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Is Indirect Electrode a Good Choice for Simulated
Lightning Damage Tests?—The Effect
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Abstract—The laboratory lightning testing commonly uses
an indirect electrode as the current injection configuration to
restraint the electrode jet for evaluation of lightning strike
damage tolerance of aircraft materials. Such an indirect electrode
configuration requires using a conductive ignition wire to initiate
the arc. This work discusses the influence of added metal
vapor, produced due to evaporation of the ignition wire, on the
electric-arc-induced heat flux and current density as well as
the material damage through numerical modeling and simulated
experiments. Metal vapor originated from the requisite ignition
wire considerably alters the net emission coefficient and transport
properties of the arc, leading to questionable testing results and
unreliable guidance for lightning protection design. The damage
depth of an aluminum alloy is affected by 312.5% due to the
changes in the net emission coefficient and thermal conductivity.
The damage area shows moderate changes due to a Gaussian-
shape decrease profile of heat flux and its insensitivity to the
changes in the net emission coefficient. The direct electrode
configuration is promising to avoid the use of ignition wire and
produce material damage representative of actual damage caused
by natural lightning. The results and discussions provide insights
into the design of improved lightning certification tests.

Index Terms—Damage, direct electrode testing, indirect elec-
trode, lightning, metal vapor.

I. INTRODUCTION

IGHTNING hazard is a serious concern to a wide range

of objects, systems, and even to human activities, par-
ticularly drawing special attention to aircraft, wind turbines,
electric transmission lines, oil tanks, and bridge cables, and so
on [1]-[4]. There are ~8 million lightning flashes occurring
worldwide every day in stormy-weather regions covering over
~10% of the earth’s surface [5]. Meanwhile, global lightning
manifests an increasing trend with the global temperature rise
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and added aerosol due to anthropogenic pollution [6]. In-flight
statistics show that every commercial airliner is struck by
lightning about once every 3000 h of flight time [7]. Moreover,
~60% of fires in oil tanks are attributed to lightning [8].
Therefore, lightning protection is of great importance for
industrial and human activities.

The direct damage effect is one of the deleterious effects
of lightning, for which the overloads of the intense current
and voltage injection, strong electromagnetic forces, high-
pressure wave impacts, and massive heat infliction are the
damage sources for lightning-attached materials [9]-[14]. For
materials (e.g., metallic materials and fiber-reinforced polymer
matrix composite materials), the damage responses, such as
the damage area, depth, delamination, and residual strength,
are key parameters in lightning testing [15], [16]. Limited by
the uncertainty in natural lightning, the simulated lightning
technology is a feasible method for lightning certification
tests on materials. In the laboratory, the existing lightning
simulation method mainly satisfies the current parameters for
material testing but is compromised in the output voltage by
reducing the discharge distance to several centimeters, as the
extremely high power in lightning discharge (a peak voltage of
~108 V driving a peak current of hundreds of kA) overshoots
the power rating of typical capacitors.

The lightning testing results are affected by the experimental
setup. First, the electrodes with different geometries used in
laboratory can result in different levels of damage results.
For example, an aluminum plate with a thickness of 3.5 mm
experienced burn-through when using an electrode with a
semiellipsoidal or conical shape, but survived in the use of
a hemispherical electrode with a damage depth of only 3 mm.
The difference can reach as large as 2 times in damage depth
and 2.4 times in damage area by adopting electrodes in differ-
ent configurations (e.g., shapes and sizes) [17]. Furthermore,
it has been reported that the size of the electrode has a
significant impact on the degree of failure for carbon-fiber-
reinforced polymer matrix composites [18]. The delamination
area caused by an electrode with a diameter of 16 mm is almost
3 times larger than that caused by an electrode with a diameter
of 98 mm [18]. The indirect electrode configuration (see
Fig. 1), with an insulation cap on head, has been recommended
to suppress the electrode jet in the lightning testing standards
at present [19]-[23]. However, the indirect electrode setup
requires using a conductive ignition wire to initiate the arc
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Fig. 1. (a) Schematic of the indirect electrode configuration, (b) photograph

of the indirect electrode, and (c) initiation wire setup used to initiate the arc
when using the indirect electrode configuration [19].

