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Abstract

®

CrossMark

A lightning channel attached to an aircraft in flight will be swept along the aircraft’s surface
in response to the relative velocity between the arc’s root (attached to a moving electrode)
and the bulk of the arc, which is stationary with respect to the air. During this process, the
reattachment of the arc to new locations often occurs. The detailed description of this swept
stroke is still at an early stage of research, and it entails the interaction between an electrical
arc and the flow boundary layer. In this paper we examine the implications of the structure
of the boundary layer for the arc sweeping and reattachment process by considering different
velocity profiles, both for laminar and turbulent flow, as well as a high fidelity description,
using large eddy simulation, of transitional flow over an airfoil. It is found that the local
velocity fluctuations in a turbulent flow may be important contributors to the reattachment
of the arc, through a combination of an increased potential drop along the arc and local
approaches of the arc to the surface. Specific flow features, such as the presence of a laminar
recirculation bubble, can also contribute to the possibility of reattachment.

Keywords: arc reattachment, lightning arc, swept stroke, aircraft lightning protection

(Some figures may appear in colour only in the online journal)

1. Introduction

The problem of a lightning strike to aircraft presents two
main differences compared to lightning strike to ground based
structures [1, 2]. On the one hand, the aircraft is a floating con-
ductive body in the presence of an ambient electric field. As
such, it becomes polarized with one end becoming positively
charged and the opposite end becoming negatively charged,
even under zero net charge conditions. This effect signifi-
cantly enhances the electric field on the aircraft’s surface and
its vicinity, and the amplification can be sufficient to trigger a
bidirectional leader from the body [3, 4]. Through this mech-
anism, that is responsible for over 90% of the lightning strikes
to aircraft [5], the aircraft becomes the trigger of the lightning
discharge; meaning that lightning would not have occurred in
the absence of the aircraft.

On the other hand, once the lightning arc has been estab-
lished, the arc develops between a stationary electrode (the

0022-3727/16/375204+14$33.00

cloud or the ground) and a moving electrode (the aircraft)
[6]. That is, the majority of the arc’s length is stationary with
respect to the air but the segment close to the surface has a rel-
ative velocity as a consequence of the aircraft’s motion. The
segment in close proximity to the aircraft body is elongated,
or swept. This can lead to a reattachment of the arc to a new
attachment point along the aircraft’s surface [6, 7].

Insight into the arc’s inception physics and the swept stroke
phase, can help predict the initial attachment points of the arc
to the aircraft, as well as the possible reattachment points due
to the sweeping of the arc. Determining where these points are
located is crucial in terms of ensuring that adequate protec-
tion measures are embedded in the vehicle. The exercise of
determining the most vulnerable zones of the aircraft, from the
lightning strike perspective, is usually referred to as zoning [8].

In this work, we focus on the sweeping of a lightning arc
for a given initial attachment point. This problem entails the
complex interaction between an electrical arc and a fluid

© 2016 IOP Publishing Ltd  Printed in the UK
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boundary layer. Note that the problem of an arc in crossflow
and the reattachment phenomenon is not specific to the air-
craft-lightning interaction case, as it closely resembles the
phenomena encountered in magnetically-driven arcs [9, 10];
and has important implications in the development of plasma
torches [11-19].

In the context of the sweeping of lightning arcs along air-
craft, the problem has been previously studied both exper-
imentally, through flight campaigns [7, 20, 21] and laboratory
experiments [6, 22, 23]; as well as analyzed theoretically
[5, 24-31]. In particular, previous theoretical work has dealt
with the sweeping of an arc over a flat plate convected by a
parallel laminar flow, as defined by the Blasius boundary layer
profile [25, 27, 28, 30, 31]; or otherwise, when considering
complex 3D objects such as an aircraft, the inviscid solution
of the flow is used (potential flow), while ignoring the effects
of the viscous boundary layer [5, 25, 26, 29].

In this work, we expand on the findings from the litera-
ture by moving beyond the Blasius solution and exploring
the effect of important characteristics, found in real boundary
layers of aircraft, on the arc reattachment process. In par-
ticular, we consider the evolution of an arc in a turbulent
boundary layer profile; the effect of instantaneous and local
velocity fluctuations; as well as other flow effects like laminar
to turbulent flow transition.

2. Arc reattachment and arc reconnection criteria

2.1. Arc reattachment

A detailed evaluation of the behavior of the lightning arc
along an aircraft’s surface would require simultaneous solu-
tion of the physics of the arc column and the transverse fluid
flow. Moreover, the self-consistent modeling of the reattach-
ment process would need the incorporation of very detailed
physics, including non-equilibrium plasma effects [19]. In this
work, we choose to consider a detailed flow model, since the
focus is on the effect of realistic flow effects on the dynamics
of the arc, at the expense of using a simpler model for the arc
and the reattachment physics.

