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FOREWORD

We are elated to bring out this special issue of Journal of Acoustical Society of India devoted
to the theme 'Vibroacoustics' with emphasis on Vibration & Noise Prediction and Analysis. The
subject of Vibroacoustics is a study of interplay between vibration and sound. It can be seen as a
study that integrates analysis of mechanical vibrations and sound to understand their interaction.
Research on Vibration and noise simulation spans from analytical treatments, empirical models to
advanced numerical methods. Analytical approach with closed form solution is always academician's
delight and hence, where possible, this approach is adopted by researchers. Advent of advanced
computational methods particularly Finite Element Method and Computational Fluid Mechanics
made it possible to predict Vibration and Noise very accurately. On the other hand, experimental
studies also can provide estimation of vibration behaviour of structures including those bonded
with smart materials. Empirical approach provides another alternative of estimation of noise by
dovetailing certain experimental information in mathematical models. It is also pertinent to note
that Sound, structure and their interaction has been a topic of great interest for many years.

This special issue has contributed papers on Propeller non cavitating noise prediction, Coupled
analysis of water loaded unbaffled plate, Vibration analysis of beams bonded with smart sensors,
Empirical model to predict ball bearing noise and sound structure interaction in a  2D flexible
wave guide. We wish to thank all the authors for their contribution 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

The objective of this study is to utilize computational fluid dynamic (CFD) to predict the
underwater noise characteristics of DTMB 4119 propeller. Due to the propeller's major influence
on the noise produced by marine vessels, a hydro-acoustic study utilizing unsteady RANS with
the F fowcs-Williams and Hawkings (FW-H) equation is carried out. Underwater acoustic level
of the propeller is determined through CFD using FW-H; and the Overall Sound Pressure Level
(OASPL) values are computed using a semi-empirical formula. The OASPL values obtained from
both these methods are compared to understand the underwater acoustics of the propeller. For
this analysis, the flow is treated as an unsteady, incompressible flow, and the Reynolds Averaged
Navier-Stokes (RANS) equations are used to solve the problem.

1. INTRODUCTION
A vessel with the ability to operate independently underwater is known as a submarine (or sub). The

term is also sometimes used colloquially to refer to remotely operated vehicles and robots, as well as
medium-sized or smaller vessels. Submarines are referred to as boats rather than ships irrespective of
their size. For designers of contemporary naval warfare, submarines are an essential component of
maritime strategy. Their contributions to sea control, sea denial, and maritime force projection-the three
pillars of maritime operational warfare-are very important. Because they are an essential part of any
significant naval power's order of battle and because surface forces facing a submarine threat must
assemble a complex, costly, and fragile defence system, medium and small fleets are rapidly acquiring
them. Submarines are not only used for anti-submarine warfare, but they also are used for reconnaissance
and rescue operations, as well as for laying mines.

There are several differences between submarines, including size, propulsion, and armament. Creating
a submarine is regarded as one of the trickiest military projects. This is so because a submarine is a metal
container that is sealed and holds humans along with a finite amount of air. Because they can only be
built to a certain size, they are packed with of supplies, weaponry, and equipment. When it comes to
submarine design, the challenge for a naval architect is increasing the hydrodynamic performance of these
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underwater vessels in terms of resistance, propulsion, maneuverability, stability, and stealth. Designing
them for stealth is particularly difficult because of the diverse operating conditions and mission
requirements. Therefore, it is essential to accurately predict and reduce the overall noise levels. This study's
goal is to do a computational fluid dynamic analysis of the DTMB 4119 propeller to predict the noise
levels at different RPMs.

The impact of the number of blades, diameter, and rotation speed on the sound pressure level is
examined by Soydan et al.[1]. A highly useful and straightforward approach, based on the semi-empirical
Brown formula, is also provided for non-cavitating maritime propellers. In this study, the noise from the
DTMB-4119 propeller is predicted using RANS and OASPL equation and the sound pressure values are
compared. Esteves et al.[2] obtained propulsive coefficients of submarines from three sets of simulations:
traditional method, virtual disk model coupled to the bare hull and the propeller hull interaction in a
single fluid domain. The bare hull and virtual disk model simulations have low computational cost but
require the open water propeller simulations. The authors concluded that the complete simulation
guarantees a better definition of the propeller-hull coupling and interference, but with higher
computational cost. The INSEAN E1619 submarine propeller is investigated numerically by Ozden et al.[3]

in open water, behind a typical DARPA suboff submarine, and in induced wake situations under non-
cavitating circumstances. The hydrodynamic noise produced by the flow surrounding a non-cavitating
underwater propeller was numerically simulated by Mousavi et al.[4]. The LES turbulence model and
unsteady 3-D flow were both numerically modelled, and the results were compared with earlier
experimental studies. Through a comparison with experimental measures, Gaggero et al.[5] demonstrated
the strengths and weaknesses of two distinct numerical approaches-a commercial RANS solver and an
in-house developed Panel Method-applied to the analysis of marine propellers subjected to an oblique
inflow.

