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ABSTRACT The problem of resistance reduction has always been the key and difficult point of lightning
protection. However, the problem of reducing the grounding resistance efficiently has not been solved.
A method is introduced in this paper to solve this problem from the lightning current attenuation. The
lightning discharge shock wave mechanism, shock overpressure reflection mechanism, and arc truncation
mechanism are included to theoretically analyze the lightning current attenuation mechanism. The overpres-
sure of the lightning discharge is much higher than the cut-off arc radial tolerance pressure, which contributes
to the temporarily closing of discharge channel. Moreover, a lightning discharge model is established in
COMSOL to simulate the process of discharge in lightning current. The results show that the pressure in the
tube reaches up to 4×108 Pa rapidly, and the velocity in themouth of the tube could reach as high as 4200m/s.
Finally, the current attenuation experiments are designed to validate the lightning current attenuation effect.
The results show that the current is attenuated by the action of the prototype, the amplitude of the impulse
current decreased from 66.95 kA to 35.10 kA, and the steepness of the impulse current decreased from
18.49 kA/µs to 4.14 kA/µs. All of the results show that this method could efficiently attenuate lightning
currents.

INDEX TERMS Grounding resistance, lightning current, lightning protection, current attenuation.

I. INTRODUCTION
The interruptions of the power supply system caused by
lightning strikes, destructive weather, or equipment failure,
whether it is instantaneous, momentary, temporary, or sus-
tained, can cause disruption, damage, and downtime, from
the domestic user up to the commercial user. Lightning
may affect the performance of power lines by both direct
and indirect effects where the transient high voltages may
cause flashover on the electrical equipment on the power
line [1]. In high voltage transmission systems, the backlash
can seriously destroy the system stability [2]. Hence, instal-
lation of lightning rods on transmission towers considers as
one of common measure to prevent direct lightning strikes
[3]. Besides, lightning towers have been installed around
transmission corridors to prevent surrounding facilities being
stroke by direct lightning [4]. [5], [6]. But the series of
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problems arising from the ground network resistance limita-
tion are not solved.

The potential difference in the grounding grid generated by
a lightning strike on the grounding grid can be expressed as
[6] and [7]:

U = Ri+ L
di
dt

(1)

where R is the impulse grounding resistance of the grid, L
is its inductance, and i is the lightning current. Equation (1)
demonstrates that both the amplitude and steepness of the
lightning current have influence in the potential difference
of the grounding grid. The potential difference rise caused
by lightning may reach up to tens of kilovolts, even can
reach hundreds of kilovolts [9], [10]. Such a high increase in
ground potential will certainly lead to grounding grid back-
lash. Hence, the grounding grid resistance must be restricted
to lower levels. But it is restricted by cultivated land veg-
etation, road construction, and land acquisition compensa-
tion costs, the grounding electrode extension method is not
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applicable for grounding resistance reduction [11]. Besides,
in order to reduce the grounding resistance, researchers have
taken a series of measures, including increasing the depth
of buried ground network, deep well grounding, local soil
replacement and other technologies, but it is difficult to
achieve the requirements of grounding resistance [8], [12],
[13], [14], [15]. The lightning potential difference is also an
uncontrollable quantity, since the resistance is undefined [16].
In other words, the lightning grounding potential less than the
insulation strength might be an uncertainty factor can cause
serious failure for the power system.

Excessive ground potential is easy to make the substa-
tion primary equipment in the weakest resistance to the
low-voltage lightning arrester suffered damage [17]. Due to
the high-frequency characteristics of the lightning current and
the longitudinal inductance of the grounding, the lightning
current is mostly concentrated near the flash point, which
results in uneven distribution of the ground network potential.
These may lead to high ground potential, large step voltage
and contact voltage, and potential risk of equipment and
personnel exposure near the flash point [17], [18]. Studies
have shown that a ground potential rise of 3.0 V will end up
with a range of more than 4.0 km affect, and higher grounding
resistance increases the range of influence of the grounding
pole on surrounding facilities [5]. The ground potential rise
caused by lightning strike may have wider impact area, which
may have influence on adjacent lines and building facilities
and damage home appliances as an irreversible effect [9],
[19].

Darwin Kok Lian Chia [20] pointed out that the most
direct approach in alleviating the damaging consequences
of lightning is to reduce its current. However, there is no
effective method yet to address such damage efficiently [21].
While the lightning current attenuation method that has been
introduced in this paper can convert the lightning discharge
shock wave into lightning arc extinguishing energy to act on
the discharge channel to achieve the blocking of the discharge
channel and the attenuation of the lightning current. If the
lightning current is attenuated, some of the problems caused
by lightning will be solved. Figure 1 is the 3D model of the
prototype. It is sealed at the bottom and open at the top. And it
can be installed directly on top of the lightning rod. Figure 2
shows the installation of the prototype.

