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HEADLINE

This article highlights challenges in aircraft
design focusing on lightning protection of an
aircraft radome. A Multiphysics analysis is
performed in conjunction with various laboratory
high voltage test configurations, and the effects of
high temperature and pressure are discussed.

INTRODUCTION

The radar antenna in aerospace applications is often
located at the front end of the aircraft. To allow
communications and transparency to the high frequency
electromagnetic waves, the radar antenna is housed within
an insulating dome, commonly known as the radome. As
such, lightning strikes can easily hit the radar antenna
despite being inside the radome as the latter has very little
electric field shielding capability due to its dielectric
material property.

To offer satisfactory shielding against lightning strikes
while allowing electromagnetic waves through to and
from the antenna, the radome is protected using metal
diverter strips spread around the radome surface (Figure
1). In some other applications, segmented strips were
used, each consisting of a series of metal electrodes fixed
onto a strip of resistive material, as shown in Figure 2.
During a discharge, the gap between the metal electrodes
ionizes and provides a plasma channel in which the
lightning current can be diverted to the fuselage.

These protective devices are now widely tested and used
on civilian and military aircraft [1-4], which fulfills
requirements of both lightning protection and
transparency to  the radar’s  electromagnetic
communication signals.

When the aircraft approaches thunderclouds, the elevated
electric fields surrounding the radome area often generate
coronas and electrical arcing under lightning strike
conditions.

In most aerospace applications, the solid bar or metal foils
strips are attached to the external surface of the radome [5],
and they extend from the fuselage to approximately two
thirds of the radome height. Using this configuration, a
streamer-leader inception is more likely initiated from the
tip of these strips, instead of the antenna.

To predict locations of highest field magnitudes, hence
prospective discharge initiation sites, the numerical
simulations revealed a spike in the electrical field
magnitude close to the triple junction point (TJP) formed at
meeting location of the strips ends, dielectric material of the
radome, and the air [6]. Depending on the atmospheric and
materials surface conditions, this high field magnitude may
initiate air ionization, streamer propagation and/or
undesirable onerous puncture of the radome wall if the
dielectric strength of the radome material is exceeded.

Figure 1: Typical spatial distribution and number of solid diverter
strips on a commercial radome geometry.
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Figure 2: Lightning plasma channel on the segmented diverter strip

[4].

It is proposed that the numerical field computations can
be exploited to predict and optimize the are where the
discharge might occur, while considering the antenna
pattern at the same time. In this work, numerical field
simulations  were  performed using COMSOL
Multiphysics to study a standard recommended laboratory
high voltage test configuration. In this set up, various
voltage shapes are applied to a high voltage electrode
pointing in the direction of a test radome equipped with
solid diverter strips. Different spatial diverter strip
arrangements were studied to study the shielding effect
and, where possible, determine the possible location
points of lightning attachment.

In this work, a further study using magneto-
hydrodynamics equations was undertaken to evaluate the
generated high temperatures and pressures after the
lightning strike channel is formed. These investigations
have revealed very high temperatures close to the
lightning strike impact area, High temperature can trigger
irreversible changes to the properties of the radome
material, and it can drive a thermally induced dielectric
breakdown of the radome material in extreme cases.

To validate the numerical results, laboratory tests were
undertaken in the High Voltage Laboratory at Cardiff
University. A radome of a commercial aircraft was tested
under a high electric field generated by a high voltage DC
applied to a sphere electrode. This test campaign allowed
comparison of measured and simulated voltages that cause
discharge initiation.

STANDARD RECOMMENDATIONS FOR TESTING
RADOME LIGHTNING PROTECTION

Lightning protection of aircraft relies on modeling, but it
is also mandatory to carry out representative laboratory
tests to demonstrate safety and compliance. Testing with
natural lightning in flight carries too much risk for the
crew and aircraft and cannot be modified to suit any
specific test conditions. Carefully controlled tests on full
aircraft with both voltage and current magnitudes of
lightning strikes are not possible in the laboratory.
Therefore, high current tests up to 200kA are conducted
with relatively low voltage magnitudes of few tens of
kilovolts are used to evaluate the conduction withstand
properties of materials and components. On the other
hand, high voltage tests up to megavolts are adopted to
evaluate insulation and discharge characteristics of
devices and structures; the current in such tests is limited
and has no consequences on the test outcomes.
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Figure 3: Modified laboratory setup for radome lightning protection
tests according to EUROCAE ED-105A [7].

Aerospace standards, such as EUROCAE ED-105A [7],
recommend specific models and laboratory test set ups to
evaluate the lightning protection efficacy of new protection
designs for radomes. Figure 3 reproduces the modified
initial leader attachment test setup for testing the radome
lightning protection system.

