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ABSTRACT

OPTIMIZATION OF VIBRATION CHARACTERISTICS OF A RADAR
ANTENNA STRUCTURE

Baran, Ismet
M.S. Department of Mechanical Engineering
Supervisor: Asst. Prof. Dr. Gokhan O. Ozgen
Co-Supervisor: Asst. Prof. Dr. Ender Cigeroglu

February 2011, 145 Pages

Radar antenna structures especially array antennas which are integrated onto
structures of aerial vehicles are subject to dynamic structural and aerodynamic
loads. Due to occurrences of these dynamic loads there will be certain dynamic
deformations which affect the antenna’s performance in an adverse manner. The
influence of deformations and vibrations are important on array antenna structures,
since they cause a change in orientation of elements of the phased array antenna

which affects the gain of the antenna negatively.

In this study, vibration characteristics of a particular radar antenna structure are
optimized using topology and stiffener design optimization methods such that
negative effects of mechanical vibrations on functional performance of radar
antenna are minimized. Topology and stiffener design optimization techniques are
performed separately by the use of ANSYS Finite Element (FE) software in order
to modify the design of the radar antenna structure such that its critical natural
frequencies in the range of 0-500 Hz are shifted out of the dominant peak sinusoid
frequency range of the air platform. As a result of this, it will be possible to

minimize the vibration response of the phased array elements in the frequency
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range of 0-500 Hz; hence better antenna performance can be achieved. In addition
to this, it will also be possible to minimize the broadband random vibration

response of base excitation coming from air platform.

Keywords: Radar Antenna Structure, Vibration, Topology and Design
Optimization, Stiffeners, Finite Element Method.



Oz

BiR RADAR ANTEN YAPISININ TiTRESIM OZELLIKLERININ
OPTIMIZASYONU

Baran, Ismet
Yuksek Lisans, Makine Mithendisligi Bolimi
Tez Yoneticisi: Yrd. Dog. Dr. Gokhan O. Ozgen
Ortak Tez Yoneticisi: Yrd. Dog¢. Dr. Ender Cigeroglu

Subat 2011, 145 sayfa

Hava araclarina entegre edilen radar anten yapilarindan ozellikle dizi antenler
dinamik yapisal ve aerodinamik yiiklere maruz kalmaktadir. Bu yuklerin var
olmasindan 6tiirii antenin performansini olumsuz yonde etkileyen belirli dinamik
yer degistirmeler mevcuttur. Yer degistirmeler ve titresimler faz dizi anten
elemanlarinin oryantasyonunda degisimlere sebep oldugundan dolayi, ki bu da
anten kazancini olumsuz yonde etkilemektedir, yer degistirmelerin ve titresimlerin

dizi anten yapilari iizerindeki etkisi olduk¢a 6nemlidir.

Bu caligmada belirli bir radar anten yapisinin titresim karakteristigi topolojik
optimizasyon ve destek elemani tasarim optimizasyonu teknikleri kullanilarak
optimize edilmistir soyle ki mekanik titresimlerin radar anteninin fonksiyonel
performansina olan olumsuz etkileri minimize edilmistir. Radar anten yapisinin
tasarimini degistirmek i¢in soyle ki antenin 0-500 Hz araligindaki kritik dogal
frekanslar1 hava platformunun yarattigi baskin harmonic frekans araligi digina
otelenecek sekilde topolojik optimizasyon ve destek elemani tasarim
optimizasyonu teknikleri ANSYS Sonlu Eleman (SE) yazilimi kullanilarak ayri

ayr1 uygulanmaktadir. Bunun sonucunda, 0-500 Hz frekans araligindaki faz dizi
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elemanlarin titresim cevabinin minimize edilebilmesi miimkiin olacaktir; boylece
daha iyi anten performans: elde edilebilir. Buna ek olarak, hava platformundan
gelen tabandan uyarma genis bant rastgele titresim cevabinin da minimize edilmesi

mumkiin olacaktir.

Anahtar Kelimeler: Radar Anten Yapisi, Titresim, Topoloji ve Tasarim

Optimizasyonu, Destek Elemani, Sonlu Eleman Y 6ntemi.
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CHAPTER 1

INTRODUCTION

The common sources of mechanical deformations and vibrations on aerospace
structures are dynamic loads and in fact, dynamical load cycles can damage or
cause a reduction in the service life of mechanical parts. The presence of static and
dynamic loads may also have severe adverse effects on the performance of radar
antenna structures installed on air platforms. Hence, deformation and vibration
mechanisms of the antenna structure and its elements must be well studied and

understood.

The objective of this thesis is to fine tune the dynamic characteristics of a certain
radar antenna structure by making vibration and optimization analysis for
minimizing the effects of structural vibrations of the antenna on its functional
performance. This radar antenna is to be externally integrated to an Apache AH-64
(Late) helicopter platform. In order perform the intended the optimization study,
first a finite element model of the radar antenna structure will be constructed. For
the finite element model of the radar antenna structure which is mainly composed
of plate-like structures, solid elements will be used. The verification of the
constructed finite element model is done primarily by comparing modal
frequencies of a generic simply supported plate (of similar size as the radar
antenna) which is modeled using the same type of finite elements and similar
element size with analytical solution of the same plate. After the verification of the
finite element model, topology and stiffener parameter optimizations are
performed on the same model using optimization capabilities of ANSYS FE
software. Base the design of the radar antenna structure to modify such that its
critical natural frequencies (which cause higher vibration responses on specific

direction and have adverse effects on radar antenna’s functional performance) are



tried to be shifted out of the vibration exposure range (0-500 Hz) of AH-64 (Late)
helicopter platform. Moreover, in order to obtain better results, stiffener design
optimization is performed on reinforced antenna configuration obtained from
topology optimization study. As a result of this, advantages of both optimization
methods are combined for further minimization of the unwanted vibratory

response of the antenna structure.

The organization of this thesis is proceeding with literature survey which is
devoted in Chapter 2. Vibration of helicopter platform and its effects on radar
antenna structures are mentioned in this chapter. Moreover optimization
techniques and the use of stiffeners in structural design of stiffened plates are
investigated. Similar optimization studies in literature are also given in this

chapter.

Finite element model of a radar antenna structure is obtained in Chapter 3 to
understand the dynamic behavior of radar antenna system. For the confirmation of
the element size and type, a verification study is performed, where finite element
model of a simply supported plate is compared with the analytical solution
available in the literature. Then modal and random vibration analyses are carried
out for the whole assembly. In addition to that an intuitive design of radar antenna

structure is developed in this chapter.

In order to minimize the adverse effects of mechanical vibrations coming from
helicopter platform on to the radar antenna, optimization studies are conducted
using ANSYS FE software in Chapter 4. Firstly topology optimization is
performed to maximize the critical natural frequencies of the radar antenna. Next
stiffener design optimization is carried out. Finally stiffener design optimization is

performed on optimum topology optimization results in this chapter.

Summary of the results and conclusions are discussed in Chapter 5 with the
outcomes of this thesis. Recommendations for future studies are also presented in

this chapter.



CHAPTER 2

LITERATURE SURVEY

A detailed literature survey has been made as a part of this study. The aim of this
survey was to find out the previous work done on this subject and to clarify the
methodology of this study. Firstly, the radar antenna structures are explained
including adverse effects of mechanical vibrations coming from air platforms on
functional performance of antennas. Next, helicopter vibration, the theory of
optimization methods used in this study and the use of stiffeners for stiffened
plates are described, respectively. Finally similar optimization research work in the

literature is exemplified.

