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FOREWORD

We are delighted to bring out this special issue of Journal of Acoustical Society of India
devoted to the theme 'Vibroacoustics' with emphasis on Vibration Control. Vibroacoustic research
focuses on simulation, analysis and control of vibration and noise. As we are all aware, structures
play an important role in many engineering applications and vibrations in these structures are to
be minimised resulting in minimisation of resultant noise. Hence, Vibration mitigation in structures
is widely studied by researchers. Studies on vibration control were driven by advances in damping
and isolation approaches Constrained layer and Multi layer damping treatments are being
extensively studied as a part of improvising vibration and noise mitigation. Similarly, vibration
isolator effectiveness is of prime interest and is being investigated by many researchers in various
ways. Another vibration control method under study is flexible rotors, particularly in turbo
machinery. Innovative approaches such as phase synchronisation are being attempted in dynamic
conditions for robotic applications to minimise vibrations.

This special issue is designed to cover various aspects of vibration control discussed above,
through contributed research papers. These include Simulation and experimental study using
Constrained and Multilayer damping treatments, Investigation of vibration isolator using Transfer
Matrix method, Vibration minimisation using flexible rotor and Phase synchronisation approach
for vibration reduction in multi rotor drones. We wish to thank the authors for contributing their
papers to this special issue.

PVS Ganesh Kumar Dr.V Rama Krishna
Outstanding Scientist/Scientist H (Retd) Scientist "F’
Naval Science & Technological Laboratory (NSTL)

Defense R&D Organisation (DRDO)

Ministry of Defence, Visakhapatnam - 530 027
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ABSTRACT

This study explores the effects of the Constrained Layer Damping (CLD) configurations on the
dynamic behavior of beam and plate structures. Utilizing ANSYS finite element based numerical
simulations, the influence of single and multiple CLD layers on one and two-dimensional vibrating
structures is investigated. The objective of the study is to provide a comprehensive understanding
of the impact of these factors on the vibration characteristics and structural integrity of beams
and plates. By simulating different CLD conditions, we assess the enhancements of the damping
behavior and machine structural stability. In this work the time varying shear modulus of the
Viscoelastic Material (VEM) is incorporated within ANSYS using Prony series. This approach
leverages frequency dependent loss factor of the material to model its response under dynamic
loading conditions. The simulation results offer valuable insights into the effect of optimum CLD
layers, highlighting the potential for significant enhancements in vibration isolation. Our findings
reveal that the use of multiple constrained layers and multiple material compositions can
substantially improve the damping performance. However, the effectiveness of Multi-Layer
Constrained Layer Damping (MCLD) can vary based on structural dimensions, the number of
layers, and the application conditions. Optimal performance is achieved within a specific range
of layers. Detailed analyses of various configurations are presented in this work, which enhances
the understanding of damping mechanisms.

1. INTRODUCTION

Metal structures, especially in aerospace and automotive applications, are prone to high vibration
amplitudes due to their low inherent damping, which can lead to structural fatigue and noise related
failures. To address this, CLD has become a popular choice, leveraging the energy dissipation
characteristics of the viscoelastic materials (VEMSs) for effective vibration control. Nashif et al.[!] brought
out that VEMs are particularly effective in damping applications because they store strain energy and
dissipate it through hysteresis. David Jones et al.[?] elaborated that in CLD, VEM is sandwiched between
the base structure and the constraining layer, which forces the VEM to undergo shear deformation during
vibrations, thereby dissipating vibrational energy..Sun and Zhang[3l explained that the CLDs are widely
used for its ability to enhance vibration control, especially in lightweight and large structures common in
the aerospace industry.

© 2025 Acoustical Society of India
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In the early 2000s, a significant progress was made in optimizing CLD through both experimental
studies and FEA. Pioneering works by Chen and Chan[4] as well as Daya and Potier-Ferryll, laid the
groundwork for understanding the dynamics of CLD in aerospace structures. Subsequent studies by
Barbosa and Faragel®] validated these findings experimentally, confirming the accuracy and applicability
of FEA models.

Recently, Hujare P. P. et al.l’] studied the effects of varying VEM compositions on damping efficiency
in sandwich beams. Grohlich M. et al.[8] investigated the temperature-dependent behaviour of VEMs in
CLD configurations. The introduction of new materials and composite layers, as investigated by Grohlich
M. et al.l[%, has further expanded the potential applications of CLD, offering enhanced vibrational control
in modern engineering.

Despite extensive research on Constrained Layer Damping, particularly with single-layer applications,
there is a significant scope in the exploration of Multiple Constrained Layer Damping configurations. This
study addresses this gap by utilizing ANSYS simulations to investigate the dynamic behaviour of beam
and plate structures with varying MCLD setups, specifically incorporating the Prony series to model the
viscoelastic material.

2. MODELING OF BEAM AND PLATE STRUCTURES

In this section, we detail the modelling of beam and plate structures to investigate the damping effects
of various CLD configurations. The materials utilized in the models include Structural Steel for the base
structure and the constraining layers, alongside a VEM designated as ZN-1. Aluminium is also used as
an alternative material for the constraining layer in each configuration. The specific material properties
used are summarized in Table 1.

Table 1. Material and material properties.

Component Material Name Density (kg/m3)  Young's Modulus (Pa)  Poisson's Ratio
Base Structure Structural Steel 7850 2.00 x 101 0.3
Viscoelastic Material (VEM)  ZN-1 1010 1.8523 x 107? 0.4
Constraining Layer (CL) Structural Steel 7850 2.00 x 101 0.3
Aluminium 2770 7.10 x 10%? 0.33

3. VISCOELASTIC MODELING USING THE PRONY SERIES

Viscoelastic materials exhibit both elastic and viscous behavior, which makes them ideal for damping
applications. To accurately model this behavior, the Prony series, a mathematical representation that
characterizes the time-dependent stress relaxation modulus of viscoelastic materials is used as
demonstrated by Tapia-Romero et al.[10]. This section details the process of viscoelastic modeling using
the Prony series, which is crucial for our simulations in ANSYS.

3.1 Data Acquisition and Fitting

Using the Dynamic Mechanical Analysis (DMA) machine the storage modulus (G") and loss modulus
(G”) of a material are obtained over a range of frequencies. Subsequently, these values are fitted into a
single function denoted as Prony series (see Egs. (1) and (2)), as mentioned below.

G,
G 2
6'() = G, +Z%w; @
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The procedure involves performing DMA tests followed by curve fitting.

Performing DMA Tests: Measure the material's response to sinusoidal stress, capturing G’ and G”
over the frequencies. In this work the ZN-1 VEM material is used. The storage modulus and shear modulus
are obtained from Huang, Z. et. al.[!2]. The modulus values are shown in Fig. 1 and Table 2.
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Fig. 1. Shear modulus (a) and loss modulus (b) for ZN-1.

Table 2. VEM Materia Datafor ZN-1

Frequency (Hz) Storage Modulus (MPa) Loss Modulus (MPa)
5 0.51 0.63
10 0.62 0.75
30 0.91 0.9
60 1.1 1.03
100 1.43 1.12
150 1.71 1.18
220 173 12
240 1.76 1.21
270 1.79 12
300 1.82 1.22
340 1.84 1.21
360 1.88 121
400 1.92 121
440 2.1 1.21
460 2.15 1.22
500 2.27 1.22
600 3.23 1.23
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Curve Fitting: Using the equations mentioned in Egs. (1) and (2), the data is fitted and the values of
G; the Prony coefficients and t; the relaxation times. Using these coefficients one can represent the time
series for the shear modulus of the VEM material as :
G(t) = Ge + zGie—t/ri 3
n=i
where, G(t) is the shear modulus at time t, G(e°) is the steady state shear modulus, G; are the Prony series
coefficients, t; are the relaxation times. Considering the data mentioned in Table 2, the time series data is
evaluated and plotted in Fig. 2.

G(t) (MPa)

o
(¥

0 0.05 0.1 0.15 0.25 03 035 04

0.2
t (sec.)

Fig. 2. Relaxation module G(t) in function of time.

