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Abstract
Vortex-induced vibration (VIV) of an underwater manipulator in pulsating flow presents a notable engineering problem in precise control due to 
the velocity variation in the flow. This study investigates the VIV response of an underwater manipulator subjected to pulsating flow, focusing 
on how different postures affect the behavior of the system. The effects of pulsating parameters and manipulator arrangement on the 
hydrodynamic coefficient, vibration response, motion trajectory, and vortex shedding behaviors were analyzed. Results indicated that the cross-
flow vibration displacement in pulsating flow increased by 32.14% compared to uniform flow, inducing a shift in the motion trajectory from a 
crescent shape to a sideward vase shape. In the absence of interference between the upper and lower arms, the lift coefficient of the manipulator 
substantially increased with rising pulsating frequency, reaching a maximum increment of 67.0%. This increase in the lift coefficient led to a 
67.05% rise in the vibration frequency of the manipulator in the in-line direction. As the pulsating amplitude increased, the drag coefficient of 
the underwater manipulator rose by 36.79%, but the vibration frequency in the cross-flow direction decreased by 56.26%. Additionally, when 
the upper and lower arms remained in a state of mutual interference, the cross-flow vibration amplitudes of the upper and lower arms were 
approximately 1.84 and 4.82 times higher in a circular–elliptical arrangement compared to an elliptical–circular arrangement, respectively. 
Consequently, the flow field shifted from a P+S pattern to a disordered pattern, disrupting the regularity of the motion trajectory.
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1  Introduction

Marine engineering equipment, such as underwater 
manipulators, offshore platforms, and offshore risers, will 
play a key role in the exploitation of marine resources 
(Min et al., 2023; Silva-Ortega et al., 2017). When steady 
flow passes over a cylindrical structure, vortex shedding 
occurs periodically behind. The alternating shedding of 
vortices forms in-line (IL) and cross-flow (CF) forces. The 
alternating effects of lift and drag contribute to the instabil‐

ity of the structure and produce vibration (Sharma et al., 
2022). This interaction between the fluid and the structure, 
driven by periodic vortex shedding, is called vortex-induced 
vibration (VIV). Numerous scholars have extensively stud‐
ied VIV in marine equipment, revealing that its cross-sec‐
tional shape, layout, and flow-field state notably influence 
its vibration characteristics (Williamson and Govardhan, 
2008; Shahzer et al., 2022; Tu et al., 2015). However, 
changes in ocean flow conditions can be attributed to the 
influence of waves, and VIV behavior in pulsating flow 
notably differs from that in uniform flow. Variations in pul‐
sation frequency and amplitude result in transverse VIV 
that exhibits intermittent and hysteretic characteristics.

Bluff body VIV has attracted considerable scholarly 
attention domestically and internationally, resulting in a sub‐
stantial amount of research findings. The vibration response 
of single and elliptical cylinders has been comprehensively 
investigated in existing VIV research (Williamson and 
Govardhan, 2004; Raghavan and Bernitsas, 2008). Jauvtis 
and Williamson (2004) conducted 2-DOF VIV experiments 
on cylindrical structures and concluded that, for mass ratios 
less than 6.0, IL vibration had a substantial impact on CF 
vibration. Kang and Jia (2013) explored how different CF, 
IL natural vibration frequencies, and reduced velocities (Ur) 
contributed to the generation of various forms in cylinder 
VIV trajectory. Nguyen and Nguyen (2016) further ana‐
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lyzed the VIV trajectories and found that the typical figure-
of-eight trajectory shape was clearly observed at low Ur 
and collapsed into crescent or stick shapes at higher Ur. 
Chen et al. (2020) investigated the VIV phenomenon at 
moderate Reynolds numbers (ranging from 1 155 to 6 934) 
and observed a 2S vortex shedding pattern when the cylin‐
der vibrated slightly. For flow around an elliptical cylinder, 
the difference between the long and short axes increased 
the complexity of the fluid force. In addition, the vibration 
response amplitude of the elliptical cylinder increased 
with the aspect ratio (AR) (Zhao et al., 2019). Kumar et al. 
(2018) found that when the AR = 0.5, the cylinder dis‐
played minimal vibration amplitudes of practical impor‐
tance, making the AR = 0.5 cylinder a stable or least sus‐
ceptible shape to VIV. Additionally, the streamlined profile 
of the elliptical cylinder delayed vortex shedding and 
reduced the average vortex volume intensity (Wang et al., 
2022). Previous studies have extensively analyzed the VIV 
of cylinders from the aspects of mass ratio, Ur, and AR.

The tandem arrangement is a commonly used configura‐
tion in marine engineering structures. The VIV of double 
cylinders exhibits different vibration characteristics due to 
the interaction between cylinders. Bao et al. (2012) investi‐
gated the VIV of cylinders with different spacings and 
found that the vibration characteristics of the upstream cyl‐
inder resembled those of a single cylinder when the center 
distance of the cylinder was 5.0D. The gap vortices around 
the bottom surface of the upstream cylinder exerted posi‐
tive work on the downstream cylinder, which helped sus‐
tain the vibration of the upstream cylinder (Qin et al., 
2019). The response of the downstream cylinder depended 
on the velocity of the upstream cylinder, with its own 
velocity determined by the actual mean wake velocity. 
Moreover, when the upstream cylinder was elliptical, an 
increase in AR led to reductions in the distance between 
the two cylinders and the wake turbulence intensity (Cheng 
et al., 2022). Fu et al. (2018) considered the VIV response 
of tandem cylinders with different spacing ratios under 
an Re = 100 using numerical calculations. Their research 
showed that the lift and drag coefficients of the down‐
stream cylinder demonstrated a “jump phenomenon” near 
Ur = 7.2. As a common flow type in the ocean, the VIV 
response characteristics in shear flow are also complex. 
Dai et al. (2025) examined the VIV vibration characteris‐
tics of an underwater manipulator under shear flow using a 
self-built VIV test bench. The results showed that as Ur 
increased, the dimensionless amplitude increased rapidly 
in the IL, with a maximum value of 0.13D. Gao et al. (2019) 
analyzed the VIV of a riser under uniform and shear flow 
conditions, observing the multifrequency vibration charac‐
teristics of the structure. Overall, the shape and spacing of 
the upstream and downstream cylinders lead to different 
vibration responses. Additionally, the vibration characteris‐
tics of cylindrical VIV are affected by the flow field.