2.1 RADAR ANTENNA STRUCTURES

A radar antenna is a microwave system that radiates or receives energy in the form
of electromagnetic waves. Reciprocity which is an important property of radar
antennas means that the different characteristics of the antenna are identical during
transmitting and receiving an electromagnetic signal. Parabolic reflectors and

phased arrays are the two basic constructions of radar antennas.

Generally antennas are divided into two categories, directional and
omnidirectional. For a specific antenna position, directional antennas radiate radio
frequency (RF) energy in patterns of lobes or beams that extend outward from the
antenna in one direction. In contrast that RF energy is radiated by omnidirectional

antennas in all directions simultaneously.



Radiation patterns can be plotted on a rectangular- or polar-coordinate graph.

These patterns are a measurement of the energy leaving an antenna.

e Energy is equally radiated in all directions for an isotropic radiator.

e Energy is radiated directionally for an anisotropic radiator.

e The main lobe is the bore sight direction of the radiation pattern.

e Side lobes and the back lobe are unwanted areas of the radiation

pattern [1].

2.1.1 Basic Operating Principles of Radar Antenna

The basic operating principle of a radar antenna structure is shown in Figure 2.1.
Antenna is a device which picks up the reflected microwave signal from the target
which is generated by the radar antenna to illuminate the target and the return is
defined as the electromagnetic signal picked up by the receiving antenna. It should
be noted that an effective transmitter generates the electromagnetic signal and then
a highly sensitive receiver is picked up the signal. When the radar antenna radiates
electromagnetic energy to targets, the reflected signal which is called scattering
from all targets is formed in a wide number of directions. If the reflection is

provided in opposite directions to the radiated energy, a “backscatter” is obtained.



Ref [47]
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Figure 2.1 The operating principle of a primary radar antenna structure.

Several antenna beam definitions can be described as follows [2];

Transmitter:
Radar transmitter is used to obtain the high power RF signal radiated through the

space.

Duplexer:

According to the transmitting or receiving process of the radar antenna, the
duplexer alternately switches the antenna for proper condition. This is a required
step for radar antenna in order not to make the receiver destroyed due to the high-

power pulses of the transmitter.

eceiver:
The receivers is a device used as decoder for amplifying the received RF signals

then it generates proper signals for the output.



Radar Antenna:
The radar antenna is used for transferring or receiving the generated energy to

electromagnetic signals.

Indicator(Display):
The relative position of targets can be seen and easily understood by an

observer as a graphic screen by the use of indicator (display).
Some important characteristics of radar antennas are given as follows:
Antenna Gain:

Antenna gain which is independent for transmitting or receiving processes is a
significant characteristic of a given. For highly directional antennas, more
electromagnetic energy is radiated in specific directions than in others. The gain
can be defined as the ratio between the amount of energy radiated for directional
antennas (anisotropic radiation) and the energy that would be radiated if the
antenna were not directional (isotropic Radiation). The gain is same for

transmitting and receiving operations of antennas [1], [3].
Antenna Pattern:

Generally in specific direction most radiators of antennas radiate large amount of
energy which is indicated as anisotropic radiators. Radiation pattern generated in
this direction can be traced by the use of standard methods such as marking the
positions around a source so that specific pattern can easily be compared with

another.

An electric field having a specific radiation pattern is formed by the energy
radiated from an antenna. The radiated energy from an antenna can be plotted by
the use of radiation pattern and the shape of this pattern depends on the type of
antenna utilized. At a constant distance from the antenna, this radiated energy is
measured at various angles. The plot of antenna radiation pattern (Electric field)

having five elements (radiators) is illustrated in Figure 2.2.



Figure 2.2 The plot of antenna radiation pattern (electric field) having 5 elements
(radiators) [1].

In Figure 2.2, distribution of the radiated power (electromagnetic signal) in space
is shown. These figures identify where power is being radiated or received (since
they are reciprocal) and also they show how much reduction can be expected if the
antenna is not aimed properly. The total electric field of this antenna pattern can

also be seen in Figure 2.3.

Figure 2.3 Total electric field of the antenna pattern having five elements
(radiator) [1].



To plot this pattern, polar coordinate graphs which are preferable for identifying
the radiation characteristics of antennas can be used. The polar-coordinate graph of

the measured radiation is given in Figure 2.4.

Figure 2.4 Antenna pattern in a polar-coordinate graph [1].

For optimum performance, these antenna plots help radar antennas to obtain a
suitable positioning on all the desired signals. It can be observed that, the narrower

the beam width, the greater the difficulty in properly aiming the antenna.

It is seen from Figure 2.4 that the main beam (or main lobe) is usually the region
within a 3 dB range of the peak of the main beam around the direction in which the

maximum radiation energy is obtained [1].



The side lobes are defined as smaller beams that are located away from the main
beam directions. It is a fact that the undesired radiation obtained from these side
lobes can never be completely eliminated and beside that for characterizing the
radiation patterns the side lobe level (or side lobe ratio) is an important parameter

used in radar antennas [1].

Beam Width:

Beam width is described as the angular range of the antenna pattern in which at

least half of the maximum power is still emitted [4].

Phased Array Antenna:

A phased array antenna can calibrate the phase of electromagnetic signal by using
radiating array elements which have phase shifter. In order to guide the patterns
and beams of antenna in the desired direction, beams are formed by controlling the

phase difference of the signal emitted from each radiating array element [5].

2.1.2 Effects of Structural Vibrations on Antennas

The presence of static and dynamic loads may have severe adverse effects on the
performance of radar antenna structures installed on air platforms and other
vehicles. Hence deformation and vibration mechanisms of the antenna structure
and its elements must be identified. Particularly the cause of vibration and its
effects on antenna systems are the topics that must be taken into consideration
during the detailed design phase. The deformity of the antenna surface and also

patch arrays may;

» Affect the antenna’s radiation pattern,
» Cause bore sight errors, beam gain etc.,

» Increase side lobe levels [6].

Mechanical vibrations will cause deformation of the antenna supporting structure.

As a consequence, the positions and orientations of the elements of the phased



array antenna change. The relative phases of the respective signals feeding the
antennas will vary; hence, the antenna radiation pattern is affected: the main beam
direction can change and the beam width and/or side lobe levels can increase. This
can be imagined as a hemisphere which can be used to clarify the effects of
changes in orientations of the antenna elements in Figure 2.5. A headlight is placed
in the center of the hemisphere and illuminates the inner surface of the
hemisphere. The observer (Number 1) located at the center of the hemisphere
always sees the equal spot size (as a projection) in central line of sight with beam
width 8. On the other hand another observer (Number 2) located at the margin of
the hemisphere looks sloping on the illuminated area of the hemisphere. Therefore
if the 2™ observer wants to see the equal spot size as the 1 observer sees, a larger

area must be lit on the margin of the hemisphere from center. In this case beam

width increasesie. 8 > 0.

From this point of view it can be concluded that the headlight can be focused in
central beam direction better and its “beam width” is lower and its “antenna gain”

is better than at a large angle of the irradiation.

Figure 2.5 Example model of a phased array antenna radiation pattern [1].
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Moreover the negative effect of changed position of the elements of the antenna

due to structural vibrations can also be clarified in Figure 2.6.

In Figure 2.6, an antenna radiation pattern is considered. The original undeformed
radiation pattern of the antenna is shown in blue color. Desired radiation pattern is
occurred and main beam of this radiation covers the target i.e. the plane. Here the
negative effects of side lobes are negligible. However under dynamic loads,
deformations or when the structural vibration exposure level is high, the position
of the main beam of the antenna pattern is deformed so that original antenna
elements location is changed. Therefore the desired radiation pattern is also varied,

which is shown in red colors in Figure 2.6.