The arc model considered is that presented in [5, 25,
26, 29]. More specifically, the arc is modeled as a fluid line
attached to the surface of the body (the mobile electrode). The
elongation of the arc under a prescribed velocity field is then
evaluated by integrating the trajectories of the fluid particles
belonging to that line, following a Lagrangian approach.

For the flow field model, we will employ different velocity
profiles, both for laminar and turbulent flow, as well as a high
fidelity description, using large eddy simulation, of trans-
itional flow over an airfoil. Consideration of high Reynolds
number turbulent flow, instead of laminar flow, introduces
(1) a sharper velocity profile; and (2) the effects of having
a time-dependent arc meandering due to the turbulent fluc-
tuations. This second effect, as will be seen, may be a domi-
nant contribution to the re-strike process, as it leads to close
approaches of the arc to the wall.

The problem is solved in the frame of reference of the air-
craft [31]: the electrode representing the aircraft’s surface is

Figure 1. Evaluation of the criterion for arc reattachment based
on the gas gap between arc and surface reaching the breakdown
threshold. The arc is marked in red. Reference system is that of the
electrode.

immobile whereas the flow outside the boundary layer has a
velocity u, along x. Figure 1 illustrates the evolution of the arc
being convected by a 2D boundary layer, from which the reat-
tachment criterion is derived.

In particular, for the 2D boundary layer profile pictured in
figure 1, the velocity is a function of the coordinate orthogonal
to the wall, y, which has been non-dimensionalized by the
thickness of the boundary layer 6 (n = y/0),

_ u
ia(n) = —.
(m " (1)
The elongation of the arc, as convected by this velocity
field becomes
X Ut

§= e ?’7(77), 2)

o] (ge)
s_é_fo ”(dn)d’” 3)

where ¢ is the coordinate along the wall and § the normalized
arc length at point P given by (&, n).

Inside the arc, an electric field of magnitude Ej, develops.
For the case of a stationary free burning arc with current of
1000 A, the authors of [25] quote an internal electric field of
150V m~!. In the presence of a transverse aerodynamic flow,
the internal electric field depends not only on the current but
also on the velocity due to the increased thermal losses

E int
E,

= Ein(@0), 4)

where E, is a reference field (dependent on the arc current)
and Ei, (i) is a normalized internal electric field that depends
on the nondimensional velocity i. Note that for a freely con-
vected arc, such as the one here considered, the field enhance-
ment may not be very important, since the relative velocity
between air and arc will be negligible. For the particular case
in which the internal electric field of the arc can be consid-
ered constant, E;, (i) = 1 and E, is the internal field of the
arc. The authors of [25, 32], consider this dependency of the
form Ei(i1) = %>,
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(b)

Figure 2. Algorithm and example of arc reconnection for a highly tortuous arc. (a) Reconnection criterion: before (blue line) versus after
(red line). (b) Computed reconnection example: arc before (blue line) versus arc after (red line).

Taking the surface as the reference potential ® = 0, the
electrostatic potential for any given point P along the arc can
be evaluated by integrating the internal electric field along it

L
Lo fo Ein(a(5))ds. 3)

The potential difference between any point P in the arc and
the electrode surface results in an electric field, acting on the
gas gap between them, of value

E, @ @ [ En@®)ds

=7 = = (6)
E, Ey (Ed)n n

In the case of a constant internal field of the arc, this equa-
tion reduces to

S 7
E, n
The reattachment criterion is reached whenever the electric
field in the air gap, between arc and surface, surpasses the
electrical breakdown threshold of the air, E}, that is, whenever
E, E _
n bk
— 22— = En (8)
E, E,
The criterion is easily extended to a 3D geometry, as
required in section 6.

2.2. Arc reconnection

Previous studies in the literature predict 2D arc geometries that

. d . .
are monotonic, d—? > 0, as a result of using a laminar boundary
LS

layer profile [25, 27, 28, 30, 31], see figure 1. When consid-
ering 3D unsteady turbulent boundary layer profiles (such as
the ones encountered in real aircraft), the arc can present high
tortuosity, becoming entangled in itself and introducing the
possibility of arc reconnection. Following the same rationale
as in section 2.1, arc reconnection is here predicted whenever
the electric field between two points in the arc, P; and P}, is
above the breakdown threshold of the air gap. It will depend,
not only on the proximity of the two points, d; ;, but also on
the length of the segment of arc between them, |s; — s;|, since
this last term will define the potential drop between the two
points |®; — &;|, see figure 2:

dij = |ri =7l )
S B iy e
s _ By _[%-® [ B (10)
YUUE, Ediy d; 16 '
It reduces to the following equation
_ ‘Sj — Sil
Eij=—r7r 11
= (1)

when we assume that the arc has a constant internal electric
field.
The arc reconnection criterion is therefore defined:

E;j>Ep, (12)

where, if reconnection is predicted, a new straight segment of
arc is established between the points P; and P;, and the old seg-
ment of arc (much longer) will fade away, since the current will
now flow through the shortest path which will be more energeti-
cally favorable. Figure 2(a) illustrates the arc reconnection cri-
terion for a 3D arc, where the arc before reconnection is marked
in blue and the new arc, after reconnection, is marked in red.
Figure 2(b) shows an actual computation for the 3D unsteady
turbulent flow field over an airfoil (section (6)), that predicts
reconnection. If reconnection is predicted, the tortuosity and
length of the arc suddenly drop. The tracking of the evolution of
the arc can be continued by restarting the time integration from
the new arc and evaluating the modified potential drop along the
arc assuming the internal electric field is Ejpy.

