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Abstract: The aim of this contribution is to design and test the lightning protection of an aircraft
radome exposed to direct lightning strikes. The influencing parameters are investigated on different
radome wall samples equipped with solid and segmented diverter strips. The effectiveness of the
lightning interception and protection measures is tested with different high-voltage waveforms and
representative high-current pulses. The tests show that reliable radome lightning protection can be
achieved by an optimized arrangement of solid and segmented diverter strips, even if the aircraft
radome has a huge size, with dimensions up to several meters.

Keywords: aircraft; aircraft protection; diverter strip; high-voltage test; high-current test; lightning;
lightning interception; radome

1. Introduction

Lightning starts with processes in which charges inside the thundercloud are separated
and rearranged. Due to these processes, the negative and positive charges are accumulated
in a lower negative and a higher positive charge center. When the amount of charge exceeds
a certain critical value, the electric field becomes so intense that a (positive or negative)
leader is formed which propagates out of the charge center. If the leader arrives on the
ground, this is the beginning of a so-called downward flash or cloud-to-ground lightning.
A cloud flash or cloud-to-cloud-lightning occurs whenever the leader terminates at the
inverse charge center of a neighboring thundercloud [1,2].

As soon as an aircraft comes close to the path of such lightning, the lightning channel
is diverted to the aircraft and the aircraft becomes part of the lightning path. The first
current component is always produced by a return stroke process. This component is a
strong impulsive current which lasts typically several hundreds of microseconds and has
a peak value ranging from several tens up to more than a hundred kiloamps. The return
stroke current may be followed by a continuing current, which typically lasts some tens to
some hundreds of milliseconds and has an amplitude of some tens to some thousands of
amperes. The first return stroke may be followed by a series of subsequent return strokes
and each of them may be followed by a continuing current [1-4].

This scenario describes the interception by the aircraft of already occurring natural
cloud-to-cloud or cloud-to-ground lightning. However, measurements during the 1980s
from three instrumented aircrafts (types: F106, CV580, and C160) revealed that this (first)
scenario was valid only for about 10% of the lightning reaching an aircraft [5-7]. The
most frequent scenario (about 90% of recorded events) involves lightning triggered by the
aircraft itself. This may happen when the aircraft flies in regions where the ambient electric
field is so intense that a leader starts from the aircraft in the direction of the ambient electric
field. A few milliseconds later this leader is followed by a second leader of inverse polarity
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which develops in the opposite direction. In this way, a bi-directional leader is formed, as
shown in Figure 1a [6,7].
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Figure 1. (a) Bi-directional leader at the initial phase of the lightning interception; (b) Schematic
diagram of a typical lightning current waveform (adopted from [6]).

The bi-directional leader produces an initial continuous current (ICC) which flows
along the structure of the aircraft. Figure 1b shows a typical lightning current waveform
deduced from currents of in-flight lightning strikes [6]. The stepping of the bi-directional
leader appears in the current waveform as a current pulse train at the beginning of the
slowly increasing ICC. The ICC lasts typically some tens to some hundreds of milliseconds
and has an amplitude of some tens to some hundreds of amperes. The ICC may be
superimposed by ICC-current pulses, and it may be followed by a series of current pulses
produced from subsequent return strokes.

The objective of the paper is to present the protection measures and necessary experi-
mental procedures needed for the lightning protection design of aircraft radome exposed
to direct lightning strikes. The countermeasures include both scenarios: firstly the scenario
that the aircraft becomes part of already occurring natural lightning, and secondly that the
aircraft triggers the lightning itself.

Based on these requirements, in the international standards a lightning current is
specified which contains four current components, as shown in Figure 2 [8-12]. The current
component A combines the severe parameters of the negative and positive first return
stroke that are observed in cloud-to-ground lightning. Component B and component
C represent the ICC and the continuing current that are observed in aircraft-triggered
lightning and in cloud-to-ground lightning, respectively. Finally, component D represents
the threat by the current of the subsequent return stroke.
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Figure 2. Current components A-D for direct lightning testing, adopted from [8].

