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Abstract The development of atmospheric lightning is initiated by a ‘leader’ phase during which
ionized channels appear in virgin air. The use of rapid cameras, the measure of fields
and currents associated with the discharge allow one to compare the propagation of
laboratory leaders with those of natural or artificially triggered lightning. The corresponding
physical processes can be analyzed with the help of models developed for laboratory
leaders provided that the non linear effects due to the intense current circulation leading
to lightning leader thermalization are taken into account. A self-coherent simulation of
triggered lightning leaders for both polarities is presented is this paper. Furthermore, these
models make it possible to define the ‘stabilization field’ concept, equal to the minimum
ambient field allowing the stable progress of a leader from a ground structure, expressed
as a height and curvature function of this structure. This concept can be validated through
triggered lightning tests. Finally, the stabilization field analysis is completed by a simplified
analytical model based upon an electrostatic approach of propagation equilibawte
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Observation et modélisation du leader de I'éclair

Résumé Le développement de I'éclair atmosphérique est initié par la phase de «leader» correspon-
dant a la formation de canaux ionisés dans l'air vierge. L'utilisation de caméras rapides,
la mesure de champs et de courant associés a la décharge permettent de comparer les ca-
ractéristiques de propagation des leaders de laboratoire et ceux de I'éclair naturel ou dé-
clenché artificiellement. Les processus physiques mis en jeu peuvent étre analysés grace
aux modeles développés dans le cas du leader de laboratoire si I'on tient compte des effets
non-linéaires dus a la circulation de courants intenses, conduisant a la thermalisation du
leader de foudre. Une simulation auto-cohérente des leaders de I'éclair déclenché dans les
deux polarités est présentée dans cet article. Par ailleurs, ces modéles permettent de défi-
nir le concept de «champ de stabilisation», égal au champ ambiant minimum assurant le
développement stable d’un leader depuis une structure au sol, exprimé en fonction de la
hauteur et du rayon de courbure de cette structure. Ce concept peut étre validé grace aux
expériences d'éclairs déclenchés. Enfin, I'analyse du champ de stabilisation est complétée
par un modéle analytique simplifié basé sur une approche électrostatique de I'équilibre de
propagationPour citer cet article: P. Lalande et al., C. R. Physique 3 (2002) 1375-1392.
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1. Introduction

Modeling of the leader phase of a lightning flash is necessary to predict the physical thresholds for the
occurrence of lightning strikes to aircraft or grounded structures. The aim of the models described in the
present paper is to provide numerical tools to simulate the inception and development of a lightning leader
from a conductive object. For this purpose, we have based our investigation of basic mechanisms on the
studies of long sparks in laboratory [1-3] for which self-consistent models have been elaborated [4,5] and
which are described in a companion paper in this same volume [6]. In Section 2 of the present paper, the
main characteristics of positive and negative leaders in laboratory long sparks are compared with those of
leaders in natural and triggered lightning flashes. It turns out that the main difference between leaders in
long sparks and natural lightning is in the conditions for the stable propagation of the leader as function of
the external ambient field: this appears to be related to the non-linear plasma processes that drive the channel
conductivity (Section 3). On this basis, the self-consistent models developed for the simulation of laboratory
long sparks have been adapted to the case of the rocket-triggered lightning (Section 3). Finally, based on
the model results, we suggest a general concept for the stable propagation of long discharges (Section 4);
this simple concept is analytically formulated and its practical applications is discussed in conclusion.

2. Comparison between leaders in laboratory long sparks and in lightning flashes

2.1. Main features of leaders in laboratory sparks and lightning flashes

Laboratory discharges in rod to plane gaps submitted to impulse voltages of various waveshapes were
exhaustively studied by the ‘Les Renardiéres’ Group [1-3]. Based on the results of these investigations,
ONERA and the University of Padova developed self-consistent models of both positive and negative
leaders [4,5]. These models have been fully validated in laboratory experiments. In order to extend the
use of these models to lightning leaders, the differences between the inception and propagation processes
of leaders in laboratory discharges and lightning flashes have been investigated.