The impact of tortuosity on arc elongation (the arc length s
will be higher for a tortuous arc as compared to a monotonic
arc) has been considered before, as introduced by magnetic
effects [33] or an anisotropic conductivity of the arc [34].
Here, we introduce a new source of tortuosity, for which the
unsteady turbulent flow is responsible.

Note that the arc reconnection condition, as well as the
reattachment criterion in section 2.1, assume an infinitesi-
mally thin arc. In reality, there must be a second reconnection/
reattachment condition based on electrical contact between
two points, when the minimum distance between two dis-
tinct points in the arc, or between arc and wall, is of the
order of the arc diameter (as used by [33]). The complica-
tion is defining precisely that diameter, since it may or may
not include a corona halo around the arc. In addition, [31]
showed that the criterion for reattachment might need to be
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Figure 3. Blasius profile with constant internal arc electric field. The profiles presented are spaced by u,At/6 = 250. (a) Blasius profile. (b)
Blasius profile with vertical arc segment of length /,/6 = 0.8 (as in [25]).

revisited for an arc diameter of the order of the boundary
layer thickness, since they predicted that the lightning arc
would be stuck to the surface with no observable air gap
between surface and arc. In what follows, the implications
of a finite arc diameter will not be considered, and will be
explored in future work.

3. Arc evolution in 2D boundary layer profiles

3.1 Laminar boundary layer flow: the Blasius profie

We begin the discussion by considering the laminar boundary
layer over a semi-infinite plate parallel to a uniform 2D flow
with velocity u,. The solution to this problem is the well
known Blasius boundary layer profile [35].

Figure 3(a) shows the evolution of an arc, initially at £ = 0
(arc orthogonal to the plate), as a function of time, u,t/9, and as
convected by the Blasius velocity profile. The evolution of the
arc needs to be tracked numerically, since the Blasius profile
does not have an analytic solution. The profiles presented are
spaced by u,At/6 = 250, and ¢ is taken as a constant (ignoring
the actual growth of the boundary layer with the streamwise
coordinate £). In the case of a constant internal electric field
in the arc, E;,, = 1, the electric field in the air gap between
arc and plate, E;/E,, is also shown. The breakdown threshold,
Ey, is here taken as 500 (to compare with the data in [25]
using By, = 1.5-10° Vm~ at 0.5 atm, and E, = 3kV m™,
foru, = 50 ms~'and I = 600 A).

In this situation, for a laminar boundary layer and a con-
stant internal arc electric field, there is no likely reattachment
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Figure 4. Blasius profile with internal arc electric field dependent on transverse flow velocity, Ein (i) = i@

spaced by u,At/6 = 250.

point because the maximum of E,/E, is always encountered at
the root of the arc itself, so the attachment point will remain
at the root indefinitely. This suggests that arc elongation by a
laminar boundary layer is not sufficient to provide arc reattach-
ment and another effect must be responsible for this process to
take place. However, beyond the instantaneous arc elongation
shown in figure 3(a) (when the maximum field has reached the
breakdown threshold) continuous sweeping of the arc along
the electrode surface can occur. This can be explained since,
if the same elongation were to continue, more and more of the
arc’s points would surpass the breakdown threshold of the air
gap between arc and plate. Therefore, continuous sweeping
is possible, but a skipping or reattaching arc will not occur,
based on the flow field structure alone.

The authors of [25] introduce two additional effects: (1) a
vertical segment of the arc at the arc root and (2) the depend-
ency of the internal electric field of the arc with the velocity
profile.

In the first case, a vertical segment at the attachment point,
that is convected at the velocity of the upper most point of that
segment, translates into a continuous sweeping of the arc along
the surface instead of having a fixed root at (¢, 1) = (0, 0), see
figure 3(b). Moreover, in terms of the likelihood of reattachment,
the inclusion of this vertical segment introduces the possibility
of a re-strike. This observation is independent of whether or not
the anchor point stays in place, so long as there is a stiff root. At
any given time, figure 3(b) shows that the electric field between
the arc and the plate, E,/E,, is now maximum at a point that
is not the original arc root (7 = 0), around 7= 2.7. This point
becomes a possible reattachment point. More specifically if
E,E,> Ey, reattachment will occur, as marked by the new arc
segment in red, and the old segment fades away. The reattach-
ment point occurs at u.t/6 ~ 1980, which corresponds to an arc
dwell time (time the lightning channel attaches to a given point)
of ~ 40 ms and a skip distance (distance between two consecu-
tive attachments) of ~ 2 m, comparable to the values reported
in [25] (6 is taken as 1 mm).