The above studies demonstrate that VIV can lead to 
fatigue damage in marine structures such as underwater 
manipulators. Currently, most research mainly focuses on 
analyzing the VIV of cylindrical structures in uniform flow 
fields. However, the pulsating flow generated by ocean 
waves can substantially affect the VIV response. Under the 
influence of pulsating flow, underwater manipulators with 
large AR exhibit highly complex VIV responses. Consider‐
able differences are found in the VIV behavior between pul‐
sating and steady flows. (Neshamar and O’Donoghue, 2022; 
Fu et al., 2014). In pulsating flow, CF vibrations are charac‐
terized by intermittent VIV, amplitude modulation, hystere‐
sis, and build-up-lock-down cycles (Fu et al., 2018; Deng 
et al., 2021). In addition, Muddada et al. (2021) observed 
that for larger pulsating amplitudes, the wake length became 
shorter and wider, bringing it closer to the vortex forma‐
tion. Zhao and Cheng (2014) conducted a numerical simu‐
lation of flow around two tandem circular cylinders in pul‐
sating flow, revealing the vortex shedding patterns for cir‐
cular cylinders with different gap ratios. Dorogi et al. (2023) 
investigated the vibration response of a two-dimensional 
circular cylinder under single-degree-of-freedom vibration 
constraints under oscillating flow. Their results showed 
that the cylinder experienced amplitude modulation and hys‐
teresis, exhibiting intermittent vortex-induced vibration dur‐
ing the oscillation period. This study illustrated the com‐
plex hydrodynamics of transient VIV and its influence on 
modeling theory, particularly in unsteady flow conditions.

The VIV response of ocean engineering structures in pul‐
sating flow is substantially affected by the cross-sectional 
shape, arrangement, and flow field. In the case of underwa‐
ter manipulators, factors such as changes in cross-sectional 
shape and arm arrangement during operation can affect the 
hydrodynamic coefficients, vortex shedding, vibration fre‐
quency, and vibration trajectory. Therefore, this study con‐
siders the pulsating flow parameters in Bohai Bay, China, 
and uses numerical calculations to analyze the vibration 
response of an underwater manipulator under different pul‐
sation parameters and manipulator arrangements. The 
effects of different pulsation frequencies and amplitudes 
on the manipulator’s vibration response in different pos‐
tures were investigated. The results provide a theoretical 
basis for studying the VIV response characteristics of 
marine engineering equipment, which will be valuable for 
the further exploration and utilization of marine resources.

2  Model building

2.1  Mathematical model

Aiming to facilitate the simulation-based analysis per‐
formed in this study, a simplified model of the underwater 
manipulator was established, as shown in Figure 1. The 
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three-dimensional flow field becomes stable and closely 
resembles a two-dimensional flow field as the fluid flows 
across the underwater manipulator, moving away from the 
free end. Therefore, this study focuses on the two-dimen‐
sional cross-sections at the midpoint of arm 2, analyzing 
the influence of the cross-sectional shape and arrangement 
on the VIV of the underwater manipulator. Arm 1 was 
maintained in a vertical direction, while arm 2 rotated 
within a range of rotation angles β from 0° to 360° . The 
manipulator rotated clockwise in the positive direction. 
When arm 2 rotated between 90° and 270°, no mutual inter‐
ference was found between arm 1 and 2. The cross-section 
at the midpoint of arm 2 was selected to investigate the 
VIV response characteristics of the underwater manipula‐
tor at four typical β values: 45°, 135°, 180°, and 315°, with 
the corresponding manipulator postures labeled as A1, A2, 
A3, and A4, respectively.

Table 1 presents the posture model of the underwater 
manipulator for four typical β values. The blue and red cyl‐
inders represent arms 1 and 2, respectively. The length of 
the upper arm L1 is 400 mm, while that of the lower arm L2 
is 320 mm. For A1, when arm 2 is rotated by 45°, the down‐
stream arm 2 experiences substantial and unstable fluid 
forces as the incoming flow passes through the manipula‐
tor, owing to the influence of the upstream arm 1. In addi‐
tion, considering a spacing ratio L/D = 4.24 (where L and 
D are the manipulator center distance and diameter, respec‐
tively), the downstream arm 2 also exerts some impact on 
the upstream arm 1 (Dalton et al., 2001). However, when 
arm 2 is rotated by 135° and 180° (i. e., for A2 and A3, 
respectively), no notable mutual interference occurred 
between arms 1 and 2. In A4 ( β = 315°), arms 1 and 2 were 

in a state of mutual interference. Compared to A1 pos‐
tures, the cross-section of the upstream arm 2 is elliptical 
in this case, resulting in a different flow field.

2.2  Governing equations

The vortex-induced flow field around the underwater 
manipulator is an unsteady, incompressible, two-dimen‐
sional turbulent flow field. Therefore, the two-dimensional 
unsteady Reynolds Averaged Navier–Stokes (URANS) 
method is employed in this study to solve the flow field 
(Kim et al., 2021), as described below.

∂Ui∂xi

= 0 (1)

∂U
∂t + Uj

∂Ui∂xj

=  − 1
ρ
∂P
∂xi

+ v
∂2Ui∂x2

j

− ∂
- -----
uiuj∂xj

(2)

where ρ denotes fluid density, t denotes time, Ui and Uj are 
the velocity vectors, xi and xj are the position vectors of the 
fluid unit, and P is the pressure. 