It can be seen in Figure 2.7 that the plate where antenna elements are attached is
deformed in normal direction (y-direction) and at the same time position of the
antenna elements is changed automatically. Hence the main beam radiation
becomes less important and the contribution of unwanted side lobes to the desired
radiation pattern is increased. In addition the gain of the antenna is expected to
decrease. As a consequence less effective power is transmitted or received by the
antenna elements and there may be scan blindness such that the plane (Figure 2.6)

or tank (Figure 2.7) may not be caught by the antenna.

Deformed position
of main beam
Side Lobes

Undeformed position of

/ main beam
-

Side Lobes

Antenna elements

Figure 2.6 Deformed and undeformed radiation pattern.

11



Antenna Plate

/¥

Antenna elements

X < e " : :_ "
“ Ref [46]
y

Deformed plate due to
dynamic and static loads

-~ —

-~ —
-
—~
—

Undesired side =
lobes are dominant

. AQobesare dominant :
Ref [46]

b)

Figure 2.7 Effects of deformation of the plate where antenna elements are
attached. (a) undeformed plate, (b) deformed plate.
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For investigating the effect of vibrations on the performance of a generic array
radar antenna, a vibrating plate is considered as a typical test case in NATO
Research Task Group. In this test setup eight embedded patch elements are
mounted on array antenna in receiver mode. The effects of vibrations on this
system are investigated for a radar aperture antenna and a generic interferometer
array antenna [7]. It was observed that the direction of the main beam of the radar
antenna becomes non stationary which is an undesirable situation considering the

performance of the antenna.

In Ref [8], the results of computer simulations of vibration effects on antenna
elements were summarized for discussing the problem of maintaining a high-
performance phased array radar antenna. Deformation of antenna structure and
failure of antenna elements due to mechanical vibrations were also emphasized in

order to discuss the performance assessment of the radar antenna.

The effects of vibration and rotation on millimeter wave synthetic aperture radar
(SAR) are shown in Ref. [9] theoretically and simulated by real data. It was
explained that mechanical vibrations and rotations of radar targets cause phase

changes in received radar signal.

The importance of calibrating the position errors of an antenna element due to
aperture vibrations were emphasized in Ref [10]. The estimated position
information of eight element array was substituted into beam forming process
relative to the reference sources to compensate the deformed pattern of the antenna

array due to vibration.

Array antenna, which is commonly a group of antenna elements, is used to obtain
high directivity, low side lobes, particular radiation pattern characteristics. The
most important stage for the design of an array antenna is the selection of elements
and array geometry, and then the determination of the element excitations required

for achieving a particular performance comes [11].

In phased array antennas the structural vibrations may lead to scan blindness of the
antenna, where no effective power is transmitted or received by the array elements

[12]. Due to the deformation of the structure of the antenna, mutual coupling
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occurs between the elements of array system which leads to scan blindness. In this
case, the characteristics of the pattern of the antenna are changed and the array
cannot transmit energy in desired directions [13]. Scan blindness must be
considered in phased array design because it limits the scan range of the antenna
and lowers the efficiency of antenna [14]. In addition to this an un-optimized
design of an array antenna may lead to scan blindness. According to Ref [15], it is
efficient to use defected ground structure (DGS) on a linear microstrip scanning

array antenna to remove the blindness angle.

2.1.3 Compensation of Structural Vibrations of Radar Antennas

In literature there are different tools for modeling and design of radar antenna
structures against unwanted vibrations in order to maintain proper working
conditions. One of them is the passive compensation of static deformations and
vibrations based on the estimation of the position of the antenna (patch) elements
which is used for generating the radar signal. Besides, there are numerical analyses
of antenna array geometries with deformations and results of which are related to

the antenna parameters such as beam width, side lobe level, pointing error etc.

Different structural vibration modes at different natural frequencies may occur
depending on the mechanical properties of the radar antenna structure and actual
loads acting on the antenna. Moreover, the vibration amplitude of the antenna
surface also depends on local and global mode shapes of the radar antenna

structure.

Negative effects of structural vibrations and deformations on antenna surface and

patch elements may be prevented by [7];

e Structural modifications such as reinforcement,
e Active or passive damping control,
e Active shape control of global or local deformation,

e Signal processing methods.
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A simple and straightforward way to prevent adverse effects of structural
vibrations on antenna elements is shifting the critical natural frequencies and mode
shapes, which affect the performance of the radar antenna negatively, out of the
frequency range in which vibration levels due to transmitted vibrations of platform

(radar antenna structure is integrated) to the antenna are effective.

For instance, the vibration exposure of the radar antenna structure which is
integrated to a helicopter platform becomes effective in the frequency range of 0-
500 Hz according to Military Standard 810G (MIL-STD-810G) [16]. Especially
sinusoidal peaks produced by rotating components of the helicopter platform
dominate the vibrations coming from helicopter. Details of estimating vibration
levels of different helicopter platform are defined in military standards (MIL-STD-
810G). Vibrations which are out of the frequency range 0-500 Hz have a lower
displacement level and also these vibrations can be successfully filtered by
vibration isolation systems generally used in integration of the radar system to the

helicopter platform.

If natural frequencies and mode shapes of the radar antenna structure are kept out
of the frequency range where dominant sinusoids occur, performance drop of the
antenna due to transmitted vibrations can be reduced since frequency response of
structure decreases as the excitation frequency gets away from the natural
frequencies. To achieve such a condition, the design of the radar antenna structure
can be modified by the use of optimization techniques such as topology

optimization or stiffener reinforcement.

In order to increase the stiffness to weight ratio of the radar antenna system,
especially for the plate on which antenna elements are installed, stiffeners can be
used. This improves the stiffness of the radar antenna structure and also the natural

frequencies of the antenna can be increased.

In this thesis, design of a phased array radar antenna structure is modified by using

stiffener reinforcement and topology optimization techniques.
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2.2 HELICOPTER VIBRATION

2.2.1 Characterization of Helicopter Vibration

In the military standard MIL-STD-810G [16], helicopter vibration is characterized
by dominant peaks superimposed on a broadband background, as stated in Figure
2.8. The major rotating components (main rotor, tail rotor, engine, gearboxes,
shafting, etc.) produce the peaks which are sinusoids. These peaks occur at the
rotational speed (frequency) of each component and corresponding harmonics of
these speeds. On the other hand the broadband background also includes random
vibrations which are caused by sources such as aerodynamic flow or potential

WOTrSt case environments.

According to the different types of helicopter, vibration levels and spectrum
shapes vary widely and they depend on strength and position of materials and also

the geometry and stiffness of the structure.

To identify the design criteria the broadband background is expressed as random
vibration. However, in real life conditions it is not easy to define and specify the

random vibration or lower sinusoidal components.

On the other hand the dominant sinusoids are generated by rotating components of

the helicopter such as;

primarily the main rotor(s),
tail rotor,
engine(s),

drive shafts,

Y V. V VY VY

and gear meshing [16].

The normal operating speeds of these components are generally constant, varying

less than five percent.
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2.2.2 Vibration Exposure levels

The vibration exposure levels for components integrated to helicopters should be
derived from field measurements. However, when measured data are not available,
levels can be derived from Table 2.1, Figure 2.8 and Figure 2.9. These levels are
specified considering the worst case environment conditions and have been

aggressively compressed in time [16].

