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Abstract

Remotely operated underwater vehicles (ROVs) play a significant role in the domain of un-
derwater robotics, as observed in the field of deep-sea aquaculture. However, conventional
stationary suction-tube underwater collection robots often struggle to efficiently collect
target organisms located within complex reef environments. To address this limitation,
this paper proposes an underwater object suction robot with a variable flexible tube. For
vision-based object recognition tasks, stable vehicle motion is essential, as hydrodynamic
disturbances can significantly degrade visual accuracy. Therefore, a systematic numerical
investigation is conducted into the hydrodynamic characteristics of the ROV under dif-
ferent suction-tube shapes. Computational fluid dynamics (CFD) simulations are used
to evaluate the resistance acting on the vehicle. The results provide guidance for motion
control strategies aimed at reducing disturbance effects and improving the robustness of
underwater robotic vision.

Keywords: underwater robot; overall design; benthic aquatic organisms; hydrodynamic
calculation; numerical simulation of flow field

1. Introduction

The ocean is a major source of mineral resources and seafood, with global aquaculture
production reaching 130.9 million tons in 2022, valued at USD 312.8 billion and accounting
for 59% of global fisheries and aquaculture [1]. Coastal marine fishery farms play a
key role in this growth while supporting environmental sustainability. Traditional marine
farming faces significant challenges [2]. Prolonged exposure to the underwater environment
increases the risk of chronic occupational diseases. As a result, research on underwater
object collection robots is urgent.

At present, underwater robots for collecting subsea objects can generally be categorised
into mechanical-grasping types and suction-tube types. The grasping-type ROV is typically
equipped with a mechanical arm or other grasping devices designed to capture marine
organisms. However, the manipulator usually has a rigid end actuator, and it is hard to
control the grasping force accurately [3]. For example, the Falcon ROV by Seaeye can
generate lifting and gripping forces up to 500 Ibf and is not optimal for delicate specimen
collection [4]. Recently, soft grippers have been used increasingly as end actuators, but
they also face limitations such as low output force, and pneumatic or hydraulic grippers

J. Mar. Sci. Eng. 2026, 14, 624

https:/ /doi.org/10.3390/jmse14070624


https://crossmark.crossref.org/dialog?doi=10.3390/jmse14070624&domain=pdf&date_stamp=2026-03-30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0009-0007-6914-1329
https://doi.org/10.3390/jmse14070624

J. Mar. Sci. Eng. 2026, 14, 624

2 of 25

may not adapt to high ambient pressure. Soft grippers require substantial actuation
and control components to withstand water pressure and achieve the desired dynamic
performance [5,6]. To prevent damage to organisms, suction samplers are a more non-
destructive collection method and have become a critical focus of ongoing research.

A suction sampler is a device that uses a pump connected to a nozzle to collect soft-
bodied organisms. In contrast, mainstream underwater grippers are designed for heavy-
load tasks typical of the industrial sector [7]. Recent studies on suction tube underwater
robots mainly focus on the collection of underwater creatures. Liu et al. (2022) [8] designed
a deep-sea, low-damage, and pressure-keeping biological sampler based on a Hydraulic
Suction Macro-Biological Pressure Sampler (HSMPS), in which a suction pump generates
negative pressure to capture benthic organisms. The HSMPS (Figure 1) can be carried
on manned or unmanned submersibles for operation [9]. Shillito, B et al. (2022) [10,11]
designed the PERISCOP system Pressurised Recovery Device (PRD), which uses a pump-
driven suction tube mounted on an ROV or submersible to generate localised negative
pressure at the tube inlet. This suction flow entrains the target organism together with
ambient seawater and transports it into a sampling cell. The target object in the sampling
cell is then transferred to the PRD with a pressure-retaining mechanism, which can enable
the capture of underwater creatures in the high-pressure deep sea [9,10]. From the recent
literature on suction-tube underwater robots, mainstream suction samplers used in ROVs
are always fixed on the robot with low freedom. This kind of design fails to adapt well to
the mission of efficiently sucking up target objects hiding in reef environments. Compared
with grasp-type soft arms, such as those reported by Liu et al. [8], flexible suction tubes
that can be manipulated by servo motors have higher response speed and collection speed.
Therefore, this paper proposes a variable flexible tube underwater object suction robot with
multiple degrees of freedom to capture benthic organisms hidden in reef environments.
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Figure 1. Structure of the HSMPS designed by Liu et al. (2022) [8].

The flow dynamics within coral reef systems are strongly influenced by their irregular
branching morphologies across multiple spatial scales. In shallow coastal regions with
rough surfaces, such as reef or rocky environments, frictional stress at the seabed becomes
a dominant factor governing momentum transfer and energy dissipation [12,13]. Thus, to
improve the accuracy of capturing benthic organisms, the study of the influence of the reef
environment on the variable flexible tube underwater object suction robot seems extremely
important. The mainstream methods include experiment-based methods, analytical and
semi-empirical (ASE) methods, and numerical methods [14]. The numerical method is a
practical and efficient way to obtain hydrodynamic coefficients of underwater robots with
precisely constructed mathematical models [15]. Lin et al., based on the RANS solver with
SST k — wk — w turbulence closure, applied a dynamic mesh model successfully to the
PMM test simulations of an underwater vehicle [16].
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Numerical simulations were performed using Fluent in ANSYS™ Workbench (ANSYS,
Inc., Canonsburg, PA, USA). The SST k — w turbulence model was adopted to improve
computational stability and prediction accuracy. Steady motion simulations are simulated
at different variable flexible tube angle. The mechanical structure introduction of the
variable flexible tube underwater object suction robot and its dynamic model, including
hydrodynamic effects, are covered in Section 2.