1 1 1 1 1
/IQZ 300 350 400 450 500

a

i%'3. The profiles presented are

The second effect, the dependency of the arc’s internal
field with the flow velocity, is shown in figure 4. Introducing
this effect also allows for the existence of a point along the
arc of maximum E,/E,, that is, a possible reattachment point
if the breakdown threshold is reached. Using the same values
as in the previous example, the reattachment point happens
for u,t/6 ~ 2700, which corresponds to an arc dwelling time
of ~ 54 ms and a skip distance of ~ 2.7 m.

All'in all, the arc reattachment driven by a laminar boundary
layer can only occur if the internal arc electric field depends
on the velocity profile or, otherwise, if there is a stiff arc seg-
ment at the root.

For an arc that is convected by the flow, as the one con-
sidered in this analysis, the relative velocity of the arc with
respect to the air will be close to zero, and therefore cooling of
the arc and modification of the internal field due to convective
thermal losses cannot be justified.

On the other hand, whereas the rationale behind inserting a
vertical arc segment in [25] is not clear, it is well known that
strong cathodic, and to some extent anodic, electromagnetically
induced jets occur at arc attachments that could be indeed
responsible for a stiffening of the arc at its root. In this situation,
the anchor point would stay in place, and the vertical segment
would be exposed to the transverse and vertical flow contrib-
utions, leading to a partial tilting of this segment. A simple
estimate of the vertical velocity induced by such a jet gives:

Vi = \ pl/(2m%pRY), with p, the magnetic permeability,
p the density and R, the arc radius at the root [36]. For example,
for I =600 A, R, = Imm and p = 0.6 kg m~3, the velocity of
the jet is v;~ 200 m s~ ! The penetration length of a jet into a
transverse flow is given by [37] as [; = \/ritvj/(pu), which cor-

responds to the square root of the jet-to-cross flow momentum
flux ratio. For the case of interest, this length becomes

li=4 uOIZ/(Sﬂ'pug), and for the values considered /; ~ 3.5 mm
which is of the order of the boundary layer thickness at hand.
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Figure 5. Mean turbulent boundary layer profile (wall layer) with constant internal arc electric field. The profiles presented are spaced by
uiAt/zx = 32.5. Note that the sharp corner is smooth in reality but does not affect the behavior.

3.2. Turbulent boundary layer flow: the linear-log wall layer

When considering turbulent flow, as is more representative
of the high Reynolds number flow around an aircraft, the
boundary layer has a very different appearance. Turbulent
flow is characterized by chaotic fluctuations in all three comp-
onents of the velocity, but for many purposes it is sufficient
to evaluate the mean velocity field by averaging out the local
instantaneous fluctuations. In this averaged sense, a turbulent
boundary layer has a three-layer structure: the laminar or linear
sublayer, the overlap or log layer (these two layers combined
are the so-called wall layer) and the wake or outer layer [35].

The wall layer is generally expressed in terms of wall unit
velocity and length scales, that is:

_ Tw I — 14
Ur = > T T »
p Ur

where 7, = pui is the shear stress at the wall, and v the kine-
matic viscosity. The wall velocity is related to the external

(13)

flow velocity by the friction coefficient Cy = 2u$/uf. The
corresponding nondimensionalized velocity, normal coordi-
nate to the wall, and streamwise coordinate are:

xXu u’t
y = = —, _x+ = —T = Lu+’
1% 1%
(14)
which are referred to as the wall variables, and play the role

of the i, 1, £ variables introduced in the scaling of the laminar
boundary layer analysis. The laminar sublayer is given by:

ut(yh) =y", (15)
and the log-layer by:

ut(yt) = 1 Iny* + B,
K

(16)

transition

turbulent
boundary layer

laminar
boundary layer

——

\aminar separation bubble

separation reattachment

Figure 6. Flow structure in a laminar separation bubble.
Reattachment here refers to the flow reattachment.

where k is the von Karman constant, K = 0.4, and B = 5.5.
The minimum of the two pieces is the so-called law of the
wall function [35].

The elongation of an arc subjected to this velocity profile
is shown in figure 5. The arc is, as before, initially at x™ =0
(vertical line) and its deformation is shown for different
instants of time with qut/u = 32.5, this time step is selected
so that a direct comparison can be made to the numerical anal-
ysis of figure 11.