Studies showed that the structural damage of composite structures caused by lightning
strikes is mainly caused by transient lightning current components [13-15]. The transient
waveform A is responsible for the (resistive) heating and for diverse mechanical forces
which may cause damage to the structure of the aircraft. Therefore, component A was
applied for the high-current (HC) radome tests described in this contribution.
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Voltage

dv/dt =

1000 kV/us £ 50 %

The current waveform A is defined by the:

Peak current: imax = 200 kA £ 10%,

Action integral: [ i2dt=2 x 10° A%s & 20%,
Time duration: Tepg < 500 ps, and finally
Time to crest: T; < 50 ps.

The primary task of the diverter strips is to intercept the lightning flash. The intercep-
tion of the lightning flash is associated with the breakdown process of the electric field in
connection with the development of the bi-directional leader. High-voltage (HV) testing
that reproduces that process is used to prove the functionality of the lightning protection
system. The wide range of the electric field is considered using four distinct HV waveforms,
i.e., the voltage waveforms A, B, C, and D according to the reference [8].

However, HV tests with the voltage waveform C are not required in the present case.
Therefore, the investigations were restricted to voltage waveforms A, B, and D, presented
in Figure 3. The voltage waveform A rises at a rate of dV/dt = IMV /s (£50%), the voltage
waveform B represents a voltage impulse with a front time of 1.2 ps (+20%) and a decay
time to half-value of 50 ps (+20%), and the voltage waveform D represents a slow-rising
voltage impulse with a front time of 50 ps to 200 ps and a decay time to half-value of about
2000 us. Nowadays it is assumed that the slow waveform D is the most representative of
electric field development at an aircraft extremity during the initial lightning attachment
phase [16-18]. The fast waveform A is added since it is probably most representative of the
electric field associated with lightning re-attachment to aircraft surfaces and the radome,
located in the swept leader and swept channel zones, respectively.
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Figure 3. (a) Voltage waveform A, (b) voltage waveform B, and (c) voltage waveform D, adopted from reference [8].

The lightning protection system has to be designed in such a way that puncture
of the radome wall is prevented and damage to the antenna-system located inside is
avoided. Moreover, the lightning protection system should not have significant impact on
the antenna pattern. For this purpose, lightning protection is realized by so-called solid or
segmented diverter strips generally located on the outer surface of the radome. Segmented
strips are used wherever the impact on the antenna pattern should be completely negligible.
Otherwise, if that is not required, solid diverter strips are preferred.

Two different types of segmented diverter strips are used to find the best design for
the lightning protection of the aircraft sitcom radome under consideration. The first type
LDS 10-01-38 consists of a series of round metallic buttons with a diameter of 1.52 mm. The
second, of type LDS 10-01-09, uses buttons with the diameter of 0.76 mm [19].

Based on these HV investigations, a full-scale satcom radome prototype was designed
including an antenna model located inside. The radome was equipped with a hybrid
lightning protection system consisting of solid and segmented diverter strips. For the
design of the lightning protection, the recommendations for electrically non-conducting
aircraft structures were also considered [20-24]. To prove the effectiveness of the lightning
interception, the full-scale radome was tested with the slow-rising high-voltage waveform
D. Because the slow-varying double waveform D commonly covers the most critical case,
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this voltage waveform was selected in [25], although natural electric field pulses may have
a concave waveform. The tests were verified using the fast-rising high-voltage waveform
B. Finally, the current carrying capacity of the designed lightning protection measure was
tested. For this purpose, the lightning current component A was applied to two samples.
One used a design based on a segmented diverter strip, while the other used a combination
of a solid and a segmented diverter strip.

2. Design of Lightning Protection of an Aircraft Radome

The effectiveness of the lightning protection system of an aircraft radome depends on
the dielectric strength of the radome wall, on the type and arrangement of the diverter strips,
on the size and shape of the radome, and finally on the size and position of the antenna
inside the radome. The radome wall may consist of solid material (monolithic design) or
of a sandwich panel structure. In the present case, the investigations are concentrated to
2 A-sandwich panels with different thicknesses of the honeycomb core.