[see Fig. 1(c)], which will contaminate the discharge arc
caused by the metal vapor due to material evaporation, and
thus, considerably changing the properties of arc plasma. This
problem has not been fully addressed in current lightning
research to the authors’ knowledge. The content of the metal
vapor contamination is also different from one experiment
to another, leaving the cross-comparison obscure between
different research works.

Moreover, it is still unfeasible in the laboratory to directly
measure the net emission coefficient and transport properties
within the arc channel in a way with acceptable accuracy
and resolution during lightning arc discharges. Meanwhile,
the damage response of materials to the changes in net emis-
sion coefficient and transport properties needs to be considered
by accounting for the coupling between lightning arc and
materials. Therefore, in this work, the effects of metal vapor on
the simulated lightning strike tests are studied by a numerical
unified plasma material finite-element model (UPM-FEM).
Since the metal vapor results in changes in the transport prop-
erties and the net emission coefficient of the plasma, the effect
of the added metal vapor is investigated through an extensive
parametric study aiming to determine the electric arc charac-
teristics (e.g., heat flux, current density) and the corresponding
material damage at varying plasma transport properties and net
emission coefficients. The numerical implementation of the
UPM-FEM is introduced in Section II. Analyses on the effect
of metal vapor on the heat flux and current density as well
material damage are detailed in Section III. Discussions on
the indirect and direct electrodes are presented in Section IV.
Conclusions are stated in Section V.

II. NUMERICAL IMPLEMENTATION OF UPM-FEM
The UPM-FEM models the arc—material interactions in a
domain of the cathode—plasma—anode based on the magne-
tohydrodynamics (MHD) method [24]. The arc plasma is
assumed to be in a local thermodynamic equilibrium (LTE)
condition in the core region and regarded as a continuous
domain of an electrically and thermally conductive fluid.
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Fig. 2. Model setup for UPM-FEM in COMSOL.

The cathode/plasma and plasma/anode boundary layers (or
sheath layers) are in the non-LTE discontinuity state [24]—[26].
In the modeling of the arc—material interactions, the electric
current density, electric field, and magnetic field are solved by
the current conservation equation and Maxwell’s equations.
The plasma fluid, modeled as a laminar flow, satisfies the
conservation equations of mass and momentum. In the arc
plasma domain, the volumetric heat source mainly includes
thermal conduction, energy transfer from electronic enthalpy
transport, Joule heating (coupled with the electric current
equation), and radiation emission. The governing equations
for the UPM-FEM are solved using finite-element analysis
with COMSOL Multiphysics. Note that the UPM-FEM has
already been validated in authors’ prior work by the exper-
imental results for an air electric arc problem with metal
material anodes (e.g., stainless steel and aluminum) and also
verified by a free-burning argon arc benchmark problem
with copper anode [27]. Therefore, such work will not be
repeated here. Below describes the numerical implementa-
tion of this model to allow readers to easily reproduce our
results.

1) Computational Domain: Cathode—arc—anode domain
(40 mm in width and 30 mm in height) in the 2-D
cylindrical coordinates with axisymmetry along the arc
center and with a 5-mm arc gap (as shown in Fig. 2).

2) Physics (or Modulus) Used in COMSOL: 1) Electric cur-
rent; ii) magnetic field; iii) heat transfer; and iv) laminar
flow.

3) Multiphysics Coupling Interfaces: i) Equilibrium dis-
charge heat source (for coupling the plasma heat sources
with the heat transfer equation); ii) static current density
component (for coupling the electric current with the
magnetic field); iii) flow coupling (for coupling the
laminar flow with the heat transfer interfaces); and
iv) temperature coupling (for coupling the heat transfer
with all other interfaces by passing the instant tempera-
ture solution to other field equations).

4) Input Current: A constant and uniform current density,
Jin (see Table I) converted from a constant current
of 404 A and applied at boundary “AB” (see Fig. 2).
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TABLE I
SUMMARY OF THE BOUNDARY CONDITIONS USED IN THE UPM-FEM
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Fig. 3. Nonuniform mesh configuration used for the UPM-FEM with different
mesh sizes at different regions.