The study flow diagram is shown in Figure 2.

[ (a) Model simplification ]—0[ (b) Computational domain ]

[ (d) Selection of solution parameters (¢) Mesh diViSigntar,lld boundary layer}
] ctails

[ (e) Solution postprocessing ]—»[ (f) Hydrodynamic coefficient results ]

Figure 2. Overall CFD research workflow for the variable flexible tube ROV.

2. Mechanical Structure and Modelling

The concept diagram of the working environment of the ROV system is shown in
Figure 3. The ROV is assumed to operate in a coastal seabed environment at a depth
of 10-30 m, where moderate currents (0.2-1 m/s) are commonly encountered. During
operation, the vehicle maintains stability while adjusting the bending angle of the variable
flexible suction tube to approach target organisms located on the seabed. The main pa-
rameters of the ROV are as follows: Main dimensions: Length 1155 mm, Width 515 mm,
Height 380 mm; Propulsion system: Four horizontal thrusters, two vertical thrusters, and
two water pump thrusters; Total power 1068 W; Empty weight: Around 26 kg; Fishing
capacity: Based on the negative pressure principle, it can suck sea cucumbers. The fishing
capacity per time is approximately 30 kg when entering water independently.
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Figure 3. Concept drawing of underwater object suction robot.

As shown in Figure 4, the fixed coordinate system E — 1 & ( is the inertial coordinate
system for the ROV, with the Earth as the reference. The E ¢ axis points to the centre of the
Earth, the E ¢ axis aligns with the main course of the ROV, and the E 1 axis is defined using the
right- hand rule. The moving coordinate system O-xyz is set on the ROV body, with the ROV’s
centre of gravity as the origin of the coordinate system. The Ox axis points forward along the
ROV’s longitudinal profile, the Oy axis points to the right of the ROV, and the Oz axis points
downward. The O-xyz system forms a right-handed rectangular coordinate system.
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Figure 4. ROV body coordinates and fixed coordinates.

Figure 5 shows the overall mechanical structure of the variable flexible tube un-
derwater object suction robot. In this paper, the underwater robot is assumed to oper-
ate at a distance from the seabed in a reef environment, which is simplified as an open

water environment.
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Figure 5. Overall mechanical structure of the underwater object suction robot: (a) front view; (b) rear

view; (c) side view; (d) prototype of the underwater robot.

The innovative mechanism designed for the sea cucumber suction robot in this paper
is a servo-driven flexible suction tube system. The schematic diagram of the rotation and
extension mechanism of the suction tube is presented in Figure 6.

Compared with a conventional stationary suction tube that is rigidly fixed to the ROV
frame and relies on full-body repositioning to align with targets, the proposed variable
flexible suction tube incorporates independent yaw rotation and telescopic extension. This
allows the suction port to adjust its orientation and reach locally without moving the
entire vehicle, thereby improving accessibility to reef crevices, reducing hydrodynamic
disturbance, and enhancing collection efficiency while maintaining structural simplicity.

Table 1 summarises the six-degrees-of-freedom kinematic variables of the underwater
robot, including the corresponding forces and moments, velocities, accelerations, and

positions/Euler angles.
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Figure 6. Modelling and prototype verification of variable flexible pipe systems. (a) Model of suction

tube; (b) prototype of suction tube.

Table 1. Six-degrees-of-freedom kinematic variables of the underwater robot.

Movement Force and Linear Velocity Acceleration/ Position
Attitude Moment Angular Velocity Angular Acceleration /Euler Angle

Longitudinal motion (Surge) X u U’ X
Lateral motion (sway) Y A4 v’ y
Vertical motion (heave) Z w w’ z
Rolling motion (roll) K P P @
Pitching motion (pitch) M q q 0
Yawing motion (yaw) N r r’ P

The transformation relationship from the fixed coordinate system to the moving
coordinate system is derived using the roll angle ¢, pitch angle 8 and heading angle 1 of
the ROV in the moving coordinate system.

¢ x
| =S|y (1)
¢ z
costp —sinyp 0| |cosd sin@ Of | cosp 0 sing
S=|sing cosp O 0 1 0 0 1 0 )
0 0 1| |sinf —cos® 1| |—sing 0 cosg
cosypcost  cosipsinfsing — singcosg  cosypsinfcosg + sinypsing
singcost)  sinysinfsing + cosycosg  sinysinfcosg — cosysing (©)]
—sinf cosfsing cosfcosg
sT =571 (4)

The transformation matrix S represents the transformation relationship between the
fixed coordinate system and the moving coordinate system. Since both coordinate systems
are orthogonal, the transpose of the transformation matrix S is equal to its inverse.

Assuming the ROV moves along a given coordinate direction with speed U, the
viscous hydrodynamic formulation is simplified to include both first-order and second-
order hydrodynamic terms as Equations (5) and (6).

The viscous hydrodynamic expressions for the motions occurring in only a single
direction are rewritten as Equation (7). In the rewritten expressions, the coefficients of
the hydrodynamic terms will not be affected by the direction of the velocity. Taking the
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longitudinal force during the longitudinal straight motion as an example, the rewritten
expression for the longitudinal force is given in Equation (8).