- -----
uiuj is the Reynolds stress 

tensor (Tennekes and Lumley, 1972).

- -----
u′iu′j = μ t( )∂Ui∂xj

+
∂Uj∂xi

− 2
3
δijk (3)

where k is turbulent kinetic energy, μt denotes turbulent 
viscosity, and δij is the Kronecker sign.

The SST k−ω turbulence model is particularly suitable 
for capturing the characteristics of plane shear layers and 
flow separation at the rear of bodies, making it effective 
for accurately representing various aspects of turbulence 
flow. In addition, this model has been extensively validated 
and widely applied in similar studies. Thus, the SST k−ω 
turbulence model is adopted in the present work to model 
the Reynolds stress tensor (Yu et al., 2020). The governing 
equations for this turbulence model comprise the k equa‐
tion and the ω equation.

∂( )ρk
∂t +

∂( )ρkUi∂xi

=

∂( )Γk

∂k
∂xj

∂xj

+ Gk − Yk + Sk (4)

∂( )ρω
∂t +

∂( )ρωUi∂xi

=

∂( )Γω
∂ω
∂xj

∂xj

+ Gω − Yω + Dω + Sω (5)

where Gω denotes the ω equation. Γk and Γω represent the 
effective diffusion terms of k and ω, respectively. Yk and 
Yω represent the divergence of k and ω, respectively. Dω 
represents the orthogonal divergence term. Sk and Sω are 
user-defined.

The 2-DOF structural control equation of this elastically 
mounted structure can be described as follows:

Figure 1　Flow field of dual-arm underwater manipulator
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m
∂2 x

∂t2
+ 2mω0ζ

∂x
∂t + mω2

0 x = fD( )t (6)

m
∂2 y

∂t2
+ 2mω0ζ

∂y
∂t + mω2

0 y = fL( )t (7)

where ζ is the damping ratio. Meanwhile, ∂2x/∂t2, ∂x/∂t, 
and x represent the in-line acceleration, velocity, and dis‐
placement of the cylinder, respectively. ∂2y/∂t2, ∂y/∂t, 
and y represent the same quantities associated with the 
cross-flow motion, ω0 is the natural circular frequency, c is 
the damping coefficient, and fD(t) and fL(t) are the fluctuat‐
ing drag and lift forces acting on the structure surface, 
respectively. The selected damping ratio ζ in this work is 
0.005 42.

2.3  Boundary conditions and parameters setting

In this study, the two-dimensional underwater manipula‐
tor was simplified as a mass–spring–damping system. A 
spring–damping unit was employed to calculate the manip‐

ulator stiffness, allowing it to vibrate freely in the IL and 
CF directions (corresponding to the x and y directions, 
respectively). Figure 2 illustrates the fluid domain and the 
associated boundary conditions.

Herein, D was 0.03 m, and the calculated flow-field area 
was 20D × 34D, with the origin located at the center of the 
manipulator. Aiming to model the pulsating flow and cap‐
ture the change of wake vortices, the distances from the 
origin to the upstream and downstream entrances were set 
to 10D and 24D, respectively. The distance between the 
sides was 10D. A velocity inlet condition was applied to 
the inlet, while a pressure outlet condition was applied to 
the domain exit. No-ship boundary conditions were applied 
to the side walls.

Based on the average velocity in the Bohai Sea and Yel‐
low Sea, this study was conducted under a mean velocity 
condition of um = 0.2 m/s. Therefore, the Reynolds number 
was calculated as Re = 6 000 using the following expression:

Re =
ρum D
μ

(8)

Table 1　Calculation model of the manipulator under different rotation angles

Attitude

A1

A2

A3

A4

Rotation angle β of arm 2

45°

135°

180°

315°

Mathematical model Computational model
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where μ is the hydrodynamic viscosity.
The fluid flow is unstable due to the influence of ocean 

waves. In this study, this unstable incoming flow was sim‐
plified as a sinusoidal pulsation variation. The effects of 
the sinusoidal pulsation frequency f and the pulsation 
amplitude A (dimensionless) on the vibration were then 
examined. The pulsating incoming flow was modeled as 
follows:

u ( )t = um[ ]1 + A sin ( )2πft (9)

where u(t) is the inlet pulsation velocity, t is time, and um 
is the uniform flow velocity. The pulsating flow velocity 
varied with A and f. The values of A and f were then deter‐
mined based on the wave conditions in ocean flow. Table 2 
presents seven groups of different pulsation conditions.

An overlapping mesh is highly suitable for dynamic 
simulations because it facilitates unconstrained relative 
displacements between individual mesh regions. In addi‐
tion, after the generation of the overlapping mesh, no fur‐
ther modification is required, ensuring high mesh quality 
throughout the simulation. Therefore, in this study, over‐
lapping mesh techniques were employed by generating a 
foreground mesh for the cylindrical components and a sep‐
arate background mesh for the surrounding flow domain. 
Data within the overlapping part was interpolated to real‐
ize data transmission. The flow field calculation model is 
shown in Figure 3, where the foreground and background 
grids were structured grids.

2.4  Grid independence and time step verification

A mesh independence test was conducted to ensure that 
the calculation results were independent of the number of 
grids. This test demonstrated that the mesh configuration 
used in this study had a negligible effect on the numerical 
outcomes. Table 3 shows the results of the grid indepen‐
dence verification, revealing the average drag coefficients 
(CD) and the root mean square of the lift coefficients 
(CL, rms) obtained from the three sets of meshes. As the 
mesh was refined from Mesh 1 to Mesh 2, the RMS error 
of the lift coefficient was 0.637%, and the average error in 
the drag coefficient was 2.015%. Further refinement from 
Mesh 2 to Mesh 3 resulted in an RMS error of 0.478% for 
the lift coefficients and an average error of only 0.036% 
for the drag coefficient. These results indicate the differ‐
ences between the two results were minimal. Thus, Mesh 2 
was selected for subsequent simulations, balancing accuracy 
with calculation efficiency.