This paper introduced the arc truncation mechanism by
analyzing the lightning discharge shockwavemechanism, the
shock overpressure reflectionmechanism. And the COMSOL
simulation is involved for the validation of above-mentioned
mechanism, feature, and lightning attenuation effect. Last but
not the least, the current attenuation experiments are made to
check the lightning attenuation effect.

II. LIGHTNING ATTENUATION MECHANISM ANALUSIS
A. LIGHTNING DISCHARGE OVERPRESSURE
The energy of lightning discharge E(t) injects into the dis-
charge channel, part of the energy converts into the arc plasma

FIGURE 1. 3D model of the prototype: 1 is the metal electrode; 2 is rare
earth tube wrapped by insulation material; 3 is insulation material; 4 is
entrance of the lightning arc.

FIGURE 2. Installation of the prototype: (a) Installation site picture.
(b) Actual operation picture.

energyW (t), and another part of the energy converts into the
energy consumption M (t) for discharge channel expanding
outward. The energy balance equation in the arc channel can
be simplified as Equation (2):

M (t)+W (t) = E (t) =
∫ t

0
i2 (τ )Radτ (2)

where i is the current of arc Ra is the resistance of the arc
column channel. However, if assuming that the arc channel
is cylindrical, the Equation (2) could be transformed into the
form of an integral as indicated in Equation (3):

p(t)V (t)
γ−1 +

∫ t0
0 p (r) 2πrldr =

∫ t
0 i

2 (τ )Radτ (3)

where p(t) is the pressure of the arc column channel; V (t)
is the volume of the arc column channel; γ is adiabatic
index. The shock wave overpressure generated by the rapid
expansion of the large current impulse discharge arc which
can be written as Equation (4) [22]:

1P = K1ρ0u21 (4)

In the Equation (4), K1 = 2 ( γ -1)/( γ -1)2, γ is isentropic
adiabatic index of gas, for air γ = 1.4; ρ0 is the initial gas
density; u1 is velocity of arc expansion. If taking Equation (4)
into Equation (3), the differential form of the arc energy bal-
ance equation with respect to the radius r(t) will be obtained
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as stated in Equation (5):

2π2K1ρ0σA

γ − 1

(
r4
dr
dt
d2r
dt2
+ γ

(
r
dr
dt

)3
)
= i2 (5)

If the arc channel radius can be further approximated as
r(t)= gtk. where g and k are coefficient to be determined, the
energy balance equation can be simplified as Equation (6):

2π2K1σAρ0

(
r
dr
dt

)3
1+

(
d2r
dt2

)
2
( dr
dt

)2
(γ − 1)

 = i2 (6)

By further converting r(t) = gtk into k = t
r
dr
dt , and taking

such replacement into Equation (7), Equation (8) is able to be
obtained as well:

2π2K1σAρ0

(
r
dr
dt

)3

ξ = i2 (7)

ξ = 1+
(
2− k−1

γ − 1

)
(8)

It is assumed that the arc conductivity σA remains constant
during the expansion of the arc channel, the arc channel radius
expression can be derived as Equation (9) [11], [12]:

r (t) =
(

108
125π2ρ0K1σAξ

) 1
6

i
1
3 t

1
2 (9)

From Equation (10), it is able to conclude that r(t) is
proportional to t5/6. Moreover, if Equation (9) is continuously
derived, the expression of arc channel expansion rate can be
obtained as Equation (10):

u (t) =
dr
dt
=

(
108

125π2ρ0K1σAξ

) 1
6
(
i
1
3 t−

1
2

2
+ i−

2
3 t

1
2
di
3dt

)
(10)

where arc conductivity σA = 30000 S/m; gas initial density
ρ0 = 2.97 kg/m3.

Besides, the impulse arc current during wave-front time
can also be written as (Equation (11)):

i = Im
(
1− e−

t
τ2

)
(11)

The relationship between the wavefront time and wave-
front time constant is Equation (12):

τ2 =
0.6T1
In7

(12)

The wavefront time T1 is set to be 4 µs and the wavefront
time constant τ2 is 1.25 µs.

