
Specimen representation on the prediction of artificial test lightning
plasma, resulting specimen loading and subsequent composite
material damage
Millen, S. L. J., Murphy, A., Abdelal, G., & Catalanotti, G. (2019). Specimen representation on the prediction of
artificial test lightning plasma, resulting specimen loading and subsequent composite material damage.
Composite Structures, 231(C), Article 111545. Advance online publication.
https://doi.org/10.1016/j.compstruct.2019.111545

Published in:
Composite Structures

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2019 Elsevier.
This manuscript is distributed under a Creative Commons Attribution-NonCommercial-NoDerivs License
(https://creativecommons.org/licenses/by-nc-nd/4.0/), which permits distribution and reproduction for non-commercial purposes, provided the
author and source are cited.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Open Access
This research has been made openly available by Queen's academics and its Open Research team.  We would love to hear how access to
this research benefits you. – Share your feedback with us: http://go.qub.ac.uk/oa-feedback

Download date:29. Apr. 2024

https://doi.org/10.1016/j.compstruct.2019.111545
https://pure.qub.ac.uk/en/publications/d2a51209-e394-4df0-ae3a-9012080a797f


 

 

 

Specimen Representation on the Prediction of Artificial Test Lightning 

Plasma, Resulting Specimen Loading and Subsequent Composite Material 

Damage  

S.L.J. Millena, A. Murphya+, G. Abdelala, G. Catalanottia 

a School of Mechanical and Aerospace Engineering, Queen’s University Belfast, Ashby 

Building, Belfast. Northern Ireland, U.K. BT9 5AH 

+ Corresponding author: Tel.: +44 28 9097 4095; E-mail: a.murphy@qub.ac.uk 

Abstract 

Preceding work has established that artificial test lightning plasma and composite test specimen damage 

can be modelled. However, no work has studied the impact of specimen representation in the modelling 

of the plasma and the resulting impact on specimen damage. Herein four distinct specimen designs have 

been modelled to understand the impact on plasma properties. The resulting specimen surface loads 

have then been passed to Finite Element (FE) damage models to predict thermal damage. A 

magnetohydrodynamic FE multiphysics model is employed to simulate the plasma and a FE thermal-

electric modelling approach is used to predict the composite material damage. For the test arrangements 

modelled herein it has been found that specimen representation has limited impact on plasma global 

structure, even with significant change in specimen properties (e.g. from copper to epoxy). However, 

noteworthy variation in the local specimen surface loading is witnessed with specimen property change 

(e.g. epoxy to carbon reinforced epoxy), with peak magnitudes for surface pressure, velocity, current 

density and temperature changing by up to 88%. Such variation in local surface loading does 

significantly vary the prediction of thermal damage depth (up to 1200%) and surface damage area (up 

to 1314%). This work, for the first time, provides predictions for the thermal damage suffered by both 

protected and unprotected specimens exposed to test standard Waveform B.  
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1.0 Introduction 

Lightning strikes are a natural phenomenon that can have a detrimental impact on the composite 

structure of an aircraft. Lightning occurs during extreme weather events and forms a plasma channel. 

Ionization is the process that forms plasma, the fourth state of matter, and is caused by radiation or 

heating such as that within a lightning current channel. Temperatures inside this channel can exceed 

10,000oC, with the channel containing many particles including electrons, ions and photons at different 

states of excitation [1]. Electrical conduction is high in plasma due to the availability of free electrons. 

In real world lightning events the plasma can last between microseconds and seconds with equivalent 

variation in the current magnitude and current waveform.  

In order to design aircraft to withstand lightning strikes, test standards have been defined with 

four artificial test lightning Waveforms (A, B, C and D), proposed in SAE-ARP5412B [2] and 

illustrated in Figure 1. Waveform A is characterised as the first return stroke; Waveform B is the 

intermediate current; Waveform C is the long duration current; and Waveform D is a subsequent stroke 

[2]. These Waveforms have distinct time periods and amplitudes presenting their own unique testing 

and modelling challenges.  

Simulations have progressed to model the behaviour of the plasma formed during an artificial 

lightning test [3]–[5]. Plasma simulations are typically based on Magnetohydrodynamics (MHD). MHD 

is the analysis of the mutual interaction between fluid flow and magnetic fields. MHD combines three 

distinct sets of partial differential equations; Maxwell’s equations of electromagnetism, Navier-Stokes 

equations of fluid motion, and thermal conduction equations for heat transfer. These partial differential 

equations can be solved numerically using the Finite Element (FE) method or the finite volume method. 

Moreover many works have presented FE modelling methods for the prediction of damage within 

composite specimens resulting from assumed artificial test lightning current, temperature and pressure 

loading. However, few works have combined the modelling of plasma and the mechanics of specimen 

material damage. Thus limited understanding exists on the influence of plasma modelling on the 



 

 

prediction of specimen damage, and vice versa. This paper aims to understand the impact of specimen 

representation on the formation of artificial test lightning plasma and relate this to specimen loading 

and subsequent specimen composite material damage.   

