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1. Introduction

Abstract. In the present work, two different compositions of Magnetorheological (MR)
fluid samples with 24 and 30% volume fractions of Carbonyl Iron (CI) particles are prepared.
The MR fluid samples contain CI particles as a dispersive medium, silicone oil as a carrier
fluid, and white lithium grease as an anti-settling agent. The effects of oscillating driving
frequency, strain amplitude, magnetic field, and the percentage of CI particle on the
rheological properties of the MR fluid samples are presented. The properties of MR fluid
samples are utilized to design and model the carbon/epoxy composite sandwich beams
using the ANSYS Composite Pre-post (ACP) module. The modal, harmonic, and transient
analyses are performed on all the modeled sandwich beams to study the influence of MR
fluid core thickness, face layer thickness, CI particles volume percentage, and magnetic field
on the vibrational response of the sandwich beams. The present study shows significant
results in the vibrational response of the composite sandwich beam, which will be more
useful for structural applications.

(© 2023 Sharif University of Technology. All rights reserved.

in 1948 [1]. MR fluid typically contains CI particles
(20-40 vol%), carrier fluid (60-80 vol%), and an anti-

Magngtorheological (MR) fluids ff*“ .into the smart settling agent (additive). CI particle size used in MR
materials category, which shows a significant change in fluid typically varies in the range of 1-10 pm [2-4].
its rheo}ogy when an external magnetlg field is supphed. The MR fluid can change its yield stress and viscosity
MR fluid was reported for the first time by Rabinow very quickly through the application of an external

field. The MR fluid response is in the range of a few
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milliseconds in the presence of external stimuli, and
it is capable of producing higher yield stresses based
on the CI particle volume percentage and an external

hemanta76@gmail.com (H. Kumar) field applied [5,6]. Because of the fast, controllable
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rheological properties and reversible quality of the MR
fluid, they found many potential applications in the
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field of vibration control devices, dampers, brakes, and
clutch applications. MR fluid potential applications
and basic characteristic properties were presented [4,7—
9]. The rheological properties like storage modulus,
loss modulus, and loss factor of Electro-Rheological
(ER) fluid were discussed and the influence of magnetic
field on rheological properties was presented [10-12].
The rheological properties of the MR fluid under the
impact of different parameters were discussed [13,14].
The performance comparison for MR and ER fluids
in adaptive beams was discussed at different magnetic
and electric field values [15,16]. The use of MR/ER
fluids in sandwich beam applications was discussed
and also, the current status of experimental and nu-
merical techniques for the sandwich beam response
was presented [17,18]. The theoretical/experimental
studies were conducted on the MR elastomer sand-
wich beam to study the influence of the magnetic
field on the dynamic response [19,20]. The vibration
suppression capability of MR fluids in the sandwich
beams was investigated by fabricating the sandwich
beams. There is a significant reduction in vibration
amplitude reported [21,22]. The dynamic response of
the MR composite laminated beams using the Finite
Element (FE) method was discussed, and the influence
of MR fluid core thickness on the vibrational response
was studied [23-25]. Vibration suppression capabilities
of MR fluid in sandwich beams were presented with
the experimental, FE formulations, and Ritz method.
The results exhibited significant vibration suppression
capabilities for the MR sandwich beams [26,27]. The
experimental studies on the dynamic behavior of the
MR fluid sandwich beams with different composite face
layers were conducted and the reasonable vibration
amplitude reduction with the applied magnetic field
was observed [28,29]. To sum up the literature, there
are very few studies documented on the rheological
properties of the MR fluid in the pre-yield region.
Despite this, very few studies have been reported on
the use of in-house prepared MR fluid samples for
the sandwich beam structures. In the present work,
two different MR fluid samples are prepared to study
the rheological properties in the pre-yield region. The
impacts of magnetic field and the volume percentage
of iron particles on the rheological properties of in-
house prepared MR fluids are reported. The dynamic
behavior of the MR sandwich beam is explored in
both frequency and time domains by utilizing the
properties obtained from the rheological study of the
MR fluid samples. Further, the impacts of the MR
fluid core thickness, face layer thickness, CI particles
volume percentage (%), and magnetic field on both
the natural frequency and transient behavior are stud-
ied to address the vibration suppression capabilities
for the MR fluids in the sandwich beam applica-
tions.