The positive discharge in laboratory long sparks develops in background electric fields in the range of
100-200 kVm~1. This discharge consists of two regions with different conductivity [6]: the corona front,
which is a region of high resistivity where the ionization processes occur, and the leader channel, which is
a conductive plasma channel from which the corona front develops. The potential gradient along the leader
channel is of the order of 100 kL. During the leader propagation, the two regions are strongly coupled.
The leader head propagates continuously from the high voltage electrode to the ground plate, with a veloc-
ity from 10* m-s~% to 3x 10* m-s~1. The current flowing into the electrode is an almost continuous current
of a few amperes. However, for slowly varying impulse fronts of the voltage (typically above 500 pus for a
10 m gap), discontinuities associated with sharp channel re-illuminations appear in the leader development
[1,2,7]. When the corona front reaches the ground, an arc develops leading to complete breakdown of the
air gap [7].

Berger [8] filmed at Mount San Salvatore the development of several upward positive lightning leaders
from tall towers in ambient electrical fields of 10-504kWv 1. Fig. 1(a) shows that the leader propagation is
almost continuous (i.e., without steps), but it exhibits a discontinuous luminous emission with bright spikes
about 25 ps apart. The two positive leaders in Fig. 1(b) are from two different towers; they propagate with
velocities ranging from X 10 m-s~1 to 3 x 10° m-s~1 (Fig. 1(b)). The current measured at ground is
almost continuous and it increases with time from several tenths up to several hundreds of amperes.

The negative leader in laboratory develops in ambient electrical fields in the range of 200-800kV
almost double those needed for positive leaders. The propagation of negative leaders is discontinuous both
in space and time, with several bright steps associated with current pulses of several hundred of amperes,
and separated by time intervals between 10 to 20 ps [6]. A weakly luminous complex structure develops in
periods between these steps. The elongation of the leader at each step is typically of 1 m and occurs with a
mean velocity of 10m-s~1to 5x 10° m-s~1.
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Figure 1. (a) Streak camera image of the
development of two positive lightning leaders
propagating from two different tall towers [8];

(b) still photograph of the same leaders.

Berger [8] also filmed a lightning upward negative leader from the top of a tall structure, in an ambient
field greater than 40 kWh~1 (Fig. 2). Its propagation is similar to that observed in laboratory, composed by
bright steps of several meters; its mean velocity is in the range®ofi®© ! to 1® m-s~1. The time interval
between steps is approximately 30 us. Currents measurements of negative leaders during the lightning
strikes to aircraft show the peak currents associated with each step to be approximately 1 kA [9].

2.2. Features of leaders in rocket-triggered lightning flashes

Artificially triggered cloud-to-ground flashes can be obtained by a rocket spooling out a grounded wire
in the ambient electric fieldo produced by a thundercloud (so-called classic triggering technique) [10,
11]; such a flash is initiated by an upward leader from the rocket tip; in most cases, due to the polarity
of the cloud charge, this is a positive upward leader. The leader characteristics are determined through the
measurement of the current at the bottom of the wire and from fast cameragrams in streak mode.

These measurements have indicated that the artificially triggered positive leader exhibits the same
discontinuous propagation as the natural one. Furthermore, it has been shown, from the analysis of the
current traces, that the leader initiation process evolves in successive stages during the rocket ascent. At
low altitude of the rocket, only aborted leaders develop; the current measurements show isolated groups of
one or several pulses lasting from 5 to 20 ms (Fig. 3), followed by complete discharge arrest. The interval
between successive pulses within each group is approximately from 20 to 30 ps.

1377



P. Lalande et al. / C. R. Physique 3 (2002) 1375-1392

Figure 2. Development of an upward negative leader from a tall tower. (a) Streak camera image of the negative leader
development; (b) zoom of a part of the streak camera image; (c) still photograph of the same lightning leader [8].
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Figure 3. (a)—(c) and (d) groups composed of one (a), (b) or several (c), (d) oscillating current pulses associated with
the attempted inception of upward positive leader in classical rocket-triggered lightning.

Each group of current pulses can be attributed to an attempted leader development and its extinction
after a few meters, due to insufficient electric field above the rocket tip. The space charge injected by the
discharge itself reduces the local electric field above the rocket tip and inhibits further development of the
leader. Several milliseconds later, after the rocket has traveled a few meters through the space charge, the
screening effect on the resulting field is reduced and a subsequent leader is then able to start.