5) Boundary Conditions: As shown in Table I, where “Ra”
denotes the surface radiation, 7T is the temperature, u is
the velocity, J is the current density, V is the electric
potential, and A is the magnetic potential.

6) Mesh: User-controlled mesh with 14 016 triangle ele-
ments and nonuniform mesh sizes (as shown in Fig. 3).

7) Material Properties of the Air Plasma: Taken from [26]
for temperatures up to 24 000 K and from [28] for
temperatures beyond 24 000 K.

8) Material Properties of the Anode (Aluminum) and Cath-
ode (Tungsten): Taken from the COMSOL material
library. Note: the evaporation process and latent heating
absorption of metal are considered.

9) Damaged Depth Criteria: The greatest penetration depth

of the melting temperature in the material.

Solver Settings and Computing Time: Time-dependent

solver, initial time increment of le™13 s, average com-

puting time on a 16-GB Ram laptop of 30 min.

10)

The long continuing lightning current, known as Component
C in the lightning strike testing standard [20], has the largest
charge transfer among the four typical lightning components
and inflicts severest damage to the electrically conductive
materials [9], [27]. A typical Component C current has a
constant current of ~400 A and a duration of ~500 ms to
fulfill the charge transfer of 200 C, as shown in Fig. 4.

The UPM-FEM can predict the distributions of temper-
ature, velocity, pressure, and magnetic flux density in the

Component A (Initial Stroke)
Peak Amplitude =200 kA + 10%

Component D (Restrike)
Peak Amplitude =100 kA

Component B (Intermediate Current)
Average Amplitude =2 kA + 10%

Component C (Continuing Current)
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Fig. 4. Set of A/B/C/D waveforms in the SAE standard [20].

z Temperature (K)

L Plasma  Anode  Cathode
2 A 298x10° A 3.43x10° Asxlo3
o Tungsten cathode x10°¢ x10° x10°
18 45

25 3
16 4
14 5 25 35
12 3
: o 2
10 _ Electric arc plasma in air 15 25
8 '
: 15 5
: 5
1.
4 - 1
; ; 1
2 Aluminum anode
r 0.5 o
o ;
0 5 10 15 20 mm V¥ 300 ¥ 300 V¥ 300

Fig. 5. Temperature distributions predicted by the UPM-FEM in the cathode—
arc—anode domains in a typical lightning strike Component C current (constant
current of 404 A and duration of 0.52 s).

cathode—plasma—anode domains, noting that these parameters
still cannot be measured accurately in laboratory due to the
extremely intense light emission and large current flow in the
short-gap discharges. The temperature distributions predicted
by the UPM-FEM in the cathode—arc—anode domain at the end
of the analysis subjected to an arc discharge in air with the
long continuing lightning current are demonstrated in Fig. 5.

III. INFLUENCE OF METAL VAPOR ON ARC PROPERTIES

The lightning arc is simulated using the proposed
UPM-FEM with a constant current of 404 A and a duration
of 520 ms. The target material is an Al alloy 3003. In our
model, the metal is assumed to be damaged when the temper-
ature exceeds its melting point (i.e., 933 K for Al 3003).

In response to the added metal vapor, the net emission
coefficient will increase due to the stronger radiation phe-
nomenon of plasma-arc-containing metallic elements [29]. The
combined considerations of molecular bands, radiative recom-
bination and attachment, and bremsstrahlung are essential to
make predictions of the changes in the net emission coefficient.
In the temperature range of 5000-25 000 K, the net emission
coefficient can be altered as much as hundreds of times due
to different concentrations of added metal vapor [25], [29].
As shown in Figs. 6 and 7, our simulations find that an
increased net emission coefficient can significantly decrease
the peak heat flux (from 19 x 107 to 6 x 10’ W/m?) and peak
current density (from 2.7 x 107 to 0.6 x 107 A/m?) at the
arc attachment in consideration of such changes brought by the
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Fig. 6. Effect of increasing the net emission coefficient of the arc plasma

on the heat flux flowing from the arc to the aircraft material (electric current
404 A, duration 520 ms, aluminum anode. “#-Net Emission Coef.” represents
the case in which we scaled up the net emission coefficient by # times).
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Fig. 7. Effect of increasing the net emission coefficient of the arc plasma
on the current density flowing from the arc to the aircraft material (electric
current 404 A, duration 520 ms, aluminum anode).
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Fig. 8. Effect of increasing the net emission coefficient of the arc plasma on
the damage of the aircraft metallic material (electric current 404 A, duration
520 ms, aluminum anode).