Figure 3　Employed mesh system and zoom-in-view of the mesh 
close to the structure surface

Table 2　Fluid parameter of pulsating flow

Parameters

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

Case 7

A

0

0.2

0.2

0.2

0.3

0.4

0.4

f (Hz)

0

0.2

0.3

0.4

0.2

0.2

0.4

Figure 2　Fluid domain and boundary condition
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The selection of the time step is crucial in the process of 
transient solver flow-around calculations. In this study, the 
following three time steps were selected: 0.01, 0.02, and 
0.03 s. Under the same Reynolds number and other condi‐
tions, the VIV of the manipulator in vertical postures was 
calculated. The lift and drag coefficients were also used to 
assess the influence of different time steps on the simula‐
tion results.

The lift and drag coefficient data for different time steps 
were compared, as presented in Table 4. Notably, reducing 
the time step from 0.02 to 0.01 s resulted in a decrease in 
the errors of the lift and drag coefficients by 1.61% and 
0.36%, respectively. When the time step was increased to 
0.03 s, the relative errors in the lift and drag coefficients 
were 2.14% and 2.88%, respectively. Therefore, consider‐
ing calculation accuracy and efficiency, a dimensionless 
time step of 0.02 s was selected.

2.5  Accuracy verification of numerical method

Aiming to verify the accuracy of the SST k−ω turbu‐
lence model, the amplitude of the VIV responses in the CF 
of the cylinder at different Ur was compared with the clas‐
sical experimental results of Khalak and Williamson (1996), 
as well as the numerical simulation results of Xu et al. (2022) 
and Zheng and Wang (2017). These comparisons are shown 
in Figure 4, where the detailed parameters of the cylinder are 
introduced. The dimensionless fluid velocity Ur is expressed 
as follows:

Ur =
um

fn D
(10)

where fn is the natural frequency of the structure.
Under the condition of Ur = 5, the simulation results in 

this study differ by 7.0% from the reference results. In 
addition, the maximum error in the mean values was 5.71%. 
This difference can be attributed to variations in vibration 

frequency related to different numerical or experimental 
conditions, as well as differences in the Reynolds number. 
Therefore, these comparison results verify the accuracy of 
the numerical method used in this study.

3  Results and discussion

3.1  The influence of incoming flow form on 
the response characteristics of underwater 
manipulator

The VIV response characteristics were analyzed under 
uniform and pulsating flows (Cases 1 and 2, respectively) 
to explore the influence of pulsating flow on the manipula‐
tor. The A2 and A3 postures of the manipulator, as listed in 
Table 1, were selected for this analysis. The time history 
curves of the lift and drag coefficients of the manipulator 
under the two different inflow conditions are illustrated in 
Figure 5. When the rotation angle was 135°, the lift coeffi‐
cient exhibited a strong regularity under uniform flow, 
with its waveform closely resembling a standard sine 
form. Under pulsating flow conditions, the lift coefficient 
continued to fluctuate sinusoidally over time. However, 
multiple extreme values appeared within each cycle. Addi‐
tionally, the maximum lift coefficient under pulsating flow 
reached 0.164, which was approximately 1.84 times higher 
than under uniform flow. The drag coefficient remained 
relatively stable under uniform flow but exhibited a sub‐
stantial increase under pulsating flow. The drag coefficient 
in pulsating flow was approximately 1.46 times higher than 
that under uniform flow. The nonstationary fluctuations of 
the drag coefficient can be attributed to the varying inten‐
sity of the pulsating flow and the variable impact positions 
on the surface of the manipulator (Gupta et al., 2020).

When β reached 180°, the CL, max and CD, max increased by 

Table 3　Calculation results under different grid numbers

Mesh

M1

M2

M3

Nodes of 
background

22 512

32 224

42 781

Nodes of 
foreground

2 200

2 400

2 900

CD

1.262

1.260

1.254

CL, rms

0.817 9

0.834 1

0.834 4

Figure 4　VIV vibration amplitudes of the structure displacement in 
the CF direction

Table 4　Calculation results at different time steps

Time steps (s)

0.03

0.02

0.01

CD

1.287

1.260

1.240

CL, rms

0.858

0.834

0.831
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53.98% and 42.97%, respectively, compared to uniform 
flow. In other words, the superimposed pulsating flow 
increased the force on arm 2, with the effect being more 
pronounced when the cross-section axial ratio was smaller.

A major cause of vibration in the CF direction of the 
manipulator is vortex shedding (Liu et al., 2020). In steady 
flow, the vortex-shedding frequency is equal to the lift fre‐
quency for vortex-induced cylindrical vibrations. Aiming 
to further investigate the effect of pulsating flow on arm 2, 
the fast Fourier transform of the lift curve and structural 
displacement response were performed to determine the 
vortex-shedding and structural vibration frequencies, respec‐
tively. Figure 6 shows the spectral analysis results obtained 
for the displacements and CL of the underwater manipula‐
tor’s VIV system under uniform and pulsating flows. When 
the incoming flow was uniform flow, the CF amplitude of 
the elliptical cross-section was 1.783 × 10−3, which was con‐
siderably smaller than that of the circular cross-section. 
After the pulsating flow was introduced, the CF amplitude 
of the circular cross-section was approximately 73 times 
larger than that of the elliptical cross-section. The ampli‐
tude comparison between the IL and CF directions under 
uniform flow in Figure 6(a) revealed that the CF ampli‐
tude was approximately 21.7 times greater than that of the 
IL. As shown in Figure 6(b), the CF amplitude was approx‐
imately 5.3 times the IL amplitude. In other words, the CF 
amplitude was approximately one order of magnitude greater 
than the IL direction amplitude (Bao et al., 2012; Liu et al., 
2020). The multifrequency phenomenon observed under puls‐
ing inflow is a typical characteristic of the oscillatory flow 
response (Mittal, 2017), with the corresponding amplitude 
being smaller than that under uniform flow.