Taking Equation (11) and Equation (12) into Equation (10),
and taking the result into Equation (4), the lightning arc
impact overpressure curve is plotted. The different current
lightning discharge overpressure curve under natural condi-
tion is shown in Figure 3.

FIGURE 3. Different current lightning discharge overpressure curve under
natural condition.

FIGURE 4. Positive reflection of shock wave overpressure on a rigid wall.

B. OVERPRESSURE REFLECTION MECHANISM
Figure 4 shows the positive reflection of a shock wave on
a rigid surface. When the shock wave encounters on a rigid
wall, the velocity of the air mass at the wall surface suddenly
changes to zero, making a sharp accumulation of finger points
(in fluid mechanics called standing point). The pressure and
density rise suddenly and reflect in the opposite direction
to a certain extent. Because the wall is rigid, the air mass
close to the wall is stationary before the reflection forms,
so the air shock wave and the rigid wall collision occurred
in the moment of reflection, which eventually produces the
propagation speed D2, and opposite direction reflected shock
wave [23].

The basic relationship equations of shock wave are nor-
mally stated as below two equations:

v1 − v0 =

√
(P1 − P0)

(
1
ρ0
−

1
ρ1

)
(13)

v2 − v1 =

√
(P2 − P1)

(
1
ρ1
−

1
ρ2

)
(14)

As v0 = v2 = 0, from Equations (13) and (14), we can get:

(P1 − P0)
(

1
ρ0
−

1
ρ1

)
= (P2 − P1)

(
1
ρ1
−

1
ρ2

)
(15)

Consider the adiabatic equation of the shock wave as sum-
marized in Equations (16) and (17):

ρ1

ρ0
=

k+1
k−1 ·

P1
P0
+ 1

k+1
k−1 +

P1
P0

(16)

ρ2

ρ1
=

k+1
k−1 ·

P2
P1
+ 1

k+1
k−1 +

P2
P1

(17)

The incident overpressure is normally calculated by Equa-
tion (18):

1P1 = P1 − P0 (18)
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The reflected overpressure is similarly calculated by Equa-
tion (19):

1P2 = P2 − P0 (19)

Once both Equation (19) and Equation (20) are taken into
Equation (16) with the consideration of incident and reflected
overpressure equations, the peak reflected wave overpressure
is obtained as Equations (20):

1P2 = 21P1 +
(k + 1)1P21

(k − 1)1P1 + 2kP0
(20)

For air k = 1.4, and the reflected wave peak overpressure
can be written as Equations (21):

1P2 = 21P1 +
61P21

1P1 + 7P0
(21)

To conclude, the air shock wave in the rigid wall after
the reflection of the reflected wave should be two to eight
times of the incident wave. In the formation and expansion
of the arc accompanied by gas dissociation, electrolysis, and
other effects. However, such analysis above does not take into
account this effect. If this factor is taken into account, the
value of the1P2/1P1 is considered to be higher than current
amount.

C. DISCHARGE CHANNEL CUT-OFF MECHANISM
The relationship between shock pressure and cut-off arc
radial tolerance pressure impact is analyzed by comparing the
cut-off pressure with the overpressure reflection pressure to
determine whether the arc can be cut off [24].

Equations (22) demonstrates the radial distribution of
current:

I = 2π
∫ α

0
Jz(r)rdr (22)

where α and r are the radii, I is the arc current, and Jz is the
axial arc density that is constant. The definition of current
density is Jz = I /S, where S is the cross-sectional area of the
arc. Considering that the arc truncation time is tens of µs, the
arc density can be approximated as a constant in such a short
time.

The intensity of the angular magnetic field is defined as
Equations (23):

Bθ =
1
2
µrJzr (23)

where µr is the magnetic conductivity of the medium. The
volume force acting on the arc plasma is based on the calcu-
lation method of Equations (24):

F = J × B = Fr = −
1
2
µrJ2z r (24)

where F is the radial volume force, and the negative sign
represents the force is pointing inward along the radial direc-
tion. When the current density is constant, the radial pressure
distribution of the arc body is given by Equations (26):

P (r) =
µ

4
J2z (α

2
− r2) (25)

where Jz = I /πα2. In the arc column, we have α = r. By
substituting Jz = I /πr2 into equation (21), the axial pressure
of the arc is obtained as Equations (26):

P1 =
µr I2

4π2r2
(26)

The flow of plasma will generate the corresponding
kinetic energy, it produces the corresponding pressure as
Equations (28):

Pg =
1
2
ρv2 (27)

where Pg is the plasma kinetic-energy pressure, ρ is the
plasma density, and the v is the plasma speed. The total
pressure P of the arc is calculated by Equations (28):

