voluige whole differ-
entiul value must be progressively inserted
in series on both sides of both cor ductors
to produce the assumed rects. pular
traveling waves of charge and current.  If
these forcing emi's were concentrated at
#=0 (a condition diffcult of attainment
even with high-voltage surge geuerator.)
there results a high current inrush that
varies about the final value in inverse
proportion af the forcing emi’s,

To this point rectangular waves of
charge and current only were considered.
If the assumed waves possessed sloping
fronts, the efect can 'be determined by
tesalving the wave ioto a group of in-
finitesimmal rectangular waves displaced
appropriate distances. For such waves
the surge impedance approackes the cons
ventional value even more rapidly and
smoothly than the rectangular waves, as
a portion of the wave has progressed
along the line, and has already reached
the conventional value before the later
increinents are applied to the line. An
other characteristic should be noted.
Even though the front of the waves of
current and charge remain sloped as they
continue to travel along the line, the
tangential component of electric field is
equal to zero. Thismay seem anomalous
but it should not be confused with the
radiui Seld which changes as the front of
the charge wave passes a particular point
in the line,

Waves TrRavELING wiTR VELociTY LESS
Tuas Licur

Two practical cases uecur to the authors
in which traveling waves propagate with
a velocity less than that of light. One
is that of corona in which the charge
associated with the corona dischurge takes
a position more removed from the axis
of prapagation than theassoctated current.
The other case is that of lightning. For
the return stroke the charge again is far
ther removed from the axis than the cur-
rent, but, in addition, as the current rises
rapidly, a tenporary high resistance drop

Wagner, Hileman- Surge Impedance and he Lightning Stroke

that travels with the head of the wayve is
inserted progressively in the path of the
wave,

In this devolapment cornna effects will
be represcuted by a simplified assump-
tion. In Fig. 5, the current will be
assumed to flow through the central con-
tinuous perfectly conducting cylinder of
radius ¢. The charge, however, will be
assunserd to reside oa the surface of shart
sections of a discontinuous Cylinder of
rading b connected electrically to the
inner eylinder. This is oversimplified for
representing actual corona conditions on
transmission lines, as the radius in this
assumption is independent of the charge,
whercas, on transmiission lines it varies
with the charge and the voltage to ground,
It does serve to illustrate the funda-
merital principles of wave propagation.

1, Simgle Wave, As previously de-
rived in reference 2, Fig. 6 shows the
relations governing the tangential com-
ponent of the electric field surrounding a
rectangular wave of charge, g, in coulomibs
per em, and a rectangular wave of current
fo, in amperes, thut propagate with a
constant velocity t¢, where ¢ is the
velocity of light and ¢ is a fraction. The
current and churge are related by the
expression

§=1cq, (9)

Curve A i» a stationary wave of electric
field svmmetrical about the origin pro-
duced by the charge whose head travels
with the velocity of light. Curve B is
likewise assoctated with the charge, but is
symmetrical with respect to the head of
the wave, Curve Cisassociated with the
current and is of opposite polarity to
B. Cognizance has been taken in the
expressions that b might differ from ga.
When they are equal, curves B and Chave
the same shape.

2. Oppusitely Traveling Waves. Schon-
land, among others, has shown that the
head of the return stroke of lightning
travels at a velocity less than that of light.
Since Fig. (B) approaches the condition
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Fig. 7. Forcing eml's necessary 1o produce rectangular waves of charge
and curtent traveling ot a velocity less than that of light with no corona.

Wave combinstion is given in the inset, Charge redius b-cunent

radius a, ¢t @

of the return stroke the equivalent surge
impedance m this case will be analyzed.
Fig 7 has been computed with the as-
sumption that the churge radiug b is equal
to the current radius, a. It shows the
forcing emf’s necessary to produce 4 ree-
tangular wave of charge and current that
travels with a constant veloeity egual to
{:1.08, 0.7, and 095 that of light. The
particnlar insiant chosen for this fizure
s ct/a=100000. A pecvnd scale for a
and & equal to 2.5 em (0082 fuat) has
Licen added to the abscissa. For this
particular value, the instant corresponds
to 8 2 usec.

Cunsider the curve fur v=03, that
showshow a positive forcing emf of 198X
300,03 must be distributed hetween
zero und about x/g=15,000, and how a
nezative forang emf of about 17.5 <304, /-
03 must be distributed between t/a=
13000 and x, 'a= 50,000 so that a rectan-
gular wave of charge and current weuld
reach @ point &/'¢ = 30,000 4t this instant
In general there exists a roughly rectan-
gular wave of potential ¢rjual in length to

100,000

the elongating charge and current wave,
and whose crest increases gradually as a
fogarithmic function of time. The man-
per ig which the wave varies with time is
Mustrated in Fig & Of course, if ¢ be
larger than this number, for the same in-
stants of time, the foreing potentials would
Ve correspondingly smaller

The curves of Fig. 7 are plotted toshaw
the refative values of (e forcing emf's
with the charge g, kept constant,  As ap-
plied to the lightning stroke the compari-
son is more revealing when based upon a
unit of current as this reveals the surge
impedance, This has heen done in Fig.
9, from which it can be seen that the
effective impedance increases  almest
inversely as the velocity of propagation
of the head of the wave.,

The foregoing curves assumed that the
radius of charge concentration, b, is the
same as the currenf radius, g. The solid
curves of Fig. 10 present the impedance
charactenstic for v=01 and 03 for the
condition that b=10 feet and 4=0082
foot for an instant equal to 8.2 usee, It
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Fig. 8. Varistion with time as patame .t of forcing emf's
o1 same canditions as Fig. 7 except the velocity is constant

atv=03

should be noted that the forcing emf's in
this case are smaller than for Fig. 9 in
which ¢ =&=0082 foot for the same in-
stant. Thedatted curves of Fig. 10 are for
the case of g =bw=10 feet. Tt van be seen
that the impedance characteristic is more
responsive to b than to a.

Without going into detail at this point,
it will be observed that the return chan-
nel of the lightning stroke possesses a
charactoristic of the gengral nuture de-
scribed in Figs. 7-10.  The return chanviel
tends to prupagate with the velocity of
light but the current, in rising rapidly at
the head of the return channel, introduces
into the path of the channel a high-velt-
age drop that cortesponds to a high nega-
tive forcing emf, The higher the trausi-
tory drop introduced by the increasing
current, the more head of the current is
retarded and its magnitude decreased.

1f t*e wave front of the current wave
= Loped, then the wave can be resolved
into small incremental rectangular waves
and the voltages of the component ele-
ments can be added. To this case, the
voltage would be appruximately propor-
tional to the product of the instantaneous
current and surge impedance, and the
voltage drop along the path would be

. Ut i =5 el e i B
- i a0 L L

i TEEY

Fig. 9. Curves of Fig. 7 replotied to shaw relative values of impedance
or forcing emt's based upon a unit current wave
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corona for two different velocities
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independent of the slupe of the wave front,
but in proportion o the magaitude of the
eurrect  Thus the total negative volt
g that swould hate yo b wisueted i the
feont of the wi ving wive soild be the
same whether the curtent atrained its
maximum value in | usee or in 2 gzee, that
18, 50 far as the computation of the veloe
ity of the current 1o tenns of the drup is
concerned. The actual totdl drop is
deternnnied by the ure characteristics.

3. Twe Pargllel Condurtors, Four
waves will be assumed to propagate from
O to O as in Fig 1{C) and will be num-
bered as indionted.  Just s in Fig 4, 5o
in this eise wlsn for v large it compatison
with D, the {orainiz emi’s reach limiting
Fig. 1l has beca prepared to
tlustrate the difference between corona
effects and high are drops oceasioned by
rupid changes in current magnitude. In
the three cases depicted here, it is as-
surnud that the distance between the
canguetors in all cases is 200 feet anud that
the head of the waves of charge and cur-
rent have traveled 1,000 feet.  In all three
cases the electric fields tangzeat to the axis
of propagation are plotted by the dotied
enrves.  Incomputing the field i condie-
tor .4 due o the charge in conducter J the
rudius a is used and due to the charge in
B the radius D is used. For current,
rudius b is replaced by radius @, The
negutive of these fields are then integrated
and the results plotted by the solid-fine
curves, o all cases the forcing emif's are
eumputed for aait current,

In Fig. 11{(A) the effect of corona is
tlustrated. The particular value of v=
0.62 was chosen (or a reason to be de-
veloped latsr, and results in a aegative
forcing or retardation voltage at the head
of the wave that equals zero. The
integrated effects of the traveling feld due
to charge, Eg,, and the traveling field due
to current, Eew, Just cancel each other at
this particulas velocity and for these
particular values of @ and b for times
greater than about the travel time be-
tween conductors.  Fige 11{E) and 11{C)
were computed for a lower velocity of v=
03. To attain the velocity, if g=b=
0082 foot would require a retardation
voltage of 1,420 volts per ampere, but if 3
= 0.082 foot and b= 10 feet only 460 volts
per ampere would be required. In Figs
11(A}, (B), and (C), the curve V repre-
sents the tntegrated effect of the stution-
ary field; V,, the integrated #ffect of the
traveling field due to the charge; V, the
integrated effect of the traveling fleld due
to the current and the Jot-dash curve the
total of these three values,

It should be noted that, for the config-
uration used in the calculations of Fig, 11,

valnes
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Fig. 1(C)

A~—With corcoa and 2ero retardation voltage st head of wave, v =062

8—-No corong but with retardatizn voltage, v=0.30

C~ With corona and with retardst on voltage, v=0.30
s
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Fig. 12. Limiting values of forcing and
retarding emf's on one conductor for wave
combination of Fig. 1(C)

if the waves traveled at the velocity of
light the limiting value of surge imped-
ance would be 468 ochms, From Fig, 11-
(A) it is shown that corona tends to de-
crease this value to about 200 chms, but
Fig. 11(B) shows that high arc drops for
retardation voltages tends to increase the
surge impedance to about 1,360 olims.
Fig. 11{C) shows that fur the particular
vilues considered, when both corong and
a retardation voltage are present, the net
result is to increase the surge inpedance
toabout 000 ohims.

