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A B S T R A C T   

The damage depth of a material is a key parameter for industrial objects in consideration of the lightning threat. 
The continuing current component in a multiple lightning sequence features a large charge transfer, which often 
leads to the dominant damage depth for electrically conductive materials. Laboratory simulation of the lightning 
continuing current is prone to misinterpretation due to various combinations of the current amplitude and 
duration in fulfillment of the fixed charge requirement of 200 C (±20%) in standards. This study employs a 
Unified Plasma-Material Finite Element Model (UPM-FEM) that is developed based on the classical magneto-
hydrodynamics method to analyze the influence of the current amplitude-duration combinations on the arc- 
material interactions. The energy originated from different physical processes, the heat flux and current den-
sity on material surface, and the material damage response are predicted using the UPM-FEM and compared for 
different amplitude-duration combinations at a fixed transfer charge. We report that the Joule heating, thermal 
conduction, radiative emission, and electronic enthalpic flux jointly determine the energy budget injected to 
materials at low current levels (≤300 A). While at higher currents (≥500 A), the thermal conduction contributes 
less significantly compared to the other energy items. The more pronounced increase of radiative emission heat 
loss will bring a saturation trend in arc properties and the material damage. A combination with a big current 
amplitude is recommended for achieving consistent arc properties and material damage in lightning continuing 
current test.   

1. Introduction 

Large floating oil tanks, aircraft, wind turbines, cable bridges, and 
other important industrial objects or infrastructures encounter lightning 
strikes inevitably during operation [1,2]. These structures are primarily 
made of metallic materials and carbon/glass fiber reinforced polymer 
matrix composite materials. For metallic materials, the direct lightning 
damage effects mainly manifest as melting, burning, eroding, and 
blasting [3–6]. For polymeric composites, the direct damage effects are 
often more complex, which include resin decomposition, delamination, 
matrix cracking, fiber breakage, fiber vaporization, and dielectric 
breakdown puncture [7–22]. The information on damage results is of 
significant importance to evaluate the lightning threat and develop 
effective protection measures [23]. When excluding the effects of 

structure extremities (e.g., sharp tip of a wind turbine blade [24,25]), the 
structures made by electrically conductive materials are more prone to 
be struck by lightning strikes. This is because the electrons within the 
metal lattice have a much stronger delocalized mobility and can easily 
accumulate on the material surface in response to the charged cloud 
aloft [26]. 

The damage depth of a material is one of the most concerned pa-
rameters for industrial objects in response to the lightning arc [11,14, 
27–29]. As natural lightning has a big uncertainty on the attachment 
location, a practical implementation of the lightning certification for 
material safety is mainly assisted by means of the simulated lightning 
technology in laboratory to date [27,28,30–32]. The commonly adopted 
test setup in laboratory is to use an electrode-air-material configuration 
with a moderate discharge distance [32]. For metallic materials that are 
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electrically conductive, the direct heat flux injection on the material 
surface is the main damage source, as the Joule heating inside materials 
can be often negligible. Experimental investigations show that the 
damage depth of metallic materials suffered from lightning is dominated 
by the charge transfer during the discharge [33]. The continuing current 
component in a multiple lightning sequence, generally represented by a 
unidirectional rectangular waveform with an adjustable amplitude of 
200–800 A and duration of 0.25–1.0 s, has the largest charge transfer 
(200 C, ±20%) and is responsible for the most serious damage depth for 
metallic materials [27,28,34]. At the same time, there exist many 
possible combinations of current amplitude and duration to fulfill the 
charge requirement. In arc discharges, the current amplitude has a big 
impact on the arc temperature and the associated heat flux, arc pressure, 
and other arc properties. The current duration controls the arc dwell 
time and the accumulated damage effects. Therefore, the resultant ma-
terial damage is jointly affected by both the current amplitude and the 
duration. To date, the influence of current amplitude-duration combi-
nations on arc properties has not been clearly addressed, which is of 
great significance to improve lightning damage certification tests. It is 
worth noting that this paper focuses on metallic materials, whose 
lightning damage behaviors are much simpler than polymeric composite 
materials. This allows us to extract the fundamental principles govern-
ing the lightning energy dissipation in the material more easily and 
practically. The understanding we acquired on the lightning strike 
damage of the metallic materials can also provide insights into the 
lightning damage of polymeric composites. 

