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Abstract

The position deviation of the underwater manipulator generated by vortex-induced vibration (VIV) in the shear flow increases relative to that in
the uniform flow. Thus, this study established an experimental platform to investigate the vibration characteristics of the underwater
manipulator under shear flow. The vibration response along the manipulator was obtained and compared with that in the uniform flow. Results
indicated that the velocity, test height, and flow field were the main factors affecting the VIV of the underwater manipulator. With the increase
in the reduced velocity (U), the dimensionless amplitudes increased rapidly in the in-line (IL) direction with a maximum of 0.13D. The
vibration responses in the cross-flow (CF) and IL directions were concentrated at positions 2, 3 and positions 1, 2, with peak values of 0.46 and
0.54 mm under U, = 1.54, respectively. In addition, the vibration frequency increased with the reduction of velocity. The dimensionless
dominant frequency in the CF and IL directions varied from 0.39—-0.80 and 0.35—-0.64, respectively. Moreover, the ratio of the CF and IL
directions was close to 1 at a lower U . The standard deviation of displacement initially increased and then decreased as the height of the test
location increased. The single peak value of the standard deviation showed that VIV presented a single mode. Compared with the uniform flow,
the maximum and average values of VIV displacement increased by 104% and 110% under the shear flow, respectively.

Keywords Underwater manipulator; Shear flow; Vortex-induced vibration; Spectral analysis; Vibration response

1 Introduction

With the rapid increase in the demand for marine resources,
underwater manipulators have played a crucial role in
underwater operations in recent years (Carlucho et al., 2021;
Duan et al., 2023). As a typical cylindrical structure, alter-
nating vortexes are produced when manipulators are sub-
jected to fluid flow. The results indicate that the underwa-
ter manipulator generates vortex-induced vibration (VIV)
due to the presence of alternating vortices (Mao et al., 2023),
thereby reducing the positioning accuracy and structural
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stability. Thus far, many researchers have conducted the
VIV experiment to study the vibration characteristics of
marine equipment (Kang et al., 2016; Wang et al., 2022).
Numerous scholars have modeled the manipulator as a
cylindrical link (Kolodziejczyk, 2018). However, the flow
characteristics of the underwater manipulator were more
complex than the flow around an infinite cylinder. In addi-
tion, the underwater motion of the manipulator experiences
interferences among its multiple arms. McLain and Rock
(1998) tested the hydrodynamic force of the single-degree-
of-freedom underwater manipulator, revealing that the
hydrodynamic coefficient of the manipulator changed with
motion. Kolodziejczyk (2016; 2023) explored the hydrody-
namic loads of underwater manipulators in different pos-
tures. Meanwhile, the time history of hydrodynamic loads
with the periodic change in fluid speed was discussed. Cheng
et al. (2022) conducted the effect of cross-section shape on
the hydrodynamic coefficient and flow field of the under-
water manipulator by numerical calculation, demonstrat-
ing that the manipulator was more stable when arm 2 was
located upstream. The early experimental research focused
on the rigid cylinder, generally exploring the vertical direc-
tion of incoming flow. Mercier (1973) compared the vibra-
tion in the cross-flow (CF) and in-line (IL) directions and
analyzed the relationship between dimensionless frequency
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and amplitude of the cylinder at Reynolds number 600—
13 000. Sarpkaya (1977) tested the vibration of a rigid cyl-
inder with a diameter of 19—38 mm in the CF direction at
Reynolds number from 500 to 25 000. They established
the relationship of drag force, lift force, and other force
coefficients with the reduction velocity and dimensionless
frequency. Gopalkrishna (1993) discussed the forced vibra-
tion in the CF direction of an aluminum cylinder with a
length—diameter ratio of 24, revealing the law of lift coeffi-
cient that varies with dimensionless amplitude and fre-
quency. Bahmani and Akbari (2010) conducted the dynamic
response of an elastically mounted cylinder in laminar
flow. When the Reynolds number was between 80 and 160,
the vibration amplitude was enhanced due to the decrease
in the mass ratio and damping ratio in the system.