The himiting values of the forcing and
retardation emi’s cun be determined as
follows, The forcing emf for the sta-
tionary component, V', in conduetor g of
Fig. 1{C) due to waves 1-4 is the same as
equation 7 but expressed in terms of ¢, is

remcwralafiof (Y-
<[4 ()T o

and for 2/5 large

V18X 10V, ‘.n%) (11)

From Fig. 6 it can be seen that the tan-
gential component of electric field cansed
by charge in front of the bead of the wave
at a radive b due to wave 1 is
OX 10",/ V' Tecl = 2 (L — * bF (12)
and for wave 2 where b is gmall in com-
parisen with D

—-9::(10“91,,’\" o= x4 (1 =58 DY (13)
Let s¢t—x=y and the total field is
!
E; w@X 101 gye — e e =
(\, ¥ V(1 -t
1
e '_4l' ':!‘)

\/ "kl—t u"

Then V for s campeneat of figld upon
integrating with respect to y from y=0to
yis

1016 g

Sean—-Sirge Tniso

b 4
Ve -0x10" ,{ln[ e R o
= . bV (1 =v)

== N
SO RPN | TR, [ —-
591 -3 "L oviicem

I
‘,D"{l—v')‘M

aund for y very large
V==9X10"g !n (D/b) (16)

The integral of the component of field be-
hind x =vef has a like forcing emf.  There-
fore, the total retarding emf{ due to the
charge, V, is

V,= =18x 10", in (D/b) (17)
The expression for the retarding emf
due to the current, ¥y, has a similar form
with b replaced by a, is of opposite polar-
ity, and has a factor v%.

¥, = 18X 104g,: in (D/a) (18)

¢ 1s related to g, by equation 8,

equitions 11, 17, and 18 hecune, respecs

tively,

1" = 0104, 3 n Q (19)
v b

1, =604 1,2 (20)
v b

Vy=80iv In a? (21)

Fig. 12 shows graphically the relations
involved and how the forcing emf is in-
serted in series between the origin and
elements of the conductor and the
equivalent retarding emf's, In the limit
the relations are given by the dotted lines,

In connection with Fig. 11(A) it was
mentioned that when corona effects only
are present, the retardation voltage is
zero. This means that V. from eqgua-
tion 20 must equal 1% from equation 21.
Then

60ig 1 In 2 =00+ in (22)
v b

Olb

and consequently

va‘tng/lng (23)

The conventional expression for the
velocity of traveling waves is

r,-l,‘\"LC (24)

where L is the inductance in henrys per
cm length and C is the capacitance per

cm length, This can be sen to be equal
to
' }7 / F-'
'y > fint (23)
\ v/ a

which verifies equation 24,

’nr(,;, In‘ /

T I T —— L —

An expression for surge impedance can
be obiained in a simlar manner. By
delinition

‘I
Zi=~ (26)
i3
And substituting V from eguation 18
and then ¢ from equation 23

_ 7 D\/ 75‘. R /ln D/b
e nl;fl‘ (ln‘;)(lnb)*bnln“ o Do
'!n Db .
27)
- In D e {

where Z is the normal value of surge
impedance for which no corona exists,
This value of Z, is also equal to v L/C.

Predischarge Currents of Rod-Rod
Gaps

Tu the lightaing stroke the leader of
the first component moves earthward in
halting steps, distributing as it does so a
charge along its entire length. As it
approaches the earth the steps become
smaller, and as an approximation the
leader may be regarded as moving slowly
and continuously, As the tip reaches a
print such that the distanee to the earth
equals the breskdown value for the po-
tential at which the stroke channel 18
charged, breakdewn occurs much as in a
very long gap. The current for the dis-
charge is drawn from the distributed
charge along the channel in the form of a
traveling wave that propagates with a
velocity having a modal value 0,12 that of
light, It is the surge impedance of this
channel from the tip of the upward-mov-
ing leader that is the point of this in-
vestigation, It can be seen that the dis-
charge resembles in considerable detail
the discharge of a lung rodsod gap
through a series of resistance,ie thesurge
impedanece of the stroke, from a source of
constant voltage, the potential of the
charged leader, It is the purpose of this
eection to discuss the characteristics of
just such a circuit.

For this development, let
U= constant voltage of the source in kv
R=s¢ries resistance in kilotuns
u == instantaneous voltage across the gop in

v
f=current in amperes through the gap and
the series resistunee

In reference 4 the jiroeess of bLreak-
down was discussed in consderable detail,
and it wasshonn that it nurmally consists
of the develupment of chinnnels from each
electrode that approach each other with

everdncieesing  velopity, The wvoltage
dfops diemg the channsls a2 sl i
entiperison wath the el sotess the

- ] . nd . Lapnnle .
gap, and, Qierefure, the Lhammels can he

regarded as extensions of the electrodes.

uRUARY 10062
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Calzulated predischarje channe!l development in rod-rod gaps for different values of

series resistance and overvollage factor

A~Chanr el growh
B-—Predischarge current

If x be the distance between the ends
of the channels in em, thit is, the length
of the unbridged gap and ¢ be the tim:e in
wsee, the velocity with which the ends of
the channels approach each other is given
by

B gl (28)
dé x
where

s=original gup spacing in cm

m=average critical breakdowa gradient in
kv per cai (about 8)

K =constant detennined frotn experiment

$= time in usec

In reference 4 it was also shown that
the current is approximately propurtional
to the veloeity with which the channel
ends approach other, Thus
. dx n
fm—K, = 29

il (29)
in which K, is a constant, which for rod-
rod gaps is about 3.2. The voltage deross
the gap is simply the source voltage minus
the 1R drop, or

wm=U~KRi (30)

Inserting ¢ from eguation 29 into equa-
tion 30, and using this result in equation
28, ‘there results that

(s/s)+KRK. .
A K V= (2] '1” o o
where ¥ is the overvoltage ratio defined
by
Ve Ulsm (32)

FeBrUARY 1062

To ohtain the progress of the channe!s as
a function of tim

t £/s
{ .
m[\'f d’s-f ”I>x‘Pr\~‘dv:s)
0 i V—(x/s

mAle =14 (x/s}+{V+ARK,) In
Ytals)

V-1

)

And for complete passage of the gap in
time T

mKt==1+{V+KERK;)!n . (34!
V=1
This equation is of greatest interest in
laboratory testing when the circuit is such
that the inductance can be neglected
Of course, the drop in the voltage of the
capacitors as they discharge must also be
taken into cunsideration if the overvalt-
age is large and considerable charge is
drained from the capacitors of the surge
generator. This expression is of value
m studying the process of breakdown. It
is interesting to observe o passing that T
is a function of the product RK, which
means that the effect of a given applied
voltage on two similar gaps can be sim-
ulated by using one gap and doubling the
resistance of the surge generator, Sim-
tlarly, the breakdown characteristics of
two very long parallel pipe gaps can be
simulated by a gap of smaller length pipe
if the same time the series resistance is
increased inversely proportional to the
length of the pipes,

‘agner, Hileman—Surge Impedance and the Lightning Siroke

For the lightning stroke it is important
to know the current-time as well as the
distance-time relatinn,
Cambining eguations 28, 29,
to elir
ing equation 52, the resuit is

:mrl 30

‘e and uand then inserts

.'.. she .,A
3

T s 1 1 (35)
.I\K (1 s)+KRK,

And so after (x/3) is determiinedasa func-
tion of time from equation 33, 4 can be
computed likewise as a function of time
fromi equation 35.

The parameters in these expressions
occur in such fashion that with the selec-
tion of three of them the nature of the
phenamenon ¢un be shown grapliseslly.
In Fig. 13 the three parametess m, K, and
K. are given specific values that have been
found to lie within the practical range.
For a discussion of the determination of
these values sece reference 4. The vari.
ation of (x/s)and i as the overvaltage
factor and the series resistance 4re varied
is shown in the upper and lawer set of
curves, respectively, To further eluci-
date these effects the total breakdown time
of the gap, T, is plotted from Fig. 13 in
Fig. 14 in the form af the conventional
timeday curve for a rectangulae applied
unpulse wave,

Two scales are provided for both the
ordinate and the abscissa of the lower set
of curves of Fig 13. Fora given R, the
final steady-state value of the current
varies directly with the gap length s.
This wmay seem strange at first, but it
should be remembered that the applied
volf age is a rectangular wave of magnitude
U=ms. Thetefore, the final current is

Iy U/R=Vms/R (36)

Thus, Iy in Fig. 13 is praportional to the
overvoltage factor V7 and inversely pro-
portional o R.

The extension of the magnitude of these
currents into the realm of lightning strokes
may be clarified by letting 5 equal 100
feet (or 3,045 cm). The length of the
last step can be visualized as of this
order of magnitude., Assuntinig an over-

2000 OKMS

OVERVOLYAGE FACTOR V
PO T T VS O S

I 2 3 & 8 8 °
TIME IN VICROSICOND

Fig. 14, Total breakdown time of rod-

tod gap obtained from Fig. 13 and

plotted in form of conventional time-lag
curve
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valtage factor of unity for thislength, [, =,
126X 1002 30 4871 or 18,300 amperes for
a stroke surge impedance of 1,000 ohms
and 6,100 amperes for 4 stroke surge im-
pedance of 3,000 vhims, The correspond-
g stroke potential per 100 feet would be
18,300,000 volts. Thus also for a given
stroke inpedance, the length of the last
step, the potestial and the current are all
proportional,

Oine element in the development of rela-
tiuns in Fig. 13 was the assinnption that
the instantaneous velocity with which the
chunnels approach each other is propor-
tional 10 the mstamanevus value of the

current.  This relation 15 espressed in
eippation 29 Designating ths veloeity
ll}' ts

vy = —1/K,; (37

in which 1 15 expressed in amperes and v,
is expressed in cn per usec. The lower
curves in Fig, 13 express the current asa
function of 4/s K Km. The instuntane-
tus velocity is then given in terms of these
rurves as

Wy = (AR K s &m e per puec 38
or
saremli KK m <X 8104

af o [rction 3¢

The final value of this expression as con-
tart is made, according to the theory
advoeated by the authors, should he equal
to the velocity of propagation of the
return stroke.  Observation places this
value between about 0.1 and 0.5¢.

