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ABSTRACT

Lightning is a powerful, yet poorly-understood, natural phenomenon which poses a sig-
nificant hazard to the thousands of aircraft that fly each day. In the past, lightning strikes
have caused several fatal aircraft accidents, so the design of lightning protection systems is
critical to maintaining safety standards in the aviation industry.

As aircraft manufacturers work towards a sustainable future, they are increasingly explor-
ing and adopting novel and unconventional aircraft designs. A lack of in-service experience
makes it difficult to design appropriate lightning protection systems for new aircraft using
current best practices. Understanding of the physical mechanisms behind aircraft lightning
strikes is limited, although several flight and testing campaigns have worked to improve this.

The first aspect of protecting novel aircraft from lightning strikes is the definition of
‘zones’ which dictate the degree of protection in each region on the aircraft surface. This
is known as lightning zoning. Existing, largely empirical, methods are not appropriate for
unconventional aircraft, so physics-based models for lightning zoning have recently been in-
vestigated as an improved approach. This work builds on a physics-based model for lightning
attachment and works towards a tool which can completely evaluate the lightning zoning
requirements of new aircraft concepts.

A physics-based model for the second lightning zone is proposed, validated, and applied
to several unconventional test cases. The second zone corresponds to the ‘lightning swept
stroke’, or the reattachment of the lightning arc to new regions as it is swept along the
aircraft surface by the aircraft motion. The effects of changing fluid models and simulation
parameters are evaluated and an inviscid fluid model is found to be adequate for aircraft
zoning. Validation is conducted by comparing results to data from the NASA Storm Hazards
Program, a series of flight campaigns conducted in the 1980s, as well as zoning diagrams for
existing, certified commercial aircraft. The tool is then applied to a ‘blended wing body’,
and an aircraft with a ‘truss-braced wing’.

The model successfully generates zoning results in agreement with current best prac-
tices when applied to a conventional aircraft. It identifies zoning results for unconventional
geometries which could not have been found using recommended practices. The proposed
model could be combined with existing models for the first lightning zone to create a fully
automated aircraft zoning tool for engineering or certification.

Thesis supervisor: Carmen Guerra-Garcia
Title: Draper Career Development Assistant Professor of Aeronautics and Astronautics

3



4



Acknowledgments

I owe a great deal of thanks to Carmen Guerra-Garcia for her excellent supervision, mentor-
ship and support, and look forward to our continued work together over the coming years.
Thanks also to Sam Austin, Jaime Peraire, Ngoc Cuong Nguyen, and Qiqi Wang for their
expert advice, and Maria Ribera-Vincent for providing supervision from the UK.

This work was partially funded by The Boeing Company. I would like to thank the Boeing
Research and Technology team for their advice and support, specifically Louisa Michael,
Thomas Mitchum, and Ben Westin.

CFD codes used in this work were kindly provided by Emilio Baglietto (MIT), QiQi
Wang (MIT/ FlexCompute), and Chris Cantwell (ICL). This project was significantly ac-
celerated by access to high-performance computing facilities at the Imperial College London
Department of Aeronautics and the MIT Supercloud and Lincoln Laboratory Supercomput-
ing Center.

5



6



Contents

Title page 1

Abstract 3

Acknowledgments 5

List of Figures 11

List of Tables 13

1 Introduction 15
1.1 Lightning Phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.2 Aircraft-Lightning Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.2.1 Aircraft-Lightning Physics . . . . . . . . . . . . . . . . . . . . . . . . 17
1.2.2 Lightning Damage on Aircraft . . . . . . . . . . . . . . . . . . . . . . 18

1.3 Aircraft Lightning Zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.3.1 Zone Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.3.2 Current Zoning Methods . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.3.3 Physics-Based Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2 Physical Model 24
2.1 Arc Representation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1.1 Reattachment and Reconnection . . . . . . . . . . . . . . . . . . . . . 25
2.1.2 Arc Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Surface Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.1 Materials and Coatings . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.2 Geometric Electric Field Enhancement . . . . . . . . . . . . . . . . . 31

2.3 Fluid Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.3.1 Transient Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.3.2 Viscous Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Numerical Implementation 34
3.1 Arc Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.1.1 Spatial Discretization . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.1.2 Reattachment and Reconnection . . . . . . . . . . . . . . . . . . . . . 36
3.1.3 Electrical Current Waveform . . . . . . . . . . . . . . . . . . . . . . . 38

7



3.2 Initialization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.1 Attachment Point Generation . . . . . . . . . . . . . . . . . . . . . . 40
3.2.2 Field Direction Generation . . . . . . . . . . . . . . . . . . . . . . . . 41

3.3 Model Outputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.3.1 Attachment Probability . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3.2 Additional Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4 Computational Fluid Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4.1 Viscous Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4.2 Inviscid Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.5 Verification of the Swept Stroke Model . . . . . . . . . . . . . . . . . . . . . 46
3.5.1 Temporal Refinement . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.5.2 Spatial Refinement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.5.3 Number of Arcs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4 Simulation of Aircraft Test Cases 50
4.1 Military Aircraft: Comparison to Results from the NASA Storm Hazards

Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.1.1 The NASA Storm Hazards Program . . . . . . . . . . . . . . . . . . . 50
4.1.2 Simulation of the F-106B Aircraft . . . . . . . . . . . . . . . . . . . . 50
4.1.3 Strike 8 from the 1981 Campaign . . . . . . . . . . . . . . . . . . . . 51
4.1.4 Strike 4 from the 1980 Campaign . . . . . . . . . . . . . . . . . . . . 54
4.1.5 Aggregate Strike Distribution . . . . . . . . . . . . . . . . . . . . . . 55
4.1.6 Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2 Commercial Aircraft: Mapping Model Results to Lightning Zones . . . . . . 59
4.2.1 Simulation of a Commercial Aircraft . . . . . . . . . . . . . . . . . . 59
4.2.2 Zoning Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 Unconventional Aircraft: Comparison to State-of-the-Art Zoning Methods . 63
4.3.1 Zoning of a ‘Blended-Wing-Body’ . . . . . . . . . . . . . . . . . . . . 63
4.3.2 Zoning of a ‘Truss-Braced Wing’ . . . . . . . . . . . . . . . . . . . . 66

5 Conclusions 68
5.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

A 2D Gaussian Distribution 70
A.1 The Multivariate Gaussian Distribution . . . . . . . . . . . . . . . . . . . . . 70
A.2 Mapping to an Arbitrary Surface . . . . . . . . . . . . . . . . . . . . . . . . 71

B Normalization of Swept Stroke Surface Data 72
B.1 Probability Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
B.2 Time Integrals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

C Computational Fluid Dynamics Parameters 74
C.1 Viscous Simulations: Flow360 . . . . . . . . . . . . . . . . . . . . . . . . . . 74
C.2 Inviscid Simulations: SU2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

C.2.1 Mesh Generation: Gmsh . . . . . . . . . . . . . . . . . . . . . . . . . 75

8



C.3 Inviscid Simulations: StarCCM+ . . . . . . . . . . . . . . . . . . . . . . . . 76
C.3.1 Mesh Generation: StarCCM+ . . . . . . . . . . . . . . . . . . . . . . 76

References 79

9



10



List of Figures

1.1 Global electric circuit (reproduced from Austin [40]). . . . . . . . . . . . . . 16
1.2 Aircraft-triggered lightning growth. . . . . . . . . . . . . . . . . . . . . . . . 18
1.3 Idealized swept stroke reattachment. . . . . . . . . . . . . . . . . . . . . . . 19
1.4 Examples of lightning damage on aircraft due to direct effects. . . . . . . . . 20
1.5 Lightning zones for a commercial aircraft [60]. . . . . . . . . . . . . . . . . . 21

2.1 Physical model of the lightning arc. . . . . . . . . . . . . . . . . . . . . . . . 25
2.2 Reattachment and reconnection processes. . . . . . . . . . . . . . . . . . . . 26
2.3 Criteria for triggering reattachment and reconnection. . . . . . . . . . . . . . 26
2.4 The stretched arc and lengths for predicting the dominant reattachment mech-

anism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.5 Measurements of the electron number density across the core of an electrical

arc in an argon-hydrogen mixture at different electrical currents [77], [78]. . . 29
2.6 Proposed models for the internal electric field of a lightning arc [37], [79], [80]. 29
2.7 Lightning current waveforms. . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.1 Zoning simulation workflow. . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2 Numerical model of the lightning arc. . . . . . . . . . . . . . . . . . . . . . . 35
3.3 Numerical issues caused by arc elongation and contraction. . . . . . . . . . . 36
3.4 Numerical implementation of reattachment and reconnection. . . . . . . . . . 37
3.5 Flowchart of tasks during each arc time step. . . . . . . . . . . . . . . . . . . 38
3.6 Model current profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.7 Random seed generation of 1200 arcs (D8 aircraft [101], [102]). . . . . . . . . 40
3.8 Attachment point propagation technique. . . . . . . . . . . . . . . . . . . . . 41
3.9 Field direction seed generation. . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.10 Cells touched by the lightning arc. . . . . . . . . . . . . . . . . . . . . . . . . 43
3.11 CFD residual plots for simulations of the F-106B aircraft. . . . . . . . . . . . 44
3.12 CFD mesh configurations for the F-106B aircraft. . . . . . . . . . . . . . . . 45
3.13 Results of the swept stroke model refinement study. . . . . . . . . . . . . . . 47
3.14 Results of arc count refinement study. . . . . . . . . . . . . . . . . . . . . . . 49

4.1 F-106B aircraft geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.2 Initialization of 1200 strikes on the F-106B aircraft. . . . . . . . . . . . . . . 51
4.3 Swept stroke simulations for strike 8 of the 1981 campaign using different fluid

models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

11



4.4 Behavior of the simulated lightning arc near the engine inlet using different
fluid models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.5 Strike 4 from the 1980 campaign over the F-106B tailplane. . . . . . . . . . . 54
4.6 Swept stroke distributions on the F-106B aircraft using different fluid models. 55
4.7 Inviscid swept stroke distribution on the F-106B aircraft, bottom view. . . . 55
4.8 Radius parameter exploration; 2000 strikes on the F-106B aircraft. . . . . . . 57
4.9 Altitude and attitude parameter exploration; 2000 strikes on the F-106B aircraft. 58
4.10 Distribution of 2000 strikes at 5◦ yaw. . . . . . . . . . . . . . . . . . . . . . . 58
4.11 Distribution of 2000 strikes at high pitch angles. . . . . . . . . . . . . . . . . 59
4.12 Initial conditions of first 500 simulated lightning arcs on a commercial aircraft. 60
4.13 Commercial aircraft zoning simulation; 6000 lightning arcs, 0◦ pitch. . . . . . 60
4.14 Commercial aircraft zoning results (fuselage only, excludes zone 1). . . . . . 62
4.15 Computational mesh used for blended wing body CFD simulations. . . . . . 63
4.16 Blended wing body zoning simulation; 6000 lightning arcs, 0◦ pitch. . . . . . 64
4.17 Blended wing body simulated zoning result, considering only attachment at

the nose. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.18 Blended wing body zoning result using aerospace recommended practices [26],

considering only attachment at the nose. . . . . . . . . . . . . . . . . . . . . 65
4.19 Truss-braced wing simulated zoning result, considering only attachment at

the nose. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.20 Truss-braced wing zoning result using aerospace recommended practices [26],

considering only attachment at the nose. . . . . . . . . . . . . . . . . . . . . 67

A.1 Uniform bivariate Gaussian distribution and univariate distribution scaled by
1√
2π

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

B.1 Sweeping of arcs past lines of equipotential. . . . . . . . . . . . . . . . . . . 73
B.2 Probability distribution normalization methods. . . . . . . . . . . . . . . . . 73
B.3 Normalization methods for time-integrated metrics. . . . . . . . . . . . . . . 73

C.1 Gmsh mesh generation domain and refinement region. . . . . . . . . . . . . . 77

12



List of Tables

1.1 Aircraft lightning zones [26] . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.1 Arc model physical parameters at sea level . . . . . . . . . . . . . . . . . . . 28
2.2 Birds-eye-view of mathematical models for resolving viscous effects . . . . . 32

3.1 Idealized current waveform parameters . . . . . . . . . . . . . . . . . . . . . 39
3.2 Stochastic current waveform parameters [25] . . . . . . . . . . . . . . . . . . 40
3.3 Simulation parameters: time step refinement . . . . . . . . . . . . . . . . . . 47
3.4 Simulation parameters: spatial refinement . . . . . . . . . . . . . . . . . . . 48
3.5 Simulation parameters: Monte-Carlo sampling refinement . . . . . . . . . . . 49

4.1 F-106B simulation parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2 Flight conditions for strike 8 from the 1981 campaign [41] . . . . . . . . . . . 52
4.3 Sensitivity analysis for F-106B simulations . . . . . . . . . . . . . . . . . . . 56
4.4 Commercial aircraft simulation parameters . . . . . . . . . . . . . . . . . . . 59
4.5 Blended wing body simulation parameters . . . . . . . . . . . . . . . . . . . 64
4.6 Truss-braced wing simulation parameters . . . . . . . . . . . . . . . . . . . . 66

C.1 Flow360 CFD parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
C.2 SU2 CFD parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
C.3 Gmsh mesh generation parameters . . . . . . . . . . . . . . . . . . . . . . . 76
C.4 StarCCM+ CFD parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
C.5 StarCCM+ mesh generation parameters (blended wing body) . . . . . . . . 78

13



14



Chapter 1

Introduction

Every day, an average of more than 77 commercial aircraft are struck by lightning1, equivalent
to about one strike per aircraft per year [1]. The energy dissipated during a lightning strike
(up to 100 GJ [2], [4]) is equivalent to 2.4 tonnes of TNT2 [5]. Yet, despite the immense
power and high frequency of aircraft-lightning interactions, the aviation industry is safer
than ever [6] and modern aircraft are well-protected from the dangers of lightning [7], [8].

Innovation is rife in the aviation industry as designers explore novel, fuel-efficient concepts
in the commercial space and as a new class of ‘urban air mobility’ [9]–[13] vehicles begin to
take flight. New concepts include ‘blended wing bodies’ [14]–[18], ‘truss-braced wings’ [19],
[20], and fully-electric propulsion systems [21]–[24], all working to reduce the environmental
(and financial) cost of air transport. These innovations are driving significant changes to
aircraft geometries, propulsion systems, and materials.

Such radical changes to aircraft designs bring into question current methods for designing
and certifying lightning protection systems [8]. Existing standards for protection systems
rely on historical information and in-flight experience [25]–[27], which is inexistent for these
new designs. This shift away from conventional tube-and-wing configurations creates the
need to re-assess the physical problem so that more effective, generalized tools for designing
and certifying protection systems can be developed.