The trajectory shape plays a crucial role in determining 
the amplitude and frequency content of fluid dynamics, 
which is closely related to the energy transfer between the 
fluid and the structure (Kozakiewicz et al., 1997). Figures 7 
and 8 show the trajectory of the underwater manipulator 
under uniform and pulsating flow conditions, respectively. 
Under uniform incoming flow (Figure 7), the motion tra‐
jectory was approximately crescent-shaped, which was 
caused by the vibration phase difference between the IL 
and CF directions near 90° or 270° (Bourguet et al., 2013). 
Additionally, the displacement in the y-direction was con‐
siderably higher than that in the x-direction. Compared 
with Figure 7, after the pulsating flow was applied, the dis‐
placement range of the manipulator notably increased. 
Specifically, as depicted in Figure 8(a), when the cross-
section was elliptical, the vibration exhibited a composite 
pattern of multiple “∞” superpositions of different sizes. 
The overall trajectory resembled a lateral vase, with the 
displacement along the x-axis being larger than along the 
y-axis. This behavior can be attributed to the superposition 
of multiple vibration frequencies in response to the pulsat‐
ing flow and the enhanced interference from the incoming 
flow. When the cross-section was circular, the vibration 
trajectory comprised multiple “8” with different sizes, which 
corresponds with the figure-eight trajectory shape found by 
Nguyen and Nguyen (2016).

Figure 5　Time history curve of the lift and drag coefficients
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The difference in vortex shedding behaviors also con‐
tributed to the variation in the trajectory of the manipulator 
under the two different incoming flows (Yun et al., 2017). 

Figure 6　Spectral analysis of displacement and lift coefficient

Figure 7　Trajectories of the underwater manipulator under uniform 
flow

Figure 8　Trajectories of the underwater manipulator under pulsating 
flow
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Figure 9 shows the variations in the wake-field instanta‐
neous vorticity diagrams for different inlet flows. In the 
figure, the red and blue vortices represent positive and nega‐
tive vorticity, respectively. Notable differences were observed 
in the wake patterns of underwater manipulators with dif‐
ferent cross-section shapes. When the cross-section was 
elliptical, the vortex shedding pattern behaved similarly to 
that of a fixed elliptical cylinder due to the small trans‐
verse amplitude. By contrast, the AR of the elliptical cross-
section in this study was close to 0.5, making it less sus‐
ceptible to VIV (Zhu et al., 2023). The vortices on both 
sides of the manipulator were longer compared to those of 
the circular cross-section, resulting in a lower vibration 
degree. In addition, under uniform flow conditions, the wake 
distribution was relatively uniform. The vortices were shed 
from the upper and lower sides of the manipulator, and the 
wake exhibited the standard 2S mode. Additionally, by com‐
paring Figures 9(c) and 9(d), the vibration amplitude of the 
underwater manipulator under pulsing flow was substan‐

tially higher than that under uniform flow. This finding indi‐
cates that the force acting on the manipulator drastically 
increased under pulsing flow, which is consistent with the 
trend observed in Figure 5.

3.2  The influence of pulsation parameters on the 
response characteristics of underwater manipultor

Aiming to further explore the influence of pulsating 
flow parameters on the VIV response of the underwater 
manipulator, the CL and CD, representing the centroid tra‐
jectory and vortex shedding of the elliptical section manip‐
ulator, respectively, under different f and A values, were 
analyzed.

3.2.1 Effect of pulsating frequency
The calculation results for Cases 2–4 were considered in 

this analysis. Figure 10 illustrates the CL and CD curves after 
the flow stabilizes. The CL curves exhibited a clear beat 
form, indicating that the force coefficient amplitude had a 

Figure 9　Flow field around manipulator with different inlet flows

Figure 10　Time histories of lift and drag forces acting on arm 2
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certain long-period variation over time. This behavior 
occurred due to unsynchronized vortex frequency with the 
vibration frequency.

When f = 0.2 Hz, CD, max = 1.02 and CL, max = 0.16, which 
were lower than the values observed for elliptic cylinders 
under uniform flow (Kumar et al., 2018). As f increased, 
the lift and drag coefficients also increased. When f reached 
0.4 Hz, the lift coefficient increased by 67%, while the drag 
coefficient showed a small increase of 7.3%. This differ‐
ence can be attributed to the fact that the fluctuating pres‐
sure induced by vortex shedding intensified with increasing f 
(Duan et al., 2023).

The data were analyzed in the frequency domain using 
the wavelet transform method, thereby obtaining the VIV 
frequency and the corresponding amplitude, as well as the 
vortex-shedding frequency. Figure 11 shows the displace‐

ment and vortex shedding spectral analysis at different pul‐
sating frequencies, where the effect of f on arm 2 is further 
investigated via comparative analysis. When f = 0.2 Hz, the 
vibration frequency of arm 2 in the x-direction was 0.25 Hz, 
with a corresponding vibration amplitude of 0.008 69. When 
f = 0.4 Hz, the vibration frequency and amplitude in the 
x-direction increased by 67.05% and 24.14%, respectively. 
This finding demonstrated an increasing trend in vibration 
frequency and corresponding amplitude in the x-direction as f 
increased. In addition, the vibration frequency in the CF 
direction was identical to the vortex-shedding frequency, indi‐
cating that the manipulator’s vibration was synchronized with 
vortex shedding. When f = 0.2 Hz, the CF direction vibra‐
tion and vortex-shedding frequencies were both 1.598 Hz, 
with the vibration and vortex-shedding amplitudes being 
0.001 3 and 0.058 9, respectively. When f increased to 0.4 Hz, 

Figure 11　Spectral analysis of displacements and lift coefficient
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the CF direction vibration and vortex-shedding amplitudes 
increased by 69.23% and 126.32%, respectively. This find‐
ing further indicated that the oscillatory force acting on the 
upper and lower manipulator surfaces was enhanced as f 
increased.