In this work, a Unified Plasma-Material Finite Element Model (UPM- 
FEM) is employed to study the influence of current amplitude-duration 
combinations at a fixed charge transfer on the electric arc characteristics 
and metal damage caused by the lightning continuing current. The 
different energy contributions, electric arc characteristics (e.g., distri-
butions of heat flux, current density, and plasma temperature), and 
material damage results are obtained and discussed in detail. The UPM- 
FEM is developed using the classical and well-validated magnetohy-
drodynamics (MHD) method, which is widely used for modeling electric 
arcs for welding and simulated lightning strike applications [35–42]. 
Therefore, the novelty of this study is not in the model itself, but rather, 
it is in using the MHD approach to unravel the effect of different com-
binations of amplitude and duration at a fixed charge transfer on the 
competing energy contributions of the electric arc and the resulting 
material damage. This has never been explored in the past to authors’ 
knowledge. The understanding gained from this study can provide 
guidance in the design of improved lightning continuing current tests to 
produce consistent lightning arc energy and consistent material damage, 
thereby leading to conservative lightning strike protection designs for 
industrial materials and structures. 

The remainder of the paper is organized as follows: a brief 

introduction of the UPM-FEM and its numerical implementation is 
presented in Section 2. Section 3 presents the influence of current 
amplitude-duration combinations at a fixed charge transfer on four 
competing energy items in the electric arc heating process. The changes 
in heat flux flowing from the electric arc into the test material surface 
and the damage response are discussed in Section 4. Conclusions are 
drawn in Section 5. 

2. UPM-FEM and numerical implementation 

2.1. UPM-FEM 

The Unified Plasma-Material Finite Element Model (UPM-FEM) is 
developed to study the electric arc characteristics and the damage 
response of metal materials for simulated lightning continuing current. 
The test material is set as the cathode or anode in dependence on the 
polarity of the lightning current. The plasma in the arc column is 
assumed to be in the local thermodynamic equilibrium (LTE) condition, 
while the cathode or anode boundary (or sheath) layer is in the non-LTE 
(NLTE) condition [36,38,41,43]. In the plasma domain, the governing 
equations solved using FEA include electric current conservation equa-
tions, magnetic field equation, heat transfer equation, and Navier-Stokes 
equations for the MHD. In the cathode and anode domains, the gov-
erning equations solved using FEA include electric current conservation 
equations and the heat transfer energy equations. Note that the NLTE 
discontinuity along the anode and cathode boundaries is modeled as an 
ohmic conductor, which ensures the transition between plasma and the 
electrodes. Within this sheath layer, the electrical conductivity corre-
sponds to the electrodes (i.e., cathode or anode), while the other mate-
rial properties correspond to the plasma. The same approach of 
modeling the NLTE discontinuity is used by Ref. [42]. 

2.2. Numerical implementation 

The FEA was implemented with the commercial software COMSOL 
Multiphysics 5.4. The particular physics modules used in COMSOL 
include: Heat Transfer, Electric Current, Laminar Flow, Magnetic Fields, 
and Multiphysics. Here, the Heat Transfer, Electric Current, and Mag-
netic Fields modules are used to solve the heat transfer equation, electric 
current conservation equations, and magnetic field equations respec-
tively, in both the plasma domain and the electrode domains (i.e., 
cathode and anode). The Laminar Flow module is used to solve the 
Navier-Stokes equations only in the plasma domain. The Multiphysics 
module is used to achieve data exchange between the different physics 
modules. The three computational domains, i.e., cathode, plasma, and 
anode, are shown in Fig. 1 (a). 