Physics-based models have been proposed as a solution to this challenge [8], [28]–[31]. A
key stage in the design of a lightning protection system is the classification of ‘zones’, which
define the level of protection required at different regions on the fuselage. Physics-based
approaches to zoning rely on reduced-order models of gas discharge physics, first proposed
by Gallimberti [32]. In the 1970s, Les Renardiéres conducted laboratory experiments on long
arcs (to the order of meters) which contributed to the derivation of arc simulation methods
[33]–[35]. In the 1990s, ONERA and the University of Padua brought together physical
models for the small-scale discharge physics and the large-scale aircraft geometry to develop
numerical methods for zoning [30], [31], [36], [37]. These are now being revisited due to the
recent upsurge in innovative aircraft designs [38], [39].

1Fisher et al. [1] and Rakov and Uman [2] find that the average commercial aircraft is struck by lightning
about once per year. Prentice et al. [3] estimate that there are 28,400 active commercial aircraft in the global
fleet. Therefore, an average of 28400/365 = 77 commercial aircraft are struck by lightning each day.

2Karlos et al. [5] state that the heat of detonation of TNT is at least 4.1 MJ/kg. 1010/4.1× 106 = 2439
kg of TNT.
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In 2020, Austin [40] developed a model for the ‘first attachment point’ of lightning strikes
on aircraft, which can be used to identify the first of three lightning zones. After the initial
attachment (corresponding to zone 1), the arc is ‘swept’ along the fuselage while the aircraft
moves forwards. Over the duration of a lightning strike, the arc can be swept the entire
length of the aircraft. The swept stroke region, which is reflected in the second lightning
zone, is addressed in this thesis.

A physics-based model is proposed which builds on the work conducted by ONERA and
the University of Padua [36], [37]. The model is validated using real lightning strike data
from the NASA Storm Hazards Program [41], [42], as well as existing zoning data for a
commercial aircraft. Applications of the model to unconventional ‘blended wing body’ and
‘truss-braced wing’ aircraft demonstrate the value of the tool and provide insights into how
lightning protection systems may need to adapt for the next generation of aircraft.

1.1 Lightning Phenomena

A ‘classical’ approach to atmospheric electricity helps with understanding the fundamentals
of lightning. Broadly, the ‘global electric circuit’ can be modeled as shown in figure 1.1. The
earth is negatively charged relative to the electrosphere, discharging through fair-weather
currents of about 1.8kA [43]. The ‘generators’ which keep this circuit charged are the thou-
sands of thunderstorms which take place every day [44]. Thunderstorms can occur above
the cruise altitude of commercial aircraft, so can impact any stage of flight [2], [45].

-300kV

-30μV

Electrosphere

Fair weather 
currents

Figure 1.1: Global electric circuit (reproduced from Austin [40]).

The exact process by which clouds are electrified remains an ‘unsolved problem in at-
mospheric physics’ [46]. Regardless of the charging mechanism, clouds require a sufficiently
high charge before they can generate lightning. There are four broad processes by which
a lightning strike may occur; positive or negative growth downward from the cloud, and
positive or negative growth upward from the ground [2]. ‘Intra-cloud’ lightning flashes also
occur and make up more than 50% of lightning events, although exchange less charge (and
therefore expend less energy) than cloud-to-ground strikes [25], [47].
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One lightning flash is actually a complex series of discharges, largely grouped into stream-
ers, leaders, and return strokes [2]. The return stroke is the component most commonly
associated with lightning, during which the discharge current peaks at a value so high it
causes a bright flash and sudden heating of the air (generating the pressure waves which
create the sound of thunder). The return stroke phase is active while the arc is swept along
an aircraft surface, so return stroke physics will be most closely examined in this project.
Leaders and streamers are pivotal in the formation of the lightning arc, but occur over much
smaller timescales and don’t damage aircraft. Their effects are considered in detail by Austin
[40] and are relevant for the modeling of zone 1.

1.2 Aircraft-Lightning Interactions

It is well documented that, on average, a commercial aircraft is struck by lightning about
once per year [1], [2] Around 90% of these events are ‘aircraft triggered’ [30], [48], meaning the
lightning flash would not have occurred if the aircraft was not present. These events provide
the foundation for the analysis in this project. The remaining 10% of aircraft lightning
strikes involve interactions with naturally occurring lightning flashes and are referred to
as ‘intercepted’ strikes. While aircraft-triggered lightning will be the focus of this thesis,
a review of the lightning interception mechanism can be found in Rakov and Uman [2].
Aircraft-triggered strikes form the ‘basis of [lightning] protection design’ [25] although the
lightning swept stroke (corresponding to zone 2) is agnostic to the inception mechanism.

1.2.1 Aircraft-Lightning Physics

The process by which aircraft trigger lightning strikes has been determined experimentally
by Mazur [49] and is summarized by the following key stages, illustrated in figure 1.2;

1. The aircraft experiences a change in charge distribution in the presence of an atmo-
spheric electric field.

2. A positive leader propagates from some positively charged point on the aircraft, in the
direction of the ambient field.

3. As the leader propagates, the charge on the aircraft becomes increasingly negative.

4. A few milliseconds after the initiation of the positive leader, a negative leader forms
from some other point on the aircraft.

5. The positive leader grows along with the negative leader (which propagates in a stepped
fashion). Both leaders accelerate and begin ‘branching’.

6. In less than 1 ms the leaders will connect to cloud(s) and/ or the ground, at which
point a return stroke occurs. This generates a powerful current pulse.

This sequence of events describes the majority of aircraft triggered lightning events although
it has been shown that, under certain conditions, the first leader can be negative rather than
positive [50].

17



E∞
1 2 3

4 5 6

Figure 1.2: Aircraft-triggered lightning growth.

Once a lightning return stroke occurs, the lightning arc (a channel of ionized air, broken
down by high voltages) does not immediately disappear. Instead, it is swept along the surface
of the aircraft while more current flows through the arc, occasionally ‘pulsing’ at very high
currents, to the order of 15 kA [2]. The first return stroke is usually the most powerful, but
experimental results suggest that subsequent strokes (current pulses during the swept stroke)
can experience higher currents than the first return stroke in around 33% of lightning flashes
[51], [52]. The swept stroke phase can last hundreds of milliseconds [37]. In that time, the
lightning arc can be swept along the entire length of most aircraft3.

The lightning arc will experience stretching and distortion as it moves with the flow field.
Depending on a number of factors, the arc may be fixed in place on the surface or it may
be swept smoothly [37]. As it is swept, the region near the surface will contort and this can
cause the arc to jump, or ‘reattach’, to new points on the aircraft surface, as illustrated in
figure 1.3 at time t3. When the arc jumps to a new position, the old section between the
reattachment point and the surface (the dotted line in figure 1.3) no longer conducts current
and quickly fades away. Reattachment is driven by the coupling between the flow around
the aircraft, the magnetohydrodynamics of the arc, and the aircraft material(s) [55]. The
importance of small-scale, often transient, effects make reattachment an extremely difficult
physical problem to solve, especially at the scale of an entire aircraft.

1.2.2 Lightning Damage on Aircraft

Lightning has the potential to cause serious damage to air vehicles and has caused several
historic accidents. Some of the most pivotal changes in lightning protection standards have
been precipitated by fatal incidents, including Pan-Am Flight 214 [56], Imperial Iranian Air
Force Flight 48 [57], and Nürnberger Flugdienst Flight 108 [58]. Broadly, lightning dam-
age on aircraft can be categorized into ‘direct’ and ‘indirect’ effects: direct effects describe

3For example, a Boeing 787-8 is 57 m long [53] and flies at a cruise speed of 291 m/s [54]. A lightning arc
swept at this speed will move the entire length of the fuselage in 0.196 seconds, which is a shorter duration
than most lightning strikes [2].
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Figure 1.3: Idealized swept stroke reattachment.

physical damage to the aircraft structure or its components, while indirect effects relate to
the electromagnetic disruption to electrical systems onboard the aircraft. Both direct and
indirect effects have caused fatal incidents in the past [56], [58] and both are important
considerations when designing a lightning protection system [27].

The current standards for designing and certifying lightning protection systems are de-
scribed in a series of ‘Aerospace Recommended Practice’ (ARP) documents [25]–[27]. These
documents dictate how both direct and indirect lightning effects can be evaluated and miti-
gated through robust design.

Direct Effects

ARP 5416 [27] lists four major examples of direct effects;

1. Dielectric puncture. Lightning can create holes in an aircraft skin where a dielectric
(non-conducting) material covers a conducting one.

2. Thermal damage and heating effects. By several mechanisms, lightning can
quickly increase the temperature at spots on the aircraft surface, leading to the burning
of holes, explosive vaporization, or sparking. This can ignite fuel or other materials,
and affects carbon fibre structures more severely than metal ones. Thermal damage is
believed the be the cause of both examples shown in figure 1.4

3. Acoustic shock wave damage. The shock wave generated by sudden heating of the
air in a lightning strike can dent metal skins and crack or rupture composite structures.

4. Magnetic force. The forces induced by current flowing through the arc and various
aircraft components can be sufficiently strong to cause mechanical failure.

Many design measures are implemented to protect aircraft from these effects [59], which are
evaluated using a myriad of tests outlined in ARP 5416 [27]. The extent to which different
components need protecting is dictated by the zoning methodology discussed in section 1.3.

Indirect Effects

Through four different mechanisms [27], lightning can induce voltages and currents in the
electrical wiring of aircraft which can damage or destroy aircraft electronics. While most
of these effects are caused by strong electromagnetic fields, lightning can also attach to
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(a) Swept stroke damage [60]. (b) Damage to an aircraft winglet [61].

Figure 1.4: Examples of lightning damage on aircraft due to direct effects.

exposed conductors on the aircraft exterior (antennas, lights, or heaters) which can conduct
significant currents inside the aircraft and through sensitive electronics. Indirect effects are
particularly important to ‘fly-by-wire’ aircraft and future uncrewed vehicles [12] for which
electrical systems drive the flight controls without any mechanical backup [62]. As with direct
effects, the required level of protection from indirect effects is influenced by the lightning
zones [27].

1.3 Aircraft Lightning Zones

Lightning protection measures are tested to varying extents based on three lightning ‘zones’.
The need for zoning is driven by the fact that some regions of the aircraft will be more prone to
experiencing lightning attachment or sweeping than others. Zoning allows engineers to create
appropriate protection systems without over-protecting low-risk regions. It is also critical in
defining appropriate tests to demonstrate the efficacy of lightning protection systems during
certification. The current standard for lightning zoning is defined in ARP 5414 [26].

1.3.1 Zone Definitions

The three lightning zones are summarized in ARP 5414 as;

• Zone 1: Regions likely to experience initial lightning attachment and first return
strokes.

• Zone 2: Regions unlikely to experience first return strokes, but likely to experience
subsequent return strokes (swept stroke regions).

• Zone 3: Regions unlikely to experience lightning attachment, but which may have to
conduct lightning current between attachment points.

Zones are split into several sub-zones with more specific definitions depending on the
probability of an extended ‘hang-on’. These are described in table 1.1 and illustrated for a
commercial aircraft in figure 1.5.
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Table 1.1: Aircraft lightning zones [26]

1A First return stroke
1B First return stroke with long hang-on
1C ‘Transition zone’ for first return stroke

2A Swept stroke
2B Swept stroke with long hang-on

3 Areas not included in zones 1 or 2

Figure 1.5: Lightning zones for a commercial aircraft [60].

1.3.2 Current Zoning Methods

The methods used to determine the locations of each lightning zone for a conventional
aircraft are prescribed in ARP 5414 [26]. It is these methods which, although valuable for
conventional ‘tube and wing’ aircraft, may not perform as desired for unconventional aircraft
[8]. Most transport aircraft employ a ‘zoning by similarity’ approach, leveraging past data
from similar aircraft to certify a new design.

The first stage in zoning is identification of initial attachment points. ARP 5414 approves
three methods (usually, several of these are combined to generate a robust result) for deter-
mining these; service experience, testing, and analysis. Service experience relies on data from
existing similar aircraft so cannot be used for novel designs. Experimental test requirements
are prescribed in ARP 5416 [27], though ARP 5414 recognizes that such experiments can be
limited in relevance. Experiments may also be expensive and are impractical during early
stages of the design process. The industry standard for identifying attachment points by
‘analysis’ is the rolling sphere method, in which a sphere of a certain radius is rolled over
the aircraft surface and any points touched by the sphere are treated as being at risk of
lightning attachment. Physics-based models have been proposed as a superior approach to
testing and rolling-sphere analysis [31], [63] and are discussed in section 1.3.3.

The first lightning zone is identified based on proximity to the initial attachment point(s).
Zone 1B describes any initial attachment points at trailing edge surfaces where the swept
stroke remains attached to its starting point. Zones 1A and 1C are prescribed using a
simple empirical formula which considers an aircraft’s altitude, air speed, and lightning
leader velocity [26]. Using typical aircraft parameters, this formula yields an extension from
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the initial attachment point of 1.3m for zone 1A and 2.6m for zone 1C. This is a conservative
estimate which does not account for the direction of the flowfield local to the attachment
point or any geometric peculiarities of the aircraft.

Zone 2A, which encompasses the swept stroke region, is required to include all surfaces
aft of zone 1C, with trailing edge surfaces in this region being classified as zone 2B due to the
expectation of long hang-on. Zones 1 and 2 are further extended laterally by 0.5m at various
prescribed points on the airframe to account for small lateral movements of the lightning
arc. Once zones 1 and 2 are defined, zone 3 is easy to identify.

Ultimately, existing approaches do provide safe and conservative methods for zoning
conventional aircraft. However, these methods are rooted in experiential observations and
‘similarity’ arguments which may not apply to novel aircraft. Further, Lalande [31] states
that even conventional aircraft have been known to experience relatively severe lightning
strikes in regions identified as zone 3, which may have been described differently if a physics-
based zoning approach were employed instead.

1.3.3 Physics-Based Methods

Lightning encompasses an enormous spectrum of length and time scales. Streamer inception
occurs over millimeters and nanoseconds, leader propagation takes place over meters and
milliseconds, and the arc phase is kilometers long and can last almost one second [2], [45].
Resolving all of these scales in a single simulation is practically infeasible, so each phase
is approached separately and under different assumptions. The initial attachment point is
usually modeled separate to the swept stroke, since the two phases are driven by different
physical mechanisms.

Models for the initial attachment point proposed by Lalande and Delannoy [31], were
recently revisited by Austin [40] to create a tool capable of identifying the initial attachment
points for an arbitrary aircraft geometry. This provides a valuable starting point for a
swept-stroke model.

Engineering models for the swept stroke were investigated by ONERA and the University
of Padua in the 1990s [30], [31], [36], [37]. The team simplified the lightning arc as a filament
in 3D space, which was linearly advected in a flowfield obtained using computational fluid
dynamics. The resulting model provides a foundation for the work in this thesis.

Recently, Guerra-Garcia et al. [39] tested a variation of the ONERA model using a
high-fidelity simulation of a turbulent boundary layer. By analysing the arc model at these
smaller scales, instantaneous turbulent velocity fluctuations were found to drive arc reat-
tachment. These fluctuations are essentially impossible to model efficiently at the scale of
an entire aircraft [64], creating a challenge for physics-based swept stroke models. While the
importance of small-scale turbulence is recognized, engineering models for the swept stroke
remain poorly developed, and yet are vital to protecting future aircraft from lightning.

