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ABSTRACT

Recently, Cooray [1] introduced a new return stroke model which is capable of predicting the
temporal behaviour of the return stroke current and the return stroke velocity as a function of
height along the return stroke channel. We have employed this model to calculate the power and
energy dissipation in subsequent return strokes. The results of these calculations are presented in
this paper. The main conclusions of this paper are the following. (a) A large fraction of the total
energy available for the dart leader-subsequent stroke process is dissipated in the dart leader
stage. (b) The peak power per unit length dissipated in a subsequent stroke channel element
decreases with increasing height of that channel element from ground level. For a given channel
element the peak power dissipation increases with increasing current in that channel element. (c)

The peak electrical power dissipation in a typical subsequent return stroke is about 1.5 x 1011
W. (d) The energy dissipation in a subsequent stroke increases with increasing current in the
return stroke channel and for a typical subsequent stroke the energy dissipation per unit length is

about 5.0 x 103 J/m.
INTRODUCTION

Recently Cooray [1] introduced a new return stroke model which is capable of predicting the
temporal behaviour of the return stroke current and the return stroke velocity as a function of
height along the retumn stroke channel. The basic concepts used in this return stroke model are
the following. The dart leader current travels along the central core of the channel depositing
charge along the channel. Due to the high lateral field, this charge expands outward giving rise
to a corona sheath. At the point of contact with ground all the charge is concentrated on the
central core and, due to the development of the corona sheath, the charge on the core decreases
rapidly upwards. As the return stroke propagates up, the charge on the central core and corona
sheath discharge into the channel. This gives rise to current components which subsequently
travel along the highly conducting return stroke channel to ground. The total current at any
height is due to the sum of sheath current and core current from levels above that height. The
amplitude of the core current decreases rapidly upwards and the duration of the sheath current is
assumed to be equal to the time for the streamers to propagate into the space charge region. The
velocity of the return stroke along the channel is calculated as a function of current parameters
and channel temperature. Most of the predictions of this model concerning the radiated
electromagnetic fields and the variation of return stroke velocity, current risetime, peak current
amplitude, and peak current derivative along the return stroke channel are substantiated by recent
experimental observations.

In the study reported in this paper we have employed this return stroke model to calculate the
power and energy dissipation during subsequent return strokes. First, from the charge and
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current distribution along the return stroke channel the electric field inside the channel as a
function of time is calculated. This was combined with the current waveform along the channel
to calculate the power and energy dissipation during subsequent return strokes. In this paper we
will present results to show how the power dissipation along the channel is changing as a
function of height from ground level and the variation of power and energy dissipation as a
function of peak current at ground level.

POWER DISSIPATION ALONG THE CHANNEL

The current in the return stroke channel at a point situated 10 m from ground level is shown in
figure 1(a). The current waveform rises to it's peak value, which is about 10 kA, in about 0.3

us. The axial electric field, caused by the current and charge distribution along the return stroke
channel, in the same channel element as a function of time is shown in figure 1(b). The method
of calculation of the axial field in the channel element is similar to that described by Cooray et al.
(2]. In calculating this axial field the radius of the return stroke channel was assumed to be 0.001
m. The value of 0.001 m may be a good approximation for the radius of the return stroke
channel at the initial stages of the discharge but at later times the channel radius may be of the

order of 0.01 m. Note that the electric field in the channel has a peak value of about 3.5x10°

V/m and it decreases to 4x103 V/m in about 3.0 ps. This low value of the electric field is
probably associated with the arc phase of the discharge. For example, an arc channel in air with

a current of 10 kA has a electric field in the range of about 103 V/m [3]. Our calculations show
that the resistance of the channel decreases with time reaching a minimum value of 0.5 ohm/m in
about 3.0 microsecond.