2.1. Dielectric Strength of a Sandwich Panel Structure

The breakdown voltage characterizes the dielectric strength and thus the lightning
protection effectiveness of the radome wall structure. The breakdown voltage was evalu-
ated applying the test voltages with the waveforms A, B, and D to 2 representative samples.
The tested samples were A-sandwich panels: 1 with a core thickness of 14 mm, and the
other with the core thickness of 20 mm (see Table 1). The core was made from fiberglass-
reinforced honeycomb. The skins were glass-fiber reinforced plastic (GFRP) laminates with
the thickness of 0.9 mm. Figure 4a shows the test setup with the HV electrode and the
sandwich sample.

Table 1. Average breakdown voltage for the 2 types of sandwich panels. The standard deviations are
given in brackets.

Core Average Breakdown Voltage (kV)

(mm) Waveform A Waveform B Waveform D
14 96.7 (9.9) 69.3 (2.5) 70.4 (3.5)
20 114.4 (10.4) 88.5 (2.8) 84.8 (4.7)

-70
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Figure 4. (a) Test setup with sandwich sample; (b) Breakdown voltage of radome sample with the

Sandwich panel

core thickness of 20 mm using waveform D.

The tests revealed that the breakdown voltage can vary in a wide range. Figure 4b
exemplarily shows the breakdown voltage for a sample with the core thickness of 20 mm. In
9 individual tests using high-voltage waveform D, the breakdown voltage varied between
74 kV and 99 kV.
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Table 1 summarizes the results of the voltage tests with waveforms A, B, and D. The
values represent the arithmetic means based on at least 5 individual tests at each sample
used. The breakdown voltage tests were performed at different locations on the sample
with a minimum spacing of 100 mm. A total of 16 identical A-sandwich samples were tested.
Table 1 presents the average values of the measured data and the standard deviations (given
in brackets). The test results indicate that the breakdown voltage decreased with decreasing
core thickness and decreasing rate of the rise of the voltage. This finding suggests that the
slow-rising voltage impulse of waveform D represents the most critical case.

2.2. Characteristics of the Segmented Diverter Strips

Figure 5 shows the schematic drawing of a sandwich panel equipped with solid
(Figure 5a) and segmented (Figure 5b) diverter strips. As described above, the A-sandwich
panel consists of a honeycomb core located between 2 laminates of GFRP.

Substrate Segmented Screw

/ /diverter \ \

Aircraft Aircraft

Sandwich panel structure Sandwich panel structure

(a) (b)

Figure 5. Schematic drawing of the design of a sandwich panel equipped with (a) solid and (b) seg-
mented diverter strips.

Solid strips are usually fastened by screws or bolts on the sandwich panel and on the
aircraft structure. The segmented diverter strips consist of a series of small buttons placed
on a thin insulating substrate. The buttons are made of copper alloy and coated by a thin
nickel layer. The insulating substrate is fastened to the sandwich by a glue and the end of
the strip is connected to the aircraft structure by a screw or a bolt.

For applications where the impact of the lightning protection system on the antenna
radiation pattern is critical, segmented diverter strips are preferred. Otherwise, solid
diverter strips are used which are comparable to the air termination and downward system
of buildings [26,27]: They consist of a thin solid metallic bar which intercepts the lightning
and makes the contact to the aircraft structure. The cross-sectional area of the metallic
material used is determined by the lightning current load (usually high-current component
A). Solid diverter strips have the advantage that they can resist several lightning strikes, in
contrast to segmented diverter strips which can withstand only a very limited number of
lightning events.

The small buttons of the segmented diverter strips are placed on the insulating sub-
strate with a very small distance in between. The small distance between the buttons builds
up a series of spark gaps which are triggered whenever the ignition voltage is exceeded.
After the breakdown of the voltage, plasma is formed which builds up an illuminated
channel along the segmented diverter strips, as shown in Figure 6a. Plasma ignition at low
voltage is required for high lightning protection effectiveness. For this reason, painting of
the segmented diverter strips is not permitted, as it would impede plasma ignition. Seg-
mented diverter strips have also the disadvantage that the ignition of the plasma channel
is strongly influenced by external environmental conditions such as reduced air pressure at
high altitude or rain, ice, etc. The segmented diverter strips can be covered by layers of
water/ice with thicknesses ranging from a few mm to about 15 mm; the cascade disruptive
discharge (that usually occurs in air) is weakened and the ignition voltage is increased
significantly [28]. In contrast, the solid diverter strips do not have such limitations and
they may be painted without reducing the effectiveness of the lightning protection [20,28].
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Figure 6. (a) A test setup with an ignited segmented diverter strip, and (b) the average ignition

voltage as a function of strip length.