OVERVIEW OF PREVIOUS MODELING WORK OF
RADOME LIGHTNING PROTECTION SYSTEM

To determine the electric field distribution and magnitude at
various locations of the radome systems and its lightning
protection system, several analytical and numerical
approaches have been developed.

The laboratory configuration adopting various diverter strip
geometries was simulated and the electric field evaluated
for different scenarios of radomes. Such work revealed
changes in the surface charge distribution for different
applied voltage waveshapes.

Another model [4] uses electrostatic field computations on
a diverter strip fixed onto a flat sample of dielectric material.
In this case, variations in the antenna gain were quantified
when the diverter strips were relocated to different position
on the radome surface.

The analytical solution developed in [8] demonstrated that
the electric field inside the radome volume can reach very
high values. The authors used a simple geometry and a
constant applied electric field. The investigation revealed
that leaders can initiate from the aircraft if the magnitude of
the applied ambient field is within the critical range of
E.. = 50to 80 kV/m. This range corresponds to the
measured fields within a thunderstorm cloud.

The authors in [5], investigated the role the geometry and
configuration of segmented diverter strips play in the
electric field distribution under lightning strike conditions.
For this, models with and without diverter strips were
simulated to study and compare the breakdown conditions
for the test gap. This work has also proposed that the
segmented strip can be modelled as short conductors
connected in series with gaps and exhibiting stray
capacitances to the airframe of the aircraft.



A magnetohydrodynamic  (MHD) model was
implemented in [9] to seek the best design of segmented
diverter strips to encourage and enhance better discharge
process after the positive and negative leaders have
connected, and the return stroke is started.

Related work to the study of lightning protection of
radomes focussed on investigations to clarify the
interaction between the long spark gap and the radome and
the aircraft. These have helped improved understanding of
the attachment physics [10-12] and the phenomenon of
charge accumulation in a cumulonimbus cloud [13].

In this article, we use the finite element method to
investigate key characteristics of the lightning discharge
on the radome and its lightning protection diverter strips.
First, commercial software solving Maxwell’s equations
was utilised to determine electric field magnitudes around
the prospective attachment point, particularly at the triple
junction point. The resulting temperature and pressure
changes following such lightning strikes were also
evaluated to assess potential damage to the radome
material and structure.

MODELING THE RADOME AND DIVERTER STRIPS

Attachment point evaluation

The setup shown in Figure 3 is modeled, and numerical
computations of electric field and charge distribution are
performed. Both the dielectric surface of the radome and
the metal diverter strips were included in the model. In
particular, the solution results at the points of highest field
magnitudes, which are located at the interface between the
metal, dielectric and air. The highest magnitude is located
closer to the tip of the diverter strip. This triple junction
point is the location where electrical discharges can be
initiated.

The standard test voltage waveforms B and D with both
polarities were used in the simulations and applied to the
high voltage electrode. The waveforms are particularly
useful to generate impulsive field magnitudes sufficient to
initiate streamers but below the flashover of the gap
between the HV electrode and the radome.

Waveform B is characterized with a fast front of the order
of few microseconds and is known to result in less
attachment points, located at the high field sites. However,
it has a high probability to produce a dielectric puncture
of the dielectric material. In contrast, waveform D, which
is characterized by a slow front of few hundred
microseconds, results in a variety of attachment points,
including to lower electric field regions [14]. Experiences
with laboratory testing [15] and in-flight data collection
under lightning conditions [16] have helped in setting up
optimized conditions for testing.

Radome and diverter strips dimensions

SolidWorks was used to create the radome geometry and
associated energization electrode. Real life dimensions

Figure 4: Radome geometry imported into COMSOL Multiphysics.
The external spherical domain and the electrode were added in
COMSOL.

of aircraft radome were used. The inner height of the tangent
ogive radome is L;;, = 1.504 m and the inner base radius is
R, = 0.475m. The inner ogive radius is pi, =
2.6186 m.

These dimensions allowed the generation of a model for a
monolithic radome having a thickness of 10.013 mm. The
supporting structure together with a parabolic antenna were
built using the following dimensions: D —d/D = 0.05,
where D is antenna diameter of D = 0.5 m, d is antenna
height of d = 0.225 m. The supporting base has a diameter
of 0.97 m and a height of 0.20 m. The diverter strips were
added on the radome outer surface using an extruded cut of
5 mm in the surface. The adopted strip height is 0.80 m and
its width is 0.02 m. Once the geometry had been finalized
in SolidWorks, it was then imported into COMSOL
Multiphysics for further refinement and processing. Figure
4 shows the resulting model of the radome and diverter
strips. The radome structure is surrounded with a spherical
computation domain having a radius r=3m. A small sphere
located at a distance r=0.1m from the radome was added so
that the high voltage waveform could be assigned to it

Material selection

For the simulations, the radome was assumed to be made of
fiberglass having a relative permittivity e, = 3.3 and a very
low conductivity of 0.0001 S/m.