 

2.0 Background 

2.1 Lightning strike experimental research 

Lightning strike experimental research has typically used the standardised waveforms from SAE-

ARP5412B [2] which define the impulse waveform including the maximum current (Imax), the rise time 

from 10% to 90% of the maximum current (T1) and the time to reach the post-peak value of 50% of the 

maximum current (T2). Preceding experimental works have used a conical tip discharge probe, the 

cathode, positioned a few millimetres above the centre of the specimen and a copper plate below the 

specimen, the anode, to generate the lightning plasma [6]–[8]. Feraboli et al. [6], [9] investigated the 

influence of strikes on specimens with and without fasteners while Wang et al. [10] compared the 

damage area for three test cases with different aluminium protection systems. However, the majority of 

authors have focussed on unprotected specimens with varying current loads and time periods derived 

from Waveform A [7], [8], [11], [12].  

 

2.2 Lightning arc plasma modelling 

The use of plasma simulations incorporating the conical electrode and anode, replicating the previously 

discussed experimental arrangement, potentially enables the electric test conditions to be input 

parameters and resulting specimen loading conditions to be calculated and not assumed. The majority 

of works modelling plasma have been focussed on gas tungsten arc (GTA) welding processes or general 

free burning arcs [13]–[19]. Traidia and Roger [20] produced the most appropriate model for adaption 

to the standard arrangement of lightning strike testing. Thus the fundamental principles and boundary 

conditions proposed by Traidia and Roger [22] can be traced to the latest generation of lightning plasma 



 

 

modelling works. In particular, four groups of workers have proposed plasma simulations for artificial 

test lightning, modelling Waveforms A, B and C ([3]–[5], [21]). These simulations have great variation 

due to the difference in Waveform timescales and the modelling and solution approaches used, however 

MHD is used by all. 

Chen et al. [4] and Wang et al. [5] used ANSYS Fluent to generate full 3D CFD based MHD 

models of  lightning plasma for Waveforms A and C respectively. However, neither Chen et al. [4] nor 

Wang et al. [5] model the attachment of the lightning channel to the specimen but assume an initial 

temperature condition representing a formed plasma channel. This approach follows other plasma 

models in the GTA domain [22], [23], assuming a formed plasma channel and an assumed initial 

electrical conductivity. The models enable the calculation of the specimen loading conditions for the 

defined plasma, based on the applied Waveform input current. Abdelal and Murphy [3] employ a FE 

based MHD simulation approach to model Waveform B and attempt to predict plasma initial attachment 

to the specimen. The Waveform B plasma model used the Waveform electric current profile as an input 

with the simulation predicting plasma fluid properties and specimen (anode) surface loads. 

Significantly, Abdelal and Murphy [3] used a 1D electron transport model to predict air electric 

conductivity reducing the assumptions required and enabling the prediction of the lightning plasma 

channel local attachment to the specimen. Abdelal and Murphy [3] noted that for a full scale Waveform 

B FE based MHD simulation the expected runtime could be 70 days even with parallelisation and High 

Performance Computing (HPC) resources. Therefore, these authors employed a scaling approach using 

similitude theory. Similitude theory employs similarity between parameters using scaling factors and 

assumes equivalent similarity conditions between the scaled and full-scale model [3].   

All of the above authors model a copper conical tip cathode while Abdelal and Murphy and 

Wang et al. modelled a copper specimen for the anode. Chen et al. was the only author to model a 

composite anode. In addition, Abdelal and Murphy [3] in their initial 1D electron transport model also 

modelled a copper anode but did not consider the impact of this representation on the initial conditions 

for the full plasma simulation. In summary, a benefit of modelling the lightning plasma is the removal 

of assumptions around the loading conditions on the specimen. However, the effect of specimen 



 

 

representation is unknown since in each preceding work the authors have used different representations 

along with different solution and modelling approaches and test waveforms. 

 

2.3 Specimen thermal-electric modelling 

Damage models have shown clear variation in damage shapes and depths depending on the design of 

the specimen [10], [24], [25]. Various methods have been used to apply the loads to the surface 

including finite and expanding radii but in the vast majority of cases the loading has been assumed to 

match the externally applied test waveform current loading [11], [24], [26]–[29]. Abdelal and Murphy 

[24] modelled a composite laminate with and without a 0.05mm copper mesh Lightning Protection 

System (LPS), exposed to Waveform D and used temperature dependent material properties. Lee et al. 

[25] compared thermal damage and depth for unprotected, copper mesh protected and specimens with 

pitch carbon fibre paper (PCFP) protection. All authors found that the addition of protective layers 

changed the damage shape and area due to their relative differences in electrical conductivity. Foster et 

al. [26] also considered arc expansion with circular and elliptical expanding representations. All these 

models have typically used the same material data set for the plies and boundary conditions, with zero 

electrical potential at the bottom and side surfaces of the specimen.  

Two authors have attempted to capture the plasma loading conditions and represent this in their 

damage predictions [4], [30]. Chen et al. coupled their Waveform A plasma model to a 500 x 250 mm 

thermal-electric model using a volume spline function after testing seven interpolation methods. From 

their simulation the authors were able to predict damage depth by linking predicted ply temperatures to 

temperatures at which initiation and completion of material decomposition and ablation occurs. In a 

similar vein Millen et al. [30] proposed a method to translate the loads to the test specimen’s surface 

and apply a load set (pressure and heat flux) from a plasma model. Millen et al. demonstrated the method 

for a Waveform B test arrangement, again predicting damage but in this case considering a copper 

anode in the plasma model and a composite specimen in the damage model. 



 

 

A key question not discussed within these works is the effect of test specimen representation 

on the prediction of the plasma behaviour. Profiles of current density, temperature, pressure and velocity 

have been presented at the specimen surface assuming copper or composite specimen properties. 