At higher altitude, the onset of ‘stable’ leader propagation is observed: Fig. 4 shows the appearance at
around 0.1 ms of a growing continuous current with superimposed pulses that are gradually damped. The
continuous component may reach 200 A after tens of milliseconds. We believe that the pulses of the leader
current are progressively filtered because of the relatively high resistance of the elongating leader channel
in comparison with the wire resistance. The critical wire length for a stable leader propagation depends on
the ambient electric field below the thundercloud.
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In so-called ‘altitude triggered’ lightning (a variant of the classic technique), the rocket first spools out
50 m of grounded wire, followed by 400 m of insulating Kevlar thread (Fig. 5); finally, a second portion
of the conducting wire is spooled. Bi-directional leaders initiate from the extremities of this floating wire,
when it becomes sufficiently long [12]. A positive leader starts at the top of the rocket and propagates
towards the cloud. A few milliseconds later, a downward negative leader starts at the bottom end of
the triggering wire and propagates towards the ground. The whole process consists of the simultaneous
propagation of two leaders of opposite polarities and is called ‘bi-leader’ or ‘bipolar leader’. When the
downward negative leader approaches the ground, an upward connecting positive leader starts from the
upper end of the grounded wire followed by their connection and the subsequent arc.

The main features of positive and negative leaders originated from the floating wire have been inferred
from cameragrams and electric field measurements on the ground [13]. As expected, the positive upward
leader is similar to that generated with the classic triggering technique. Its propagation velocity ranges from
10* to 1® m-s1. Several aborted negative downward leaders are observed, thibdighd variations,
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Figure 4. Current of an ascending positive leader in classical rocket-triggered lightning, measured on the ground.

Figure 5. Photograph of an altitude triggered flash (summer
1989). The points A, B, C delimited the parts of the wire.
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before a stable negative leader inception can take place. The propagation velocity of the negative leader
is between 1 and 2 10° m-s~1, with a stepping interval of 18-20 ps and a step length between 3 and 5
meters.E-field measurements indicate that each step transfers a charge of about 270 pC.

An acceleration of the upper positive leader is observed at the inception time of the negative leader at
the bottom end; it indicates a coupling process between the two leaders, most likely through the potential
variations of the floating wire. A similar coupling effect has been observed in laboratory bipolar leaders
developing from a floating conductor positioned in the middle of a 10 m gap [14].

The propagation mode of rocket-triggered leaders is similar to that of laboratory leaders. However, the
ratio between velocities and currents of lightning and laboratory are of the order of ten for both polarities.
Furthermore, the lightning leaders can develop in ambient electric fields ten times lower than those for
laboratory leaders. We shall show in the following section that the difference in leader currents leads to
widely different internal fields in the channel (normal or thermalized leader channel [6]), and, therefore, to
different conditions for a sustainable propagation.

3. Modeling of lightning leaders

3.1. Modeling of the leader channel: effect of the internal electric field

3.1.1 Ambient and internal fields for leader propagation

Let us consider the configuration of a grounded vertical wire of le@gtim a uniform background field
Eo from which a leader develops to the height (Fig. 6). For simplification, we represent the leader as
a channel with an internal electric fielt > Eo and neglect the corona region in front of it. The potential
difference at the leader tip available to sustain the propagatiaiVieZ,). In laboratory, the internal field
along the leadek; is typically higher than 100 kWn—?! for a positive leader [6]. The ambient fielh
near the ground in thunderstorms, is usually in the range of 10 to 5®k%¥ When the internal field; is
higher thanEo, the potential difference vV (Z,) decreases with the altitudg at the altitudeZ ¢, where it
reaches zero, the leader development stops. Thus, a lightning leader can only develop if its internal electric
field E; becomes lower than the ambient electric fielgl

3.1.2 Evolution of the internal field versus current

Experimental and theoretical analysis have shown that characteristics of the leader depends mainly on
its current and charge (see [6]). In laboratory conditions, the current is relatively low, and ionization of
neutral molecules is determined by electron-neutrals collisions; in this case, the temperature of neutrals

-E(Z-Z,) : potential
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E, T Z Figure 6. Potential distribution along
the discharge propagation axis in the
case of an ambient electric fielth
Z lower than the internal electric
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remains in the range 4000-5000 K, far from local thermodynamic equilibrium (LTE); the electric field in
the leader channel then maintains at relatively high values (above 189 R®Ywhich are characteristic of
the ‘normal’ leader phase [6].

