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Abstract

The attachment of a lightning flash to a Franklin conductor takes place through a connecting
leader that rises from the Franklin rod towards the down coming stepped leader of the lightning
flash. The successful launching of a connecting leader requires the inception of a streamer
discharge from the rod and its transformation into a leader (i.e. streamer to leader transition).
Here, the occurrence of these physical processes at the tip of the Franklin rod is investigated. The
results shows that for Franklin conductors of radii less than about 0.35m artificial initiation of
streamers at the conductor tip would not result in any increase in the attractive distance. For rod
of radii larger than 0.35m it may be possible to launch a connecting leader by artificially
triggering of streamer discharges at the conductor tip but the gain in attractive distance would not
be larger than about 30%. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In negative cloud to ground flashes, the first return stroke is initiated by a discharge
that travels from cloud to ground, called a stepped leader. As the stepped leader
approaches the ground, the electric field at the extremities of the grounded objects
increases to such a level that they launch connecting leaders towards the down coming
stepped leader. The first return stroke is initiated at the instant of connection between
the down coming stepped leader and one of the connecting leaders. The strike point of
the lightning flash is the point from which the connecting leader that made the
successful connection to the stepped leader was initiated. With the knowledge, deri-
ved mainly from laboratory experiments, available at present one can specify the
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conditions necessary, which of course may not be sufficient, to launch a successful
connecting leader from an grounded object such as a Franklin conductor. These
conditions are the following: (1) The inception of a streamer discharge at the tip of the
Franklin rod (Condition 1). (2) The presence of the correct spatial distribution of the
background electric field needed for streamer to leader transition (Condition 2). (3) The
availability of the critical background electric field necessary for the continuous
propagation of the connecting leader (Condition 3). (4) The successful attachment of
the connecting leader and the stepped leader which may depend on the geometry and
the propagation speeds of leaders (Condition 4). One important point to remember is
that as the stepped leader approaches the ground, these conditions may not be
satisfied in the same order as given above. For example, it is possible that Condition
2 1s satisfied before Condition 1. In this case as soon as the streamer is incepted it will
be converted to a leader. In the alternative scenario, the electric field at the tip of the
Franklin rod may be high enough for the creation of streamers but the electric field
distribution ahead of the rod may not be the optimum for the streamer to leader
transition. In this case, streamers will be incepted again and again until the conditions
are ripe for the inception of a leader. The purpose of this paper is to investigate the
order in which the first two conditions given above are satisfied as a stepped leader
approaches a Franklin conductor.

2. The model

The model used in the investigation is shown in Fig. 1. The cloud is simulated by an
infinitely large flat plate at a given potential located at a height of Skm above the
ground surface. This arrangement provides a uniform field between the cloud and the
ground. Most of the calculations were performed by assuming this potential to be
100 MV. The stepped leader channel is simulated by a perfect conductor, at cloud
potential, that extends in steps towards the ground. The base of the Franklin rod is
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Fig. 1. The cloud is simulated by an infinitely large flat plate at a given potential located at a height of 5 km
above the ground surface. This arrangement provides a uniform field between the cloud and the ground.
The stepped leader channel (radius 20 mm) is simulated by a perfect conductor, at cloud potential, that
extends in steps towards the ground. The Franklin rod is assumed to be located directly under the down
coming stepped leader.