4. RESULTS AND DISCUSSIONS

This section presents the results of the modal and harmonic response analyses as described by
Mohanty A.R.[12] for the beam and plate structures with various CLD configurations. Identifying the
optimal configurations for effective damping the results are discussed.

4.1 Beam Models with CLD Configurations

A beam of length 800 mm, width 100 mm, and height 50 mm is considered. The CL thickness is 2
mm, and the VEM thickness is 5 mm. In this work five different types of configurations of beams with
single-layer CLD (S-CLD) and multi-layer CLD (M-CLD) are studied such as: (a) Beam without CLD, (b)
Beam with 1 Layer CLD at the top, (c) Beam with 2 Layers of CLD at the top (see Fig. 3), (d) Beam with 1
Layer CLD on both top and bottom surfaces, (e) Beam with 2 Layers of CLD on both top and bottom
surfaces.

4.1.1 Modal Analysis of Beam

In the modal analysis of the beam with various CLD configurations, the natural frequencies were found

Fixed End Fixed End CL
e 2 VEM z

Beam

(@) (b)

Fig. 3. Beam with 2-layer CLD on Top (a) front view, (b) cross-sectional view.
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__

(a) Mode-1 (b) Mode-2 ‘—I

(c) Mode-3 ' ~L-I (d) Mode-4 -‘_I

Fig. 4. Mode shapes of a Clamped-Clamped Beam with single layer CLD. (a) Mode-1 corresponds to the
modal vibration along (transverse) z-axis, (b) Mode-2 corresponds to the modal vibration along
(transverse) y-axis (c) Mode-3 corresponds to the modal vibration along (transverse) z-axis (d)
Mode-4 corresponds to the angular vibration about the x-axis
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Fig. 5. Natural Frequencies of (a) Fixed-Fixed Beam and (b) Cantilever Beam with steel as CL.
Different CL Materials Different VEM thickness
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Fig. 6. Natural Frequencies of Fixed-Fixed Beam for (a) different CL materials and (b) different VEM
thickness for steel as CL (2 mm thickness).

to be influenced by the alignment of the modes with the direction of the applied CL. Specifically, the 1st
and 3rd modes, are influenced by the presence of the CL layers. As the CL layers are applied on the top
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part of the x-y plane of the beam (see Fig. 3), the modal vibrations along the perpendicular plane (i.e.,
along z-axis), shows an increase in natural frequencies due to enhanced stiffness. Conversely, modes not
aligned with the CLD application experienced a decrease in natural frequencies due to the added mass.
This highlights the significance of strategic CL placement in optimizing the dynamic behaviour of
structures. It has also been observed that the effect of aluminium as CL is smaller than the steel CL.

4.1.2 Harmonic Response of Beam

It has been observed from Fig. 7 that the Structural steel performs better than the aluminium as a
constraining layer, due to its higher stiffness. Additionally, by changing the VEM thickness in 1CLD
configuration the 5mm thickness VEM performs better than the other configurations (see Fig. 8). The
harmonic response analysis highlights the critical role of Constrained Layer Damping (CLD) configurations
in optimizing vibration control in beam structures. For fixed-fixed beams, applying CLD on both the top
and bottom surfaces provided superior vibration isolation (see Fig. 9), demonstrating the importance of
strategic CLD placement. In cantilever beams, a single layer CLD performs better (see Fig. 10). These
findings underscore the necessity of precise CLD application, material choice, and VEM thickness for
effective vibration mitigation in engineering structures for different boundary constraints.

140 T T T T T 140
120 120
2
2 100+ c 100F
& | =
§ 80 - ; g 80f -
2 ’ = ettt
8 60 1 & 9o —— Without CLD| |
b [Tl | & — 3mm VEM
g @of 1 g 0 # O 4mmVEM
—— Without CLD < Smm VEM
0 = 1 Layer CLD with Aluminium CL 2 205K . &mmVEM
f 1 Layer CLD with structural steel CL | L v
L 1 I L I 0= ' . L : '
.k Py S i 460 G o 0 100 200 300 400 500 600

frequency (Hz) frequency (Hz)

Fig. 7. Frequency Responses of diff. CL Material. Fig. 8. Frequency Responses of diff. VEM thickness.

o T
120 b I 140 F (]
= | 3
c 100 - o 1 c 120
S sot e 5 100
H | %
T 6o 1 T 8or
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U 4o =] Layer CLD 4 3 60 4 =] Layer CLD
b © 2layerCLD < © 2 layerCLD
20+ 1 Layer CLD top & bottom 40 1 Layer CLD top & bottom | .
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0 - - S | il L L 20 v L L 1 I i
o 100 200 300 400 500 600 0 100 200 300 400 500 600
frequency (Hz) frequency (Hz)

Fig. 9. Frequency Responses of Fixed-Fixed Beam. Fig. 10. Frequency Responses of Cantilever Beam.

4.2 Plate Models with CLD Configurations

In this case, a plate with length 600 mm, width 400 mm, and thickness 10 mm is studied. The CL
thickness is set at 2 mm, and the VEM thickness is 5 mm. Four different types of configurations of beams
with SCLD or MCLD are studied such as: (a) Plate without CLD, (b) Plate with 1 Layer CLD at the top,
(c) Plate with 2 Layer CLD at the top, (d) Plate with 1 Layer CLD on both top and bottom surfaces.
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4.2.1 Modal Analysis (Plate)

The modal analysis of the plate structures demonstrates that the natural frequencies increase with
the addition of more CLD layers. This increase indicates enhanced stiffness in the plate, due to addition
of constrained layers. Each additional layer adds rigidity to the plate, raising its natural frequencies and
reducing vibration amplitudes. This effect of CLD not only controls vibrations but also allows for tuning
the structure's dynamic properties to avoid resonance, improving overall structural performance.

Plate with Different CLD Configuration

2500
200

150!
100
o ol 10
. |
1 2 3 4 B 9 10

(=T =1

Frequency (Hz)
=]

5 Mode® 7

W WithoutCLD ®1CLD on Top 2ClDonTop M 1CLD on Top & Bottom

Fig. 11. Natural Frequency of Plate with Fixed at four edges.

4.2.2 Harmonic Response Analysis (Plate)

The harmonic response analysis for the plate structure reveals a consistent improvement in vibration
isolation as the CLD configurations are enhanced. With each incremental upgrade in the CLD setup, the
damping effectiveness increases, leading to better control over vibrational energy. This trend underscores
the effectiveness of CLD in reducing vibrations, particularly when the configurations are optimized. The
results highlight that strategically designed CLD layers significantly enhance the vibration isolation
capabilities of plate structures, making them more resilient to dynamic loading conditions.

200 T .
o 150 -
o
I - .
£ 100 ; ;k\ﬂ _ -
®
@ 50 .
[0 .
" s \\ithout CLD
< of s 1 Layer CLD )
O 2 LayerCLD
1 Layer CLD top & bottom
_50 1 1
0 500 1000 1500

frequency (Hz)
Fig. 12. Frequency Responses of Plate.