Fpu) = PUU+F{2uu}u ®)
() ()2 >
Fo(Ul) = { PUH| u | +Fu(,{)u 2 (U >0) ©
£ u | +Ejur (u<o)
Fp(U) = F|U‘ | U | +FUU+FU‘U‘U | U | +Fuuu2 (7)
Xu= Xy || +Xuu+ Xyypu | u + X1t (8)

In the hydrodynamic formulation, both first-order (linear) and second-order (quadratic)
velocity terms are included. The linear terms (e.g., Xy) represent viscous damping effects
that are approximately proportional to velocity. These terms are mainly associated with
boundary-layer shear stress and attached flow behaviour, and they are typically more
significant at lower velocities.

The quadratic terms (e.g., X)) correspond to pressure-drag-dominated components
that scale with the square of velocity. They are related to flow separation, wake formation,
and the effects of projected frontal area. At moderate to higher Reynolds numbers, these
quadratic terms usually dominate the total hydrodynamic resistance.

The coordinate transformation described above establishes the relationship between
the inertial reference frame and the body-fixed frame of the ROV, allowing the vehicle
motion to be expressed in terms of six degrees of freedom (surge, sway, heave, roll, pitch,
and yaw). In underwater vehicle dynamics, hydrodynamic forces and moments acting
on the body are commonly formulated in the body-fixed frame as functions of the vehicle
velocity. For moderate Reynolds number flows typical of small open-frame ROVs, the
viscous hydrodynamic damping can be approximated using a combination of linear and
quadratic velocity-dependent terms. The linear terms mainly describe viscous friction in
the boundary layer, whereas the quadratic terms are mainly associated with pressure drag
and wake effects. Therefore, based on the established 6-DOF kinematic description, the
hydrodynamic forces and moments are expressed using a simplified viscous damping
model that includes both first-order and second-order velocity terms, as presented in
Equations (5)-(8).

3. Methodology

3.1. Governing Equations

The direct flight hydrodynamic model was built using the CFD method. The CFD
software ANSYS Fluent 2025 R2 (ANSYS, Inc., Canonsburg, PA, USA) was selected for its
accuracy and reliability. The underwater robot is assumed to be fully immersed during
operation. The Navier-Stokes (NS) equation was adopted as the governing equation for
simulating the flow field around the underwater robot. The momentum and continuity
equations can be written as follows for an incompressible Newtonian fluid [17,18].

ou; __ou; 19p ou;  ouj

g =g o oy~ TR MR (20O

| () | ap 9 dup | O 2 du ) T
p[al;Jr 7 } =t (- dad) | + & (e uin) (10)
ij =123

Here, u; and u; are the fluid velocity components along the i and j directions, respec-
tively; x; is the Cartesian spatial coordinate; p denotes the fluid density; p is the pressure
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term; t represents physical time; v is the dynamic viscosity; ¢ is the Kronecker delta; and
pru} corresponds to the Reynolds stress tensor under the Boussinesq hypothesis.

In this paper, the shear stress transport (SST) k — w model is used to close the numerical
solution. The k — w model takes into account the transfer of turbulent shear stress. The
model can predict the flow separation at the initial stage of development and in the
presence of a negative pressure gradient. It demonstrates strong applicability in dealing
with different boundary layers [19]. The SST k — w model applies the k — w approach
in the near-wall region and the k — ¢ approach in the outer flow region. The transport
equations governing the SST k — w model can be written as follows [20]:

d d 0 ok

§(Pk) + aTCi(Pk”i) = aTc] (r"ax]-> + Gr — Y (11)
0 0 0 Jdw
E(Pw) + Tﬂ(pwui) - Tx] (Fwaxj> + Gw - Yw + Dw (12)

In these equations, I'y and I',, denote the effective diffusivities of the turbulent kinetic
energy k and the specific dissipation rate w. Gy and G, represent the production of k
and w, respectively. Yy and Y, correspond to their respective dissipation terms. Dy, is
the cross-diffusion term introduced in the SST formulation, which improves the model’s
performance in adverse-pressure-gradient and separated flow regions by blending the
standard k — w models.

3.2. Numerical Solution

The basic numerical simulation process of this research is presented in Figure 7, and
the important steps will be further shown in the following chapters.

1. Pre- processing

Simplification of 3D model Fluid field settings Wall setting

Solver parameter Inlet speed/outlet wall
configuration configuration

Mesh generation

2.Numerical calculation

Iterative solution

Convergence of the result

3. Post-processing

Output and record
mechanical results

Generate velocity cloud chart, pressure
cloud chart, streamline chart

Figure 7. Numerical process of the research.

3.3. Model Simplification

The underwater object suction robot has a frame structure with a complexly geometry.
Direct meshing of the full geometry cannot provide reliable hydrodynamic force predictions,
because it results in poor mesh quality and numerous surface-penetration issues. The model
was therefore simplified. As shown in Figure 8, the simplified form eliminates other tiny
components, threaded holes in the frame plates, and connection bolts. Removing the blades
and keeping the diffuser cover helped also simplified the propeller as well.

https://doi.org/10.3390 /jmse14070624
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(c) (d)

Figure 8. Simplified model of ROV. (a) Original model of ROV; (b) simplified model at 0-degree tube;
(c) simplified model at 30-degree tube; (d) simplified model at 60-degree tube.