added metal vapor. Whereas it brings a moderate enhancement
in both heat flux and current density at a radial distance of
3-8 mm from the central point of arc on the metal surface.
Metal vapor results in a dramatic enhancement in the radiant
power density, leading to a temperature decrease in the arc
center. The variations in the net emission coefficient also lead
to an obvious decrease in the damage depth (from 3.75 to
2.2 mm), but a slight increase (<1%) in the damage area,
as shown in Fig. 8.

The electrical conductivity of arc is affected significantly
by the presence of metal vapor in the temperature range
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Fig. 9. Effect of increasing the electrical conductivity of the arc plasma on
the heat flux flowing from the arc to the aircraft material (electric current
404 A, duration 520 ms, aluminum anode).

TABLE I

HEAT FLUX INTEGRAL OVER RADIAL DISTANCE ALONG
THE METAL SURFACE

Integral of heat flux over radial distance (W/m)

Net emission ex 100xey  200xey  300xey
coefficient/ey 45x10° 32x10° 2.9x10°  2.7x10°

. o 0.5%0 o Sxo 50xo
Electrical conductivity/o 5 5 2 3
4.7x10° 4.5x10° 4.4x10°  4.1x10

o 0.1xk  0.5%k k S5xk

Thermal conductivity/k 5 S 5 5
2.3x10° 3.7x10° 4.5x10 5.4x10

of 5000-25 000 K with a reverse point of around 15 000 K.
In particular, the electrical conductivity will increase by
~10 times or even more below this critical temperature (i.e.,
reverse point) and then decrease by ~20% or more at higher
temperatures with added metal vapor [25]. Our simulation
results show that the increase in the electrical conductivity
will result in a growth (by ~200%) in the peak heat flux at arc
attachment, as shown in Fig. 9. Despite the increase in the peak
heat flux, the total heat flux decreases by ~14.6% based on
the integral calculation along the metal surface (see Table II).
This decrease in the total heat flux could be understood with
the lower value of the heat flux (decreased by ~50%) at a
radial distance of 2-8 mm along the metal surface, as shown
in Fig. 9. The decrease in the total heat flux is considered
one of the main reasons for causing reductions in the damage
depth and damage area.

Moreover, the regions affected by a considerably higher
heat flux become smaller (due to the pinch effects and arc
radius contraction at higher current) and this will decrease the
damage area. The current density shows a monotonic increase
with electrical conductivity, as shown in Fig. 10. The higher
current density generates stronger arc energy in the core arc
region (radial distance <2 mm), leading to a further increase
in the damage volume. As shown in Fig. 11, the damage area
and damage depth of the metal are modified under different
levels of electrical conductivity, of which the damage depth
can decrease by 52% and the damage area contracts by 50%
due to the enhancement of the electrical conductivity. But
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Fig. 10. Effect of increasing the electrical conductivity of the arc plasma
on the heat flux flowing from the arc to the aircraft material (electric current
404 A, duration 520 ms, aluminum anode).

Anode: Al 3003

5 mm

— == 050,
== 1oy

. 50y
* 50-0,

air

40 mm

Fig. 11. Effect of increasing the electrical conductivity of the arc plasma on
the damage of the aircraft metallic material (electric current 404 A, duration
520 ms, aluminum anode).

bearing in mind that if the arc temperature exceeds the reverse
temperature point, the electrical conductivity will drop, which
will lead to the rebound of the damage depth and area.