M. Akyuz, V. Cooray [ Journal of Electrostatics 51-52 (2001) 319-325 321

located at ground level and it is situated directly under the down-coming stepped
leader. The Franklin rod is modelled as a cylindrical conductor which ends in
a half-sphere having a radius equal to that of the cylindrical section. In the calcu-
lations the stepped leader is extended towards the ground in discrete steps. In each
step the electric field in the volume of interest is calculated using a finite element field
calculating routine [1] and an investigation is made to check whether the conditions
necessary for the streamer inception from the Franklin rod or streamer to leader
transition are reached. The criterion for the streamer inception is identical to that used
by Gallimberti [2], in which an electron avalanche is assumed to transform into
a streamer when the positive charge number density at the avalanche head increases
beyond a critical limit. The condition necessary for the streamer to leader transition is
the following. The laboratory experiments with long sparks with rod plane configura-
tion show that the critical length of the streamer initiated from the rod at the time of
leader inception is equal to about 3 m [3,4]. This is the minimum streamer intensity to
originate a direct transition from streamer to leader. In the present investigation, once
the streamers are initiated the electric field configuration in front of the Franklin
rod is evaluated to estimate how far the streamers can propagate in front of the
Franklin rod tip. In this exercise it is assumed that positive streamers require
a background field of minimum 500kV/m to propagate [3,4]. If the extension of
the streamers is larger than or equal to 3m then it is assumed that the streamer
stem will be transformed to a leader discharge. The physical process that takes place
from the inception of a connecting leader to its successful connection to the down
coming stepped leader is a dynamic process. First, the background field should be
larger than a critical value for the connecting leader to propagate. The experimental
data indicate that this field is about 200kV/m. Second, when and where the two
leaders will meet depend on the relative speed and the orientation of the two leaders.
In this paper we consider the physical development only up to the inception of
a connecting leader, since this event decides the magnitude of the so called ‘attractive
distance’ [5].

3. Results and discussion

The results in Fig. 2 show the height of the stepped leader tip from ground level at
which a connecting leader is incepted (i.e. both Conditions 1 and 2 are satisfied) at the
tip of the Franklin rod as a function of the cloud potential. The Franklin rod is 10 m
long with a 0.03 m radius. Note that, as the cloud potential increases, the height of the
stepped leader tip when a connecting leader from the Franklin rod is initiated
increases. Moreover, note that this height increases almost linearly with the cloud
potential. Fig. 3 shows the height of the stepped leader tip from ground level, as
a function of the height of the Franklin rod for two rod radii, when a connecting leader
is launched from the Franklin rod. Note that the ability to launch a connecting leader
increases with increasing rod length. Observe also that as the stepped leader ap-
proaches the ground the Franklin rod with a larger radius launch a connecting leader
first.
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Fig. 2. The height of the stepped leader tip from ground level when a connecting leader is incepted (both
Conditions 1 and 2 are satisfied) at the Franklin rod (height 10 m, radius 0.03 m).
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Fig. 3. The height of the stepped leader tip from ground level when a connecting leader (both Conditions
1 and 2 are satisfied) is incepted at the Franklin rod as a function of the rod height. Results are given here for
two rod radii.
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The results in Fig. 4 show the height of the stepped leader when Conditions 1 (thin
line) and 2 (thick line) are satisfied as a function of the rod radius. The same data is
depicted in Fig. 5 with a different scale. Note that below a critical radius, Condition
1 1s satisfied before Condition 2. For example consider a rod radius of 0.1 m.
Streamers are incepted at the tip of the rod when the stepped leader is about 160 m but
they will not transform into a leader. The optimum field conditions necessary for
streamer to leader transition is achieved only after the stepped leader has reached
a height of 40 m. Thus, any streamers that are incepted at the tip of the rod when the
leader 1is at a height of 160-40 m will die out without giving rise to a leader. When the
radius of the conductor is about 0.37 m both conditions are satisfied at the same time.
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Fig. 4. The height of the stepped leader tip from ground level when Conditions 1 and 2 are satisfied at the
Franklin rod as a function of the rod radii. At the critical radius both conditions are satisfied simulta-

neously. In this region to the right of the critical radius, once a streamer is created it will lead immediately to
the inception of a leader.
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Fig. 5. Same as Fig. 4 except\at a different scale.

