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a b s t r a c t

This paper studies different parameters affecting a lightning stroke to a horizontal conductor. An elec-
tromagnetic model has been constructed to consider the influences of different lightning and horizontal
conductor parameters and ambient conditions on the lateral striking distance. The results show that
lightning leader parameters, horizontal conductor voltage, horizontal conductor height, and ground
slope have a series effect on the lateral striking distance. Based on the results, recommendations are
made to decrease the lightning stroke to the horizontal conductor.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

There is a long history of field observations into the attractive
effect of lightning and several empirical rules for determining the
protection zone of a free standing structure have long been
proposed. Several attempts have been made to analytically deter-
mine the striking distance of a horizontal conductor [1].

Golde assumed that the initiation of upward streamers from
a grounded object is a striking signal [2,3]. Then he assumed
that an upward leader appears in a long nonuniform gap when
the average electric field in the gap exceeds a critical value. The
average electric field was defined as the ratio between the
downward leader tip voltage and the gap length. Golde assumed
that the critical breakdown electric field between the downward
leader tip and either a ground plane, a grounded vertical
conductor, or a grounded horizontal conductor will be same. This
critical electric field is 500 kV/m for a negative stroke and
300 kV/m for a positive stroke [4,5].

Others assumed an air gap with a constant length around the
horizontal conductor. If the potential difference of the air gap
exceeds its critical breakdown voltage, then an upward leader will
incept from the conductor [6].

Chowdhuri had assumed empirical equations for critical
breakdown voltages for the rod conductor gap based on experi-
mental results [7]. The critical positive-polarity breakdown voltage
Vclp is as follows:

Vclp ¼ 3400
1þ8=Dkgp ðkVÞ ðfor D < 15 mÞ

Vclp ¼ ð1400þ 55DÞkgp ðkVÞ ðfor D > 15 mÞ;
ð1Þ

where D is gap length in m, kgp is the conductor-rod gap factor for
positive-polarity breakdown voltage.

The critical negative polarity breakdown voltage Vcln is as
follows:

Vcln ¼
�
1180D0:45

�
kgn ðkVÞ ðfor D < 15 mÞ

Vcln ¼ 1:8ð1400þ 55DÞkgn ðkVÞ ðfor D > 15 mÞ;
(2)

where kgn is the conductor-rod gap factor for negative polarity
breakdown voltage.

Based on the knowledge of the physics of the discharge [8e11],
Garbagnati developed an empirical approach. The approach is
based on the idea that a substantial similarity exists between
lightning phenomena and discharges in large air gaps. The
proposed model takes care of the discharge physics basics, mainly
the propagation of the inception and propagation of upward
leaders from earthed structures [12].

Rizk had introduced another model for assessing the exposure
of free standing structures and horizontal conductors [13]. He
proposed a formula to estimate the induced potential necessary for
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continuous positive leader inception. The induced voltage Vc for
a vertical free standing structure of height d is

Vc ¼ 1556
1þ 3:89

d

: (3)

The induced voltage for the horizontal conductor Vc with radius
a and at height d is

Vc ¼ 2247

1þ 5:15�5:49lnðaÞ
d lnð2da Þ

: (4)

In other works, it was assumed in studying Franklin rods that, an
initiatory electron starts at the boundary of the ionization zone,
creating an electron avalanche on its way toward the Franklin rod.
This primary avalanche where the electrons are populated at the
head, leaves behind positive ions in the wake of the avalanche. The
electrons of the primary avalanche accelerate under the resultant
field induced by the downward leader, and the field resulting from
the avalanche produced positive space charge. A number of positive
ions Nþ1 are lifted behind by the primary avalanche. The criterion
for the primary avalanche to streamer transition is that the total
number of positive ions created by the successor avalanches Nþ2
forming the second generation is equal to the number of positive
ions Nþ1 of the primary avalanche. This will ensure that the
discharge process becomes self sustained [14,15].

