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Abstract

The metal skin of air vehicles provides an important shielding effectiveness against the effects
of high amplitude electromagnetic waves. In recent years, the composite materials with the
advantages such as being lighter, causing lower fuel consumption, are used as a replacement of
metals. In this paper, electromagnetic shielding performance of composite materials in air
vehicle manufacturing industry is investigated. A panel model is used to obtain the shielding
performance of these composite materials. Due to the geometrical similarity of air vehicles with
a cylinder, a cylindrical shell model is also considered. Analytical calculations for the
interaction of an electromagnetic pulse(EMP) with composite materials are carried out for both
panel and cylindrical models. Also, the panel and cylindrical models are constructed via
Computer Software Technology(CST) program and analytical and simulation results are
compared. There is a good agreement with the results.

Keywords: Composite materials, shielding effectiveness, electromagnetic pulse, analytical
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1. INTRODUCTION

Involuntary electromagnetic interference(EMI) is
an important issue for the protection of electronic
equipment of aircraft from the effects of external
sources like High-Intensity Radiated
Fields(HIRF), Lighting(LEMP) and
Electromagnetic Pulse(EMP)[1-10]. The
aluminum skin of air vehicles provides important
level of shielding effectiveness(SE) performance
against external EMI sources[1]. With the
development of the technology, various studies
have been carried out on composite material
design that can be used in the manufacture of air

“Corresponding author: bkanberoglu@sakarya.edu.tr

vehicles such as aircraft, spacecraft and
unmanned aerial vehicle(UAV). In these studies,
it has been an important issue to reduce the
production cost by reducing the weight of the air
vehicles and to prevent the increase of
electromagnetic interference [3], [9], [11-16].
With the advantages like lower weight, good
mechanical and thermal characteristics, lower
maintenance costs, lower corrosion and higher
hardness, the use of composite materials such as
Composite material skin(CMS)[2], Carbon fiber
reinforced polymer(CFRP)[9], [16-17], Carbon
fiber reinforced composites(CFRC)[15], [18] and
Graphite-epoxy(GreEp)[19] as a replacement of
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metals on aircraft manufacturing industry
increases  rapidly. Multilayered composite
materials show good shielding performance as
surface the aircraft (> 20 dB) and can provide
protection against EMP and electromagnetic
interference [20]. Instead of the advantages of
these materials, the electrical conductivity of the
composite materials is much lower than
metals[21].

The purpose of this paper is to investigate the
shielding performance of the composite materials
(CFRP, CMS etc.). Firstly, a panel model is
considered to calculate the shielding performance
of these composite materials. The panel model
results are also compared with the model
established at CST[22].

Most of the air vehicles such as airplane, UAV
can be considered as a cylindrical shell due to
their geometry and the surface of the air vehicle is
considered to be made of composite materials.
Mathematical model of electromagnetic wave
interaction with aircraft is carried out at
cylindrical coordinates. The electric field on the
axis of the cylinder is used to obtain the SE level.
Also, a cylindrical shell model is constructed at
CST program to validate the analytical results. To
reduce the simulation time and mesh number,
CST simulations are performed up to 2 GHz for
cylindrical model.

2. MODELLING AND ANALYSIS OF
COMPOSITE MATERIALS

The electromagnetic SE of the panel can be
described as the ratio of the magnitude of the
transmitted field to incident field. SE and given
as:

SE. = —20log

E,
-t 1
£ 1)
Ei and E; are the incident and transmitted electric
field strengths. SE performance is evaluated for a
plane wave interaction. EMP is described by a
double-exponential equation given by[23], [24]

Et)=E,x(e“-e”), t>0 @)
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where the parameters Eq=5x10* V/m, a=4x10" s
1 p=6x10% s. The waveforms of EMP are shown
in Fig. 1 for both time and frequency domains.
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Figure 1 EMP waveform at a) time and b) frequency
domains

Two cases are considered for analytical
calculations and simulations. SE is calculated for
a panel model in case 1 and for a cylindrical shell
model in case 2.

2.1. Case 1: Panel Model Interaction

A three-layer model(Air/Panel/Air) is considered
for the SE simulation as shown in Figure 2.
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Figure 2 Interaction model of homogeneous panel

X polarized TM electromagnetic pulse interacts
with the cable channel placed in the ground.
Interaction mechanism is shown at Figure 1. A
transfer matrix is used to determine the
transmitted and reflected electromagnetic
waves[25-26]. The matrix model defines the
linear connection of electromagnetic field vectors
at layer boundaries.