MR fluid samples preparation

'

Rheological study

v

Modelling and analysis of carbon epoxy
composite MR sandwich beams

'

Parametric study to evaluate the influence of parameters
on the MR sandwich beam response

Figure 1. Methodology followed for this research work.

2. Methodology

The methodology followed for this particular research
work is shown in Figure 1. The methodology involves
preparation of in-house MR fluid samples, rheological
study, modeling and analysis of carbon epoxy compos-
ite MR sandwich beams, and a parametric study to
evaluate parameters that influence the response of the
MR sandwich beam.

2.1. Materials and equipment used for the
preparation of MR fluid samples

The MR fluid contains iron powder particles suspended
in the carrier fluid medium. In this work, the used iron
particles are CI particles and silicone oil is considered
as the carrier fluid. The CI particles, low in magnesium
and manganese compounds with a purity of 99.5%,
were purchased from Sigma Aldrich with a density
of 7.86 g/cm3. The viscosity of the silicone oil is
340 Cst (at 25°C), and the density is 0.970 g/cm?
(at 25°C), which was supplied by Merck Life Science
Private Limited. Additionally, a small amount of white
lithium grease is used as a surfactant (surface modifier
or additive) to avoid the sedimentation of the iron
particles. White lithium grease, which is a paste-like
substance, was bought from Permatex. This surfactant
accumulates around the iron particles to keep them
afloat in the carrier fluid. Two types of MR fluid
samples are prepared with different compositions of CI
particles, as given in Table 1.

2.2. MR fluid preparation procedure

The MR fluid samples are prepared at room tempera-
ture. The S-T and S-II MR fluid samples are prepared
with the compositions, as shown in Table 1. Volume
fraction calculations are used to prepare MR fluid
samples. The desired volume fractions are converted
into weight fractions using the density property of
iron particles and silicone oil. The weight fractions of
the materials are easy to measure using the weighing
machine. The weight fraction proportions for both the
samples are measured using high precision weighing
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Table 1. MR fluid samples composition.

SI. no. Volume percentage (vol%) Additive (vol%)
CI particles  Silicone oil White lithium grease
S-1 30 70 0.5
S-11 24 76 0.5
Motor\ "—

|

Speed controller »C
Knob

Motor spindle/A__J
Stirrer /

MR fluid __ J—=<">-

=

Adustable stand

Figure 2. (a) Line diagram of the mechanical stirrer and (b) MR fluid preparation using a mechanical stirrer.

machine tool. For S-1 MR fluid sample, 44.8 grams
of silicone oil is taken in the container. Then, the
container that contains the carrier fluid is kept under a
Mechanical stirrer. REMI RQ-5 Plus mechanical type
stirrer is used for the stirring of MR fluid. The stirrer
shaft or rotator of the mechanical stirrer is arranged
in such a way that it should not touch the base of
the container. Initially, 0.5% of white lithium grease
is added to the carrier fluid while stirring. The speed
maintained for this stirring process is 600 rpm. This
process is continued for 2 hours for the uniform mixing
of an additive in the carrier fluid. Then, 155.2 g of CI
particles are added in small amounts while the fluid is
stirred at 800 rpm. This stirring process is continued
for at least 12 hours without interruption for uniform
mixing of CI particles in the carrier fluid. For the S-II
MR fluid sample, 56.24 g of silicone oil, 0.5% of white
lithium grease, and 143.76 g of CI particles are taken. A
similar procedure is followed for the preparation of the
S-IT MR fluid sample. The mixing process of silicone oil
and white lithium grease without adding CI particles
turns the silicone oil into white color. The whitish color
indicates the uniform mixing of white lithium grease
in the carrier fluid. After this mixing process, the
fluid is turned into black color because of the added
CI particles. The diagram of the mechanical stirrer
and MR fluid sample preparation process using the
mechanical stirrer are shown in Figure 2(a) and (b),
respectively.

2.3. The microstructure of CI particles
Scanning Electron Microscopy (SEM) and Particle Size

Distribution (PSD) tests are performed on CI particles
to confirm the surface morphology and particle size
[28,22]. Figure 3(a) shows the density distribution (%)
and cumulative value (%) histogram with the particle
size diameter. Figure 3(b) shows the iron particle shape
that is viewed at 25000x using SEM analysis. From
the SEM analysis, it is observed that iron particles are
spherical. The SEM and PSD suggest that the average
iron particle size is around 5 to 9 um as the supplier
provided in the product catalogue.