5. CONCLUSION

This research thoroughly examined the impact of Constrained Layer Damping (CLD) configurations
on the vibrational behaviour of beams and plate structures. The findings provide significant insights for
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optimizing vibration control in engineering applications. Notable conclusions highlight the criticality of
strategic CLD placement, material selection, and layer thickness optimization. The optimal parameters
were found to be contingent on the boundary constraints of the structures. For a Fixed-Fixed beam, a
configuration with a 5mm thick Viscoelastic Material (VEM) layer and 2 mm CL on both the top and
bottom is suitable. In contrast, for a cantilever beam, a single layer on top is more effective due to the
presence of a free end. For a plate fixed at all four edges, a configuration with one layer on both the top
and bottom, using 5mm VEM and 2mm Constrained Layer (CL), is more efficient. Additionally, steel was
found to be a superior choice for the constrained layer over aluminium in all scenarios.
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ABSTRACT

Passive vibration damping using polymer based viscoelastic materials is a well-established
approach for mitigating the structural vibrations. However, it is an ongoing challenge to damp
structural vibrations in a wide frequency range. In the present paper, a multilayer constrained
layer damping (MCLD) approach is reported with efficacious vibration damping in a wide
frequency range of 100-1000 Hz. To this end, carbon black reinforced nitrile butadiene rubber-
polyvinyl chloride (NVC) elastomeric blend and polyether diamine cured epoxy resin were used
as viscoelastic materials (VEMs). The VEMs were characterized for their viscoelastic properties
as a function of temperature by dynamic mechanical analysis (DMA). Thereafter, the VEMs were
employed to construct five layer MCLD coatings and evaluated for their system loss factors by
using an electrodynamic shaker. The effect of VEM type, positioning of the VEM, role of interfacial
adhesive layer on the vibration damping efficacy of the MCLD systems were investigated. The
results revealed that higher loss factors for the elastomers blends did not translate into
corresponding system loss factors in the MCLD configuration. However, using an epoxy based
VEM resulted in a significantly higher system loss factor (0.15 to 0.24) in the frequency range of
100-2000 Hz.

1. INTRODUCTION

Reducing structural vibrations is crucial for maintaining the strategic advantage of naval fleet, as the
noise emitted underwater can be detected by potential adversaries. In order to address structural vibration
problem, various mitigation strategies are employed. There are two primary approaches for structural
vibration damping: passive and active methodsl-4. Active damping methods involve the use of electronic
instruments, such as actuators and sensors, to actively control and reduce vibrations in mechanical
systems[5.6l. These methods require external power and control systems to monitor the vibrations and apply
appropriate forces to counteract theml[7l. Passive damping, on the other hand, refers to the use of materials
that dissipate vibration energy without the need for external power or control systemsl8l. The efficacy of
passive vibration damping spans a broad frequency range, making it versatile in addressing various
vibration sources.

In passive damping techniques, viscoelastic materials (VEM) can be utilized in two ways: free layer
damping (FLD) and constrained layer damping (CLD)[l. Among the plethora of materials reported for
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use in CLD in the literature, elastomers are considered to be effective VEMs for CLD, owing to their
flexibility, tunability of loss factor and ease of application[®l. However, most of the studies on VEMs
reported in literature pertain to their evaluation of loss factor from DMAI0L. Reports on their analysis at
system level (CLD or FLD) representing the real time scenario of their application is rather scantylll.
Further, literature reports on vibration damping through CLD approach are primarily focused on three
layer configurations with scanty reports on multilayer configurations[-4l. In view of the above, the objective
of the present study is to investigate the vibration damping efficacy of multilayer vibration damping
coatings (MCLD) in a five layer constrained layer configuration. This system facilitates use of two layers
of VEMs having complimentary viscoelastic properties.

2. EXPERIMENTAL DETAILS

2.1 Materials

NVC blend with 70% NBR (acrylonitrile content = 33%) and 30% PVC by weight, with a Mooney
viscosity (ML 1+4 @100°C, MU) of 60 + 5 and density of 1.11 + 0.02 g/cc and the reinforcing filler carbon
black (Grade N220) with a BET surface area of 114 + 5 m2/g and mean oil absorption value of 114+6 ml/
100 g were the materials used for this study. A sulphur based vulcanization system was used for curing
of the rubber compound. Rubber processing grade dioctyl phthalate (DOP) was used as a plasticizer.
DGEBA (diglycidyl ether of bisphenol A, Araldite LY 556) was the epoxy resin (epoxy equivalent = 195 +
5 g/equivalents) used for preparation of the thermoset based VEM. Polyether diamine was used as the
curative for the epoxy resin.

2.1.1 Preparation of carbon black reinforced NVC blend

The NVC blends with varied contents of carbon black (0-40phr) and other ingredients were
compounded using a laboratory two roll mill set up. The rubber compounds were subsequently vulcanized
at their respective t90 using a hot press at 150°C and a pressure of 5 MPa. The NVC vulcanizates were
nomenclatured according to their carbon black content i.e., NVC CB10, NVC CB20 and NVC CB40 while
the pristine blend has been referred to as NVC.

2.1.2 Preparation of polyether diamine cured epoxy thermoset

Epoxy resin based VEM was prepared by curing of epoxy resin using stoichiometric amount of
polyether diamine. The epoxy and diamine mixture was homogenized using a mechanical stirrer. The
homogenized mixture was then cast on a Teflon mould for curing at ambient temperature for 12 h. The
epoxy resins cured with polyether diamines have been referred EP-LM.

2.2 Characterization methods
2.2.1 Dynamic mechanical analysis

Measurements of frequency and temperature dependent viscoelastic properties[t?] were conducted
on the materials utilizing an RSA G2 TA dynamic mechanical analyser (DMA). The temperature sweep
was executed in a single cantilever mode with a programmed heating rate of 5 °C/min, frequency of 1
Hz at a strain of 0.05% within the range of -30°C to 140 °C.

2.2.2 Construction of five layer CLDs

Three CLD systems with five layer configurations were constructed using the elastomeric NVC blend
and epoxy thermosets as VEMs. The constituting elements of the five layer MCLD systems were (a) 12
mm thick Mild Steel (MS) as the substrate and alternate layers of VEM and MS constraining layer (CL).
Three VEM combinations were studied. (1) NVC-NVC system (2) NVC-Epoxy system and (3) Epoxy-Epoxy
system. The generic process for construction of the CLD systems is as follows: In order to construct CLD
system (@), the surface of the MS beam was slightly roughened with a sand paper (grit size 100) and then
degreased with ethyl acetate and then allowed to dry. The surface of the NVC elastomers sheets were
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slightly abraded with a sand paper (grit size 200) and degreased with acetone. In order to investigate the
effect of adhesive type on vibration damping efficacy of CLD system, three different types of adhesives
were used to adhere the elastomeric sheets onto substrate and CL layers. The different adhesives used
were: (a) solvent and chlorinated rubber based one component adhesive (b) two component epoxy based
solvent free adhesive and (c) two component rubber toughened epoxy based adhesive with a solvent
content of 70 wt. %. The adhesives were applied in both the surface treated elastomeric sheets and MS
beam and then joined together by gentle pressing. The adhesives were used only when elastomer material
is used as VEM. In the case of epoxy based VEM, the VEM itself acted as adhesive layer.

2.2.3 Vibration damping measurements

The vibration damping measurements of the bare MS beam and the five layer CLD systems were
carried out using an electrodynamic shaker (DS-1000 system with 1000 kgf capacity). In this test set up,
one end of the test specimens was clamped and the other end was excited with a sweeping rate of one
octave per minute having a frequency resolution of 0.67 Hz. Accelerometers (sensitivity of 100 + 3 mV/
g) were used to record sample acceleration. An 8 channel data acquisition system was used to obtain the
time-dependent response which was then transformed into the frequency domain using Fast Fourier
transform (FFT) to generate the frequency response function (FRF). The circle-fit modal analysis technique
was then employed to identify the natural frequencies, loss factor, and mode shapes of the CLD
specimensl13l,

3. RESULTS AND DISCUSSION

3.1 Dynamic mechanical analysis of VEMs

It is well established that the viscoelastic properties of polymers play a critical role in their efficacy
for vibration damping[l. In the present study, two different types of VEMs have been used for vibration
damping studies in a multilayer CLD configuration; (a) carbon black reinforced NVC blend and (b)
polyether diamine cured epoxy thermoset.

3.1.1 Carbon black reinforced NVC blend

Fig. 1 shows the viscoelastic properties of the pristine NVC matrix as well as the carbon black
reinforced vulcanizates, as a function of temperature at fixed frequency of 1Hz.
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Fig. 1. DMA of NVC blends (a) tan d vs. T (b) storage modulus (E') vs. T.