EiRa el

Transfer matrix T is a 2x2 matrix [25].

cos(k,-d)  jZsin(k -d)

T|=| j 4
7] %sin(ki .d)  cos(k, -d) )
where the thickness of the layer
d= Yia =Y (5)

Wave impedance and wave number of the layers
used in transfer matrix are given below,
respectively[27].

7= | (6)
o+ Jwe
ki =y~ Jwp(o + jwe) ()

w=2xf is the angular frequency, ¢ is the electrical
conductivity, g and uo are the electric permittivity
and magnetic permeability of free space,
respectively.

2.2. Case 2: Cylindrical interaction

TMzpolarized EMP is considered to interact with
a shielded cylinder as shown in Figure 3.

The electric and magnetic fields in cylindrical
coordinates are given as[28]
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EinC(r’¢’ Z) _ EZ”C(r,qﬁ)ETZ _ E(i)nce—jkorcosgﬁa'

yA

H™(r.¢,2)=H(r,p)a +H"(r.¢)a,  (8)

inc
=———(a,sing+a,cosg)e
o

rcosg

Figure 3 Cylindrical shell interaction model

The tangential fields to the cylindrical surface can
be shown as

E () =EF Y 79, (ke

i (r, gy = - BT ©)
v _jW50 or
=—j— > "3, (k,r)e™
0 nN=—x

J.(-) is the nth order Bessel function of the first

kind and J_ () is the derivate of J,(-). 7, and K,

are the characteristic impedance and the
wavenumber of the air, respectively[27].

Ho
Mo =,—
" Ve (10)
Ko = Wy/&o 140

For TM wave incidence, the relation between the
tangential electric and magnetic fields can be
characterized by given equation at the boundaries
of the layers[29].

ﬁ } DNAN ﬁ } (12)

én N=—o0 én
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[Z,],, is the transfer impedance matrix and
expressed as

7k, A B
[ZTM]= 2 {C D:| (12)

where the related expansion terms are formulated
by Wronskian’s results on J, and Y, [30]

A=k, -1)-Y, (k,-r)=J, (K, -T)-Y, (K, L)
B=—in,(J,(k, -1.)-Y,(k, -£)-J, (K, -1,)-Y, (K, -T.))

(13)

1
c :;(Jn 'k, r)-Y, (K, 6)=d, 'k, -n)-Y, (K, )

D=J,(k, )Y,k -£)=3, 'k, -5,)-Y, (K, -T,)

Y,(:) is nth order Neumann function of the first
kind and Y, () is the derivate of Y,(}). 7, is the
characteristic impedance and k, is the
wavenumber of the surface[31].

n = W
> \o, + jwe, (14)

Ky == Wi, (o, + JWe,)

where & is the relative permittivity, us is the
relative permeability and os is the conductivity of
the surface layer of cylinder.

3. RESULTS

Firstly, SE of composite panel exposed to EMP is
investigated. Electrical parameters of the
composite materials used in air vehicles
manufacturing are given in Table 1. These
parameters are used at analytical calculations and
construction of a panel model at CST program.

Table 1 Electrical Properties of Composite
Materials

Material Relative Electrical
Permittivity conductivity(S/m)
CMSJ[1] 14.5 500
CFC [8] 1 104
CFRP[6] 6.4 1.5x10°
GrEp[19] 1 4x10°

Sakarya University Journal of Science 25(2), 554-562, 2021

Analytical calculation results are given in Figure
4. Simulations performed for 0.5 mm thickness
panel at frequency range between 1 MHz to 10
GHz.

It is clear from Figure 4 that GrEp shows the best
shielding performance among 4 composite
materials. 0.5 mm thick GrEp panel provides SE
between 70 and 220 dB at selected frequency
spectrum. CFC and CFRP have similar shielding
performances and a notable increase occurs with
frequency. SE performance of all composite
materials remain constant up to 100 MHz and
shielding efficiency in the range of 40-80 dB up
to material. With increasing frequency, SE
performance of composite materials increase
dramatically.