Verification and Validation

Verification and Validation (V&V) are crucial to gaining confidence in a computational model
[65], which is especially important if this model is to be used for certification. The AIAA
defines verification and validation as [66];
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Verification: The process of determining that a model implementation accurately
represents the developer’s conceptual description of the model and the solution to the
model.

Validation: The process of determining the degree to which a model is an accurate
representation of the real world from the perspective of the intended uses of the model.

Validation is conducted by in-depth analysis of the physical model in chapter 2 and by
comparing simulation results to real-world data in chapter 4. Verification is evidenced by
thorough analysis of the numerical model in chapter 3 and the model refinement study in
section 3.5.
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Chapter 2

Physical Model

A model of the lightning swept stroke must consider three domains, each made from a
different state of matter: the lightning core is a plasma, the aircraft surface is solid, and
the air around it is a gas. These are each addressed in the following three sections, using
approaches which build on the model presented by Larsson et al. [37].

Clear model goals were outlined to direct assumptions and modeling decisions. The
purpose of this model is not to perfectly resolve every physical mechanism at play. Rather,
it is to provide insights to designers and regulators about the zoning of an aircraft. The goal
of the model can be summarised as: a physics-based, engineering model for the zoning
of unconventional aircraft. This allows for three key considerations while designing the
model:

†1 Physics-based: wherever possible, physics should be modeled using analytical rela-
tionships and analytically or experimentally derived parameters. Empirical relations
should be avoided.

†2 Engineering model: non-dominant physical mechanisms may be neglected to reduce
computational complexity, provided it can be demonstrated that they have a negligible
impact on results.

†3 Aircraft zoning: the accuracy of the zoning result takes priority over the accuracy
of any individual strike.

Since lightning is a highly stochastic phenomenon, a simulation approach based on Monte
Carlo methods [67] is most appropriate, especially considering goal †3. This involves sampling
many swept stroke simulations, each with slightly different parameters, and aggregating
their behavior to understand the distribution of the swept stroke region. While this can
be computationally expensive, Monte Carlo methods are also highly parallelizable, meaning
they can be made significantly faster by conducting many simulations at once [68].

2.1 Arc Representation

While magnetohydrodynamic methods can simulate the small-scale dynamics of the three-
dimensional arc [55], such simulations are too complex and costly to apply to an entire
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aircraft. Instead, the arc is modeled as a three-dimensional filament of a finite radius, as
illustrated in figure 2.1.

Arc 
Core

Surface

Radius

Earc

Figure 2.1: Physical model of the lightning arc.

Uman [69] demonstrated that the lightning arc can be assumed to be in local thermal
equilibrium after the first return stroke. Larsson et al. [37] explain how this means that the
arc can be treated like a Newtonian fluid with additional electromagnetic effects. Practically,
this is modeled by perfect advection of the arc in the flow around the aircraft, with adjust-
ments where electromagnetic effects would dominate (reattachment, for example). The arc
also conducts an electrical current, discussed in section 2.1.2.

2.1.1 Reattachment and Reconnection

While this model treats the lightning arc as an axisymmetric tube, the real arc is a much
less uniform shape, evidenced by Tholin et al. and Bourlet et al. [55], [70]. A combination
of electromagnetic effects [70] and aerodynamic turbulence [39] cause the arc to become
tortuous and move parts of the arc close to the aircraft surface. When a section of the arc
comes sufficiently close to the surface, it can attach to the surface and begin conducting a
current. The previous (longer) section of the arc experiences a reduction in current flow and
fades away. This is called reattachment and is illustrated in figure 2.2a. Reconnection is a
similar mechanism where a loop is formed in the arc. Instead of attaching to the surface,
two parts of the arc connect to one another and the original loop between them fades away.
This is illustrated in figure 2.2b.

Reconnection and reattachment are complex phenomena driven by the magnetohydrody-
namics of the arc [55]. The conditions which trigger these processes can be simplified for an
engineering model (goal †2) into two criteria:

1. Larsson et al. [36] propose that reattachment or reconnection occur when the break-
down electric field of air is exceeded, assuming all electric fields are uniform. Treating
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(a) Reattachment. (b) Reconnection.

Figure 2.2: Reattachment and reconnection processes.

the internal electric field of the arc as a fixed value, Earc, the potential at each arc point
can be calculated by integrating along the length of the arc. Dividing the potential
difference by the distance between two points gives an estimate for the electric field
between them. If the electric field anywhere exceeds the breakdown field strength of
air, discussed in section 2.1.2, then reattachment or reconnection is triggered. This is
illustrated in figure 2.3a.

2. Reattachment and reconnection are also triggered when the arc core is less than one
arc radius from the surface, or another section of the core, as illustrated in figure 2.3b.
This treats the arc as a three-dimensional rod, rather than an infinitely thin filament,
and assumes that the arc attaches to any conducting object it comes into contact with.
This criteria introduces a vertical arc segment at the root, which is continuously swept
at a non-zero velocity.

E⩾Ebd

(a) Breakdown-triggered reattachment.

d⩽r

(b) Radius-triggered reattachment.

Figure 2.3: Criteria for triggering reattachment and reconnection.
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Of these two criteria, the second, radius-based mechanism will dominate in this model.
Section 2.1.2 explains how the arc’s internal electric field Earc, the breakdown field strength
of air Ebd, and arc radius r are modeled as 1 kV/m, 3000 kV/m, and 5 mm respectively at
sea-level. At a point s along the arc, the potential difference relative to the surface is s ·Earc.
If the shortest distance between point s and the aircraft surface is d, the electric field in the
gap is approximately s · Earc/d. For this value to exceed the breakdown field strength and
trigger reattachment, the condition in equation 2.1 must be met. This shows how the arc
must be more than 3000 times longer than the distance to the surface for reattachment to
be triggered by electrical breakdown. The distance to the surface must be greater than the
radius, d > r, so that attachment isn’t first triggered by the radius-based criteria. This means
that, at a minimum, the arc must extend more than 3000× 0.005 = 15 m in length (without
passing within one radius of the surface) before reattachment by electrical breakdown can
occur.

s =

(
Ebd

Earc

)
· d =

(
3× 103

1

)
· d = 3000d (2.1)

s

d

Figure 2.4: The stretched arc and lengths for predicting the dominant reattachment mech-
anism.

This finding agrees with the work of Guerra-Garcia et al. [39], which found that reconnec-
tion is extremely rare since the potential difference created over a loop in the arc is relatively
small. Guerra-Garcia et al. also demonstrated that reattachment is heavily dependent on
instantaneous velocity fluctuations which lengthen the arc and drive it closer to the surface.
These cannot be efficiently resolved in an engineering model so were neglected on the basis
of goal †2.

2.1.2 Arc Parameters

Bublievskii and Larsson et al. [37], [71] present formulae for the local radius and internal
electric field of a lightning arc based on the assumption that all of the channel energy is
dissipated by convective cooling due to airflow past the arc. This is incompatible with the
advected arc model, which will experience no crossflow since the arc moves at the same
speed as the air. The poor performance of the model can be seen in figure 2.6. The proposed
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formulae break down at zero velocity, so more robust constant values are used for the arc
radius and internal electric field. The parameters used in this model are outlined in table 2.1.

Table 2.1: Arc model physical parameters at sea level

Arc radius r0 5 mm
Internal electric field of arc E0arc 1 kV/m

Breakdown electric field strength of air E0bd 3000 kV/m

Scale factors are applied to the arc radius and internal electric field to account for the
effects of reduced density at high altitudes. These are estimated based on the air number
density ratio relative to sea-level, calculated using the 1976 International Standard Atmo-
sphere [72]. Equations 2.2 and 2.3 show how the factors are applied. The results of these
equations agree perfectly with the scaled values given by Rakov and Uman [73].

Earc =

(
n

n0

)
E0arc (2.2)

r =
(n0

n

)
r0 (2.3)

Radius

The real lightning arc does not have a single, well-defined radius. Several efforts have been
made to estimate values for the radius of a lightning arc, using predominantly optical meth-
ods. While these optical methods measure the luminous radius of the arc, a more appropriate
metric for this model would be the conducting radius of the plasma core, through which the
majority of the arc current is conducted.

An et al. [74] used optical methods to identify arc radii between 6.6-10.1 mm. Jones [75]
estimated the radius based on the surface damage, which created ‘major discharge craters’
1-3 mm in diameter. Jones also used analytical methods to estimate an arc diameter of
1.51 mm. Rakov and Uman [76] list many more attempts to characterize the arc radius,
with results ranging from 3-30 mm. Granovskiy [77] plotted the electron number density
distribution across an arc at sea-level pressure, as illustrated in figure 2.5. For large currents
to the order of 100 A (section 2.1.2 shows how lightning current rarely falls below 400 A),
it is clear that the plasma core radius is close to 5-6 mm when the arc is under equilibrium,
so the sea-level radius r0 = 5 mm was used for this model. Section 4.1.6 evaluates the
sensitivity of the model to this parameter.

Although the model for arc radius proposed by Bublievskii and Larsson et al. [37], [71]
performs poorly, there is a relationship between arc current and arc radius [78]. This means
that the high-current pulses described in section 2.1.2 could alter the lightning radius and
potentially trigger premature reattachment of the arc, a phenomenon which is ignored in
the proposed model in favor of a simple, constant arc radius. While this simplification could
impact the accuracy of an individual arc simulation, it is unlikely to drastically change the
distribution of many thousands of strikes (goal †3) since current pulses make up such a small
duration of the overall strike, as explained in section 2.1.2.
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Figure 2.5: Measurements of the electron number density across the core of an electrical arc
in an argon-hydrogen mixture at different electrical currents [77], [78].

Internal Electric Field

Figure 2.6 illustrates how the Bublievskii and Larsson et al. [37], [71] model for the internal
electric field of the arc performs against a selection of data points from experimental work
conducted by King [79]. It is clear that the model does not correlate to experimental results
and is too dependent on the velocity and current. King’s finding that the arc tends to
experience a constant internal electric field of 10 V/cm (1000 V/m) for currents above 100A
is taken to be a more verifiable estimate. This assumptions holds since the swept stroke
operates in a regime with a current above 100A as explained in section 2.1.2. King’s estimate
is further backed up by the findings of Dobbing and Hanson [80] and von Engel [81].

Figure 2.6: Proposed models for the internal electric field of a lightning arc [37], [79], [80].
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Arc Current

A lightning arc will experience a highly random current waveform over the course of its
lifetime of a few hundred milliseconds. An experimental measurement of the waveform is
given in figure 2.7a. The complex current profile is simplified into a more simple profile in
ARP5412 [25], illustrated in figure 2.7b. The profile outlined in the aerospace recommended
practice is used to replicate a lightning strike in a repeatable manner and is sufficiently
robust to use in this model. The current distribution has no impact on the zoning result
(see section 4.2.2) and only provides supplementary engineering insights, so goal †3 dictates
that it is not of critical importance.

(a) Experimental current profile [82].

Current
(not to scale)

Time
⩽500µs ⩽5ms 0.25-1s ⩽500µs

A
B

C
D

(b) ARP current profile [26].

Figure 2.7: Lightning current waveforms.

While the simplified ARP current profile includes fixed values for the amplitude and
duration of different current phases, the standard also lists experimental data which describes
the random variations in the current parameters [2], [83]–[91]. Experimental results were used
to inform the selection of random distributions for certain current parameters outlined in
section 3.1.3. These also helped identify the worst-case current values, which are slightly
larger than those used in the ARP waveform.

Breakdown Field Strength for a Large Air Gap

The breakdown field strength of air is widely accepted to be 30 kV/cm at sea-level [76], [78].
This is scaled at altitude by the factor given in equation 2.2. The presence of hydrometeors
(water or ice particles in the atmosphere) can further reduce the breakdown field strength
[76], but this is neglected in the proposed model to reduce complexity and because the break-
down field strength has been demonstrated to be of less importance than other parameters
(goal †2).

The assumption that the breakdown field strength of air is constant is valid for large
air gaps in uniform electric fields, but begins to fail over shorter distances [78]. As two
electrodes (or the arc and the aircraft surface) move towards each other, changes in the
small-scale physics which drive the breakdown mechanism mean that the breakdown field
strength increases slightly. Again, this is ignored in the proposed model based on goal †2.

When an aircraft is struck by lightning, a negative leader will grow from one attachment
point and a positive leader from another [2]. The breakdown field strength differs slightly
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between positive and negative arcs [78], [92], but this is ignored in the proposed model based
on goal †2. Since the locations at which a certain polarity will attach cannot be definitively
determined [40], both polarities are considered equally likely when evaluating the swept
stroke.

2.2 Surface Effects

2.2.1 Materials and Coatings

The aircraft material and surface coatings can have a significant impact on how the swept
stroke behaves, as proven experimentally by Brick and Schneider [92]. Aircraft paint, which
is usually dielectric [55], is often punctured during the first return stroke. This exposes
the much more conductive sheet metal beneath, which the arc may have some tendency
to adhere to. Modeling the breakdown of the paint layer and the intricate interactions of
the arc with the surface is outside of the scope of an engineering model (goal †2), although
MagnetoHydroDynamic (MHD) simulation tools can be used to explore such behaviour [55].

2.2.2 Geometric Electric Field Enhancement

Bouwers and Cath [93] demonstrate how different geometries can enhance the electric field
between two objects experiencing a potential difference. In this arc model, reattachment and
reconnection criteria are based on the assumption of a uniform electric field which behaves
like the field between two infinitely large flat plates. The real arc will actually experience
a slightly stronger electric field because of the geometry of the arc and the aircraft surface.
Determining the actual electric field around the lightning arc would involve solving the
Laplace equation, which is too complex for an engineering model. Instead, it is assumed that
field enhancement has a relatively small impact on results, especially since reattachment and
reconnection are dominated by the radius-based criteria.

This assumption is validated by the work of Brick and Schneider [92], who found that
the small protrusions at rivets and bonded joints have little impact on the swept stroke. A
protruding fin similarly experienced "no unusually long dwell times", though some increase
in arc dwell time was noted at the edge of a large hole in the surface. Brick and Schneider
conclude that ‘swept strokes will reattach to metal surfaces that are closest to the path of the
advancing discharge arc rather than to sharp edges further away.’

2.3 Fluid Models

A key component of the proposed model is the ability to accurately predict the velocity
flowfield around the aircraft. The Navier-Stokes equations accurately describe the flow of
fluids, but are extremely costly to solve in all but the most simple of cases. To solve the fluid
equations around more complex geometries, simplified mathematical models must be used.

For the particular case of flow over an aircraft, simplifying the fluid model can be chal-
lenging because of the high Mach number and high Reynolds number of the flow. Most
commercial aircraft fly close to transonic Mach numbers, where the effects of compressibility
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cannot be neglected, so an incompressible fluid model is not valid. The high Reynolds num-
ber means that the computational cost of solving the fluid equations is particularly high for
aircraft [94].