With the development of ocean engineering, the research
object gradually changed to the flexible riser with a high
aspect ratio in the uniform flow field. Griffin and Vandiver
(1984) investigated the acceleration signals of a steel pipe
with a length-diameter ratio of 558 and a cable with a
length-diameter ratio of 715 in an actual underwater envi-
ronment. This finding reveals that the vibration frequency
of the cable was evidently affected by the sag. In a towed
tank, de Wilde and Huijsmans (2004) used a grating fiber
sensor to test the VIV response of 12.6 m steel pipe in the
CF and IL directions. The results demonstrated a strong
coupling between CF and IL directions and a phenomenon
of multimode response. Allen and Henning (2001) analyzed
the vibration displacement and dominant mode of a cylin-
der with a diameter of 0.06 m, indicating that the cylinder
displacement at each end was close to high Reynolds num-
bers. Tongarelli et al. (2004) considered the riser surface
strain and displacement using strain gauges and uniaxial
acceleration sensors. They noted that the response fre-
quency increased with the increase in flow speed. Gao et al.
(2016) examined the VIV response of a flexible cylinder
in the CF and IL directions under uniform flow using the
mode superposition method. They found the relationship
between the reduction velocity and displacement. When the
reduction velocity was low, the response frequency partici-
pated in the entire VIV. Mao et al. (2015) explored the
VIV feature parameters, such as the displacement and
dominant frequency of the sediment pipe, demonstrating
that the response frequency of the water pipe in the same
direction was consistent. Kumar and Nallayarasu (2022)
obtained the root mean square of CF direction displace-
ment in the flexible riser along the pipe under different
shear flow conditions. The results indicated that the displace-
ment increased as the slope decreased. Zhu et al. (2021)
assessed the effect of vortex excitement and solid structure
on the acceleration, displacement, and dominant modulus
of a cylinder, showing that the response of amplitude and
frequency increased with the increase in speed. Zhang et al.
(2020) studied the vibration amplitude and frequency char-
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acteristics of a large length-diameter ratio cylinder under
the coupled flow field at Reynolds number from 2 000 to
24 000. They found that the CF amplitude increased with
the increase in oscillation amplitude or frequency at low
and medium reduction velocities. Seyed-Aghazadeh et al.
(2021) leveraged a wind tunnel test of a large-quality cyl-
inder to study the vibration characteristics of a single and
series cylinder. They found that the amplitude increased
with the increase in the spacing of the two cylinders.

In these studies, VIV is a common phenomenon in marine
engineering, inducing fatigue damage to marine structures.
At present, researchers mainly investigate the VIV of
cylindrical structures under uniform flow, such as risers,
catenaries, and pipes. However, the VIV phenomenon also
occurs during the operation of the underwater manipulator
with a large aspect ratio, affecting the precise control of
the manipulator. Moreover, the variable posture of the work-
ing manipulator produces shear flow, resulting in more
complex VIV responses (Xue et al., 2019). Therefore, to
clarify the vibration characteristics of the underwater manipu-
lator, its VIV under shear flow was investigated. The vibra-
tion response of the manipulator along the arm position was
analyzed by building a VIV test bench under shear flow
and compared with the VIV response under uniform flow.

The structure of this work is as follows: Initially, the
acceleration signal is tested by an independently designed
VIV experimental platform of the underwater manipulator.
Then, the effects of various parameters on the VIV of the
underwater manipulator are discussed. Finally, the conclu-
sions are summarized.

2 Experimental set-up
2.1 Description of experimental platform

As depicted in Figure 1, the test was performed in a self-
designed VIV experimental platform of an underwater
manipulator. Figure 1(a) shows the schematic diagram of
the shear flow structure. The instantaneous flow state between
the manipulator and the still water was realized by rotating
motion to overcome the limitations of the site and motion
path in the towing tank test, according to the principle of
relative motion. Figure 1(b) illustrates the composition of
the test device, including the power supply, motor, data
acquisition, underwater manipulator, acceleration sensor,
slide ring, pool, computer, and rotation rod. The computer
controlled the rotation of the rod, to which the underwater
manipulator was fixed. To solve the problem of line entan-
glement during rotational motion, an electronic slip ring was
installed between the motor and the rotating rod, enabling
the acquisition and transmission of acceleration signals.
The tilted posture of the manipulator can generate a stable
linear shear flow field (Fu et al., 2022). When the manipu-
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Figure 1 Shear flow vortex-induced vibration platform

lator moves around the rotation center, its velocity at dif-
ferent positions in the tilt posture varies. The relationship
between the velocity of the motor and the manipulator is
expressed as follows:

U= wR = 2nnR @]

where U indicates the flow velocity of a point on the manipu-

lator, R represents the distance between the manipulator

and the rotation center, and » denotes the motor speed.
Therefore, the linear shear flow is expressed as follows:

Upx = Ui
U(p) = Uy + o @)

where U(y) represents the flow velocity at a certain posi-
tion y of the underwater manipulator. U, refers to the
minimum velocity at the top. U, denotes the maximum
velocity at the bottom. L indicates the length of the under-
water manipulator.