In order to determine the vibration exposure levels, helicopter is divided into zones
as shown in Figure 2.9. To calculate the values of Al, A2, A3, and A4 (Figure
2.8) the related source frequencies of helicopter components should be used for all
component locations shown in Figure 2.9. For instance, for a component located in
the horizontal projection of the tail rotor disc, the source frequencies of the tail
rotor must be used and for a component located on or in close to drive train
components such as gearboxes and drive shafts, the source frequencies of that
drive train component (i.e., gear mesh frequencies, shaft rotational speeds) must be
used for calculating the values of A1, A2, A3, and A4 [16]. For regions other than
these locations indicated above, the source frequencies of the main rotor must be
used. Fundamental main and tail rotor source frequencies of several helicopters are

given in Table 2.1, from which convenient values can be selected.
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Table 2.1 Helicopter vibration exposure [16]

MATERIEL RANDOM SOURCE PEAK ACCELERATION (A))
LEVELS FREQUENCY (fy) at fx (GRAVITY UNITS (g))
FANGE (Hz)
General Wy =0.0010 g‘.-‘Hz 3to 10 0.70 /(10.70 - )
W, =0.010 g/Hz 10 to 25 010xf,
f; =500 Hz 25 to 40 2.50
40 to 50 650-010xf;
50 to 500 1.50
Instrument Panel W, =0.0010 g"/Hz 3to=10 0.70 /{10.70 - £)
W1 =0.010 g'/Hz =10 to 25 0.070x 1,
f; =500 Hz 25 to 40 1.750
40 to 50 4550 -0.070 x f;
50 to 500 1.050
External Stores W =0.0020 g"/Hz 3to=10 0.70 /{10.70 - f,)
W, = 0.020 g¥/Hz =10 to 25 0150 xf,
f,=500Hz 25 1040 3.750
40 to 50 9750 -0.150x f;
50 to 500 2250
On/Near Drive W, =0.0020 g"/Hz 5to=50 010xf,
System Elements W, =0.020 g"/Hz =50 to 2000 50+0010xf,
£,= 2000 Hz

Main or Tail Rotor Frequencies (Hz)
Determine 1P and 1T from the Specific Helicopter

or from the table (below).

Drive Train Component Rotation
Frequency (Hz)
Determine 1S from Specific
Helicopter and Component.

fi = 1P f, =1T fundamental f, = 18 fundamental
f =nx 1P f=m x 1T blade passage f.,=2x 18 1st harmonic
f=2%xnx 1P =2 xmyx 1T 1st harmonic f.=3x 1S 2nd harmonic
f,=3xnx 1P f =3 xmx 1T 2nd harmonic f, =4x 15 3rd harmonic
MAIN ROTOR TAIL ROTOR
Helicopter Rotation Speed Number of Rotation Speed Number of
1P (Hz) Blades n 1T (Hz) Blades m
AH-1 540 2 27.7 2
AH-6J 795 5 473 2
AH-6M 792 6 444 4
AH-64 (early) 4382 1 234 4
AH-64 (late) 4386 4 236 4
CH-47D 3.75 3 2 main rotors and no tail rotor
MH-6H 7.80 5 47.5 2
OH-6A 8.10 4 518 2
OH-58AC 5.90 2 438 2
OH-58D 6.60 4 397 2
UH-1 540 2 277 2
UH-60 4.30 4 19.8 4
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2.2.3 AH-64 (Late) Apache Helicopter

In this study, in order to perform the optimization methods Apache (AH-64)
helicopter is selected. This helicopter has a four-blade main rotor and a four-blade
tail rotor that is shown in Figure 2.10 and Figure 2.11. The crew sits in tandem,

with the pilot sitting behind and above the copilot/gunner.

Figure 2.10 Apache (AH-64) helicopter [45].
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Specified radar antenna structure is integrated to the AH-64 (Late) helicopter
externally and its location is in the range (zone) that main rotor source frequencies

are dominant.

AH-64 (Late) helicopter vibration exposure frequencies and corresponding levels
for externally integrated components are evaluated according to the Figure 2.8,
Table 2.1 and Figure 2.9 and shown in Figure 2.12. The dominant sinusoids which
are present due to main rotor occur at frequencies fi, f;, f3 and fi and these are
illustrated as red lines in Figure 2.12 and also they are given in Table 2.2. On the
other hand, levels of random vibrations which are due to aerodynamic flow and

loads are also illustrated as blue colors in Figure 2.12.

The broadband vibration exposure level is between 0-500 Hz. The amplitudes and
frequencies of broadband harmonic and random vibrations are determined from

Table 2.1 for AH-64 (Late) helicopter.

Table 2.2 AH-64 (Late) main rotor source frequencies.

Rotation Speed 1P 4.86 Hz
Number of Blades (n) 4

Fundamental fi 4.86 Hz
Blade Passage f; 19.44 Hz
1* Harmonic fs 38.88 Hz
2™ Harmonic fy | 58.32Hz
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AH-64 (Late) Vibration Exposure Levels
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Figure 2.12 AH-64 (Late) helicopter vibration exposure levels for externally
integrated materials (not scaled x-axis).

2.2.4 Design Criteria

An obvious requirement for helicopter component design is to avoid a match or
near match between natural frequencies of components (integrated to the
helicopter externally) and the dominant sinusoids of the helicopter based
excitations. At least 5% of a minimum clearance between operating frequency of
air platform and resonant frequency of components installed to platform is
recommended in the military standard MIL-STD-810G [16]. It should be noted
that the source frequencies and corresponding amplitudes of helicopters are varied
for specific type and model of helicopters. In addition to that the random vibration
response of the radar antenna due to base excitation coming from the helicopter

platform should be minimized.
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Stiftness of the base plate where antenna elements are attached is an important
parameter in order radar antenna to have a suitable functional performance.
Therefore stiffeners can be suitable for this action because they are efficient for

enhancing the stiffness of the radar antenna with a very small increase in mass

2.3 OPTIMIZATION

Achieving maximum structural performance in the design of a certain mechanical
system has always been an important problem. With the aid of computer programs,
simulations of many various designs can be performed to reach an optimum
solution without actually building them. In engineering applications this can be
done by adjusting the parameters to optimize the performance of initial designs.
Structural optimization can be defined as finding values of the variables that

optimize the objective function.

Recently, optimization techniques which are being used in a wide spectrum of

industries have reached to an important level in engineering applications.

2.3.1. Mathematical Formulation

From a mathematical point of view, optimization can be defined as the process of
finding the conditions that give the maximum or minimum value of a function. For
optimizing a system as opposed to a function, first objective or objectives must be
identified. The measure of the performance of a system or a design is determined
as an objective which is known as the objective function that. This is the criterion
which provides an optimized design when expressed as a function of the design

variables.

The objective function depends on certain parameters of the system which are
called design variables. The goal of the optimization process is to find values of
the design variables that optimize the objective. In addition to the objective

function, there may also be additional functional requirements and restrictions that
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must be satisfied to produce an acceptable design. These are called design

constraints. Generally design variables are restricted, or constrained.

The general mathematical form of an optimization problem can be shown as

follows:

Minimize or Maximize

F=F(x.,x,,X;5...... x,) 2.1
Subjected

C=C (x,x,,%, ... x,)=0
C,=C (%, %, % x,)=0

and
Q=2 (x,x,,%,...... x,)=0
Q=9 (x,%,%...... x,) =0,

where

F is the objective function, Xq,X3,X3 ... .. x, are the design variables,
C,C,Cs... ... C, are equality constraints and Q4, Q;, Q5 ... ... Q, are inequality
constraints.