On the contrary for high current phases (final breakdown), the temperature raises above 5000-6000 K and
the local thermodynamic equilibrium is obtained; the gas molecules are fully dissociated, the neutral, ion
and electron temperatures become equal, and the ionization is determined by neutral-neutral collisions [6].

The lightning leader may be considered to be in a transition stage when a ‘normal’ leader channel
transforms into a ‘thermalized’ channel, similar to the transition taking place just before the final arc in
laboratory discharges. In this case, the gas temperature reaches values large enough for the ionisation to be
dominated by thermal collisions [9].

The model presented in the companion paper [6] makes possible to calculate the temporal evolutions
of densities, temperatures, channel radius, pressure and electric field as functions of current amplitude. In
Fig. 7(a), the results obtained with pulses superimposed on a low continuous current of 0.2 A are presented;
the peak currents (3, 25, 50, 75 and 100 A) are consistent with those measured in negative laboratory leaders
and in lightning leaders of both polarities. The computer simulation shows that for current pulses lower than
a few tens of amperes, the leader channel do not thermalized and its internal field remains of the order of
100 kV-m~1, On the other hand, for larger current pulses (lightning leaders or strong negative laboratory
leaders), the channel becomes thermalized and the internal field decreases down to-tw-1Q &ven if
it increases slowly because of the cooling processes. Thus, due to the thermalization process and the low
internal field, the lightning leaders can develop in low ambient electric field.

3.2. General principles for modeling of leader propagation

The numerical simulation of lightning leaders presented here is based on the self consistent time-
dependent models described in the companion paper [6]. The input data is the initial field distribution
(thundercloud electric field distorted by the rocket and wire); the different phases of leader inception
and development are numerically simulated sequentially along the line of maximum electric field. The
field and potential distributions are calculated by using a numerical method derived from the classical
‘Charge Simulation Method’ [15], taking into account the components of the leader channels and corona
space charges. The inception and propagation parameters of the discharge (inception time, charge, current,
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Figure 8. Representation of the regions of
Corona head (1) the positive leader. (1) Corona head where
ionization and electron multiplication
processes take place. (2) Leader channel:
thin, medium temperature (1500 to 5000 K)

Non thermalized .
conductive plasma channel

leader head (2) Space charge (Eint ~ 1 kV-cm™1); the current produced
1 4 within the corona region feeds the leader
enveloppe  (4) progression and leader advancement

sustains thet -field at the corona front.
(3) Partly thermalized leader channel

Thermalized (T > 5000 K): increase of conductivity;
leader 3) Eint ~ 10 to 100 Viem™1. (4) Space charge
. envelope made of remnants of the corona
Rocket tip head after propagation through it by the
leader.

propagation velocity, conductivity, etc.) are derived for the different regions of the discharge (Fig. 8), as
function of the local electric field distribution. The main steps of the simulation of a single leader are given
in the flow chart in Appendix A.

3.3. Positive leader

The self-consistent model described above has been applied to the simulation of the inception and
development of a positive leader in a ‘classical’ rocket triggered lightning, for different rocket altitudes.
The results reported in this paragraph have been computed for a uniform ambiedfieldo kV-m—1
and two altitudes of the rocket tig{: 50 m and 100 m. Figs. 9(a) and 10(a) show the temporal evolution
of the vertical positions of the corona front and of the leader tip Hee 50 m and 100 m, respectively. In
agreement with experimental observations, the model shows that the upward leader propagation consists of
a sequence of steps and restrikes, with a time interval between them of about 20 ps. Each step consists of
the fast corona development, followed by the slow continuous propagation of the leader-corona system.
The current at the leader tip (Figs. 9(c) and 10(c)) consists of a sharp pulse (associated with the fast
corona development) and of a small continuous current (associated with the leader-corona propagation).
The current records calculated from the model (Figs. 9(c) and 10(c)) are in good agreement with the current
measurements at the bottom of the wire (Figs. 3 and 4) for an upward leader in classical triggered lightning.