Figure 12 shows the trajectory profiles obtained of the 
underwater manipulator obtained for different f values. In the 
range of 0.2–0.4 Hz, the VIV trajectory of the underwater 
manipulator showed a diversified trend. Analysis results 
revealed that the underwater manipulator exhibited a dis‐
cernible pattern in its overall trajectory, with the displace‐
ment of arm 2 along the x-direction being notably larger than 
that along the y-direction. This observation aligns with the 
values shown in Figure 11. When f = 0.2 Hz (Figure 12(a)), 
the trajectory shape was similar to that of a vase placed on 
its side. As the CF displacement increased, the IL displace‐
ment decreased, reaching a minimum value at x = 1.2 × 
10−3 (with a shape similar to the neck of a vase). Subse‐
quently, the IL displacement increased as the CF displace‐
ment continued, having a maximum value at x = 1.5 × 
10−3. When f = 0.3 Hz (Figure 12(b)), the trajectory of the 
manipulator resembled that of a vase with a large mouth 
and a small bottom. When the pulsating frequency was 
0.4 Hz, the motion trajectory in the y-direction gradually 
decreased over time. This change further indicated the 
influence of pulsating frequency on the VIV trajectory 
(Silva-Ortega and Assi, 2017).

Figure 13 shows the vorticity clouds of the manipulator 
at three sets of pulsation frequencies, where (a), (b), and 
(c) correspond to f = 0.2, 0.3, and 0.4 Hz, respectively. 
During the vortex shedding period T, distinct positive and 
negative vortices formed at the trailing edge of the ellipti‐
cal cylinder and developed downstream. The vortex gener‐
ated at the lower rear of the elliptical column reached its 
maximum lift force at t = t0 + 1/3T. Subsequently, this vortex 
migrated toward the rear of the elliptical column, reaching 
its position at t = t0 + 2/3T. As time progressed, the shed‐
ding vortex gradually moved along the centerline of the 
elliptical cylinder, gradually moving away from the elliptical 
cylinder and eventually dissipating its energy. At t = t0 + T, 
another vortex was also generated at the upper rear of the 
elliptical column, resulting in a maximum negative lift force. 
Additionally, at the start time t0, as f increased, the upstream 
vortex length decreased from 0.14 to 0.11. Moreover, sec‐
ondary vortex shedding became more pronounced. Flow 
separation and vortex shedding were weak due to the close 
streamline profile of the elliptical cylinder. The wake vortex 
patterns of the elliptical cylinder remained similar across 
different f values, revealing a notable reduction in vortex 
spacing as f increased. Consistent with the trend depicted 
in Figure 11, an increase in f resulted in a corresponding 
rise in the frequency and energy of vortex shedding, as well 
as an amplification of the elliptical cylinder’s amplitude.

3.2.2 Effect of pulsating amplitude
In addition to pulsating frequency, the pulsating ampli‐

tude also substantially impacted the VIV response of the 
underwater manipulator. Therefore, this section presents 
an analysis of the manipulator VIV’s response characteris‐
tics for different A, including hydrodynamic coefficients, 
vibration frequency, and motion trajectories. Figure 14 illus‐
trates the CL and CD curves for three sets of A values. Notably, 
as the pulse amplitude increased, the lift coefficient of the 
manipulator exhibited a similar fluctuation trend, although 
with a gradual decrease in its peak value. The drag coeffi‐
cient exhibited a smooth sinusoidal pattern, in which the 
amplitude increased with the pulse amplitude. When A was 
0.2, CL, max = 0.164; when A increased from 0.2 to 0.4, 
CL, max decreased to 0.11. This outcome slightly differed 

Figure 12　Trajectories of underwater manipulator for A = 0.2
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from the behavior obtained for a fixed cylinder (Zierenberg 
et al., 2006). For CD, an opposite trend was observed, with 
CD, max increasing by 36.79% as A increased. This finding 

showed that, as A increased, the flow field pulsation inten‐
sified, leading to a rise in the drag force on arm 2. Conse‐
quently, the sustained impact on arm 2 also increased. How‐

Figure 13　Formation, development, and shedding of vortices in a period

Figure 14　Time history curve of the lift and drag coefficients
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ever, the sustained impact force from the incoming flow 
had no direct effect on CL.

Table 5 lists the vibration frequency of the manipulator in 
the x-direction ( fx /D), the vibration frequency in the y-direc‐
tion (  fy /D), the vortex shedding frequency (  fs), and the cor‐
responding amplitudes for varying A. As A increased, the 
vibration frequency of arm 2 in the x-direction remained 
constant at 0.248 9. However, the vibration amplitude experi‐
enced a notable increase, rising from 0.087 to 0.017 8, repre‐
senting a remarkable growth of 104.6%. As shown in 
Table 5, the vibration frequency in the y-direction, the vortex-
shedding frequency, and their corresponding amplitudes 
all demonstrated a decreasing trend as A increased. Specifi‐
cally, as A increased from 0.2 to 0.4, the y-direction vibra‐
tion and the vortex-shedding frequencies decreased from 
1.598 to 0.699 Hz, revealing a reduction of 56.26%. The 
corresponding amplitudes were reduced by 53.85% and 
28.53%. This finding can be attributed to the influence of 
CD and CL on IL and CF displacements, respectively. This 
result aligns with the variations in the lift and drag coeffi‐
cients exhibited in Figure14.