The parameters of the underwater manipulator model
are shown in Table 1. The outer diameter D and inner diame-
ter d of the manipulator were 30 and 15 mm, respectively.
The length of the upper arm L, was 400 mm, and that of
the lower arm L, was 300 mm. The upper and lower arms
were connected by a revolute pair with a length of 50 mm.

Figure 2 displays the schematic diagram of the test posi-
tion. Four positions, position 1, position 2, position 3, and
position 4, were selected, considering the manipulator’s
end. The distances from these positions to the end of the
manipulator were 20, 155, 370 and 550 mm. The tilted
manipulator rotation around the center of rotation can pro-
duce a linear shear velocity. The SENTHER acceleration
sensor was selected to test the vibration signals of the four
positions. The direction of the horizontal flow was defined
as the in-line (IL) direction, and the vertical flow direction
was the cross-flow (CF) direction.

Table 1 Model parameter of the manipulator

Model parameter Value
L, (m) 0.4
L, (m) 0.3
Joint (m) 0.05
Outer diameter (m) 0.03
Inner diameter (m) 0.015
Young’s modulus (GPa) 72
Density (kg/m’) 2.72x10°
Poisson’s ratio 0.34

g

550 mm

370 mm

(a) Main view

(b) Left view

Figure 2 Schematic of testing position

2.2 Experimental parameters

The test parameters were designed to be dimensionless
to eliminate the influence of units and scale in the prob-
lem. The dimensionless amplitude 4" represents the ratio
of the maximum displacement to a reference value. The
formula is expressed as follows:

. A
=5 (3)
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where A4 represents the amplitude of the manipulator
structure.

The dimensionless dominant frequency /™ refers to the
dimensionless vibration frequency. It is the ratio of the
vibration frequency to the natural frequency, the formula
of which is expressed as follows:

o/
S I “

where f denotes the vibration frequency of the manipulator,
and f, indicates the natural frequency of the manipulator.

The Strouhal number S, denotes the relationship between
the instability of the boundary layer separation and the
relatively stable vortex shedding frequency. The formula is
expressed as follows:

_LU
s=" 5)

where f, refers to the Strouhal frequency of the underwater
manipulator.

2.3 Natural frequency analysis

The underwater manipulator was usually submerged in
water, greatly affecting the modal characteristics of the
underwater manipulator. Therefore, the wet modal charac-
teristics of the underwater manipulator instead of its modal
characteristics in the air must be explored to avoid frequency
lock-in and resonance (Zhu et al., 2022). ANSYS software
was widely used as a practical and fast simulation method
in wet mode analysis. The 3D model was built by a Work-
bench design molder, including water, underwater manipu-
lator and air. The relevant parameter settings are shown in
Table 2. The underwater manipulator was defined as the
fluid-solid coupling surface with a fixed constraint applied at
its top. As a result, Table 3 presents the first six natural fre-
quencies of the underwater manipulator in still water.

Table2 Modal analysis parameter settings

Material Aluminum Alloy  Air  Water
Minimum yield strength (MPa) 231 - -
Tensile strength (MPa) 265 - -
Density (kg/m’) 2650 1.29 1000
Elastic Modulus (MPa) 72 000 - 2 180
Poisson’s ratio 0.3 - 0.5
Sound speed (m/s) - 340 1500

2.4 Test condition
Figure 1(a) illustrates that the flow velocity of the test

condition was changed by adjusting the motor speed. In
view of the universality of the research, in the present
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Table 3 Natural frequency of the underwater manipulator

Order-number Frequency (Hz)
1 28.208
2 33.973
3 158.67
4 189.53
5 473.87
6 544.68

experiment, the reduction velocity (U) was used to investi-
gate the vibration characteristics of the underwater manip-
ulator. The calculation formula is as follows:

_pub 6
Re u (6)
U
V=75 ()

where Re, p, and u represent Reynolds number, fluid density,
and dynamic viscosity coefficient, respectively. U denotes
the flow velocity, U = U, . The diameter of the cylinder
D =0.03 m, f, indicates the natural frequency of the under-
water manipulator.