However, there is no literature on the impact of the specimen properties on the predicted plasma 

properties, and the resulting impact on the predicted specimen damage. This work will attempt for the 

first time to establish the relationships linking specimen representation, plasma properties and surface 

loads and the resulting specimen damage.  

 

 

3.0 Methodology 

As summarised in the preceding section only simulation of Waveform B has achieved modelling of the 

attachment behaviour of the plasma channel with the test specimen [3]. This is due in part to the 

relatively low magnitude of the peak current associated with this waveform and the long duration and 

slow rate of change of the current load [2]. Together these characteristics have prompted the most 

advanced modelling work on this single waveform. However, to the best knowledge of the authors no 

experimental damage results have been presented in literature corresponding to this current simulation 

state of the art, a single Waveform B strike (813/2340μs, 4kA; where T1/T2μs, ImaxkA). However, to 

model another waveform with an assumed initial temperature condition, representing a formed plasma 

channel, would fail to enable appropriate study of test specimen representation and the resulting impact 

on the formation of the lightning plasma. Thus it is necessary to focus on Waveform B but to also 

extrapolate preceding experimental work to aid in the verification of the predicted behaviour. 

 Herein the plasma simulations will represent the test arrangement of Hirano [7]. An identical 

modelling approach to Abdelal and Murphy [3] will represent the test arrangement and thus a 2D-

axisymmetric model is used with a simulation domain with a 12.5 mm radius. The simulation employs 

MHD and similitude theory to generate a scaled simulation of the experimental setup.  Full modelling 

details are presented in reference [3], and are not repeated herein for brevity. In summary the Navier-



 

 

Stokes equations, Maxwell equations and the thermal conduction equations governed fluid motion, 

electromagnetism and heat transfer. The governing equation, representing the electric test loading 

condition is given by: 

 
𝐼′(𝑡) =

11300

𝑑𝛽
(𝑒−700∙𝑡′∙𝛾 − 𝑒−2000∙𝑡′∙𝛾) = 113(𝑒−70∙𝑡′

− 𝑒−200∙𝑡′
) (1) 

where γ=1e-4, β=1e8 and d=2.  

 

3.1 Simulation test cases 

Three specimen representations are considered along with the reference simulation case of Abdelal and 

Murphy [3]:  

 Reference Case – The specimen is modelled with copper properties throughout, 

 Case 1 – The specimen is modelled with epoxy properties throughout, 

 Case 2 – The specimen is modelled with composite properties throughout, 

 Case 3 – The specimen is modelled with a thin copper surface layer with boundary 

conditions adjusted to represent a surface embedded copper LPS mesh.  

Case 1 represents a full epoxy specimen to provide a distinct contrast in material properties 

with the reference case. Case 2 represents a specimen with composite material properties, to match 

those used in the thermal-electric simulations, to replicate an unprotected specimen. The material 

properties used in each case are presented in Table 1 and all four cases can be viewed graphically in 

Figure 2.  

Case 3 modified the reference case, to better replicate a copper mesh in a real specimen. Initial 

results of the preliminary simulation work, the reference case, showed the temperature rise in the 

thermal-electric simulation to be minimal. This was due to a low current density extracted from the 

specimen surface caused by very high copper electrical conductivity to ground and out of the system. 

Another cause was unrepresentative behaviour, coupling a copper anode in the plasma simulation to a 

composite specimen in the thermal-electric simulation. Such boundary conditions do not accurately 



 

 

replicate the experimental test arrangement [7]. In a protected specimen the ground boundary condition 

would be at the bottom of the specimen, separated from the copper mesh by the composite plies. In 

Case 3 the depth of the copper layer was reduced to 0.05 mm and the ground boundary condition on the 

surface f-e was removed, Figure 3. The ground boundary, as shown in Figure 3, at point d was 

maintained as beyond this point (12.5 mm) further copper would exist up to the edge of the specimen 

and current flow would be expected to occur in this direction. However, on the bottom edge, the copper 

will be adjacent to the composite plies, and thus in this new case the ground boundary condition is not 

applied on this edge.  

No modifications were made to the depth of the specimen in Cases 1 or 2. All other boundary 

conditions were maintained constant throughout all cases and the same mesh was used. All simulations 

were completed locally on a 16 core, Intel Xeon 3GHz workstation with 32GB of RAM and took around 

ten days to complete. 

 

3.2 1D electron transport model 

Before undertaking the test cases, as outlined in section 3.1, it is necessary to examine the behaviour of 

the previously developed 1D electron transport model, Figure 3, to determine if the modelled specimen 

properties impact the initial electron transport behaviour and the predicted electric conductivity for air. 

In order to test the effect of the test specimen material, the species concentration equation, Equation 2, 

was varied by using a scale factor, R, between 0 and 1.  

 𝐶0,𝑛𝑒 = 𝑅 ×  𝑛𝑒 (2) 

Where C0,ne is the concentration (mol/m3) and ne is the electron density (1/m3). A value of 1 represents 

total absorption of the incident wave of electrons in a specimen equivalent to copper while numbers 

less than 1 model electron accumulation at the surface, with a value of 0 representing zero electron 

absorption and the behaviour of an insulating material. Four tests were initially simulated with R values 

of 0, 0.1, 0.5 and 1 to determine the sensitivity of the modelling approach to anode material properties 

and appropriate values for the planned test cases. 