The selection of the type of optimization algorithm or search method depends on

user and the problem itself.
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2.3.2 Classification of Optimization

Optimization problems can be classified with respect to different aspects of the
application. Generally classification of optimization problems is analyzed in three

groups [17]:

1. Constrained vs. Unconstrained. Constrained optimization
problems have some defined constraints which have to be satisfied while
optimizing the objective. When there is no condition to be satisfied in the defined
problem, the problem can be defined as an unconstrained optimization problem.
This type of optimization is sometimes obtained as reconstruction of constrained
optimization problems, in which the constraints are replaced by penalization terms
added or barrier functions imported to objective function that have the effect of

eliminating constraint violations.

2. Stochastic vs. Deterministic: In some optimization problems, the
model cannot be fully specified due to unknown functional parameters at the time
of formulation of the design problem. In order to obtain a solution that reaches the
assumed criteria of goal (objective), Stochastic optimization algorithms use these
unknown quantifications. On the contrary, in deterministic optimization problems

the parameters defined in the model are completely known.

3. Single Objective vs. Multi Objective: Multi objective
optimization problems have more than one objective function that multiple

objective functions are optimized simultaneously.
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2.3.3 Topology Optimization

Topology optimization is used to find an initial structural configuration that meets
a predefined criterion. This type of optimization sometimes gives a design that can
be completely new and innovative. Structural optimization tools and computer
simulations have gained the paramount importance in industrial applications as a
result of innovative designs, reduced weight and cost effective products.
Especially, in aircraft platforms and automobile industries, topology optimization

has become an integral part of the product design process.

Nowadays material distribution methods are typically based on mathematical
programming together with finite element models for analysis. This indicates that
there is a similarity between material distribution methods and methods developed
for sizing optimization, but complexity arises related to the special form of the
design parameterization for topology. Moreover special attention should be taken
for topology optimization with a large-scale setting when formulating the design

problems to be solved [19].

In order to achieve a predefined set of performance goals within a given design
space and under determined set of loads and boundary conditions, material layout
is optimized with a mathematical approach. Hence, engineers are utilizing
topology optimization to find the best concept design that meets the design
requirements. Finite element methods are used for modeling and performing the

topology optimization applications.

At conceptual design stage of a system or process, topology optimization is used to
give an initial idea for prescribed design that is then calibrated for performance
and the point of view of manufacturability. As a consequence of this the costly
design revisions and iterations that are time consuming can be reduced. Therefore
design performance is improved while the design progression time and overall cost
of design processes are decreased. Topology optimization problem can be defined

as through the following:

Design space: Permissible volume used in optimization process within which the

design can exist is defined as design space. While specifying this space, it certain
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variables are needed to be considered such as conditions of packing and assembly,
human and tool accessibility etc. On the other hand, parts or materials in the
defined model which cannot be changed during the optimization process is

specified as non-design regions.

Design constraints: Design constraints are the design variables or restrictions that
cannot be broken. If the design constraints are violated, an infeasible design will

be obtained.

Objective function: This is defined as the aim of the optimization study which can

generally be specified as minimization or maximization of performance criteria.

Mathematical formulation of topology optimization is in the following form in

element matrices and this can also be used for vibration approach [20]:

F = max or min(4,) (2.2)
Subjected to

(K- AM)®, =0i=12.....N,, (2.3)
N

dv.p, <V, 0<p, <le=12......N (2.4)

e=1

Where, F is the objective function which is the maximization of i eigenfrequency
(i"™ natural frequency), 4; is the i eigenfrequency, K is the stiffness matrix of the
system, M is the mass matrix of the system, @; is the mass normalized eigenvector
associated with the i™ eigenvalue, Ngof is the number of the degree of freedom of
the system, v, is the volume element of the element which has an element number
e, p. is the pseudo density of the element which has an element number e, V is the

total volume of the system and N is the total element number.
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The derivative of Equation 2.3 with respect to the pseudo density p, is

jK M a’LM]cZD =0 (2.5)

op, ' Op, Op,

The sensitivities of a single modal eigenvalue can be found as multiplying

Equation 2.5 by the transpose of mass normalized eigenvector, @; :

o4
@[ ——/1 —] (2.6)
» ' op, P,

The pseudodensity for each element varies from 0 to 1 where

» p,~0 represents material to be removed,
» p,~1 represents material that should be kept after topology

optimization is done [21]

2.4 OPTIMIZATION METHODS PROVIDED BY ANSYS

In ANSYS, optimization types are mainly divided into two groups. Design
(parameter) optimization is the first one which works entirely with the ANSYS
Parametric Design Language (APDL) and is contained within its own module.
Design optimization is entirely controlled by user therefore it is possible to fine
tune the APDL functions or parameters by the use of regular optimization methods
in ANSYS. The second optimization type is the topology optimization which is a
form of shape optimization that is sometimes known as layout optimization is the

literature.

2.4.1 Topology Optimization

The aim of topology optimization is to find the best use of material for a system

such that an objective criterion which is the maximization of minimization of a
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global stiffness or natural frequency wvalue subjected to previously defined
constraints (i.e., volume reduction in design space) is satisfied. Topology
optimization module of ANSYS includes preprocessing (/PREP), solution
(/SOLUTION), and post processing (/POST1) structures and the use of APDL is
not required. Independent design variables which are defined explicitly and used in
design (parameter) optimization tool of ANSYS are not required for topology
optimization. However in topology optimization the material distribution function

is utilized as design variable (parameter) within a design space.

In order to perform a topology optimization in ANSYS, definition of the problem
including material properties, finite element model, boundary conditions etc., an
objective function and design constraints denoted as state variables in ANSYS

must be specified considering the predefined performance criteria.

2.4.2 Design (Parameter) Optimization

Design optimization module works as an integral part of the ANSYS software to
reach to an optimal design (best design) and the use of APDL is a necessary stage
in the optimization process. Some of the optimum design examples are minimum
weight or maximum frequency; in heat transfer, the minimum temperature; or in
magnetic motor design, the maximum peak torque. However, this is not sufficient
to achieve the goal so predefined design constraints such that volume,

deformation, maximum stress etc. must also be taken into account.

In design optimization three types of variables are needed to characterize the
design process: design variables, design constraints (state variables), and the
objective function. In ANSYS APDL, these variables are defined explicitly in the
form of scalar parameters. There are two methods provided by design optimization
tool in ANSYS. The first one is the “Sub-problem Approximation Method” and
the other one is the “First Order Method”.
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2.4.2.1 Sub Problem Approximation Method

Sub-problem approximation method is defined as an advanced, zero order
technique. For this type of optimization the derivatives of dependent variables
which are objective function and design constraints are not required, only the
values of them are used. The frame of this method is constituted by two important

topics:

- the use of approximations for the objective function and constraints,
- the conversion of the constrained optimization problem to an unconstrained

problem by using penalty functions [18,22].

The first step of this technique is constructing the approximate values of the
dependent variables (objective function and constrained variables). This is
performed by ANSYS automatically according to the choice of the user. Typical
approximation forms for dependent variables are the linear fit, quadratic fit and
quadratic plus cross terms. By default in ANSYS quadratic plus cross terms is
used for objective function and the quadratic fit is used for constrained variables

[23].