In this study, the detailed rotational flow generated by the propeller blades was not
explicitly simulated. The thrust produced by the thrusters was treated as an external
control input in the dynamic model, while the CFD simulations focused on evaluating the
hydrodynamic forces induced by the incoming flow acting on the ROV hull [16]. Therefore,
the propeller blades were removed to improve mesh quality and computational efficiency,
while the diffuser cover was retained to preserve the main geometric blockage effect of the
thruster housing.

Furthermore, the box intake and nozzle models were optimized and merged into
a single component. To focus on the numerical simulation of the variable flexible tube,
the model was simplified into three suction-tube configurations with different bending
degrees. In the model simplification procedure, two typical bending angles, 30° and 60°,
were selected for the variable flexible tube. The maximum bending angle of 60 degrees
was determined based on the mechanical design limits of the servo-driven joint and
preliminary structural assessment to avoid excessive stress concentration and instability
during operation. The 30° bending angle was selected as the intermediate configuration
between 0° and 60° to characterise moderate and pronounced tube deflections. These
angles cover typical operational postures encountered during benthic sampling tasks,
while being sufficiently distinct to study the nonlinear influence of different tube shape
of tube on hydrodynamic forces and moments. At the same time, they ensure numerical
convergence and mesh quality in CFD simulations [21,22].

3.4. Boundary Condition

The computational domain was defined as a rectangular fluid region surrounding
the ROV model, with dimensions scaled relative to the vehicle length (L), width (B), and
height (H). It can ensure sufficient distance from the boundaries to minimise blockage and
reflection effects. A uniform velocity inlet boundary condition was applied at the upstream
surface, with inlet velocities ranging from —1 m/s to 1 m/s depending on the motion
scenario (longitudinal, lateral, or vertical). The downstream boundary was defined as a
pressure outlet with zero-gauge pressure.

In order to study the hydrodynamic characteristics of the ROV and the influence of the
suction tube configuration, the simulations were conducted in an open-water computational
domain with uniform inflow conditions. Environmental factors such as reef roughness and

https:/ /doi.org/10.3390/jmse14070624
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ambient turbulence were not included in the present model and will be investigated in
future studies.

Three computational fluid domains, each consisting of an inner zone and an outer
zone, were designed to simulate the three motion cases of the underwater robot, with
inflow applied in the longitudinal (Figure 9), lateral (Figure 10), and vertical (Figure 11)
directions. When calculating the straight-line motion of the vehicle, the computational
domain for longitudinal motion is a rectangular region with dimensions of 4.5 L in length,
2.5 B in width and 3 H in height. The computational domain is divided into an inner
domain and outer domain. The region of the inner domain is 0.1 L and 0.5 L, 0.125 B and
0.25 H, while the outer domain extends from 0.75 L to 2.75 L, 0.75 Band 1 H [23].

275L 1H 1L 0.75L

Figure 9. The computational domain of longitudinal motion with 4.5 L length, 2.5 B width and 3 H height.

0.75 B 1B 2.75B
1H

Figure 10. The computational domain of lateral motion with 2.5 L length, 4.5 B width and 3 H height.

275 H

1H

0.75H
1L

Figure 11. The computational domain of vertical motion with 3 L length, 2.5 B width and 4.5 H height.

The computational domain of lateral motion is a rectangular region with dimensions
of 2.5 L in length, 4.5 B in width and 3 H in height. The computational domain is divided
into an inner domain and an outer domain. The inner domain extends 0.1 L upstream and
0.1 L downstream, 0.1 B and 0.4 B in the lateral direction, and 0.1 H in the vertical direction,
whereas the outer domain extends to 0.75L, 0.75 B and 2.75 B, and 1 H.

The computational domain of vertical motion is a rectangular region with dimensions
of 3 L in length, 2.5 B in width, and 4.5 H in height. The computational domain is divided

https:/ /doi.org/10.3390/jmse14070624
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into an inner domain and an outer domain. The inner domain extends 0.1 L upstream and
0.1 L downstream, 0.1 B in the lateral direction, and 0.1 H and 0.4 H in the vertical direction,
while the outer domain extendsto 1L, 0.75 B, 0.75 H and 2.75 H.

3.5. Mesh Generation

This paper uses the curvature and the proximity size functions in the surface mesh
generation for the underwater suction tube robot. The growth rate was set to 1.2 to improve
face-mesh quality, and the surface quality limit was set to 0.7. A face-sizing method was
used to control the surface mesh size of the underwater suction-tube robot, while a volume-
sizing method was used to control the mesh size of the computational fluid domain. The
volume was filled with polyhedral cells and used a global sizing method; the growth rate
was also 1.2. To improve the volume mesh, the orthogonal quality method was adopted to
constrain cell quality.

In addition, the target y* value was set to 1, which necessitated a small first-layer
thickness in the boundary-layer mesh. Accordingly, sufficient inflation layers were intro-
duced to maintain a smooth boundary-layer transition. For the ROV model, the first-layer
mesh size was specified as 0.0005 m, yielding approximately five boundary-layer layers
and achieving a balance between computational efficiency and mesh quality [24-26].