The voltage condition proposed by Rizk for a lightning stroke to
the horizontal conductor has been modified to consider the hori-
zontal conductor voltage, humidity, and air density. The downward
lightning leader is modelled by exponential charge decay. The
parameters affecting lightning striking distance are summarized
into three main categories: lightning parameters, conductor
parameters, and ambient condition parameters (weather and
ground slope). The different parameters affecting lightning striking
distance for a horizontal conductor have been studied.

2. Electromagnetic model

Consider a horizontal conductor at height d exposed to a down-
ward lightning leader, as shown in Fig. 1. An electromagnetic model
has been constructed to study the lightning stroke to the horizontal
conductor. It is assumed that, the downward lightning leader pass
fromthe cloud to the grounddoes not affected by thepresenceof the

grounded horizontal conductors till it reaches lightning striking
distance far from the horizontal conductor [1e16].

The charge distribution inside the downward lightning leader is
very complicated. The charge density is the highest at the level of the
lightning leader tip and decreases with the lightning leader height.
Different charge distributions inside the lightning leader, such as
an exponential decay of the charge density, a combination between
point charge at the leader tip and constant line charge, and a combi-
nation betweenpoint charge at the leader tip and linear charge decay,
were assumed in previous works and a comparison between these
different charge distributions has been studied before [16] and
showed that the exponential decay is more accurate.

In this paper, the charge decaying distribution along the stepped
leader is assumed to be exponential of negative charge and given by

r
�
hyl

�
¼ �rse

�ahy
l ; a ¼ lnðrc=rsÞ

ðhlÞ
; (5)

where rs is the charge density in C/m at the downward leader tip
(z¼ ht), rc is the charge density in C/m at the cloud base (z¼ hc),
hl

y¼ z� ht and hl is the downward lightning leader length in m.
For themost studied cases, the downward lightning leader length

hl is assumed to be constant and equal to 3 km and rc/rs¼ 0.05. This
value results in a¼ 10�3. The relation between the return stroked
current and the total charge of the lightning stroke is studied before
[17,18]. Thereturnstrokedcurrent speed inthispaper isassumedtobe
0.3 times the light speed. Thedownward lightning leader is simulated
by N[ discrete line charges along the positive X, Y, Z directions. The
charge density rn[ for the n[ segment will be as follows:

rn[ ¼ rse
ahs

�ahl=N[

�
e
�a

�
htþhl

n[�1
N[

�
� e

�a

�
htþhl

n[
N[

��
: (6)

The potential of the downward lightning leader V[ at any point
in space is expressed as:

V[ ¼
XN[

n[¼1

rn[
�
Pn[ � Pyn[

�
; (7)

where Pn[, Pn[\ are the potential coefficients for n[th discrete constant
chargedensityand its imagedue to thegroundeffect (seeAppendix I).

The formula proposed by Rizk [13] to estimate the voltage at the
centre of the horizontal conductor due to the presence of
the lightning leader is chosen to be the basis for investigating the
lightning stroke to the horizontal conductor. The effect of air
density on leader inception and sparkover of the long air gap was
developed by Rizk [19]:

Vc ¼ 2247

1þ 5:15�5:49lnðaÞ
dkd lnð2da Þ

; (8)

where d is the relative air density.
The streamer gradient Es is approximately proportional to the

relative air density d:

Es ¼ Es0d; (9)

where Es0 is the streamer propagation field at sea level.
In [20], the streamer propagation field varies linearly with

higher altitudes, thus,

Es ¼ Es0dK; (10)

where K¼ 1þ (h� h0)/100, h0 is the standard value of 11 g/m3, and
h is the absolute humidity in g/m3.

Geldenhuys [21] has developed an empirical positive streamer
model for positive switching impulses:

Es ¼ Es0
h
d1:2 þ 1:3d�0:17ðh� 11Þ=100

i
: (11)Fig. 1. Schematic arrangement of a horizontal conductor struck by the downward

lightning leader.
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