Table 4 suggests that the reduction velocity was low.
The control mode of the VIV of the underwater manipula-
tor is maintained at stage one. Therefore, the flow velocity
in the test was outside the flow velocity range when the
frequency lock-in occurred (Aswathy and Sarkar, 2019).

Table 4 Test conditions for the vortex-induced vibration

Work conditions  Re Flow velocity (m/s) Reduction velocity

1 12 000 0.40 0.54
2 16 000 0.53 0.72
3 20 000 0.67 0.90
4 30 000 1.00 1.18
5 34 000 1.13 1.36
6 38 000 1.27 1.54

2,5 Test data processing method

The method of frequency domain integration was employed
to explore the law of VIV response (Liu et al., 2020). The
related formulas are as follows.

The formula for the first integration calculation is as
follows:

k=0

1 j2nkr/N
y(r) = 2 a0 X (e ®)

N-1

The formula for the second integration calculation is as
follows:



S. L. Dai et al.: Experimental Study on Vortex-Induced Vibration of Underwater Manipulator Under Shear Flow 963

k=0 _1

y(r)= ZWH(k)X(k)é”N )

N-1

(fi<k<f)

H(k)=
() 0 (else)

(10)

f;and f, in the formula represent the lower limit frequency
and the upper limit of the deadline. X(k) denotes the Fourier
transformation of x(r), and f refers to the frequency resolu-
tion. The above formula indicates that the acceleration sig-
nal can be converted into displacement, facilitating the next-
step data processing.

2.6 Error analysis

The test error in the experiment leads to randomness
and uncertainty of the test results (Wu et al., 2022). The
reliability of the test results was verified through multiple
measurements and the standard deviation calculation, rep-
resenting the dispersion of the data. A smaller standard
deviation indicates greater measurement accuracy. In the test,
the random error was approximated by the standard devia-
tion, as shown in the following equation:

S -x)
S:J”i (11)

n-1

The vibration response of the underwater manipulator at
U, = 0.53 was measured several times. The displacement
spectrum was obtained by quadratic integral and fast Fou-
rier transform. Table 5 shows the dominant frequency ( f)
and displacement amplitude (4) of position 1 in the CF
direction. In Table 5, the main frequency of vibration obtained
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_ 10 _ 06
g g
£ 0 50.4
=10 =02
-2.0
0 0204 06 08 1.0 0 10 20 30 40 50
£(s) S (Hz)
(a) U, = 0.54
2.0 0.8
1.0 0.6
g 0 é 04
S -10 =2
-2.0
0 0204 06 08 1.0 0 10 20 30 40 50
t(s) S (Hz)
(c)U,=1.18

Figure 3 Time history curve and spectrum diagram of CF displacement

from the multiple tests was approximately 11.70 Hz. The
standard deviation between the tests was 0.006 mm, indi-
cating that the test data were close to the average value
and the measurement value was more accurate. The maxi-
mum relative error between displacement amplitude and
displacement mean value obtained by multiple tests was
1.17%. In summary, the test results had excellent repeat-
ability and reliability.

Table 5 Error analysis of the test system

Test 1 2 3 4
f(Hz) 11.72 11.69 11.70 11.71
A (mm) 0.50 0.49 0.50 0.49

3 Results and discussion

3.1 Vortex-induced vibration
underwater manipulator

response of

When the underwater manipulator was operated, the end
of the underwater manipulator was more susceptible to
environmental disturbances, requiring higher positioning
accuracy. Figures 3 and 4 illustrate the displacement time
history curve and spectrum diagram of position 1 in the
CF and IL directions. In the figure, changing trends of the
displacement time history curve in the CF and IL direc-
tions were relatively clear. The vibration displacement of
position 1 increased with the reduction velocity. Moreover,
the vibration displacement in the IL direction was signifi-
cantly larger than that in the CF direction. At different reduc-
tion velocities, the dominant frequency in the CF and IL
directions was evident, and high-frequency vibration was
observed.