Geometry - The UPM-FEM created in COMSOL is two-dimensional 

Fig. 1. (a) Problem setup in COMSOL and (b) mesh used in the model.  
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and axisymmetric (see Fig. 1(a)). Such a problem setup has been widely 
used in many existing papers on the modeling of electric arc plasma [35, 
38,41–43]. The overall computational domain is 40 mm by 30 mm. The 
cathode has a blunt conical shape, which represents the actual shape of a 
direct electrode used in many simulated lightning strike tests. Here, it 
should be mentioned that both direct electrode and indirect electrode 
configurations are widely used in existing simulated lightning strike 
tests [32]. The indirect electrode configuration has an insulation cap 
installed on the electrode head to suppress the electrode jet effect in 
lightning test. However, this configuration requires using a conductive 
ignition wire to initiate the arc, which would lead to contamination of 
the electric arc due to the vaporization of the wire [37]. In contrast, the 
direct electrode configuration does not require using the ignition wire, 
and thus, is free from the arc contamination. However, it suffers from the 
electrode jet effect especially at high electric current. Here, the radius 
and length of the cathode (i.e., direct electrode) are 4 mm and 10 mm, 
respectively, the conical angle at the cathode tip is 35◦. The arc gap 
between the cathode and the anode is set to 5 mm. It is worth noting that 
such an arc gap is chosen to be the same with that used in the first au-
thor’s prior experimental test setup [3,33,44]. The detailed effect of the 
arc gap on the arc properties (current density and heat flux) can be found 
in the literature [45] and is not discussed in this paper. Furthermore, the 
anode has a thickness of 5 mm. The NLTE layers along the cathode and 

anode boundaries have a uniform thickness of 0.1 mm [41,42]. 
Material properties – The material properties of the tungsten cathode 

and copper anode used in the model are temperature-dependent and 
taken directly from the COMSOL material library. The plasma domain 
was assigned with the temperature-dependent transport properties of 
the air plasma calculated by Boulos et al. and Capitelli et al. [46,47]. It 
should be mentioned that the zero electrical conductivity of the air at 
room temperature could lead to numerical divergence. To resolve this 
issue, we have calculated the initial electrical conductivity of the air 
using a separate 1-D model (also with COMSOL), which was developed 
to couple the electron transport and electric current governing equa-
tions. The electrical conductivity of the air plasma is initially 1e-14 S/m 
at room temperature [42]. The model indicates that the electric field 
quickly rises to 45,000 Townsend at 0.5 μs at the cathode surface, which 
triggers the electron cold-field emissions and ionization, and hence in-
creases the electrical conductivity of the air plasma. The same approach 
for resolving the zero electrical conductivity issue is reported in 
Ref. [42]. 

Initial and boundary conditions – All computational domains are 
initially at room temperature. A constant and uniform current density, 
Jin (see Table 1), is converted from the constant current with amplitudes 
varying from 100 A to 800 A and applied at the top surface of the 
cathode (see boundary “AB” in Fig. 1(a)). Note that, in this study, we 
focused on the lightning continuing current, which is one of the light-
ning components in a multiple lightning sequence. Such a choice is 
because the duration of the lightning component plays the most 
important role in determining the material vaporization damage for 
metallic materials [3,5,33]. Additionally, since the model is axisym-
metric, an axial symmetry boundary condition is applied in all physics 
modules. A summary of the other essential boundary conditions used in 
the model is listed in Table 1, where “Ra” denotes the surface radiation, 
T is temperature, u is velocity, J is current density, V is electric potential, 
and A is magnetic potential. 

Meshing – User-controlled mesh was used in COMSOL. Different 
computational domains were assigned with different mesh densities (see 

Table 1 
A summary of the boundary conditions used in the UPM-FEM.   

AB BC & CD DE EF DG BH AF 

T 300 K 300 K 300 K 300 K Ra Ra ∂T
∂r

= 0  
u – Open BC 0 0 0 0 ∂u

∂r
= 0  

J J⋅ n = −

Jin  

n⋅J = 0  – – – – ∂J
∂r

= 0  

V – – 0 0 – – ∂V
∂r

= 0  
A n⋅ A = 0  n⋅A = 0  n⋅A = 0  n⋅A = 0  – – ∂A

∂r
= 0   

Fig. 2. Flowchart of the calculations of the developed UPM-FEM in COMOSL.  
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Fig. 1(b)). A total of 14,016 triangle elements were used. In the two 
NLTE regions, a fixed element size of 0.35 mm was used. In the plasma 
domain, the minimum element size near the center of the electric arc is 
0.003 mm and the maximum element size far away from the center of 
the arc is 0.8 mm. In the anode domain, the minimum element size near 
the arc attached region is 8e-4 mm and the maximum element size away 
from the arc attached region is 0.4 mm. Furthermore, in the cathode 
region, the minimum element size is 0.012 mm near the cathode 
boundary and the maximum element size is 2.68 mm. Note that a mesh 
convergence study was carried out before the actual simulation studies 
to ensure that the solutions are not mesh-dependent. 