In former designs, a resistive strip was used on the backside of the segmented diverter
strip. Nowadays, resistive strips are no longer in use since they may impede the plasma
ignition of the strip. Larger segments have lower breakdown voltages, but smaller segments
can better withstand high current loads. A further requirement is that the size of the
buttons should be considerably smaller than the wavelength of operating antenna to avoid
significant effects on the antenna pattern.

The influence of the length of the diverter strip on the ignition voltage was examined
with the test setup shown in Figure 6a. The strip length (length of the tested section of the
diverter strip) was adjusted by a movable HV electrode. The tests were performed using
the voltage waveforms A and D, with positive and negative polarity, respectively.

In Figure 6b, the test results are exemplarily presented for the diverter strip of type
LDS 10-01-38 [19]. The diagram shows that the ignition voltage (average value) increases
with increasing length of the strip, which was varied between 70 cm and 140 cm. The
standard deviation values are also shown in Figure 6b. The values represent the arithmetic
means based on at least 5 individual tests for positive and negative polarity at each sample
length. In total, over 120 HV tests were performed for the diverter strip of type LDS
10-01-38. The investigations suggest that the voltage per length needed to ignite a plasma
channel above the LDS 10-01-38 segmented strip is roughly 1 kV/cm for the fast voltage
waveform A and 0.75 kV/cm for the slow voltage waveform D.

2.3. Maximum Admissible Length of the Segmented Diverter Strip

The ignition voltage (along the complete diverter strip) should generally be less than
the breakdown voltage of the radome structure to prevent puncturing of the radome wall.
Because the ignition voltage increases with strip length, the maximum admissible strip
length depends on the design of the radome wall as well as the size and the location of the
antenna inside the radome.

For the evaluation of the maximum admissible strip length, the real antenna was
substituted by a mock-up antenna model with the same size as the real antenna. Figure 7
shows the schematic drawing of the test setup from the top and from the side. The strip
length (length of the tested section of the diverter strip) is adjusted by a movable HV-
electrode. The antenna model is grounded and located at the relevant distance (d) away
from the rear side of the radome wall. The chosen distance d corresponds to the minimum
distance of the antenna to the inner radome wall structure of the satcom radome shown in
Figure 8.
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Figure 7. Schematic drawing of the test setup for the evaluation of the admissible length of the
diverter strip: (a) top view and (b) from the side.
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Figure 8. Image of the SATCOM radome prototype during the test with waveform D [29].

The strip length was increased step by step until the ignition voltage was so high
that the radome wall was punctured, and an arc was formed from the HV electrode to the
antenna model. The last position without breakdown determines the maximum admissible
length of the segmented diverter strip. In Table 2, the test data are exemplarily presented
for the segmented diverter strip of type LDS 10-01-38. For the tests, the HV waveform
A (1000 kV/us) was chosen with negative polarity. Again, the measured values of the
ignition voltage (Umax) scattered significantly. However, puncturing of the radome wall
structure occurred only for distances of more than 100 cm when the ignition voltage (Umax)
exceeded 122.8 kV. Therefore, the maximum admissible length of the diverter strip was
fixed to 100 cm in this case (for the considered waveform and polarity).

Table 2. Evaluation of the maximum admissible strip length by applying the HV waveform A
(1000 kV/ us) of negative polarity.