In the computation of Fig. 14, mX was
tuken as 05 and (i/sKA.m) for R be-
tween 1,000 and 3,000 dhms had a value
Detween | and 3 Now tf fur the moment
the striking Jdistance, which will be desig-
unted a9 X, und which 18 equivalent to
5 he taken as 200 feet then ve/e also lies
between 0.1 and 0.5 . But, of course,
i different values of X' had been chosen,
the check would vary with the assumed
vatue of X' This compurison does in-
dicate that the relation betveen veloeity
v current appears to apply to the
engthe of gaps igvolved in lightaing

While at the present time no purticular
grouping of the puarameters determining
the stroke characteristics are knowa with
greqt precizion, it is possible through &
tomipariscn of the different sets of data
to arrive, through indoment, at a set of
parmmeters.  that  wppear  rewsonable
Mich can e determined when once the
stirge impedance of the stroke 15 known

.

Application to the Lightning Stroke

The authurs' ooneeption of the <troke
mechatiiam s presetited i detail in refers

IS
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ence 5. One characteristic of the stroke
that has not been given much considera-
tion is its surge impedance. One applica-
tion of this quanity is to coordinate
the potential of the stroke with the re.
sultant final current at the ground.
With this factor knowa one can estimate
the extent to which reflections withio the
impedince of the strickzn ohject might
affect the stroke characteristics, or with
the stroke current known one can deter-
mine the stroke potential and thereby
estimate the length of the .t step.
These latter characteristics are alsn of
value in estimating the gsamber of shield-
ing failures that may oceur for a particular
aunfiguration of ground wires and condnes
tors of transmismion fine,  This sestion 18
devated to the determination of the stroke
surge impedance [rom three diiferent
aspects.

1. A comparison of the statically deters
mined polential of the stroke clannel with
the subsequent carresnt tigl Hobs in the

In Fig 1
of reference 5 and the discussim acenmn-
panving it, a channel tip was assumed to
be mamenturite halted as it g
the earth at a point 1.000 feet above the
varth at an nstant at which the
charge in advance of the chunpel tip is
fully developed for that particular <tep
It was assumed that the density of the
space charge surrounding the channel
varied inversely as the distance of the
puint from the channel. It was shown
that for a charge distribution of S 108
coulombs per em some distance hack from
the tip where the charge per cm length
hecame substantially uniform, the po-
tential of the channel with respect to the
earth was about 50 000,000 volts. This
enmpatation served to establish the po-
tential of the chaninel for such a charge
per unit length  While the actual path
of the stroke is tortaons and branched,
this came potential and charge distribution
will be aseumed tn apply as the tip
approaches the earth  As the refurn
channel from the outth tns the churze in
4 crosg sectinn of the downward Yeader,
the current relensed to the earth ie given
hy equation 9 If ¢ be tet equal to 012,
the modal velpeity, then 1=012%3%
10 5107 = 18,000 araperes, and if
: =083, the varrent 18 4500
amperes.  Using these values to deter-

siroke clnne! wext 1o Hie varth

4,'«.'“11-'3‘91!

sfice

Stroae

mine a surge impedance of the stroke,
e oblains 50,000,000 18 000 or 2,780
otms for =012 and 1,100 slans for o=
0.3,

2, Teloediy of e rotuen ine
Gimmeter of the oyiodreal volume of
charge deposited by the downward leader

e el

ol
-:..

and the voluine distnbution of charge are
stil  somewhat cuntroversial. They
doubtless vary with the stroke potential
and alsa with height, If it is desired to
replace a charge distrihution that varies
inversely as the radius from the channel
care Lo the boundary of the corona sheath
with a charge all of which is concentrated
at a given radius, thie radius is theoret-
ieally equal to 57% of the radius of the
boundary of the corona sheath. For the
present purpose a rudins of 10 feet is
arbitrarily  chosen as 4n approximate
value, Lwearing in mind that the radius
doubtless varies with putential, and also
that use 15 berng made of the still un-
proven premise that the charge dues in
favt vary iiversely as the radius.  Adter
the current in the apward channel from
the eurth has risen to crest, the highly
conducting channel in its upward progress
successively taps different lateral sec-
tions of this charge. ‘The diameter of the
upward channel varies with the current
in the upward channel. An arc plasma
fur currents of the order of wagnitude of
those met in lightoing will have a radius
of about 2.8 em (0.082 foot). The resist-
ance of such an are channel attains a low
drop in g fraction of & xsec, but during the
mierval in which the cutrent i3 risiog,
which at a particular pont may also be a
very short time, the voltage drop atlains
very high values, These high values of re-
sistance of the arc constitute the retarda-
tion emf's discussed in connection with
waves that travel with a velocity Tess than
that of light.  And so the upward ¢hannel
4s it taps the charge from the downward
leader can be conceived as a good cundue-
tor of rudius O.UR2 foor extending npward
from the earth at a velxcity of about 10 to
0% of that of light and funning out lat-
erally at the tip fo deposit a nentralizing
charge at a radinsof [0 feet. AL the same
timne a very considerable impedance is of-
fered to the formation of the goud conduc-
ting quality at the head uf the wave.

Fig. 10 shows the impedance character.
wties of such wanve for v+=0.1 und fog
p=03 at 82 usee. In the {uriner case
the impedance is shown to be of the
order of 2,400 chnts and in the latter about
1,006 chros

3. Wureshupe of

) )
channel, 1Y

izl An réliurs
hie <! Ape 1

i vhe vt ek rve
current in rod
Ly the externmal resisignce, By
ing these curtents with the «
those observed for satiiral livhiaing the

rod gips iR iffecied strongly
cornpate

yrrents of

- “ ) o5 iy
stroke wuh be vt itnsted,

{ 4 ¢ 11
Hnpiarice of i

provided that sxerepd! n et gap
LGp Ustanees of 1 g W 4T rit 5 Is
justifiabile,
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Fig. 15, Evalu-*on
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M -

The computed curves of Fig. 13 have
been replotted in Fig. 15(A) together
with stmilar curves for V= L.0A by using as
ordinate the ratio of the instantaneous
of the finul current and us abscissa the
time fueasured baekward from the instant
that the current reached ts maximwn or
hnal value. It is interssting w observe
that tor this range of purameters there is
little difference in the eurves for V=105
amil those for Ve 125, exoept for the ex
tension for low values of current. [a
Fig. 15(B! is plotted on a similar basis
the three most complete curves of natural
lightning currents obtained by Berger in
Switzerlund? whose data had been re-
procluced in referenve 3. The curve desiz-
aations are the same as those used in Fig
8 of reference 3 The curves of Fig 15
(A} in their eofputation invalve inter
mediate gssumptions and evaluation of
These intermediate steps can
be circumvented hy the use of only one of
the assumptions used, namely, that the
timie fag of rodrod gaps in independent of
the zup length,* and by then obtaming ex-
perunentally the wave shape of the predis-
charge currents for different series resist-
ances.  The results of such tests are
plotted in Fig. 15(C), The applied volt-
age in these tests rose to an effective crest
in about 1/4 wsec and the overvoltage
factor was 110 and 1.25.  [n these curves
the designation numbers are simply the
sum of Re+Re+2R; It should ap-

constanis
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proximate the effective resistance as R, is
large in companson with the other values,

It was found in previous tests on rod-
rod gaps that a considerable oscillation in
current resulted as the average pedk of
curreat was approached.  Theoscillution
was decreased very greatly by placing the
resistors Ry close to the gaps.  These were
arranged in 4 verticu! position and the
1/2X1/2 inch rexd gaps were only about
8 inches long Fig. 16(A) shows the
natare of the resulting current

It is recognized that natural lightning
to open ground would be more closely
simulated in the laboratory by discharges
between a rud of negative potentiai and a
flat plate. The results of such tests with
the same type of applied voltage wave
are shown in Fig. 15(I)). The results
show a somewhat faster travel time, but
the generul shupe of the curves are the
same as for rodorod gaps. A typical
oscillogram from these tests is shown in
Fig. 18(B).

The wductance of the cirenit doubtless
has some effect upon retarding the rate
at which the current rises. Thys effect 18
particularly important near the later
stages of the current rise. And so in
comparing the curves of Figs 15(A),
(C), and (D) with the curves of Fig. 16(B)
some consideration should be given to the
effect. Greater refinements in the investi-
gations to determine these effects would
be warranted,

Wagner, Hieman--Surge Tmpedance and the Lighining Stroke

Estimute of Surge Impedance of Stroke
The great variation in stroke parameters
enhances the difficulty of estimating the
stroke surge impedance, for not anly do
such quantities as currents, potentials and
velocities of the return channel vary over
wide limits, but the eguivalent surge im-
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Fig. 16. Oscillograms showing predis-
charge currents in gaps; sec insets of

Fig. 15
A-Sixfoot rod-red gap. v 1.10,
Re= 3,000 chms
8- Sidoot  rod-plane  3ap, nedative

polarity, v=1.25, Ry = 1,000 chms
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pedance is iaterdependent with them,
The veloeity method of Fig. 10 is prob.
ably the most accurate method of esti-
mating the surge impedance, but it also
requires a knowledge of the eguivalent
corong radius, and it varies with time.
But since the carona radius enters the
expressiva for the surge {mpedance as a
Yogarithmic relation, it may oot Le essen-
tial to know its value precisely. From
Fig. 10 it can be estimated that for p=0.1
and 0.3 the surge unpedance values are
2400 and 1,000 ohmns, respectively,
Since 012 is the modal value of v, une
would lean toa value of about 2,400 ohims,

From the cectrostatically determined
potential of the stroke and the resulting
current that flowed to earth upon con-
tact of the leader with the earth, it was
determined that the surge impedance of
the stroke was about 2,780 ohms when ¢
was assumed equal to 0.12 and 1,100 chms
when v was assumed equal to 0.3, These
values are not much differest from those
just given and they involve much the tame
kind of assumptiogs.