If the design constraints are defined by explicit functions in specific simple forms,
are explicit functions of the variables and have certain simple forms, the
independent parameters (variables) may be transformed into a form such that
automatically the design constraints are fulfilled. Therefore an unconstrained
optimization problem may be obtained from converting constrained one by
performing modification on parameters. For numerical solutions penalty function
techniques are used to transform the formulation of constrained optimization
problems into an alternative one such that constrained optimization problem
becomes an unconstrained one. In order to achieve the objective function each
iterations performing in design optimization tool of ANSYS uses Sequential
Unconstrained Minimization Technique (SUMT) that every minimization process
is applied on the approximated penalized function called the sub-problem until the

convergence of the optimization is succeeded or termination is obtained.
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Because the sub-problem approximation method is based on approximation of the
dependent variables, a certain design data set must be prepared. Therefore this
method generates design set as random. The advantages of this method are that it

is a generalized approach and it reaches to a minimum fast.

2.4.2.2 First Order Method

Unlike sub-problem approximation method, the derivatives of the dependent
variables (objective function and constrained variables) are used for first order

method. There are two important concepts related with this method:

- The use of derivatives of the dependent variables,
- The transformation of the constrained optimization problem to an
unconstrained one by using penalty functions,

- The use of decent search technique.

The first step is the transformation of the constrained problem into an
unconstrained one by applying proper penalty functions on design variables,
constrained variables and objective function [18]. Then the derivatives of objective
function and constrained variable penalty function are formed. This is performed
according to the search direction in design space (design variables). In this
procedure various steepest decent and conjugate direction searches are performed
for each iteration step until the convergence is reached. The step size of these
searches and the forward difference applied to design variables can be specified by
using the module provided by ANSYS but typically the default values for these

two inputs are sufficient.

The most important point here is that each of these iterations are composed of sub-
iterations which include individual search direction and derivative calculations
meaning in the first order method, several analyses loops are performed in each
parameter optimization iterations. Therefore, it takes longer than sub-problem
approximation problem method and it is usually seen to be computationally more

demanding. The advantage of this method is the accuracy of the optimization and
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it solves the actual finite element representations (not an approximation) within the

given tolerance.

Sometimes it is possible for this method to reach an infeasible solution. In that
case the result is probably the local minimum due to derivative terms. In this case
it is generally useful to perform a sub-problem approximation method to compare

the results with the first order method [23].

2.5 THE USE OF STIFFENERS FOR STIFFENED PLATES

The buckling and vibration characteristics of stiffened plates are of considerable
importance to mechanical and structural engineers and also the use of stiffeners

improves the static and dynamic characteristics of the base structure.

Stiffeners improve the load carrying capacity of structures and the benefit of
stiffening lies in achieving lightweight and robust design of structures. For this
purpose, they have wide use in structural engineering domain. Especially, stiffened
plates are used in critical and sensitive structures such as in aircrafts, ship hulls and

box girders in which safety and a perfect design is crucial.

2.5.1 Vibration of Plates

In literature, many researchers have paid much attention to the dynamic behavior

of stiffened shells and plates [25-32].

A coarse but fast method to model dynamics of stiffened plates is to smear the
stiffeners to the base plate. The theory of free flexural vibration of rectangular
plates and smeared stiffened plates with an effective tensional rigidity has been

summarized by Szilard [24].

In mathematical physics it is considered that the undamped free flexural vibrations
of rectangular plates are basically considered as boundary value problems. The

plate seen in Figure 2.13 is simply supported from all its edges i.e. only the
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displacement in z-direction is fixed (z=0) along all edges. The length of the plate is

a along the x-axis and b along the y-axis as shown in Figure 2.13.

__________________________________________________

b/2

b/2

v
x

Figure 2.13 Simply supported rectangular plate.

The flexural rigidity (bending stiffness) of a rectangular plate, D, can be computed
by the product of the Young’s modulus, E, of the material and the area moment of
inertia of the plate (Iqce). The thickness of the plate is h and v is the Poisson’s

ratio of the plate and then the flexural rigidity (bending stiffness) of a rectangular

plate is
D= E]plate (2.7)
where
h3
l, & &=— 2.8
plate 12(1_02) ( )
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The equation for the natural frequencies of simply supported rectangular plate is

given as

7[[7 ]\f
a

1) (2.9)

mn

where T is the plate mass per unit area [24].

It has long been recognized that the lower modes of vibration of stiffened plates
may be estimated by “smearing” the mass and stiffening effects of the stiffeners
over the surface of the plate. Smearing process means that the density and stifftness
characteristics of the removed material are transferred to remaining material of the
model as seen in Figure 2.14. The theories are latest summarized by Szilard [24]
and also mentioned by Vantsel and Krauthammer [33] and Timoshenko [34]. The

results in this section are mainly based on these theories.

The natural frequencies of a stiffened plate are determined in the following way.
The plate is simply supported along all edges, and has the length dimension a in
the x-direction and b in the y-direction (Figure 2.14). Other dimensions of the plate
are also shown in Figure 2.14, a, is the distance between the stiffeners in the x-
direction, by is the distance between the stiffeners in the y-direction and h is the

thickness of the plate.

The flexural rigidity (bending stiftness) of stiffened plate in the x-direction, D,,
can be computed by the product of the Young’s modulus, E, of the material and
the area moment of inertia of plate and stiffeners (I) taken with respect to the
middle axis of the smeared plate with a thickness h, (Figure 2.15) in the x-
direction [34]. Here, the stiffeners in the y- direction have nearly no effect on the
bending stiffness in the x-direction. Therefore, only stiffeners in the x-direction are

taken into account in I,. Similarly, the bending stiffness in the y-direction, D,,, can

be determined from the same equations using by instead of a.
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Figure 2.14 Stiffened plate
Stiffened Plate Smeared Plate
| W | | W |

v — / I

iigig! /
/ equivalent base plate (e)

base plate (b) stiffener (s)

Figure 2.15 Smearing of a stiffened, flat plate
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Then the bending stiffness of the stiffened plate in x-direction is
1

D E(Iplate _) (2 lO)
a

where

I, = (== ‘. h 2.11
plate 12(1_02) ( 2) ( )

The equation for the natural frequencies of a simply supported orthotropic plate is

[24]:

o,, f \/D (—) 2B (EEp 4D (PR 2.12)
a b b

where

=—[u( . +D,)+2(1-v)\[D,D, ] (2.13)

is the effective torsional rigidity of the plate [24].

2.5.2 Selection of Stiffeners

Stiffeners can be divided into two main groups according to their shapes. The first
one is for closed section, like “Hat” or “Bead” section. The second group is for
those with open section like “T”, “I” or “L” sections. Structural behaviors of hat
and bead type sections are very similar. Closed sections shows better structural
properties for shear load than open sections. Some problems observed with this

type of sections are the difficulties in manufacturing.

For open section stiffeners, only those with one axis of symmetry are selected in

order to avoid the interaction of torsion failure with other types.
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Structural requirements for stiffener selection are necessary and important at the
design stage. There should be no coupling between in plane and out of plane
deformations. Stiffener laminate shall be symmetric and balanced. Moreover, from
the point of view of production, it is desirable to build the stiffener section from

one or two flat laminates, which can be folded in “T” or “C” shapes [35].

2.5.3 Modeling of Stiffeners

Stiffened structures are considered as an orthotropic plate models which are
formed in a simpler design by smearing the characteristics of the stiffeners over
the surface of the plate. However serious restrictions came from the simplicity of
approximation must be taken into account while modeling the stiffened plates. In
order to obtain an orthotropic model which represents the plate precisely, stiffeners
should be light, identical, closely and equally spaced, and the orientation of
stiffeners should be orthogonal. If these conditions are not satisfied or in addition
to this if the wavelength of vibration of the smeared plate is smaller than the

spacing of the stiffeners the plate cannot be modeled accurately [36].