Length Umax 1
(c ng1) (V) Puncture
80 96.5 no
85 132.1 no
90 119.3 no
95 126.9/102.7 no
100 110.5/122.8 no
>100 >122.8 yes

1 Unax: Ignition voltage of the diverter strip.
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2.4. Maximum Admissible Interspacing between 2 Segmented Diverter Strips

The interspacing between 2 diverter strips should be small enough to prevent arcing
through the radome wall to the antenna inside. For this purpose, the maximum admissible
interspacing was investigated with the test setup shown in Figure 9. The test setup
corresponds to test setup C suggested in [10]. The test setup uses 2 segmented diverter
strips which are fixed on the radome panel in parallel at the distance D. Again, the antenna
model was placed at the rear side of the radome panel at the relevant distance d. The
HYV electrode was adjusted in the height a above the radome panel, midway between the
diverter strips. The distance D ranged between 40 and 80 cm. It should be noted that the
distance must be adapted to the chosen distance D so that a > D.

a
Antenna
\ /

model

HV-electrode

‘

Diverter strip Diverter strip

OO00 000000000000

|

OO0000000000000

™ Radome wall

(a) (b)

Figure 9. Schematic drawing of the test setup for the evaluation of maximum admissible interspacing
between 2 diverter strips: (a) top view and (b) from the side.

Starting with a small distance, the interspacing was increased step by step until the
radome wall was punctured by an arc discharge. The last position without breakdown
determines the maximum admissible diverter interspacing. The tests were performed with
the voltage waveforms A and D, with positive and negative polarity. The tests revealed that
the voltage waveform D with positive polarity represents the most critical case [16,17,29].
Puncturing of radome wall occurred when the interspacing exceeded 50 cm. Therefore, this
distance of 0.5 m represents the maximum admissible interspacing between 2 segmented
diverter strips for the considered situation (planar radome wall structure, segmented
diverter strip, and the antenna).

3. High-Voltage Tests with a Full-Scale Radome

High-voltage tests were performed with a full-scale satcom radome prototype at the
Nikola Tesla Laboratory of the Institute of High Voltage Engineering of Graz University
of Technology [29]. The high-voltage tests simulate the initial leader attachment process.
The full-sized structure is necessary to determine the locations where initial lightning
attachment may occur and to detect specific locations where the lightning protection
system can fail and puncturing may be possible.

The full-scale satcom radome prototype has a huge size, with dimensions up to about
5 m. Itis placed on a moveable trolley to enable lightning tests from different positions. On
the radome a lightning protection system was installed which consists of a combination of
solid and segmented diverter strips.

The test results show that reliable lightning interception can be achieved by an op-
timized arrangement of solid and segmented diverter strips even in the case of such a
huge radome structure. Figure 8 shows an example for the high-voltage tests with an
electrode which was placed at different locations above the radome prototype. The arc was
successfully redirected to 1 segmented diverter strip (although a creeping of the plasma
channel on the radome surface was observed in this particular case). The tests were per-
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formed with high-voltage waveform D and positive and negative polarity, following the
recommendations of reference [16,17]. The test results were verified using high-voltage
waveform B.

4. High-Current Tests at Radome Samples

The high-current (HC) tests were performed with the current component A at the
High-Voltage Institute of the University of the Federal Armed Forces Munich [30]. The
continuing current (component C) will certainly increase the thermal damage on the surface
of the radome wall structure. However, the radome is not exposed to the full component C,
but to the reduced component C * due to the swept stroke. Critical mechanical damage to
the composite radome wall structure—puncture or delamination—occurs generally during
transient lightning current components (component A).

The test generator used was a combination of 2 individual high-current generators,
each equipped with 2 capacitor banks of 30 uF. The capacitor banks of this tandem HC
generator can be charged up to a maximum voltage of 100 kV. To obtain a unidirectional
current waveform, both generators were equipped with crowbar switches. The currents
from the generators were added up at the specimen under a test where the total current
was measured via a wideband current monitor (type: Pearson Model 2093). Figure 10
shows an example for current component A produced with the tandem generator.

A

2007
150

Current (kA)
)
o

0+ t >
0 250 Time (us) 400

Figure 10. Example for high-current component A produced with the tandem generator at the
University of the Federal Armed Forces Munich [1].

4.1. Design of the Radome Samples

Solid diverter strips can withstand several times the threat of the return stroke current.
The use of the segmented diverter strips is more critical, because small buttons may be
melted or blown away by the expanding arc of the lightning current. Therefore, high-
current tests are focused on 2 types of radome samples, 1 equipped with a segmented
diverter strip and the other equipped with a combination of a solid and segmented diverter
strip. Figure 11 shows the schematic drawing of both configurations in a top and a
side view.