Figure 5 shows that the maximum of the electric field
developing between the arc and the wall is always located
at the initial root of the arc, so there is no possible reat-
tachment point. This leads to the important observation that
reattachment driven by the mean turbulent velocity profile,
as for the laminar case, is not possible without additional
assumptions like a stiff root or a velocity-dependent internal
field. Note that, even though a skipping or reattaching arc
can not occur (based on the flow effect alone) a continuous
sweeping of the arc along the electrode surface is still pos-
sible, when the electric field at the arc root reaches the
breakdown threshold.
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Figure 7. Mean versus instantaneous velocity fields: horizontal instantaneous velocity (top right), horizontal mean velocity (top left),
vertical instantaneous velocity (bottom right), and vertical mean velocity (bottom left). x and y coordinates are normalized by the chord, c,

and the velocity fields are normalized by the external velocity, u,.
3.3. Other analytical boundary layer profiles

As an academic exercise, the analysis has been extended to
other velocity profiles, such as a power law @ = 1! (n = 6),
or a flat plate with suction, # = 1 — exp(—wy/v), with v, the
suction velocity. In both these cases, the value of E,/E, is
maximum at all times at the initial attachment point and a pos-
sible reattachment point only appears by artificially including
a vertical arc segment at the root.

4. Real effects in high Reynolds number flow:
transition and local fluctuations

Flow behavior is governed by the Reynolds number, Re =
u*l*/v, where u* and [* are the characteristic velocity and length
respectively, and for flow over an airfoil are usually taken as u,
and the chord c. Beyond a certain critical Reynolds number,
the flow transitions from laminar to turbulent; with important
structure and behavioral modifications. In terms of aerody-
namic characteristics, turbulent flows typically present larger
wall friction coefficients associated to increased momentum
transfer and dissipation; and are more robust to separation of
the flow. These same traits will also affect the dynamics of an
arc subjected to such a velocity field, as is explored in the fol-
lowing sections. We focus on two effects: (1) transition, and
(2) instantaneous local velocity fluctuations.

4.1. Transitional turbulent flow

Transition from laminar to turbulent flow, over airfoils and
wings at sufficiently low Reynolds, often takes place in con-
juction with a laminar separation bubble: since laminar flows
tend to separate more readily than turbulent flows under
adverse pressure gradient conditions, see figure 6. The pres-
ence of such a flow feature will impact the trajectory of a
swept arc.

4.2. Mean and instantaneous velocity fields

In section 3.2, a turbulent boundary layer profile was repre-
sented by an analytical expression for the mean velocity field.
The real flow field will have, superimposed to this steady mean
flow, an unsteady fluctuating part. These fluctuating velocities

are 3D and chaotic and with root-square-mean values of ~5%
of the external velocity, ,.

It is here proposed that, instantaneous, local fluctua-
tions of the flow can affect the trajectory of the arc during
the sweeping phase and, therefore, it is of interest to evaluate
the arc dynamics when considering the time-evolution of the
velocity field, and not only its mean value. Figure 7 shows
the mean and instantaneous velocity fields for a transitional
turbulent flow past an Eppler airfoil at Reynolds number of
300000, illustrating the laminar bubble separation and tur-
bulent reattachment of the flow. Details about the numerical
simulation and the results obtained will be given in the next
section.

5. Numerical methods

The main difficulty to numerically simulate transitional tur-
bulent flows is the very small magnitude of the perturbations
that get exponentially amplified along the unstable portion
of the laminar boundary layer. These small perturbations are
ultimately responsible for the so-called non-linear breakdown
and transition to turbulence. The amplitude of these insta-
bilities at the location in which the boundary layer becomes
unstable is usually many orders of magnitude below the
freestream velocity. Therefore, a small amount of numerical
dissipation and dispersion is needed to capture them and accu-
rately predict the transition location. Overdissipation may kill
these small perturbations and lead to inaccurate prediction.
As a result, high-order accurate methods are more favorable
than low-order methods to capture the complex dynamics of
turbulent flows undergoing transition.

For the large eddy simulation of transitional turbulent flows
considered herein, we use the hybridizable discontinuous
Galerkin (HDG) method [38—40] to discretize the compress-
ible Navier—Stokes equations. Instead of using a subgrid-scale
model to filter the small unresolved scales in the large eddy
simulation, we rely on numerical dissipation of the HDG
method to deal with these scales. This approach is known
as implicit large eddy simulation (ILES) [41—43], which has
recently gained considerable attention from researchers in the
computational fluid dynamics community because of its easy
implementation and robustness.
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Table 1. Details of the computational meshes considered for the
Eppler 387 wing.

Polynomial No. Global
Mesh degree Elements unknowns Time step
Coarse 4 64800 1959600 x5 7.937 x 1073
Medium 4 126360 3814 380 x5 6.300 x 103
Fine 4 254976 7687680 x5 5,000 x 1073

Note: Global unknowns indicates the number of coupled unknowns and the
x5 factor accounts for the five components in the Navier—Stokes equations.

The HDG method has many advantages that make it well-
suited to ILES of transitional turbulent flows. Like other dis-
continuous Galerkin (DG) methods, the HDG method is based
on a strong mathematical foundation that can be exploited for
error estimation and mesh adaptation purposes. It provides
local conservation, a stable discretization of the convective
operator, and is well-suited for turbulent simulations due to
the ab initio separation of scales in the variational formulation.
Most importantly, the HDG method allows for high-order
implementations on complex geometries and unstructured
meshes, while being more computationally efficient than
other DG methods and even finite volume methods [44].