2. PROPELLER NOISE PREDICTION
The objective is to assess the noise generated by the DTMB 4119 propeller in different operating

conditions, with a focus on determining the Propeller Overall Sound Pressure Level (OASPL). URANS is
used to model the flow around the propeller and to obtain information about the unsteady pressure
fluctuations generated by the rotating blades. FW-H equation is employed to convert these pressure
fluctuations into acoustic signals. This equation, a fundamental tool in computational acoustics, allows to
estimate the radiated acoustic field from the computed flow data. It takes into account the unsteady flow
properties, such as velocity and pressure, and calculates the acoustic pressure at a specified distance from
the source.

3. GEOMETRY MODELING AND MESHING
DTMB 4119 propeller was modeled

using CAESES software. The standard
design table for the propeller, which has
camber line, a=0.8 is shown in Table 1 and
a NACA 66 modified profile is shown in
Fig.1.

A cylindrical fluid domain model of
length and diameter 2100 mm and 900 mm
was created. Since the underwater noise
signals have to be captured; receivers are
positioned at 1m distance around the
propeller as shown in Fig. 2.

Table 1.  Design parameters of the NACA 66 blade.
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In the FLUENT meshing program, polyhedral meshing was carried out for the propeller domain. Based
on the change in Reynolds number, four alternative meshes were chosen. Therefore, there were between
5 and 10 million elements. It was decided to keep the first layer's thickness between 9.95 to 2.27 microns
so that the Y+ could always be kept below 10. Fig 3 and 4 show the polyhedral element-based mesh.

4. PRESSURE CONTOURS AND FIRST LAYER THICKNESS
Simulation results obtained from the CFD analysis are presented as pressure contours and Y+ values

at different velocities as shown in Fig. 5 and 6 respectively.

For the K-omega model, the Y+ has to be always maintained below 10, and this is possible only if the
first layer thickness is calculated based on the viscous model requirement. Equation (1) to (5) are used
for this purpose.

First layer thinkness y isdefined as : 

*

*fr

y µ

ρµ

+

(1)

Fig. 1. DTMB 4119 propeller model.

Fig. 2. Receiver locations in the propeller domain.
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Table 2.  Pre-processing conditions.

Flow Parameters
Axial velocity (VA) 2.539 m/s, 3.808 m/s, 5.078 m/s, 10.156 m/s
Advance coefficient J=0.833
RPMs 600, 900, 1200, 2400
Seawater density 1025 kg/m3

Modeling
Viscous Model K-Ω SST
Acoustic Model F fowcs Williams and Hawkings (FW-H) formulation
Reference Acoustic Pressure 1µPa
Far-field sound speed 1500 m/s
Sound sources Rotor domain walls

Boundary Conditions
Inlet (upstream domain face) Velocity inlet
Far-field (walls) Velocity inlet
Outlet (downstream face) Pressure outlet
Stators-rotor-Inlet (downstream face) Pressure inlet
Stators-rotor- Far-field
(Stator domain walls) Interface
Stators-rotor Outlet (upstream face) Pressure outlet
Rotor Inlet (upstream face) Pressure inlet
Rotor Far-field (domain walls) Interface
Rotor Outlet (downstream face) Pressure outlet

Numerical scheme
Solver Momentum-based
Pressure velocity coupling: SIMPLEC
Spatial discretization: Gradient least square cell based
Pressure discretization: Second Order
Momentum discretization: Second Order Upwind
Turbulent Kinetic and specific dissipation energy Second Order Upwind

rate discretization:

Fig. 3. Mesh structure of the propeller domain. Fig. 4. Mesh structure at the tip of the propeller
blade.
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Where,                                                        y+ = 1, µ= 1.20e-3,  ρ = 1026 kg/m^3

 = wall
fr

τµ
ρ (2)

Fig. 5. Pressure contours of the propeller at inlet (left) and outlet (right).

Fig. 6. Y+ values at different velocities (a) 2.539 m/s; max Y+2.1 (b) 3.808 m/s; max Y+ 2.8 (c) 5.078 m/s;
max Y+ 3.46 (d) 10.156 m/s; max Y+ 5.81
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Table 3.  Calculation of first layer thickness for K-Ω model.