For rocket height? = 50 m, the leader stops after a few steps with an elongation of about 12 m because
the electric field at the leader tip becomes two low to sustain the corona development (Fig. 9(b)). In this
case, the electric field at the leader tip is strongly reduced by the space charge accumulated during the first
restrikes. However, with the rocket & = 100 m, the discharge becomes stable and propagates without
interruption because the electric field at the leader tip is always high enough for the development of a new
corona at each restrike (Fig. 10(b)). As experimentally observed, an unstable propagation condition occurs
at low altitude when the space charge effect grows faster than the leader extension effect (enhancement of
the E-field at the tip); on the contrary, a sustained propagation can be obtained at higher altitude when the
increase of thek-field at the leader tip due to the leader extension is high enough to counterbalance the
effect of the space charge growth.

3.4. Bipolar leader

As in the previous case, the input data for the simulation of the bipolar leader development, in altitude
triggered discharges, are the atmospheric electric field profiles (deduced form theoretical and experimental
analysis) and the geometry of the rocket and wire system. The altitude-time development of both upward
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positive and negative downward leaders is shown in Fig. 11, with the main results of the simulation in
Table 1.

The simulation results are mostly in good agreement with the measurement although several discrepan-
cies can be emphasized. The length of the spooled wire at the positive leader onsetis 160 m in the simulation
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Figure 11. Simulated space-time development of the bi-directional leader in altitude triggered lightning. Calculation
has been performed with a simplified electric field profile under a thundercloud inferred by the linear interpolation
between the following points: 5.5 ksh—1 (ground level), 60 kvin—1 (at altitude of 400 m), and 70 kyh~—1 (at
altitude of 600 m).

Table 1.Comparison between the calculated and measured parameters for the bipolar leader in an altitude
triggered lightning experiment.

Calculation Measurements
Altitude of positive leader inception 610 m 560 m
Positive leaderst between restrikes 28 us
Positive leader velocity 510°-21x 10° ms~1
Positive leader charge per unit length 65mct
Inception delay for the negative discharge versus the positive one 1.8 ms 3ms
Negative leader stepping period 20 us 18.5 ps
Negative leader step length 5-8m <10m
Negative leader velocity 210°-45x10°ms 1 4x1Pms?
Negative leader charge per unit length 110mct
AverageE-field change associated with a step 3ivi 25VvV.m~1

(at 50 m from the bottom of the wire)

versus 200 m measured. This discrepancy can be attributed to the fact that the simulation was performed
with an approximate electric field profile. The time of the negative leader onset (1.8 ms for the simulation
and 3 ms measured). This discrepancy is due to the fact that in our simulation (i) we have overestimated the
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atmospheric electric field profile, and (i) we did not take into account the effect of the negative space charge
surrounding the bottom of the wire. The aborted negative leader generates this negative space charge, which
reduces the electric field at the bottom of the wire and delays the onset of the downward negative leader.

4. Application of the physical discharge models to the concept of the stabilization field
4.1. Definition

For lightning protection purposes, it is necessary to evaluate the conditions leading to the formation and
sustained propagation of a lightning leader from a grounded structure or a flying aircraft. The threshold
condition is often estimated by a simple corona inception criterion. However, experimental observations
of triggered lightning have shown that additional conditions must be fulfilled before a lightning leader
can propagate over long distances. In these experiments (see previous sections), aborted leaders have been
observed to propagate over a few meters and then stop if the average electric field in the discharge region is
not sufficient to sustain their propagation.

From the physical models of both positive and negative discharges, a macroscopic criterion called
the ‘stabilization field’ could be derived to represent the minimum threshold condition for the sustained
propagation of a lightning leader from a grounded structure. For a thin cylindrical structure of Heig g
defined as the minimum uniform vertical atmospheric field that allows the stable propagation of an upward
leader. This stabilization field can be derived from the self-consistent models described previously. Let us
notice that we should normally add to this criteria and for ground structure, an accelerating electric field
because the ground structure is usually surrounded by a space charge which tends to screen the atmospheric
field. But as soon as an electric field instability occurs such as the approach of an downward leader or a
strong wind which blows the space charge, an upward lightning leader will develop.