52 The Journal of Acoustical Society of India



Multilayer vibration damping coating for mitigation of structural vibrations

First, focusing on the dissipation or loss factor (tan d) vs. T profiles shown in Fig. 1(a), it is observed
that the pristine NVC is characterized by a single tan 6 peak, located at —-6°C corresponding to o relaxation
temperature. The observation of a single tan & peak for the NVC blend implies miscibility of NBR and
PVC at this composition. Incorporation of carbon black leads to reduction in the tan & peak height with
no discernible change in the peak position. A significant drop in the peak intensity is observed at 40 phr
loading of carbon black with a broadening of its profile towards the high temperature region. From the
storage modulus, E" vs. T profiles, shown in Fig. 1(b), carbon black induced reinforcement of the NVC
matrix is evident in both the glassy and rubbery regions.Usually a tan & peak intensity of > 0.30 over a
broad temperature range is considered as a benchmark figure for effective vibration damping['4l. Based
on this criterion the carbon black reinforced PVC-NBR elastomers can be considered as candidature
materials for MCLD applications, despite the carbon black induced decrease in tan 6 peak intensities.

3.1.2 Polyether diamine cured epoxy

Fig. 2 illustrates the temperature dependent viscoelastic properties of the epoxy based material (EP-
LM). Fig. 2(a) and 2(b) show the material loss factor (tan d) vs. temperature and storage modulus vs.
temperature profiles of the two systems. The EP-LM system, exhibits a tan & peak at 21°C with a
significantly higher peak intensity value of 1.06. These results can be reconciled with the lower cross-link
density of EP-LM system. Further, the tan o profile for EP-LM system is significantly broader (full width
at half maximum of 29.8°C). Owing to the higher tan § intensity of EP-LM system, it can be considered
as a more effective VEM across broad frequency range. Fig.2(b) shows the storage modulus vs. T profile
EP-LM thermoset. The results indicate the material is compliant in the temperature region of interest for
effective damping. From these results it can be inferred that EP-LM system is a candidate VEM for MCLD
applications.

1.2
§1ooo1
] —EPAM -
‘3“ % 100
8 .04
& 10
0.3- E 1
b
0.0 T T L T T 1 b v T L2 . 2
.25 0 25 50 75 100 -25 0 25 50 75 100
Temperature (°C) Temperature (°C)

Fig. 2. Dynamic mechanical analysis results of EP-LM system (a) tan o vs. temperature profile (b) storage
modulus vs. temperature profile.

3.2 Vibration damping measurements

The bare beam and MCLDs were excited using an electrodynamic shaker. The MCLD system loss
factor (SLF) was determined at each modal frequency using the modal circle fit method and the results
are shown in Fig. 3. Fig. 3(a) shows the system loss factor of the five layer CLD system with two layers of
NVC as the VEM layers constructed with three different types of adhesives. From the results it is observed
that this MCLD system shows higher system loss factor values in the low frequency region and then
monotonically decreases with increasing frequency. Further, the system loss factor value is influenced by
the type of adhesive used to construct the MCLDs. In case of MCLD system constructed with alternative
layers of NVC and EP-LM as VEMs (Fig. 3(b)), a similar trend of higher system loss factor at lower
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Fig. 3. MCLD system loss factor as a function of frequency (a) System of two layers of NVC as VEM
constructed with three different adhesives (b) NVC and EP-LM based MCLD system with varied
carbon black in NVC matrix (¢) EP-LM VEM based MCLD system.

frequencies (0.10 to 0.12 < 200 Hz) followed by a monotonic decrease at higher frequency modes of
vibration is noticed. Fig. 3(c) shows the frequency dependence of system loss factor for the MCLD system
constructed with two layers of EP-LM as the VEM. From the results, it is seen that the system loss factor
values for this system are significantly higher compared to the other two MCLD systems at all modal
frequencies. Further, in this system the loss factor values do not register the decreasing trend noticed for
the NVC and NVC-EP-LM based MCLD system with increased frequency.

Thus the comparative modal analysis of the three different MCLD configurations reveals that epoxy
based VEMs show superior vibration damping performance compared to other VEM combination studied.
A plausible reason for the said observation is the absence of interfacial adhesive layer in case of epoxy
based VEMSs, which seems to have a detrimental effect in vibration damping efficacy of elastomers based
MCLD systems.

4. CONCLUSION

In summary, the study focused on four main aspects: (a) the development of carbon black reinforced
NBR-PVC blend and epoxy thermoset-based VEMs, (b) the evaluation of their temperature-dependent
viscoelastic properties using DMA, (c) construction of five-layer MCLD systems using the developed VEMs
and metal substrate (MS) as the constraining layer, and (d) the modal analysis of the MCLDs utilizing an
electrodynamic shaker. Key findings of the study indicate that the system loss factor values for MCLDs
with two layers of elastomeric blend were sensitive to the type of the adhesive layer used in construction.
Similar observations were noted for five-layer MCLDs constructed with alternating layers of elastomer
blend and epoxy thermoset as VEMs. In contrast, the use of two layers of epoxy-based VEM, obviating
the need for an external adhesive, consistently demonstrated higher loss factor values in the frequency
range of 100-1000 Hz. The study suggests that this multilayer CLD approach with epoxy based VEMs
holds potential for mitigating structural vibrations in the engine room foundation and machinery base
frames of surface ships.
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ABSTRACT

Unwanted vibrations from engines, motors, and other movable components can affect performance
and cause undesired outcomes. Effective vibration isolation is essential, and insertion loss is a
key metric to evaluate its effectiveness. This study investigates spring mounts using the Transfer
Matrix Method (TMM) to find insertion loss through both experimental and numerical approaches.
A test specimen with six identical spring isolators between an upper and lower plate, weighing
195 kg, was used for experimentation. Transient data from impact hammer tests was used for
validation through ANSYS simulations and modal analysis confirmed the natural frequencies of
the system. Harmonic analysis further determined the insertion loss using TMM derived from
the mobility matrix. These results provide valuable insights for designing more effective isolators
in various industries.

1. INTRODUCTION

The most reliable way of reducing the vibrations caused by machines or any other moving components
is by isolating the vibrating source from its immediate surroundings (that are usually connected to the
source). Vibration isolation aims to minimize the vibration level at a designated receiver by introducing
an impedance change along the vibration path. This is typically achieved using a compliant element, such
as a spring or rubber isolator. While isolation is generally effective across a broad frequency range, it is
well established that structural modes of isolators, often referred to as surge frequencies, allow energy to
propagate efficiently. With increasing demand for quieter products, structure-borne energy transmission
through isolators has become a significant concern.

The performance of a vibration isolator is influenced by its dynamic characteristics and those of the
system it interacts with. In many cases, the isolator's mass is overlooked, and it is modeled solely as a
frequency-dependent spring. Isolators are often modeled as a linear component termed a dynamic stiffness
(kd) defined asfll.

o= joF
Cov -V, 1)
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Where, vy, v,, and F represent the velocities at the inlet and outlet sides of the mount, respectively, and
the dynamic force. Note that this definition of dynamic stiffness assumes that the force is equivalent on
both sides of the isolator, neglecting the inertia effects of the isolator.

Although it remains a linear method, the transfer matrix approach offers a more comprehensive
representation of an isolator by accounting for inertial effects. The force and velocity on one side of the
isolator F1 and v1 are connected to those on the opposite side F, and v, through four-pole parameters
(311, 819, 351, Ayy). This relationship can be written asfll.

F

{E} _ {au a}{ } @
Vl a21 a’22 V2
The four-pole parameters are frequency-dependent and complex. Fig.1 presents a schematic of an

isolator, indicating the forces (F; and F,) and velocities (v, and v,), along with the defined direction
convention.

FORCE F1
V1 l | Top plate
Spring
isolator
V2 Bottom plate
FORCE F2

Fig. 1. Schematic illustrating mount with force and velocity variables.

It is acknowledged that Molloyll]l was the first to suggest using four-pole metrics to assess isolator
features. Eventually, Snowdonl[?] developed four-pole parameters for a variety of reduced mechanical
models, building upon this idea and applying it to vibration isolation. This idea strongly resembles that
of Munjall3l, who used a comparable methodology while studying acoustic waveguides, including mufflers.
Dickens and Norwood[4l and Dickensl®] then came up with an experimental procedure that used two
masses to find an isolator's four-pole characteristics. This method is flexible enough to be used with both
symmetric and asymmetric isolators because measurements were made twice with differing floating
masses on the receiver side.