The first-layer boundary-layer thickness, y'!, can be estimated according to the follow-
ing procedure. First, the Reynolds number of the ROV model is calculated as:

(13)

where U is the velocity of the free flow, L is the length of the ROV, and u is the dynamic
viscosity of the flow. And the surface friction coefficient of the model can be estimated with

Cr = [2log10(Re) — 0.65] 2 (14)
The wall shear stress 1, can then be determined as follows:

1 2
Tw = 5pUCy (15)

I 16
u ; (16)

Since the y* value can be obtained from the following equation, the height of the

The friction velocity is

centre point in the first layer of the mesh, y,, can be derived as

+ _ PYplc oyt
= T PT o
pur

y (17)

Finally, the height of the first layer of the boundary layer can be calculated with 3.10

YH = 2Yp (18)

To study the first boundary layer thickness, the results obtained using v ~ 1.05 x 10~°m?/s
for the three angles of the suction tube are shown in Table 2. In this study, taking longitudinal
motion as an example, the mesh transition and the surface mesh distribution with the inflation
layers defined by the first-layer thickness around the geometry are illustrated in Figure 12. The
Reynolds number is calculated at a velocity of 1 m/s along the negative y axis.

https:/ /doi.org/10.3390/jmse14070624
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Table 2. First layer for underwater robot at different suction tube angle.
Suction Tube Angle Length of Vehicle (m) Reynolds Number Inflation Layer Height y;; (mm) Grid Scale (Cells)
0 1.155 1.10 x 10° 0.0496 3,545,141
30 1.124 1.07 x 10° 0.0494 3,535,296
60 1.128 1.07 x 10° 0.0494 3,632,268

Figure 12. Mesh detail of the ROV model. (a) Cross-section left view; (b) cross-section front view;
(c,d) boundary details.

Figure 12 shows the mesh distribution and local refinement around the ROV model.
The mesh is refined near the hull and suction tube, with well-resolved boundary layers to
ensure accurate prediction of flow features.

After mesh refinement and near-wall verification, the final production mesh adopted
for the CFD simulations used a face mesh size of 0.5 mm. The total grid number was
approximately 3.5 million cells, with slight variations among the 0°, 30°, and 60° suction-
tube configurations due to geometric differences. During the study of the face mesh sizing
and body mesh sizing, some issues in generating the boundary layer were resolved. The
y+ is maintained at approximately 1 for the SST k — w model, which belongs to the low
Reynolds number turbulence model. Figure 13 shows the distribution of the y+ value over
the surface of the underwater robot’s model.

Wall Yplus

1.17e+02
1.05e+02
9.35e+01
8.18e+01
7.01e+01
5.85e+01
4.68e+01
3.51e+01
2.340+01
1.18e+01
9.81e-02

contour-1

Figure 13. The distribution of y+ value over the ROV surface.
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3.6. Mesh Independence Study

A proper grid scale is important for the numerical simulation results. The computa-
tional load and solution accuracy of the solution highly depend on the number of cells [27].
In this study, the analysis was conducted under the condition of longitudinal straight
motion of the ROV with a 0° suction-tube angle along negative y axis at 1 m/s. Mesh
independence was assessed based on five simulations using five different face mesh sizes.
The corresponding drag force results for the ROV were obtained, and the specific simulation
conditions are presented in Table 3

Table 3. Changes in longitudinal direction drag with variation of grid numbers.

Face Mesh Sizing (mm) (C ,Slrsull\] ic;ll;eer) Drag w1th(§()) Direction
0.4 4,117,429 113.201
0.5 3,545,141 113.314
0.6 3,403,452 113.279
0.7 3,281,082 112.986
0.8 3,218,420 114.047
1 1,557,273 116.925
3 1,087,528 117.360
5 585,145 116.572
8 abnormal grid /

As shown in Figure 14, the velocity contours illustrate the flow field around the ROV
under different mesh sizes, with the wake region clearly captured behind the vehicle.

Figure 14. Velocity contour figure at four different grid numbers (1 m/s). (a) Face mesh size at
0.5 mm; (b) face mesh size at 0.8 mm; (c) face mesh size at 1 mm; (d) face mesh size at 5 mm.

Based on the above solution data, when the surface mesh size is increased to 8 mm,
the boundary layer cannot be generated properly because the thickness of a single mesh
element exceeds the maximum thickness of the plate material used in the ROV frame. As a
result, the successive relative error generally decreases as the mesh is refined. Although
noticeable variation is still observed between the 1.0 mm and 0.8 mm meshes, where the
error reaches 2.461%, the error drops below 1% once the mesh size is refined to 0.7 mm.
It then further decreases to 0.259%, 0.031%, and 0.100% for the 0.7-0.6 mm, 0.6-0.5 mm,
and 0.5-0.4 mm mesh transitions, respectively. These results show that the predicted
drag becomes increasingly stable as the mesh is refined, indicating that the solution has
essentially converged. The trend of longitudinal damping with the change of mesh number
is shown in Figure 15.
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Figure 15. Trend of longitudinal direction drag with the change of grid number.

3.7. Study of Effect of the Turbulent Model

To analyse the effect of the different Reynolds-averaged Navier-Stokes (RANS) turbu-
lence models on the results, simulations were conducted for the ROV with a 0° suction-tube
angle undergoing straight longitudinal motion along the negative y axis at 1 m/s.

As shown in Table 4, the predicted drag values obtained by the four turbulence models
are generally close to each other. The SST k — w and SST k — & models give very similar
results, with a difference of less than 0.5%, indicating good consistency between these two
models for the present flow condition. In comparison, the Spalart-Allmaras model predicts
a slightly higher drag, whereas the Reynolds Stress Model predicts a slightly lower value.

Table 4. Comparison with results of different turbulent model.