Figure 15 illustrates the underwater manipulator trajec‐
tories obtained for f = 0.2 Hz and A = 0.2, 0.3, and 0.4. 
Compared to the trajectories in Figure 12, the motion tra‐
jectory of the manipulator became more complex, imply‐
ing that variations in pulsating amplitude exert a more sub‐
stantial influence on the force exerted on the manipulator. 
The trajectories for all three sets of working conditions exhib‐
ited similar trends, resembling a vase placed on its side. 
When A = 0.2, arm 2 moved back and forth in the x-direc‐
tion within a range of 0.036 to 0.053, and in the y-direc‐
tion, arm 2 vibrated between −0.003 5 and 0.003 5. When 
A = 0.4, the displacements of arm 2 in the IL and CF direc‐
tions were 0.035 and 0.005 2, respectively. As A increased, 
the displacement range of the underwater manipulator in 
the y-direction gradually decreased, while the displacement 
range in the x-direction increased. This displacement varia‐
tion trend corresponded exactly to the CL and CD variation 
trends, as shown in Figure 14.

Figure 16 demonstrates changes in the vorticity of arm 2 
within a single period under different A values. The vortex 
shedding pattern was similar to that in Figure 14, remaining 
in the 2S mode. As indicated in Table 4, the vibration ampli‐
tude of the elliptical cylinder was negligible, resulting in a 
constant flow field around the elliptical cylinder. However, 
as A increased from 0.2 to 0.4, the wake width increased 

by 20%. Additionally, the distance between the center of 
the first vortex and the elliptical cylinder decreased, while 
the vibration amplitude of the manipulator increased. This 
change was associated with the thinning of the laminar 
shear layer as A increased, which intensified the strength 
of the formed vortices.

3.3  The influence of arrangement form on the 
response of characteristics of underwater 
manipulator

Different postures of the manipulator alter the shape of 
the upstream and downstream cross-sections, which, in turn, 
affects the VIV response characteristics, including the force 
coefficients acting on the upstream and downstream arm 

Table 5　Values of vibration and vortex shedding frequencies

Parameters

A = 0.2

A = 0.3

A = 0.4

fx/D

0.249 8

0.249 8

0.249 8

Ax/D

0.008 7

0.013 2

0.017 8

fy/D

1.598

0.949

0.699

Ay/D

0.001 3

0.000 9

0.000 6

fs

1.598

0.949

0.699

A'

0.058 9

0.052 6

0.042 1

Figure 15　 Trajectories of the underwater manipulator under 
different amplitudes
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surfaces. Herein, the VIV response analysis was performed 
for postures A1 and A4 under the pulsating flow condition 
of Case 7. Figures 17(a) and (b) show the CL and CD time 
histories at β = 45° , respectively. The solid and dotted 
lines represent the upstream and downstream arm coeffi‐
cients, respectively. The figure clearly demonstrates that 
the lift and drag coefficients of the manipulator exhibited 
multiple peaks within the same period, indicating a height‐
ened pulsation in the flow field. Additionally, the curve 
exhibited noticeable nonsmoothness. Specifically, the drag 
coefficient of the upstream manipulator exhibited minor 
fluctuations between its peaks and troughs, which distinctly 
contrasted with the smoother drag coefficient curve depicted 
in Figure 10. The maximum values observed were CL1 = 
2.185, CD1 = 2.526, CL2 = 4.350, and CD2 = 1.618, where 
the subscripts 1 and 2 represent arms 1 and 2, respectively. 
The amplitude of CL1 was smaller than that of the down‐

stream arm, while the amplitude of CD1 was larger. This 
finding indicates that the wake from the upstream arm 
affected the downstream arm during VIV, weakening the 
CF vibration. Notably, CD2 was strongly negative, indicat‐
ing that the downstream manipulator was propelled for‐
ward due to this phenomenon (Raman et al., 2013). Simul‐
taneously, the incoming flow was pulsating, increasing the 
impact on the upstream arm. Thus, the force exerted on the 
downstream arm was suppressed due to the wake from the 
upstream arm, which had a “shielding” effect on the part 
of the incoming flow. Therefore, the CL2 amplitude was 
small. Compared to the downstream elliptical section of 
the same shape in Figure 11(b), CL and CD were reduced 
by 61.52% and 9.33%, respectively. At β = 315°, as shown 
in Figures 18(a) and (b), the fluctuations in CL1 and CD1 
were smaller than those observed at β = 45°. This phenom‐
enon was due to the reduced width of the shear layer 

Figure 17　Time histories of lift and drag coefficients at β = 45° . 
Solid line: upstream arm. Dashed line: downstream arm

Figure 18　Time histories of lift and drag coefficient at β = 315° . 
Solid line: upstream arm. Dashed line: downstream arm

Figure 16　Vorticity cloud maps with different pulsating amplitudes
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movement as the CF section changed from circular to ellip‐
tical, which aligned with the pattern shown in Figure 6. 
Furthermore, in contrast to Figure 16, CD2, max was approxi‐
mately 2.05 times greater than that of the upstream manip‐
ulator. The large spacing between the arms weakened the 
wake interference effect of the upstream cylinder on the 
downstream cylinder. Additionally, the upstream arm cross-
section was elliptical; thus, the vortex generated by the 
upstream arm was smaller, which had a lesser influence on 
the stability of the downstream arm’s VIV (Alam et al., 
2003).