Kim and Singh's[6.7] research concentrated on elastomeric isolators by employing a more sophisticated
mobility matrix technique. They compared analytical and experimental results using a multi-axial model
for isolators. The transfer matrix approach, which has the benefit of using more representative measures
for assessing isolator performance, is highlighted in the current work. We applied the same idea to a
multiple isolator system after Sun Shishuol8] applied the TMM to a single helical spring isolator.
Transmissibility, or the ratio of the magnitudes at the input and output sides of an isolator, is one
commonly used statistic, either displacement or force can be used to define this. Transmissibility depends
on the properties of both the source and the receiver in addition to the isolator, while being easy to measure
and offering helpful information. On the other hand, while pre-loads may have an impact, the transfer
matrix of an isolator is mostly determined by the isolator itself. It was suggested by Ungarl®l to use isolator
effectiveness (E), which is equivalent to insertion loss as brought out by 1zak[0l. This metric's main benefit
is that it includes the compliance of the source and recipient structures in the assessment. As seen in Fig.
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2, isolator insertion loss quantifies the decibel difference between the isolated and unisolated responses.
It can be represented mathematically asftl.

~ o |vf rigid|
1L - 20'—0910 - |E| - ZOLOQIO W (3)
Where v rigid and vf isolated are the unisolated and isolated vibrations respectively. It can be expressed
in terms of the four pole parameters aslll

VY, . a |

a
1L = 20Log,,|a,, + —2-2%
ol T VY, TV Y| (4)

Where Zg and Zy are the mechanical impedances on the source and receiver side respectively.

FORCEF FORCEF

TOP PLATE

RIGID ISOLATOR

V rigid Visolated BOTTOM PLATE

Fig. 2. Schematic illustrating isolator insertion loss, with Rigid and isolator connections.

This paper suggests two related approaches to use finite element analysis to find the transfer matrix
of an isolator. To take into consideration the stress-stiffening effects brought on by the static preload, a
static analysis must be done first. The context for the ensuing dynamic analysis is established by this static
study. After that, a modal analysis is carried out, accounting for the preload, to determine the structural
modes. To find the transfer matrix, first get the mobility matrix from two consecutive forced response
analyses with various loading scenarios. It has been demonstrated that this method produces consistent
findings for insertion loss.

The described methodology was applied to a test specimen modelled in ANSYS, and insertion loss
was determined through harmonic analysis. The model's accuracy was validated by comparing the natural
frequencies obtained from experimental data with those from modal analysis along with the response
collected using an impact hammer during experimentation.

2. DETERMINATION OF TRANSFER MATRIX METHOD (TMM)

Initially, a static finite element analysis is performed to account for the static preload, which can be
either linear or nonlinear. This analysis aims to update the stiffness matrix to incorporate the effects of
stress stiffening caused by the preload. If the preload does not substantially affect the structural modes
of the isolator, then the static analysis may be deemed unnecessary. The steps involved in obtaining the
TMM are as follows :

Step 1 : Static analysis carried out with a preload of 2500N.
Step 2 : Modal analysis with the preload and without the preload.
Step 3 : Forced response analyses were done twice to capture the velocities in the frequency domain.
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2.1 Mobility matrix technique

The TMM is being formed using the mobility matrix technique. First, the mobility matrix is formed
by conducting harmonic analysis using two different boundary conditions for the first and second analyses,
which are as followsl!] :

F,=1land F,=0 (5)
F,=0and F,=1 (6)

) R
VZ b21 b22 FZ
Here, by;, by, by and by, will be the mobility matrix terms. And these are obtained using Equations

(®). (6)

The mobility matrix is as follows,

-V -V

by, = Fl andb, = F_l 8)
-V -V

b, = F_z andb,, = F_z )

Where, v4, v,, F; and F, are determined from analyses with the respective boundary conditions indicated.
Now the TMM terms or the Four Pole parameters are obtained as :

b,, 1

T T
b,y

b,,b b
a,. =— _—, = b _ 1122 and a. = 22
11 by, 8y =Dy by, 22 b,, (10)

All the terms of mobility and the transfer matrix are frequency-dependent.

3. EXPERIMENTAL PROCEDURES

The numerical analysis was performed using ANSYS, and a comprehensive experimental investigation
was carried out to validate the findings and assess the performance of the vibration isolator. This section
deals with the experimental setup, procedures, and measurements employed to gather data during
experimentation on the test specimen for comparison with the numerical results. Specifically, acceleration
response in the time domain was collected from both the top and bottom of the test specimen. This data
forms the basis for further analysis and comparison with the ANSYS. Fig. 3 shows the test specimen with
the top plate and bottom plate (connected to a bottom raft) in between six helical springs that have been
placed symmetrically. Fig. 4 shows the devices and instruments used for the experimentation.

Fig. 3. Shows the helical spring isolator and the test specimen.
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Fig. 4. Shows the DAQ, impact hammer, and sensor type used.

The Data Acquisition System (DAQ) used was DewesoftX SIRIUS 16-channel. A B & K impact hammer
with 0.225 mV/N sensitivity and a maximum force of 35,584 N was utilized. Two DYTRAN 3055B2 sensors
with 10 mV/g sensitivity were used to measure vibrations on the top and bottom plates by impacting the
top plate. The spring isolator dimensions were, wire diameter (d) of 8 mm, spring diameter (D) of 63
mm, height of the spring was 94 mm and pitch of the spring was 15 mm with active turns (n) of 5 and
total number of turns are 7, where G is the shear modulus of value 76.9 GPa.

Now the spring stiffness can be determined fromlel

_ Gd*
8nD?

The static stiffness determined using the above-mentioned formula was 31,500 N/m, comparing this
value with the stiffness value obtained from ANSYS, they coincided well. Now the acceleration data in
the time domain was extracted by conducting the experimentation for 10 seconds where this time domain
data was converted to frequency through Fast Fourier Transforms (FFT) to understand the natural
frequencies from experimentation.

(11)

4. COMPARISON OF RESULTS BETWEEN EXPERIMENTATION AND ANSYS

As mentioned earlier, after obtaining the experimental data we proceeded with numerical simulations
providing with preload of 2500 N onto the model in ANSYS, and the natural frequencies were measured
and compared with those without preload, as well as with FFT data in Table 1. The preload had minimal
impact on the natural frequencies, though this effect may vary with different materials or mounts.

Table 1. Natura frequencies from both numerical simulation and experiment.

Mode No-Pre Load (Hz) Pre-Loaded (Hz) Experiment (Hz)
1 12.6 12.3 16
2 27.7 18.8 23.7
3 30.7 28 321
4 42.6 324 45.2
5 49.3 39.1 51.6
6 58.2 50.7 64.4
7 72.3 65 74.4
8 81.7 71.8 80
9 98.2 88.6 96.6
10 102.5 90.7 114
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Top Plate: Experimental vs. ANSYS
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Fig. 5. Top and bottom plate vibration result comparisons.

Fig. 5 shows the transient analysis response plot, showing good agreement between experimental and
ANSYS results. The top plate response in both cases was similar, confirming accurate system modelling.
Discrepancies in the bottom plate data suggest the need for model refinement, possibly due to boundary
conditions or simplifications, to improve accuracy in future work.

The comparison between experimental data and ANSYS simulation shows a reasonable agreement,
the alignment is adequate to validate the model. This suggests that the ANSYS model represents the

physical system reasonably well. Therefore, the harmonic analysis results from this model can be trusted
for further analysis.

Fig. 6 illustrates the insertion loss up to 1500 Hz, offering insights into the performance of the vibration
isolators informing that the insertion loss was good enough in mitigating the produced vibrations.

S Frequency vs Insertion Loss
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Fig. 6. Plot between Insertion Loss and Frequency obtained through TMM.
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5. SUMMARY AND CONCLUSION

This study examined isolator transfer matrices and their effectiveness using insertion loss. Both
experimental and numerical investigations produced comparable results.