Turbulent Model Drag with Absolute Value (N)
SSTk — w 113.314
SSTk — ¢ 113.821
Spalart—Allmaras 116.010
Reynolds Stress Model 111.451

3.8. Sensitivity Study to Grid Parameters and Flow Velocity

To evaluate the sensitivity of the numerical setup to both grid parameters and flow
velocity, a parametric study was conducted under the condition of longitudinal straight
motion of the ROV along the negative y-axis. As shown in Table 5, the velocity was varied
from 0.2 to 1.0 m/s, while the face mesh size was kept constant at 0.5 mm. The Reynolds
number was calculated using a characteristic length of L = 1.155 m and a kinematic
viscosity of v = 1.05 x 107® m?/s. Based on a target near-wall resolution of y* = 1, the
corresponding first-layer inflation height vy was determined for each velocity condition
according to Equations (13)—(18).

Table 5. Study of grid parameters and flow velocity.

Velocity Sl;;icl':glv(lsri) Reynolds Number Inflation Layer Height vy GrldNich:lll:e(Sells
0.2 0.5 220 x 10° 0.2106 2,679,991
0.4 0.5 4.40 x 10° 0.1126 3,025,761
0.6 0.5 6.60 x 10° 0.0779 3,230,464
0.8 0.5 8.80 x 10° 0.0600 3,403,409
1 0.5 1.10 x 10° 0.0496 3,545,141
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As a result, the near-wall mesh becomes finer, leading to an increase in the total cell
number. Because this increase is gradual and regular, the mesh variation can be considered
reasonable and numerically stable within the investigated range.

3.9. Numerical Method

Pressure—velocity coupling is handled using the semi-implicit method for pressure-
linked equations-consistent (SIMPLEC) algorithm, which is employed within a pressure-
based segregated solver to enhance convergence. A second-order implicit scheme is
adopted for the transient formulation to accurately resolve unsteady flow behaviour. A
second-order upwind scheme is used to discretize the convective terms in both the mo-
mentum equations and the turbulence transport equations, while a second-order central
difference scheme is applied to the diffusive fluxes. The residuals of 10~ are fixed to satisfy
the convergence criteria for both the continuity and momentum equations. The specific
settings of the solution parameters and mesh parameters are shown in Table 6.

Table 6. Selection of solution parameters and mesh parameters.

Parameter Setting
Near-wall treatment Low-Re treatment with y* ~ 1
Face mesh sizing 0.5 mm
Surface mesh growth rate 1.2
. Density 1025 kg/m?
Materials Sea water Viscosity 0.0015
kg/(m-s)
Turbulence model SSTk—w
Solution method scheme SIMPLEC
Gradient Least Square Cell Based
Pressure Second-order
Spatial Discretization Momentum Second-order Upwind
scheme Turbulent Kinetic Second-order Upwind
Energy
Specific Dissipation Second-order Upwind
Rate
Boundary conditions No-slip wall
Number of iterations 5000

4. CFD Simulation and the Result for Numerical Study
4.1. Longitudinal Direct Flight Calculation and Result Analysis

The main monitored physical quantities include longitudinal force X, vertical force
Z and pitch moment M. The speed inlet is set from —1 m/s to 1 m/s with sampling at
intervals of 0.2 m/s. The sampling data are as follows in Table 7.

During longitudinal straight motion at a speed of 1 m/s, the ROV experiences a
sailing resistance of approximately 111.8 N, 115.1 N and 118.9 N at the three bending
angles. Compared with the thrust provided by the horizontal thrusters during the straight
motion (123 N), there is still considerable redundancy. The thrusters can meet the operation
requirements. The data of longitudinal force X, vertical force Z and pitching moment
M were fitted using the least squares method, and the hydrodynamic coefficients were
calculated. The velocity cloud chart and the fitting curve chart of the force in this situation
are shown in Figures 16 and 17.
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Table 7. Longitudinal direct flight data sampling.

Angle  Speed (m/s) ]i:‘:)‘;ﬂ‘;‘(‘m‘fl Vemzcﬁ\]l;me Pitch Moment (N-m)  Speed (m/s) Vemzc‘}}\};"“e Pitch Moment (N-m.) Llf.’(‘)‘rgc‘e“)‘(d(‘l‘\};‘l
0 degrees 1 11174 28.85 25.88 “02 3.90 0.64 “062
0.8 ~71.70 19.44 16.74 04 15.59 2.641 252
06 4028 1071 9.40 06 35.16 5.92 573
0.4 ~17.98 4.70 420 ~08 6251 11.04 ~10.15
02 445 111 1.04 1 97.75 17.46 1595
30 degrees 1 ~115.10 34.00 27.67 “02 4.06 091 Z065
0.8 —73.62 221 17.79 —04 16.83 421 279
06 a7 1241 10.03 06 37.70 9.90 635
0.4 _18.64 5.65 450 08 67.49 1756 VET
02 47 144 113 1 105.19 28.38 ~17.33
60 degrees 1 ~118.88 36.63 27.23 ~02 3.86 031 ~0.56
05 7587 23.28 17.49 04 15.42 2.20 238
06 4297 1327 9.87 ~06 34.63 5.3 543
0.4 19.09 5.68 435 ~08 61.98 9.79 973
02 480 148 112 -1 97.55 15.03 1561

@ (b)

() (d)

(e) ()

Figure 16. Comparison of flow field streamlines around the underwater vehicle model at 1 m/s with
longitudinal direct flight calculation. (a,c,e) Velocity contour diagram at 0, 30 and 60 suction tube
degrees; (b,d,f) flow field streamlines diagram at 0, 30 and 60 suction tube degrees.