Finite element method is definitely the most precise and versatile for modeling
stiffened plates among various numerical techniques available in literature since it
can overcome any complicated or arbitrary geometry, material anisotropy and

nonhomogenity.

Generally for stiffened structures, a convenient stiffener model is constructed
using shell or beam elements. In Refs. [25], [28] and [37], dynamic behavior of
stiffeners is modeled by finite elements as beam element. In Ref. [26] “C” type
eccentric stiffeners are modeled as beam elements using MSC Nastran software to
obtain dynamic and acoustic response of bidirectional stiffened plates. In Ref. [30]
in order to obtain an optimum stiffener layout reducing the vibration and noise of
gearbox housing, beam elements are used for modeling rib stiffeners. In Ref. [38]
free vibration analysis of a stiffened laminated plate is studied and stiffeners are

modeled by using layered shell elements and in Ref. [39] stiffeners are modeled by
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SHELLA43 element by using ANSYS software to clarify numerical and

experimental investigations on the compression behavior of stiffened plates.

2.6 SIMILAR OPTIMIZATION STUDIES IN LITERATURE

In this section, similar optimization works in literature related with performed

study within the scope of this thesis are investigated.

A real automotive component was optimized using topology optimization method
within the ANSYS software in Ref. [40]. The optimization process was based on
the maximization of the total potential energy with a volume constraint which
depends on the imposed static (displacement, stress, stiffness) and dynamic

(natural frequency) constraints.

In Ref. [41] compressor mounting bracket, propeller shaft and fuel tank used in
automotive industry were optimized structurally and topologically using Altair
OptiStruct software which is a finite element based structural analysis and
optimization software. For compressor mounting bracket the objective function is
minimizing the volume of bracket under static loading. For propeller shaft and fuel
tank the aim is to maximize the fundamental natural frequency within identified
design space of the components. After topology optimization is performed the
fundamental natural frequencies of the shaft and tank were increased by 2% and

20% respectively.

In Ref [42] the layout of the copper tube in an air conditioner was optimized
structurally. The goal of this work was to avoid resonance in the air conditioner.
For this topology optimization problem, Altair OptiStruct was used to optimize the
layout of the copper tube with the objective of maximizing the natural frequency.
The first and second natural frequencies of the tube were increased approximately

by 100%.

Beam-type stiffeners were used in Ref. [43] in order to increase the natural
frequencies of a hard disk drive (HDD) cover structure. Stiffener layout
optimization problem was performed to maximize natural frequencies of the cover

structure and it was stated that the proposed technique used for this work can also
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be applicable to complex real engineering structures. After optimized stiffener
reinforcement is done, the fundamental natural frequency of HDD was increased

by nearly 15% according to the original design.

In Ref [44] the sound level of a horizontal vibrating screen machine, which is used
for processing clean coal, was decreased by adding rib stiffeners made from steel
channel with two different cross-sections (C and T). The optimization of layout of
the stifteners and the effects of orienting the stiffeners horizontally and vertically

were investigated.
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CHAPTER 3

VIBRATION CHARACTERISTICS OF THE RADAR
ANTENNA

In this chapter the details of a radar antenna structure on which the optimization
study is performed are given and the vibration characteristics of original
configuration of this antenna are investigated. A verification study is carried out,
where finite element model of a simply supported plate is compared with the
analytical solution. In addition to this vibration characteristics of an intuitive

design of radar antenna structure are examined.

In order to determine the effects of vibration transmitted by the helicopter platform
onto a certain radar antenna system, dynamic characteristics of the radar antenna
(natural frequencies, corresponding mode shapes etc.) which should be found over
the interested frequency range (0-500 Hz) are investigated. By using these
parameters, displacement of the system under vibration should be specified for

vibration exposure levels of helicopter platform.

In this thesis ANSYS is used to construct the finite element model of the radar

antenna and analyze its dynamic characteristics.

3.1 GEOMETRY OF THE RADAR ANTENNA

In this thesis a generic radar antenna structure design is used. The geometry of this
radar antenna is given in Figure 3.1 through Figure 3.5. Radar antenna structure is
mainly made up of aluminum, with elastic modulus of 70 GPa, a Poisson’s ratio of

0.3 and density of 2700 kg/m’. Total mass of the original radar antenna can be
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calculated from the solid computer model as 16.6 kg and the total volume is
calculated as 0.00614 m’. Antenna elements (patches) are located inside the
rectangular boxes which are fixed on the 3 mm thick plate as shown in Figure 3.1.
The general dimensions of the generic radar antenna structure used in this thesis

are given in Figure 3.6.

Rectangular boxes
where phased array
antenna elements
(Patches) are located

Fin cover
Plate (3 mm thick)
ry Handle 4 that antenna
AR elements are
mounted

Figure 3.1 Isometric view of the radar antenna structure (top/front/right view).

42



Back plate
(3 mm thickness)

Figure 3.2 Isometric view of the radar antenna structure (back/top/right view).

o,

Fins
(Upper)  ypper plate
(2 mm thickness)

Plate right

Fan cover for (3 mm thickness)
cooling

Figure 3.3 Isometric (top/front/right) view of the radar antenna structure (fin cover
is invisible).
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*.+ Bottom plate Inner plate

(3 mm thickness)

Figure 3.4 Isometric (back/bottom/right) view of the radar antenna structure (fin
cover and back plate are invisible).

Boxes for electronic
devices

Figure 3.5 Isometric (back/bottom/left) view of the radar antenna structure (fin
cover and back plate are invisible).
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Figure 3.6 General dimensions of the radar antenna structure (all dimensions are
in mm).

3.2 BOUNDARY CONDITIONS

All degrees of freedoms on the surface of shaft connection, which is defined by the
hole that exists on the bottom plate (see Figure 3.4), is fixed as the boundary

condition (BC) of the radar antenna structure.
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3.3 FINITE ELEMENT MODEL (FEM) OF THE RADAR ANTENNA

The geometry of the radar antenna structure is automatically imported into
ANSYS finite element software. In ANSYS, geometry of the antenna is meshed

and material property of the antenna is defined.

3.3.1 Validation of Element Type and Size

In order to decide on the right type of element and right element size for the final
FE model of the radar antenna structure, a simple validation study is performed
using a simply supported plate of similar dimensions compared to the plates that
form the original antenna structure. Analytical expressions of the modal
frequencies of a simply supported rectangular plate were defined in Chapter 2. FE
model validation is performed by comparing modal frequency results obtained in
ANSYS with the analytical results. Two types of solid elements are used in the
validation cases. Element sizes are also varied in order to observe any
disagreements with the analytical solution. Results of all cases are compared with

previously defined analytical solution of the simply supported plate.

For simply supported rectangular plate (displacement in z direction is fixed for all
edges of the plate in Figure 3.7) a is selected as 570 mm, b is selected as 289 mm
and h (thickness) is selected as 3 mm because these dimensions are same as back
plate dimensions in the geometry of the radar antenna structure. According to this

model analytical solution is done and the results are given in Table 3.1.

In ANSYS, simply supported rectangular plate is modeled as three dimensional
SOLID95 and SOLIDA45 elements which have 20 nodes including midside nodes
and 8 nodes, respectively. Also all edges of the plate are fixed only in z-direction
to achieve the simply supported boundary condition. A total of eight cases are
analyzed in ANSYS which are explained in Figures 3.8-3.11. In Figures 3.8-3.11,
only the SOLID95 element configurations (first four cases) are given. Other four

cases have the same mesh and only the element type is changed i.e. SOLID45
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element type is used for the last four cases. Results of these 8 cases are given in

Table 3.1 which also includes the analytical solution to the modal frequencies.