P = P1 + Pg =
µr I2

4π2r2
+

1
2
ρv2 (28)

However, as the Pressure Pg is small compared to Pressure
P1, the pressure Pg can be ignored, and the pressure of the arc
can be written as Equations (29):

P =
µr I2

4π2r2
(29)

where i is the arc current, and r is arc radius. Substituting
Equation (11) into Equation (29), the arc axial truncation
pressure can be obtained as a new equation, Equations (30):

PB(t) =
I2m(1− e

−
t
τ2 )

4π2r2
× 10−7 (30)

The currents Im are taken as 10kA, 20kA, 40kA and 100kA,
and the graphs in Figure 5 are obtained:
After the comparison between Figure 3 and Figure 5,

it can be found that the overpressure of the lightning discharge
P1 is much higher than the cut-off arc radial tolerance pres-
sure P2. Under the action of the overpressure, the discharge
channel would be cut off rapidly. Figure 6 indicates that the
overpressure is much higher than the cut-off pressure in 10kA
impulse current, which satisfies the arc cut-off condition.

Moreover, the shockwavesmay also have a stacking effect,
i.e., the shock wave is reflected on the rigid wall after the
formation of the reflectedwave to themiddle of the tube prop-
agation, superimpose inside the tube, obtain a lot of energy
within a short period of time. Similar to the superposition of
waves in water will lift the water to form a water column, the
superposition of shock waves inside the tube will remove out
of the medium inside the tube. This will enhance the arc cut-
off effect. In the lightning discharge overpressure reflection
cut off the arc and shock wave superimposed on the double
action of clearing the conductive medium lightning discharge
channel periodic conduction, shutdown, lightning discharge
speed is slowed down, the lightning current is attenuated.

III. ARC MULTI-PHYSICS FIELD SIMULATION
A. ARC SIMULATION MODEL
The discharge process of electric arc is a process which
involves multiple physical field coupling, and change of
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FIGURE 5. Pressure tolerance characteristics of arc truncation under
different impulse current amplitude.

FIGURE 6. Pressure tolerance characteristics (satisfying arc cut-off
condition).

field, including electric field, magnetic field, heat transfer
field, fluid field, and many other multiple physical fields
coupling. Such multi-physical field coupling may also lead
to the relevant parameters between different physical fields
interact. To simplify the model, the following assumptions
are made [25]:

a) Arc plasma involved in this paper is a high heat and long
arc plasma that satisfies the thermodynamic local thermody-
namic equilibrium;

b) Thermal conductivity, kinetic viscosity, electrical con-
ductivity, constant pressure heat capacity are all functions of
temperature.

c) The arc is seen as a compressible flow in a laminar state
(Ma < 0.3);
d) Arc density is the function of pressure and temperature.
According to the assumptions above, the arc plasma can be

described by this model which satisfies the fluid characteris-
tics described by the Navier-Stokes equation and electromag-
netic field characteristics described by Maxwell equation,
it mainly contains the following equations [26]:

First is the mass conservation equation (Equation (31)):

∂ρ

∂t
+∇ · (ρu) = 0 (31)

where ρ is density of fluid, u is velocity vector.
Second is the energy conservation equation (Equation

(32)):

ρCp

(
∂T
∂t
+ u · ∇T

)
= − (∇ · q)−

T
ρ
·
∂ρ

∂T
|p

[
∂ρ

∂t
+ (u · ∇) p

]
+ Q (32)

where Cp is constant pressure heat capacity, T is temperature
of fluid, Q is plasma heat source, q is unit charge.

Third is the momentum conservation equation
(Equation (33)):

ρ
∂u
∂t
+ ρ (u · ∇) u

= ∇ ·

[
−pI + µ∇u+ (∇u)T −

2
3
µ (∇ · u) I + F

]
(33)

where p is pressure, I is unit matrix, µ is Dynami viscosity,
F is Lorentz force.

In the COMSOL simulation platform, the Lorentz force
is calculated using the magnetic vector potential. For the
Lorentz force in the momentum equation, a volume force
needs to be added under the flow field in order to realize the
coupling the flowfield and themagnetic field. The expression
for the volume force is stated in (Equation (34)):

Fx = Bzmf × Jymf − Bymf × Jzmf
Fy = −Bzmf × mf · J xmf − Bxmf × Jzmf
Fz = Bymf × mf · J ymf − Bxmf × Jymf

(34)

where Fx,y,z is the component of the electromagnetic force in
the right-angle coordinate system. While the magnetic field
equation refers to Equation (35):

∇ × H = J

E = −
∂A
∂t

B = ∇ × A

(35)

The current field equation may refer to Equation (36):
∇ · J = Qjv

J = δE +
∂D
∂t
+ Je

E = −∇U

(36)

where J is current density, Qjv.
Lastly, the gas state equation can refer to Equation (37):

p = ρRT (37)

where R is Gas constants, k is Heat transfer rate.