4.2. Derivation of the stabilization field from lightning leader models

For a 1 cm radius cylindrical rod of heigli, terminated by an hemispherical tip, the ‘stabilization
field’, Esta H), has been computed by using both positive and negative discharge models using a bisection
method [16] on the values of atmospheric fidld. The computation has been performed for different
altitudes above the sea level and corresponding air pressures and densities.

The computed values of the stabilization field at sea level are plotted in Fig. 12 as a functofoof
both positive and negative lightning leaders. For positive leaders from structures taller than £ggym,
becomes lower than 30 kwi~1, the ambient field values frequently measured below a thundercloud. The
model predicts that tall structures are likely to trigger cloud to ground flashes, initiated by a positive upward
leader, as actually observed by numerous authors [17]. For a given structure height, the stabilization field
of the negative discharge is two to three time larger than the one for the positive leader. This explains why
in the bi-directional leader, the positive leader develops first and is following several milliseconds later by
the negative leader onset. The positive leader development increases the floating potential of the suspended
wire until it reaches the inception threshold of the negative lightning leader.

—B— Stabilization field for the positive leader
—¥— Stabilization field for the negative leader

Figure 12. Stabilization field of a lightning g 100 |
leader as a function of the ground structure =
height.

0 50 100 150 200
Structure Height (m)
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Analytical formulas (1) and (2) have been derived from the numerical results by using a non-linear curve
fitting method. They express the stabilization field as a function of the structure height, from a few meters
to 400 m, and air density

Faus (i) | 3087, 216 W
Sb ) = 1 H/61 T 1+ H/1327)

723
Esiap-(H) = {m*“*}s- (2)

The stabilization field is in kn—1 and the height is in meter8= (P/Po)(To/T) whereP andT, Py
andTy are the ambient air pressure and temperature and the standard pressure and temperature at Mean Sea
Level, respectively.

To compute the field threshold for the development of lightning leader from a ground structure with a
height H and built at an altitude’, you have just to compute the air densitgssociated with this altitude
and reported the heiglf ands in the former expressions.

4.3. Validation of the modeling results for the case of the positive lightning leader

Using a small ascending rocket with an electric field sensor, launched immediately before the triggering
rocket itself, Willett et al. [18] have measured the electrical ambient field profile just before a classical
triggered lightning flash. They also measure the critical wire lerfgthspooled out by the rocket when
the flash occurs. They plot the mean ambient electric figldan along the rocket trajectoryBmean=
(1/H7) fOHT Ep(z) dz) as a function of the lengti (Fig. 13). The calculated values of the stabilization
field versus the conductor height have been also plotted in Fig. 13. It turns out that the stabilization field
is equal or slightly belowEmean The small difference of few kn—1 can be explained mainly by the fact
that the distortion of the electric field distribution by the presence of previously aborted leaders has never
been taking into account in the simulation. The reasonably good agreement between the simulation results
and the measurements validates the stabilization field concept and allows us to use it as a quantitative tool
for the design of ground or aircraft lightning protection [19].

4.4. Simplified electrostatic approach

Our self-consistent model of leader developmentis time dependent, i.e., all discharge parameters (charge,
space charge radius, leader velocity, leader internal fie)dare non-linearly coupled. In order to study
independently the influence of each discharge parameter, we developed a simplified electrostatic model
derived from the electrostatic modeling used in the self consistent model.

— Positive leader
35 1 m Experiment Emean
30 + a_Experiment Etop Figure 13. Comparison between the
_ 25+ computed stabilization field of a positive
§ 20 4 lightning leader and the mean ambient field
€ sl Emean(mean value of the ambient electric
field along the rocket trajectory) just before
101 the lightning is triggeredEqop is the
5 atmospheric electric field at the altitude of
0 } } f f the rocket tip.
0 100 200 300 400 500

Lcrit (m)
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4.4.1 Principle of the electrostatic model

The configuration modeled is a grounded wire of lengtlirom which a leader develops in a uniform
ambient fieldEg. A conductive leader channel is surrounded by a cylindrical space charge of #agiunl
of uniform linear charge densitye (C-m~1) (Fig. 14). The total space charge generated in the cylinder by
the leader of lengtlk is gcel. The leader internal field; is also assumed to be uniform.