The curve fitted by the least squares method can lead to the expression of viscous
hydrodynamics Fp(U) = Fy | U | +FyU + FyyU | U | +FyyU? with longitudinal force
X, vertical force Z and pitch moment M. And four parameters can be obtained, which
are XU X|U\ XUU and XU|U\; ZU Z|u| ZUU and ZU|U|; and MU M|u| MUU and MU|U|' Table 8
presents the calculation results of the required hydrodynamic forces.
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Figure 17. Longitudinal direct navigation hydrodynamic fitting diagram for 3 degrees. (a) Fitting
curve for longitudinal direction force; (b) fitting curve for vertical direction force; (c) fitting curve for
pitch moment.

Table 8. Calculation of hydrodynamic coefficients for longitudinal direct navigation.

Xjy)(N-m-s) Xy (N-m-s) Xyjy|(N -m-s) Xuyu(N-m-s)

0 degrees —0.229 —0.078 —104.689 —6.797
30 degrees —0.623 —0.29 —109.862 —4.262
60 degrees —0.794 0.496 —108.605 —9.891
Z‘u|(N-m-s) ZU(N-m~s) ZU|U‘(N-m-s) ZUU(N~m-s)
0 degrees 0.053 0.959 4914 23.255
30 degrees —0.334 1.228 1.704 31.516
60 degrees —0.554 0.311 10.406 26.433
M,((N-m-s?)  My(N-m-s?) Mgy (N-m-s?) Myy(N-m-s?)

0 degrees 0.215 0.093 20.841 4777

30 degrees 0.073 0.212 22.301 5.100

60 degrees 0.402 —0.26 21.658 5.451

4.2. Analysis of Lateral Direct Flight Calculation and Results

The physical quantities monitored during the calculation include the lateral force Y,
vertical force Z, roll moment K, pitch moment M and yaw moment N. The longitudinal
force is ignored as it is relatively small compared with the lateral force. By fitting and
calculating the hydrodynamic data, relevant hydrodynamic coefficients can be obtained.
The sampling data are presented in Table 9. The velocity cloud chart and the fitting curve
chart of the force in this situation are shown in Figures 18 and 19.

The cruise speed during the lateral movement process is planned to be 1 knot. In the
hydrodynamic calculation, the ROV subjected to 0.6 m/s movement experiences lateral
forces of approximately 66.01 N, 64.73 N and 63.68 N, which are much less than the
maximum thrust of the thruster. The fitting curve of lateral force Y, vertical force Z,
roll moment K, pitch moment M and yaw moment N used the expression of viscous
hydrodynamics Fp(U) = Fyy | U | +FygU + FuuU | U | +FyyU?. For this, we calculated
Yv, Yyv, Yyy| and Yyy; zy, Zyy, Zyy| and Zyy; Ky, Kyy, Ky|y| and Kyy; My, Myy, My y,
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and Myy; and Ny, Nyy, Nyv| and Nyy. Table 10 presents the calculation results of the
required hydrodynamic forces.

Table 9. Lateral direct flight data sampling.

Angle Speed v (m/s) Latera(lNF)orce Y Vertlce&[l;orce z Roll Moment K (N-m) Pitch Moment M (N-m) Mome::nlfl (N-m)
0 degrees 1 181.05 —17.55 28.98 2.53 —18.12
0.8 116.27 —11.21 18.62 1.40 —11.68
0.6 66.01 —6.59 10.74 0.49 —6.54
04 29.52 —2.50 4.79 0.35 -2.92
0.2 747 —0.60 1.22 0.13 —0.76
-0.2 —7.56 —0.79 -1.21 0.11 0.81
—0.4 —29.33 —2.31 —4.64 1.05 3.04
-0.6 —65.77 —5.72 —-10.33 2.26 6.79
—0.8 —116.36 —11.56 —18.20 3.20 11.85
-1 —181.56 —17.32 —28.44 5.11 18.61
30 degrees 1 179.47 —15.82 28.32 4.44 —15.57
0.8 114.32 —10.25 17.99 2.67 —9.89
0.6 64.73 —7.95 10.01 1.08 -5.93
0.4 28.82 —3.36 4.45 0.62 —2.73
0.2 7.34 —0.65 116 0.19 -0.72
-0.2 -7.29 —0.54 -1.19 0.20 0.72
—0.4 —28.66 —2.28 —4.62 0.75 2.72
—0.6 —64.15 —6.22 —10.31 1.34 6.09
-0.8 —114.25 —10.22 —18.33 291 10.75
-1 —178.18 —16.63 —28.63 4.03 16.75
60 degrees 1 176.95 —15.88 27.69 4.07 —6.69
0.8 113.58 —10.02 17.80 2.77 —4.28
0.6 63.68 —6.32 9.99 1.31 —241
04 28.40 —2.80 4.46 0.60 -1.10
0.2 7.14 —0.75 1.14 0.11 —0.29
-02 —7.25 —0.68 -1.19 0.14 0.77
—0.4 —28.49 —3.03 —4.62 048 2.97
—0.6 —64.15 —6.23 —10.29 1.26 6.60
-0.8 —113.53 —7.47 —18.50 3.16 11.26
-1 —176.80 —13.76 —28.81 4.46 17.51

Figure 18. Comparison of flow field streamlines around the underwater vehicle model at 1 m/s with
lateral direct flight calculation. (a,c,e) Velocity contour diagram at 0, 30 and 60 suction tube degrees;
(b,d,f) flow field streamlines diagram at 0, 30 and 60 suction tube degrees.
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Figure 19. The fitting diagram of the lateral term for transverse direct navigation. (a) Fitting curve

for longitudinal direction force; (b) fitting curve for vertical direction force; (c) fitting curve for roll

moment; (d) fitting curve for pitch moment; (e) fitting curve for yaw moment.