 

 

 

3.3 Thermal-electric damage modelling 

Once the plasma simulations were complete the results were passed to a set of ABAQUS thermal-

electric simulations, using an incremental development of the coupling approach developed and 

demonstrated in reference [30].  The selected coupling approach structures the surface mesh of the 

thermal-electric damage model to enable the MHD predicted current density to be applied with minimal 

approximation. The thermal-electric simulations modelled the experimental arrangement with a 

composite specimen measuring 150 × 100 mm and containing 32 plies giving a total thickness of 4.704 

mm. The specimen was modelled with a ply layup of [45/0/−45/90]4s and the material properties of 

IM600/133 (replicating the specimen design of Hirano [7] and selected to support with model 

verification and prediction interpretation, section 3.4). In all analyses a transient, fully coupled, thermal-

electric step was used with DC3D8E elements [31].  

Temperature dependent material properties were used in all analyses. The same zero electrical 

potential boundary condition was applied to the side and bottom surfaces of the specimen, as with the 

plasma simulation anode, to replicate experimental conditions [7]. In Case 1 a 0.05mm epoxy layer was 

included above the top ply with the properties shown in Table 2. The model assumed an initial electric 

conductivity until the onset of material decomposition, during decomposition the electrical conductivity 

was assumed to increase linearly, at 800oC the epoxy was assumed to ablate and above this temperature 

a fully conductive value of electric conductivity was modelled (1x106 1/ Ω.mm). This relationship was 

based on TGA experiments within literature for epoxy [32]–[34]. In this case the energy released during 

resin decomposition was the same as that used for the unprotected laminate. Case 2 was a standard 

unprotected laminate and the properties are shown in Table 3. In Case 3 a 0.05mm copper mesh was 

placed on top of the plies with properties shown in Table 4. In all circumstances the simulation mesh 

was converged using the same temperature contour size criteria as applied in previous works[26]. This 

resulted in a total element count of 45,670, 43,718 and 70,680 elements respectively for Cases 1, 2 and 

3. ABAQUS user subroutines UMATHT, HETVAL and USDFLD were used to define the thermal 



 

 

behaviour of the material, model decomposition and update material properties respectively, replicating 

the approach used by Abdelal and Murphy [24] and Foster et al. [26]. 

 

3.4 Verification data 

In order to support the interpretation of the simulation results and assess their validity it is appropriate 

to explore the available experimental data. Kindly provided by Hirano [7], Table 5 presents six test 

damage profiles for equivalent unprotected specimens subjected to varying loading. This data is used 

to create some general approximations of the likely damage resulting from a single Waveform B strike. 

First applying the same image binarisation and characterisation method proposed by Foster et 

al. [26] for moderate and severe damage (where moderate damage - is defined as a wide surface area 

with thermal decomposition and sharp and shiny resin; severe damage - defined by a deeper area 

penetrating multiple plies with char residue) it is possible to plot the damage areas against the waveform 

parameters of T1, T2 and peak current. Figure 4 presents example measurements of moderate and severe 

damage. Based on the generated experimental data, regression and forecasting can be performed for 

different waveforms. A single forecast, based on peak current, is presented for Waveform B in Table 4. 

The peak current forecast is selected due to the extreme difference in T1/T2 values between Waveforms 

A and B. Such a forecast is a gross simplification and is not expected to be extremely accurate, for 

example as it does not consider the non-linear relationship between the impedance of the specimen and 

the applied current as determined from the experimental work of Sun et al. [35]. However, the forecast 

will prove useful as an initial order of magnitude assessment of the simulation predictions, given the 

current lack of experimental data. The forecast Waveform B moderate damage area is 107% of the 

measured value of Hirano’s specimen B-4, Figure 4, and 118% of the C-3 value. The projected severe 

damage area is 41% of B-4 and 81% of C-3, Table 5 and Figure 4. These values are discussed in the 

following results section along with the case test simulation results. 

4.0 Results 



 

 

First the behaviour of the 1D electron transport model is presented. This is followed by the four case 

study results. First the overall plasma behaviour is considered (covering pressure, velocity, temperature 

and current density within the plasma domain – referencing Figure 2 and Table 6). Secondly the 

predicted specimen surface loading is discussed with paying particular attention to the current density 

on the surface as this was passed to thermal-electric models (Figure 2, Table 6 and Figure 6). Finally, 

temperature contours and damage plots will be presented for the thermal-electric simulations and used 

to discuss the resultant damage (focusing on the damage surface area, depth and volume, also 

summarised in Table 6). 

 

4.1 1D Electron transport model results 

Plotting predicted electrical conductivity for the 1D Electron transport model with varying electron 

absorption scale factors (R values of 0, 0.1, 0.5 and 1) it can be observed that the species concentration 

at the anode surface has a negligible effect on the predicted initial electrical conductivity of the air, 

Figure 5. The total variation in the time for the conductivity to reach a value of zero is 0.51 ms.  

Given the limited sensitivity observed a single scale factor value (R=1) is thus used for each of 

the test case simulations. These results, indicating a general insensitivity, allow the case study 

simulations to vary only mechanical, electrical and thermal material properties associated with the 

specimen.    