The top antistatic paint layer, which is added in the Physics
processing section is shown as a Boundary condition to
avoid meshing problems.

Copper was used as material for the remaining parts,
radome base, antenna and strips. As this study considers
only electric field distribution and is not concerned with
current flows, the material for the metals is not so crucial.
However, high conductivity is required to ensure formation
of a single equipotential and redistribution of charges.

The other regions of the model are assumed as air.
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Physics and Boundary Conditions

For this simulation, a voltage waveform B, as depicted in
Figure 5, is applied to the spherical electrode using a
double exponential shape with a peak voltage 1 MV. Its
equation is defined as follows:

t t
V= 1050-<e 70[us] — ¢ 0-40[usl) kV] (D)

To evaluate charge distribution, a longer impulse time

consisting of voltage waveform D (Figure 6), and having

peak value of 1 MV was applied to the spherical electrode:
t t

V= 1050-(9 2000s] — ¢ zow) vl @

The radome base, the diverter strips and the antenna
surface were assigned a ground boundary condition (V =
0v).

An “electric shielding” boundary condition is imposed on
the outer radome surface, with

n (1 =J2) = =V ds(aVV) 3)
Where d; is the layer thickness, J1 and J are the current
densities in air and antistatic paint, respectively.

Mesh refinement

A user-defined mesh was selected. The final built mesh
had 945,259 domain elements, 156,879 boundary
elements and 10,738 edge elements. This allows one to
obtain a complete and sufficient resolution of the
numerical solution.
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Figure 6: Voltage waveform D as described in [14]. T; between 50
and 250us and T,=2000us

The mesh was further refined around the end of the diverter
strip (Figure 7) and at the radar antenna, which enhances the
accuracy of the simulation.

Simulation Results

The previously described two voltage waveforms have been
applied to the HV electrode. The simulations were
considered for various scenarios: a) radome, base and
antenna without the diverter strips, b) radome and diverter
strips, and ¢) by adding the antistatic paint layer. Waveform
B was applied the HV spherical electrode, and the
accumulated charge and the maximum electric field on the
antenna were computed.

Figure 7: Refined mesh around end of diverter strip.
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Figure 8: Total charge accumulation on antenna surface, with Voltage
Waveform B.

As can be seen on Figure 8, the accumulated charge on the
antenna surface decreases with the introduction of the
radome and diverter strips, and then further decreases when
the electrostatic paint was added. A similar observation can
be made on the maximum electric field on the antenna
surface. The beneficial shielding effects of the diverter strips
and electrostatic paint are very clearly exhibited on Figure 9.
It is worth noting that similar trends were obtained in [2].

The magnitude of the accumulated charge without the
presence of the diverter strips is sufficiently high to initiate a
discharge from the antenna edges. This can also be seen in
Figure 9 where the field magnitude is in excess of strength
value of 30 kV/cm, which is the threshold for air ionization
under normal atmospheric conditions. At altitude, both
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Figure 9: Maximum electric field on the antenna surface, imposing
voltage wave B.

pressure and temperature are lower than at sea level, which will
lead to initiation of discharge at lower field magnitudes.

With voltage waveform D, the shielding effect of the strips and
antistatic paint are clearly more effective reducing charge and
field to very low magnitudes. Figures 10 and 11 show the
computed accumulated charge and electric field at the antenna
surface.

One of the key features of the computed electric field on the
surface of the radome in this simulation is the electric field
magnitude spike in the vicinity of the triple junction point, as
clearly illustrated in Figures 12 and 13. As can be seen, the
magnitude of the electric field increases sharply near the triple
junction point to reach a value in excess of 30kV/cm.
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Figure 11: Maximum electric field at the antenna surface imposing
voltage wave D.
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Figure 12: 2D equipotential lines on a close up at the diverter strip end.

The high field magnitude also appears in the radome
material. Such fast changing high field can lead to dielectric
breakdown of the radome material, causing the so-called
“radome pinhole puncture”.