The experimental work and ANSYS numerical simulations are found to be in good agreement.
Predictive Analysis can be done through Finite element analysis to understand the isolator performance
with consistent results from the matrix method. For a multiple isolator system, the performance of the
isolation provided can be understood through insertion loss. At higher frequencies, the performance of
isolator may get reduced due to isolator resonances. These insights are crucial for improving isolator
performance in noise and vibration engineering.
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ABSTRACT

Noise levels in vertical turbo-generator rotors of hydroelectric power stations are usually in very
high decibels and sometimes may lead to final catastrophic failures during critical operating
conditions. Simple design modifications can reduce the vibration and noise levels considerably.
Hydroelectric vertical rotor system contains a turbine runner shaft at lower end coupled to a
generator rotor with various intermediate support bearings. The main centre of noise is noticed
at the generator, which is induced by the unbalance and magnetic pull loads along with other
coupled system vibrations. Present work focuses on the dynamic analysis of the coupled rotor-
bearing system subjected to important nonlinear forces. The equations of motion are formulated,
and the transient vibration response is obtained. Further, in order to minimize the vibrations and
noise levels at the generator house, a support system for the generator rotor is designed with linear
spring elements. The resultant system analysis is conducted and effectiveness of the study is
illustrated in detail.

1. INTRODUCTION

Hydroelectric power plants are the third largest renewable energy generators producing several mega-
watts of power through the day. The vertical turbo-generator rotor is the main component of the unit.
Due to heavy weight of the rotor system, it is always subjected to different types of faults. Mainly, the
generator portion even if it is supported over the upper and lower bearings, it acquires magnetic pull-in
loads and unbalance excitations during its rotation. This results in continuous high amplitude vibrations
resulting in huge noise levels. Measurement of acoustic signal at the generator disk provides vital
information about the system condition[ll. Sometimes, analytical modelling of the system also gives a
reliable vibration and acoustic data very conveniently. It avoids the collection of field measurements and
experimental work.

There are several articles in literature reported the experimental and dynamic modelling of turbo-
generator vertical rotor bearing system. Zeng et al.[2] illustrated the simplified two mass equivalent vertical
turbo-generator rotor system. Here only the unbalance forces were considered. Xu et al.[31 made a nonlinear
fractional-order mathematical model of the shaft system of a hydro-turbine-generator unit system and
introduced the fractional-order damping forces and the fractional-order oil-film forces to the mathematical
model of the system, nonlinear dynamical behaviours of system with six fractional orders. Here, the
magnetic pull-in forces were also accounted at the generator. Rotor misalignment is a problem that multi-
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span rotor systems confront due to poor foundation, installation errors, and shaft deformation. Nikola
Kopoulos and Papadopoulosl4l examined the connection between bearing wear depth, misalignment angles
and friction force for bearings prior to indicating excessive wear, eccentricity and misalignment. The fault
was classified into three types based on its geometric relationship between the centrelines of two shafts:
parallel, angular and hybrid misalignments. Hussain and Redmond[5] investigated how two rotors coupled
by a rigid coupling responded lateral and torsional to parallel misalignment. Huang et al.[é] created a
dynamic model to represent a rotor system with rub-impact and misalignment. A numerical integration
approach was used to examine the dynamic behaviour of this system. Andresl’] examined the impact of
static misalignment angles on the operation of a water-lubricated five-recess hydrostatic journal bearing.
Sudhakar and Sekhar et al.[8] discussed the consequences of misalignment, condition monitoring methods
and different coupling modeling tools. Recently Shi et al.[9 presented angular misalignment model of
hydroelectric turbo-generator vertical rotor system subjected to different nonlinear forces. Towards
identification of fault, here the signal de-noising and holographic approach were also presented.

The vibration and noise control is the primary objective in such power stations. There are several
passive, semi-active and active control methods available in the control. However, all these methods
require enormous external power during the control action. Recently proposed method of applying axial
load on the rotating shaft[l0] was one effective method for vibration amplitude control. Shi and Jhouf!ll
illustrated a multistage signal denoising approach for guide bearing recorded data in hydropower unit.
Also, sometimes by supporting properly the motors/generators, it is possible to minimize the vibration
and noise. From above literature review, it is noticed that an accurate model of rotor system is essential
for vibration/noise control. Present work employs an equivalent four degree of freedom dynamic model
of the turbo-generator rotor by considering nonlinear bearing forces, magnetic pull-in loads, with unbalance
and misalignment in the rotor system. The equations are solved numerically using fourth order Runge-
Kutta method and the dynamic response at the generator rotor is obtained at different speeds of operation
and misalignment angles. In order to reduce the amplitudes of oscillation at the generator, an isolator is
designed with two radial isolation stiffness forces. The vibration levels have considerably reduced. The
remaining part of the paper has three sections: section-2 gives the mathematical modelling and
methodology employed. Section-3 presents brief results and discussion and section-4 summarizes and
gives conclusions of the work.

2. MATHEMATICAL MODELING

Fig. 1 shows the vertical rotor of turbo-generator system supported on three guide bearings. There is
a slight misalignment (angle ¢) at the coupling.

If m;, m, are the equivalent masses of generator and turbine disks, the equations of motion in x and
y directions can be written in terms of equivalent stiffness and damping coefficients asl!2l;

Turbine runner (r;)

Fig. 1. Vertical rotor bearing system (with supported generator).

64 The Journal of Acoustical Society of India



Vibration minimization in hydroelectric turbogenerator rotor system using generator support design
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are the external forces in x and y directions at the generator and turbine runner respectively. Here, at the
generator Fy,, refers to the asymmetric magnetic pull occurring with stator-rotor magnetic interactions.
When the number of the pole pairs of a generator is greater than three, we can get the equations of the
asymmetric magnetic pull asf3l:
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Here, R, is the generator radius, L, is its length, §, is the uniform air gap; ¢= 5L is the relative

eccentricity, u, is the magnetic permeability of the air; K; is the coefficient of fundamentaiJ magnetomotive
force of air gap; I; is the exciting current of the generator. Within the bearings, it is assumed that the fluid
is incompressible and its viscosity is constant across the fluid. Non-linear oil-film forces based on the
assumption of short bearings (F,, Fyp) can be expressed as:

[i2]=4]3] ®
where o= ﬂw(gjl-(;jz[:;jz 9)

is called modified Sommer field's number. Here 1 represents lubricant viscosity; L, D and c are bearing
length, bearing diameter and bearing radial clearance respectively. The non-dimensional bearing force
components are given aslt4l,

L;, T = Ile’lx.}',u} —sina G{x,y.a) — 2 cos a 5(x, ¥, a) (10)
s 1=at =y Iy¥ixr.yv.a)+cosaGlx,yv.a) — 2sina 5(x.y x)

(2+ycos o — x sin &) G(X, Y, a)

V(X,y,a) = 1y (11)
S(x.y.a) = X €os @ + Yy sin « 12)

1-(x cos a + y sin )’
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The functions V, S, G and o are respectively given as:

. - 2 il —1 ¥ cos@-xsin
G(zy, a) W [2 + tan (—\,m } (13)
a = tan~ ! (;j—zz:) - % sign (%) — gsign (y +2x) (14)

There are three bearing locations, whose x and y coordinates are obtained from their radial

displacement and geometric relations as r, = 2(a+b o, —arn, r, = 20 +On*an oy r, = 2ct, +(@+2b)r,
a+2b+2c a+2b+2c a+2b+2c

Here r, = x> +y? andr, = \/x? +y? are the radial displacements at the generator and turbine runner

respectively. The equivalent stiffness of generator and turbine shafts is given in terms of the bearing
stiffness coefficients ky, k, and k; as:

r
K, = (2k, +-2k
1 ( 11 rl 12) (15)
r
K, = (2k,, +-2k
2 ( 22 r2 12) (16)
Where
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2 (a+2b+2¢)?

Here, a, b and c are respectively the distances between the top two bearings, bottom two bearings
and turbine runner and turbine bearing. The shaft misalignment is considered at the coupling with
misalignment angle ¢.