3. Rheological experimental setup

The rheological characterization of the prepared MR
fluid samples is performed using a Modular Compact
Rheometer (MCR 702 Anton Paar make), as shown
in Figure 4. The measuring system includes mainly
Magnetorheological Device (MRD) cell for proving
an external magnetic field, data processing sensors
connected to the rheometer, and RheoCompass™
software to acquire the data from the sensors of the
rheometer. For rheometry testing, a flat plate-type
configuration is used. A measuring gap of 0.5 mm
is used for all the rheometer tests. For every test,
approximately 0.4 ml of the fluid sample is filled in
the gap of the configuration of two parallel plates.

4. MR sandwich beam design and modelling

The ANSYS Composite Pre-post (ACP) module is used
for the design and modeling of the composite sandwich
beams. The composite sandwich beams are modeled
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Figure 3. (a) PSD and (b) SEM analysis of the CI particles.

Figure 4. Rheometer (Anton Paar MCR 702) experimental setup with MR cell.

Figure 5. The generated mesh of the designed composite
beam.

with the carbon/epoxy composite face layers and the
MR fluid core. The shell structure is required to be
created before proceeding to sandwich beam design,
as shown in Figure 5. The ASTM E756-05 standard
[30] is followed to design and model all the MR fluid
sandwich beams with dimensions of 220 mm in length
and 25 mm in width. The mesh is generated with
the quad4 elements, and the aspect ratio is used to
check the element quality of the generated mesh, as
shown in Figure 6. Aspect ratio is the parameter
for measuring the deviation of meshed elements from
having the equal length of sides. The aspect ratio of
the meshed elements close to ‘one’ is preferred for the
best and most accurate simulation results. The aspect
ratio of the meshed beam for the present work is near
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Number of elements

1.09 1.10
Element metrics

Figure 6. The aspect ratio for the meshed elements of
the composite beam.

one, which means that the generated mesh quality is
good. The designed composite sandwich beam contains
two layers of the composite face layers at the bottom
and top and MR fluid core layer in the middle, as
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Table 2. Dimensions of different composite sandwich beam specimens.

MR fluid core

Top and bottom face Total thickness

987

Specimen layer thickness thickness of the composite
(h1 = h3) (mm) (h2) (mm) sandwich beam (mm)
0.6 2.2
1.2 34
Type-1 1.8 1 4.6
24 5.8
3.0 7
0.6 3.2
1.2 4.4
Type-II 1.8 2 5.6
2.4 6.8
3.0 8
0.6 5.2
1.2 6.4
Type-I11 1.8 4 7.6
24 8.8
3.0 10

Table 3. Properties of carbon/epoxy composite material and MR fluid.

. Density Shear modulus . . Elastic modulus
Material 3 Poisson’s ratio
(kg/m") (Pa) (GPa)
Carbon/epoxy 1514 Gho = 5l = 24.008 x 10° v12 = 0.25 E1 = By = 60.02
composite material 12
S-1IT MR fluid sample:
6 6
MR fluid 3500 1.0986 x 10° + 2.40817 x 10°(B) =03 B
S-I MR fluid sample:
1.60168 x 10° 4 3.3731 x 10°(B)
)y W the MR sandwich beam with carbon/epoxy composite
e - face layer are tabulated in Table 3.
i - ™,
/'//
P 5. Results and discussion
/// Top composite

face layer

Bottom composite
" face layer

Figure 7. Designed composite sandwich beam.

shown in Figure 7. The thickness of each composite
face layer is 0.6 mm. The details of the designed
composite sandwich beams with different thicknesses
are tabulated in Table 2. The properties used to model

The current sweep (0 to 5A) at a constant shear rate
of 1/s is performed to find the relation between the
applied current and the developed magnetic field. For
every MR fluid, there exists a relationship between
the applied current and the magnetic field produced.
For MRF-132LD, the linear relation exists [13]. This
direct relationship may not be well fitted for the other
fluids. Based on the results obtained, Figure 8(a) shows
the linear relation between applied current and the
magnetic flux developed for the prepared MR fluid.
Further, the variation in viscosity with the current
is illustrated in Figure 8(b). The viscosity of MR
fluid is increased rapidly up to 2A of current. After
that, the change in the viscosity curve is minimal
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Figure 8. (a) Magnetic flux density and (b) viscosity with the current.
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Figure 9. Shear stress-strain curve to find the yield
strain.