At time ¢, when the leader has extended fréfmto H + L, the space charge envelope extends fidm
to H + L + Lc whereL is the length of the corona region in front of the leader head. The potential along
the wire is constant and equal to zero, while, the potential along the leader channel is assumed to decrease
with a constant slop€&;. The potential decreases sharply in front of the leader head to reach, a few meters
away, the ambient potential.

The potential difference available to sustain the leader propagation is a function of the potenti@ldrop
given by the following expression:

AVZAVam—AWe_AVCe. (3)

Here AVan is the potential drop produced by the atmospheric field between groundaifi+ L, AVje is
the potential drop along the leader, and¢ is the potential drop generated by a uniform cylindrical space
charge at the leader tip, which includes the direct componamsgi and the image charge component
AVee2[20,21].

The following expressions may be derived in the case of leader development alohgxise

H+L
AV|e=/ Ei(z)dz=E;L, 4)
H
H+L
AVamz/ Eo(z)dz = Eo(H + L) (in uniform atmospheric field) (5)
0
AVee= AVee1+ AVie2 (6)
AVee1 = _ qeel [_(L2+ LZ) +d2In [—Vage—l—L%—l—Lc}
7 AmsoaZ(L + Lo) o e a2+ 12— L

+L\/a§e+L2+Lm/age+L2], (7

1387



P. Lalande et al. / C. R. Physique 3 (2002) 1375-1392

AVier= —L (2H + L)2 —(2H + 2L + LC)2
A soade(L + Le)
4 a2 m{ VaZ+ (2H + L)2 — (2H + L) ]
| \aZ+ 2H + 2L + Lo)?2 — (2H + 2L + L)

+ (2H + 2L + Lo)\/ a2+ (2H + 2L + L¢)2 — (2H + L)/ a2+ (2H + L)2] ) (8)

Eq. (3) can be splitin three terms:
AV =EoH + (Eo— Ei)L — AVce, 9)

where the first term is associated with the initial potential for the leader development; the second
corresponds to the potential increase due to the leader extension; the last term is due to the space charge
which tends to reduce the available potential for the leader development. The simplified electrostatic model
assumes that the propagation is stablé ¥ (L) remains positive and above a minimum val&..

4.4.2 Principle of the computation

In order to calculate the potential differengd’ as function of the leader length, it is necessary to
determine parameters;, dace, gce @NA E;. It has been shown in previous studies that the axial figJdn
the space charge region of positive leaders is approximately constant with a value aroundcn5kV
[1,7]: an upper limit value fol; may be therefore obtained as:

A
Le(m) = - (10)

The results derived from the Eg. (9) are consistent with observations from streak cameragrams of triggered
lightning leaders [22] which indicate lengtlis of the leader corona from a few meters up to 10 m. From
the same optical data, the radiug of the corona envelope was estimated between 0.5 and 2 m. The charge
per unit lengthyce can be assumed to be equal to the minimum charge per unit length necessary to reproduce
the thermal transition at the leader tip. Theoretical studies [7] give values around-B0 1for positive
leaders, consistent with the values measured under laboratory conditions [1,2]. For the interdz| feld
value of a few kVm~! seems reasonable if most of the leader channel is thermalized.
The minimum potential for stable leader propagatidry., calculated by using Eq. (9) and assuming
a minimum corona length of 0.5 m, is equal to 225 kV. The flow chart of the computatid&iVel) is
presented in Appendix B. Fig. 15 showsV (L) computed for a structure of heiglif = 50 m and at
various uniform ambient fieldBo. Two different patterns in variation af V(L) can be recognized:
o atlow values of ambient fieldg\ V (L) decreases belowtV ¢, and the leader propagation is interrupted
before the conditions for stabilization are reached,;
o at higher values of ambient fielda V(L) first decreases to a minimum and then starts to increase
steadily. The minimum ambient field, at which this pattern develops, is called the ‘stabilization field’.
Its value forH =50 mis 42 kvm,