Solver settings and computing time – The COMSOL time-dependent 
solver was used to execute the aforementioned UPM-FEM with an 
initial time increment of 1e-13 s and an automatic time stepping 
method. The average computing time on a 4-core 16 GB Ram laptop is 
about 30 min. A flow chart showing the calculation process is provided 
in Fig. 2. 

2.3. Model validation against simulated lightning experiment test data 

The effectiveness of the developed UPM-FEM has been verified in the 
second author’s prior work [45] for a free-burning benchmark problem. 
In this study, the UPM-FEM is employed to study the lightning strike 
electric arc interaction with metallic materials. Before employing the 
UPM-FEM for analyzing the effects of amplitude-duration combinations, 
the model is validated by comparing with experimental test data [3,33, 
44] for a lightning continuing current with an amplitude of 404 A and a 
duration of 520 ms. The equivalent charge transfer is 210 C and the 
action integral is 8.4 × 104 A2 s. The target materials (i.e., anode ma-
terial) are 3003 Aluminum (Al) alloy and Q235B steel, respectively, 
which are both common materials used in oil tanks and aircraft. The 
temperature distributions within the cathode-plasma-anode domain 
predicted by the UPM-FEM are shown in Fig. 3(a) for the Al alloy anode. 

The greatest penetration depth of the melting temperature (i.e., 933 K 
for 3003 Al alloy) is taken as the criteria in evaluating the damage depth. 
The maximum temperature reaches approximately 29,800 K near the 
cathode tip in the plasma. Furthermore, the plasma flow reaches a 
maximum velocity of 248 m/s (see Fig. 3(b)). 

As shown in Table 2, the predictions of the damage depth and the 
maximum rare-face temperature are 3.7 mm and 616.8 ◦C, respectively. 
The predictions are 12% larger for the damage depth and 18% higher for 
the temperature rise in comparison to the experimental data. For a 
Q235B steel sample, the predictions of the damage depth and the 
maximum rare-face temperature are 2.41 mm and 338.8 ◦C, respec-
tively, which are 19% smaller and 2% higher than the experimental 
data. The difference between the model predictions and the experi-
mental test data could be resulted from the uncertainties in the 
temperature-dependent material properties. Here, it is worth 
mentioning that the current UPM-FEM does not account for mechanical 
forces, such as the Marangoni force and arc drag force, which may also 
have contributed to the difference between model predictions and test 
data. Taking the additional mechanical constraints into the UPM-FEM 
will be a subject of our future work. 

Fig. 3. (a) Temperature distributions within the cathode-plasma-anode domain and (b) the flow velocity of the electric arc plasma at t = 0.52 s for a lightning strike 
continuing current of 404 A. 

Table 2 
Comparison of model predictions with experimental test data.   

Damaged Depth (mm) Rear Surface 
Temperature (◦C) 

Experiment UPM- 
FEM 

Experiment UPM- 
FEM 

3003 aluminum (Al) alloy 3.3 3.7 501.2 616.8 
Q235B steel 3 2.41 330.5 338.8  

Fig. 4. Joule heating along the arc axis between cathode (r = 0, z = 10 mm, see 
the coordinate system in Fig. 3) and anode (r = 0, z = 5 mm) at different current 
amplitude-duration combinations. 
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3. Influence of current amplitude-duration combinations on 
plasma energy 

For the cathode-plasma-anode configuration, the competing mech-
anisms of the heating process of the plasma include the Joule heating, 
thermal conduction, radiative emission, and electronic enthalpic flux (i. 
e., the energy contribution of the electrons due to the increase of their 
kinetic energy in the plasma column). 