B. SIMULATION MODEL AND BOUNDARY CONDITION
Based on the simulation model above, we have built the
simulation model in COMSOLMultiphysics field simulation
platform. Figure 7 is the simulation model. In this mod-
elling method, seven observation points are set. Six internal
observation points are fixed inside the tube and one external
observation point is fixed outside. The observation points are
numbered 1 to 7 from the bottom up. Figure 8 is flow chart of
the simulation. The simulation step length is set to 0.1µs. The
solver adopts full coupling solution. 10 kA 4/10 µs impulse
current are applied in the High-voltage side. The impulse is
generated by the RLC circuit which is built in the AC/DC
module. The arc is formed between the High-voltage side and
Grounding side at the beginning of the simulation.
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FIGURE 7. Simulation model for the prototype: 1 is the high voltage
electrode; 2 is the insulating material; 3 is the air; 4 is the grounding
electrode; 5 is the restraining pipe.

FIGURE 8. Flow chart of the simulation.

C. SIMULATION RESULTS AND ANALYSIS
The temperature change cloud of the simulation model with
different impulse current are demonstrated correspondingly
in Figure 9. At 0.1 µs, arc forms between high voltage
electrode and ground. At this time, the temperature inside
the tube is higher than outside the tube. It can be seen that
there is a tendency for the energy mass surging out of the
tube. At 1.0 µs, the energy mass has already surged out.
The energy mass forms an umbrella-shaped high-temperature
region outside the tube. With the development of discharge,
the energy mass will spurt out more and more violently.
At 2.0µs, the energy mass is ejected to reach the high voltage
electrode and expands around it.When it goes up to 4.0µs, jet
is sure to reach its intense state. After this, the jet is gradually
diminishing. As shown in Figure 9(e) and Figure 9(f), the
jet has weakened. Through the temperature cloud, it can be
found that the high-energy conductivemedium inside the tube

is ejected during the discharge. This is also consistent with
the previous analysis, the high pressure formed inside the
tube is able to discharge the conductive medium outside the
tube. As shown in Figure 9(g) and Figure 9(h), although
lightning discharge has ended theoretical, the arc discharge
does not finish. At 40.0 µs, the arc is just about to extinguish.
At 50.0 µs, the arc is eventually extinguished. The actual
discharge time is much longer than the theoretical discharge
time (10 µs).

Figure 10 illustrates the axial pressure change curve at
the observation point. From the curve of pressure over time,
it can be observed that the axial pressure inside the tube
increases rapidly to 4 × 108Pa at the beginning of the arc
formation. The huge pressure inside the tube will discharge
the conductive medium out of the tube, which is consistent
with the previous theoretical analysis. At the same time,
pressure drop from the bottom of the pipe to the outlet of the
pipe, and great pressure gap exists between inside and outside
the pipe. Figure 11 shows the velocity variation curve of the
observation point. It can be concluded that a high velocity
airflow is formed in the tube and at the tube outlet. The closer
to the mouth of the tube the greater the velocity, which is the
opposite of the pressure distribution, and also shows that the
pressure difference is the reason for the high velocity airflow.
The velocity in the outlet of the tube reaches 4200 m/s. High-
speed airflow accelerates the diffusion and compounding of
conductive particles, which helps to increase the effect of
closing the discharge channel.

IV. EXPERIMENT VALIDATION
A. EXPERIMENTAL PLATFORM
As shown in Figure 12, the experiment circuit diagram is
composed by High-voltage Charging Unit and Pulsed Charg-
ing Unit. In the High voltage Charging Unit, the mains power
is stepped up through the transformer and transformed into
DC through the rectification circuit to supply Pulsed Charg-
ing Unit. Themain circuit of the Pulsed Charging Unit is RLC
oscillation circuit. The capacitor series get the electric from
the High-voltage and trigger the Gap Switch when the voltage
of capacitor series reach to setting value. Electric energy store
in the capacitor series release and form impulse current. The
change of voltage and current are collected by the Resistor
Divider and Rogwski Coil. The output current of the Pulsed
Charging Unit can be up to 100 kA. And the wave front
and wave tail of the impulse is 4.0 µs and 10.0 µs. The test
equipment was produced by Shanghai Guantu Electric Co.
The experimental steps are as follows:

1) Expected experiment. Remove the prototype and con-
nect the high voltage side and the ground side. Then
turn on the power switch to charge the Capacitor Series
to the set voltage. After charging is completed, the Gap
Switch is triggered to discharge the circuit. In this step,
the expected current waveform is able to obtain.