To assess this problem of high electric field, different strip
geometries have been studied in this work. These include:

e twin diverter strips arrangement with one strip fixed on
the outer surface of the radome and the other on the inner
surface directly facing the outer one. This arrangement
comparatively reduces the electric field around the
single strip.

o diverter strips on the internal surface of the radome
fastened with screws pointing to the outer surface of the
radome. The principle of this design relies on the
conducting screws intercepting the lightning strike and
diverting the strike current to the internal diverter strip.
In this way, it is postulated that the radome puncture will
be avoided. A further advantage of this design is its
better aerodynamic performance.

These innovative mitigation techniques for the triple junction
point undesirable high field magnitude reduce the field
magnitude but may lead to high current flows and hence
heating effects on the radome material. Furthermore, the
electric field magnitude is now high inside the radome, and
this could lead to an internal arc from the internal diverter
strip and the radar antenna.

MHD MODELLING AND TEMPERATURE EFFECTS

Considering the computed fields around the diverter strip
edges, electrical discharges may be initiated under elevated
ambient fields. Once the discharge is initiated, the electric
field and current flow condition can be high enough to cause
damage due to extreme temperatures and pressures in that
small area of the triple junction.

Assuming that the lightning channel is just being established
when the discharge initiated at the aircraft connects with the
leader from the cloud, a study using a thermal plasma can
conducted.

Electric field along a strip
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Figure 13: Electric field magnitude along the diverter strip next to the
HV electrode and the path of field computation is shown in the COMSOL
model shape.

Considering a pressure of 1 bar and a temperature of T >
10 000 °C, and assuming that the electrons and heavy particles
have the same average speed with many collisions, we can
represent the plasma in this case as a “conductive fluid”, which
then validates the use of the Magnetohydrodynamic equations
as replicated here.

ap _
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Where p is the mass density [kg/m?3], V is the local mean
velocity of particles [m/s], J is the current density [A/m?], p
is the charge density [C/m3], B is the magnetic field [T], E is
the electric field [V/m], ¢, is the dielectric constant in vacuum.

Further assumptions are required for the MHD model
including stationary arc, plasma as a single weakly
compressible Newtonian fluid (Argon at local thermodynamic
equilibrium), and Lorentz forces treated as laminar flow. For
these simulations, gravity effects are neglected, and
atmospheric pressure is used.

Previous simulation work [17-24] reported the temperature
and pressure conditions on the fuselage of an aircraft. These
studies used a discharge between an electrode and a copper
plate, with a gap from 3 mmto 50 mm.



MHD computation model

The 2D geometry setup consists of a tungsten cathode and a
plain aluminum anode with a gap of 10 mm filled with argon.

This configuration was used to investigate the discharge S ook
conditions impact on the conductive components, evaluating wir e ROOOK
the temperature and pressure limit values for the relevant o—a 15000 K 10
mechanical and thermal integrity studies. p— ’%%E
o—o 2

Physics and Boundary conditions

The software allows coupling of the electric current,
magnetic field, laminar flow, and heat transfer. The EXPERIMENT
following settings were adopted for the various computation
modules:
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(1) Electric current: to speed up the solution, a linear
discretization was adopted. The anode is grounded while
a normal current density was applied at the cathode of
the model (tip of energized electrode). The current
density, J, is assumed to decrease radially (r), as (a)

]z(r) =]maxe_br 11
With b = 1,364.54 (1/m), we obtain J,4 = 12"
108 A/mm?. The current is defined from e e
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with R, beingthe cathode radius. For this study, a peak
current magnitude of 1 = 200A was used. S
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(2) A magnetic field was assumed perpendicular to the
computation plane.

(3) A 300K temperature was set in the argon domain and
1,000K set at its boundary. The Boundary heat source
set to the electrodes in order to have the radiation cooling
from the solid to the gas. The plasma channel had an
initial temperature of 10,000K.

A237x10¢
x10"

(4) To reduce computation time, a weakly compressible
flow was used for laminar flow. Also, an open boundary
was adopted.

Computation results from plasma simulation

After the arc is formed between the tungsten electrode and
the plane anode, the temperature condition in the gas | '
increases fast up to 20,000K. For the radome, such high ‘ ‘ ; ’ ’ ‘ ’
temperature can cause significant irreversible damage to the (c)

materials. Figure 14: 2D Temperature distribution between the cathode and the

aluminum plate anode. Results: (a) [17], (b) [18], and (c) Cardiff

The results for this numerical model were compared with model

those in [17] and [18]. In [17], good agreement is reported

for temperature distribution (Figure 14.a). Figures 14.b and

14.c were obtained for similar geometries and dimensions The variations of the VeIOCity in the axial direction indicate
but with the Cardiff model in Figure 14.c having rounded ~ 9ood agreement between the various simulations, as illustrated
edges on the cathode. in Figure 15.