3.1. Effect of current amplitude-duration combinations on Joule heating 

The Joule heating is determined by the current density and the 
electrical conductivity of plasma gas (J2/σ). As shown in Fig. 4, after 
increasing the current amplitude from 100 A to 800 A for the simulated 
long continuous current, the Joule heating gets enhanced by 20 times to 
1.8 × 1013 W/m3. It is worth noting that a turning point shows up near 
the cathode (z = 9.7 mm), after which the Joule heating decreases more 
slowly for regions to the anode surface (5 <z < 9.7 mm). This is because 
the arc temperature peaks at z = 9.7 mm (see Fig. 5), which makes the 
plasma segment most conductive. Meanwhile, the plasma flow moves 

faster near the cathode (see Fig. 3(b)) and potentially decreases the 
electron density. Furthermore, we compared our predicted plasma 
temperature with the temperature profile on the anode surface reported 
by Ref. [4] and the maximum temperature in an arc plasma (shown in 
Fig. 5) reported by Refs. [35,48]. The predicted temperature on the 
anode surface agrees well with (difference = 2.7%) the numerical 
inversion result in Ref. [4]. The maximum arc temperature also shows 
good agreement (difference <5%) with the results for I < 400 A. Un-
fortunately, Refs. [35,48] terminated their analyses at current 400 A and 
no data were reported in the higher (>400 A) current regimes. 

3.2. Effect of current amplitude-duration combinations on the radiative 
emission 

The radiative power emission is dependent on the content of elec-
trons in the ionized plasma and the net radiative emission coefficient. A 
stronger current source can ionize more particles and provide more 
electrons participating in the collision process, making this radiative 
emission item account for more energy loss. As shown in Fig. 6, the 
emission loss is strong at the region close to the cathode and attenuates 
significantly from the cathode to the anode. The peak emission loss 
occurs at the turning point (z = 9.7 mm, 0.3 mm away from the cathode 
surface), consistent with the turning point found in the profile of Joule 
heating in Fig. 4 and the plasma temperature in Fig. 5. This is because 
the plasma temperature increases from the cathode (due to electrons 
accelerating in the effect of the strong electric field from cathode) and 
peaks at the turning point, and then decreases along the plasma column 
to the anode. Meanwhile, the net emission coefficient has a nonlinear 
dependence on the plasma temperature and makes the variation curve of 
emission loss slightly deviate from the temperature variation. When the 
current amplitude rises from 100 A to 800 A, the peak emission loss at 
the turning point gets enhanced by 4.5 times and the increase of emis-
sion loss becomes modest at high current levels, which agrees with the 
saturation trend in the plasma temperature in Fig. 5. 

3.3. Effect of current amplitude-duration combinations on the thermal 
conduction 

Our simulation results show that different current amplitude- 
duration combinations represent different thermal conduction behav-
iors. As shown in Fig. 7, the sign of the conduction heating near the 
anode surface (z = 5 mm) changes from negative to positive when the 
electric current jumps from 300 to 700 A. The case of 500 A is right in 

Fig. 5. Plasma temperature along the arc axis between cathode (r = 0, z = 10 
mm) and anode (r = 0, z = 5 mm) at different current amplitude-duration 
combinations. 

Fig. 6. Emission heat loss along the arc axis between cathode (r = 0, z = 10 
mm) and anode (r = 0, z = 5 mm) at different current amplitude-duration 
combinations. 

Fig. 7. Thermal conduction heating along the arc axis between cathode (r = 0, 
z = 10 mm) and anode (r = 0, z = 5 mm) at different current amplitude- 
duration combinations. 
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the middle of this transition and therefore an abrupt jump from a large 
negative value to a large positive value can be found near the anode 
surface. This nonlinear behavior of the thermal conduction is dictated by 
the strong nonlinear behavior of the thermal conductivity of the electric 
arc plasma as well as the rate of the temperature gradient change (i.e., 
the second derivative of the temperature). 

The thermal conduction heating in the middle region of the plasma 
between the anode and the cathode (from z = 5.7 to z = 8 mm) is 
relatively small when compared to the regions near the anode and the 
cathode surfaces. At the region near the cathode surface (z ≥ 8 mm), the 
thermal conduction heating starts to slowly rise back. Also, as the cur-
rent level increases, the thermal conduction heating near the cathode 
surface increases. For the case of 100 A, the thermal conduction heating 
at z ≥ 9.7 mm shows a rapid increase, which differs from the rest of the 
cases where the thermal conduction heating starts to plateau above 9.7 
mm. This difference is mainly attributed to the sudden drop of the 
plasma temperature at z = 9.7 mm (see Fig. 5), where the case of 100 A 
shows a slight drop, whereas the rest of the cases all show significant 
temperature drops. Furthermore, it can be noticed that the difference of 
the thermal conduction heating becomes smaller as the current level 
increases, which indicates a clear trend of saturation of the thermal 
conduction heating. 