In this case the streamer will be directly converted to a leader. For conductor radii
larger than this critical value Condition 2 is satisfied first and Condition 1 later. For
example consider a conductor radius of 0.7m. When the stepped leader is about 63 m
from ground level the optimum field configuration necessary for the streamer to
leader transition is achieved. However, the electric field strength in the vicinity of the
conductor tip is not high enough to give birth to a streamer. The condition necessary
for the streamer inception is reached only when the stepped leader is about 42 m from
ground level. This result shows that with Franklin rods of radius less than about
0.35m, any attempt to artificially initiate a streamer will not result any increase in the
attractive radius (the height of the stepped leader tip when a connecting leader is
initiated from the Franklin rod) because the artificially initiated streamer will not be
converted into a connecting leader. According to the data given in Fig. 4, artificially
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initiated streamers may lead to connecting leaders only if the radius of the Franklin
rod is larger than about 0.35m. Now, the attractive distance of a Franklin rod is
defined as the separation between the tip of the stepped leader and the top of the
Franklin rod when a leader is incepted from the latter. In Fig. 5, consider a Franklin
rod of radius 0.5 m. The attractive distance of this Franklin rod for the stepped leader
under consideration is 32 m (42—the length of the Franklin rod). On the other hand
when the stepped leader is at a height of 53 m, an artificial triggering of a streamer
from the rod may lead to a connecting leader and may result in an attractive distance
of 43 m. That is, the gain in the attractive distance by an artificially initiated streamer
will only be about 30%. The situation becomes bleak for smaller conductors and the
analysis given here show that with in the approximations made in the paper it is not
feasible to increase the attractive radius of conventional Franklin rods by artificially
initiating a streamer. |

It 1s important to remember that in this paper we have assumed that the Franklin
rod will give rise to a streamer as soon as the criterion necessary for the avalanche to
streamer transition is satisfied. That is, we have neglected the statistical time delay
necessary for the availability of suitable initiatory electrons. Moreover, as we have
mentioned previously, an inception of a connecting leader does not necessarily mean
that it will make a successful connection to the down coming stepped leader. For
a successful connection the connecting leader should propagate continuously and this
requires a minimum field of about 200kV/m [6]. For this reason, the attractive
distances evaluated in this paper should be considered an upper limit. In our
calculations we have also neglected the effects of space charge that may accumulate at
the tip of the Franklin rod. This space charge may influence the process under
consideration to some extent. In the calculations we have assumed the surface of the
electrode to be smooth. In reality, the protrusions on the surface can influence the field
enhancement factor and hence the streamer inception probability. However, such
protrusions cannot influence the electric field over a 3 m distance from the conductor.
Thus, the leader inception criterion will not be influenced by them. The results given in
Figs. 4 and 5 are valid for a cloud potential of 100 MV. The data depicted in Fig.
1 show, however, that the leader tip height at which Conditions 1 and 2 are satisfied
vary more or less linearly with the cloud potential. Thus, the results in Fig. 4 can easily
be extended to other cloud potentials using this linear relationship. Finally, according
to the results presented in [3,4] the streamer to leader transition criterion used in this
paper is independent of the electrode geometry. That is, the same critical streamer
length is observed both in sphere-plane gaps and conductor-plane gaps. This makes it
possible to apply this criterion, instead of the critical radius concept [5] which
depends on the electrode geometry in lightning protection studies in which one has to
evaluate the probability of streamer to leader transition in electrical discharges
generated by many different configurations.

4. Conclusions

The attachment of a lightning flash to a Franklin conductor takes place through
a connecting leader that rises from the Franklin rod towards the down coming
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stepped leader of the lightning flash. The successful launching of a connecting leader
requires the inception of a streamer discharge from the rod and its transformation into
a leader (i.e. streamer to leader transition). Here, the occurrence of these physical
processes at the tip of the Franklin rod is investigated. The results show that Franklin
conductors of radii less than about 0.35m artificial initiation of streamers at the
conductor tip would not result in any increase in the attractive distance. For rod of
radii large than 0.35m it may be possible to launch a connecting leader by artificially
triggering of streamer discharges at the conductor tip but the gain in attractive
distance would not be larger than about 30%.
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