Looking at the results shown in Table 3.1, it can be concluded that for the cases
where SOLIDA45 element type is used solution is obtained faster compared to the
cases where SOLID95 element type is used. The reason for difference in solution
time is obvious since SOLID45 element does not have midside nodes. On the other
hand for both element types, the use of layered element configuration in thickness
direction increases the solution time. The results of layered element configuration
cases for SOLID95 (CASE-3 and CASE-4) are similar with the results of CASE-1
and analytical solution. However in CASE-7, although layered element
configuration is used for SOLID45 element, the modal analysis results are not
converged to the analytical solution as in CASE-5 since the element size is not
small enough. Studying the results it can be concluded that the most efficient
element configuration for the modeling of this plate is CASE-1 since the modal
analysis results converge to the analytical solution in a short time. Therefore, in
order to decrease the computation time of the modal and optimization analysis

configuration of CASE-1 is used in this study.

Deformation in z

direction is 0. Thickness is 0.003m

Figure 3.7 Simply supported rectangular plate used in element comparison.
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Figure 3.8 CASE1: 1 layer, 0.02m element size, 3D 20-Node SOLID9S element.

Figure 3.9 CASE2: 1 layer, 0.005m element size, 3D 20-Node SOLID9S5 element.
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Figure 3.10 CASE3: 5 layer, 0.02m element size, 3D 20-Node SOLID9S5 element.

Figure 3.11 CASE4: 5 layer, 0.005m element size, 3D 20-Node SOLID95
element.



Based on the conclusions derived from the wvalidation and accuracy study
performed on a simply supported plate the FE model of the radar antenna structure
is modeled by using SOLID95 elements. Constructed FE mesh of the radar
antenna structure can be seen in Figure 3.12 through Figure 3.15. This model

contains 24448 element and 54934 nodes.

In order to check the convergence characteristics of the current finite element
model, a second FE model which has 56614 elements and 197264 nodes is
constructed using the same type of elements. Modal analysis is performed for these
two models for the same boundary conditions specified in Section 3.2. The results
are given in Table 3.2 and it is seen that natural frequencies of the current model
are very close to the refined model. Therefore, the first model with 24448 of
SOLID95 elements and 54934 nodes has been found to be satisfactory in the
optimization studies to be performed which will require only dynamic analysis of

the radar antenna structure (modal and harmonic analysis).

Figure 3.12 FEM of the radar antenna structure (left/front/top isometric view).
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Figure 3.13 FEM of the radar antenna structure (right/bottom/back isometric
view).

Figure 3.14 FEM of the radar antenna structure (back plate is invisible).
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Figure 3.15 FEM of the radar antenna structure (back plate and fin cover are
invisible).

Table 3.2 Model comparison table.

10" Nat. Freq (Hz)

Current Fine

Model Model

Number of equations 163873 569452

Time Duration (sec) 665 10960

Number of Elements 24448 56614

Number of Nodes 54934 197264

CHANGE (%)

1 Nat. Freq (Hz) 14.7 14.83 -0.88
2" Nat. Freq (Hz) 16.2 15.9 1.89
3" Nat. Freq (Hz) 96.5 93.5 3.21
4™ Nat. Freq (Hz) 148.1 147.9 0.14
5™ Nat. Freq (Hz) 296.6 295.9 0.24
6™ Nat. Freq (Hz) 300.4 208.2 0.74
7™ Nat. Freq (Hz) 320 308.9 3.60
8" Nat. Freq (Hz) 322.5 315.4 225
9™ Nat. Freq (Hz) 372.8 371.2 0.45
409 396 3.29
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3.4 MODAL ANALYSIS OF RADAR ANTENNA

In order to identify the vibration characteristics of the radar antenna that is

assumed to be externally installed on the AH-64 helicopter platform, mode shapes

that fall between 0-500 Hz as stated before will be taken into account. Natural

frequencies obtained in ANSYS of the radar antenna structure with previously

defined BC’s, are given in Table 3.3. Mode shapes obtained in the same ANSYS

analysis are shown in Figures 3.16 through 3.25. It can be easily seen that the first

two mode shapes are global while the others have some local vibration patterns.

Table 3.3 Natural frequencies of original radar antenna structure.

Mode 1 | 2| 3| 4 5 6 7 8 9 |10
Shape
Fre(‘ﬁ‘ze)“cy 14711621965 (148.1]296.6 | 300.4 | 320 | 322.5 | 372.8 [409
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.056786 .153572 .2503358 .387144
.048353 .145179 241565 .3387351 .435537

.0%6786 .15%3572 .250358 .387144
.04835%3 .145179 .241565 .338751 .435537

Figure 3.16 Total displacement of 1* mode shape at 14.7 Hz.
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.095375 190745 .286124 -381455
.047687 -143062 .238437 .333811 .429186

055375 .190749 .286124 .381459
.047687 .143062 .238437 .333811 .429186

Figure 3.17 Total displacement of 2! mode shape at 16.2 Hz.
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.110251 .220502 330753 .441004
055125 .165376 275627 .385878 456125

.1102351 220502 .330753 -441004
.055125 .165376 .275627 -385878 456125

Figure 3.18 Total displacement of 3™ mode shape at 96.5 Hz.
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1.123 2.245 3.368 4.491
.561326 1.6c84 2.807 3.929 5.032

1.123 2.245 3.368 4.431
.561326 1.684 2.807 2.82%5 5.052

Figure 3.19 Total displacement of 4™ mode shape at 148.1 Hz.
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0 1.089 2.178 3.268 4.357
.544553 1.634 2.723 3.812 4.501

0] 1.089%9 2.178 3.268 4.3357
.5344553 1.634 2.723 3.812 4.501

Figure 3.20 Total displacement of 5™ mode shape at 296.6 Hz.
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.138543 .27708¢ .415625 .554172
L0e5272 .207815 .346358 .484501 62344

.138543 277086 .415629 .554172
069272 .207813 .346358 -4849501 .62344.

Figure 3.21 Total displacement of 6™ mode shape at 300.4 Hz.
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I _—
0 .415421 .830841 1.246 1.662
.20771 .623131 1.03% 1.454 1.863

0 .415421 .830841 1.246 l1.662
20771 .623131 1.03% 1.454 1.869

Figure 3.22 Total displacement of 7" mode shape at 320 Hz.
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I L}
0 720781 1.442 2.162 2.883
.36039 1.081 1.802 2.523 3.244

0 .720781 1.442 2.162 2.883
.36039 1.081 1.802 2.523 3.244

Figure 3.23 Total displacement of 8" mode shape at 322.5 Hz.
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.957945 1.516 2.874 3.832
478973 1.437 2.385 3.353 4.311

.957945 1.916 2.874 3.832
-478973 1.437 2.385 3.353 4.311

Figure 3.24 Total displacement of 9™ mode shape at 372.8 Hz.
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. 615352 1.239 1.8548 2.478
.30%65¢6 .525088 1.548 2.1e68 2.787

o 619352 1.235 1.858 2.478
309656 .59259088 1.548 2.168 2.787

Figure 3.25 Total displacement of 10™ mode shape at 409 Hz.
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When vibrations of the helicopter platform, especially dominant sinusoids of the
rotating components match the natural frequencies of the radar antenna there will
be excessive deformations in the radar <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>