In commparing the analytically deter-
mined predischarge currentsof Fig 15(4)
with Berger's first component stroke
eurrents of Fig. 15(H), the compuration
af uecessity was based upon a stationary
upper electrode. [t was necessary to
extrapolate the time-lag curves from lab.
oratory distances to last-step stroke
distances. Within these limitations the
stroke imipedance appears to be of the
order of 4,000 ta 8,000 cliuns. In come
paring the more direct luboratory pre.
discharge curves of Figs: 15(C) and (D)
with Berger's reaults of Fig 13(B) which
were obtained witha 230-foot mast wouid

indicute an even larger surge impedance
in excess of © 000 chms,

Thus, these methods give a wide range
of surge unpedances, but in judging the
various methods the authors give greatest
weight to the wvelocity wmethod. The
values cstimated from the statically deter-
mined potentials would then be next in
sccuracy, The curvesof Figs, 13(C) and
(D) are of greatest value in confirting
the general shape of the current curves.
If only one value imust be chosen the
authors suggest a valoe of about 3.000
chms,

Conclusions

In the diferent approaches so diverse
in character to the consideration of the
surge impedance of a lightning stroke, a
number of conclusions can be drawn,

1. The surge impedance of two parallel
eonductors is equal te its conventional value
after a tuoe cqual to the tzavel time of light
between them, and the s ge hspedance of 3
conductor parallel to a perfectly conducting
eayth plane is equal to its conventional value
after a time egual to twice the travel Gine of
Hight between the conrductor wnd 2arth.

2. The surge impedance of a vertica) cons
ductor, one end of which is connected to a
petfectlveonducting earth plune und upon
which waves of current and charge travel
upward, increases with time without limit,
The surge impedance also increases almost
fuversely as the velocity of propagation of
the head of the wave,

3. 1n the lightaing stroke two factors con-
tribute to the determination of the velocity
of propagntion of the return stroke and its
surge inipedance, These are (1) the fact
that the charge distzibution in the down-
wartl leader has 4 much greater radius than
the column of the are by which the charge is

subsequently druined to the earth {curona
effect), and (2) the temporary high resist-
ance introduced into the path of the curreat
as the current at the head tends to increase
rapidly. The effects of these quantities
have been analyzed in terins of observed
lightning characteristics,

4, Corona decreases Lath the veloeity of
propagation and surge impedanee, while the
temporary increase in voltuge drop over the
normal are drop at the head of the wave
decreases the velocity of propagation, but
increases the surge impedance. In a
lightning stroke these cffects combine to-
produce a large decrease in velocity and an
inorease in surge fmpedance.

5. An exprossion has been derived for the
grinwth of the chaanel cutrent i a gap to
whieh a rectangular vudtage wave is applied
through a constant resistance,

6. For general pupposes it is estimated that
the surge impedance of the stroke is of the
wrder of 3,000 vhms.
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Discussion

Charles J. Miller, Jr. (The Ohio Brass
Company, Barberton, Ohio): The phe-

menon of electrical breakdown of air is
e whith has attracted the utiention of
shany iy patigators, stiirting with Betijamin
Franklin in 1762. This present paper by
Wagner and Hilewan is another milestone
i their senes of important contributions to
the overall effort heing mnde by cons
temporary seientists around the world to
vitlete the thenretionl aspects of electricity
Wil dUserved ph wna.

One result of practical importance for
lubioratory impuise testing s equation 34
which, as the authors indicate;, may be used
to culeilate the time to fashover of air gups
for variods overvoitage fatios V. lns
wiimtion his been cheehed aguinst some
vull dtime datn ol A (-7 §Tips iR
Ga%, and Lle N 5 gt uitiofl afe
Siven in Fig. 145

Fur these calenlations the following values
were used in equation 34;

1020 gner, Hileman-=Sirge Tmppelanee and

K:=82, the value recommended by the
authors for rod gaps

R=08 &kilchm, the impulse-generator
series resistance,

m=0 kv per om, the vilue indicated by
the authors,

ri=020 determined by Gtting thie calou-
fated curve to the duta,

Note that g value of 050 is suggested by
the authors for vedood gaps, and is the
value which they used in their calculations
fur Fig 13

It is recognized that an tmpulse generator
huving 4 1V A0 waee 0L UL WAVE, 25 WaS
used in the 1898 rod-rod gup tests, oay not
conform exactly to the simple cunstants
voltage series-tesistince circuit visualized
by the authors for the derivation of equa-
pon 34, but a fittle reflection indieates that
for practical purposes, the impulse generator
cifcaft apptosimatos is condition,  Tn any
event, the ermpparizon betwines e
toirs dota wnd the eilotiated values gives o
remarkably ¢lose eorrelation; and this by
itself would seem to indicate that this theo-

retical approach to the Sreakdown of air
gaps in the laboratory warrants further

i 90004136

H. Linck snd L. Lishchvua (Ontaric [ydro,
Toronto, Ont., Canada): Sparked by the
bigh lightning-outage mires of gertiein tighs
volluge tranamission lines, the suthors in a
very commendable way decided several
years ago to undertake a thoraugh theoreti-
cal investigation of the chareteristics of the

"

lightning discharge and its ¢fects. Tlheir

present  paper tes that they Nuve
advaneed in el studis the gt Wherg
the correlstion of feid theary wad ph; deal

processes in the stroke forimation can be
attempted in order to arrive ut a praotical
method of lne-outige salenlutions,  Due to

the complesiny af e subject, ¥ dotniled
Meguzsion af the zut)irs’ woak ¢ e
el to thase rooperte T s 4] s e
2 Yoy of A ik {
L Le phisies wf whe o ak 37

wiine ¢ Uty wf % e

i

general auture sy be permaitied here,

el s o e . TII
the Lighining Sirvke Peasesey 1062
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Fig. 17. Comgarison of rodrod eap data

obliiced in 1938 with calculated curves

otizined by using equation 34 for the time
to flashover

In Fig 7, the forcing emf's for rectangular
wuves of charge and curreat at a veloacity
les: than that of light and without gorona
are shows. 1 the head of the retura stroke
bas progressed to a point v.cd above the
ground, is it correct to assume that the
fercing function for the return stroke current
5 eomnposed of the integral of the electric
Belit from ground to paint .08 as it existed
alon g the stroke channel just before the
retul o stroke eutumenzed, plus the tempo-
rury high-voitage drop at the return stroke
head?

A simplified formula for thie forcing volt.
age in euch conductor of a traveling wave
syster of two parallel eonductors is given
in the paper. It is also shown thit the
sury: (mpedance of surh a system is not a
ecurat it for travel distanees from the
8040~ .. up to the equivalent of the conductor
spacitg. The guestion arises how the im.
pedocve of a shortline section should be
tepresented for the cnse where lightning
strikes a line 100 or 200 feet from the station
entrince

The guthinrs state that they are aware of
twvo practical cases for which traveling
wives propagate with a velocity less than
that of hight, firstly, the propagation of
charge under corona, and secondly, light-
ning A third tmportunt case can be added,
namely traveling waves in cubles. It is
known that the velocity of wave propaga-
tion in a medium of permittivity & varies
inversely as the square toat of the permit.
tivity. and it follows that reduced velocity is
nat {inited to wave phenomena in an elec-
trically excited gas But it would appear
that basic Aiffercnces exist in velocity re-
duction due to increased permultivity and
dus to jonization. One difference, for
instance, would be that in the case of a cable
the electromagnetie field s guided by the
inner and outer conductor with losses
notitally neglected, whereas in lightning the
return stroke in expanding its own conduct-
ing path has to force its way aheud, consume
ing encrgy in doing so. Remembering that
at the beginning of their investigations the
authors did not recognize as valid the con-
cepit of stroke-surge impedance, it is gratify-
ing 1o aote that now, based on a different
principle, it may bhe possihle to describc
certasn stroke characteristies in terms of an
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impedance, 8 patameter that cun easily be
fitted into eonventional caleulations.

There are still some areas of doubt con-
cerning stnplilisd assuimptions in lighteing
ealewtations. It hes hesn proposed by one
of the wuthers thit the steoks potential cun
be expressed as the product of stroke surge
impedunce and current orest; considering
that stroke currenits in the range of about
1000 to 250,00 amperes Have been meass
ured, and assuming an average stroke im-
pedinee of 2,000 olims as suggeited in the
pojier, ‘then strobie potestivis wotld fall be-
tween 3 to T30 million wolts, If, on the
other hand, oae argues that the development
of the leader depenids on a critical valtige
condition, and therefore the stroke poteatial
does not vary greatly, being of the order of
30 miilion voits, thea for the currents men-
ticned ubove the surgs mpedaiice would be
betwesa 30,0000 and 200 ohinis: the authors
quote ggures from LOOO o over 8,000 ohrms
It appedrs that 1t is too early to adeept any
average data ou stroke parumeters, and [
agree with Mr Wagner that still further
field meusuregients of the properties of
lightning are required before we can claim
to undarstand it fully

C.F. Wugnerund AR, Hileman: Wea wish
to thank Dr. Miller for his gracious com-
ments.  Weare particulurly pleased because
he has beeu an outstanding contributor to
the art in this purtioular field, It is most
interesting that by using the formula given
in the puaper he has hesn abie ¢o determine a
curve that §ts the data for a 4D-inch and a
TO-inch gap that wus obtained in an entirely
different laboratory, We realize that Dr.
Miller apgreciates the implications of using
equation 34, that had been developed for
the application of a constant voltage to a
gap through a series resistance, to 4 surge
generator cireuit whose constunts had beey
set for a 1. 5X40 wave We merely wish to
cornment that some danger might be im-
plicit 1n such procedure becuuse of the
change in the constants of the surge gener-
ator necessary to produce such a wave.