Metal vapor can alter the thermal conductivity and further
affect the predictions of heat flux and current density, for
example, an addition of 10 mol% metal vapor can double
the thermal conductivity of the arc plasma for temperatures
between 5000 and 12 000 K but will decrease the thermal
conductivity by ~50% when temperatures are higher than
12 000 K [25]. As shown in Figs. 12 and 13, our simulation
results show that a decrease in the thermal conductivity (from
kair t0 0.1 X kuir, kair = thermal conductivity of air) can
substantially lower down the peak heat flux (by ~4 times)
and also reduce the peak current density by ~3 times for
the regions within a radial distance of <2 mm on the anode
surface. This leads to a contraction of the cross-sectional area
of the arc channel. From k,; to 5 X ki, the peak heat flux
changes insignificantly but the integral of the total heat flux
along the arc cross section has a noticeable increase of 20%
(see Table II), the details of which will be discussed in the
following context.

On the other hand, both the arc heat flux and current density
profiles drop much faster along with the radial distance of
the metal surface when the thermal conductivity is increased.
The resultant damage area is expected to be mitigated due
to this radial attenuation. Specifically, the damage depth is
more sensitive to the increase in the thermal conductivity
when compared with the damage area. This can be verified
in Fig. 14 considering the arc—metal interactions and the metal

0 2 4 [ 8 10 12 14 16
Anode surface radial distance (mm)

Fig. 12. Effect of changing the thermal conductivity of the arc plasma on the
heat flux flowing from the arc to the aircraft material (electric current 404 A,
duration 520 ms, aluminum anode).

3.5

——0.1-Air Thermal Cond.
——0.5-Air Thermal Cond.
——1-Air Thermal Cond.
——5-Air Thermal Cond.

Current density (-1e7 A/m?)

0 T T T T 7 T T
0 2 4 6 8 10 12 14 16

Anode surface radial distance (mm)

Fig. 13. Effect of changing the thermal conductivity of the arc plasma on the
current density flowing from the arc to the aircraft material (electric current
404 A, duration 520 ms, aluminum anode).
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Fig. 14. Effect of changing the thermal conductivity of the arc plasma on
the damage of the aircraft metallic material (electric current 404 A, duration
520 ms, aluminum anode).

melting process. The associated alterations in the heat flux and
current density significantly change the damage depth (from
1.6 to >5 mm and even leading to a burn-through in the case
of the fivefold increase in the thermal conductivity) and bring
a relatively smaller change in the damage area (from a radius
of 3 to >6.2 mm). The less significant change in the damage
area could also be attributed to the intensified arc constriction
due to the increase in the thermal conductivity of the plasma.

For conductive materials, the Joule heating can be neglected
in the analysis of the direct lightning damage effects [9]. The
arc energy is the main thermal source and can be roughly
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Fig. 15. Results of Al alloy struck by lightning in experiments with different
diameters of ignition wires.

indexed by the heat flux integral over the radial distance along
the plasma-affected metal surface (note: the heat flux profile is
roughly in the steady state in the case of a constant current).
The results of the total heat flux integral to the changes in
the net emission coefficient and the electrical and thermal
conductivities are shown in Table II. The contamination by
metal vapor can potentially lower down the integral of the
heat flux by ~2 times in a pathway of altering the net
emission coefficient. The remarkable decrease in the heat
flux integral leads to a moderate damage depth as shown
in Fig. 8. Furthermore, due to the Gaussian-shape decrease
profile of the heat flux along the material surface (see Fig. 6),
the damage area did not experience a significant increase. The
alterations in electrical conductivity bring a 14% decrease in
the heat flux integral and have led to reduced damage depth
as illustrated in Fig. 11. The integral of the heat flux can
change more than 2 times in response to the alterations of
thermal conductivity. If less heat flux is imposed on the metal
surface, both the damage depth and area will be reduced (see
Fig. 11). Therefore, the undesirable metal vapor produced
from the ignition wire noticeably affects the damage depth
through the main mechanism of alterations in the net emission
coefficient and thermal conductivity and shows less influence
on the damage area due to the Gaussian-shape decrease profile
of the heat flux and its insensitivity to the changes in the net
emission coefficient.