2.0 0.8
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(b) U, =0.90
2.0 0.8
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S -10 = 02
-2.0
0 0204 0608 1.0 0 10 20 30 40 50
t(s) S/ (Hz)
(d)U. =154
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Figure 4 Time history curve and spectrum diagram of IL displacement

In Figure 3, when U, = 0.54, the displacement time his-
tory curve in the CF direction was smooth, and the corre-
sponding vibration frequency was 11.72 Hz. Under the
conditions of 0.90, 1.18 and 1.54, the displacement ampli-
tude increased as the reduction velocity increased. Naturally,
a certain fluctuation was found in the displacement time
history curve. The main frequency of vibration increased
greatly in the spectrum diagram. With the excitation of
high velocity, the vibration frequency in the CF direction
of the underwater manipulator reached approximately 20 Hz,
which was close to the natural frequency of the manipulator.

As depicted in Figure 4, the vibration displacement in
the IL direction was larger than that in the CF direction.
The spectrum diagram exhibited a high vibration frequency.
The displacement response and main vibration frequency
exhibited a pattern similar to that in the CF direction. The
displacement in the IL direction was approximately twice
that in the CF direction. As the reduction velocity increased,
the gap between the displacements in the two directions
decreased gradually. This phenomenon differed from tradi-
tional riser VIV experiments, where the riser, affected by
vortex shedding, experienced VIV predominantly influenced
by the lift force in the CF direction (Gao et al., 2020).
Thus, the displacement in the IL direction was greater than
that in the CF direction. However, owing to variations in
materials, structural forms, and installation methods of the
underwater manipulator, the drag force in the IL direction
was more pronounced, leading to a rapid increase in dis-
placement in that direction (Chen et al., 2015).

3.2 Dimensionless displacement of local position

Figure 5 demonstrates the variation of dimensionless
amplitude in the CF and IL directions of the underwater
manipulator. The figure evidently shows that the dimen-
sionless amplitude in the CF and IL directions increased
with velocity reduction. At the same time, some differences
appeared in the amplitude at different test positions.
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The dimensionless amplitude of positions 1 and 2 had a
larger fluctuation. When U, = 0.72, the dimensionless
amplitudes of positions 1 and 2 were 0.067D and 0.043D,
respectively. Subsequently, the amplitude of both positions
began to decline. When U, = 0.9, the speed of decline
slowed down. Then, the trend of dimensionless amplitude
continued to increase gradually. When U, = 1.54, the ampli-
tude at positions 1 and 2 reached 0.043D and 0.054D, respec-
tively. In addition, similar variation rules were found at
positions 3 and 4. Within the reduction velocity range of
0.54-0.72, the amplitude at positions 3 and 4 of the under-
water manipulator decreased slightly. When U, > 0.9, the
trend at positions 3 and 4 began to rise steadily. Eventually,
the maximum values of the dimensionless amplitude at
U.=1.54 were 0.061D and 0.043D, respectively. The posi-
tion near the end of the underwater manipulator was more
prone to vibrate under the action of low flow velocity. In
general, the dimensionless amplitude of the underwater
manipulator increased gradually under the reduction veloc-
ity range of 0.54—1.54. In the study of cylindrical VIV, a
rapid upward trend of amplitude under the low reduction
velocity was found in the CF direction (Sun et al., 2023),
consistent with the variation law of dimensionless ampli-
tude in this work. Thus, as shown in Figure 5, the VIV at
the end of the underwater manipulator must receive consid-
erable attention.

The figure also shows some differences in the dimen-
sionless amplitudes of the IL direction at different loca-
tions under the reduction velocity of 0.54—1.54. The aver-
age values of the four locations were all controlled below
0.04D. When U, = 1.54, the dimensionless amplitude in
the IL direction reached the peak with the increase in velocity
reduction. The maximum values of amplitude at positions
1, 2, 3, and 4 were 0.10D, 0.09D, 0.12D, and 0.08D, respec-
tively. Compared with the CF direction, the dimensionless
amplitude in the IL direction increased by 150%, 80%,
200%, and 40%. The amplitude in the IL direction was
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Figure 5 Variation of amplitude with reduction velocity at different positions in CF and IL directions

greater than that in the CF direction, as described in the
previous content. It was mainly affected by the drag force
in the IL direction. The dimensionless amplitude in the IL
direction also increased with the reduction in velocity
(Capell et al., 2019).