We appreciate also the peaetrating com.
ments of Meassrs. Linck and Lishchyna.
They comment first upon the use of Fig.
7. ln determining the forcing emf we did
not use the radius of the leader as it existed
along the stroke chunnel just before the
return stroke commenced. Had we done
so, we would have used a radius of about
1 mm (millimeter) instead of the value of
25 em that is indicated in the caption for
the abscissa. Perhaps a more detailed
discussion of our philosaphy might be in
arder. To determine the stroke potestiai
as the leader of the first component ap.
praaches the earth, we could have made
some assumption regarding the distribution
of churge across the lateral sections of the
leader which in the previous paper we
assumed to vary inversely as the radius
from the core. Then from such an assump-
tion the leader potential could have been
determined. Any such calculation would
be affected both by the tortuosity of the
downward leader and alsa by the affect of
the charge on branches from the main
channe! of the downward leader. By
operating upan the return stroke we start
with an assumption of current, of the
velocity of the return stroke, of the diameter
of the plasina core of (he return stroke, and

of tie location of the charge that had to be
fed into the upward leader as it taps any
laterul section of the channsl,  In this cuse,
the assumnption cuneeraicg the laection of
the chidrge is nint an important Hetor, We
feel tharthis appnadeh wlicdemnliticn
of the potenta] of the core Is Uik 1 be
mere dvcurate thun the first approach.

The discudsers ask the very practical
question coacerning the represéntation of a
short line section where a lightaing stroke
inpiliges wi a line a shors distines from the
statinn eftrares.  Equotion 7, which is
plottad in Fig 4, shows that the surge im-
pedance for the systeis of waves showa in
the inset does pot repch the cunventional
value of surge impedance as given by
equation 3 until a time equal to the travel
time of the fieid betwesn the conductors.
However, as shown (a Fig. 4, the surgs fo-
pecance is equal to abour 847% of its Aual
value within about 1/4 of the truvel time
Also, the curves of Fig. 4 are appliuable aaly
for a rectangular wave, As discussed in the
last paragraph under section 3, if the
assumed waves possessed sloping fronts, the
error in using the conventional surge im-
pedunce when expresied in terms of the
firal wvalues bepones smualler, Therefure,
in direct answer to the discussers’ question,
it appears that the conventional value of
surge impedance should be used to represent
the short line sectinn.

The authors wholeheartedly endorse the
discusiers’ observations that there are still
sorme arvas of doubt eongeraing stmplified
assumptions in lghtuivg ealenlations and in
the opiaion of the authars this statewent
applies not only to the chacacteristics of the
stroke, but to the chuaracteristics of the
transmission line. The danger of aceepting
average stroke parameters was hrought out
vy clearly by Messrs. Linck and
Lishebyna, and the authors wish to develup
this thought further. The stroke putential
certainly varies from stroke to stroke de-
peading upon the charge distributed along
the puth of the downward leader, and sinee
the return stroke current varies over wide
limits and is proportional to the charge laid
down by the downward leader, then for a
given return stroke velocity, the stroke
potential showld vary over about the same
range as the return-stroke current. The
evidence indicutes thuat the veloeity is got
constant but is higher for the higher currents
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Fig. 18. The velozity of the return stroke at a
function of the lighining current. The un-
broken curve is calculated by equation 40.
The dotted curve is ootained from analysis
of field messurements (Fig. 7 of refecence 4)
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than Lor the Jower currents.  This variation
of return-stroke velacity with current nffects
the computation of the stroke potential
when computed through the medium of the
surge impedance because the surge imped.
ance decreases with increasing velooity.
In this connection it would be well to re.
view the present knowledge concernmng the
relation between velooity and current

In 1942 Wagner ind McCunn! in review-
ing the data of Schonland?® and his asso-
clates state that “‘the evidence i quite
strong that higher return-streamer velocities
are assoctated with higher stroke currents.”
From their data? Wagner and McCann also
derived percentage distribution curves of
the effective upward veluoity of the return
Arvaer [ Fig 20 of reference 1), Assyming
that the Mighet return-strenmer seincities
are assoewted with the higher streke eur-
rents then from the distribution curves of
eturn streatner veloeity and distribution

eyrves of curtent, it s possible to abton a
curve relatimg 1o these two guantities. Lund-
halin? compared these quuntities fur three
ranges of stroke currents and Rusck? plot-
ted the curve shown by a dotted line in Fig,
18 (Fig 7 of roference 4). The foll line in
Fig. 18 15 4n anaivtical relation developed
by Rusck® which is given by

.uO
\ fi- =

whete ¢ 158 the velooity of the return streamer
expressed as a fruction of that of light and /
is the return stroke current.  Accurding to
Rusck this relation i¢ bused upon the previ-
aus work of Lundholm?® and Toepla® and
anie hdes s f empiricism.  Nevers
theless, the equation ﬁ'..k the observed results
very nicely snd cun be used for the presemt
for extrgpolating inte the unknowr 1 Tegion
of Fig. 18
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Radio-Influence Testing on 70 Miles of
345-Kv Horizontal Bundle Cenductor

R E CRAHAM

ALE

1 GER

Suminary: Radie-mfluence (R {est results
op 70 miles of 345-kv trunsmission ane are
presvtited. The  design of the J45kv

transmission line using 954-MCM ( thouzund
circtitur mils) ACSR (aluminum cable, ste!
ranforced ) conductor “wndled at 18%.mch

seing, the use of sttt suspension
tamps, trisngular space plates, and a
Wortzantal phase spacing of 27 feet resulted
in -.‘l:~:',"un RI level without control

rings at the conductor bardware assemblies
Lttenuation tests show that Rl resdings
i ooge dite are not materially affected by

pirecipitation on the line a few piles gway

L'\b‘ WRATORY TESTS wereeonducted

the Chio Edison Company, pre-
the construction of 70 miles of
letermine the corvna
the line

$US to
line, 1o
fuence levels of
used on ats G5 KV
Lranstission ! md field tests were
nducted on the completed transmission
line to evaluate the selection of hurdware
On January 31, 1961, the Summis-Star
Nuogth 245 kv trafamission line
RI testing; Figs |

Chese tests ran for approximately 8 weeks.

the 315 kv

ind  rivlican

vare fo Le

npe

was cn-

eriized fur and 2

Laboratory Tests

1

In 1058, the Ohio Edison Company
widuoted lubiatory feeas on rhtas
ivpes of bardvare and conducturs {or

corcna and R1, and the results wre sh
in Table I (all vollages are line to g

wn
und).

1023
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These test data provided the basis fur the
selectiog of the hurdwareassenbly fur the
345-Kv transmis

Tepson string
comparison  of
“oleaned” and “as received”
corona wnd RI tests indicsted that a
siguificant reduction 1n the RI could be
expected if tension stringing was used
The condition would be
gimilar to conductors strung in a normal
nanner,

Realizing thut ifferciyees oxist when
moving from laburatory to the field, it was
decided that RI field tests would be con-
ducted on the Sammis-Star North 343-
kv trunsmussion line to evaluate the lab-
uratory tests further,

Laborgtory fosts hat
control rings might not be tecessary on
conductor hardware assemblies and, since
R1 field tests were necessary to substanti-
ate the laboratory results, 1t was decided

ion lines

was adopted after a
data of
conductor

mg
laborat ory

“as received”

to construct the & us-Star North 345-
Ly fransmis<ion He without contrad sings

off the 20.mitie sectioe the p!

i oal fant end,
and with o

nirol n the remamning
14 mules of line,

- —
gs

Ambient Level Tests

Peioe ta and during the conzstrucuon of
the 343-hv transmission lae, ambicnts

noise-level readings were taken along the

(A ] '.,‘Q .',4
? MBIt el I ¢

v_";g
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richt of way to establish an ambient level
for the area and for some of the evisting
lines ercesed Ly the line. The
aermal wmbient level ran from about 3 o
10 yy Omicrovolis) per meter as read on
the Quasi-Peak scale of a Stoddart N
208 morer with a 1/2meter tod antenn

KEGE Y

Tests were conducted op other lmes
thrnnghout the tem to gain a better
knowledge of weeeptuble leveis of R

i the methods of ineasurement,

345-Kv Long-Line Tests

pw.m“‘,,..90()04\38

Two sites were selected as the primary

test locutions., One test site was mn the
of the 26.mile section of line with-
outeontrol rings, while the other wisin the
1 4-mile section with vontral rings, 13 miles
from where the rings start
ted since they
id ntical in ali and thus lun-
inated some of the P suibile vanables
These two particnlar sites were then
stahed so that all latera) and longitadinal

readings would be taken at exactly the

center

These test

Sres were sefe NETE TOAriy

Fesfects

came loeation re r.'ql('-‘ of the nuiter of
readis 45 Lat ~"1 stakes were  placed
23 fect apart far S0 "rr'x eiftier side of the
centerline while the lonatudinal stubes

were 20 feet apart 75 feet either side of

the centerling for sbout 690 feet,
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« on the ather Yhand emphasize that on the
basis of only 2 vears of experience, about
4% of the strohes produce fashovers. They
further point out the difference between this
value and the value of 79 -sed by the

authars. The auttiors wish to call attea-
tion to these cotutradictory criticisms and
emphasize their own recognition of the
need tohandle averages carefully.  But even
il one would use the 49 value mentioned by
Mre Johnson and Mr Schultz, it does not

nititute a contradiction of the authors’
thesis but rather indicates in viewing Fig, 2
that a relatively lurge value of time to crest
is ndicated, This follows because, in
general, the average rate of rise increases
with increasing current, regurdiess of the
lower linmt of current chosen.  But in spite
uf these tents, withurs will also
agree that the available duwa are still
mesger.  Had they been completely satis-

fied with the publiched dawa, there would
Lave hween no urge to undertake the inves-
tigution descrthied in the paper. But cven

"
i this investigation, the results were not
too conclusive.  As mentioned in conclusion
6, to achieve times 1o crest of the order of 1
ar 2 usec the neutralizing processes in a
section of the lightuing channel proceed by
itedud diseharges and develop at ahaut the

¢ park dischiarges.

¢ authors wish to conour with Mr
Linck thut a sufficiontly large amount of in-
formation can best e obtained through a
cumbined «ffort of the industry.

peed as

B

Rutupning to the enmaments of NMe. Jouhn-
' d Me, Schiultz, the authurs note that
they Hinafag d quite our itement
Phets wast limit of crest < nt be
o whieh 2 t4 nesd not he given voos
' b

wish to reassere thig state-

ment. For example, even if the current has
a rectanpular front with an infinite rate of
rise, it does not follow that the valtage
across the insylutor string will be infinitely
targe or that the insulator string will fash
over, There certainly exists a lower limit
of surrent, even of rectanpular shape that
would not cause 8ashover, The most de-
sirable inforimation regarding current is the
instantaneous va'lues as a function of time.
Lacking this, the average values of slopes to
several definite instants would be next most
desirable. At this point in the art of cal-
culating the performance of a line, one can-
not say with assurance which is the most
important average. It is conceivable that
the most desirable average must be co-
ordinated with the breakdown characteris-
tics of the isulator string.  But given oaly
one average, the average to crest wonld ap.
pear to be the most informative.