 

4.2 Specimen representation 

4.2.1 General observations of physics occurring during simulations 

Generally all simulations begin in the same manner. A large accumulation of current within the cathode 

is discharged and forms an arc between the cathode and the specimen, governed by the results of the 

1D model, before beginning to expand. Expansion begins at approximately 0.394 ms which corresponds 

to the time at which the initial electrical conductivity, generated by the 1D model, falls to zero. Up to 



 

 

this point pressure is constant at both surfaces. The pressure initially falls to approximately 0.08 MPa 

before rising to 0.14 MPa and returning to around 0.1013 MPa at both the cathode and specimen. 

Expansion continues up to waveform peak with more current entering the system before decreasing in 

line with the incident waveform profile. However, due to heat transfer and propagation of the pressure 

wave both temperature and pressure contours continue to expand. Moreover, by 2.5 ms, the T2 time of 

waveform B, all simulations converge to a stable pressure of 0.1013 MPa at the cathode and specimen 

respectively, a return to the initial conditions and only a 0.2% difference between cathode and specimen 

pressure. Although the temperature and pressure contours continue to expand their rate of change is 

reduced because the velocity profile follows that of the incoming current load.  

 

4.2.2 Plasma behaviour due to specimen representation 

Focussing firstly on the current density within the plasma, Table 6, a clear pattern emerges between the 

results with highly conductive specimens, copper, and without, composite or epoxy. The reference case 

has a 26% lower plasma current density than Case 1 which in turn is 0.21% higher than that of Case 2.  

Comparing peak pressures in the plasma, Case 3 predicts the highest pressure and Case 2 the 

lowest, however the maximum difference in peak pressure for all four cases is less than 10%. Figure 2 

illustrates the general pressure wave pattern, plotting the pressure contour at the time when the peak 

current is applied.  

Focusing on the velocity, Table 6, the maximum difference in peak velocity for all four cases 

is less than 1%. Case 3 has the highest waveform peak velocity and the reference case has the lowest 

peak velocity. This illustrates an inverse relationship between specimen thickness and peak plasma 

velocity.  

Finally looking at plasma temperature it can be seen that once again the maximum variation 

between cases is less than 1%. Case 2 shows some increase in temperature in the specimen itself but 

this is less significant than is predicted in Case 1 - due to the improved electrical and thermal 



 

 

conductivity in the reinforced polymer specimen. This behaviour is confirmed by examining Table 6 

where the surface temperature for Case 2 falls between the reference case and Case 1 at time=1ms. 

 

 

4.2.3 Specimen surface loads due to specimen representation 

Focussing on the surface loads the specimen material or design has a more pronounced effect on results. 

Firstly focussing on the specimen surface pressure, Figure 2, in Cases 1 (highest, peak of 0.113 MPa) 

and 2, the specimen surface pressure follows the trend of the applied waveform, with the predicted 

pressure rising as the applied current increases, and then dropping after the peak current, ultimately 

returning to the original atmospheric pressure by the end of the waveform application. However, neither 

the reference case (lowest trough of 0.076 MPa) nor Case 3 pressures follow this trend. In these cases 

the specimen surface pressure remains around atmospheric throughout the entire application of the 

current waveform. For all specimen representations the line plots show that the general trend of pressure 

is similar with only minor variations in the local magnitudes and peak and trough timings. 

The maximum difference in velocity at waveform peak between cases at the specimen surface 

is 68%. Case 1 surface velocity is higher than Case 2 due to the lowest density of the three materials 

and an extremely low electrical conductivity related to velocity through Maxwell’s equations and the 

fluid flow equations within the model. Case 2 and the reference case have very similar surface velocity 

magnitudes, being identical at time=1ms. The Case 2 and reference velocities are generally 28% smaller 

in magnitude than that predicted in case study 3 at equivalent locations and times. The key parameters 

effecting the velocity of the plasma are the electrical and thermal conductivity of each specimen as 

noted in the experimental work of Sonehara et al. [36].  

The surface temperature of the specimen rises following the same trend for all cases, with the 

highest temperature where the centre of the plasma channel meets the specimen. The surface 

temperature falls steadily from this central position, consistently reaching room temperature at a radial 

distance from the centre of approximately 4 mm, Figure 2. The peak surface temperature is lowest for 



 

 

the reference case however; Case 3 is only 9% greater due to the improved thermal and electrical 

conductivity of the copper which results in superior heat dissipation and current flow to ground. The 

largest temperature occurs in Case 1, which is 26% greater than the peak of Case 2, which in turn is 

273% higher than the reference case peak surface temperature. This is further supported by observing 

the surface current density, Table 6.  

In the reference case current flow to ground is high which reduces the accumulation of the 

current at the surface. In Case 1 the accumulation is larger due to the lower electrical conductivity of 

epoxy compared with copper. Figure 6 shows how the current flow path differs between the individual 

cases. In the reference case there is a clear conductive path to ground throughout the specimen in both 

the r and z directions. However, in Cases 1 and 2 the major current flow is in the r direction except for 

a small amount of z direction flow beneath the attachment location of the plasma channel on the 

specimen. In Case 3, while current can penetrate the entire specimen the flow path is predominately in 

the r direction due to the edge ground boundary condition and the insulating properties of the composite 

plies and thus the absence of an efficient route to ground in the z direction. 