While these challenges make it difficult to accurately predict the flowfield around an
aircraft, some simplifications can still be applied without significantly impacting the swept
stroke model. Section 4.1 will explore how relatively extreme simplifications to the physical
model of the flow can still produce a useful zoning result, in line with goal †3. Aside
from compressibility, two key mechanisms can be simplified in fluid models: (1) transience
describes the time-dependence of a fluid simulation, and (2) viscosity is responsible for
generating turbulence.

2.3.1 Transient Effects

Turbulent flows, like those experienced around an aircraft, are unsteady, meaning that the
properties of the flow at any point in space will change with time. This unsteadiness is driven
by a fluctuating component of the velocity field, which can be ignored by time-averaging so
that only the bulk flow properties are observed. By solving for a time-independent solution,
the computational cost of a fluid simulation can be significantly reduced.

For many aircraft fluid simulations, a steady-state fluid model can be used. While further
research is necessary to fully evaluate whether steady-state simulations capture all of the flow
physics around an aircraft, they are known to capture the most significant phenomena which
will drive the behavior of the swept stroke [95]–[98].

2.3.2 Viscous Effects

Viscous effects generate the aerodynamic boundary layer and small-scale turbulent structures
(linked to the fluctuating velocity component) which are critical to modeling many flows.
Different approaches to modeling viscosity can resolve these features to different extents,
outlined in table 2.2.

Table 2.2: Birds-eye-view of mathematical models for resolving viscous effects

Boundary layer Fluctuating component

Fully-resolved (transient) Resolved Resolved
Reynolds-averaged Resolved Modeled

Reynolds-averaged with wall functions Modeled Modeled
Inviscid Ignored Ignored

Small-scale, transient turbulence has been found to play a critical role in driving reattach-
ment in the lightning arc [39]. However, resolving these features at the scale of a commercial
aircraft is too costly with modern computing capabilities, especially since the proposed model
is designed to serve as an engineering and certification tool which could involve running many
tens, hundreds, or even thousands of different simulations.

While the aerodynamic boundary layer does impact the swept stroke [39], the distribution
of many strikes over the aircraft surface could be independent of this near-wall behavior. If
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this is the case, an inviscid fluid model may be sufficient. Otherwise, Reynolds-Averaged
Navier Stokes (RANS) models may perform better. Fully resolved models are not simulated
in this work since they are too complex for an entire aircraft (conflicting with goal †2) and
previous work has already documented the effect of using such models [39]. Section 4.1
will compare the performance inviscid and RANS models in the context of swept stroke
simulation.
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Chapter 3

Numerical Implementation

The physical model described in section 2 was implemented computationally in C++, using
the Visualization Toolkit (VTK) [99] to process geometry and the Message Passing Interface
(MPI) [100] for parallel simulation. The model takes Computational Fluid Dynamics (CFD)
flowfields as an input, formatted as a VTK unstructured grid (*.vtu), a common file type
which can be generated by most CFD programs. The complete simulation workflow, from
CAD model to zoning diagram, is illustrated in figure 3.1. The tool developed in this work
has been named ‘Simulation Workflow for Electromagnetic Effects: Physics-based Zoning’
(SWEEPZ).

CAD model Mesh 
generation

CFD 
simulation

Flowfield
(paraview format)

Geometry
(paraview format)

Random 
initial arcs

Arc 
simulations

Arc model 
configuration

Zoning 
mapping

Result
(paraview format)

SWEEPZ toolkit

Arbitrary CFD toolkit

Parallelized
Open-source or commercial tools

Data files
SWEEPZ toolkit

Zone 1 region

Figure 3.1: Zoning simulation workflow.
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3.1 Arc Model

3.1.1 Spatial Discretization

The arc core is modeled based on figure 2.1 and discretized in figure 3.2. The arc is initialized
with more points closer to the surface in order to capture the higher velocity gradients near
the wall. Equation 3.1 is used to prescribe the spacing of points in the arc, where x⃗i is the
position of point i, x⃗0 is the starting point of the arc, L⃗ is the vector representing the arc
length, and N is the total number of arc points.

x⃗i = x⃗0 + L⃗

(
i

N

)1.5

(3.1)

Surface

Radius

Arc 
points

Earc

Figure 3.2: Numerical model of the lightning arc.

Perfect advection of the arc in the CFD flowfield is achieved using a Lagrangian for-
mulation of the 1st-order forward Euler method to integrate over discrete time steps. This
formulation is given in equation 3.2, for point i at time t. The velocity at a given point, v⃗i
is found by linearly interpolating the CFD velocity flowfield using a VTKProbeFilter.

x⃗
(t+∆t)
i = x⃗t

i + v⃗i ·∆t (3.2)

The lightning arc hangs on to trailing surfaces and is swept backwards from them, leading
to significant elongation. In the discretized representation, this can create extremely long
gaps between the first two points in the arc. To avoid a loss of resolution in this section,
and to capture any reattachment which could occur from this section of the arc, points are
added to fill these large gaps. Figure 3.3a illustrates how this is achieved by removing the
penultimate point in the farfield and placing it at the midpoint of the large gap. This is
triggered when the gap between the first two points exceeds an arbitrary threshold defined
based on the arc length Larc and the number of points Npoints in equation 3.3. This threshold
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was found to work well for a range of arc configurations, but could easily be changed without
significantly impacting results.

While it would be preferable to dynamically adjust the number of points in the arc based
on its length, the computational implementation stores arc data in a VTKPolyData object
which is difficult to resize, especially when generating output files containing time-dependent
arc data.

large gap threshold = 20
Larc

Npoints

(3.3)

Removed

Added

(a) Treatment of large gaps during long
hang-on.

t1 t2 t3

v

(b) Excessive contraction of the arc near
a stagnation point.

Figure 3.3: Numerical issues caused by arc elongation and contraction.

While the real arc extends much further into space, the numerical arc has a finite length.
As well as checking for excessive elongation, the model also monitors arcs for excessive
contraction. If the arc is initialized in a similar direction to the flow near a stagnation point,
it can become extremely short, as illustrated in figure 3.3b. If an arc is found to be less
than 10% of the initial arc length, its simulation is skipped since it will not contribute a
meaningful result to the solution. Such arcs, in reality, are likely to repeatedly reattach to
the initial attachment point so are not of significance to the zone 2 region.

3.1.2 Reattachment and Reconnection

Reattachment and reconnection are assessed according to the two criteria outlined in sec-
tion 2.1.1. The discretized implementation is illustrated in figure 3.4. When reattachment
or reconnection occurs, the points on the old arc segment are moved to the new arc segment
and distributed according to the non-linear spacing discussed in section 3.1.

For reattachment, the potential at each point in the arc is calculated by numerical inte-
gration of its internal electric field between the root and the point in question. The distance
to the nearest point on the surface is computed and used to find the (uniform) electric field
between the arc and the surface at that point. If this exceeds the specified breakdown field
strength, reattachment is triggered. Reattachment is assessed starting with the furthest

36



point from the surface, moving towards the root. If a point reattaches, it can be guaranteed
that none of the points between it and the surface will trigger secondary reattachment so
they do not need assessing and computing power can be saved.

(a) Reattachment.

xi
xj

xj+1

(b) Reconnection.

Figure 3.4: Numerical implementation of reattachment and reconnection.

Reconnection is also evaluated using the potential at each point in the arc, relative to
every other point. To prevent adjacent points from ‘reconnecting’, an additional condition
is required to ensure that a loop is actually present in the arc. This is given in the first
section of equation 3.4, which ensures that point xj+1 is further away from xi than xj as
illustrated in figure 3.4b. Within the square brackets in equation 3.4, the first condition tests
for breakdown-triggered reconnection, and the second condition tests for radius-triggered
reconnection.

(∥xi − xj+1∥ > ∥xi − xj∥) ∩
[(

|Vi − Vj|
∥xi − xj∥

> Ebd

)
∪ (∥xi − xj∥ < rarc)

]
(3.4)

Because reconnection involves comparing every point to every other point, it experiences
a computational complexity of the order O(N2), where N is the number of points in the arc.
The rest of this model is of complexity O(N), so including reconnection could impact model
performance for large numbers of points. However, the large size of the CFD mesh means that
substantially more simulation time is spent executing VTK functions (interpolating velocity
and finding the closest points on the surface) than evaluating reconnection. In keeping with
goals †1 and †2, reconnection remains in the model.

Many mechanisms take place during each time step, including advection, reattachment,
reconnection, and special treatment for long and short arcs. The order these are evaluated
in can have some impact on results and, in keeping with goal †1, the most physically relevant
order was identified as shown in figure 3.5.
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Update velocity probe

Update arc current

For each arc point, starting at the root:

Advect point

Update potential at point

Test for short arc

Attach root to surface

Find nearest point on surface

For each arc point, starting in the farfield:

Test for reattachment

Test for reconnection

For each arc point below the current one:

Fill large gaps

If reattached

Figure 3.5: Flowchart of tasks during each arc time step.

3.1.3 Electrical Current Waveform

Due to the small (sub-microsecond) timescales in the ARP-defined lightning current wave-
form outlined in section 2.1.2, a simplified waveform was implemented in this model. This
is visualized in figure 3.6.

The first return stroke (component A) is removed, since it occurs at initial attachment in
zone 1 and is not relevant to the second lightning zone. Components B and C can be modeled
in a very similar manner to the ARP specification, and component D ‘pulses’ are modeled
using a current impulse over a single time step. The magnitude of the impulse is scaled to
preserve the action integral, defined in ARP 5412 [25] and explained in section 3.3. Between
component D pulses, the ARP model sets current to zero, but the proposed implementation
instead maintains a small constant current, to the order of 1A. This improves the quality of
current-related visualizations since it is otherwise difficult to identify where on the surface the
lightning arc has touched. All of the idealized current waveform parameters are summarized
in table 3.1, where an asterisk denotes a parameter with some stochastic variation.
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Figure 3.6: Model current profile.

Table 3.1: Idealized current waveform parameters

Component Parameter Value

B
Duration 5 ms

Initial current 4400 A
Slope, ∆I

∆t
8× 105 As−1

C Duration* 0.160 s
Magnitude 800 A

D

Pulse 1 action integral 3× 105 A2s
Pulse 2+ action integral 1.5× 105 A2s

Pulse spacing* 47 ms
Pulses 26

Background current 1 A

In keeping with goals †2 and †3, stochastic effects are neglected for most current pa-
rameters, but the most significant variations are included since they come at almost no
computational cost. Phase B current is delivered over a fixed duration of 5 ms, which is
relatively small compared to the speed of the arc (so making small adjustments to the du-
ration will have little effect). Phase C current, however, is of much greater significance. For
simplicity, a uniform distribution between the 5th and 95th percentiles was used to select a
duration for each arc instance, though a skewed gaussian may be more representative of the
true distribution.

While ARP 5412 [25] does provide data on the number of phase D pulses (which vary
significantly), this model should consider worst-case scenarios with the maximum observed
number of pulses, which is 26. The time between pulses does vary substantially, so this was
also randomly (uniformly) selected from between the 5th and 95th percentiles. A summary
of the stochastic parameters relating to the current waveform is given in table 3.2.

39



Table 3.2: Stochastic current waveform parameters [25]

Percentile 5% 50% 95% Max
Phase C duration (ms) 77 160 344 500

Time between phase D pulses (ms) 12 47 180 200

3.2 Initialization

To inform the zoning of an aircraft design, many hundreds or thousands of slightly different
lightning arc simulations must be run, each with a different initial attachment point and
direction. An example of this is shown for the nose of an aircraft in figure 3.7.

(a) Attachment point distribution. (b) Arc directions (300 of 1200).

Figure 3.7: Random seed generation of 1200 arcs (D8 aircraft [101], [102]).

3.2.1 Attachment Point Generation

This model builds on work by Austin [40], which uses physics-based methods to compute the
most likely initial attachment point. Since only a single attachment point is provided as the
input for the swept stroke model, stochastics were introduced to generate many attachment
points in the vicinity of the ‘most likely’ initial point.

It is assumed that the distribution of lightning arcs around a computed attachment point
will be approximately gaussian, with a user-specified ‘3σ’ distance inside of which 99.7% of all
arcs will attach. Specifically, the univariate (1 dimensional) gaussian distribution is mapped
to two dimensions by ‘revolving’ about the mean and then mapping to a 3D surface using
the method described below, which was chosen because it is representative of a spherical
multivariate gaussian [103] and it is feasible for implementation using the VTK package,
which does not include a multivariate Gaussian function. More details on the bivariate
Gaussian distribution are provided in appendix A.

Starting at the most likely attachment point, a random surface-parallel direction is gen-
erated. The program then follows this direction along the surface by a random distance,
generated from the absolute value of a gaussian distribution centered on zero. At each cell
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edge, the direction vector is rotated about the edge until it lies on the surface of the adjacent
cell. This is shown for an arbitrary geometry in figure 3.8.

Initial Point

New 
Point

3σ Distance

(a) Point propagation path. (b) Cell edge rotation.

Figure 3.8: Attachment point propagation technique.

3.2.2 Field Direction Generation

A random atmospheric electric field direction is selected from a range within a cone defined by
the user. A uniform distribution is used, representative of the output of an initial attachment
point model, which provides a range of equally likely field directions for which a given
attachment point is expected to activate.

The cone is defined by the initial field direction down its center, and the cone angle.
Two random angles are then generated; one in the range from -180◦ to +180◦, and another
between 0◦ and the cone half-angle. An arbitrary rotation axis is defined normal to the initial
field direction, which is then rotated by the first random angle. The initial field direction is
then rotated about this axis by the second random angle, yielding a random field direction.
This is illustrated in figure 3.9.

Generating the attachment point and field direction both involve rotating a (unit) direc-
tion vector v̂ about a (unit) axis vector â by angle α. This was performed using, Rodrigues’
rotation formula [104], given in equation 3.5.

v̂′ = cos(α)v̂ + sin(α)(â× v̂) + (1− cos(α))(â · v̂)â (3.5)

3.3 Model Outputs

Along with the option to export time-series data for each individual arc, the model returns
aggregate data for the interactions of all arcs with the aircraft surface. For every arc simu-
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Figure 3.9: Field direction seed generation.

lation, the attachment probability, dwell time, charge delivery, and action integral
are calculated inside each surface cell. The metrics are updated every time step, inside ev-
ery surface cell which the arc touches, as illustrated in figure 3.10. The aggregate of these
metrics over the aircraft surface can provide engineering insights for zoning and lightning
protection.

3.3.1 Attachment Probability

Cells are assigned a value of either 1 or 0 to indicate if they are touched by the arc. In each
cell, the average weight is found over all arc simulations and divided by the square root of the
cell area. While time-dependent parameters are influenced by cell area (section 3.3.2), the
probability of an arc being swept through a cell is a function of the cell width perpendicular
to the arc motion, but not the cell length parallel to the arc motion. This is approximated
by taking the square root of the area and is explained in appendix B.

