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Abstract

For analytical solution of breakdown waves with a
large current behind the wave front, we employ a one-
dimensional, steady-state, three-component (electrons,
ions, and neutral particles) fluid model. This project
involves breakdown waves propagating in the opposite
direction of the electric field force on electrons, anti-
force waves (return stroke in lightning); and the electron
gas partial pressure is considered to provide the driving
force for the propagation of the wave. The basic set of
equations consists of the equation of conservation of
mass flux, equation of conservation of momentum,
equation of conservation of energy, plus Poisson’s
equation. The waves are considered to have a shock
front. In this study, we examine the possibility and
validity of large currents measured and reported by few
investigators. Existence of a relationship between wave
speed and peak current valuesisinvestigated as well.

Existence of alarge current behind the wave front
aters the equation of conservation of energy and
Poisson’s equation, as well as the shock boundary
condition on electron temperature. Considering a
current behind the shock front, we have made
appropriate modifications in our set of electron fluid
dynamical equations. Using the modified set of
equations and the shock condition on electron
temperature, we have been able to integrate the set of
electron fluid dynamical equations for current bearing
anti-force waves. For a range of wave speeds and with
the largest current possible for a specific wave speed,
we present the wave profile for electric field, electron
velocity, and the ionization rate within the dynamical
transition region of the wave for anti-force waves.

I ntroduction

In the late 17th to early 18th century, scientists
discovered a phenomenon in which mercury gives off a
glow when shaken in an evacuated glass vessdl.
Hauksbee (1705) was among thefirst to examine closely

the occurrence of such luminous pulses in evacuated
containers and in 1705 was able to recreate and
experiment with these pulses, but focused mostly on the
effects of air pressure with little regard to electrical
effects. Thomson (1893) observed a moving luminous
pulse in an evacuated chamber and estimated that it
moved at about half the speed of light. Observations
made by Beams (1930) supported this estimation.
Beams explained that this phenomenon arose from the
conductivity of the gas behind the pulse and that this
conductivity allows the pulse to carry a potential.

In later experiments Beams, Snoddy, and Dietrich
(1936) were able to find how the velocity and form of
the wave varied with applied potential and air pressure.
They also found that it took longer for the initial wave
to propagate from the electrode to ground than for the
return wave that followed to get from ground to the
electrode.

Schonland (1950) made progress on determining
the speed of lightning pilot streamers, though the
conditions of lightning discharges differ from those in
evacuated chambers. Loeb (1965) worked on corona
discharge, a similar phenomenon to breakdown waves
in evacuated tubes, led to further progress in
understanding the propagation of such waves.

Loeb’s (1965) mode involves excited-state atoms
emitting photons aswell as the excitation of new atoms,
which will in turn emit photons, continuing the process.
Later thismodel proved not to be accurate. Observations
from experiments done by Fowler and Hood (1962) with
higher velocity shock waves led to a mathematical
model based on fluid dynamical equations. This model
led Paxton and Fowler (1962) to atheory of breakdown
wave propagation in which the wave front is an electron
shock wave and the partial pressure of electron gasisthe
primary source of motion. Their model explains wave
velocity and the effects of electric fields on wave
propagation in positive and negative directions.

A convention was adopted by Paxton and Fowler
(1962) that separated the el ectron fluid dynamical waves
into two different types of waves. According to this
convention, if the direction of the electric field force on
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electrons is in the opposite direction of wave
propagation, the wave is designated to be an antiforce
wave. Conversely, if the direction of the electric field
force on electrons is in the same direction as the wave
propagation, the wave isreferred to as a proforce wave.
Paxton and Fowler (1962), proposed existence of two
distinct regions in breakdown waves.

The two regions of the wave are the Debye sheath
layer, a thin section directly behind the shock front,
where in antiforce waves, the electric field reaches a
maximum but falls to a negligible value, and a thicker
guasi-neutral region that comes after the Debye sheath.
In this quasi-neutral region the electron gas temperature
is decreased due to continued ionization while the ion
and electron densities come to equilibrium.