V (m/s) Re Cf  τwall µfr y(m)

2.539 3.04E+05 4.28E-03 14.162 0.117 0.000009955
3.808 4.56E+05 4.04E-03 30.065 0.171 0.000006832
5.078 6.08E+05 3.88E-03 51.310 0.223 0.000005230
10.156 1.22E+06 3.51E-03 185.891 0.425 0.000002748

2* *
 = 

2
f

wall

C ρ υ
τ (3)

0.026
 = 

2fC (4)

2 2
0.7

propeller

( * 0.7 )
 = RC n Dρ υ π

µ
+

ℜ (5)

Where,

C0.7R = 0.14 m for the DTMB 4119 propeller & D = 0.3 m

Table 3 shows the calculated first layer thickness for K-Ω model at different velocities.

5. ACOUSTIC NOISE ESTIMATIONS
FWH formulation was used for estimating acoustic noise based on flow fields computed. The acoustic

noise was captured at three receiver locations at a distance of 1m each as shown in Fig. 2. The noise at
these three receiver locations was captured for the four propeller speeds. The signals collected by the three
receivers in each of the four cases are shown in the Fig. 7 to 10. The time v/s pressure graph obtained is
converted into frequency v/s sound pressure level plot, using Fast Fourier Transform. From the frequency
v/s sound pressure level plot, it is evident that the frequency range is directly dependent on the step size
chosen for the simulation.

Fig. 7. Time v/s Pressure and Frequency v/s SPL graphs of case 1.
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Fig. 8. Time v/s Pressure and Frequency v/s SPL graphs of case 2.

Fig. 9. Time v/s Pressure and Frequency v/s SPL graphs of case 3.

Acoustic noise so captured is also represented for all four cases at receivers 1, 2 and 3 in Fig.11 to 13.

6. OASPL
Overall Sound Pressure Levels can be obtained using the Equation (6). In this equation, PRMS is

computed from pressure values received at the three receiver positions.
2

 = 10 log
P
RMS

CFD
ref

P
OASPL

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎝ ⎠

(6)
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Fig. 10. Time v/s Pressure and Frequency v/s SPL graphs of case 4.

Fig. 11. Frequency v/s Sound Pressure Levels at Receiver 1.

Table 4 sums up pressures at receiver locations and provides OASPLs obtained through RANS (CFD)
approach.

Overall Sound Pressure Levels can also be obtained using semi-empirical formula of Equation (7).

–9.0286 4.1401 –15.2608 –0.4904 2.8419 0.3280
4119   20 log( )OASPL n V D Z T Q= (7)
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Fig. 12. Frequency v/s Sound Pressure Levels at Receiver 2.

Fig. 13. Frequency v/s Sound Pressure Levels at Receiver 3.

Table 4.  OASPL based on CFD (URANS) approach.

V (m/s) P1 (1, 0, 0) P2 (0.7, 0.7, 0) P3 (0, 1, 0)     PRMS OASPL (URANS)

2.539 12 8 -1 14.456 143.201
3.808 27 18 -2 32.511 150.240
5.078 50 32 -3 59.439 155.481
10.156 200 130 -13 238.891 167.564
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Where,
n is propeller RPS, V is inlet velocity, D is diameter of the propeller,  Z is number of blades,  T is thrust

of propeller and Q is propeller moment
Using this equation, OASPLs computed for the given conditions for DTMB 4119 propeller are tabulated

in Table 5.

Table 5.  OASPL based on semi-empirical relation.

S. No. n v T Q OASPL (SEMI-EMP)

1 10 2.539 124.059 6.903 130.244
2 15 3.808 280.305 15.443 135.437
3 20 5.078 499.530 27.370 139.119
 4 40 10.156 2005.674 148.813 148.825

7. RESULTS AND DISCUSSION
From the results, following inferences are drawn:
• It is seen that OASPLs computed using URANS based CFD are higher by about 10 to 20 dB

compared to those using Semi-empirical formula.
• It is also seen that the difference in OASPL between the two methods is higher for higher propeller

speed.
• The difference in OASPLs is attributable to the limitation of the RANS turbulence model whereas

LES or DNS would have been expectedly more accurate. However, computational effort and time
are the main constraints for using LES or DNS.