3.3.2 Additional Metrics

The time-dependent metrics dwell time, charge delivery, and action integral are defined
below. Dwell time describes how long the lightning arc spends in contact with each cell.
Charge delivery measures the net electrical charge which passed through the arc while it was
in contact with that cell. And action integral is a metric defined in ARP5412 [25] which is a
good measure of the energy passing from the arc to the surface. This most closely correlates
to damage caused by direct effects.
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Radius

Figure 3.10: Cells touched by the lightning arc.

∫
dt

∫
Idt

∫
I2dt

Dwell time Charge delivered Action integral

While current-related parameters are calculated by the model (at little computational
cost), they have been found to be of little value due to the highly stochastic nature of the
current waveform. Almost any part of the swept stroke could feasibly experience a high-
current impulse, so the charge delivery and action integral are not analyzed in detail in this
work.

Before these metrics are aggregated, they are normalized by the cell area. This gives each
metric in terms of an ‘area density’; for example, dwell time in seconds becomes dwell time
per unit area in seconds per square meter. This accounts for variations in cell size, which
affect the attachment probability as well as the time the arc spends in the cell. Normalization
is explained in appendix B.

Aggregate data is computed using both averages and maxima. The average of each
quantity is representative of how strikes should be expected to behave and could be useful
for understanding where the majority of current flow or direct damage may occur. The
maximum dwell time in a given cell is also a useful metric for determining how long the arc
may ‘hang on’ to a certain point. This is useful when defining zone 2B (swept stroke with
long hang-on, see table 1.1).
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3.4 Computational Fluid Dynamics

Conducting accurate fluid simulations is critical to maintaining the accuracy of the swept
stroke model. Computational Fluid Dynamics (CFD) programs are a powerful toolkit for
fluid simulation, but it can be extremely easy to generate spurious results which only appear
to be correct [94]. While CFD is not the primary focus of this work, effort was made to
find a robust CFD methodology for this model. CFD parameters and solvers are discussed
in more detail in appendix C. As explained in section 2.3, both viscous and inviscid fluid
models were tested in this work.

3.4.1 Viscous Simulations

Viscous flow solutions were obtained using Flow360, a powerful ‘all-in-one’ CFD tool which
automates mesh generation and solution submission on specialized high-performance hard-
ware [97], [105]. It generated high-fidelity viscous CFD solutions in a matter of minutes,
instead of the hours that conventional CFD codes often require.

Flow360’s mesh generation tools have been carefully validated using mesh refinement
studies by Fitzgibbon et al. [97]. Aside from taking care to properly resolve the boundary
layer by specifying a suitably small first layer thickness, it was very easy to generate a high-
quality mesh for any geometry in Flow360, illustrated for the F-106B in figure 3.12a. The
first-layer thickness was validated by inspecting the solution to confirm that the y+ value
did not exceed 1.0 anywhere on the aircraft surface [94].

Default solver parameters were mostly used as these have been well-tuned for similar
CFD cases. Convergence was monitored with the help of residuals shown in figure 3.11. The
output files from Flow360 were much bigger than those from SU2 because the automatically
generated domain extended a much greater distance into the freestream. This means that
they usually exceeded 5GB in size, so were cropped to a smaller dimension using Paraview
[106] for processing in swept stroke simulations. This is appropriate because the farfield
beyond two arc lengths from the aircraft is rarely used in these simulations.

(a) Viscous (Flow360). (b) Inviscid (SU2).

Figure 3.11: CFD residual plots for simulations of the F-106B aircraft.
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3.4.2 Inviscid Simulations

SU2

SU2 is an open-source computational analysis package which includes computational aero-
dynamics tools [107]. It is widely used in the aerospace industry for simulating aircraft and
other large vehicles and was utilized in this project to compute inviscid flow solutions over
several aircraft. Specifically, the SU2 implementation of the compressible Euler equations
were solved using a finite volume method over an unstructured grid, as described in SU2
documentation [108] and appendix C.

Mesh generation was achieved using the open-source Gmsh toolkit [109], which can gen-
erate unstructured tetrahedral meshes in a number of CFD-compatible formats, including
SU2. A customized refinement field was used to achieve a relatively small surface mesh (nec-
essary to accurately capture lightning behaviour), growing into a larger mesh in the farfield.
The fluid domain was modeled as a sphere with a radius 3 times longer than the aircraft.
The mesh used to model the F-106B is illustrated in figure 3.12b.

(a) Viscous (Flow360). (b) Inviscid (SU2).

Figure 3.12: CFD mesh configurations for the F-106B aircraft.

Because the compressible Euler equations do not resolve viscous effects, no complex near-
wall meshing is necessary and the CFD mesh can be more coarse than for a viscous CFD
simulation. Validation of the SU2 solver is provided by Economon et al. [107].

SU2’s robust default settings were predominantly used for these simulations. Residual
plots shown in figure 3.11b demonstrate convergence. The F-106B was stopped after the
change in average surface mach number fell below 10−14, which is a representative stopping
criteria for capturing the velocity flowfield.
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StarCCM+

To confirm that the swept stroke model is compatible with any CFD code and to leverage
the improved robustness of a commercial solver, StarCCM+ was used to simulate the un-
conventional aircraft tested in section 4.3. StarCCM+ is a widely-used CFD toolkit with a
broad range of capabilities, including excellent mesh generation and inviscid fluid simulation.

The parameters used for StarCCM+ are outlined in appendix C.3.1. These were carefully
chosen based on standard practices [94], [110], [111] and employ similar approaches to those
used by SU2.

3.5 Verification of the Swept Stroke Model

Verification and validation was achieved, in part, by conducting a model ‘refinement’ study,
in which different spatial and temporal discretizations of the arc were compared to confirm
that simulation results were independent of the discretization.

Three metrics were used to quantitatively compare the results of different simulations.
∆A was defined as the proportion of the aircraft surface for which only one simulation - either
the test case or the baseline - experienced attachment, but not both. The other metrics were
the L1 and L2 norms of the change in probability per unit length, P , between the test
case (P tc) and a baseline case (P bl), normalized by the cell area. ∆A represents changes
in the location of attachment regions, while the norms quantify the change in probability
distribution within those regions. The metrics are defined in equations 3.6, 3.7, and 3.8,
where I is the indicator function which dictates that the sum is taken over all cells where
the a condition is met.

∆A =
1

Aaircraft

∑
cells

AcellI
(
(P tc = 0 ∩ P bl ̸= 0) ∪ (P tc ̸= 0 ∩ P bl = 0)

)
(3.6)

∥∆P∥1 =
1

Ncells

∑
cells

√
Acell

(
P tc − P bl) (3.7)

∥∆P∥2 =
√

1

Ncells

∑
cells

(√
Acell(P tc − P bl)

)2

(3.8)

3.5.1 Temporal Refinement

Before testing a range of time steps, an estimate could be made for the optimum time step,
which minimizes computational cost while achieving convergence to a valid result. This is
given by equation 3.9, which is simply the arc diameter divided by freestream velocity. This
enforces the condition that, with the exception of abnormally fast regions, the centerline of
the arc never moves further than one diameter in one time step. This guarantees a smooth
sweeping motion over the surface of aircraft, preventing the arc from skipping over any cells
it should have come into contact with. The parameters used in this simulation are given in
table 3.3.
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∆tmax =
�arc

V∞
(3.9)

Table 3.3: Simulation parameters: time step refinement

Npoints 400
Duration 0.175 s

rarc 5 mm
Larc 20 m

Speed (V∞) 200 ms−1

Fluid model Inviscid (Euler)

∆tmax 5× 10−5 s
Nmin

timesteps 3500 s

Figure 3.13a illustrates the results of the temporal study. The ∆P norms reduce less
quickly than ∆A. While the potential attachment region is not sensitive to time step (∆A →
0 as ∆t → 0), the actual attachment probability at any point could still experience some
change with time step, even for small values. This is not of significant concern, but it is
important to recognize the limitations of the ∆A metric. A threshold of ∆A ≥ 0.75% was
found to be an appropriate limit for the relative change in attachment area, corresponding to
a minimum of 2500 time steps which validates the calculated minimum of 3500 in table 3.3.

(a) Temporal discretization. (b) Spatial discretization.

Figure 3.13: Results of the swept stroke model refinement study.

3.5.2 Spatial Refinement

It is difficult to properly define a ‘converged’ solution when changing the number of discrete
points in the arc because of its coupling to the spatial discretization of the CFD solution.
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Table 3.4 outlines key simulation parameters used in this study, with results shown in figure
3.13b.

Table 3.4: Simulation parameters: spatial refinement

∆t 0.000025 s
Duration 0.175 s

rarc 5 mm
Larc 20 m

Speed (V∞) 200 ms−1

Fluid model Inviscid (Euler)

Figure 3.13b shows how a sufficiently large number of points can be identified beyond
which the relative change in error becomes small (below the threshold ∆A ≥ 0.75%); in this
case, around 500 points. While the error becomes almost zero above 1000 points, such a fine
discretization excessively increases runtime.

Selecting the number of spatial points is a trade-off between accuracy and computational
efficiency. As explained in section 3.1.2, the model scales with complexity O(N2

points) with
the spatial discretization, while it only scales with O(Ntimesteps) temporally. This means it
is much less computationally expensive to increase the number of time steps than it is to
increase the number of spatial points.

3.5.3 Number of Arcs

When conducting a Monte-Carlo type simulation, it is useful to quantify how many random
samples are needed to capture the complete distribution. Because of the random current
pulses, the charge delivery and action integral metrics could take many hundreds of thousands
of arc simulations before their distributions begin to ‘converge’. However, the more important
and relevant metrics for zoning (probability per unit length and dwell time) should converge
faster. While many statistical methods for evaluating the number of samples do exist [112],
these are difficult to map to a geometric output, so a ‘refinement’-based approach was used
instead.

Figure 3.14 illustrates the results of simulations with different numbers of random sam-
ples, all using the simulation parameters outlined in table 3.5. It is evident that the result
changes very little beyond 2000 arcs, with ∆A falling below the 0.75% threshold defined in
the previous studies, and this study experiences much smaller values of ∥∆P∥1 and ∥∆P∥2.
This means that, beyond approximately 2500 arc simulations, the effect of the number of
samples is almost imperceptible from the effect of the spatial and temporal discretizations.
For the sake of robustness, most simulations in section 4 use 6000 arcs to minimize the error
induced by this sampling.
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Table 3.5: Simulation parameters: Monte-Carlo sampling refinement

Npoints 500
∆t 0.000025 s

Duration 0.175 s
rarc 5 mm
Larc 20 m

Speed (V∞) 200 ms−1

Fluid model Inviscid (Euler)

Figure 3.14: Results of arc count refinement study.
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Chapter 4

Simulation of Aircraft Test Cases

4.1 Military Aircraft: Comparison to Results from the
NASA Storm Hazards Program

4.1.1 The NASA Storm Hazards Program

From 1980-1986, NASA conducted experiments on a modified Convair F-106B in thunder-
storms to gather data on aircraft-lightning interactions [1], [41], [42], [113]–[124]; this was
called the Storm Hazards Program (SHP). The aircraft was struck by lightning more than
700 times, providing a statistically representative collection of lightning attachment points.
To the author’s knowledge, the results of the SHP are the only publicly available data sets
which record the individual paths of lightning swept strokes over an aircraft.

The SHP investigated a broad range of phenomena, gathering data on direct and indirect
effects, initial attachment, and the swept stroke. Swept stroke attachment patterns were
analyzed in test campaigns from 1980-1983 over 17 strikes and are summarized by Fisher et
al. [41].

4.1.2 Simulation of the F-106B Aircraft

Since no freely available CAD models of the F-106B are available online, Fusion360 [125]
was used to create a simplified model based on diagrams and technical reports [126], [127].
The model geometry is illustrated alongside the real aircraft in figure 4.1.

Swept stroke simulations were initialized using randomly generated sets of strikes popu-
lating the hemisphere in front of the nose, illustrated in figure 4.2. The initial attachment
point was set to the tip of the probe at the front of the nose, with the 3σ distance equal to
the length of that probe. While the mapping of the 2D gaussian behaves poorly for such
small geometry (see appendix A), it is clear that the strikes are distributed in an appropriate
manner, especially when evaluated against SHP attachment point records [41], [124].

Most F-106B simulations were conducted using the parameters outlined in table 4.1.
These were selected based on the experimental flight conditions recorded by Fisher et al. [41],
[42], [124]. The freestream density is defined using the International Standard Atmosphere
[72] at an altitude of 20,000 ft (6,096 m). The arc radius, unless otherwise stated, refers to

50



(a) CAD model [126]. (b) Real aircraft.

Figure 4.1: F-106B aircraft geometry.

Figure 4.2: Initialization of 1200 strikes on the F-106B aircraft.

the radius after it has been scaled using equation 2.2.

4.1.3 Strike 8 from the 1981 Campaign

The first simulations validated the choice of fluid model by comparing results which attempt
to replicate a strike recorded during the SHP [41]. The flight conditions during this strike
are summarized in table 4.2, which are notably similar to those used for simulated results in
table 4.1

The real strike was recorded attaching to the aircraft at the tip of the nose, sweeping aft
over the engine inlet and then attaching to the vertical tailplane. Both viscous and inviscid
simulations captured most of this behavior, but failed to model attachment to the vertical
tail. Three potential causes of this discrepancy have been identified: (1) the initialization
of the arc as a straight line, which does not capture the real shape of a lightning arc;
(2) the simulated bank angle is 0◦, while the real strike was recorded at −5.9◦; and (3)
enhancement of the electric field near sharp leading edge surfaces is not resolved, as discussed
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Table 4.1: F-106B simulation parameters

Freestream velocity 200 ms−1

Altitude 6,096 m (20,000 ft)
Freestream temperature 268.15 K

Freestream density 0.521 kgm−3

Pitch angle 2 ◦

Arc length 20 m
Arc radius 9.3 mm
Arc points 500
Time step 0.000025 s

Simulation time 0.15 s

Table 4.2: Flight conditions for strike 8 from the 1981 campaign [41]

Date August 16, 1981
True airspeed 212.9 ms−1

Altitude 7,614 m
Ambient temperature 253.45 K

Pitch angle 3.2◦
Bank angle -5.9◦

Precipitation ‘Negligible’
Turbulence intensity ‘Moderate’

in section 2.2.2.
Figure 4.3 shows snapshots of the simulated swept stroke before and after reattachment

to the engine inlet, which occurred near a simulation time of 0.04675 seconds. The track
of the simulated arc on the surface is shown in red and the attachment points recorded
during the SHP are illustrated in green. Both fluid models captured the reattachment to the
engine inlet, although surface tracks before and after reattachment are different. The inviscid
simulation models smooth sweeping of the arc over the surface, which is to be expected since
the wall ‘no-slip’ condition is not enforced with this model. The viscous model sweeps much
slower but jumps less than the real arc would, because of the lack of small-scale fluctuations
which are removed by Reynolds-averaging.