3.4. Effect of current amplitude-duration combinations on the electronic 
enthalpic flux 

An increase in current amplitude can intensify the electric current 
density and raise the plasma temperature. As shown in Fig. 8, there is a 
sign change from positive to negative value at the turning point (z = 9.7 
mm) for the electronic enthalpic flux. The sign of the enthalpic flux term 
is determined by the polarity of the current (negative in the model) and 
the temperature gradient. The temperature gradient shows a sign change 
at the turning point (see Fig. 5), which explains the positive-negative 
alteration. The enthalpic flux decreases along the plasma column from 
the cathode surface and down to the minimum at z = 7.2 mm, then 
rebounds moderately (to 4 × 1011 W/m3 for I = 800 A) at z = 5.8 mm to 
the anode surface (z = 5.1 mm). This can be understood by the 
assumption of the LTE condition in the core plasma region and the 
disturbance by the NLTE state that is near the cathode or anode 
boundary. When the current amplitude increases, the enthalpic flux gets 
enhanced and can reach 2.8 × 1012 W/m3 for I = 800 A. 

3.5. Summary 

From the above analysis, the four competing energy items, i.e., the 
Joule heating, thermal conduction, radiative emission, and electronic 
enthalpic flux, generally increase with the rise of the current amplitude. 
At low current levels (I < 300 A), the four energy items are comparable 
in the order of magnitude and jointly determine the total energy injected 
to the test material. While with the current amplitude rising, the Joule 
heating, radiative emission, and electronic enthalpic flux increase 
significantly and lead to changes in the total energy of plasma in unit 
time. The contribution of the thermal conduction becomes less signifi-
cant when compared to the overall plasma energy. A saturation trend 
can be found in the increase of these energy items at high current levels 
due to the convoluted physical processes and the non-monotonic func-
tions of material parameters dependent on temperature. 

4. Discussions on heat flux and damage response 

For metal materials struck by lightning, the intense heat injection 
transferred from the plasma flow supplies the predominant energy in 
damaging materials’ surface (e.g., surface melting or evaporating). 
Therefore, the distributions of the heat flux on the material surface are 
most crucial in determining the damage depth. 

4.1. Effect of current amplitude-duration combinations on the heat flux 

As shown in Fig. 9, the peak heat flux at the arc center is 3 × 108 W/ 
m2 for the case of 800 A, i.e, a three-fold increase compared to the peak 
heat flux of 0.96 × 108 W/m2 for the case of 100 A. A saturation trend for 
the increase of the peak heat flux with the rising current amplitude can 
be observed, which can be explained by the similar trend in the energy 
items of the Joule heating, radiative emission, and electronic enthalpic 
flux mentioned in Section 3. 

On the anode surface, the heat flux attenuates remarkably along the 
radial distance away from the arc center. Meanwhile, the attenuation 
rate at higher current levels exhibits a steeper increase, or in other 
words, the heat flux decreases more sharply along the radial distance. 
This may be understood by two main aspects of changes: the first is that 
the emission loss becomes stronger and energy loss is more pronounced 
in bigger current conditions, while second is that the changes in the 
transport properties of plasma (e.g., the thermal conductivity) have led 
to more heat conduction from the arc center region to its ambient 
margins. 

Besides, the heat flux distribution on the anode surface is related to 

Fig. 8. Electronic enthalpic flux along the arc axis between cathode (r = 0, z =
10 mm) and anode (r = 0, z = 5 mm) at different current amplitude-duration 
combinations. 

Fig. 9. Influence of the current amplitude-duration combinations on the heat 
flux along radial distance on the anode surface. 
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the arc radius in the arc discharge. The modeling analysis provides the 
current density profiles, and hence, the arc radius changes in response to 
different current levels. We took the radius corresponding to 90% of the 
total arc current on the anode surface as the arc radius. The same cri-
terion has also been adopted in Ref. [37]. The associated change of the 
arc radius as a function of the current level is shown in Fig. 10, where it 
can be seen that the arc radius increases as the current increases from 
100 to 200 A, but decreases almost linearly as the current continues to 
increase to 700 A and finally plateaus at 800 A. 