For a while, ILES of transitional turbulent flows using DG
methods was limited to Reynolds numbers of 100000 or less [45—
49]. Recently, ILES of transitional turbulent flows at Reynolds
number of 250000 were performed using the HDG method [44].
Here we will demonstrate this ILES approach on transitional
flow past an airfoil and study its effects on the evolution of the arc
in terms of reattachment and reconnection. We refer the reader to
[44] for the detailed description of our ILES approach using the
HDG method. In this spirit, we consider transitional flows over an
Eppler 387 wing at Reynolds number of 300000, Mach number
of 0.08, angle of attack of 4.0degrees, and zero freestream turbu-
lence intensity. The airfoil is extruded in the spanwise direction
by a length 0.1¢ and the computational domain extends about 10
chords away from the wing. We choose to perform this simula-
tion because the experimental data reported in [S0] are very accu-
rate and reliable to validate our simulation results.

We use polynomials of degree 4 for the spatial approx-
imation and the third-order implicit Runge—Kutta scheme [51]

for temporal discretization, leading to a numerical scheme
that is fifth-order in space and third-order in time. The com-
putational domain is partitioned using iso-parametric tetra-
hedral elements. Three meshes and dimensionless time-steps
are considered; which correspond to uniform refinement in
space and time. The details of these meshes are summarized
in table 1.

The simulation results are shown in figure 8. We see
that the profiles of the time-averaged pressure coefficient
agree very well with the experimental data reported in [50].
Furthermore, we observe grid convergence in the sense that
the simulation results converge to the experimental data as
the mesh is refined. We observe from the pressure coeffi-
cient profiles in figure 8 and the velocity fields in figure 7
that the flow separates on the upper side at x;, /c = 0.46 due
to the adverse pressure gradient. This produces a laminar
separation bubble and strongly destabilizes the boundary
layer; which eventually transitions to turbulence. After
transition, the turbulent mixing leads to rapid reattachment
at x,, /c = 0.55 and the separation bubble ends. The turbu-
lent boundary layer remains attached all the way until the
trailing edge thanks to the resistance to separation provided
by the turbulent mixing. Note that the error in the prediction
of transition location compared to the experimental value is
below 0.005c¢ on the coarse mesh. In the next section, we will
study the evolution of the arc in this flow field under a wide
range of conditions.

6. Arc evolution in transitional 3D turbulent flow
over an airfoil

The selected flow field allows us to study the evolution of
the arc under a wide range of conditions: mean and time-
dependent laminar, transitional, and turbulent flows; as well
as evaluate the impact of the initial attachment point relative
to the flow structure. In all cases, the internal electric field of
the arc is taken as constant.

For comparison with the results in section 3.2, the mean
friction coefficient is Cr= 0.0048 and the conversion from
wall variables to airfoil variables is as follows:
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These non-dimensional quantities are useful for our analysis
in this section.

6.1. Mean velocity field

In this section, the evolution of the arc initially attached to
different positions along the chord of the airfoil is evaluated,
as convected by the mean velocity field. Table 2 shows the
prediction of arc reattachment and reconnection as a function
of different initial arc attachment points (in the laminar, trans-
ition and turbulent regions). The breakdown threshold is taken
as Ey, = 500, as in section 3. Note that the x coordinate is
measured from the leading edge of the airfoil, whereas the s
coordinate measures the actual arc length and so is measured
from its root.

When considering the mean velocity fields, no reconnec-
tion nor arc reattachment is predicted, except for a possible
reattachment when the arc initially strikes in the recircula-
tion bubble close to the flow reattachment point (x/c)y = 0.6.
Reconnection is not expected since the mean velocity field is
essentially 2D, as is the trajectory of the arc. Therefore, the arc
does not become entangled or twisted.

The absence of a reattachment point is due to different
effects, that depend on the location of the initial attachment
point, (x/c)o.

For an arc initially attached in the laminar flow region pre-
ceding the separation bubble, e.g. (x/c)y = 0.3, the arc evo-
lution and electric field between arc and airfoil is shown in
figure 9. After the separation bubble, the arc becomes danger-
ously close to the airfoil surface, as illustrated by the normal

Table 2. Prediction of arc reattachment when using the mean
velocity field.

Is there Is there
(x/c)g reattachment? (u.t/c), (x/c), (s/c), reconnection?
0.3 No No
0.4 No No
0.5 No No
0.6 Yes 0.24 0.66 0.14 No
0.7 No No
0.8 No No

Note: Subscript 0 refers to the initial arc attachment point, r to the arc
reattachment condition. x is measured from the leading edge of the airfoil,
and s is the elongation of the arc measured from its root. Flow reattachment
after the laminar separation bubble occurs at x, s/c ~ 0.6.