and almost constant. This indicates that there will
not be much improvement in the fluid viscosity, even
if the current is increased further. The MR fluid
exhibits linear viscoelasticity when the developed shear
strain for the fluid is within the region of yield strain
amplitude. The oscillatory shear strain amplitude test
is performed at 2A of current to determine the yield
strain. The amplitude sweep is applied logarithmically
up to 1% shear strain amplitude. The yield strain
of 0.371% is determined for the prepared MR fluid
sample, as shown in Figure 9. The obtained yield
strain for the prepared MR sample is in good agree-
ment with the yield strain obtained in the research
work [12,13]. For further experiment, the maximum
shear strain amplitude (yo = 0.04%) is applied to
ensure the obtained results are within the pre-yield
region.

5.1. Frequency-dependent rheological
properties

The frequency sweep is conducted at a constant shear

strain amplitude (v = 0.04%). The frequency sweep is

applied logarithmically from 1 to 100 Hz. Figure 10(a)

and (b) illustrate the variation of storage modulus and

loss factor with driving frequency in different magnetic
fields. The storage modulus increases, while the loss
factor value decreases as the applied magnetic field
increases. In lower magnetic fields, all the CI particles
in the MR fluid sample may not be in alignment
properly and there is a more fluidity in the MR fluid
sample. This issue causes significant loss factor in
low magnetic fields. In higher magnetic fields, the
iron particles in the fluid are arranged appropriately
in a particular direction and the fluid becomes semi-
solid. This arrangement will restrict the iron particle
movement in the MR sample. This might decrease the
loss factor value at a particular driving frequency with
the applied field.

5.2. Amplitude strain-dependent rheological
properties

An amplitude strain sweep test is conducted at a con-
stant angular frequency of 10 rad/sec. The amplitude
sweep is applied logarithmically from 1 to 10% strain
amplitude. Figure 11(a) and (b) show the variation in
storage modulus and loss factor with strain amplitude,
respectively. The storage modulus of the MR sample
is reduced, and the loss factor is increased as the
strain amplitude increases from 1 to 10% of shear
strain. The amplitude strain-dependent properties
including storage modulus and loss factor obtained in
this research work are in good agreement with those in
the referenced research work [13].

5.3. Magnetic field-dependent rheological
properties

The magnetic field-dependent storage modulus and loss
factor at different driving frequencies 10 Hz, 20 Hgz,
40 Hz, 70 Hz, and 100 Hz at a constant 0.04% of the
amplitude of strain are plotted as shown in Figure 12(a)
and (b), respectively. All the results presented in this
section are taken from the frequency sweep test. The
storage modulus at any driving frequency is increased
with the applied magnetic field value. The iron parti-
cles in the MR fluid begin to be arranged in a chain-
like structure with the applied magnetic field value.
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Figure 10. Frequency dependency of (a) storage modulus and (b) loss factor at different currents.
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Figure 12. Magnetic field dependency: (a) Storage modulus and (b) loss factor at different driving frequencies.

The MR fluid changes its rheological properties due to
changes in the arrangement of iron particles in the MR
fluid. At 100 Hz of frequency, the storage modulus
value is higher than the 10 Hz driving frequency at
the same applied field value. The storage modulus
value is increased with the driving frequency in any
particular magnetic field. However, the loss factor
value is reduced with the applied field value at any
driving frequency, as shown in Figure 12(b). The
loss factor value at any particular magnetic field is
initially decreasing, followed by increase as the driving
frequency increases.

5.4. Volume fraction dependent rheological
properties

The dependency of MR fluid rheological properties on
the volume percentage of CI particles is presented in
this section. The storage modulus and loss factor for
the S-I and S-II samples are shown in Figure 13(a)
and (b), respectively. The storage modulus of S-II
sample is greater than that of the S-I MR fluid sample.
For the applied magnetic field value, the MR effect
is greater at the higher vol% of CI particle MR fluid
sample. However, the loss factor value for the S-I is
lower than that for the S-II MR fluid sample. From the
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results obtained in this work, it is confirmed that iron
particle concentration in the MR fluid strongly affects
the rheological properties.