The Reynolds-averaged viscous model introduces a strong dependency between the rate
of sweeping and the arc radius. This is because the near-wall section of the arc will advect
at the flow speed one radius away from the wall surface. Approximating the thickness of the
boundary layer using a turbulent flat plate model, δ99 ≈ 0.37xRe−1/5

x [128], the conditions
in table 4.2 yield a thickness of 0.015 m at 1 m along the aircraft surface. For an arc
radius of 0.005 m, this means advection is driven from a point within the boundary layer,
where velocity gradients are high, so the rate of sweep could change significantly with radius.
Because the viscous model sweeps slowly along the surface, it fails to properly capture all
regions the lightning arc may touch. The inviscid model, on the other hand, will ‘fill’ gaps
between individual re-attachment points giving a conservative solution for engineering models
(meeting goals †2 and †3).
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0.04625 s

0.0475 s

(b) Viscous, Reynolds-averaged.

Figure 4.3: Swept stroke simulations for strike 8 of the 1981 campaign using different fluid
models.

Figure 4.4 shows how the results of this simulation can be interpreted to understand
the effect of different fluid models on the behavior of individual arcs. An inviscid model
enables continuous sweeping which, although not necessarily physical, better captures the
aggregate behavior of many arcs than the Reynolds-averaged viscous model, in line with
goal †3. The Reynolds-averaged viscous model and the inviscid model are both dominated
by the geometric criteria for reattachment. The viscous model, however, fails to advect the
near-wall segment of the arc sufficiently far before reattachment occurs, meaning part of the
surface does not experience attachment in the simulation despite it being possible during a
real strike, illustrated in purple in figure 4.4.Inviscid Viscous

Reynolds averaged
Viscous

Fully resolved

t0 t1 t2 t0 t1 t2 t0 t1 t2

Inlet Inlet Inlet

(a) Inviscid.

Inviscid Viscous
Reynolds averaged

Viscous
Fully resolved

t0 t1 t2 t0 t1 t2 t0 t1 t2

Inlet Inlet Inlet

(b) Viscous, Reynolds-averaged.

Inviscid Viscous
Reynolds averaged

Viscous
Fully resolved

t0 t1 t2 t0 t1 t2 t0 t1 t2

Inlet Inlet Inlet

(c) Viscous, fully resolved.

Figure 4.4: Behavior of the simulated lightning arc near the engine inlet using different fluid
models.

While the inviscid model does further goal †3, it is vital to consider it’s relevance to
certain flow conditions to ensure that goal †1 is also met. Specifically, use of an inviscid
model will prevent simulations from correctly capturing behavior relating to;

1. Flow separation and wing stall. An inviscid model will not properly resolve separa-
tion of the flow, which could influence how the arc is swept over aerodynamic surfaces
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at high angles of attack. This is unlikely to occur during normal stages of flight since
stall is considered an ‘upset’ phase of flight [129].

2. Vortex shedding and wake turbulence. This includes wingtip vortices and turbulence
aft of the fuselage which could significantly change the flow profile in some regions.
These regions are predominantly aft of the aircraft so again shouldn’t significantly the
results of aggregate simulations.

3. Shock waves. Transonic commercial aircraft often experience shocks on top of the
wing surface, which can influence flow behavior [130]. This isn’t anticipated to signifi-
cantly impact the swept stroke, although very little effort has been made to study the
significance of supersonic effects on the lightning arc.

4.1.4 Strike 4 from the 1980 Campaign

The flight conditions during this strike are not provided in SHP records, although the aircraft
altitude is known to have been 5,182 m [124]. Lightning entry is recorded at the tip of the
nose, sweeping back over the cockpit canopy and then up the leading edge of the vertical
tailplane. The simulated surface track is shown in figure 4.5, where the red track is the
simulation and green dots are SHP data.

Having initialized the arc to be perfectly in line with the vertical tailplane, it is un-
derstandable that simulation results sweep smoothly over its leading edge. An interesting
feature of this sweeping, exhibited in both simulated and real (SHP) data, is the tendency
of the arc to temporarily detach from the leading edge, sweep over the top surface of the
tailplane for a short distance, and then reattach to the leading edge. While the simulation
appears to match this behavior, it is unclear whether the correct mechanism drives it. It
is more likely that this is an artifact of the numerical discretization of the aircraft surface
which happens to appear similar to the real behavior. The real cause of this artifact may be
local electric field enhancement as discussed in section 2.2.2, although further work will be
required to prove this theory. Some arc physics are evidently not fully resolved by this model,
although this is not expected to have a significant impact on the aggregate distribution, so
goal †3 is still met. To ensure goal †1 is met, the discretization of small-radius leading and
trailing edges may require special care as these may induce spurious arc behavior.

Figure 4.5: Strike 4 from the 1980 campaign over the F-106B tailplane.

54



4.1.5 Aggregate Strike Distribution

The distributions of thousands of swept stroke simulations are illustrated in figure 4.6, using
both viscous (Reynolds-averaged) and inviscid fluid models. As explained in section 4.1.3,
the viscous model fails to identify all of the posisble swept stroke regions, making Reynolds-
averaged fluid models particularly poor when considering goal †3. By contrast, the inviscid
model adequately predicts regions of high attachment probability when compared to the ag-
gregate of all swept stroke attachment points recorded during the SHP [41], [124], illustrated
as green dots in figures 4.6 and 4.7. The agreement between inviscid simulation results and
SHP data is further demonstrated in figure 4.7. Because of the superior performance of the
inviscid model, both in terms of accuracy and computational cost, this fluid model shall be
used for the rest of the simulations presented in this work.

(a) Inviscid, 6000 arcs. (b) Viscous, Reynolds-averaged, 2000 arcs.

Figure 4.6: Swept stroke distributions on the F-106B aircraft using different fluid models.

Figure 4.7: Inviscid swept stroke distribution on the F-106B aircraft, bottom view.

Four observations of the aggregated strike distributions can be made which show that
simulations using an inviscid fluid model are valid;

1. The simulation successfully identifies possible swept stroke regions. In the case of this
aircraft, these include most of the surface, with lower probability of attachment on the
wings and tailplane.
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2. The simulated probability per unit length mostly maps to the real distribution of
attachment points. This is especially evident near the front of the aircraft and below
the cockpit canopy, where the highest attachment probabilities occur.

3. The simulation successfully predicts lightning attachment inside the engine inlet, in
line with SHP observations. This justifies the use of a duct instead of a more accurate
treatment of the engine in the CFD simulation for the purposes of lightning zoning.

4. Simulated lightning arcs are swept along the leading edges of the wings and vertical
stabilizer, in line with SHP observations.

Fisher et al. [42] propose a zoning analysis of the F-106B aircraft based on the attachment
points identified during the SHP. Their conclusions agree with these simulations, noting that
the entire aircraft is at risk of experiencing swept-stroke attachment, so there are no zone 3
regions. Identification of regions of long hang-on (essentially all trailing edge surfaces) agree
between the SHP and simulated results. Fisher et al. noted that the inside of the engine
inlet should be treated as zone 2A, which the computational model also demonstrated.

4.1.6 Sensitivity Analysis

A sensitivity analysis was conducted to better understand the effect of different simulation
parameters on results. The arc radius was varied within the bounds of radii identified in
section 2.1.2. Flight conditions, namely altitude, pitch, and yaw, were also varied to explore
their effect on results. Changing flight conditions involved first repeating CFD simulations
with the new parameters. Table 4.3 outlines the tests conducted during the sensitivity
analysis, where the ‘case’ refers to the sub-figures in figure 4.9. The metric ∆A, defined
in section 3.5, was used to quantify the difference between each case and the baseline to
supplement qualitative comparisons.

Table 4.3: Sensitivity analysis for F-106B simulations

Radius (mm) Altitude (m) Yaw (◦) Pitch (◦) Case ∆A
9.3 6,096 0 2 a 0.0
3.7 6,096 0 2 - 7.2
18.6 6,096 0 2 - 7.4
37.2 6,096 0 2 - 8.8
5.8 1,524 0 2 b 6.7
6.7 3,048 0 2 c 6.6
9.3 6,096 5 2 d 29.6
9.3 6,096 0 5 e 22.1
9.3 6,096 0 15 - 49.0

Model Sensitivity to Arc Radius

Given the range of values which could be used to define the lightning arc radius (outlined in
section 2.1.2), it was important to understand how sensitive the model was to this parameter.
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Figure 4.8 shows test cases with four different radii (values include the altitude scale factor),
all of which are qualitatively and quantitatively similar. Provided the radius is relatively
small (<30 mm), it has little effect on results, although ∆A is still larger than the threshold
defined in the model refinement study in section 3.5. Therefore, while the radius does not
significantly impact results, it cannot be wholly neglected.

37.2 mm18.6 mm

9.3 mm3.7 mm

Figure 4.8: Radius parameter exploration; 2000 strikes on the F-106B aircraft.

Model Sensitivity to Aircraft Altitude

Similar to the radius, altitude has only a small impact on simulation results, as illustrated
in the top row of figure 4.9. This is expected since, for most reasonable aircraft altitudes,
the inviscid velocity flowfield won’t significantly change, and any effects of altitude on the
breakdown field strength are negligible because attachment is dominated by the radius-based
criterion. Simulations at different altitudes do experience some change in radius, since the
sea-level radius was kept fixed, although this test was repeated with a fixed absolute radius
and found to produce almost identical results.

Model Sensitivity to Aircraft Orientation

Yaw angle has a significant impact on results, illustrated in figures 4.9 and 4.10. The rela-
tively thin region of initial attachment points is projected underneath the starboard wing,
which is intuitive given the change in flow direction. This significantly changes the distribu-
tion of the lightning strikes, so is of significance when considering a zoning result.

While yaw has a significant impact on the aggregate swept stroke behavior, aircraft spend
much less time at large yaw angles than they do at high pitch. Evaluating the swept stroke
at 5◦ and 15◦ pitch up demonstrates an even more severe effect than 5◦ yaw. These pitch
angles represent a reasonable range for most aircraft during takeoff and climb [131]–[133].
Since many lightning strikes to aircraft occur near 5,000 to 10,000 ft [2], [134]–[137], this is
an important stage of flight to consider when zoning.
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(d)

2º pitch
0º yaw

2º pitch
5º yaw

5º pitch
0º yaw

6,096 m
r = 9.3 mm

3,048 m
r = 6.7 mm

1,524 m
r = 5.8 mm

Figure 4.9: Altitude and attitude parameter exploration; 2000 strikes on the F-106B aircraft.

Figure 4.10: Distribution of 2000 strikes at 5◦ yaw.

Figure 4.11 illustrates the significant effect of pitch angle on the distribution of swept
stroke attachment points, concentrating attachment points into a line along the top of the
aircraft body. This intuitively makes sense since the top of the fuselage essentially becomes
a trailing edge, beyond which airflow will not encounter another component of the aircraft.
This result is dependent on the initial range of lightning arc angles.

The asymmetric behavior in figure 4.11b is caused by the breakdown of the inviscid fluid
model for complex flows. At such a high pitch angle, the flow may become ‘separated’, but
this phenomenon is dependent on the effects of viscosity. Because the inviscid model cannot
resolve separation, it does not converge to the true velocity flowfield, leading to non-physical
arc simulations.
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(a) 5◦ pitch. (b) 15◦ pitch.

Figure 4.11: Distribution of 2000 strikes at high pitch angles.

4.2 Commercial Aircraft: Mapping Model Results to Light-
ning Zones

Verification of the numerical implementation in section 3.5 and validation of the model
physics in section 4.1, demonstrate that goals †1 and †2 have been met. Goal †3 was evaluated
by using the model to generate zoning results for a generic commercial aircraft, as well as
unconventional aircraft in section 4.3.

4.2.1 Simulation of a Commercial Aircraft

A generic commercial aircraft was modeled based on a design created by Yildirim [138]. The
CAD model was simplified, solidified, and the engines were hollowed out to improve the
relevance of CFD results. A computational mesh was generated using Gmsh [109],and SU2
[107] was used to run three CFD simulations at the flight conditions outlined in table 4.4.
The simulation altitude was selected based on data presented in Rakov and Uman [2], [134]–
[137] which recorded a significant number of aircraft lightning strikes at altitudes around
5,000 ft.

Table 4.4: Commercial aircraft simulation parameters

Freestream velocity 200 ms−1

Altitude 1,524 m (5000 ft)
Freestream temperature 278.98 K

Freestream density 1.056 kgm−3

Pitch angle 0◦, ±2◦

Arc length 20 m
Arc radius 5.8 mm
Arc points 500
Time step 0.000025 s

Simulation time 0.205 s

59



The initial condition for this simulation was extended to encompass the 270◦ spherical
segment around the aircraft nose, with a 3σ distance of 1.0 m, which lies within the range
of standard values for small commercial aircraft described in ARP 5414 [26]. The range of
angles was specified to ensure that all possible attachment locations were identified, although
this is expected to produce a conservative zoning result since arcs extending in some of these
directions are more likely to initially attach to the engine cowling or wing tip. Figure 4.12
illustrates this initial condition for the first 500 (of 6000) simulated arcs.

(a) Arc directions. (b) Attachment points.

Figure 4.12: Initial conditions of first 500 simulated lightning arcs on a commercial aircraft.

Swept stroke simulation parameters are also outlined in table 4.4. These were selected
based on descriptions of common flight conditions for aircraft during lightning strikes, sum-
marized by Rakov and Uman [2], [134]–[137]. Because of the significance of pitch angle
identified in section 4.1.6, simulations were repeated at three different angles of attack. The
results of the simulation at +2◦ are shown in figure 4.13.

(a) Attachment probability per unit length. (b) Maximum dwell time per unit area.

Figure 4.13: Commercial aircraft zoning simulation; 6000 lightning arcs, 0◦ pitch.

4.2.2 Zoning Mapping

In keeping with goal †3, a mapping tool was developed to convert the ‘raw’ output of the
model described in section 3.3 into a zoning map for the second lightning zone. This involves
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describing zones 2A and 2B, which correspond to the swept stroke region and the swept stroke
with long hang-on respectively [26].

Because of the significance of pitch angle identified in section 4.1.6, simulations were
conducted at several angles of incidence. When evaluating zoning, these were each tested
individually, and the worst case from all simulations was taken for the final zoning result.
Regions which meet the criteria for zones 2A and 2B are defined as 2B, since this zone
requires a greater level of protection.

Zone 2A: Swept Stroke Zone

Zone 2A must contain all regions in which the swept stroke is likely to come in to contact
with the aircraft. Theoretically, this could be defined using any of the metrics generated by
the swept stroke simulations. Naturally, the attachment probability per unit length is the
most appropriate for defining this region.