8. CONCLUSION
A comprehensive hydro-acoustic investigation was performed, employing the unsteady RANS along

with the Ffowcs-Williams and Hawkings (FW-H) equation. This combination of computational fluid
dynamics (CFD) and acoustic modelling was instrumental in understanding the acoustic characteristics
of a propeller operating at varying velocities and rotation speeds. However, the analysis also highlighted
the limitations of the URANS-FW-H approach as the prediction is seen to provide over estimate of noise
levels though the trend of noise with varyng propeller speed is captured correctly. It would therefore be
prudent to adopt LES or DNS along with FWH for capturing noise levels more accurately.
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ABSTRACT

This study explores numerical and experimental tools to analyze the impact of vibration reaction
processes on aluminum structural beams. The research endeavor focuses on how various boundary
conditions affect vibration mitigation and how well PVDF (polyvinylidene fluoride) patches work.
PVDF piezo sensor is employed to apply a counteracting force using a 12V electric input to reduce
vibrations. This process is facilitated through a function generator, ME Scope, and Samurai
software. The research emphasizes the use of active vibration control in several industries, such
as Aeroplan structures, helicopter blades, cargo ships, submarines, and marine vehicles. The high
degree of alignment between the numerical findings produced by ANSYS APDL 2024 R1 and
experimental modal analysis validates the precision and dependability of the numerical models
as well as the efficacy of the vibration control techniques used.

1. INTRODUCTION
Research on piezoelectric sensors, energy generation, and vibration controllers has been gradually

expanding for decades. The effect of piezoelectric, first discovered by Pierre and Curie in the 1880s, occurs
when mechanical stress is applied to some materials, causing them to produce an electrical charge. The
Greek term "piezein," which indicates to force itself or squeeze, is where the phrase "piezoelectric"
originates. One special characteristic of piezoelectric materials is their capacity to convert electrical energy
from mechanical energy and vice versa. these materials generate mechanical vibrations when an electric
charge is applied. To analyse the vibration characteristics, various boundary circumstances are applied
to beams that have been prepared with adhesives to connect piezoelectric sensors.

Yashavantha Kumar and Sathish Kumar[1] investigated free vibration behavior of a smart composite
cantilever beam with PZT patches. Modal shapes and fundamental frequencies are identified via ANSYS
Modal Analysis, which also demonstrates how variations in these modes might be a sign of damage. The
results demonstrate how useful Modal Analysis is for tracking the structural integrity of smart composite
materials. Sharvari S. Heganna, et al.[2] brought out that piezoelectric materials can be employed as
actuators to induce structural changes and vibration suppression can be achieved through their inverse
piezoelectric effect. They further stated that these materials  can be applied for vibration sensors and to
generate the oceanic applications to harvest electrical energy and give the pre-instructions of precipitate
moments of climate changes. Various methods are used in the setup consisting of three components such

The Journal of Acoustical Society of India : Vol. 52, No. 1, 2025 (pp. 18-24)
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as an exciter (a Lead-Zirconate-Titanate patch), a sensor (a second patch that detects the disturbance in
real-time) and an actuator (a third patch that dampens vibrations).

Singh, Saurav Sharma, et al.[3] found that the passive structure's inherent frequencies are moved to
higher frequencies by the presence of patches. Modal analysis was used to establish where the actuators
and piezo sensors should be placed on the beam or plate. It may detect the deformation brought on by
the stimulation of the structure and be used as a sensor. It is frequently utilized as an active control of
the positive piezoelectric effect of piezoelectric materials. Schlaberg, Duff, et al.[4] studied the Electrical
and Mechanical properties of two different piezoelectric composite materials.

Li and Narita[5] studied vibration reduction in laminated cylindrical panels using piezoelectric Fiber
reinforce composite material with different boundary conditions. Bendine, Boukhoulda, et al.[6] studied
vibration suppression in composite plates by varying position of the piezoelectric patches using LQR
control algorithm. Balamurugan and Narayanan[7] used Co 9 node quadrilateral shell element shear flexible
element to suppress vibrations in composite plate shell structures by bonding PZT piezo ceramic patches.

Tzou and Tseng[8] investigated distributed piezoelectric sensor/actuator systems operating in steady-
state temperature fields. This work investigates piezo thermoelastic effects. The influence of thermal effects
on sensing and control in piezoelectric laminates is analyzed, and a 3-D hexahedron finite element model
integrating thermal, electric, and mechanical energies is formulated. Singh , Sharma, et al.[9] investigated
he poling-tuned piezoelectric actuators for active vibration control of a smart cantilever beam. 49-rule
fuzzy logic controller is put into practice. Poling tuning improves performance by turning on many
piezoelectric strain coefficients. At a 53° poling angle, PMN-0.42PT exhibits a 60.78% improvement, BT-
NNb a 36.75% increase, and PZT-7A a 15.53% improvement.