4.4.3 Influence of discharge parameters

The simplified electrostatic approach described above enables us to understand the behavior of a positive
leader-corona system. In particular, it allows us to get a clear picture of the influence of the different
discharge parameters that are ‘hidden’ in the more complex self-consistent model. Similarly to the case
in Fig. 15, calculations of the propagation curves has been made for several values of the coroagwidth
the charge per unit lengxe and the internal fieldE; for a structure of heightf = 50 m and an ambient
field of Eg =50 kV-m~1 (Figs. 16-18).
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Figure 16. The same as in Fig. 15, but for the Figure 17. The same as in Fig. 15, but for the
influence of corona width on the discharge influence of the charge per unit length on the
propagation curves. discharge propagation curves.

Figs. 16 and 17 illustrates the ‘screening’ effect of the space charge: for narrow corona envelopes and
high charges per unit length, the leader does not reach conditions for a stable propagation. The increase
of the internal field has similar influence, but its effect is limited for high atmospheric fields (Fig. 18). In
all these cases, the leader extension is not enough to counterbalance the space charge which continuously

reduces the available potential for the leader propagation.

The Fig. 19 shows the stabilization field computed for both positive and negative leaders using the physi-
cal model and the simplified electrostatic model. The leader parameters for the simplified model are chosen
so that the calculated propagation curves fit the ones obtained with the physical model. The best parameters

for the simplified model are for the positive dischaggge= 50 uCm1, ace=0.5m, Es= 4.5 kV-m~1 and
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Figure 18. The same as in Fig. 15, but for the Figure 19. Comparison between the stabilization field
influence of the channel internal field on the computed with the physical model and the simplified
discharge propagation curves. electrostatic model. The parameters used for a positive

leader arejce =50 HCM™1, gce=0.5m,
Es=4.5kV-m~1; for a negative discharge
gee= 140 uGm1, gce=0.5m, Es=8 kV-m~1.

for a negative dischargge = 140 uGm=1, ace= 0.5 m, Es = 8 kV-m~L. By using the previous parame-
ters, this simplified electrostatic model can be used to simulate the development of a leader from a structure.

5. Conclusion

Comparison between laboratory and lightning leaders has shown that the lightning leader can propagate
inside ambient electric field five times lower than the one needed in laboratory. This effect is mainly due to
the value of the internal electric field along the leader. Numerical simulation of the leader channel behavior
as a function of the current flowing through it shows that for low current (a few A) the internal electric field
is mainly driven by electron-neutrals collisions and remains higher than 106KV At larger currents
associated with lightning leaders, thermal ionization dominates leading to a sharp decrease of the internal
electric field down to a few kwn—1.

The ONERA/University of Padova discharge models have been adapted in both polarities to take into
account the evolution of the internal electric field as a function of the current. These models have been used
to simulate the inception and propagation of upward positive leaders triggered by the classical technique as
well as the development of bi-directional leaders triggered in altitude.

These experimental and theoretical studies have demonstrated that upward leaders initiated from
grounded structures can propagate in a stable or unstable regime according to the combined values
of ambient electric field and height of the structure. For lightning protection purposes, the concept of
stabilization field has been derived from the results of the proposed models. It has been defined as the
minimum uniform ambient field which leads to a stable propagation of the leader starting for a given
conducting object. Results of classical triggered lightning experiments have been used to validate this
concept. Finally, a simplified electrostatic model has been proposed in order to clearly demonstrate the
influence of discharge parameters (space charge radius, charge per unit leader length or internal leader
field) on the leader propagation mode.

These models are already used within numerical tools for the design of lightning protection systems on
aircraft and could be used in the future for the protection of ground structures.
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Appendix A

The main steps of the simulation code are given in the flow chart of Fig. 20 in the case of the simulation
of a single leader. For the simulation of a bipolar system with 2 leaders of opposite polarities, as in the case
of the altitude triggered flash, the general principles are similar, both developments being coupled through
the evolution of the potential of the central conductor.

Appendix B

The flow chart of the electrostatic model is presented in Fig. 21. The input of the model is the ambient
electric fieldEg, the lengthH of the structure and the parametegs, gce, Ei, AV, associated with leader
characteristics.
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