coordinate to the surface n/c. In this region, there exists a
maximum electric field between arc and surface (maximum
of E,/E,.) that could become a possible reattachment point if
the electric field is amplified above the breakdown threshold.
For the length of the airfoil considered, this maximum never
exceeds the threshold value and reattachment will not occur.
In the second case considered, the arc is initially attached
in the separation bubble region, close to the flow reattachment
location. The arc evolution and electric field between arc and
airfoil are shown in figure 10, for the case (x/c)yp = 0.6. Since
the arc is initially attached at the end of the laminar separation
bubble, itis subjected to a mean turbulent velocity profile which
resembles that considered in section 3.2. Similar to the case of
the analytical turbulent boundary layer profile in figure 5, the
electric field decays along the arc and the maximum field is
encountered at the initial arc root. Therefore, there is no likely
reattachment point and the attachment point will continue to
be the initial one indefinitely. For the numerical evaluation,
there is a reattachment point predicted (marked by the red dot
in figure 10), this is interpreted as a numerical artifact since
it is just a single point raising above the breakdown threshold
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Table 3. Prediction of arc reattachment when using the
instantaneous velocity field.

and if this value is just slightly higher, then no reattachment
would occur.
Finally, for an arc that is initially attached in the turbulent

. . . Is there Is there
region after the separation bubble, the results are shown. N ey reattachment? (uut/c), (x/c), (s/c), recomnection?
figure 11, for the case (x/c)y = 0.7. As for the prediction using
the analytical turbulent boundary layer profile in section 3.2, 0.3 Yes 0.29 0.64 041 No
the electric field decays along the arc and there is no possible ~ 0-4 Yes 0.22 0.62 027 No
reattachment point since the most favorable attachment loca- ~ 0- Yes 0.14 061 0.8  No
tion is always the initial arc root. 06  Yes 0.08 064 019 No

0.7 No No
0.8 No No

6.2. Instantaneous velocity field

Note: Subscript 0 refers to the initial arc attachment point, r to the

In reality, the arc trajectory will be driven by the time-depen-
dent evolution of the flow field. The instantaneous fluctua-
tions will complicate the structure and dynamics of the arc

10

reattachment condition. x is measured from the leading edge of the airfoil,
and s is the elongation of the arc measured from its root. Flow reattachment
after the laminar separation bubble occurs at x, s/c ~ 0.6.
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Figure 13. Arc convected by instantaneous velocity profile, initial attachment point in turbulent region after separation bubble,

at (x/c)o = 0.7. The profiles presented are spaced by u,At/c = 0.04.

leading to a 3D trajectory that can present entanglement and
close approaches of the arc with itself. To track the implica-
tions of such phenomena, the dynamics of the arc initially
attached to different positions along the chord of the airfoil
are here evaluated, as convected by the time-evolving velocity
field. Table 3 shows the prediction of arc reattachment and
reconnection as a function of the initial arc attachment point.
For the results presented, calculation of the arc evolution is
stopped whenever arc reattachment is predicted or when the
arc reaches the trailing edge of the airfoil.

The first observation to be made is that, despite the highly
entangled appearance of the arc (as seen in figure 13), arc
reconnection is not observed in any of the cases considered
since arc reattachment occurred before any reconnection

1

could take place. However, if the trajectory of the arc was inte-
grated over longer times, reconnection could indeed happen,
as shown in figure 2(b).

The absence of reconnection can be explained by looking
at equation (10): even though there might be points along the
arc that come to close proximity, the potential drop along the
arc is also usually small, being proportional to the arc length
between those two points and the relatively low internal elec-
tric field of the arc. This can lead to a highly tortuous arc that
will not reconnect with itself.

The second observation is that reattachment of the arc is
now predicted for those cases in which the initial attachment
point occurs before the end of the laminar recirculation bubble.
In all cases, the arc reattachment point occurs at (x/c), =~ 0.63,
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which corresponds to the approximate location of the boundary
layer reattachment. As an illustrative example, figure 12 shows
the arc evolution in the case of (x/c)y) = 0.3 as convected by the
instantaneous velocity field. The reattachment point is marked
in red, when the electric threshold field, £y, is reached. When
comparing the solutions for the mean (figure 9) and instanta-
neous (figure 12) velocity fields, in both cases, the arc becomes
very close to the surface after the separation bubble resulting in
the existence of a maximum E,,/E,. at that location. In the case
of the mean velocity field, this maximum E,/E,. never reaches
the breakdown threshold, due to the limited length of the airfoil
chord. On the other hand, reattachment occurs for the instanta-
neous velocity field because the local velocity fluctuations force
a much closer encounter of the arc with the surface. Note that,
even though the reattachment condition in figure 12 appears
only marginal, if the arc is convected beyond that condition,
maximum non-dimensional fields of ~4000 are calculated, so
even for higher thresholds (or incorporating an error band in the
threshold), turbulence can bring us into that band.