Looking at the current density at the specimen surface the behaviour of Cases 1 and 2 are 

identical. This is again down to the relatively poor electrical conductivity compared with the reference 

case. Despite Case 2 having high electrical conductivity in the r direction, the axi-symmetric nature of 

the model and the ground boundary conditions result in a similar current flow through the specimen to 

ground in spite of the change in material properties.  

The influence of ground boundary conditions can be observed by looking at Case 3 in more 

detail. The current density in Case 3 matches Cases 1 and 2 with a much higher peak than the reference 

case, Table 6. This representation is more realistic as the experimental boundary conditions are more 

precisely represented. In fact the Case 3 current profile is close to the profile at the bottom surface, 

surface f-e, of the reference case. However, in the reference case the magnitude is marginally smaller 

due to a flow of current out of the ground boundary condition on the surface d-e. The Case 3 surface 

velocity, Table 6, reinforces the earlier observation about velocity and electrical conductivity. Since the 



 

 

depth of the copper layer is smaller the time taken for current to flow through to the boundary is smaller. 

Surface temperature, Table 6, also shows a minimal increase when compared with the reference case.  

Summarising the results of the four plasma simulations it can be observed that for a highly 

thermally and electrically conductive material the pressure and temperature at the specimen surface are 

much lower than the poorly conducting materials. This is despite Case 2 having a high electrical 

conductivity in the r direction. This type of axisymmetric simulation and the positioning of the ground 

boundary conditions place a strong reliance on through-thickness conductivity to dissipate the current 

load to the ground. This observation is clear when looking at the reference case and Case 3 where the 

reduced depth of the conducting path and the positioning of the ground boundary conditions has 

changed the current density profiles on the specimen surface significantly.  

The thermal-electric damage predictions for the four case studies will now be discussed. 

 

 

4.4 Damage results from thermal-electric simulations 

A comparison of the extent of damage on each specimen will now be presented. Case 1 and 2 will be 

discussed individually, using plots of the removed elements representing severe damage, and compared 

to the experimental damage trends in Figure 4 and Table 5. Case 3 will be compared with the results 

for the reference case using temperature contour plots due to the reduced damage volumes and areas. A 

summary of all predicted damage properties (severe and moderate damage – total volume, damage 

surface area, damage depth) is provided in Table 6. 

 

4.4.2 Case 1 – Epoxy 

The full extent of severe damage for this simulation is shown in Figure 8, while temperature contours 

for each ply are provided in Figure 9. Overall damage is large with a focus on the centre of the specimen. 

Due to being a poor conductor the top layer of epoxy does little to prevent composite specimen thermal 



 

 

damage. The path of least resistance is down into the composite plies rather than outward through the 

top epoxy layer to the zero potential boundary condition at the plate extremities. This results in a larger 

damage area at the centre of the top ply (ply 1) and a smaller amount of damage at the specimen 

extremities. The reduction in energy passing to lower plies allows the current more time to flow towards 

the edges of the specimen as seen in plies 4 and 5 where the 300oC contour has reached these points. 

Once the epoxy layer passes 300oC the electrical conductivity increases in all directions (representing 

the decomposition of the epoxy material) hence the similarity in shape between the top epoxy layer and 

the 500oC contour on ply 1. The area of the 300/500oC temperature contours on ply 1 is 3342/1027 mm2 

while moderate/severe damage volumes are 2531/810 mm3 respectively, Table 6. Interestingly these 

predicted areas are larger than those predicted by Foster et al. [26] for a circular expanding arc under 

reduced peak magnitude Waveform A loading (4/20μs, 40kA). Foster et al. predicted surface 300/500oC 

contours of 3218/450 mm2. Comparing the Case 1 prediction with the extrapolated Waveform B 

experimental results (3555/400 mm2, Table 5) it can be seen that the moderate damage is similar but 

the severe damage area is predicted to be significantly larger. The run time for this thermal-electric 

simulation was 52 hours compared with 10 days for the plasma simulations. 

 

4.4.3 Case 2 – Composite 

The full extent of severe damage for Case 2 is shown in Figure 8, while temperature contours for each 

ply are provided in Figure 10. The surface damage takes on the typical elongated profile due to the zero 

electrical potential boundary conditions. In this case damage extends to 13 plies deep (1.91mm) and the 

area of the 300/500oC temperature contours on the top ply are 3661/1372 mm2. Moderate and severe 

damage volumes are 2082/726 mm3 respectively as outlined in Table 6. When compared with Case 1 it 

can be seen that both moderate and severe damage areas are larger for Case 2 by 10% and 34% 

respectively. However, the damage volume is smaller as more current has flowed to ground on the top 

ply of the composite specimen. The difference in damage areas and depth are notably larger in 

magnitude than the difference in instantaneous plasma properties seen in Table 6 and Figure 2, 

indicating that the modelling of the specimen within the plasma simulation does significantly influence 



 

 

damage prediction. These values are also different from the results of previous works for the reduced 

peak magnitude Waveform A [4], [26] and significantly larger than those for the reference case. The 

reference case results are presented in Figure 7 and Table 6 and summarised as: moderate surface 

damage area of 259 mm2, extending to one ply deep (0.147mm). The unprotected specimen in Case 2 

has a 1200% deeper damage penetration and 1314% larger damage area when compared to the reference 

case. 

