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It is estimated that a commercial aircraft will experience a lightning strike event once per year. 

This poses a significant risk to poorly conducting, carbon-fibre composite aircraft structures. 

The most widely adopted approach of providing lightning strike protection, on composite 

aerostructures, is through the embedding of a metallic mesh on the aircraft’s aerodynamic 

surfaces. This adds weight and maintenance costs and the aerospace industry is seeking 

alternative solutions. The objective of this research is to develop the computational tools 

required to simulate the physics and environment of the thermal plasma channel formed during 

a lighting strike. This will yield accurate boundary conditions for the subsequent virtual testing 

of composite structures subjected to a lightning strike, enabling a more accurate assessment of 

potential damage arising. 

A numerical approach using the open source software OpenFOAM for the modelling of 

atmospheric thermal plasma was undertaken. A customised C++ solver based in the finite 

volume method was developed based on the coupling of Maxwell’s equations to the Navier-

Stokes equation for momentum and the heat equation. The solver is capable of modelling three 

dimensional, stationary, compressible flows and the model proposed replicates the 

experimental configuration for laboratory testing according to the Society of Automotive 

Engineers (SAE) published standards [1]. This work focuses specifically on the current 

waveform component C, fig. 1, which has an amplitude of 200 A over a 1 s time duration. 

 

Figure 1: SAE electric current waveforms for laboratory lightning strike testing 
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In order validate the waveform C results, the developed OpenFOAM solver is tested against a 

Gas Tungsten Arc Welding (GTAW) test case outlined by Choquet [2]. In both simulations, 

GTAW and component waveform C, the applied current corresponds to 200 A. The most 

notable difference is that GTAW takes place in an argon environment, while lightning strike 

testing take place in standard atmospheric conditions. The current results of the validation test 

case are presented here. 

For the Computational Fluid Dynamic (CFD) simulation of the plasma core, a number of 

simplifying assumptions can be made. The first is that the Debye wavelength is much smaller 

than the characteristic length scale of the plasma, confirming local electro-neutrality. The time 

scale of the welding arc is sufficiently long that a steady-state approach can be used. Local 

thermodynamic equilibrium in the plasma channel is assumed, allowing the use of a single fluid 

plasma model. The fluid itself is considered to be Newtonian and with laminar flow. From 

these assumptions, Maxwell’s equations can be reduced to a simplified, stationary system 

governed by the following equations: 

∇ ∙ [𝜎(𝑇)∇𝜑] = 0     [1] 

𝑬 = −∇𝜑      [2] 

∇2𝑨 = 𝜎(𝑇)𝜇0𝑬     [3] 

𝑱 = 𝜎(𝑇)𝑩      [4] 

𝑩 = ∇ × 𝑨      [5] 

𝐹𝐿 = 𝑱 × 𝑩      [6] 

𝑆𝐽 = 𝑱 ∙ 𝑬      [7] 

Where 𝜎(𝑇) represents the temperature dependent electric conductivity, 𝜑 the electric 

potential, E the electric field, A the magnetic vector potential, 𝜇0 the vacuum permeability, J  

the electric current density, B the magnetic flux density, FL the Lorentz force source term to be 

implemented in the Navier-Stokes equation and SJ the Joule heating source term in the heat 

equation. 

The mass continuity, momentum and heat equations are respectively given as: 

∇ ∙ 𝒖 = 0      [8] 
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(𝒖 ∙ ∇)𝒖 − 𝜈(𝑇)∇2𝒖 = −∇(
𝑝

𝜌
) +

𝐹𝐿

𝜌
    [9] 

𝜌𝐶𝑝(𝑇)(𝒖 ∙ ∇𝑇) = ∇ ∙ (𝑘(𝑇)∇𝑇) + 𝑱 ∙ 𝑬 +
5𝑘𝐵

2𝑒
(𝑱 ∙ ∇𝑇)            [10] 

Where u represents the velocity vector field, t is time, ν(T) is the temperature dependent 

kinematic viscosity, p is the scalar pressure field, ρ represents the density, Cp(T) the 

temperature dependent specific heat capacity, T the temperature, k(T) the temperature 

dependent thermal conductivity, kB the Boltzmann constant, and e the elementary electron 

charge. Temperature dependent properties for the argon gas were calculated up to 24,000 K 

and integrated into the solver.  

The simulation domain considers a standard point-plate configuration with a 2 mm air gap 

between the tip of the cathode and the surface of the material anode, fig.2. The solver is capable 

of full 3D simulation, but to reduce computational cost, an axi-symmetric approach is taken. 

The simulation domain contains 136,154 fluid volumes and uses a number of custom boundary 

conditions at the electrode boundaries.  An outline of the boundary conditions are given in table 

1. 

 

Figure 2: Cross section schematic of the simulation domain. 
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 Cathode Argon 

inlet 
Outlet Anode 

 Tip AB BC 

u 0 0 0 
Parabolic, 

custom 

𝜕𝒖

𝜕𝒏
= 𝟎 0 

T 20 000 K 
Linear, 

custom 

Linear, 

custom 300 K 
𝜕𝑇

𝜕𝒏
= 0 

𝜕𝒖

𝜕𝒏
= 𝟎 

φ 
Linear, 

custom 

𝜕φ

𝜕𝒏
= 0 

𝜕φ

𝜕𝒏
= 0 

𝜕φ

𝜕𝒏
= 0 

𝜕φ

𝜕𝒏
= 0 φ = 0 

A 
𝜕𝑨

𝜕𝒏
= 𝟎 

𝜕𝑨

𝜕𝒏
= 𝟎 

𝜕𝑨

𝜕𝒏
= 𝟎 A=0 A = 0 

𝜕𝑨

𝜕𝒏
= 𝟎 

Table 1: Overview of boundary conditions 

The resulting plasma obtained for the above system is exceptionally sensitive to the boundary 

conditions imposed on the simulation domain. Compared with the published case using the 

same geometry and boundary conditions, the velocity, temperature and magnetic field profiles 

were all underestimated, suggesting that the choice of algorithm used to solve the discretized 

equations has a non-negligible effect in the simulation results. 

 

 

[1] SAE ARP 5412A, “Aircraft lighntning environment and related test waveforms,” 2013 

[2] I. Choquet et al, “On the choice of electromagnetic model for short high-intensity arcs, applied to welding,” 

J. Phys. D. Appl. Phys., vol. 45, no. 20, 2012 

46th EPS Conference on Plasma Physics P1.4007