Of course, the current and its time varia»
tion are vo° ‘he only factors that must be
considerea o determining the perf wwmance
of a line. The time variation of the charge
and current in the stroke channel above the
towere can also be of importance. The
asuthors' discussion of Fig. 2 does not imply
i any way that the ; 5 ia the
rower and ground wises and their tige varia-
tions are the oniy must be
computed,

Mr. folinson and Mr Schultz indicate
that high rates of rise or short fronts of
stroke currents are the cause of the high

hghty ML QUlage rates on eXIsUNg alt
ige L They by 5 5 L1 un
the field data 0o 4 2 ansl o vse of
the tower surge tmpedance or ndpctance

raneept a8 given in their puper! A dis.
cussion of this paper? shows that using the

Arc Diop During Transition from Spark
Discharge to Arc

C. F. WAGNER
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TR sroke us it supihes the

varth.  In g vompanion paper it is shawn
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oseillatory
crest values up to 50000 wmperes and

tory-produced arcs having

crest as short as 1.2 psee

Review of Present Knowledge

The earliest work of this »ature # that
f Norinder and ar=ten! who senovied
lor CLL S (g 1

plitude up to 102 ka

hilowanperes).  Most
fur tir ich longer t
- .
1, however, re ted Trom e 14
hiows the ave drop tuben s 1 Saom
elor o reien down
{ thren u Hat rrenat
passed whese Orst erest of 20,000 assperes

-Are Drop from Stirk Disel irp

existing data on wavefronts and the coneept
of tower surge impedance or inductance
does not result in line flashovers, and there-
fure does not explain the high outage rates
on existing high-voltage lines.

The authors have not atteinpled in their

*paper to analyze all aspects of the lightning

stroke. They are concerned primarily with
those characteristics that might have a
bearing upon the lightning protection of
transiniccion loes, MNr Rorden has saised
the guestion of a theory to splain branching
The authors feel that the lagical startiug
point in the analysis of stroke for its effect
upon the line is the curreat fed into the
tower top and ground wires. Copsiderable
statistical information is available concem-
ing the crest magnitude and the frequescy
uf woeurrence of different orest »aluvs  Less
irtfar-aation enitig the rate of rise of
i This current and
e variation of charge and current above
be tower within a heigh 00 ar 500
feet, as influenced by the velucities of the
stroke or the presence of upward streamers,
are probably all that is significant. Branch-
ing 1 parallel or above this zone may influ-
ence the value of these quantities within
this zone, hut if the quantities within this
Zune are p 1s of the tower-
P currents ang their
ts of branching weuld sutomatically be
ided in the coanputations. The tine
ttion of the o current ahove
) o acconnt the prob-

wersh

stitheted in ter

ates of rise, the ef.

f oeeupresve of Gpwvard stees wmers.

¥ of the Paper,

2 Detrgszion by C, F, Wagper und A, R, Hilewndn
of the paper, p 1478

900041 325 =

ocoiuted at 1.3 asee.  The plotted poats

1 Sve gefereqor

crenee O

fepresent the voltage drops at succes-
sive positive and negative curreat crests,
By 143 usec, the current crest had re.
duced to 15,000 amperes.

In 1950 Highmm and Meek® fnvesti-

sated dnpulse cwrrents m the

v by

range G0
wmperes, that attained their peak
values in about 14 usee and decaved to
half valae in 10 or 28 usec. Their work
was curned out on spark gaps tp to 40 om
in length. Fig 2 taken frum theis japer

c n i1 P94 TS B +Y M P % 1
18 AN OsCTHooTm that shonws tne tonerdd
e ¢ vl . { . o y
sture of the v thagle AQrop across e ire

» L \ | $a ' . vl e -
meliately after the spark has wovurred

ind current beging to flow.  From other

data given in the paper it 18 deduced that

T s T PR

IR IR gram prolahly apy 19 4 20

LY ¢ T the rg ge rif 4 o
y % 0 .

LIS L NS LI sSaao tng e

e

e ourront,

imdependent

.;l

of
~ar the hagher ourrents the divoneter of

the are chanuel increased to maintan the

une cowrrent density,  Froan the data
r (iferent deony fhues they 020 gted
shy v ! 1 + * +
fessed o tin 14 | R
tinped o crest valie witlhomt X s
rto Ar foxwe 1048
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18 Fig. 1. A drop’
k. 8t current crests of
§ an oscillating current
P whaose Rt crest is
£ 26,000 ampares and
2 whose  pericd  of
z oscillave, is 5.2
g ot usec
“w
H

3 Y SerE oy G 0 2 a 6

TIME IN MICRUCEZONDS

These vulues, for air, are plotted in
Fig. 3. Higham and Meek state that,
“this curve may be expected to apply
with reascpable accuracy to spark chan-
aels in air at atmosphieric pressure when
conducting unit function curreats of
magnitudes ranging from 30 to 1,000
amperes."”

It is this curve that encouraged the
aurhirs o tovestigate the transeat-volt-
age-drop characteristics of the impulse
currents as g likely factor in determining
the front and other characteristics of the
steoke current, Higham and Meek also
took into consideration the tortaous char-
acter of the are path and shoawved that the
total drop was proportivnal to the total
arc path for gaps up to 40 em ia length
Tungsten electrodes were used and the
electrode drop was about 100 volts,

More recently, Allen and Craggs? con-
tinutd this work with currents up to 263
ka.  Their currents were osailatory
reaching a erest in 7.7 wsee. The maxi-
mun length of their gap was T millireters.
Because of the inductive drop in the meas-
uring eircuit they report voltage gradients
only at the instant at which the rate of
chunge of current is zero. For air the
vultage gradient at 188 ka is 180 volts per
em and for 265 ka, 360 volts per am.

There thus remains an area of currents
in the arder of tens of thousands of erest
arnperes riving to crest in the order of
several usec that remains to be investi-
Bule d

Considerahle data are available re-

6 i sec

O 1 2 3 4 &

Fig. 2. Oscillogram® of voltage drop across

sparck channel.  Authors state that the original

oscillogram shows a clearly defined wace
above 10 kv

Juse 10355

Wagner, Lane, Lear

garding the diumeter of the are channel
under transivat eonditions.  Higham and
Meek! have messured the diameter ditring
the first 12 psee following the development
of impulse currents that rise to crest in 1/4
usec. Fig. 4 is typical of their data and
applies to currents from 150 to 500 am-
peres that decay to half value in 9 usec.
The values were ohtained photograph-
ically by mweans of a rotating-micror tech-
olgue.

Allen and Craggs® by a sinular method
determined that for a current thut rose
from zero to a crest of 188 000 amperes
in 7.7 wsec as a sinusoid, the channel
rasdius inereaset! abinost aniformly daring
this time, and at 7.7 usec attained 4 radius
of 1.25 cm. The radius of the core at
the same instant was 0.95 cm. These
ares were in air at atmospheric pressure.

Apparatus

The test setupused in this investigation
is shown schernatically in Fig 3. From
one to five 100.kv 0.25-microfarad capaci-
tors were connected in parallel and
charged through high resistances from a
source of d-¢ potential. Two gaps, a
“tripping " or “external” gap, and 3 “test"
gap, were connected in series with a our-
rent-measuring shunt and placed directly

across the terminals of the capacitor.
The electrodes B and C forming the test
gap were made of 0.1254dnch tungsten
rods and electrode A of eopper rod.
Current wis mreasured by tallng the drap
across the shunt to the osallograph
through couxial cable.

Anticipating wvoltages as high as 30
or 40 Ly across the test gap before break-
dowe, then o measure arc drops as fow
as | kv with o satisfactory aecuracy, re-
quired a speciyl techeique for the meas-
urement of the voltage. A scheme similar
to that used by Higham and Meek® was
used, As shown in Fig 5, a noolinear
shunt parsllels a 100-chm resistor and
the 32-ohm coaxinl cable to the oseillo-
graph. A L800.uha resistor {5 in series
with the parallel combination, For low
voltages the noalinear resistor has a high
resistance, but for high voltages its resist-
ance is low  The resultant calibration is
shown in Fig 8

It was found that o considerabile yolts
age was induced in anavoidable loops of
the voltayeeasuring cwrcuit by the
heavy currents in its vicinity. This volt-
age was almost completely aeutralized by
placing a compensisting cnil ineach of the
loops of the voltigemensuring circuit,
These consisted of cetls mounted on rads
that could be turned until a minitnum de-
flection of the voltage element was ob-
tained with electrode € moved inward
to shart circuit the test gap. To ensure
that gnod eontact wos made, a stuall brass
sleeve with two chunping screws was
fastesed acruss the gap

To alarge extent the external gap deter-
mined the current obtained since this
controlled the voltage to which the capaci
tors would rise before discharging. The
propottions of the exteraal gap to test
gap could be varied only within relatively
small limits, To increase the current that

30004140
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TIME FROM THEARDOWN - WIDROSELONDS

Fig. 4. Dismeter of arcs

would be cbtained for small values of the
test gap (1 2 wch), an auxilary electrode
thown by the dashed line in Fig § was
inserted fm the circuit The resistance
ucross this gap approsimated that across
the test gap. Thus permitted an urtificial
increase of the test gap without disturbing
the voltage measurements across the
small gap.

Ihe shortest fime for the current to
reach crest, 1,2 ssec, was attained when
the capacttors were discharged with no
external indductance. The time to crest
was increased, but at the cost of decreas-
ing the grest current. by inserting an
indiactance (3.8 or 04 willibenrvs) as

wr by the dushed lines.