2. MATERIALS AND THEIR PROPERTIES
In this dynamic study, vibration response of beams made of isotropic materials added with piezo

electric (PVDF) patches was studied. Focus was on extracting the natural frequency and mode shapes. In
this work, various types of boundary conditions C-F, S-S, C-S, and C-C were applied.

It has been noted that for the first three modes of the smart beams, the beam with clamped-free
boundary conditions displays lower natural frequencies than the other beam boundary conditions, while
the beam with clamped-clamped boundary conditions displays higher natural frequencies. The different
levels of flexibility connected to the end conditions are the cause of this discrepancy. This discovery implies
that, in comparison to the other four beam boundary conditions, the (C-C) beam exhibits significantly
higher stiffness.

3. EXPERIMENTAL WORK
Experiments were conducted using isotropic aluminum beams, each bonded with piezoelectric PVDF

sensors. These samples, prepared with various beam boundary conditions, were subjected to EMA
(Experimental Modal Analysis) to identify their vibration properties and dynamic qualities. A free vibration
test was part of the experimental setup used for the modal analysis in order to evaluate the modal behavior.
Eight input channels were employed in a data collection system (DAQ) to examine features like natural
frequencies and mode shapes. Two input channels were chosen to link an impact hammer and an
accelerometer out of these.

Using beeswax, the accelerometer was fastened to the beam sample, while a function generator (FG)
supplied the PVDF sensors with a 12V electrical input. The accelerometer measured the vibration response
by converting it into electrical signals recording the sample's reaction to vibrations at various locations
across the structure. A quartz-tipped impact hammer produced an excitation shock, establishing the modal
analysis's beginning input frequency and magnitude. The vibration information were processed using
SAMURAI software, which extracted data from the frequency response function (FRF) curves, and post-
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processing was carried out utilizing ME' Scope program was to assess log magnitude and other important
data. In order to produce an illustration of mode forms, the natural frequencies are extracted from the
FRFs that were acquired from the testing and assigned to the ME Scope structure alongside the FRFs.

Smart beams are subjected to Finite Element Analysis (FEA) using the Ansys APDL 2024 R1 software.
The following mechanical parameters are added to an isotropic beam model in the horizontal region,
measuring 160 x 30 x 2 mm and 230 x 250 x 2 mm: modulus of elasticity •, Poisson's ratio (µ), and density

Table 1.  Properties of PVDF.

Parameter Value
Density 1800 kg/m3

Elastic Stiffness Matrix
C11 12.6 × 1010 N/m2

C12 7.95 × 1010 N/m2

C13 8.41 × 1010 N/m2

C33 11.7 × 1010 N/m2

C44 2.33 × 1010 N/m2

Piezoelectric Strain Matrix
E31 6.5 C/m2

E33 23.3 C/m2

E15 17 C/m2

Dielectric Matrix
ε11 1.5 × 10–8 F/m
ε22 1.5 × 10–8 F/m
ε33 1.5 × 10–8 F/m
Properties of Aluminium
Modulus (E) 7.1*1010 N/m2

Density (p) 2700 kg/m3

Poisson's Ratio (µ) 0.3 Fig. 1. PVDF patch Schematic.

Fig. 2. Experimental Setup
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(ρ) of Aluminium as listed in Table 2. Piezoelectric sensor
dimensions are 41.40 x16.26 x 0.4 mm and its properties are
given in Table 1. In beam the PVDF patch is placed at 10 mm
from the left end of the beam. In case of plates, four number
of equal sizes PVDF patches are bonded in a quaternal area
with 12V electric energy supply. Ansys 2024 R1 APDL
software was used and planes are modelled as coupled field
[Brick 20node 226 is used for meshing] for a piezoelectric
sensor in anisotropic properties and SOLID [20 node 186] for
isotropic properties and composite each of which has six
degrees of freedom. Fig. 3 shows FE model of beam with
PVDF patch. Fig. 4 to 7 represent beam with PVDF subject
to different boundary conditions (C-F, C-C, S-S, C-S).  These
were used for experimental modal analysis of the beams with
attached  pvdf patches for the isotropic Aluminium beam.

Table 2.  Properties of Aluminium.

Parameter Value
Modulus (E) 7.1*1010 N/m2

Density (p) 2700 kg/m3

Poisson's Ratio (µ) 0.3

Fig. 3. A finite element mesh model of a
160x30x2 mm beam with a
41.4x16.26x0.4 (mm) PVDF patch.

Fig. 4. A Rectangular beam with a PVDF patch,
subject to a C-F boundary condition includes
12V electric supply.

Fig. 5. A Rectangular beam with a PVDF patch,
subject to a C-C boundary condition includes
12V electric supply.