With the two distinct categories of waves and the
two regions being known, Shelton and Fowler (1968)
modeled the proforce wave mathematically. This model
assumes a condition of zero current behind the shock
front of the breakdown wave. Fowler et a. (1984),
trying to integrate the set of eectron fluid-dynamical
equations with the aim of meeting the physically
accepted conditions at the trailing edge of the sheath
region, investigated numerous approximations for the
proforce wave case. This analysis led them to the
concluson that a heat conduction term must be
incorporated into the conservation of energy equation.
The group also concluded that there was a discontinuity
in the temperature derivative at the shock front of the
wave. Elagtic collisions between heavy particles and
electrons were also found to be resulting in a loss of
energy for the electrons.

To derive their set of electron fluid-dynamical
equations Shelton and Fowler (1968) considered the net
current behind the shock front to be zero. Thisisknown
as the zero current condition:

e(N;V—nv) =0

wheree, N;, V, n, and v are the charge of an electron, ion
number density inside the sheath region, wave velocity,
electron number density, and €lectron velocity,
respectively. Fowler et al. (1984) developed equations
for the conservation of mass, momentum and energy
coupled with Poisson’s equation for the proforce wave
case. These equations are:

d
= &

d
— [mnv(v — V) + nkT,] = —enE
dx

—Kmn(v —=V), (2

d
o [mnv(v — V)2 + nkT,(5v — 2V) + 2enve

5nk?T, dT, m
— mK E = -3 (M)leKTe —
(%) Kmn(v —V)?, )
dE
== i(Ni —n), 4)

in these equations, E, x, S, K, V, M, E,, kand @ are the
electric field and position in the wave profile, ionization
frequency, eastic collision frequency, wave velocity,
neutral particle mass, electric field at the wave front,
Boltzmann's constant and ionization potential
respectively. Also m and T. are electron mass and
electron gas temperature respectively. With the
assumption that the net current behind of the wave front
is zero, equation (4) reduces to

dE _ e

dx gn(s_ 1)' (5)

Fowler et al. (1984) applied a set of non-
dimensional variables to the set of eectron fluid
dynamical equations to reduce the set to non-
dimensional form. The variables are:

_2m mVK B
R VA ek, ' " Tk’
_ 2e¢ v _ 2Ze¢n
Tz YTV VT R

Tk E xekE,
= ) 77:—’ E: >
2ed E, mV

Where, the dimensionless variables v, w, 6, u, n and &
are defined as electron number density, electron
velocity, electron temperature, ionization rate, net
electric field, and position inside the sheath region of the
wave, respectively. a and k represent wave parameters.
Therefore, in dimensionless form, the complete set of
equations for the proforce case are

d% vl = Kuv, (6)

@ -D+ avbl = - @ -1, (@)
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dif [ - 12+ avB(5p - 2) + avp +

Sa’jvg% = — wkv[3af + (Y — 1)?] (8)

d v
@=w-D. (9)

With the proforce wave case equations completed
and solved, attention shifted to the antiforce case.
However, there were many problems in formulating a
set of equations for antiforce waves similar to the set of
equations describing proforce waves. To apply the set of
electron fluid-dynamica equations to antiforce waves,
modification of the equations is required. Additional
changes must be considered and modifications must be
made to the non-dimensional variables used in the
proforce case in order for application to the antiforce
case to be accurate.

In order for the set of electron fluid dynamical
(EFD) equations to be non-dimensional, the following
dimensionless variables were derived by Hemmati
(1999) to the EFD equations (1-3, 5):

_2m _ mVK B
=M T e, F Tk
2ed v 2e¢pn
:—2"(/):—,1/: >
mV |4 &ES

_ Tk _E _ xeE,
"~ 2eq’ _EO’E_ my2

It was previously assumed by Sanmann and Fowler
(1975) that , the ionization rate, was purely a function
of 0, electron temperature. Fowler et al. (1984)
concluded that this was not the case. In fact, calculating
the ionization rate within the sheath region of the wave,
random and directed electron motions must be taken
into account. Shelton assumed that 1 was constant and
it would later be determined by Fowler et a. (1984) that
the ionization rate does indeed remain substantially
constant near the front of the sheath region, though it
changes later. It was thought by Shelton that heat
conduction was negligible in the sheath region and
throughout the quasi-neutral region. It was determined
by Fowler et al. (1984) that this was an error in the
formulation of the equations and a term for heat
conduction was included in the equations.