Measuring Technique

Fur preltminary ohservations, the os-
cilligraph was tripped by meuns of a
probe Jocuted near the high-voltage elee-
trode. In this wav tripping occurred in
the evarly stages of breakdown of the
external gap. Only a very samnall ele-
ment of the voltage record was lost
and the entire sequence of events of
Lteakdown became evident, Fig, T(A) is
gr oecillogram of the voltage across the
test gap, obtained by treipping ia this
manner. As  the capacitors hecame
charged, the voltage aeross their terminals

EMARD ln TN,
wineTR | i
C b IA

increused glowly until the external gap
broke down and the osetllograph tripped.
Prior to lreakdown of the test gap the
current through the external gap 15
fimited by the resistunice in the voltage-
metering  ciremit.  These  predischarge
currents are of the urder of 50 wnperes,
depending upon the setting of the ex-
ternal gap.  As iMustrated by Fig 2, the
vedtage across the gap does not decrease 1o
2éro instantly.  The time required for the
decrease in voltage of the external gap is
reflected in the time required for the valt-
age across the test gap 1o budld up, which
reguires @ fraction of a usec.  After this
interval, substantially all of the capacitor
voltage is applied across the test gup
which also requires a smmall time to break
down, With the hreahdows of the test
gap, a similar phenomenon oceurs in both
gaps. the current in the test gap increases
from substantially zero (neglecting the
preionization edrrents) and the current in
the external gap inereases frosn about 50
wnperes, both cureents increasing to the
current determined by the rate at which
charge on the capacitors can discharge
into the inductunce of the eircuit, which is
coptrolled Jurgely By the internal in-
ductance of the capacitors. From this
instant the valtuge acruss the test zap
describes the churacteristics of the test-
gap arc a5 (he current tiuwough it increases
in response to the circvit paramneters. The
deflection of the oscillogram s not, of
course, proportional to the voltage but

includes the effect of the nonhnear cali-
bratiog of Fig 6.

The voltage across the current shunt 1§
chown mm Fig. T(B) with the sudden,
alinost vertical, trace lined up to corre-
spund 1o the mstant of breakdown of the
test gap. Prior to this instant the indica-
tion i zero, which edrresponds to the
50 amperes to which the reastunce of the
voltage circuit limits the current.  The
vertical trace represents the inductive
drop of the shunt, an observation that was
subsequently checked by athier mici-ure-
wente.  Limitations in avatlable labora.
tury time did not permit of the econsimscs
tivn of a mare accurate shunt

Exvept for about the first 0.1 gsee the
aure voltuges of the test and irip Jups
hould not influence the waveshape of the
current apprecably. To elininate the
inductive error of the current shunt it was
assuned that the current was sinuscidal.
From the uctual record the ecrest value
and the time to crest of the astumed
sinusoidad curremt were culeulated.  The
crest value and tune to crest (guarter
period) in usee wus indicated by the
designation such as 52 300 araperes per 4.0
usec.

Tripping by the method just destrited
wase found to Le erraviz. The top cirenit
wius transferred to the terminals of the
cusreat shunt so that the vertical rise
which was alwavs associated with the
initial rise of vurrent would provide posi-
tive tripping. At the swme time aboiut

90004 141
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35 - 1.3-inch test gap. The middle oscillo-  tion attains its crest in 2.4 wsec, and for
20— o gram is the record of the compensating  the bottom one in 4.4 usee.  Summaries of
19- voltage, the voltage obtained with the  the results are shown in Fig. 10(A) and
8 test gap short-circuited to measure the  (B): (A) beiug foran external inductance
3= \/\/\ remanent induced voltage in the measur-  of zero, and (B) for 3.3 miccohenrys.  The
’ ———r T ing circuit, Subtracting the compensa-  voltage across the are decreases very
5 i 2 u sec tion values from the upper curve provides  rapidly for the first few tenths of a usec.

100 feet of delay cable was inserted in
the coaxial ecable to the yoltage plates
which introduced sufficient delay so that
a smindl elerent of the voltage just prior
to the gap breakdown was included in the
oscillogram

For each setting of the gops, several
records of the compensated voltage
(voltage acruss the short-circuited test
gap), the voltage across the test gap, and
the current were made. The mecords
were found to be sufficiently ropatitive.
Fig. 8 is dlustrative of the results ob-
tained. These are replats of the oscillo-
grams for a 32 300-ampere-per-3.0-cur-
vent wave, The upper oscillograam is the
cecurd of the meusured vuitage across the
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the true are vaitage plotted by the bottom
curve. As will be seea from subsequent
records, the oscillation in the wvoltage
record iz affected to some degree by the
amount of inductance in the discharge
eircuit. The actual voltage swas takea
as the smooth curve through the bottom
curve. Doubtleéss also sume error exists
in the redurd for times less than 0.2
e

Results

Typical arc-drop and current curves
are shown in Fig 9 for the three external
inductances used in the tests, The top
illustration in Fig. 9 15 for the maxunum
curreat and shortest time, the current
in this cuse attaining maximum s 1.2
usec. The current the muddle illustra-

In Fig. 10(A) it can be observed that this
effect is quite errutic. Doubtless part
of the lag in approaching a low voltage can
be attritinted to a lag in the measirement
circuit, but a portion must represent an
actual time required for the channel to
become conducting. [ the lag were
simply a measurement errac one would
expect a greater consistency. Perhaps 2
portion of the inconsistency can be attrib-
uted to the sharp rise in vo'tage prior
to actual breakdown. It was found in
selecting the relative lengths of test and
extersal gaps that no great variation was
permissible. The desired current is set
by the externial gup. Theun i the test gup
is too small breakdown occurs in the rising
front of the wave, and if too small break-
down does not take place at all. In
genieral, a ratio of abuut one to twa was
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muintained hetween the test and external
gap. Perhaps a somewhat suwller ratio
vould have developed more corsistent
results.

Averaging the observed results io a
manner indicated by the dashed lines of
Fig 9, the curves of Fig. 11 were prepiared
which how the valtage gradient along the
urc at different instants as a function of
current. In plotting the abscissa it was
assumed for any given instant that the
current increases linearly with time up to
that instant, und that the average value
of the actual current and the average
value of the assumed lioear relation were
the saume. The crest value of the linear

relation was then plotted as the carreat,

The effect of tugh rates of rise of current
is shown clearly, At 20000 wnperes,
the gro dient is eight times as great if the
full + Jue is attained in 0.25 usec than
attaiu=d in 4.0 usec.

For corparison purposes a point
from previous work by Norinder and
Karsten! s included. For this case the
voltage is given at the first peak of an
oscillatory current, the crest of which was
26,000 amperes and the time to crest was
1.3 psec. The same kind of averaging
was applied to this point. The values
ubtained by the authors ure somewhat
higher than thuse reported by Norinder
and Karsten.

Using the curves of Fig. 11 as a basis,

Fig. 11 (left).
dient of arzs. For cach curve

Voltace gre-

»
Y

rohenty external induciance

the gradient curves of Fig. 12 were plotted
to illustrate more clearly than Fig. 9 the
#ffect of changing the wavefront, main-
taiming at the same time the same crest
value of 30,000 amperes. The curies
are plotted fur the period during which the
currents continue to increase.

The limits of the available facilities yre-
vented collection of data for currents of
high magnitude with flat tops. The duta
by Higham and Meek for which F!;. Jis
tipical shows a rather rapid decrement
voltage droup to 72 volts per om at 4 use
After this there is a further gradual drop
to 35 valts per cm at 24 usee. A similar
phenomenon probably oceurs at the higher
currents studied in this investigation. At
the instant of flattening of the current the
viltage drop probably b
and by 10 to 100 usec reaches a steady

900041453
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SRR
value of about 50 volts per inch. Strom®
obtared fur 80-cycle ares in air a drop
toper ineh foor i euerent ‘rf 14 nng

‘

of 27 5

e

Conclusions

1. Oscillatory current discharges have
been abtataed from eapicitors that have
3 grest up to 56,000 amperss, The mxi-
f cusreat of 36,000 amperes seacde!
eroer I 12 assee. Lower ¢urrents wWere
otz ined with longer titnes to crest

% The initial discharge was accompanied
by a very high voltage drop baving a
duration of about 02 usec that might be
of tiis arder of 2 to 40 ky per inch

% The initlal high drop is foilowed by &

longer duration but sull high drop ol the
orcer of 1 to 4 kv per inch. This drop
increases with the steepness and with the
magnitude of the curren? erest.

4 The primary purge e of thae tests
wos tn determine whether the trensient
voltage drop of high-current ares might be

of signifivance in determining the charae.
teristics of the lightning-stroke currents.
1f one were to consider an are gradient of,
ez, 30 kv per inch, then un urg length of
100 fewt would possess a deop of 3,600,000
volts. Since the stroke potsnuul has bepn
estimated at from 1 to HX107 woits, it
would mot require wmany 100-foot iengths
to have a very significant effect upon the
charncteristics

This much has bewn demonstrated. It
would be desirable if this work were con-
tigued under more carefully controtled son-

Electromegnetic Field Phenomena in
Shielded Aecrial Cables Under
Surge Conditions

J. K. DELSON

ASSOCIATE MEMBER AJEE

\\J?!h\' shisided aerial cable is sur-
WV rounded by ua coaxial shield, the
shicid tnay be of metal nibbon and be
apnlied in the form of a helix.  See Fig. 1.
If the shield ribbon i wound with an inter-
calated insulation so that the turus do ot
touch each other, the current path in
the shicld would necessarily be along the
helix formed by the conductor. On the
other hund, if the individual tuens of the
ineulation were not intercalated; but
rather allowed to overlap in the manner
shown in Fig. 1, the current path having
least resistance wouid be neither strictly
alanig the ribbon nor along the straight
path of the cabie shicld in the asial or 2
direction, both would be sormewhere be-
tween these two extrétnes.  Thus the cur-
renit path ip the shield would be in the
form of a helix the pitch angle of which
would be greater than that of the helix
formed by the counstruction of the shield,
but less than 90 degrees, angular measure,

Paper 58-76, recommenda! v the AIEE [nsulated
Cotiductors Committee und sppruved by the ALLE
Technical Operations Department for preseatatioo
as the ATFLE Witter General Maeting. New York,
N. Y February 2-7, 1953  Manuseripl subtwitted
Ogtober 14 1857  made avalable for printiag
December 18, 1957

1 K. ?lu-m @ with the Ceneral Dlectrie Com:
pany. Sohenectady, N Y
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which corresponds to flow in the axial of =
direction.