3. RESULTS AND DISCUSSIONS

A computer program is developed to solve the four dynamic egs. (1) to obtain the response of the
system. Frequency spectra are obtained using fast Fourier transforms at different speeds of operation.
Further, the misalignment angle is varied and the amplitudes at the generator disk are observed without
any generator support system. The following input parameters are considered for illustrating the
methodology(2l:

a=4m,b=3m,c=12m, m;=7.32 x 10° kg, m, = 2.4 x 10° kg, ¢; = 0.35 10” Ns/m, ¢, = 0.25 107 Ns/m,
k; = 0.2 x 109 N/m, k, = 0.2 x 109 N/m, kg = 0.35 x 109 N/m, e; = 1.0 mm, and e, = 0.5 mm, bearing
parameters are: length = 10 mm, diameter = 25 mm, radial clearance = 0.3 mm and viscosity of oil = 0.04
m2/s. At the generator rotor, the uniform air gap 8, = 0.008 m, L, = 0.5m, radius R = 1.2 m, K; = 0.05, u =
4w x 107 H/m and current l; = 1000 amp. Figures 2 to 4 show the generator rotor time and frequency
responses at three different speeds of operation namely 150 rpm, 500 rpm and 800 rpm with 5 degree
angular misalignment.

It is clearly noticed from sub-synchronous vibration in frequency spectra that as speed increases, the
fundamental frequency along with amplitude. In all the frequency diagrams, there is a dominant first
order engine resonance (1x). The effect of misalignment angle on the generator vibration response is shown
in Fig. 5. It is seen that angular misalignment increases the fundamental frequency and amplitudes.
However, after some value of misalignment, the amplitude increase is not considerable.
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Fig. 5. Effect of misalignment on the output amplitudes at 500 rpm.

Fig. 6 shows the effect of misalignment at three different speeds namely 500 rpm, 900 rpm and 1200
rpm. It is noticed that effect of misalignment is not considerable at these speeds.
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Fig. 6. Misalignment angle effect at different operating speeds.

Effect of armature current at the generator on the vibration response is illustrated in Fig.7 at 900 rpm.
It is interestingly seen that up to certain value of current, the amplitude increases, later-on it decreases.
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Fig. 7. Effect of armature current.
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Finally, in order to minimize the vibration amplitudes, the generator rotor support system with stiffness
kgs=1 1011 N/m is considered. Fig.8 shows the amplitude reduction relative to unsupported generator
rotor.

Frequency response with support stiffness
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Fig. 8. Vibration reduction using a support box for generator.

The vibration reduction occurred at the system natural frequency considerably. Therefore, in order
to minimize the vibration and noise levels, it is recommended to use a support for the rotor at appropriate
places in addition to the guide bearings.

4. CONCLUSIONS

This work presented the dynamic analysis of rotor-bearing system of hydroelectric turbo-generator
system by accounting various common nonlinearities. Computer simulation studies were conducted using
interactive computer program to perform several parametric studies. Effect of operating speed,
misalignment angle, and generator-armature current on the vibration amplitudes was studied thoroughly.
By supporting the generator rotor flexibly, it was shown that the vibration amplitudes can be considerably
reduced. In future work, the vibration and acoustic signature recorded at the generator location may be
further used to predict the faults in the rotor.
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ABSTRACT

Using drones for various purposes has sparked concerns about the noise they create. There are
several techniques to mitigate the drone noise such as propeller geometrical changes, material
modifications, and active control using additional speakers. Recently the concept of phase
synchronization with multiple propellers has drastic effect in reducing drone noise. In phase
synchronization, the rotors are turned at the same rpm yet have a clear angular phase difference
in position. If the angular phase difference is properly adjusted, the noise waves or vortices
generated by every rotor destructively interfere with themselves. This makes the total noise from
the drone to decrease remarkably, particularly at the dominant frequency of the blade passing
and its harmonics. This paper presents a comprehensive approach to reduce the noise/vibration
produced by drone propellers without affecting the thrust. By considering the overall dynamics
of the quad rotor drone with phase differences in thrust produced by each rotor, initially, the
vibration responses are obtained numerically. The amplitudes of vibration in yaw direction are
further minimized by setting the optimum relative phase angles subjected to a minimum thrust
constraint. The dynamic response and noise levels of the effective phase angle configuration are
finally reported.

1. INTRODUCTION

The developing field of unmanned aerial vehicles, more commonly known as drones, has taken off
in the last decade, with applications in many areas, including agriculture, logistics, surveillance, and
entertainment. As one might praise the technological advances in the design and autonomy of drones for
various mission tasks, a potential big challenge of multi-rotor drones is the resulting noise produced due
to vortex shedding created by rotor propellers. The sound produced by the unmanned aerial vehicle (UAV)
cannot be used in such places where privacy is important or where surveillance is the prime concern.
The sound produced by the rotors of the multirotor UAV is a mixture of propeller sound and other external
sounds. Generally, separating the two sounds and analyzing them using a noise cancellation strategy is
very difficult. Noise Cancellation is a technology that reduces unwanted background noise. There are
mainly two basic types of cancellation methods which are active and passive noise cancellation. Active
noise cancellation (ANC) employs electronics to fight ambient noise. Sound waves are processed by a
chip and subsequently produce an appropriate 'anti-noise' wave. The anti-noise wave is generated by the
device's speaker and blocks out the original noise.
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In passive noise cancellation, the physical design and material of the component would matter. Based on
the research work of Go and Choilll, a new methodology was proposed for ground sound detection via a
drone with microphone arrays attached to it. Experiments have confirmed that the system can accurately
determine the source of sound within 10 degrees after an explosion has occurred. Wang et al.[2] showed a
new microphone array system combining filtering and separation techniques to effectively reduce a drone's
noise while capturing target sounds, achieving better performance and real-time processing for future
embedded applications. Salvati et al.[3] focused on the localization of sound sources using microphone
arrays at the onboard drones. Here, the drone noise challenges were presented using a unique beam-
forming technique, keeping the microphone array away from the propellers. Sulimoy et al.[4l showed that,
with a high-quality oscillator, a centralized drone network sync method with a 1-20 second signal confines
the errors to sub-1.5 nanoseconds, thus helping in aerial sensor applications. Roger et al.[5I presented models
of the sound from small drone propellers using analytical formulae, including forward flight and mounting
effects, targeting fast noise prediction tools for low-noise design and noise impact assessment. Igbal et
al.lel used a 4-microphone array and signal processing techniques to perform high-accuracy localization
and passive UAV detection using sound signature analysis, opening perspectives toward real-time
assessment and tracking. Lee et al.[’l identified that closing the rotors in multi-rotor drones' decreases thrust
and increases force oscillations leading to more noise due to complex wake interaction. Experiments
conducted by Yu et al.[81 shown that the noise of a drone could be minimized by variable pitch control in
its rotors due to steadier rotation and more optimized phases of the blades. Narinel® illustrated that with
active noise cancellation using sound wave analysis and phase adjustment, the noise reduced by 43.82%
in drones. The blade phase angle was found to be a major factor influencing noise reduction in
synchronized propellers. Turhan et al.[19] have shown that an optimum phase angle of 90 degrees reduces
the maximum noise, particularly tonal noise, and overall sound pressure level, especially under inflow
conditions. They considered the possibility of using phase synchronization to decrease multi-rotor aircraft
noise. Guan et al.[11l considered the phase synchronization for noise minimization in quadrotors. Computer
simulations proved that this technique can considerably reduce noise levels in the case of a single point
of observation and separate areas, which confirms the possibility of its practical application. Schiller et
al.[2] described the application of phase synchronization to reduce multiple-rotor noise. Experiments and
simulations demonstrated that relative phase control of rotors significantly reduced noise levels, especially
at the blade passage frequency. Sun et al.[*3] illustrated that optimizing the blade angles also affects the
noise reduction considerably. Valente et al.[14] proposed an algorithm for drone propeller synchronization
based on motor speed adjustment concerning real-time propeller position and a desired position and
validated with experiments under high-speed and real-world flights. Encinas et al.[15] showed in their paper
an approach for using a specific SSA algorithm for de-noising a single-channel drone noise recording.
The average noise reduction was 1.41 decibels, thus giving a clearer desired sound. Despite the above
works, there is an urgent need to minimize the quadrotor noise using simple methods like phase
synchronization and passive damping approaches. The present work focuses on dynamic modeling and
phase synchronization studies in quadrotor drone systems subjected to multiple disturbances. The
computer program is developed to solve the dynamic equations with modified thrust relations. The effect
of three relative phase angles on the dynamics is studied. An optimization framework is proposed to
minimize the vibration amplitudes without losing the total thrust in the system.