In the laboratory frame, ion motion is considered
negligible due to the fact that no Doppler shift has been
observed in the analysis of radiation emitted from the
propagation of breakdown waves. In the wave frame,

heavy particles will be moving in the negative X
direction. Therefore, heavy particle speed, V, is
negative, while Eqis positive, k and ¢ aretherefore both
negative.

After applying these dimensionless variables, the
EFD equations (1-3, 5) become the non-dimensional set
of equations describing the antiforce wave case. The
following equations are the complete set of non-
dimensional EFD equations developed by Hemmati
(1999) for the antiforce wave:

2e [l = e, (19
dif vip(p — 1) + avb] = vy — k(@ — 1),  (12)

d% [Vl/)(l/) - D%+ avo (59 — 2) + avyp —

0 E
(12)

d v

%= LW 49

Letting I; represent the current behind the wave
front we get

I, = eN;V; — env. (14

Solving for N; gives

I nv

Ni = oV v (15)
Substituting thisin equation (4) resultsin

AE _ e (L

dx € (eV + |4 Tl). (16)

Substituting the dimensionless variables in previous
equation resultsin

dn kI
dé goKEg

- -, (17)

Finally, letting 1 be the dimensionless current
Iy

representation of T gives
0 0
an _ Y —
w - K a(v,b 1). (18)
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Equation (18) can be solved for v(y) — 1) and the result
can be substituted into equation (12) giving the final
form of the conservation of energy equation.

The preceding equations derived by Hemmati et al
(2011) give us our final form of the EFD equations for
antiforce waves:

el = (19)

W@ =D+ @bl = vy~ k@ - 1),
dif [ — 12 + avB(5p - 2) + avyp -

(20)

505;1/9% + a772] = 2nxa — wkv[3a0 + (Y — 1)?],
(21)

an _ . _ Y —

rraniil a(i,b 1). (22)

All quantities in this set of equations are intrinsically
positive, including, k. Equations (19-22) describe the
fina set of EFD equations with a large current behind
the wave front for antiforce waves.

It was assumed by Shelton and Fowler (1968) that
ionization rate was constant, and then later thought by
Sanmann and Fowler (1975) to be afunction of electron
temperatureonly. A study by Fowler (1983) showed that
in the calcul ation of ionization rate, ionization from both
random and directed electron motion must be
considered. Therefore, we have used an expression
derived by Fowler (1983) to calcul ate the ionization rate
within the sheath region of the wave that takes into
account ionization from both directed and random
electron motions. Thus,

o s e—(z—u)2 _ e—(Z+u)2
u= ,uofl al-zzdzf du e2Cu

u
B
V26

whereB = (1 —y)/V2a6 and C = kV2a0 /1.

Results and Discussion

Uman et a. (2000) reported return stroke wave
speeds as low as 0.46 X 10% m/s. Similarly, Rakov
(2000) in his study of positive and bipolar lightning
discharges measured a range of wave-speeds in
agreement with other experimental works. His reported
wave speed valueswere between 0.3X 108 m/s—1.7X 108
m/s. Rakov (2000) also reported in the study of the
characteristics of positive and bipolar lightning that the

return stoke current ranged from 10 kA — 40 kA
depending upon experimental location. While studying
rocket triggered lightning strokes, Wang et a. (1999)
observed a peak current value of around 12 KA — 21 kA.
During the investigation of the time derivative of the
electric field in triggered lightning strokes, Uman et al.
(2000) observed current valuesfor return stokes aslarge
as 30.4 KA.

For lightning return strokes, the current values
generally reported by investigators lie within the range
of 10-40 kKA. However, few investigators report
existence of currents as high as 300 kA (Rakov, 2000).