Several thresholds were tested and compared to published zoning results [26], [60], [139].
While it would be possible to define zone 2A as all areas which experience contact with a
lightning arc in the simulation, this would be an over-cautious approach to zoning. Instead,
a threshold of Pattachment > 2.5%/m was found to perform optimally. This means that, for
a single lightning strike, at any point within zone 2A, there is at least a 0.0125% chance of
the swept stroke passing within 5 mm (approximately one arc radius) of that point.

Applying this threshold to the statistics outlined in section 1, if this standard was used
on every commercial aircraft worldwide, no more than 4 aircraft per year would experience
instantaneous swept stroke attachment outside of zone 2A. This is a lower percentage of
strikes outside of zone 2A than those recorded in the appendix of ARP 5414 [26], suggesting
that this would be an improvement over current standards. Lalande and Delannoy [31]
identified examples of swept stroke attachment in zone 3 on commercial aircraft, proving
that some attachment outside of zone 2A can occur using current practices.

Zone 2B: Swept Stroke Zone with Long Hang-On

To identify swept stroke regions which may also experience long hang-on, a threshold can
be defined for the lightning dwell time. The model calculates both the average dwell time
and the maximum dwell time (across all of the arcs) at every point. The average dwell time
is coupled to the probability distribution since the dwell time is averaged over all arcs, not
just the arcs which passed through that cell. This means that points with long hang-on and
a low attachment probability could measure the same average dwell time as points with no
hang-on and a high attachment probability. Therefore, the maximum dwell time was used
to define zone 2B, with the added criteria that zone 2B points must first meet the zone 2A
threshold (i.e. the long hang-on must lie within a region of high attachment probability). A
threshold of Tdwellmax > 25.0 s/m2 was found to best capture these regions.

Zoning Result

Applying this zoning mapping to the results on the generic commercial aircraft, the zoning
diagram in figure 4.14a was generated. This is very similar to a zoning diagram published
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by Boeing [60] for a similar aircraft. The planform images in figure 4.14 show a bottom view
on the left side and a top view on the right side.

Top
Bottom

(a) Simulated. (b) Published [60].

Figure 4.14: Commercial aircraft zoning results (fuselage only, excludes zone 1).

Only the initial attachment point at the tip of the nose was simulated, so the swept
stroke from initial attachment to the engine cowlings is not modeled. This explains why
the top view is missing the zone 2A region over the section of the wing behind the engine.
While engine attachment was not included, the long hang-on region at the aft of the engine
cowling is still present, since some arcs attached to the engine during their swept stroke.
Other attachment points which were not included in the initial condition for this zoning
result include the wing and empennage tips, which are more trivial cases.

A key feature of the recommended zoning approach is the extension of zone 2A by 0.5
m onto wing and empennage surfaces. This can be seen near the wing-fuselage joint on the
published zoning diagram in figure 4.14b. This is successfully modeled by the simulated
zoning result in figure 4.14a, although with a more significant extension of nearly 1 m. The
broader extension onto the wing surface can be partly explained by the range of initial arc
directions, some of which are unlikely to attach to the aircraft nose. Arcs which are nearly
parallel to the aircraft wing (i.e. parallel to the pitch axis) are more likely to initially attach
to the wing tip, so initializing them at the nose may not be physical. It is these arcs which
most likely resulted in the broader extension of zone 2A over the wing surface. These effects
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may disappear when the model is coupled to a physical model for zone 1, which can identify
initial attachment points and the arc direction at those attachment points.

4.3 Unconventional Aircraft: Comparison to State-of-
the-Art Zoning Methods

4.3.1 Zoning of a ‘Blended-Wing-Body’

Having demonstrated success zoning a commercial aircraft, the model was applied to its
intended use case. As explored in section 1, novel designs including ‘Blended Wing Bodies’
(BWBs) are poorly understood from a zoning standpoint. A generic BWB was simulated
and the result compared to a zoning map based on current best practices. Kruger [140]
provides a high-quality BWB geometry which was used for these simulations, and which is
conceptually similar to BWB concepts developed by major aircraft manufacturers [14]–[18].

An inviscid flow solution for the blended wing body was computed using StarCCM+ [111].
Using StarCCM+ allowed for the generation of a higher-quality CFD mesh and verified that
the model is compatible with a range of CFD programs. The BWB CFD mesh is illustrated
in figure 4.15. Simulation parameters are outlined in table 4.5. The initial condition for
swept stroke simulations encompassed the hemisphere in front of the nose (similar to the
F-106B test case in figure 4.2), but with a 3σ distance of 3.0 m, which is larger than the value
used for the commercial aircraft (figure 4.12a) because of the larger radius of the BWB’s
nose.

Figure 4.15: Computational mesh used for blended wing body CFD simulations.

The results of a swept stroke simulation at 0◦ pitch are illustrated in figure 4.16. Simu-
lations (both CFD and the swept stroke) were repeated at ±5◦ and ±10◦ to better capture

63



Table 4.5: Blended wing body simulation parameters

Freestream velocity 100 ms−1

Altitude 0 m
Freestream temperature 288.15 K

Freestream density 1.225 kgm−3

Pitch angle 0 ◦, ±5 ◦, ±10 ◦

Arc length 30 m
Arc radius 5.0 mm
Arc points 500
Time step 0.00005 s

Simulation time 0.4 s

the effects of pitch on the distribution of strikes. Again, these results only consider initial
attachment at the nose of the aircraft.

As demonstrated in section 3.5, just over 2000 arcs are necessary to capture the distri-
bution of strikes over the F-106B surface, which was discretized into 257,000 cells. Most of
these cells are larger than the arc radius, so it is appropriate to scale this limit by the number
of surface cells for new calculations. The BWB surface mesh contained 461,700 cells. This
means that at least 3600 arcs are required to reach a similar level of convergence, and 6000
were used for the results presented below.

(a) Probability per unit length. (b) Maximum dwell time per unit area.

Figure 4.16: Blended wing body zoning simulation; 6000 lightning arcs, 0◦ pitch.

The simulated zoning result for the BWB is illustrated in figure 4.17. This uses the same
thresholds for zoning mapping as the commercial aircraft in section 4.2.2. These results
largely behave as expected; the zones in figure 4.17 are based solely on swept stroke arcs
originating from the aircraft nose, so the effects of arcs attaching to the engines, empennage,
or wing tips are ignored.

Using ARP 5414 [26], an attempt was made to generate a zoning map for the blended
wing body which reflects current best practice. To satisfy regulators, this would likely need
to be complimented by a significant amount of experimental testing.
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Figure 4.17: Blended wing body simulated zoning result, considering only attachment at the
nose.

It is challenging to directly apply zoning standards to a blended wing geometry because
of the lack of a clearly defined fuselage and wing. Without a physics-based understanding of
where the swept stroke will move, the empirical models designed for ‘tube-and-wing’ aircraft
may not be valid.

Figure 4.18: Blended wing body zoning result using aerospace recommended practices [26],
considering only attachment at the nose.

Figure 4.18 illustrates a zoning diagram considering only attachment at the nose, ignoring
the swept stroke aft of the engine cowling, wing tips, and empennage. Zones 1A and 1C
were defined to be 1.3 m and 2.6 m from the aft of the initial attachment region respectively,
based on the thresholds outlined in ARP 5414 [26] for a commercial aircraft at 130 ms−1. The
‘initial attachment region’ was defined as the first 0.5 m of the nose, which is a conservative
estimate based on the ARP. Zone 2A was defined as all regions aft of zone 1C, plus a 0.5
m lateral extension on either side. Regions of long hang-on (zone 2B) are defined as a 5 cm
strip along all trailing edge surfaces within zone 2.
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The simulated zoning result demonstrates a larger zone 2A region than the conservative
zoning based on current recommended practices. An interested simulated phenomena is
the swept stroke (2A) region which appears to begin halfway along the fuselage on the
outboard sides. Deducing if this is truly physical behavior would likely require experimental
testing but, if it is physical, this is a behavior which aerospace recommended practices do
not consider. The breadth of the swept stroke region is also much larger for the simulated
result; this may be sensitive to the size of the initial attachment region, which is difficult
to estimate for this aircraft. Using a physics-based attachment point model (for example,
Austin’s model [40]) could improve the robustness of this zoning result.

4.3.2 Zoning of a ‘Truss-Braced Wing’

Another unconventional geometry which manufacturers are investigating is a ‘truss-braced
wing’ (TBW) configuration, where a truss provides structural support for a high aspect-
ratio wing [19]. A representative model of an aircraft using this configuration was created
by adapting a model of a regional jet aircraft [141]. CFD simulations were conducted using
StarCCM+ using the conditions outlined in table 4.6.

Table 4.6: Truss-braced wing simulation parameters

Freestream velocity 100 ms−1

Altitude 0 m
Freestream temperature 288.15 K

Freestream density 1.225 kgm−3

Pitch angle 0 ◦, ±2.5 ◦, ±5 ◦

Arc length 30 m
Arc radius 5.0 mm
Arc points 500
Time step 0.00005 s

Simulation time 0.4 s

Zoning results for the TBW are shown in figure 4.19 using the same thresholds as the
commercial aircraft zoning mapping. An attempt to zone the aircraft using aerospace rec-
ommended practices is illustrated in figure 4.20. Unlike the blended wing body, it would be
reasonable for an engineer to assume that the ARP can be directly applied to a truss-braced
wing, but these plots demonstrate that this is not necessarily the case.

The ARP does appear to produce results which are similar to the simulated zoning. The
simulated zoning result experiences a slightly broader region of attachment on the wing and
the truss. The simulation also identifies a zone 3 region at the aft of the fuselage on each side,
which is likely to be caused by the truss intercepting lightning arcs which would otherwise
sweep into that region; this is not accounted for in the ARP. Long hang-on is identified at
the leading edges of the wing and the truss, which is not modeled by the ARP. However,
it is possible that this long hang-on is a numerical artifact and further simulations with a
refined CFD mesh are needed to confirm whether this is the case.
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Figure 4.19: Truss-braced wing simulated zoning result, considering only attachment at the
nose.

Figure 4.20: Truss-braced wing zoning result using aerospace recommended practices [26],
considering only attachment at the nose.
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Chapter 5

Conclusions

This thesis has presented a physics-based model for the lightning swept stroke and an en-
gineering mapping to translate results into lightning zones. Verification and validation has
been conducted and the model has been applied to conventional and unconventional aircraft.
The results of this work demonstrate that the proposed model is a useful engineering tool
which can be applied to arbitrary aircraft geometries.

Verification has shown that the numerical implementation successfully resolves the phys-
ical model, provided a sufficiently small time step and large number of points are used to
resolve the arc. This is evidenced in section 3.5, where the accuracy of the simulation results
is also quantified.

Data from the NASA Storm Hazards Program proved pivotal in validating the proposed
physics-based model. The validity of an inviscid fluid model for predicting the distribution
of many thousands of lightning arcs has been demonstrated. Limitations of the physical and
numerical model have been identified, including the failure of the model to resolve geometric
enhancement of the electric field.

The sensitivity of the model to several key parameters has been evaluated and, in all
cases, found to be more significant than the model accuracy quantified in section 3.5. The
aircraft orientation is found to most significantly impact results. Since many lightning strikes
occur during climb and descent when pitch angles are greater, the pitch of the aircraft should
be considered closely when evaluating a zoning result.

The ability of the proposed model to predict which regions of an aircraft will experience
the most swept stroke attachment has been validated using aggregated data from the SHP.
This builds confidence for using simulation results to describe lightning zones.

A simple, physically understandable, approach to zoning has been shown to perform very
similar to the current state-of-the-art when applied to a conventional commercial aircraft.
The simulation-based zoning appears to be slightly more conservative than the aerospace
recommended practice, although results are dependent on the initial condition and the choice
of mapping thresholds.

The model was applied to two unconventional aircraft, successfully demonstrating zoning
results which current recommended practices cannot achieve. Critically, the ARP under-
predicts the swept stroke (zone 2A) region over a blended wing body. The ARP does seem
to predict a mapping which is nearly correct for the truss-braced wing, although over-predicts
the swept stroke (zone 2A) region on the fuselage aft of the truss.
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5.1 Future Work

This work has identified several avenues for further exploration;

1. Development of a complete physics-based zoning tool for engineers. Com-
bining the initial attachment point model by Austin [40] with this swept stroke model
and an automated CFD code could enable automatic zoning of arbitrary aircraft ge-
ometries. This would be a valuable tool to the designers of novel aircraft.

2. Development of a complete physics-based zoning tool for certification. Col-
laboration with manufacturers and regulators, along with more verification and valida-
tion, could enable this model to be used for aircraft zoning as part of the certification
process.

3. Computational investigation of small-scale swept stroke mechanisms. Model
parameters such as the arc radius and electric field values are selected based on rel-
atively limited data. Confidence in this model’s results could be improved by using
higher-fidelity simulations of the swept stroke to inform parameter selection.

4. Experimental investigation of swept stroke mechanisms. An experimental
campaign is currently underway at MIT to explore the behavior of the lightning swept
stroke. This is likely to provide valuable insights into the physics and driving mech-
anisms behind the swept stroke. Data from this campaign could also further validate
the proposed model.
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Appendix A

2D Gaussian Distribution

A mapping of a uniform Gaussian (normal) distribution to a 2D surface was needed to define
the set of initial arc attachment points in section 3.2.

A.1 The Multivariate Gaussian Distribution

The univariate and bivariate Gaussian distribution Probability Density Functions (PDFs) are
given in equations A.1 and A.2 respectively. These are plotted next to each other, assuming
a mean µ = 0.0 and standard deviation σ in both directions (x and y), in figure A.1. The
univariate distribution is scaled by 1√

2π
to account for the reduction in maximum probability

when the distribution is extended into two dimensions. It is clear that the 2D distribution
can be created by revolving the 1D distribution about the mean, if and only if the standard
deviation of the 2D distribution is the same in both directions. The assumption is also
made that the correlation, ρ, between x and y is zero, which holds true for this particular
application of the Gaussian distribution. By defining r =

√
(x− µx)2 + (y − µy)2, which

is the distance from the initial attachment point, it can be shown that the 2D distribution
depends only on r.
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Figure A.1: Uniform bivariate Gaussian distribution and univariate distribution scaled by
1√
2π

.

A.2 Mapping to an Arbitrary Surface

Mapping this distribution to a sample of points on an arbitrary surface is not particularly
complex, given a defined ‘mean’ point and distance σ. The ‘mean’ µx and µy correspond to
the coordinates of the initial attachment point in the parameterized 2D coordinate system
of the surface. A nuance to this mapping is that the distribution will ‘wrap’ around sur-
faces with a circumference smaller than the 3σ distance. This impacts the definition of the
initial condition for the F-106B case (although not in a particularly significant manner), as
visualized in section 4.1.
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Appendix B

Normalization of Swept Stroke Surface
Data

Section 3.3 explains how metrics relating to the aggregate of many arcs require normalization
to filter out the effects of mesh size on results. The cell size can vary significantly over the
surface of a CFD mesh, so it is important that this is conducted correctly. By inspecting
three different approaches to normalization for each metric, the preferred implementation
has been selected and verified.