Figure 6 illustrates the spatial distribution of the dis-
placement standard deviation in the CF and IL directions.
Figure 6(a) shows that when U, = 0.54, the peak of the
standard deviation of the vortex-induced vibration displace-
ment appeared near the test position 3. The standard devia-
tion of displacement was small under this flow velocity
condition. In the range of U, = 0.72—1.54, with the increase
in velocity reduction, the displacement standard deviation
increased. When U, = 1.54, the peak value in the CF direc-
tion was 0.46 mm. In summary, the standard deviation of
the VIV displacement in the CF direction initially increased
and then decreased with the increase in test height. In this
process, the displacement peak in the CF direction was

0.6¢
—~—U,=0.54 = U.=0.72 =—U,= 0.90

—~—U.=1.18 =U,=136 «—U,=1.54

dgp, (mm)

0.2}

0 100 200 300 400 500 600
h (mm)
(a) CF

unique and presented a single mode. The vibration response
was mainly concentrated in the middle section of the under-
water manipulator. This phenomenon was similar to the
research results in the VIV experiment of traditional risers
(Liu et al., 2023).

As shown in Figure 6(b), the symmetry of displacement
standard deviation in the IL direction was poor, and the
amplitude remained below 0.6 mm. Compared with the CF
direction, the displacement gap between velocity condi-
tions was small, and the peak value of the displacement
standard deviation appeared at position 2. Similarly, the
standard deviation of VIV displacement in the IL direction
increased initially and then decreased with the test height.
A larger velocity resulted in larger displacement. In the IL
direction, the displacement peak of the standard deviation
was single, resulting in the maximum value of 0.54 mm
under U, = 1.54.

0.8
—~U,=0.54 = U,=0.72 —U,= 0.90

—~—U=1.18 = U,=136 ——U,=1.54

0 100 200 300 400 500 600
h (mm)
(b) IF

Figure 6 Spatial distribution of the displacement standard deviation in the CF and IL directions
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3.3 Dimensionless dominant frequency of local
position

Figures 7 and 8 display the variation of the dimension-
less dominant frequency with the reduction velocity under
shear flow. In addition, the dimensionless dominant fre-
quency of different test positions was linearly fitted. The
slope of the fitted line was the Strouhal number (S?) in the
test. The study of the dominant frequency in the CF and IL
directions indicated that the dimensionless dominant fre-
quency was less than the natural frequency of the underwa-
ter manipulator. The variation of the dimensionless domi-
nant frequency was regular.

Figure 7 illustrates that the dimensionless dominant fre-
quency in the CF direction increased with the reduction in
velocity. The dimensionless dominant frequency in the CF
direction was larger and closer to the natural frequency. At
position 1, the dimensionless dominant frequency varied
from 0.42 to 0.78, and the slope of the line after fitting
was 0.33. The dimensionless dominant frequency of posi-
tion 2 was further expanded to 0.54—0.80, and the St was
0.24. The dimensionless dominant frequency of position 3
was maintained between 0.40 and 0.76, and the St was
0.32. The dimensionless dominant frequency of position 4
was in the range of 0.39—0.69, and the St was 0.32. Different
from the uniform flow, a significant influence on the Strou-
hal rule of flow around the circular cylinder under the shear
flow field was observed (Huera-Huarte et al., 2014).

As shown in Figure 8, with the increase in velocity reduc-
tion under shear flow, the dimensionless dominant frequency
in the IL direction increased, but the change in St was not
evident. The reduction velocity was low in the test condi-
tion. Thus, the phenomenon that the response frequency in
the IL direction was twice as much as that in the CF direc-
tion was not observed. At position 1, the variation range of
the dimensionless dominant frequency was 0.42—0.63, and
the Strouhal number was 0.18. The dimensionless domi-

nant frequency at position 2 was 0.48—0.63, and the Strou-
hal number was 0.15. At position 3, the dimensionless
dominant frequency was 0.35-0.64, and the Strouhal num-
ber was 0.31. The dimensionless dominant frequency at
position 4 was 0.35—0.61, and the Strouhal number was
0.23. When the fluid flow through the underwater manipu-
lator was placed at an angle, the vortex-induced vibration
was affected by the complex section shape. This phenome-
non was no longer consistent with the traditional law of
Strouhal number (Chen et al., 2023).

Therefore, under the action of shear flow, the ratio between
the CF and IL direction was close to 1. The Strouhal num-
ber also decreased evidently. The dimensionless dominant
frequency in the CF and the IL directions varied from 0.39
to 0.80 and 0.35 to 0.64, respectively.