A tria and error method was used to integrate
equations (19 — 22) through the sheath region of the
wave. The largest current, 1, that led to successful
solutions was chosen for given wave speeds, a, and
valuesfor thewave constant, x, electron velocity, 1, and
electron number density, v, were chosen so that
integration of the set of equations led to a conclusion
consistent with the expected conditions at the trailing
edge of the sheath. This was done by repeatedly
adjusting k, ¥, and v until integration led to results that
were in agreement with the expected conditions at the
end of the dynamical transition region of the wave.

Certain boundary conditions must be met in order
for integration to be successful. Namely, 12, the electric
field at the end of the sheath region, must approach O
and, 2, the dimensionless electron velocity at the end
of the sheath region, must approach 1.

The following initial variable values lead to
successful integration of the set of electron fluid
dynamical equations and were found to satisfy the
boundary conditions at the end of the sheath region of
the wave:

a=0.001,1=7,k=0.144, 1 =0.4721, v, = 0.2161
a=0.01,1=5,k=0.13, $1=0.7, v1 =0.7696
a=0.1,1=1,k=0.44,y,=0.8321,v1 =0.71
a=1,1=0.25k=0.18, Y1 =0.75,v; = 0.7

In figure 1 the electric field intensity, 1, is shown as
a function of the electron velocity, y. The gaps in the
curves oo = 0.001 and a = 0.01 are due to the fact that
only one out of ten data points calculated were plotted.
In this figure we can clearly see that the electric field is
falling to 0 and the electron velocity is approaching 1,
which satisfies the conditions at the trailing edge of the
wave.
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Figure 1: Dimensionless electric field, n, as a function of
dimensionless electron velocity, y, within the sheath region of the
wave.
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Figure 2: Dimensionless electric field, 1, as a function of position, &,
within the sheath region of the wave.

In figure 2 the electric field intensity, 1, is shown as
a function of the position, &, within the sheath region of
thewave. Thefall of the electric field to zero marksthe
end of the sheath region of the wave. Sanmann and
Fowler (1975) applied fluid dynamic techniques to
antiforce waves and for a wave speed of 10" m/s found
atotal sheath thickness of 0.5 m. Fujitaet al. (2003), in
measuring electron densities behind shock waves,
reported a sheath thickness of 0.05 m. Our datafor &for
waves at speeds of 3 X 10’ m/s show a sheath thickness
of 0.025 m.

In figure 3, the dimensionless ionization rate, x4, is
shown as a function of the dimensionless position, ¢,

within the sheath region of the wave. To reduce the
computation time, ionization rate was kept constant for
ten integration steps and calculated every tenth step. To
keep track of variable changes while integration and
computation occur, only every tenth integration step is
printed so that all previous data lines can be displayed
simultaneously on the computer screen. Therefore,
regarding change in ionization rate, every hundredth
integration step is displayed. The sharp changes in the
graphs are an unavoidable consequence of keeping the
ionization rate constant and displaying the change in
ionization rate only every hundredth step. Shelton and
Fowler (1968) assumed that the ionization rate would
remain constant through the sheath region of the wave.
We see here that ionization rate remains constant for a
short time behind the wave front, but generally changes
as we move through the sheath region of the wave.

0.50
045 -
0.40 -
0.35 |
0.30 -
0.25 -
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015 —0=0.001, =7
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0.00 ‘ ‘ : : :
0.00 1.00 2.00 3.00 4.00 5.00 6.00

S
Figure 3: Dimensionless ionization rate, 1, as a function of position,
&, within the sheath region of the wave.

For return lightning strokes, some investigators
have suggested the existence of a relationship between
the peak current values and wave speed values (Wagner
1963); however, some others, (Willett et a. 1989),
especially researchers investigating triggered lightning
in Florida, disagree with the existence of such a
relationship. For lightning return strokes, our solutions
indicate, asthe wave speed increases, the current values
that it can support increases as well.

Conclusions
We have considered the existence of alarge current

behind the wave front and found a range of wave speeds
and their corresponding maximum current values for
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which integration of the electron fluid-dynamical
equations led to results in agreement with the boundary
conditions at the trailing edge of the sheath region. For
lightning return strokes, our solutions also confirm the
existence of large currents. Agreement between the
results of the solutions of the electron fluid-dynamical
equations with experimental evidence such as wave
velocity and electron number density are conformations
of the validity of the fluid model.
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