Fig. 6. A Rectangular beam with a PVDF patch,
subject to a C-S boundary condition includes
12V electric supply.

Fig. 7. A Rectangular beam with a PVDF patch,
subject to a S-S boundary condition
includes 12V electric supply.
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4. RESULTS AND DISCUSSIONS
This section presents the results for the beams' intrinsic frequencies and mode configurations. The

study emphasizes the outcomes of ANSYS APDL and Experimental Modal Analysis for an aluminum
plate equipped with piezoelectric patches, examining three distinct case studies. (i) Aluminium Beam,

Fig. 8. Variation of natural frequencies with mode number for Aluminium beam C-F, C-C, C-S and S-S
with PVDF patch and 12V energy supply.

Table 3.  Natural frequencies (Hz) of an aluminum rectangular beam with piezoelectric
patches under various beam boundary conditions.

Boundary Ansys EMA Error (%)
condition
& Mode Isotropic Isotropic Isotropic Percentage Isotropic Isotropic Isotropic (c) and (C)
No. beam beam with beam with difference beam beam with beam with

(A) PVDF patches PVDF (%) (a) PVDF PVDF
(B) patch with (C) and patches patches with

12V (C) (A) (b) 12V (c)

C-F 1 64.985 65.909 71.420 9.011 61.900 63.100 69.400 2.823
2 406.592 410.080 444.271 8.481 406.000 409.000 435.000 2.086
3 676.243 674.866 731.194 7.515 674.000 675.000 732.000 0.110

C-C 1 416.358 422.193 457.390 8.971 415.000 426.000 454.000 0.741
2 1146.06 1146.358 1280.600 10.511 1142.000 1180.000 1285.000 0.342
3 1430.63 1430.631 1556.900 8.110 1439.000 1430.000 1560.000 0.198

C-S 1 64.986 65.9197 71.421 9.010 63.100 66.300 71.900 0.667
2 406.621 410.151 444.343 8.489 407.000 413.000 448.000 0.816
3 1139.62 1167.841 1264.980 9.909 1160.000 1168.000 1280.000 1.173

S-S 1 409.391 411.264 417.386 4.210 410.000 406.000 416.000 0.331
2 1132.43 1160.821 1206.330 6.126 1133.000 1160.000 1210.000 0.303
3 1375.74 1391.825 1459.700 5.752 1380.000 1390.000 1449.000 0.738
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Fig. 9. First three modes of Al beam (F-F) with
patch and 12V supply.

(ii) Aluminium Beam with Pvdf Patch and (iii) Aluminium Beam with Pvdf  Patch With 12V Electrical
Supply. Fig. 8 shows variation of Natural frequencies with mode number for the three configurations
studies under different boundary conditions. Table 3 shows comparative results from FEA and experiments
for Natural frequencies. Fig. 9 to 12 presents first three modes obtained using FEA and EMA for different
boundary conditions.

Fig. 10. First three modes of Al beam (C-C) with
patch and 12V supply.

Fig. 11. First three modes of Al beam (S-C) with
patch and 12V supply.

Fig. 12. First three modes of Al beam (S-S) with
patch and 12V supply.

5. CONCLUSIONS
The Natural frequencies were studied for the cantilever beam for three different configurations namely,

an Aluminium beam, an Aluminium beam with four PVDF patches and an Aluminium beam with four
PVDF patches with 12V supply. It is observed that natural frequencies are increasing with mode number.
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Our research effectively demonstrates the efficacy of both the numerical and experimental approaches in
studying and controlling vibration response in structural members. The close agreement between the
numerical simulations and experimental results validates the methods and tools used in our study and
providing confidence in their application for active vibration control in various engineering fields. This
can be quite useful for the structural health monitoring of the materials to extract the long life of the
engineering components.
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ABSTRACT

With advancements in mobility technology, particularly the evolution from Internal Combustion
(IC) engines to Electric Vehicles (EV), and the stringent noise and vibration regulations, the
automobile industry is increasingly required to consider noise requirements as a design parameter
when designing components and subsystems. Several automotive components, such as bearings,
wiper motors, power window motors, tires, and side mirrors, need to meet specific noise
requirements. This paper focuses on one such component: deep groove ball bearings used in EVs.
The study aims to develop simplified empirical relations to correlate the sound pressure level
and vibration response of a bearing and predict the sound pressure level (dB) in terms of speed
(rpm), load (N), and acceleration level (m/s²). An experimental bearing test setup has been
developed with the capability to vary both speed and load. Appropriate instrumentation has been
deployed to measure the vibration and noise radiation from the bearing. The measured
experimental data is used to develop an empirical equation. The empirical relation is established
based on regression models developed under various loads and speeds, which are the parameters
for the system. The multiple regression models are formed using the least squares method. These
equations are solved by minimizing errors, leading to matrix formation based on the number of
parameters considered, and thus obtaining the unknown coefficients for correlation. The empirical
relation developed from the regression equations enables us to predict the sound pressure level
(dB) in terms of speed (rpm), load (N), and acceleration level (m/s²). The proposed empirical
model demonstrates a high predictive capability for bearing noise. It will be useful for bearing
noise assessment at the design stage.