5.5. Estimation of storage modulus and loss
factor equations
The storage modulus and loss factor are formulated
in terms of magnetic field based on the experimental
results. The linear regression is used for the estimation
of equations in terms of magnetic field.
The complex shear modulus of the MR fluid is
given as:

G*(B) = G'(B) +iG"(B), (1)

where the real part G'(B) is the storage modulus and
the imaginary part G”(B) is the loss modulus of the
MR fluid. Here, B is in Tesla. The loss factor is written
as follows:

"B) = G 2

The equations are formulated in the pre-yield linear
region of the in-house prepared MR fluid. The esti-
mated storage modulus and loss factor equations for
the prepared fluid are shown in Table 4.

The cantilever boundary condition is used for all
the designed MR fluid sandwich beams. The modal,
harmonic, and transient analyses are performed using
ANSYS to get the vibration response of the sandwich
beam. Modal analysis for the sandwich beams is
performed to find the fundamental frequencies. For all
the sandwich beams, the first three fundamental modes
have been taken. The harmonic analysis is performed
to study the vibrational response of the sandwich beam

0.06

MR fluid sample

0.05

0.04 1

0.03 1

Loss factor

0.02 4

0.01 4

0.00 . r T T T
0 20 40 60 80 100

Frequency (Hz)
(b)

and (b) loss factor for S-I and S-1I samples with frequency.

with respect to the frequency. For harmonic analysis,
2 N force is applied at the free end of the sandwich
beam, and frequency sweep is given from 0 to 1000
Hz. The transient analysis is performed to find the
vibrational response in the time domain [31,32]. For
the transient analysis, the step time is 0.01 seconds
and the step end time is 5 seconds.

5.6. Impact of MR fluid core thickness

The MR fluid core thickness affecting the vibration
response is presented at a constant magnetic field
density of 600 G and by maintaining the thickness
of constant face layers of 1.2 mm. The change in
the thickness of the MR fluid core influenced both
the natural frequency and settling time response of
the sandwich beam. As the core material thickness
increases, both the natural frequency and vibration
amplitude response of the sandwich beam decrease [26].
The amplitude-frequency plot of the MR fluid sandwich
beam with 1, 2, and 4 mm core thicknesses is shown
in Figure 14(a). The settling time is enhanced upon
increase in the thickness of the MR Fluid core, as shown
in Figure 14(b). The variation of natural frequency
for the first three fundamental modes is illustrated in
Figure 14(c). The variation in the natural frequency
for the first mode is less than the variation in the
third mode, and the difference in natural frequency is
increased with the mode number.

5.7. Influence of composite face layer
thickness

The carbon/epoxy composite material is used as the

face layer for the MR fluid sandwich beam. The

thickness of each carbon/epoxy composite layer is

Table 4. Storage modulus and loss factor equations of MR fluid samples.

Property

S-1I MR fluid sample

S-I MR fluid sample

Storage modulus

Loss factor

1.0986 x 10° + 2.40817 x 105(B)

0.06149 — 0.11019(B)

1.60168 x 10° + 3.3731 x 10%(B)

0.05766 — 0.13321(B)
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Figure 14. Influence of MR fluid core thickness on
vibration response (a) amplitude versus frequency, (b)
amplitude versus time, and (c) natural frequency versus
mode.

0.6 mm. There is a considerable increment in the nat-
ural frequency of the sandwich beam as the composite
face layer thickness is increasing, as shown in Figure
15(a). The stiffness of the sandwich beam increases
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Figure 15. Influence of face layer thickness on vibration
response in terms of (a) amplitude vs. frequency, (b)
amplitude versus time, and (c) natural frequency vs.
mode.

with the addition of more face layers, leading to the
increment in the natural frequency of the MR fluid
sandwich beam, as shown in Figure 15(c).
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5.8. Influence of CI particles volume
percentage

The impact of CI particle volume percentage on the
vibration response is considered at a constant magnetic
field density of 600 G by maintaining the thickness
of constant face layers of 0.6 mm and MR fluid core
thickness of 2 mm. As the percentage of CI particles in
the MR fluid sample increases, there is a significant
right shift in the frequency curve of the MR fluid
sandwich beam. It is indicated that as the volume
percentage of CI particles increases, there is an incre-
ment in the stiffness of the sandwich beam, as shown in
Figure 16(a) and (c). An increase in stiffness influences
the natural frequency of the MR fluid sandwich beam.
There is a significant improvement in the settling time
of the sandwich beam with the increment in the CI
particle volume percentage in the MR fluid.