Plasma jet Segmented ) HC-slectrode| F1asma et Segmented  Solid
/leemﬂg cap diverter strip 3/8 inch bolt /dlvenlng cap  diverter strip diverter strip  3/8 inch bolt
«— Starting wire Metallic 5cm +— Starting wire Metallic
support T e support

HC-electrode

 Glass !
 fibres 11-.:

Hole for screw

Segmented
+. diverter stri

(b)

Figure 11. Schematic drawing (side view and top view) of the test samples equipped with (a) a

segmented diverter strip (configuration 1), and (b) a combination of solid and segmented diverter
strips (configuration 2).
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The first configuration represents a section of a planar radome structure equipped
with a segmented diverter strip which is directly connected to the metallic aircraft frame
using a metallic grounding bolt (see Figure 11a). The second configuration represents a
hybrid protection system consisting of the combination of a solid and a segmented diverter
strip. The solid diverter strip was electrically connected to the metallic structure using a
metallic grounding bolt. Particular attention was paid to the transition from the segmented
to the solid diverter strip (see Figure 11b).

Figure 12 shows the test setup. The HV electrode was placed 50 mm above the test
sample and was slightly shifted from the beginning of the segmented diverter strip by more
than about 50 mm to avoid plasma jets directed to the diverter strip. For the same reason,
the tip of the HV electrode was covered by a spherical cap of insulating material. Further, a
very thin starting wire of copper was used to guide the discharge to the beginning of the
diverter strip.

(@) b

Figure 12. (a) Front side of sample C1-B (segmented diverter strip) after the first test current
(component A), and (b) front side of the sample C2-B (combination of solid and segmented diverter
strip) after the second test current (component A).

4.2. Results for the Tested Radome Samples

Two samples of configuration 1 (sample number: C1-A, C1-B) were manufactured,
and each was tested with two current pulses of component A. The two lightning loads were
applied to each sample to prove whether the designed protection scheme could withstand
a single lightning current or whether it could withstand even a multiple strike event.

Table 3 summarizes the test parameters. The considered current parameters were the
peak current (Imax), the charge (Q), the front time (T;), the decay time to half-value (T>),
the current duration (T), and the specific energy W/R = [i®dt. All applied test currents
fulfilled the requirements of current component A regarding the permitted tolerances.

Table 3. Current parameters during the tests of the 2 samples of configuration 1 (segmented diver-
ter strip).

Sample Current Imax Q T1 T, Te W/R
Number Number (kA) Q) (us) (us) (us) MJ/Q)
CL-A 1 207 19.7 15.7 78.5 389 2.04

B 2 207 20.1 15.9 78.8 408 2.06
CLB 1 207 19.8 15 78.1 397 2.03
B 2 207 19.8 16 78.1 398 2.04

Table 4 contains the analog data for configuration 2 (a combination of the segmented
and solid diverter strip). Again, two samples (sample number: C2-A, C2-B) were manufac-
tured and each of them was tested twice with component A. Furthermore, in this case, all
applied high-current pulses fulfilled the requirements of current component A.
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Table 4. Current parameters of the tests of the 2 samples of configuration 2 (combination of segmented
and solid diverter strip).

Sample Current Imax Q Tq T, Te W/R
Number Number (kA) © (us) (us) (us) MJ/Q)
Co2-A 1 204 19.6 16.2 78.6 388 1.99

g 2 203 20.2 16.4 78.6 423 2.02
C2-B 1 204 19.1 16.2 77.3 393 1.92
g 2 204 18.2 16.3 43.7 409 1.77

Figure 12a shows the front side of sample C1-B (segmented diverter strip) after the first
test current (Component A). After the first test load, (as expected), burn marks were visible
on the front side of the sample. The paint was damaged and the surface of some buttons of
the diverter strips was melted due to the hot current plasma. However, the function and
safety of the segmented diverter strip was not impaired by these small thermal damages
(this was proven by the second high-current load).