As can be observed in Figure 14, the isothermal lines
obtained with the three independent studies show
comparable distributions, with a maximum temperature
value of 21,000K in [17], 21,700 K in [18] and 23,700K in
the present work.
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LABORATORY MEASUREMENTS

A laboratory test was performed on a Boeing 737 aircraft
radome to determine and verify the model for the inception
location in a radome structure. A high voltage electrode
located close to the radome, as shown in Figure 16, was
energized with a positive polarity voltage of magnitude up to
100kV DC. In this way, an increasing high electric field is
generated with increasing applied voltage until discharge
initiation at the tip of the diverter strip is obtained.

Laboratory setup

The adopted test circuit in this work is shown in Figure 17.
An HVDC generator (LH Open Stack Series), capable of
delivering up to 100kV positive or negative polarity was
used to energize a 25 cm diameter spherical electrode fixed
close to the radome, directly facing one of the diverter strips
(as seen in Figure 16). The spherical electrode can be moved
both vertically and horizontally to test different
configurations.

Figure 16: Laboratory setup.

The diverter strip closest to the energized spherical electrode
is grounded separately from the others to measure current flow
through it. The others were connected together and grounded
separately. Shunt resistors were used to measure the current
flow to ground from the various grounded points. A resistive
divider was used to measure the voltage.

During the tests, a daylight UV camera (COROCAM) was
used to detect the very early faint discharges, which are not
visible to the naked eye. Such detection system allows location
of the source of the discharge.

Before testing, a simulation of the test geometry was
performed on various scenarios to compute electric field and
estimate the required spacing of the sphere electrode from the
diverter strip. An example of such simulation is shown in
Figures 18 and 19.

Test procedure and results

In this test program, a number of HV electrode positions were
evaluated. The initial test did not show any discharge activity
for voltage levels and electrode spacings. It was quickly
realized that the antistatic paint prevented such activity.
Removing the paint around a small area in the vicinity of the
diverter strip end allowed observation of discharge activity for
a gap of 10cm, as shown in the example of Figure 20 which
shows a peak of 5mA at an applied voltage of 80kV.

HYDC nput
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,,,,,,,,,,,,,,,,,,,, Remete Contral
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Voltage measuremen t

- Radome HVDC Test Rig

Figure 17: Laboratory setup to evaluate the inception point on a Boeing-
747 Radome.



Figure 18: Computed electric field on the radome surface, applied
voltage V=100 kV.

After some extended activity at an elevated voltage of
100kV and a flashover of the gap, clear degradation can be
seen at the triple junction point on the surface of the
diverter strip, as reported in Figure 21. It should be
highlighted that the magnitudes of discharge currents and
the current during flashover are much lower than those
expected during lightning strikes. This may imply that
more severe erosion would be expected during the high
current phase of a lightning strike..

DiscussION AND CONCLUSIONS

The diverter strips sued for lightning protection used for
aircraft radome have been investigated to determine their
efficacy and performance.

It was demonstrated that the presence of the solid diverter
strips significantly reduces the electric field magnitude at
the radar antenna located within the radome, hence

500ns —1. 0059ms
4

Figure 20: Example of recorded partial discharge activity for a 10cm
gap.
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preventing initiation of discharge from the antenna under
lightning electric fields conditions.

Simulation of the recommended standard configuration and
associated applied waveshapes quantified the charge and
electric magnitudes and their distributions. Whilst the field
magnitude is significantly reduced at the antenna surface, it
was found that a spike in the electric field magnitude is
clearly observable at the triple junction point, where the
diverter strip end meets the radome material and air. Such
elevated field could initiate the electrical discharge under
lightning conditions.

Furthermore, the high filed may explain the observed
“pinhole puncture” seen on radomes struck by natural
lightning. In the light of this work, it is suggested that the
high field at the triple junction point may exceed the
dielectric strength of the radome material and cause its
puncture

Figure 21: Eroded diverter strip end due to discharge activity and
flashover. The yellow material is the dielectric material underneath the
antistatic paint and the black regions show the metal erosion at the
attachment point of flashover event.



A plasma simulation model was developed to examine the
temperatures generated after the lightning channel is
established and the return stroke current starts to flow.
Under such conditions temperatures as high as 21,000K
were predicted. These results were in agreement with other
independently predicted results.

A laboratory test set up was developed to compare
computation and measurement results. It was demonstrated
that the antistatic paint plays a key role in inhibiting
discharge activity. Once removed, discharges are initiated
at the triple junction point which can lead to full flashover
the test air gap when the applied voltage is sufficiently
high. Such events cause significant erosion of the diverter
strip end despite the lower magnitude of currents compared
to those expected under lightning strikes.
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