In the case of Waveform B the current loading rate is comparatively small when compared with 

Waveform A. However, the 100 times longer exposure to current loading provides greater opportunity 

for resistive heating. Comparing this with experimental work, the observations from Hirano’s work was 

that as the duration of the Waveform increased and the peak current decreased, the resin deterioration 

area and the amount of charring increased, as shown in the two experimental results presented in Figure 

4 [7]. Also, the severe damage area is much larger (243%) than that forecast based on the preceding 

experimental work but the moderate damage area prediction is within 3% of the forecasted value shown 

previously in Table 5. Damage depth is also largest in the unprotected Case 2 at thirteen plies compared 

with one in the reference case and eight in Case 1. The run time for this simulation was 41.5 hours. 

 

4.4.4 Case 3 – Copper 

Case 3 features a 0.05mm copper mesh layer on the top surface of the specimen. In this case a 

temperature rise of 55oC is predicted in the first ply layer, well below that which would cause significant 

damage to the composite material. However, this peak temperature is 50oC greater than that predicted 

in the reference case. This is in spite of Case 3 having over eight times higher peak current density on 

the specimen surface, predicted by the plasma model, Figure 2. The run time for this simulation was 85 

hours and the thermal damage profile is shown in Figure 7. Both of these cases have noted damage 

areas but these are confined to the copper mesh layer and reference the temperature to cause composite 

ply damage, 300oC. These results would suggest that for Waveform B a copper protection system is 

more than capable of dispersing the current effectively to minimise damage and temperature rise in the 



 

 

underlying plies. This is due to the high conductivity of the copper layer and the ability of the layer to 

dissipate the incident current at a rate greater than which it is being applied. Accumulation of current 

on the surface occurs in both Cases 1 and 2 with a slower dispersal rate and therefore larger damage 

areas. 

 

4.4.5 Summary of observed damage 

The difference in electrical conductivity between Case 3 and the other cases is crucial for managing the 

amount of damage incurred. The conductivity of the copper layer is 1600 times greater than in the 

composite fibre direction. This means that the copper layer can dissipate the incident current at a rate 

greater than it is being applied while in Cases 1 and 2 the lower conductivity means that current is being 

applied at a greater rate than can be dissipated and for a longer time period. Damage is therefore greater 

for both the epoxy and unprotected specimens. In both of these simulations there is a volume of elements 

still present at the centre of the specimen, behaviour not observed in experiments. This suggests that 

there are other physics involved and not captured within these simulations.   

 

 

 

5.0 Conclusions 

This paper presents a comparison of the plasma generated and thermal damage produced during an 

artificial lightning strike using test Waveform B, analysing the effect of specimen representation. Four 

specimens were compared with the effects on plasma properties observed. These effects were minimal 

with the maximum difference within the plasma being 1%. The surface load predictions vary with the 

representation of the specimen properties within the plasma model, with surface pressure and 

temperature reducing with increasing specimen conductivity. In particular, changing the specimen 

representation from copper to epoxy increased the surface current density load by a factor of eight. This 



 

 

finding is intuitive, however herein the effect is quantified for the first time. The influence of specimen 

representation has a much larger effect on the prediction of specimen thermal damage, with order of 

magnitude changes in damage depth and surface area witnessed within the range of simulation case 

studies. The simulation case studies have also demonstrated the behaviour of a surface copper protective 

layer effectively eliminating thermal damage. This work has also presented a full prediction of damage 

for an unprotected specimen loaded with Waveform B. These results suggest that thermal 

decomposition is more prevalent for Waveform B than the reduced magnitude Waveform A typically 

used as an experimental reference in the simulation literature. This effect is due to long exposure to the 

current and the opportunity for greater resistive heating despite a lower peak current. These observations 

are supported by experimental findings at longer durations and lower peak currents and the simulation 

results compare favourably with the extrapolated moderate damage results from preceding experimental 

tests. Future work should modify the test Waveform to analyse the effects on plasma and damage. The 

current work has been sequentially coupled due to computational cost. Future work should also develop 

improved and less expensive Finite Element-MHD and Finite Volume-MHD models including initial 

attachment and plasma-surface interactions and incorporate more of the key physics to eliminate the 

volume of elements still present at the centre of the specimen. 
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Table 1 - Anode material properties. 

Property Copper Epoxy IM600/133 Unit 



 

 

Electrical Conductivity (σ) 5.998e7 1.00e-10 35971 1.15 0.00179 S/m 

Heat Capacity (Cp) 385 1065 1065 J/kg.K 

Density (ρ) 8700 1330 1520 kg/m3 

Thermal Conductivity (k) 400 0.79 8 0.67 0.67 W/mK 

Thermal Expansion Coefficient (α) 1.7e-5 5.0e-6 1.53e-6 1/K 

Young's Modulus (E) 205e9 36.2e9 130e9 Pa 

Poisson's Ratio (ν) 0.28 0.389 0.3 (-) 

 

Table 2 - Temperature dependent epoxy material properties. 

Temperature 

(oC) 

Specific Heat 

(J/kgoC) 

Electrical 

Conductivity 

(1/ Ω.mm) 

Thermal 

Conductivity 

(W/mm.K) 

Density 

(kg/mm3) 

25 1065 1x10-10 0.00079 1.33x10-6 

500 2100 2 0.00021 1.33x10-6 

800 2100 1x106 0.00012 9.98x10-7 

3316 2500 1x106 0.00012 9.98x10-7 

 Temperature Range (oC) Energy Released (J) 

Resin Decomposition 500-800 4.8x106 

 

 

  



 

 

Table 3 - Temperature dependent CFRP material properties. 