When the initial arc root occurs in the turbulent flow region,
(x/c)p > 0.6, no reattachment is observed despite the high tor-
tuosity that increases the electrical potential drop along the
arc (figure 13). The appearance of the electric field between
arc and surface is similar to the corresponding case using
the mean velocity field, figure 11, in that the general trend of
E,/E4. 1s to decay along the arc. However, instantaneous fluc-
tuations are now observed and this leads to the existence of a
maximum E,/E,. that could become a possible reattachment
point. Nevertheless, due to the short length over which turbu-
lent flow is encountered over the airfoil in this particular case,
the threshold is never reached and there is no reattachment.
This is a consequence of the transition happening at x/c ~ 0.6:
if the turbulent boundary layer started developing earlier arc
reattachment driven by the instantaneous flow fluctuations
would indeed be possible. In actual cases, reattachment is
mainly observed when the initial arc attachment is near the
nose of an aircraft and a long distance is available for the arc
to be stretched along the fuselage. Our simulation is limited
by the relatively short chord of the wing considered.

A final comment refers to the predicted tortuosity of the
arc driven by the turbulence of the flow. Tortuosity is here
defined by comparing the arc length when considering the
time-dependent evolution of the arc, to the arc length when
considering the mean velocity field: T = Asjygt/ ASmean. High
tortuosity of the arc leads to longer arc lengths and a corre-
sponding increase of the electric potential drop along the arc.
As an example, for an initial attachment of (x/c)o = 0.7 and
for u,t/c = 0.32 (last profiles in figures 11 and 13), the length
of an arc segment which is initially (As/c)y = 0.15, becomes
As/c = 0.47 when considering the mean velocity field, and
As/c = 1.11 when considering the instantaneous velocity
field. These values lead to a tortuosity of 7= 2.4. The contrib-
ution of turbulent fluctuations to tortuosity is important as
it increases the potential drop along the arc, and therefore
favors breakdown. Note that the magnitude of the tortuosity
predicted here is comparable to that induced by the magnetic
instability effects, which have already been studied by other
authors [33].
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7. Conclusions

The reattachment of a long arc along the surface of an air-
craft in flight is a complex phenomenon that involves flow and
plasma effects. In this manuscript, we explore the implica-
tions of the fluid boundary layer structure in this process by
performing a large eddy simulation of a transitional flow over
an airfoil at Re = 300 k, at the expense of using simple arc
and reattachment models. The findings of these studies high-
light the importance of a correct description of the flow in
order to be able to predict reattachment of the arc. The main
conclusions are summarized in what follows:

(a.) The classical boundary layer structure for a semi-infinite
flat plate, both for laminar (Blasius profile) and turbulent
(linear-log layer) flow, does not allow for arc reattach-
ment. This is a consequence of the electric field, between
arc and surface, decreasing along the arc. Note that, even
though a skipping or reattaching arc can not occur, a con-
tinuous sweeping of the arc along the electrode surface
is still possible, when the electric field at the arc root
reaches the breakdown threshold.

(b.) When using these simple 2D boundary layer profiles, arc
reattachment is only possible if a vertical arc segment
is artificially included at the root or by introducing the
dependency of the arc internal electric field with the
velocity profile. By introducing either of these effects,
the electric field between arc and surface presents a
maximum that is at a different location than the initial arc
root.

(c.) Flow features, such as the presence of a laminar recircu-
lation bubble, can introduce a possible arc reattachment
location, through the physical approach of the arc to the
surface, as guided by the flow.

(d.) For the evolution of the arc in a turbulent boundary layer
over an airfoil, arc reattachment again is not possible
when considering the mean velocity field since there is
no likely reattachment point.

(e.) By considering the instantaneous local velocity fluctua-
tions, reattachment may become possible due to a local
enhancement of the electric field at random locations.

(f.) Incorporation of the instantaneous fluctuations contributes
to the favoring of breakdown through two main effects: (1)
local approach of the arc to the surface; (2) increased arc
length and hence electrical potential drop along the arc.

(g.) The computed magnitude of the tortuosity of the arc due
to local turbulent fluctuations is comparable to previously
reported values due to magnetic effects. For the case
considered, a tortuosity (T = Asjnst/ASmean) greater than
2 was predicted, with the twisting and bending of the arc
being solely due to the contribution of turbulence.

(h.) Despite the high arc entanglement encountered in some
of the simulations performed, arc reconnection was not
predicted as a result of the small electric potential drop
along the arc.

The present study accounts for the influence of the flow
field alone, a predictive evaluation would need to consider
additional effects such as transient electrical current surges or
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the effect of surface conditions such as rivets [23] that intro-
duce local electric field enhancements. Future efforts will be
devoted to incorporating more detailed models for the arc
and reattachment criterion. In addition, the boundary layer
considered is not representative of all conditions along a real
fuselage in flight, where the Reynolds numbers can be 10-100
times higher. Separation bubbles may not happen then, but
the turbulent intensity may be higher, the flows can be fully
turbulent, and the available length for arc sweeping will be
longer. Future studies will address those conditions, but the
lower Reynolds regimes studied in this work (300 k) are valu-
able and important specially when the lightning arc attaches
close to the leading edge of an airfoil or the nose, since the
flows there have characteristics of lower Re.
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