IV. DISCUSSION

The electrode jet phenomenon is the movement of ions and
vaporized particles originated from the electrode in arc dis-
charge. The indirect electrode creates an obstruction on head
to block the plasma jet impinging the tested material directly.
Such a configuration greatly reduces the air breakdown ability
of the cathode/anode, which necessitates the use of a metallic
ignition wire between electrodes to create a conductive path
first and then initiate the arc discharge. But the diameter of
the ignition wire may change from one experiment to another,
making the testing results dependent on the experimental
setup. The uncertainty can reach 46.9% in the damaged depth
and 9.4% in the damaged area, as shown in our experimental
test results in Fig. 15. This clearly brings misinterpretation
in lightning tests and leaves the cross-comparison obscure
between different research works.
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Meanwhile, the ignition wire absorbs energy through melt-
ing or evaporating itself, and thus decreases the total energy
budget from the arc to the material. Concurrently, the con-
sumed ignition wire generates a considerable volume of metal
vapor and contaminates the arc column, which will change the
transport properties and net emission coefficients (as discussed
in Section III), leading to changes in the heat flux and current
density. Besides, the dielectric cap itself would absorb partial
arc energy and suppress the force impacts. The electric field
strength in the vicinity of the electrode tip is significantly
decreased and the ablation volume in the testing sample
is reduced. In addition, the damage to materials is caused
by a combination of the hot plasma heating and the shear
forces through the expansion of over-pressure waves. In the
indirect electrode configuration, it blocks the over-pressure
waves [Fig. 1(a)] and restricts the expansion forces on the
vulnerable quasi-liquid material (already melted by plasma
heating), leading to questionable damage results.

Another alternative method for decreasing the influence of
the electrode jet is to use a direct electrode and minimize the
volume of vaporization in the electrode material. In addition,
the discharge electrodes with different shapes will have distinct
electric field profile on head. The electric field strength affects
the subsequent dynamic electron density and the associated arc
radius. Our previous study shows that the electrode in a semi-
ellipsoidal shape [see Fig. 16(a)] can smooth the variation in
the surface electric field and thereby alleviate material erosion
on the electrode surface [15]. In the experiment, when testing
with higher lightning arc currents (>200 A), the extremely
high-temperature rise on the anode can still exceed the melting
point near the head region. But the electrode surface erosion
becomes relatively moderate and is acceptable in the lightning
tests (see an example shown in Fig. 16). It should be noted
that the adjustment of the physical properties of the electrode
material to reduce the surface erosion still remains a challenge
at present.

In summary, for the use of indirect electrodes in lightning
certification tests, the unavoidable metal vapor produced from
the vaporization of the ignition wire significantly changes the
arc energy density and heat flux. The influence on the arc
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Fig. 17. Use of the direct electrode configuration in the existing lightning

strike testing [30]-[36].

properties is uncontrollable due to the different content of the
metal vapor contamination among experiments. In contrast,
using the direct electrode can produce the unrestricted arc
energy and resultant force impacts in lightning certification
tests, achieving the consistency in lightning testing setup
cross different experiments. It is also noted that the use
of the direct electrode configuration has recently gained a
momentum, as evidenced by many articles related to lightning
strike testing published by researchers all over the world (see
Fig. 17) [30]-[36], rendering a promising future for more
accurate lightning certification tests.

V. CONCLUSION

In simulated lightning direct damage testing, a requisite
ignition wire used in the indirect electrode configuration will
considerably change the arc properties (i.e., net emission
coefficient and transport properties) due to the addition of
metal vapor contamination. Through numerical modeling,
we found that the metal vapor added to the arc plasma can
alter the total heat flux integrated over the material surface
by 166.7% through a change in the net emission coefficient, by
234.8% through changing the thermal conductivity, and by
14.6% through changing the electrical conductivity. The dam-
age depth of the tested material experienced a significant
change of 312.5% caused by alterations in the net emission
coefficient and thermal conductivity of the arc plasma due
to the added metal vapor. The damage area shows moderate
changes owing to a Gaussian-shape decrease profile of the heat
flux and its insensitive response to the net emission coefficient
(changed by less than 1%).

The direct electrode configuration eliminates the need for
the ignition wire and is therefore free from the metal vapor
contamination effect. Such a configuration can be taken as a
promising solution, which translates to a testing condition in
laboratory more representative to actual lightning conditions,
and thus significantly improves the lightning strike protection
design and development.
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