If it is assurmed that the currentsin the
shield follow the path of least resistance,
as discussed above, namely a helical path
of pitch angle J, the spiraling flow of
the shield currents should affect the
performance of the cable by increasing the
inductance of the cable over the value of
inductarce expected for a cable in which
the shield currents did not spiral, such as
in an extruded-lead sheath. Ths effect
has been postulated in a study by Van
Wormer, Schultz, and Lee!' These
authors aflowed for an increase in in-
ductance which would eorresprnd to the
spiraling of the shield current, and
thereby increase the value of surge -
pedance of the cable while decreasing the
velocity of wave propagation. The
authors also carried out measurements,
which they compared with their theory,
The cable measured was of the type illus-
trated in Fig. 1, and was made up of an
inner conductor, the adjacent insulating
material, the shield and a jacket, and the
messenger and binder. Tn addition to
waves propagating between the inner con
ductor and shield of the cable, waves
attributed to the presence of the mes
senger and binder were also observed

ditions and over a greater rauge of the
parameters,
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The waves each QQPU'DJQ ild&iﬁn!

velndties and were coupled to-each othes
and dt poines of reflecting comiplos wa
foriis of curreut and voltage resulted.
In a discussion of this study, observatious
on the cable were compuared with an
analysis based on electromagnetic fiel
concepts? This analysis omitted the
influence of the miessenger and hinder
and the resulting multivelocity waves,
it concentrated instead on the influence
which the helical shield constraction has
ot the principal waves pr ypagated. The
analysis corresponded, therefore, to the
case in Which the messenger ard binder
were grounded continuousiy to the shrid
In the observations made on the case
where the messenger and binder were
grounded at periodic intervals to the
shield, the surge impedance and velouity
of wave propagation agreed with the
values from the analysis of electromag-
petic fields for a pitch angle in the range
of 45 degrees to 30 degrees’? This
value of pitch angle appears quite reason-
able, serving as a check betwesn theory
and observation. The purpose of this
paper is to present the details of the
analysis referred to. paying particular
attention to those components of electric
field intensity which arise in the cable in
the presence of shield curreut flowing io
a helical path.

The mathematical analysis is presented
in the Appendix. Here, the cable is
understood to be made of an inner,
eylindrica! conductor (assumed to be
smooth surfaced), covered with an in-
sulating dielectric, which in turn ]
wrapped helically with a metallic nb
bon to form the outer conductor or
shield. The boundary conditions, used in
the analysis to describe the flow of cur-
rents in the shield, are the sume a8 those
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Lichtuing ond Transmdsston Lines

Ly ¢. ¥. WAGNER

Westinghouse Electric Corporation
East Pittsburgh, Peansyleania

Introduction

The phenomenon of natural lightning is of nterest to nowide range of workers
in varied disciplines, among them are the metearologist, the physicist, the paddio
engineer and vhe power transmission engineer. 1t has beeome increasingly dificult
to follow the research that is currently in progress in ail of these fields. The
power transmission engineer limits his attention lurgely to aggregate or terminal
eifects and, in eonsonance with his knowledge of the equipmant which he must
protect, attempts to understand aud explain the lightaing steoke by anadogy

cith the eovona chaeactoristios and breakdown charaetoristios of rod gaps umd
parullel eonductors,

“The engineer citen does aot powess the Lisary to await camplete information
ot i particalar problem before attempting its < dation. Lightning protection of
transmission and distribution les is one sueh case where he must speeulate
upan the peoblem of the nutare of steoke clueaeteristies. To Uhis background,
the present structure of the stroke and s applicetion wee submitted.

First Component

During the process of charge =epuration, charge of one polority may form
in 2 volime distribution within the elowd while ehaege of the spposite polarity
i enrried to eartly, O with chugge eolls of opposite polaritios within a eloud
separated greot distances, the eartlean furm a neatral plane upon wi 1ch charges
ape sopakated by induetion. L cither event, for the purpose of this discussion it
will be axsipgaed that a negative volume distribution of elewge exists in the
dloud and a corresponiding chnge of posiive polarity exists oo the earth, By a
proecss not within the scape of this article an incipient <park develops swithin
the cloud and initiates o Jeader that teavels carthward. We omit a detailed
liscussion of the charaeteristios of these loaders, which prapagate in a stepped
fastion to carth, sines this inforuantion may be fonnd elsewhere (1-6).

According to Schomland (1, 2 the leegths of the steps vary between 10
annd SO meters wirth woniodal vl o
steps is whout 30 pueroseeomds (1, 23, but as the leader approaches the ¢ freth

-

£l meiers ar 150 feet, The time botwoeen

the interval deeresses to about 13 mieroseevnds (7). As a reslt of held measare.
mionits Schonlond coneluded vory cacly that the carrent in the steps is less than

o8
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Lightning aad Transmissivn Lines

10 per cont of that in the main retuen stroke, Netually, the leader = complivated
e stracturee and los oy branchios epnsnating fvom the eenteal member, much
like an ivverted teee, Fach homeh los charges deposited along s members,
Pow this anglysis, the feador is assuned to be o steaight eyhinder of negastive
cluwrge vertieal 1o the earth, The eviinder of eharge pressmably has o centeal
eare of relatively high conduetivity as the eharge for each advanse must bhe
carried feom points bigher up to the head of the leader. The necessary condues
tivity ta neconipudate the eaerent involved can only be achieved by a dischuarge
of arc-like chareter. Surh diselarge possesses a low voltage gradient wloug the
axix. This central core will be ealled the “chunnel of the downwaed lewder.”

The potentinl of the downward Tesd o varies from stroke to steoke, but for
ilasteation, we will assume it to be 30,000,000 yalts. Tt i also asstmied that the
stroke tnpinges upon o teansmission tower so that rod=rod eonditions apply.

¥

Udo (8) has shown that for spacings< between 3 and 8 meters the eritieal
spackover voltage is substantially linewr with the length of gap and is e ual to
shout 500,000 volts per meter (150 Ky per ft.). Therefore, when the tip of the
feader eomes within a distance of 500007150 ur 330 feet, the chaveter of the
disehirge changes radically.

fa the purticalar theory of the strodie we propose, this peint in the path of
the downward leader s important because with carth surfuce protuberances,
this s the point frons whieh diseruningtion is determined as to where the earch
will eventually be struck. Thus, this point will be ealled the “potut of dis-
erimination.'” Prior to this instant the wlvanee of the leader was projeeted into
virgin nir and the impedanee of the disehirge eireuit tor the wdvanee of the
lewader tip involved both the surge impodanee of the leader and the expacity of
the leader head to earth. But from the punt of diserimination, or porhaps just
hetore this point is reached, sonte of the high resistanee streamers of the down-
ward leader meet sunilw streamers that extend apward fromy the stricken
tower, and the =eries eapaeity o longer exists, At aiost, the cirretits in these
streamers ave ouly o few hundrod amperes. From this instant, the impedance
extorial to the diseharge = simply the suege npedanee of the dowiward leader,
The ensning discharge should be stmilar to that o any other long gup being
broken down by a suege generator, exeept that the generator ehizrge s dis-
tributed along the vertieal leader. However, a further litation is imposed by
the nature of the stroke, The charge along the length of the leader s not im-
mechutely availuble to the diseharge for the fullowing recsons:

If the dowonward leader were a metallie conduetor along which the ehige is
distributed, the charge would be availuble for diseharge to earth at the veloeity
with which a wave could travel upward with the veloeity of light. In this ease
the impedance offeved o the tlow of current from the vertical eondiyetar would
be abent 300 aluns. Por the present eaxe, the channel of the downward leader
eut be more properly approximated by oan are that hod heen carrving a few
tens or hundieds of amperes, 1t i the property of an are that as its cureent is
siddendy merensed the yoltage geadient along its axis inereases for o short time,
This may be viewed asa menns of supplying the greator mtornal energy required
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C. I Wagner

to praduce the greater estduetivity of the are for higher enrrents. As & eonse-
quence of the lugh temporary geadient along thie vhannel, the elarge in the
doswnward Jesuler heeomes available at o slower rate; this elfect is refloeted by
e slower voloeity of the head of the refuen streamer which travels at veloeity
of hetween 0.1 and 0.3 Uit of light. This effeet discussed by the aathor i 162
(9) showed that the obseeved refation hotween stroke eurvent and veloeity of
the return stroke wis matehed closely by an analytical relation based upon the
encrgy required to establish an are. The degree of conformunee is shown in
Fig. 1 and is better than expected for the duta available, It should not be
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Fra, 1. WRelations between stroke eurrent snd velor ity of return stroke.

aceepted as the degeee of precision in either the wialytical expre ssioh ot the
field duta.

Prior to the Wagner development, g similar rvelation was presented by
Landbolm (10, 11) in 1957 in which he reluted the vesistanee obtained from
traveling wave theory to the pesistance of un eleetrie discharge, obtained em-
pirically by Toepler (12), which stated that the resistunce is fnversely propor-
tional to the charge passing o particular point. The Lundhohn relition is also
shown in Fig. L.

The period of the temporary high gradieat is very short. Tests nudde by the
athor (13) indieate a time less than o mierosceond. Thus, exeept for this short
interval, the return stroke eonstitutes a relatively good conductor whose hewd
extends upward along the axis of the eylindrieal charge constituting the down-
ward leader. \s it advances streamers must ostend outward and upward, o
sort of eounter-copona that colleets the charge originally deposited on and
around the channel of the downward leader. If this eollection process wero
neglected a heavy neutealizing charge, opposite in polurity to the downward
Jeader, would be drawn from the carth by mutual capucitanee eaupling. Because
of the low ate drop, the return channel being blazed up the channel of the
downsvard lesder is ot substantially eacth potential aver its entive length, This
eoudition requires that the leader charge be substuntially neutralized by this
coupling effeet, estiniates of whieh by Wagner and MeCann (14) in [952 indi-
eated o 70 per cent neutrudization,
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