1. INTRODUCTION
The automotive industry is undergoing a significant transformation with the shift from internal

combustion (IC) engines to electric vehicles (EVs). This transition has brought new challenges and
opportunities for innovation, particularly in the domain of vehicle acoustics. Traditionally, the noise
generated by IC engines masked the sounds emanating from other vehicle components. However, the
quieter nature of electric motors has heightened the prominence of noises from ancillary parts, with
bearings being one of the notable contributors.

Bearings play a crucial role in various automotive systems by supporting rotating parts and reducing
friction. However, they are also sources of noise and vibration, which can detract from the overall driving
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experience. As the demand for quieter and more efficient EVs grows, addressing these acoustic challenges
becomes paramount. The objective of this paper is to establish a correlation between their vibration and
noise signatures. By analyzing these signatures across different bearing types, to identify key factors
contributing to noise generation and develop strategies for noise mitigation.

Naresh Tandon  reviews various vibration and acoustic measurement methods for detecting defects
in rolling element bearings. It covers both localized and distributed defect categories, emphasizing
vibration measurements in time and frequency domains. Parameters such as RMS level, crest factor, and
kurtosis are used effectively, with kurtosis highlighted as particularly useful[1].

Acoustic techniques including sound pressure, sound intensity, and acoustic emission are also
discussed, with sound intensity proving superior for bearing diagnostics. Automated data interpretation
methods using pattern recognition and neural networks are emerging for efficient defect detection in
bearings based on vibration data[1].

Steve J Lacey discussed the multifaceted origins of vibration in rolling bearings, attributing it to factors
like manufacturing imperfections, surface defects, and errors in associated components. Vibration and
noise are increasingly pivotal in equipment quality assessment and predictive maintenance strategies[2].

Guangwei Yu developed a 4-degree-of-freedom model to study the dynamic behaviour of a 6201 deep
groove ball bearing. This model accurately predicts vibration characteristics such as displacement, velocity,
and acceleration, with theoretical and simulated frequencies aligning closely with experimental
measurements. The study underscores the critical role of structural parameters specifically radial clearance,
groove curvature coefficient, and ball diameter on bearing vibration. Increasing radial clearance results
in a nonlinear rise in vibration levels, while higher groove curvature coefficients generally amplify
vibrations. Additionally, larger ball diameters enhance contact stiffness (K), correlating with increased
vibration tendencies[3].

Yuting Hu studied the correlation between noise and vibration during dry milling of aluminium alloy
using synchronised acquisition systems. Multiple regression models were established using MATLAB and
the least squares method to analyze the effects of milling parameters (spindle speed, milling depth, feed
speed) and milling vibration on milling noise[4].

2. METHODOLOGY
The objective of the study was to find the correlation between noise and vibrations. The first direct

approach was to try and correlate the noise and vibration signals assuming a linear relationship. But
through experimental data and analysis, it can be concluded that no linear correlation exists between them.

Next, a nonlinear correlation between noise and vibration signals which depends upon the varying
parameters of the system which are mainly load and rotational speed in this case. For the experiment,
the deep groove ball bearing model 6309 is used. The bearing test setup used in the current study is the
same as Ajiket[5]. The data is collected for four bearings from three different manufacturers. It consists of
three grease bearings and an oil-bearing. For each bearing, the data is collected for three different loads
mainly at 200N, 500N, and 1000N, and at six various RPMs varying from 1000 rpm to 6000 rpm with an
interval of 1000 rpm. For each test case, two trials are taken to ensure data consistency under the same
environmental conditions along with the same operator. The uniaxial accelerometers are mounted on the
bearing blocks which are mainly the support bearing blocks and test bearing blocks which acquire the
vibration data as shown in Fig. 1. The 1/2" prepolarized free-field condenser microphone is kept at a
distance of 0.5m at an angle of 45 degrees from the setup to acquire the sound data. The load cell is
mounted between the actuator shaft and stud bolt to monitor and control the load.