The power dissipation in the channel element as a function of time is shown in figure 1(c).
Note that the peak power dissipation in this channel element is about 2.0 x 109 W/m. After the

initial peak the power decreases to about 5 x 107 W/m. Our calculations show that the return
stroke can maintain this low level of power dissipation for several tens of microseconds. This
low level of power dissipation is probably associated with the arc phase of the discharge. A
similar procedure can be applied to calculate the power dissipation in channel elements situated at
different heights along the channel. For example figure 2 shows the power dissipation, as a
function of time, in channel elements situated at 10 m, 100 m and 500 m from ground level.
Note that the width of the of the initial peak in the power curve increases and the peak power
decreases with increasing height from ground level. The peak power generated by channel
elements as a function of their height from ground level is shown in figure 3 for three peak
values of current, i.e. 10 kA, 20 kA, and 30 kA , at ground level. Note that over the first 100
m from ground the peak power dissipation in channel elements decreases by almost a factor of
three. This decrease in peak power is caused by the decrease in current amplitude and the
increase in current risetime with increasing height from ground level.

As can be seen from the data in figure 3, the peak power dissipation in a channel element at a
given height increases with increasing peak value of the current amplitude at ground level. The
relationship between these two parameters for a channel element at ground level is shown in
figure 4. This relationship can be represented approximately by the formula

Pp = 4.0x107 Ip!7 (1)
where Ip is the peak current in kA at ground level and Pp is the peak power in W/m generated by

the channel element. The relationship given in (1) is drawn in figure 4 by a dashed line. Of
course it is possible that the relationship between these two quantities is not the same at other




heights along the channel since the shape of the current and the velocity of the return stroke is
changing along the channel. d

The data given above correspond to the power dissipation in a single channel element situated at
a given point along the channel. However, the return stroke is composed of large number of
channel elements and the number of channel elements contributing to the power dissipation
increases with increasing time due to the geometrical growth of the return stroke channel.
Therefore, the total power dissipation in the return stroke is a function of the geometrical growth
of the return stroke channel and the time development of the power in each individual segment of
the channel. The total power dissipation in the return stroke channel as a function of time for a
10 kA current at ground level is shown in figure 5. The peak power dissipation in this retumn

stroke is about 9x1010 W. Note that the power reaches its peak value in about 7.5 ps and our
calculations show that the height of the return stroke channel when the power reaches its peak
value is about 1 km. Figure 6 shows the variation of peak power dissipation in return strokes as
a function of peak current. Again observe that the peak power dissipation in subsequent return
strokes increases with increasing peak current.

ENERGY DISSIPATION IN RETURN STROKES

The temporal variation of the power dissipation can be integrated to calculate the energy
dissipation along the return stroke channel as a function of time. Figure 7 shows the energy
dissipation, as a function of time, in a channel element situated at 10 m from ground level. Note
that the energy dissipation along in the channel element increases rapidly initially which is
followed by a slow increase. The peak energy dissipation in the channel element (not shown in
the diagram) is about 4.0x103 J/m. We have also calculated the energy dissipation in channel
elements close to ground as a function of peak retum stroke current. The results are shown in
figure 8. Note that the energy dissipation in the return stroke channel increases with peak current
. For a 30 kA peak current the energy dissipation in the return stroke channel is about 2.8x10%4

J/m and for a 50 kA current it is about 8.0x104 J/m. The relationship between the total energy
dissipation, per unit length, in channel elements close to ground and the peak current at ground
level can be represented approximately by the formula

E = 4321p!9 (2)

where E is the total energy, in J/m, dissipated in the channel and I, is the peak current, in kA, in

the channel. This formula is depicted in figure 8 by a dashed line.Note that the energy dissipation
in the return stroke channel increases approximately as the square of the peak current.

DISTRIBUTION OF POWER AND ENERGY DISSIPATION IN SUBSEQUENT
RETURN STROKES

As we have shown above the energy and the power that will dissipate in a return stroke depend
on the peak current in the return stroke channel. On the other hand as shown by Cooray [4] the
return stroke model predicts an approximate linear relationship between the peak return stroke
current and the peak return stroke radiation field. Therefore, if the distribution of peak radiation
fields generated by subsequent return strokes are known, the relationships given in the earlier
section can be used to obtain the distribution of power and energy dissipation in subsequent
return strokes. The best data set available at present on the distribution of peak radiation fields
from subsequent strokes was obtained by Master et al. [5]. We have used this distribution to
calculate the distribution of energy and power dissipation in return strokes. The results are




shown in figure 9(a) and 9(b). Note that the 50% values of the energy and power dissipation in
subsequent return strokes are 5.0x103 J/m and 1.5x1011 W/m respectively.