3.4 Displacement comparison between uniform
and shear flow

Various postures of the underwater manipulator were
observed during operation, corresponding to different flow
fields. In addition to shear flow, uniform flow was a com-
mon flow field. When flow velocity U, = 0.18, the dis-
placement time history curve of the underwater manipula-
tor under uniform and shear flow was compared to study
the influence of flow fields on vortex-induced vibration.

Figure 9 presents the displacement time history curve of
VIV at position 1 under different flow fields. Figure 10
depicts the displacement time history curve of the CF and
IL direction at position 1 under different flow fields. In the
uniform flow, the maximum displacement values in the CF
and IL directions were 0.72 and 1.35 mm, respectively. At
the same velocity under shear flow, the maximum displace-
ment values in the CF and IL directions of the underwater
manipulator were 1.47 and 2.29 mm, respectively. Under
the influence of shear flow, the maximum displacement in
the CF and IL directions increased by 104% and 70%,
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Figure 9 Displacement time history curve of vortex-induced vibration at position 1 under different flow fields

respectively. The mean value of vibration displacement
was further calculated. In the uniform flow, the mean dis-
placement values in the CF and IL directions of the under-
water manipulator were 0.24 and 0.29 mm, respectively.
At the same velocity under shear flow, the mean displace-
ment values in the CF and IL directions of the underwater
manipulator were 0.50 and 1.05 mm, respectively. Com-
pared with the uniform flow condition, the mean displace-
ment increased by 110% and 20% in the CF and IL direc-
tions, respectively. The fluid excitation force varied with
the change in the fluid. In uniform flow, the flow velocity
around the underwater manipulator was consistent, result-
ing in a uniform drag distribution across the manipulator.
Therefore, as shown in Figure 9, the displacement time his-
tory of the manipulator under uniform flow was stable.
However, the flow velocity of the manipulator in the shear
flow field changed along its arm, thereby increasing the
drag inhomogeneity potential amplification of the drag
(Song et al., 2016). At the same time, the interaction between
the fluid and the underwater manipulator resulted in greater
vibration responses and a “beating” phenomenon in the
shear flow, attributed to the variable vortex shedding fre-
quency along the arm (Lin et al., 2014).

The VIV response of the underwater manipulator under
shear flow was greater than that in the uniform flow. In the
shear flow, a certain effect on the increase in the maximum
and mean displacements of vortex-induced vibration was
observed. This phenomenon was more evident in the CF
direction. When U, = 0.18, the maximum and mean dis-
placements of the shear flow to vortex-induced vibration
increased by 104% and 110% at the highest, respectively.
This condition adversely affects the stable operation of the
underwater manipulator.

4 Conclusions

In this study, the vibration responses in the CF and IL
directions of the underwater manipulator under shear flow
fields at different positions were experimentally tested.

The following conclusions were reached:

1) With the increase in reduction velocity, the dimen-
sionless amplitude in the CF and IL directions of the under-
water manipulator showed an upward trend. The vortex-in-
duced vibration displacement reached the highest at 0.13D.

2) With the increase in test height, the displacement
standard deviation of the underwater manipulator in both
directions initially increased and then decreased, exhibit-
ing a single mode. The vibration response of the underwa-
ter manipulator in the CF direction was mainly concentrated
at positions 2 and 3, whereas the IL vibration response was
concentrated at positions 1 and 2. When U, = 1.54, the peak
values in the CF and IL directions were 0.46 and 0.54 mm,
respectively.

3) The VIV frequency of the underwater manipulator in
the CF and IL directions increased with the reduction in
velocity. The dimensionless frequencies in the two direc-
tions of the underwater manipulator were less than 1. The
ratio of both directions was close to 1 at a lower velocity
reduction. Moreover, the dimensionless dominant frequency
in the CF and IL directions varied from 0.39-0.80 and
0.35-0.64, respectively.

4) Compared with uniform flow, the maximum and
average values of VIV displacement increased under shear
flow, especially in the CF direction. When U, = 0.18, the
increase in the maximum and average values of VIV dis-
placement was up to 104% and 110%, respectively.

Finally, combined with the research conclusions, the
VIV of the underwater manipulator in the shear flow field
can improve the underwater kinematics model and provide
preliminary basic research on the operation of the under-
water manipulator in the marine environment. In the future,
related research can be extended to the vibration response
law of multi-posture underwater manipulators, improving
the hydrodynamic model of this underwater manipulator.
It provides a theoretical basis for the precise positioning
and control of underwater manipulators.
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