220

m— CMS
200 f |== CFC
===u CFRP
180 [ GrEp

160

SE (dB)
N
o
’0

108 107 108 10° 1010
Frequency (Hz)
Figure 4 SE Comparison of Composite Materials

The panel is constructed for CMS and CFC
materials at CST and simulation results are
compared with analytical results in Figure 5.
Frequency Domain Solver is preferred for CST
simulations. According to Figure 5, there is an
excellent agreement between analytical and
simulation results.
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Figure 5 SE Comparison of Composite Materials

A cylinder can be considered as a small model of
aircrafts. A cylindrical shell model is considered
to analyze the cylindrical SE performance of
composite materials against EMP. The shell of the
cylinder is assumed to be constructed by
composite materials and electric field along the
axis of cylinder and cylindrical SE performance
of materials is analyzed.

As in the panel model, the analytical calculations
and CST simulations are performed for a
cylindrical shell model. To reduce the simulation
time and mesh number in CST simulations, the
highest frequency is limited to 2 GHz, the radius
of cylinder is selected as R=20 cm and the
thickness of composite panel d= 0.5 mm. The
analytical results are given in Figure 6.
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60 f'e”
.
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GrEp

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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Figure 6 SE Comparison of Composite Materials
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All  composite materials show the same
characteristics except the SE magnitudes. There is
a significant increase at SE values up to 100 MHz.
After 100 MHz, resonances occur, and SE values
decrease sharply at resonance frequencies. GrEp
material provides the highest SE performance
about 80 dB and the CMS the lowest about 30 dB.

Except resonance frequencies, there isn’t a
notable change at SE values with increasing
frequency. It is clear from the Figure 6 that the
electrical properties of the materials don’t have a
significant effect on resonance frequencies. First
resonance frequency is 574.65 MHz and second is
1.315 GHz. These frequency values are related to
the radius of the cylinder and roots of the Bessel
function.

_e fma) (em) 15
b 27\J& 1, [RJJr[lj 19)

where mth root of nth order of Bessel function is
denoted by Xmn. R is the radius, 1 is the length, &
is the relative permittivity and pr is the relative
permeability of the cylinder. Due to Figure 6 and
Equation 9, the radius of the cylinder is more
decisive on resonance frequencies than electrical
parameters of composite materials.

Then, the cylindrical shell model is constructed in
the CST program. GrEp material is selected as the
shell of the cylinder. Time domain solver is used
for simulation. The result of the model is
compared with analytical results in Figure 7.

T T T
m—— Analytical
= = Simulation

90

30

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (GHz)
Figure 7 SE performance of cylindrical shell with

single layer AML (d=0.5 mm, r= 20 cm)
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Figure 9 E-Field distribution of cylindrical model interaction

Analytical and simulation results show the same
characteristics and there is a good agreement
between the resonance frequencies and magnitude
values.

Due to the good agreement between analytical
and simulation results, it is considered to perform
some additional simulations to obtain E-field
distributions at 935 MHz that is the central
frequency of resonances of cylindrical interaction
given in Figures 6 and 7. Field monitors are used
to evaluate E-field distributions. E-field
distribution for plane wave interaction with CFC
material is given in Figure 8.

It is clear from Figure 8 that the E-field
distribution behind the panel has similar results as
given in Figure 5. The majority of incident E-field
is reflected through the CFC panel and CFC panel
provides a notable SE.

E-field distribution for plane wave interaction
with cylindrical shell model is also given in
Figure 9. Simulations are performed for GrEp

Sakarya University Journal of Science 25(2), 554-562, 2021

material as in Figure 7. Incident, transmitted and
reflected E-fields are given in Figure 9. Due to
inner reflections, the major part of the incident E-
field is reflected and transmitted from the
cylindrical shell model. A good SE performance
is achieved.

4. CONCLUSIONS

In this paper, the composite materials used in air
vehicle manufacturing industry are investigated.
The analytical calculations and simulations are
performed for composite materials. A panel
model is considered to obtain the SE level of
materials. Due to geometric similarity of air
vehicles and cylinder except the wings, a
cylindrical shell model is constructed and SE
level on the axis of the cylinder is calculated. CST
models are constructed for both panel and
cylindrical model. There is a good agreement
between analytical results and simulations for
panel and cylindrical shell models. CFC, CFRP
and GrEp materials obtain 60dB shielding
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performance at least for 0.5 mm thickness. GrEp
provides the highest shielding effect for panel and
cylindrical models. Except resonance
frequencies, 75 dB shielding is achieved by GrEp
for cylindrical shell application. Based on the
agreement, E-field distributions are evaluated at
central frequency of resonances at 935 MHz for
planar and cylindrical models. The results are
compatible with analytical and simulation results.
Also, it is noticed that the analytical model has an
advantage of solving the problem in a brief,
simple and fast way.
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