4.2. Effect of current amplitude-duration combinations on the damage 
depth 

Fig. 11 illustrates the predicted damage response of 3003 Al alloy 
subjected to the different combinations. The damage depth and area get 
larger with the increasing charge transfer, consistent with the finding of 
the determinative role of charge transfer on the damage depth in 
Ref. [33]. Fig. 12 shows the increase of the damage depth as a function 
of the current level corresponding to three different charge transfer 
levels, i.e., 120, 160, and 200 C (and hence different durations) pre-
dicted from our model and the experimental data at 167.4, 185.1, and 
210.1 C [3,33,44]. Although some of the physics (i.e., pressure loading 
and thermal strain effects) are not taken into account in the UPM-FEM, 
our predictions of the damage depth are still fairly consistent with the 
experimental test data. Note that these additional effects are quite 
insignificant compared to the melting of the metallic material. Our 
simulation results show that a higher constant current generally gives a 
higher arc pressure. The predicted peak arc pressure for the case with 
800 A is 1.7 kPa, which agrees well with the result reported by Ref. [49] 
for a metal-inert-gas electric arc. With such low arc pressure, the 
resulting impact on mechanical deformation is expected to be insignif-
icant. Moreover, a recent experimental study reported in Ref. [50] 

suggests that the effect of the lightning shockwave pressure is very 
insignificant compared to the effect of electric-thermal damage. Addi-
tionally, the thermal strain in the metallic materials caused by the 
lightning continuing current is in the order of 10− 3 m/m, which is small 
compared to the threshold strain of the typical nonlinear deformation 
and failure for metallic materials (in the order of 10− 2 m/m). 

It can be noticed that for a fixed level of charge transfer, an increase 
in the current amplitude can lead to a greater damage depth. The in-
crease in the damage results also shows a saturation trend at higher 
current amplitude (≥500 A), as shown in Figs. 11 and 12. This can be 
understood by the changes and similar saturation trend of the afore-
mentioned heat flux. Therefore, it is evident that a current with a high 
amplitude (≥500 A) is more desirable for the simulated lightning strike 
continuing current tests in order to keep the consistency of the heat flux 
and current density flowing from the arc to the material surface, and 
hence, the corresponding material damage. 

5. Conclusions 

This work focused on analyzing the competing energy items of the 
lightning electric arc plasma, current density, heat flux, and the result-
ing damage of the material under different combinations of current 
amplitude-duration at a fixed charge transfer. Using a UPM-FEM, we 
found that at low current levels (≤300 A), the Joule heating, thermal 
conduction, radiative emission, and electronic enthalpic flux jointly 
determine the total energy injected to the test material. The increase of 
the electric current results in a continuous increase of the plasma tem-
perature and the total energy. However, at higher current levels (≥500 
A), the heat loss due to the radiative emission becomes more 

Fig. 10. Arc radius vs. electric current at a fixed charge transfer of 200 C.  

Fig. 11. Influence of the current amplitude-duration combinations on the damage depth of 3003 Al alloy resulted from the lightning continuing current at a fixed 
charge transfer. 

Fig. 12. The damage depth of the aluminum target material vs. the electric 
current used in the lightning strike continuing current test at different charge 
transfer levels and comparisons with experimental data. 
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pronounced. Meanwhile, the contribution of thermal conduction be-
comes less significant. Thus, as the current amplitude increases, the 
radiative emission heat loss quickly catches up with the heat gain due to 
the Joule heating, thermal conduction, and electronic enthalpic flux, 
leading to a saturation trend in the overall energy budget to damage 
materials. 

For a fixed charge transfer of 200 C (±20%) in the lightning 
continuing current testing, the damage depth increases linearly as the 
electric current rises, when the current is less than 300 A. However, 
when the current gets above 500 A, the increase of the damage depth 
quickly slows down and plateaus. Therefore, to enable a testing envi-
ronment that produces electric arc discharges with consistent electric 
arc properties and the material damage depth, it is recommended to 
choose a testing current with a higher amplitude (500–800 A) in the 
damage testing under the lightning continuing current component. Note 
that a severer and consistent material damage depth produced from 
simulated lightning strike tests allows to provide more conservative 
design guidance in the lightning strike protection of industrial objects. 
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