Figure 12b shows an example for configuration 2 (a combination of solid and seg-
mented diverter strip) after the second current test (component A).

At the tip of the solid diverter strip, the paint was completely removed. Thermal
damage was also visible to the paint around the current attachment point and on the
surface of the fixing bolt and of the (titanium) screws used for contact with the aircraft
structure. It should be noted that segmented diverter strips are generally replaced after one
lightning load to avoid the possible failure of the lightning protection system. However,
there was no indication of damage to the radome sandwich structure, and there was no
visible damage on the rear side of the samples caused by the shock waves of the supersonic
expansion of the plasma channel. Ultrasound tests performed after the lightning tests
confirm this finding; neither delamination of the GFRP skins and of the honeycomb core
nor squeezing of the honeycomb core were found.

5. Conclusions

The magnitude of the electric field inside a dielectric radome is not significantly im-
pacted by the radome wall structure itself. Consequently, the radome does not produce
any significant electromagnetic screening effects on the enclosed antenna. To avoid light-
ning strike inception inside the radome, solid or segmented lightning diverter strips are
therefore usually used to produce the necessary electromagnetic shielding effect and/or to
trigger the streamer from the tip of the diverter strips.

There are a few general guidelines that should be followed when designing a lightning
protection system for non-conducting aircraft structures. The diverter should be oriented
as much as possible in the line of flight. This enables swept strokes to follow the diverter as
the aircraft moves forward and not jump over the non-conducting structure to be protected.
Although the rearward arrangement recommended above is desirable for the reattachment
of lightning, there must also be an adequate path for the discharge of the lightning current
into the metallic structure. It may therefore be necessary for some of the diverters to not be
aligned in the flight line.

Solid diverters should be designed to conduct the lightning current of the zone
in which the non-conducting structure is located without significant thermal damage.
Typically, solid diverters in zone 1A should withstand a 200 kA current amplitude and
a2 x 10° A%s action integral. The cross-sectional area of solid diverters depends on the
material used and the maximum temperature rise specified.

Segmented diverter strips are used in cases where electromagnetic interference with
the antenna must be minimized. Segmented diverter strips do not provide a continuous
metallic conducting path to directly conduct the lightning current. Segmented strips consist
of a series of thin conducting segments attached to a thin dielectric substrate. The size of
the buttons is generally chosen in relation to the antenna operating frequency so that the
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buttons do not noticeably interfere with antenna radiation. However, the segmented strips
are not without impact, especially on the side lobes of the antenna pattern.

Diverter strips should be placed neither “too far” nor “too close” from the conducting
objects to be protected. The spacing of the diverters depends on the dielectric strength of
the structure, the proximity of conducting objects to the non-conducting structure, and
the length of the diverter strips. The typical diverter spacing is between 30 cm and 60 cm.
Enough strips should be used to ensure that any lightning strike will flash across the
surface of the skin of the non-conducting structure rather than puncturing the skin and
striking the metallic objects under the skin. The required minimum spacing is generally
determined by experiments, as no numerical tools are currently available to determine
the minimum spacing of segmented diverter strips on a realistic radome structure. The
functioning and effectiveness of a lightning protection measure must finally be verified by
high-voltage lightning attachment tests on a full-scale radome to determine whether it is
capable of intercepting lightning strikes and prevents puncturing of the dielectric radome
wall structure.

In this study, an example of the design of a lightning protection system for an aircraft
radome was presented. The hybrid lightning protection system consists of solid and
segmented diverter strips. It was shown that the chosen arrangement of diverter strips
intercepts reliable lightning flashes, prevents the radome wall structure from puncturing,
and avoids arcing to the antenna installed inside the huge satcom radome.

It was further shown that the designed lightning protection system can withstand at
least two severe lightning strikes with a current load given by high-current component
A. After the high-current tests, only some minor damage was detected. Some traces of
thermal damage could be seen on the paint on the front side of the sample. Furthermore,
some melt points or traces of melting were visible on the buttons of the diverter strip.
However, no damage to the radome sandwich structure, no puncture of the radome wall,
and no delamination of the radome skin were detected after the high-voltage and high-
current tests.
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