Aiming to further explore the effect of the pulsating 
flow on the vibration response characteristics of the differ‐
ent arrangements, the vortex-shedding and vibration fre‐
quencies of the underwater manipulator were analyzed for 
the following two arrangements: β = 45° and 315°. Consid‐
ering the existence of pulsating flow and gap fluid, the 
multipeak effects of vortex shedding and vibration fre‐
quency of underwater manipulators were highly evident. 
Figure 19 shows the spectral analysis of the vibration fre‐
quency in the manipulator and the vortex shedding fre‐
quency. As presented in Figure 19(a), in the IL direction, 
the vibration frequencies of each amplitude peak were 
generally similar, and the fundamental frequencies were 
0.449 6 Hz. When β = 45°, the downstream arm vibration 
frequency was equal to the vortex-shedding frequency. 
However, the upstream arm vibration frequency differed 
from the vortex-shedding frequency, indicating the occur‐
rence of beat vibration. When β = 315°, the vibration fre‐
quency in the y-direction and the vortex-shedding frequency 
of both arms were equal. However, the vibration frequency 
of the downstream arm was higher than that of the upstream 
arm. Simultaneously, the vibration and vortex shedding of 
the two arms did not achieve coordinated synchronization. 
In addition to the distance between the two cylinders, the 
upstream column shape also played an important role in 
influencing the VIV response (Wang et al., 2022).

Figure 20 shows the manipulator trajectory curves for 
two different postures. The trajectory of an object was more 
complex than that of a single cylinder, and the overall 
shape of the trajectory could not be attributed to a simple 
superposition of individual shapes (Wang et al., 2020).

Figures 20(a) and (b) show that the trajectories of the 
upstream and downstream arms were axisymmetric, which 
aligns with the results reported by Duan et al. (2023). When 
the elliptical segment was positioned upstream, the underwa‐
ter manipulator maintained a relatively stable working pos‐
ture. The axis of the upstream manipulator was y1/D = −0.01, 
and its trajectory shape was similar to a “butterfly”. The 
trajectory of the downstream arm was symmetrical, with 
y2 /D = −0.05. Comparison between Figures 21(a) and (b) 
showed that the displacement range of the downstream 
arm was larger than that of the upstream arm. By contrast, 
when β = 315° (Figures 20(c) and (d)), the trajectory of 

the upstream arm was relatively simple, while the down‐
stream arm exhibited a more aperiodic trajectory. The tra‐
jectory was relatively chaotic and overlapping, indicating 
that the downstream arm was substantially affected by inter‐
ference at this time. These results further indicate that dif‐
ferent configurations of the manipulator lead to different 
effects on the VIV behavior.

Figure 21 shows the vortex-shedding behavior of the 
manipulator with two poses over a complete cycle. When 
β = 315° , a stable vortex shedding was observed in the 
wake; when β = 45° , the wake appeared highly complex. 
Considerable differences were also observed in the fluid–
structure coupling mechanisms of the two tandem double 
cylinders. As shown in Figure 21(b), when t = t0 + 1/4T, 
the downstream arm reached its highest point. At this 
moment, the vortex shedding from the upstream arm col‐
lided with the lower side of the downstream arm and fused 
with the vortex shedding from the lower side of the down‐

Figure 19　 Spectral analysis of vibration frequency and vortex 
shedding frequency
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Figure 20　Trajectories of the underwater manipulator under different amplitudes

Figure 21　Formation, development, and shedding of vortices in a period under pulsating flow
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stream arm. This interaction enhanced the vortex strength 
on the lower side of the downstream arm, thereby strength‐
ening its vibration. In particular, vortex shedding with a 
pattern similar to the P+S pattern occurred behind the ma‐
nipulator. The transverse vibration amplitude exceeded 
that observed in a single-arm manipulator. Compared to 
the VIV response of a single-arm manipulator, the motion 
of the downstream arm in this setup was mainly influenced 
by the obstruction caused by the upstream arm. This out‐
come was clearly different from the vortex shedding that 
occurred during VIV under uniform downflow conditions.

4  Conclusions

This study investigated the effects of pulsating incom‐
ing flow on the VIV response characteristics of an under‐
water manipulator. Aiming to better understand this behav‐
ior, the VIV response characteristics of the manipulator in 
different postures were compared and analyzed under pul‐
sating and uniform flow conditions. The study also exam‐
ined the effects of pulsation parameters and manipulator 
arrangements on the underwater manipulator’s response. 
The key conclusions drawn from this study are presented 
as follows:

1) When the manipulator was in the A2 and A3 postures, 
CL, max and CD, max increased by 84.27% and 46.0%, respec‐
tively, as the incoming flow transitioned from uniform to 
pulsating. Moreover, the vibration trajectory of the manip‐
ulator shifted from a crescent to a sideward vase-like shape.

2) The drag coefficient and IL amplitude tended to 
increase as the pulsation parameter values increased. How‐
ever, the lift coefficient and cross-flow amplitude increased 
with the pulsation frequency but decreased as the pulsation 
amplitude increased.

3) When the underwater manipulator was in the A1 pos‐
ture, the CL of the downstream arm increased by 99.1%, 
while its CD decreased by 35.94% compared to the upstream 
arm. Additionally, the vibration frequency of the down‐
stream arm in the y-direction was approximately 1.24 times 
greater than that of the upstream arm.

4) When the underwater manipulator was in the A4 pos‐
ture, the CL and CD values of the downstream arm increased 
by 94.31% and 106%, respectively, compared to the 
upstream arm. Moreover, the vortex-shedding mode was 
2P, and the motion trajectory demonstrated a regular cen‐
ter-symmetric profile.

The results of this study will contribute to the future 
exploration and utilization of marine resources. Based on 
the findings, the response characteristics of the underwater 
manipulator provide valuable insights for improving the 
hydrodynamic model and offer preliminary foundational 
research to support the stable operation of underwater 
manipulators in marine environments. However, consider‐

ing the complexity of actual flow fields, this study simpli‐
fied the analysis by assuming a stable pulsating flow field. 
Additionally, this study focused on a two-dimensional 
flow field at the middle cross-section of the manipulator to 
eliminate the influence of the free end on the flow field. 
Future research can extend this work to three-dimensional 
flow fields and consider factors such as the influence of 
the free end, cross-sectional shape, and spacing on the 
VIV of underwater manipulators.
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