The measured vibration acceleration is expressed as rms value and overall sound pressure level for
each test case. Figs. 2 to 5 show the measured vibration and acoustic data for all test cases for three
manufacturers.
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Fig. 1. Experimental accelerometer mounting.

Fig. 2. Measured acoustic and vibration data of
manufacturer 1 (MM1) Grease bearing.

Fig. 3. Measured acoustic and vibration data of
manufacturer 2 (MM2) Grease bearing.

Fig. 4. Measured acoustic and vibration data of
manufacturer 3 (MM3) Grease bearing.

Fig. 5. Measured acoustic and vibration data of
manufacturer 3 (MM3) Oil bearing.
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From the above plots, it can be observed that there is a strong correlation between noise and vibration
signals and the overall variation characteristics curve of SPL and vibration acceleration change with
variation of bearing test rig parameters (speed, load), and the trend between SPL and vibration data is
almost similar. Based on the above analysis it can be inferred that the test parameters have a significant
influence on the bearing sound pressure level (SPL) and overall vibration. The trend of the bearing sound
pressure level and vibration acceleration are close to each other.

To further study this correlation between SPL and vibration levels, regression models of test rig SPL
between bearing test rig parameters and vibration were established based on the least square method.
Fig. 6 shows the flowchart of the proposed correlation study.

Through different combinations of test rig parameters, three regression models were established to
study the effects of various parameters on the sound pressure level (SPL) of the test rig.

 = yx w
p rmsL Cl s a (1)

where,

is the Predicted sound pressure level (dB), C, x, y, w are Coefficients, l is Load(N), s is speed (m/s), and
is arms value of vibration(g).

Fig. 6. Flowchart of the correlation study.
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The above equation relates the Sound Pressure level (Lp) with the vibration acceleration arms using
the varying parameters - load and speed. This is one of the regression models developed for correlation.
The regression models formed along with the parameters involved are mentioned in Table 1.

Based on the above three regression models, the effects of the parameters on the correlation between
sound pressure level (SPL) and vibration were studied. Considering the M3 model, based on the least
square method, the logarithmic error between measured and predicted value can be written as

Error = in Lp – in Lprms = in C + x in l + y ins + w in arms – in Lprn (2)

Table 1.  Regression models.

Assuming the sum of logarithmic errors as E based on the least square method the above equation
can be written as

(3)

Further to minimise the errors partially differentiate the above equation with respect to coefficients
and equate them to zero. The conditions are mentioned below:

(4)

After differentiation, Eq. (3) written in matrix form as follows

[A] [B] = [D] (5)

Where,

(6a)

(6b)

(6cd)
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The experimental data are substituted in the matrices A and D.  The values of the regression coefficients
x, y, w, and C can be obtained by solving for matrix B. Furthermore, the correlation coefficient R can be
calculated from the regression model obtained and the experimental data.

Similarly, the matrix for the other two regression models can be written as follows-

For regression model M2: The values of A, B, and D are written as follows

(7a)

(7b)

(7cd)

For regression model M1: The values of A, B, and D are written as follows

(8a)

(8b)

(8cd)

The B matrix in Eq. (5) is solved for three different regression models and the regression coefficients
matrix was calculated for all the respective models.

3. RESULTS AND DISCUSSION
The above matrices are solved for different regression models (M1, M2, M3) to get the coefficient matrix

B which consists of values for the regression coefficients to predict the noise from the system parameters.
The final regression model results are compiled in the Table 2 below.

It can be observed from Table 2 that R2 is the coefficient of correlation which is obtained by comparing
the experimental values of Sound pressure levels (SPL) with the SPL obtained from regression models
for the respective cases. The major focus of this correlation lies in the M3 regression model as it involves
the effect of varying parameters on the predicted noise (SPL) and Vibration levels. The plots between
predicted and experimental SPL values for the M3 model are shown in Figs. 7 to 10. There is a good
correlation between the predicted and experimental measured data.
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Table 1.  Final results for regression models.

Fig. 7. For oil-bearing, R2 = 0.94, Model - M3. Fig. 8. For Grease bearing MM1, R2 = 0.97, Model
- M3.

4. SUMMARY
An empirical model was developed to predict the sound pressure level (SPL) based on experimental

data involving speed, load, and vibration. The correlation coefficient (R2) consistently exceeded 0.9,
indicating a strong relationship between bearing SPL, speed, load, and vibration. The predicted values
closely matched the experimental data. The study also considered the impact of speed and load on both
SPL and vibration. To overcome the limitations of the proposed model, future work should include
additional test cases that incorporate different types of bearings, as well as a wider range of load and
speed conditions.
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