Temperature dependent material properties 

  Thermal Conductivity 

Temperature 

(oC) 

Specific Heat 

(J/kgoC) 

Fibre 

(W/mm.K) 

Transverse 

(W/mm.K) 

Through- 

Thickness 

(W/mm.K) 

25 1065 0.008 0.00067 0.00067 

500 2100 0.004390 0.000342 0.000342 

800 2100 0.002608 0.00018 0.00018 

1000 2171 0.001736 0.0001 0.0001 

3316 2500 0.001736 0.0001 0.0001 

3334* 5875 0.001736 0.0001 0.0001 

3335* 5875 0.0005 0.0005 0.0005 

7000* 5875 0.001015 0.001015 0.001015 

Temperature dependent material properties 

  Electrical Conductivity 

Temperature 

(oC) 

Density 

(kg/mm3) 

Fibre 

(1/ Ω.mm) 

Transverse 

(1/ Ω.mm) 

Through- 

Thickness 

(1/ Ω.mm) 

25 1.52x10-6 35.97 0.001145 1.79x10-6 

500 1.52x10-6 35.97 0.001145 1.79x10-6 

800 1.10x10-6 35.97 0.001145 1.79x10-6 

3316 1.10x10-6 35.97 0.001145 1.79x10-6 

3334* 1.11x10-9 35.97 2 1x106 

3335* 1.11x10-9 0.2 0.2 1x106 

7000* 1.11x10-9 1.5 1.5 1x106 

* - Gas 

 Temperature Range (oC) Energy Released (J) 

Resin Decomposition 500-800 4.8x106 

Fibre Ablation 3316-3334 43x106 



 

 

Table 4 - Temperature dependent copper material properties. 

Temperature 

(oC) 

Specific Heat 

(J/kgoC) 

Electrical 

Conductivity 

(1/ Ω.mm) 

Thermal 

Conductivity 

(W/mm.K) 

Density 

(kg/mm3) 

25 385 58140 0.401 8.95x10-6 

500 431 20120 0.37 1.1x10-6 

1000 491 4651 0.15 1.1x10-6 

1700 491 3704 0.18 1.1x10-6 

2600 491 2404 0.18 1.1x10-6 

7000 491 1500 0.18 1.1x10-6 

8000 550 1400 0.18 1.1x10-6 

 

 

Table 5 - Estimated damage areas from Hirano's experimental work [7]. 

Test 

Specimen 

T1 T2 Peak Current 

(kA) 

Estimated Moderate 

Damage Area (mm2) 

Estimated Severe 

Damage Area (mm2) 

A-1 2.6 10.5 40 1991 510 

B-1 4 10 30 1565 108 

B-4 4 20 40 3316 975 

C2-1 4 20 40 2050 950 

C-1 7 150 20 4047 652 

C-3 7 150 10 3024 492 

      

Waveform B 

(based on a 

linear 

regression) 

813 2340 4 3555* 

 

400* 

 

*values extrapolated from experimental results. 



 

 

Table 6 - Output summary for plasma and thermal-electric simulations 

Case 

Plasma Properties 

Fluid (at Waveform peak) Specimen Surface (at time = 1ms) 

Temperature 

(K) 

Pressure 

(Pa) 
Velocity (m/s) 

Current Density 

(A/mm2) 
Temperature 

(K) 

Pressure 

(Pa) 

Velocity 

(m/s) 

Current 

Density 

(A/mm2) 

Reference 33,981 187,100 2057 641.6 507 107,500 22.4 5.13 

1 34,042 184,770 2064 866.7 2374 112,850 31.0 43.6 

2 34,043 184,410 2062 864.9 1891 110,830 22.4 43.5 

3 34,040 198,260 2071 645.6 553 108,620 10.0 43.9 

 

 

Specimen Damage Summary 

Damage Depth 
Moderate 

Damage Area 

(mm2) 

Severe 

Damage Area 

(mm2) 

Moderate 

Damage 

Volume 

(mm3) 

Severe 

Damage 

Volume 

(mm3) 

Plies mm 

Reference 1 0.147 259 - 38.07 - 

1 8 1.176 3342 1027 2531 810 

2 13 1.910 3661 1372 2082 726 

3 1 0.147 914 - 134.4 - 



 

 

 

Figure 1 - Standardised lightning current waveforms. 

  



 

 

 

Figure 2 - Graphical representation of four test cases (top), exemplar plasma pressure contours at Waveform 

peak (middle) and specimen surface loads at time = 1ms (bottom). 



 

 

 

Figure 3 - Plasma and 1D electron transport simulation domains. 

 

 

  



 

 

 

Figure 4 - Comparison of moderate and severe damage areas for different Waveforms [7], [26]. 

 

 



 

 

 

Figure 5 - Initial electrical conductivity of air for four test cases. 

 

 



 

 

 

Figure 6 - Comparison of current flow paths for all cases. 



 

 

 

Figure 7 - Temperature contours for Reference and Case 3 thermal-electric simulations. 



 

 

 

Figure 8 - Case 1 and 2 severe damage volume representation (elements ≥500oC hidden)  



 

 

 

Figure 9 - Temperature contours for Case 1 thermal-electric simulation. 

 



 

 

 

Figure 10 - Temperature contours for Case 2 thermal-electric simulation. 

 

 

 

 