DISCUSSION

Several theoretical simulations of the energy dissipation in lightning return strokes have been
made by several researchers [6,7,8,9,10]. In an investigation conducted by Hill [6] power and
energy dissipation due to a 21 kA current was estimated. The risetime of the current waveform

was 8.5 us. The peak power dissipation in the channel was calculated to be 1.5 x 109 W/m and
the total energy dissipation in the channel was estimated to be about 1.5x104 J/m. Plooster [7]

estimated that a 20 kA current with a 5 ps risetime will dissipate about 2.5x103 J/m of energy in
the return stroke channel. More recently Paxton et al.[10] estimated that a 20 kA return stroke

current with a 5 ps risetime will dissipate about 4.0x103 J/m of energy in the return stroke
channel. Our analysis show that the peak power dissipation in return strokes depends on the
risetime of the current waveform. The results in figure 3 show that the peak power dissipation in
a return stroke channel element close to ground with a 20 kA peak current is about 7x109 W/m.

Furthermore, the risetime of the current waveform close to ground level is about 0.3us.
However, the risetime of the current waveform increases with height and at heights of about

500m from ground level the risetime of the current waveform is about 5 gs. Calculations show

that the peak power dissipation caused by a 21 kA current at this level is about 1.0x109 W/m.
This value agrees with the peak power estimated by Hill {6]. Furthermore, our estimates of
energy dissipation are in general agreement with the values reported in the literature.

To the best of our knowledge no experimental observations of electrical energy dissipation in
subsequent return strokes are available in the literature. In the case of first return strokes the only
available information is due to Krider et al. [11]. In that investigation the energy dissipated in a
single stroke flash was estimated to be 2.3 x 105 J/m. The current in the return stroke was
unknown. On the other hand several researchers have attempted to calculate the energy
dissipation in return strokes by electrostatic considerations [11,12,13,14]. According to these
electrostatic considerations the potential of the cloud is of the order of 108 - 109 V. Now,
according to the retumn stroke model of Cooray [1] the total charge brought down by a 10 kA
subsequent return stroke is about 0.5 C. If we assume that the length of the return stroke channel
is about 7 km and the potential of the cloud is about 5 x 108 V then the energy per unit length
available for the return stroke process would be of the order of 3.5 x 104 J/m. However, the
calculated value of 4.0 x 103 J/m is about an order of magnitude less than this expected value. If
the calculated value is correct then some of the energy available for the return stroke-dart leader
process must dissipate in a process other than the return stroke. It is possible that some of this
energy will dissipate in the dart leader stage but, unfortunately, no information is available in the
literature concerning the energy dissipation in the dart leader stage. In order to investigate this
apparent discrepancy we have used the following simplified model to estimate the energy
dissipation in the two stages i.e. dart leader and return stroke. The two charge centers, i.c.
negative and positive, in the cloud were assumed to be spherical in shape and each charge center
was assumed to carry 40 C of charge. The radius of the charge center was calculated by
assuming that the outer boundary of the charge center is at breakdown electric field. Now, due to
the decrease in pressure at cloud height the breakdown field may be a factor of 2 lower than that
at atmospheric pressure and due to the presence of water drops the breakdown field may
decrease further by a factor of about 3 [15]. Therefore, the radius of the charge centers will be of
the order of 1 km. The height of the center of negative charge was assumed to be at 8 km and the
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height of the positive charge centér was assumned to be at 12 km. The situation is shown in figure
10(a). Now, according to the return stroke model, just before the return stroke all the charge that
will be neutralised in the return stroke is distributed over the dart leader channel. The charge