2. DYNAMIC MODEL AND METHODOLOGY

A quad copter is essentially a stiff, cross-linked structure with four separate, fixed-pitch propellers
on each rotor. As seen in Figure 1, of the four propellers, two opposite ones rotate in a clockwise manner,
and the other two in an anti-clockwise direction. Control of the quadcopter is achieved by varying the
propellers' angular speed, Q; (where i =1, 2, 3, 4), which is indirectly by changing thrust. The rotary motion
of a quad copter can be described by roll (¢), pitch (), and yaw angles (v), about the X, Y, and Z axes,
respectively. Every controller input influences a certain movement. The four control inputs to quad rotor
for speed adjustment are given by:
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Fig. 1. Quad copter axes nomenclature.

u; = k¢ (Q42 + Qy2c0s0, + Q52c0801 + €2,42C0501,) (1)

U, = K¢ (Q42c0s0,, + €,2C0S0L) ()

u3 = Kf (-Q32c0s0i3 + ;%) @)

Uy = kpyy (-Q42 + Qy2c0s0, — Q32c0S053 + ,42C0801,) 4)

Where k¢ and ky, are thrust and moment coefficients respectively, while oy, o3 and o4 are the relative
phase angles at motors 2, 3, and 4 with respect to motor-1 respectively. The complete dynamic model of
the quadcopter is described in Egs. (5)-(10).

X = i[—kt X +u,(sin@sin¥ + cosecos‘lfsine)} (5)
mL
y = i[—kt y+u,(-sin@cos¥ + cos@dsin¥sin 9)} (6)
m Y
L1 .
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5= p="[—k p+lu+(1—1 )ar1
¢ _p_T[_ rxp+ u2+( y_ z)qr— rqwr:| (8)
1
0 :qzl—[—kryq+lu3+(lz—lx)pr—lrpwr} 9)
y
o1
=== fu -k (1, -1,)pa] (10)
z

Here, | is arm length, 1, 1y, I, are moments of inertia, Ky, Ky, Kz Kiwo Kpy, Ky, are respectively the
aerodynamic thrust and moment drag coefficients. Thus, four control inputs can characterize the quad
copter's entire dynamic model. u=[u; u, u; u,]T and there are 12 state vectors, X, = [xy zxy 2660 y pqr]".
Phase control, or phase synchronization states that the propellers are synchronized (i.e., rotating at
equivalent rates) and relies on changes to the relative azimuthal blade position, or phase, to minimize
the blade passing frequency noise radiated in specific directions.
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To the above end, the current study examines optimal phase synchronization methodology as a new
means to provide decreased noise levels within multi-rotor drones. It is assumed that by closely controlling
the phase angles between the rotors at a relatively even proportion to one another, there will be better
assured destructive interference patterns which lead to a decreased overall noise/vibration emissions.
The optimization formulation is described below

Minimize f(X)
Subjected to
thrust > minimum thrust

X <X<X

min =

(11)

max

where f(X) is the amplitude of vibration response, and X is the design vector containing 3 relative phase
angles. At the same time, X, and X, are the minimum and maximum values of phase angles which
are 0 and 180 degrees respectively. The total thrust is calculated in every cycle and compared with the
minimum value. The entire program is executed with MATLAB optimization toolbox.

3. RESULTS AND DISCUSSION
Table 1[10] displays the quad copter nominal parameters considered in the study.

Table 1. Parametersof quad rotor

Symbol Description Value Unit
Iy Moments of Inertia 7.5e-3 kg.m?
ly 7.5e-3
l, 15e-3
[ Arm length 0.23 m
I, Inertia of motor of motor 6e-5 kg.m?

Thrust coefficient 3.13e5 Ns?
K Moment coefficient 7.5e-7 Nms?
m Mass of quad copter 0.65 Kg
g Gravity 9.81 ms?
Kix Aerodynamic thrust drag coefficient 0.1 Ns/m
Key 0.1
Ky, 0.1
Ky Aerodynamic moment drag coefficient 0.1 Nm.s
Kry 0.1
k 0.1

Figure 2 shows the quad rotor dynamic response for the zero phase angle setting.

All zero initial conditions are considered. Further, the three phase angle differences in three levels
are considered to obtain the maximum vibration level (amplitude) at the same RPM. Using 3-factor-3 level
design of experiments, the yaw motion amplitudes for L9 orthogonal array of experiments are reported
in Tables 2 and 3.

By regression fitting of the above data, the expression for yaw motion amplitude (y) in terms of the
three-phase angle differences in radians (x4, X, X3) is obtained from MATLAB film function as:

y =f(Xq, X5, X3) =1 + 0.1412x; — 0.1218x, + 0.1117X4 (12)
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In Phase, 1000 RPM
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Fig. 2.

In-phase condition with 1000 RPM.

Table 2. Combination of parameters (in degrees) and their levels considered.

Phase difference at propeller-2

Phase difference at propeller-3

Phase difference at propeller-4

Al A2 A3 Bl B2 B3 C1 Cc2 C3

10 60 130 30 70 150 50 90 170
Table 3. L9 orthogonal array of experiments.

Exp. A B C Yaw motion

No (rad) (rad) (rad) amplitude (rad)

1 0.1746 (A1) 0.5238(B1) 0.873(C1) 4.935 1072

2 0.1746 (A1) B2=1.2223(B2) 1.5714(C2) 7.394 102

3 0.1746 (A1) B3=2.619(B3) 2.968(C3) 2.773 102

4 1.0476 (A2) B1=0.5238(B1) 1.5714(C2) 0.2827

5 1.0476(A2) B2=1.2223(B2) 2.968(C3) 0.37814

6 1.0476(A2) B3=2.619(B3) 0.873(C1) 0.00

7 2.2698(A3) B1=0.5238(B1) 2.968(C3) 0.61469

8 2.2698(A3) B2=1.2223(B2) 0.873(C1) 0.27779

9 2.2698(A3) 2.619(B3) 1.5714(C2) 0.16078

Now using this function, optimization methodology is adopted to minimize the yaw displacement
via PSO(particle swarm optimization) technique, such that the total thrust Q = ®? + ®? cosx; + ®? cosx, +
@2 cosx; is more than 3 @2 = 30000 N in present case.
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An experimental work is also attempted to measure the sound pressure level of the quad copter at
synchronization.

laboratory level. Fig. 3 shows the time and frequency domain signals of noise level without phase
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Fig. 3. Amplitude vs Frequency graph at in-phase condition

Further, another series of experiments are planned with phase synchronization to measure the acoustic
response. Fig. 4 shows the experimental set-up employed in the work

Bluetooth microphone

Fig. 4. Quad copter connected to a Bluetooth microphone

4. CONCLUSION & FUTURE WORK

In this work, the following research offers an integrated approach for vibration/noise reduction in
the propellers of drones with no loss in thrust. Considering the overall dynamics of a quad rotor drone
having phase differences in thrust provided by each rotor, vibration responses are first obtained
76
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numerically. The amplitudes of vibration are then minimized with the optimization of relative phase angles
subjected to a minimum thrust constraint. In the future, more experiments will be conducted to understand
in which direction noise levels are minimized. Also, the neural network-based function approximation
task is another important target. Theoretical relationship between vibration and noise will be studied for
the possible development of a common method for their reduction, using the phase synchronization
technique toward an improved quality of life with reduced environmental impact and improved
performance in many applications.
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