2) Attenuation experiment. Install the prototype on the
high voltage side and the ground side. The capacitor

113118 VOLUME 10, 2022



Y. Lu et al.: Mechanism Analysis and Multiphysics Validation of Lightning Attenuation in Constrained Space

FIGURE 9. Temperature change cloud with different impulse current.

FIGURE 10. Pressure variation curve of each observation point.

is charged to the same voltage value as in step 3 and
trigger the Gap Switch. In this step, the attenuation
current waveform can be obtained as well.

B. VALIDATION RESULT AND ANALYSIS
The expected current without test prototype action is shown
in Figure 13(a), with a current amplitude of 66.95 kA, a

FIGURE 11. Velocity variation curve of each observation point.

wave-front time (T1) of 3.62 µs, a wave-tail time (T2) of
10.22 µs, and a wave-front steepness (di/dt) is 18.49 kA/µs.
The current waveforms under the action of the test prototype
are shown in Figure 13(b). When the teat prototype is used,
the current amplitude is 35.1kA, the wave-front time (T1) is
8.47 µs, the wave-tail time (T2) is 25.200 µs, and the wave-
front steepness (di/dt) is 4.14 kA/µs.
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FIGURE 12. Schematic diagram of experimental circuit.

FIGURE 13. Impulse current waveform: (a) without prototype. (b) with
prototype.

Compare the two waveforms, the wave-front time is found
to be at 3.62 µs without the action of the prototype, and
that with the action of the prototype is 8.47 µs. The latter
is 2.3 times of former. The wave-tail time is 10.22 µs without
the action of the prototype, and that with the action of the
prototype is 25.20 µs. The latter is 2.5 times of the former.
The latter current amplitude becomes 50 % of the former, and
the latter current wavefront steepness becomes 20 % of the
former. The second waveform shows a large vibration at the
wavefront position.

The amount of charge corresponding to the two dis-
charge current waveforms are also calculated based on
Equation (38):

Q =
∫ t2

t1
idt =

M∑
n=1

1t · in (38)

where t1 indicates the beginning moment of current, t2 indi-
cates the end moment of current, M indicates discharge time
equivalent fraction, in indicates the discrete current, and1t =
(t2-t1)/M. By calculation, the first waveform corresponds to

FIGURE 14. High-speed photography photos of the experiment.

the amount of discharge charge Q1 = 0.292C, the second
waveform corresponds to the amount of discharge charge
Q2 = 0.297C. Q1 and Q2 are essentially equal. Therefore,
it can be assumed that the current is attenuated under the
action of the prototype.

High-speed photography photos of the experiment is also
demonstrated in Figure 14. As shown in Figure 14(a) and
Figure 14(b), discharge channel forms, the arc is driven out of
the prototype which means that shock overpressure removes
the conductive medium to the outside of the tube. It is time
to 10 µs (Figure 14(c)), the jet weakens. Figure 14(e) shows
that the discharge has ended. Themotion characteristics of the
arc in the experiment are generally consistent with those in
the simulation. This is consistent with the simulation results.

V. CONCLUSION
• Under the action of the device, the lightning energy is
transformed into the truncated energy of the lightning
discharge channel, turning the lightning fast and con-
tinuous discharge process into a slow and intermittent
discharge process. Experiment shows that the lightning
current was significantly attenuated in the action of
prototype, the amplitude of lightning current attenuated
about 50%, and its steepness attenuated about 70%. The
simulation shows that a high-speed airflowwith speed of
4200 m/s would form and the axial pressure inside the
tube increases rapidly to 4 × 108 Pa at the beginning of
the arc formation. This will help to increase the cut-off
effect of the arc channel.

• The prototype could significantly reduce the potential
difference caused by lightning strike in high soil resis-
tivity areas, and notably decrease the cost of lightning
protection. And it only needs to be installed on top of the
existing lightning rod, which can save retrofitting costs.

• In this paper, we just studied single pulse attenuation
effect. Future research should consider the multiple
lightning strikes and other safety issues.
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