density (denoted by p) along the channel was assumed to decreases exponentially with height
with a decay height constant of 5000 km. The diameter of the dart leader channel was calculated
by assuming that the outer boundary of the charge cylinder is at breakdown electric field. The
situation is shown in figure 10(b). The total charge on the leader channel is 0.5 C which is the
value corresponding to a 10 kA peak current. During the return stroke the charge stored on the
leader channel is brought to ground and at the end of the return stroke the situation is similar to
that depicted in figure 10(c). Using this configuration we have calculated the energy dissipation
during the dart leader stage i.e. the energy difference in the situations 10(a) and 10(b) and the
energy dissipation during the return stroke stage i.e. the energy difference in the situations 10(b)
and 10(c). In these calculations the effect of the earth was taken into account by the method of
images. The results show that the energy dissipation during the dart leader stage is about
2.0 x 104 J/m and the energy dissipation during the return stroke is about 2.6 x 10> J/m. This
shows that about 90% of the energy available for the dart leader- return stroke process will
dissipate in the dart leader stage. The value calculated for the energy dissipation in the return
stroke i.e. 2.6 x 103 J/m is similar to that calculated by using the return stroke model. Now, the

total energy dissipation in bririging down 0.5 C of charge to ground is about 2.3 x 104 J/m and
since the length of the leader channel is 7.5 km the total energy dissipation during the dart leader-
return stroke process is 1.7x 108 J. This energy value corresponds to a discharge to ground of
0.5 C from an initial potential difference of 3.5x108 V. This value agrees with the estimations of
cloud potential obtained by other researchers.

CONCLUSIONS

In this paper we have calculated the energy and power dissipation in subsequent return strokes
by using a recently introduced return stroke model. For a given return stroke current the highest
power is dissipated in channel elements close to ground and the peak power dissipation in a
given channel element decreases with increasing height of that channel element from ground
level. For example, our results show that, for a 10 kA peak current, the peak power dissipation
in a channel element at ground level is about 2.0 x 109 W/m and the peak power dissipation in a
channel element at 100 m from ground level is about 6 x 108 W/m. The total power dissipation
in the overall return stroke channel reaches its peak when the length of the return stroke channel
is about a kilometer and for a typical subsequent stroke peak total power dissipation is about 1.5
x 1011 W. The energy dissipation in a typical subsequent return stroke is about 5.0 x 103 J/m.
Both the energy and the power dissipation in the return strokes increase with increasing peak
current. The calculations presented in this paper show that most of the energy available for the
dart leader-return stroke process is dissipated in the dart leader stage.
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Fig.1  (a) The current, (b) the axial electric field and (c) the power dissipation as a function of
time in a subsequent stroke channel element situated at 10 m from ground level. The peak
current in the return stroke channel is 10 kA. The time is measured from the beginning of the
current waveform in the channel element.
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Fig.2  Power dissipation, per unit length, as a function of time in channel elements situated at
(a) 10 m, (b) 100 m, and (c) 500 m from ground level. The peak current in the subsequent
return stroke is 10 kA. Note that the time delay between the initiation of power dissipation in
different channel elements is not shown in the diagram.
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Fig.3 Peak power dissipation, per unit length, in a channel element as a function of it's
height from ground level. The peak current in the return stroke channel is (a) 30 kA, (b) 20 kA,

and (c) 10 kA.
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Fig.4  Peak power dissipation, per unit length, in a channel clement at ground level as a
function of the peak current (solid line). The relationship between these two parameters can be

approximated (dashed line) by the equation Pp=4.0x 10 7 Ipl'7 where Ip is the peak current
in kA at ground level and Pp is the peak power generated by the channel element.
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Fig.5 The total power dissipation as a function of time in a return stroke with a 10 kA peak
current at ground level.
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Fig.6  Peak total power dissipation in subsequent return strokes as a function of peak current
at ground level.
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Fig.7  Energy dissipation, per unit length, in a channel element at 10 m from ground level as
a function of time. The peak current in the return stroke channel is 10 kA.
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Fig.8  The total energy dissipation, per unit length, in channel elements close to ' ground as
a function of return stroke peak current (solid line). The relationship between these two

parameters can be approximated (dashed line) by the equation E =43.2 x Ipl°9 where Ip is the
peak current in kA at ground level and E is the peak power generated by the channel element.
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Fig.9 (a) Distribution of the energy dissipation in subsequent return strokes and (b)
distribution of the total power dissipation in subsequent return strokes derived from the

distribution of peak electric radiation fields.
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Fig.10 Analysis of the energy dissipation in return strokes by using a simplified model of the
thunder cloud. (a) Situation just before the initiation of dart leader. (b) Situation just before the
initiation of return stroke. (c) Situation just after the end of return stroke.
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