B.1 Probability Distribution

The probability distribution is calculated based on the fraction of all simulated arcs which
pass through each cell. Within each cell, the time the arc spends within the cell has no
impact on the probability, only the presence of the arc at some point during the simulation.
This metric must be normalized by the cell width, which is estimated using the square root
of the cell area because the model can process unstructured grids with cells of many shapes.

Normalizing the probability distribution per unit length can be justified by considering
the probability of an arc passing through a fluid equipotential (equipotentials are normal
to streamlines). Assuming arcs are swept smoothly (ignoring jumping), the sum of the
attachment probability along any equipotential must equal 1 (i.e. all arcs will cross the
equipotential once, assuming the flowfield is somewhat uniform). When the probability is
expressed per unit length, this can be shown using the line integral in equation B.1, where
p(s) is the probability per unit length of the arc passing that equipotential at point s.∮

equipotential A

p(s)ds =

∮
equipotential B

p(s)ds = 1.0 (B.1)

Normalization by cell length can be further verified by considering the swept stroke in
a simple example of a structured CFD grid, shown in figure B.2. For each normalization
approach, the diagram on the left illustrates a mesh with cells twice as large as the mesh
on the right. This makes it clear that the probability distribution is only independent of
cell size when normalized by cell length. The values in figure B.2 show the number of arcs
passing through each cell, divided by the specified normalization quantity.
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Figure B.1: Sweeping of arcs past lines of equipotential.

2 0

2 0

1 1 0 0

1 1 0 0

1 1 0 0

1 1 0 0

V∞

2
1

(a) No normalization.

1 0

1 0

1 1 0 0

1 1 0 0

1 1 0 0

1 1 0 0

(b) Cell length.

0.5 0

0.5 0

1 1 0 0

1 1 0 0

1 1 0 0

1 1 0 0

(c) Cell area.

Figure B.2: Probability distribution normalization methods.

B.2 Time Integrals

Time-dependent quantities include dwell time, charge delivery, and action integral, as de-
scribed in section 3.3.2. These must be normalized by cell area and not cell width, because
the time the arc spends within the cell does impact the metric. This is illustrated in fig-
ure B.3, where the swept stroke moves at a constant rate of 1 unit per second, and the values
in each cell represent the dwell time within that cell divided by the normalization metric.
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Figure B.3: Normalization methods for time-integrated metrics.
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Appendix C

Computational Fluid Dynamics
Parameters

Since this work does not primarily focus on Computational Fluid Dynamics (CFD), the
decisions and parameters relating to fluid simulations are not explained in detail in the main
body of the report. Care was taken to ensure results were as accurate and robust as possible,
following industry best practices [94], [110].

C.1 Viscous Simulations: Flow360

The Flow360 solver is well-validated for aircraft test cases [97], [105], [142]. The parame-
ters used for the F-106B simulation are listed in table C.1. Flow360 uses a node-centered,
unstructured, 2nd-order, finite-volume solver. A MUSCL extrapolation allows discretization
schemes to achieve higher spatial orders of accuracy and the Spalart-Allmaras turbulence
model was used for the simulations in this work. Information on the meaning of all of the
parameters in table C.1 is available in Flow360 Documentation [142]. Solver parameters
were based on the advice of Qiqi Wang, who co-leads the Flow360 team alongside Phillipe
Spalart (of the Spalart-Allmaras model).
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Table C.1: Flow360 CFD parameters

Mesh
Refinement Factor 1

First Layer Thickness 0.00001 m
Growth Rate 1.2

Gap Treatment Strength 0
Solvers

Transience Steady-state
Turbulence Spalart-Allmaras (SA)

SA Rotation Correction Off
Convective Flux Scheme Roe Reimann

Viscous Flux Scheme Central Differencing
MUSCL Scheme 2nd Order Upwind (κ=-1)

Spatial Discretization 2nd Order
Conjugate Heat Solver Off

Aeroacoustics Off
Output Format Paraview

Solver Parameters
Maximum iterations 5000

Initial CFL 1.0
Maximum CFL 100.0

CFL Ramp Steps 1000
NS Solver Tolerance 1e-9

NS Solver Linear Iterations 35
SA Solver Tolerance 1e-8

SA Solver Linear Iterations 25

C.2 Inviscid Simulations: SU2

The SU2 solver is also well-validated for flows over aircraft [107] and was used in this work
to compute inviscid flowfields. Documentation was used to understand and select appro-
priate models and parameters [143], which are outlined in table C.2. Mesh generation was
conducted using Gmsh [109].

C.2.1 Mesh Generation: Gmsh

The computational domain for the inviscid simulations of the F-106B aircraft is illustrated
in figure C.1, which also shows the rectangular mesh refinement region. Table C.3 shows the
Gmsh parameters used to generate the CFD mesh for this test case, where field F1 corre-
sponds to the box region in figure C.1. By default, Gmsh uses the Delaunay triangulation
algorithm to generate a 3D tetrahedral mesh [109].
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Table C.2: SU2 CFD parameters

Solvers
Solver Euler

Math Problem Direct
Fluid Model Standard Air

Spatial Gradients Weighted Least Squares
Linear Solver FGMRES

Linear Solver Preconditioner Incomplete LU
Convective Flux Scheme Jameson-Schmidt-Turkel

Time Discretization Euler Implicit
Convergence Parameter Surface Mach (Cauchy Series)

Solver Parameters
Maximum Iterations 9999

CFL (Finest Grid) 25.0
Adaptive CFL ( 0.1, 2.0, 25.0, 1e10 )

Runge-Kutta Coefficients ( 0.66667, 0.66667, 1.000000 )
Linear Solver Error 1e-6

Linear Solver Iterations 10
JST Coefficients ( 0.5, 0.02 )

Convergence Cauchy Elements 50
Convergence Cauchy Epsilon 1e-10

Table C.3: Gmsh mesh generation parameters

Mesh Size Field F1*(F2+15)
Box (F1) VIn 2

Box (F1) VOut 10
Box (F1) Thickness 200 mm

Distance (F2) Sampling 20

C.3 Inviscid Simulations: StarCCM+

StarCCM+ is an industrial CFD code built on an unstructured finite volume solver. The
parameters used for inviscid simulations in this code are outlined in table C.4

C.3.1 Mesh Generation: StarCCM+

The mesh generation parameters are outlined in table C.5 and the resulting mesh is illustrated
in figure 4.15 in section 4.3. When simulating the truss-braced wing using StarCCM+,
additional refinement factors were applied to ensure the truss structure was properly resolved;
a base size of 200 m was used for the TBW.
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Figure C.1: Gmsh mesh generation domain and refinement region.

Table C.4: StarCCM+ CFD parameters

Solvers
Fluid Gas

Transience Steady
Flow Solver Coupled (density-based)

Coupled Integration Implicit
Coupled Discretization 2nd Order

Coupled Scheme Weiss-Smith Preconditioned Roe
Density Constant

Gradient Limiter Venkatakrishnan
Linear Solver AMG

Solver Parameters
CFL Control Automatic

Initial CFL 1.0
Minimum CFL 0.1
Maximum CFL 100000.0

Coupled Solver Relaxation 0.3
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Table C.5: StarCCM+ mesh generation parameters (blended wing body)

Meshers
Core Volume Tetrahedral

Surface Surface Remesher
Surface Remesher
Meshing Method Triangle

Curvature Refinement On
Curvature Pts/Circle 36

Proximity Refinement On
Proximity Pts in Gap 2.0
Surface Growth Rate 1.2

Compatibility Refinement Off
Aligned Meshing On
Tetrahedral Mesher

Base Size 150.0 m
CAD Projection On

Target Surface Size 100% Base
Minimum Surface Size 0.1% Base
Volume Growth Rate 1.1

Maximum Tet Size 10000% Base
Core Mesh Optimization Cycles 1

Quality Threshold 0.4
Aircraft Surface Refinement

Target Surface Size 0.15 m
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[133] M. Ivanković, M. Vrdoljak, M. Andrić, and H. Kozmar, “Angle-of-Attack Estimation
for General Aviation Aircraft,” en, Aerospace, vol. 10, no. 3, p. 315, Mar. 2023, issn:
2226-4310. doi: 10.3390/aerospace10030315. [Online]. Available:
https://www.mdpi.com/2226-4310/10/3/315 (visited on 04/16/2024).

[134] R. B. Anderson, “Lightning phenomena in the aerospace environment,” Transactions
of the South African Institute of Electrical Engineers, vol. 66, no. 8, pp. 166–171,
1975.

[135] F. A. Fisher and J. A. Plumer, Lightning Protection of Aircraft, 2nd ed.
Massachusetts, USA: Lightning Technologies Inc, 1999.

[136] Y. Goto and K. Narita, “LIGHTNING INTERACTION WITH AIRCRAFT AND
WINTER LIGHTNING OF JAPAN,” en, Journal of Atmospheric Electricity, vol. 6,
no. 1, pp. 27–34, 1986, issn: 0919-2050. doi: 10.1541/jae.6.27. [Online]. Available:
https://www.jstage.jst.go.jp/article/jae/6/1/6_27/_article (visited on
04/15/2024).

[137] J. A. Plumer, N. O. Rasch, and M. S. Glynn, “Recent data from the airlines
lightning strike reporting project,” en, Journal of Aircraft, vol. 22, no. 5,
pp. 429–433, May 1985, issn: 0021-8669, 1533-3868. doi: 10.2514/3.45142. [Online].
Available: https://arc.aiaa.org/doi/10.2514/3.45142 (visited on 04/15/2024).

[138] B. Yildirim, Boeing 737-800, CAD Model, Online, Oct. 2016. [Online]. Available:
https://grabcad.com/library/boeing-737-800-1.

[139] Boegger Industech Limited, Micro Expanded Copper Mesh Aircraft Lightning
Defence Application, 2024. [Online]. Available:
https://www.copper-mesh.com/technology/micro-expanded-copper-mesh-lightning-
defence-application.html.

91

https://doi.org/10.2514/1.J051187
https://arc.aiaa.org/doi/10.2514/1.J051187
https://safetyfirst.airbus.com/a-focus-on-the-takeoff-rotation/
https://doi.org/10.3846/aviation.2020.12815
https://journals.vilniustech.lt/index.php/Aviation/article/view/12815
https://doi.org/10.3390/aerospace10030315
https://www.mdpi.com/2226-4310/10/3/315
https://doi.org/10.1541/jae.6.27
https://www.jstage.jst.go.jp/article/jae/6/1/6_27/_article
https://doi.org/10.2514/3.45142
https://arc.aiaa.org/doi/10.2514/3.45142
https://grabcad.com/library/boeing-737-800-1
https://www.copper-mesh.com/technology/micro-expanded-copper-mesh-lightning-defence-application.html
https://www.copper-mesh.com/technology/micro-expanded-copper-mesh-lightning-defence-application.html


[140] M. Kruger, Blended Wing Body, vsp3, GitHub, Feb. 2024. [Online]. Available:
https://github.com/danielenriquez59/vsp-
gmr/tree/59b5eaee1947f67ffdae11f87637fa07d0d6a850/models/BWB.

[141] D. Scholtz, ATR 72, May 2020. [Online]. Available:
https://www.fzt.haw-hamburg.de/pers/Scholz/OpenVSP/ATR72.html.

[142] Flexcompute Inc., Flow360 Documentation, 2023. [Online]. Available:
https://docs.flexcompute.com/projects/flow360/en/latest/index.html.

[143] SU2 Documentation, 2024. [Online]. Available:
https://su2code.github.io/docs_v7/Solver-Setup/.

92

https://github.com/danielenriquez59/vsp-gmr/tree/59b5eaee1947f67ffdae11f87637fa07d0d6a850/models/BWB
https://github.com/danielenriquez59/vsp-gmr/tree/59b5eaee1947f67ffdae11f87637fa07d0d6a850/models/BWB
https://www.fzt.haw-hamburg.de/pers/Scholz/OpenVSP/ATR72.html
https://docs.flexcompute.com/projects/flow360/en/latest/index.html
https://su2code.github.io/docs_v7/Solver-Setup/

	Title page
	Abstract
	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	1 Introduction
	1.1 Lightning Phenomena
	1.2 Aircraft-Lightning Interactions
	1.2.1 Aircraft-Lightning Physics
	1.2.2 Lightning Damage on Aircraft

	1.3 Aircraft Lightning Zones
	1.3.1 Zone Definitions
	1.3.2 Current Zoning Methods
	1.3.3 Physics-Based Methods


	2 Physical Model
	2.1 Arc Representation
	2.1.1 Reattachment and Reconnection
	2.1.2 Arc Parameters

	2.2 Surface Effects
	2.2.1 Materials and Coatings
	2.2.2 Geometric Electric Field Enhancement

	2.3 Fluid Models
	2.3.1 Transient Effects
	2.3.2 Viscous Effects


	3 Numerical Implementation
	3.1 Arc Model
	3.1.1 Spatial Discretization
	3.1.2 Reattachment and Reconnection
	3.1.3 Electrical Current Waveform

	3.2 Initialization
	3.2.1 Attachment Point Generation
	3.2.2 Field Direction Generation

	3.3 Model Outputs
	3.3.1 Attachment Probability
	3.3.2 Additional Metrics

	3.4 Computational Fluid Dynamics
	3.4.1 Viscous Simulations
	3.4.2 Inviscid Simulations

	3.5 Verification of the Swept Stroke Model
	3.5.1 Temporal Refinement
	3.5.2 Spatial Refinement
	3.5.3 Number of Arcs


	4 Simulation of Aircraft Test Cases
	4.1 Military Aircraft: Comparison to Results from the NASA Storm Hazards Program
	4.1.1 The NASA Storm Hazards Program
	4.1.2 Simulation of the F-106B Aircraft
	4.1.3 Strike 8 from the 1981 Campaign
	4.1.4 Strike 4 from the 1980 Campaign
	4.1.5 Aggregate Strike Distribution
	4.1.6 Sensitivity Analysis

	4.2 Commercial Aircraft: Mapping Model Results to Lightning Zones
	4.2.1 Simulation of a Commercial Aircraft
	4.2.2 Zoning Mapping

	4.3 Unconventional Aircraft: Comparison to State-of-the-Art Zoning Methods
	4.3.1 Zoning of a `Blended-Wing-Body'
	4.3.2 Zoning of a `Truss-Braced Wing'


	5 Conclusions
	5.1 Future Work

	A 2D Gaussian Distribution
	A.1 The Multivariate Gaussian Distribution
	A.2 Mapping to an Arbitrary Surface

	B Normalization of Swept Stroke Surface Data
	B.1 Probability Distribution
	B.2 Time Integrals

	C Computational Fluid Dynamics Parameters
	C.1 Viscous Simulations: Flow360
	C.2 Inviscid Simulations: SU2
	C.2.1 Mesh Generation: Gmsh

	C.3 Inviscid Simulations: StarCCM+
	C.3.1 Mesh Generation: StarCCM+


	References