5.9. Influence of magnetic field

The effect of the magnetic field in the different mag-
netic fields on the vibration response of the MR fluid
sandwich is performed by maintaining the constant
face layers thickness of 0.6 mm and core thickness of
2 mm. The magnetic flux densities 0 G, 600 G, 1000
G, 1500 G, and 2000 G values are used to study the
influence on the sandwich beam response. The natural
frequency values of the MR fluid sandwich beam for
the MR fluid samples in different magnetic fields are
tabulated in Table 5. The natural frequency of the
MR sandwich beam is increased with the magnetic
field for all the modes. At higher modes, the change
in the natural frequency is higher than in the natural
frequency at lower modes. Figure 17 shows the natural
frequency with respect to the magnetic field for two MR
fluid samples. There is an increment in the natural
frequency with CI particle volume percentage in the
MR fluid in all the magnetic fields. Figure 18 shows the
first three fundamental mode shapes of the cantilever
MR sandwich beam. These modes correspond to
the fundamental frequencies. Further, the percentage
increase in the natural frequency of the MR fluid
sandwich beam with respect to the applied magnetic
field is calculated for the first three fundamental modes,
as shown in Figure 19. The percentage of change in
natural frequency is increasing as the magnetic field
increases to higher values. The applied magnetic field
changes the rheological properties of the MR fluid.
The shear modulus of the MR fluid increases with
the applied magnetic field, resulting in change stiffness
of the MR fluid layer. The thickness ratio (ho/h)
influences the natural frequency and settling time of
the MR fluid sandwich beam are shown in Figure 20(a)
and (b), respectively. For all the modes, the natural
frequency of the MR fluid sandwich beam is reduced as
the thickness ratio increases. At the same time, settling
time also decreases as the thickness ratio increases.
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Figure 16. Influence of CI vol% in the MR fluid on the
vibrational response in terms of (a) amplitude vs.
frequency, (b) amplitude vs. time, and (c) natural
frequency vs. mode.

6. Conclusions

The present work determined the rheological properties
of the prepared Magnetorheological (MR) fluid sam-
ples in pre-yield region. The modal, harmonic, and
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MR fluid samples with the applied magnetic field.
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Figure 18. Mode-1, Mode-2, and Mode-3 of the
cantilever MR sandwich beam.
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with the magnetic field.

transient studies were performed for the carbon/epoxy
composite sandwich beams with the in-house prepared
MR fluid samples. The effects of face layer thickness,
core thickness, Carbonyl Iron (CI) particle volume per-
centage, and magnetic field on the vibrational response

of the sandwich beam were presented.

The results

obtained in this current research work are summarized
as follows:

In the strain amplitude sweep test, the storage
modulus decreased, while the loss factor increased
as the strain amplitude increased;

The CI particle volume fraction percentage in the
MR fluid had a strong influence on the rheological
properties. The storage modulus was higher in value
at the higher volume percentage of CI particle MR
fluid;

The amplitude of vibration decreased as the core
thickness increased and also, there was a left shift
in the frequency curve of the MR fluid sandwich
beam. The settling time response of the sandwich
beam also improved with core thickness;

There was a right shift in the frequency response
curve observed as the face layer thickness increased.
This is due to an increase in the stiffness of the
sandwich beam with the thickness of the face layer;

The higher CI particles, MR fluid sample improved
the natural frequency of the sandwich beam and
also showed a significant reduction in the vibration
amplitude;

The natural frequency of the composite sandwich
beam increased as the magnetic field increased. At
higher modes, the difference in natural frequency
was greater than that at the lower modes.

Nomenclature

MR Magnetorheological

cl Carbonyl Iron

Vol% Volume percentage

SEM Scanning Electron Microscopy
PSD Particle Size Distribution
MRD Magnetorheological Device
G'(B) Storage modulus

G"(B)  Loss modulus

G*(B) Complex shear modulus
n(B) Loss factor

ACP ANSYS Composite Pre-post
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Table 5. Natural frequencies of the two different fluid MR sandwich beams in various magnetic fields.

Magnetic field (Gauss)

Natural frequency (Hz)

Mode S-IT sample S-I sample
0 22.939 25.783
600 23.849 26.687
Mode-1 1000 24.396 27.226
1500 25.046 27.846
2000 25.643 28.424
0 79.024 89.042
600 82.121 92.464
Mode-2 1000 84.027 94.573
1500 86.344 97.072
2000 88.522 99.471
0 160.47 179.3
600 166.14 186.03
Mode-3 1000 169.7 190.24
1500 174.1 195.3
2000 178.29 200.22
500 4.2
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