Table 10. Calculation of hydrodynamic coefficients for lateral direct navigation.

Y‘V‘(N-m-s) Yv (Nms) YV\V| (Nms) va(N-m-S)
0 degrees 0.546 2.003 179.312 —0.773
30 degrees —0.145 0.408 178.320 0.671
60 degrees —0.553 0.887 176.073 0.635
Zy(N-m-s) Zy(N-m-s) Zyy|(N-m-s) Zyy(N-m-s)
0 degrees 0.700 —0.445 0.402 —18.266
30 degrees —1.992 —2.632 3.019 —14.182
60 degrees —2.013 0.659 —1.953 —12.477
K\V\ (N-m-Sz) Kv(N-m-Sz) KV\V| (N-m'SZ) va(N-m-Sz)
0 degrees 0.219 0.577 28.123 0.061
30 degrees —0.279 —0.154 28.601 0.106
60 degrees 0.083 0.068 28.195 —0.638
My (N - m - s?) My (N-m-s?) Myy|(N - m - s?) Myy (N -m-s?)
0 degree 0.033 —0.788 —0.524 3.734
30 degrees —0.371 —0.589 0.722 4.623
60 degrees —0.526 0.245 —0.473 4.891
Ny (N-m-s?) Ny(N-m-s?) Ny (N-m-s?) Nyv (N -m-s?)
0 degrees 0.063 —0.202 —18.154 0.157
30 degrees —0.357 —0.574 —15.552 0.981
60 degrees 0.375 —0.436 —11.655 5.031
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4.3. Analysis of Vertical Direct Navigation Calculation Results

During the vertical pitch and roll motion, the ROV body model was rotated by +90°
and —90°, respectively, enabling the simulation of the ROV head and bottom part facing
the velocity inlet, thereby achieving upward and downward movements. The sampling
data are presented in Table 11. The velocity cloud chart and the fitting curve chart of the
force in this situation are shown in Figures 20 and 21.

Table 11. Vertical direct flight data sampling.

Angle Speed w (m/s) Longitudinal Force X (N) Vertical Force Z (N) PltChli/I; %\IIVI I(I)lr)nent
0 degrees 1 10.72 —393.67 —32.25
0.8 9.31 —253.38 —20.36
0.6 4.96 —142.34 —11.88
0.4 3.02 —64.07 —5.30
0.2 0.99 —16.17 —1.43
—0.2 —0.35 1.87 0.13
—0.4 -1.13 7.02 0.48
—0.6 —2.35 15.42 1.05
-0.8 —2.67 27.16 1.63
-1 —8.53 41.02 3.13
30 degrees 1 14.51 —387.68 -30.22
0.8 7.13 —244.18 —17.44
0.6 0.85 —137.43 —9.08
0.4 1.32 —62.43 —4.98
0.2 0.98 —16.11 —1.38
-0.2 —1.50 11.13 0.75
—04 —5.74 43.82 2.88
—0.6 —13.00 98.06 6.44
-0.8 —22.87 173.83 11.31
-1 —35.30 272.72 17.25
60 degrees 1 —11.02 —269.66 —23.39
0.8 —2.32 —242.56 —14.86
0.6 —1.45 —138.22 —8.49
0.4 2.68 —62.01 —4.74
0.2 0.92 —16.07 —1.34
-0.2 -1.14 11.45 0.73
—0.4 —4.60 44.79 2.79
—0.6 —8.06 100.34 5.87
-0.8 —13.95 178.13 10.16
-1 —21.46 278.92 15.64

The vertical motion of the ROV under a water current velocity of 0.2 m/s in the
hydrodynamic computation is subjected to resistances of approximately 16.2 N, 16.2 N and
16.1 N at the three tube angles. Assuming the ROV is fully loaded with marine organisms,
and assuming the density of the collected organisms is 1.2 g/cm? for estimation, the thrust
needed for the ascent procedure does not exceed 47 N. The vertical thruster can, meanwhile,
offer 60 N of thrust, which will satisfy the ascent thrust requirement at 0.2 m/s speed. The
least square approach fits the pitch moment, vertical force, and longitudinal force in the
heave motion; thus, the pertinent hydrodynamic coefficients were obtained as shown in
Table 12.
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Figure 20. Comparison of flow field streamlines around the underwater vehicle model at 0.4 m/s
with vertical direct navigation calculation. (a,c,e) Velocity contour diagram at 0, 30 and 60 suction
tube degrees; (b,d,f) flow field streamlines diagram at 0, 30 and 60 suction tube degrees.
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Figure 21. The fitting diagram of the lateral term for vertical direct navigation. (a) Fitting curve for
longitudinal direction force; (b) fitting curve for vertical direction force; (c) fitting curve for pitch moment.
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Table 12. Calculation of hydrodynamic coefficients for vertical direct navigation.

X‘w‘(N~m-s) Xw(N-m-s) XW|W‘(N-m-s) Xww(N-m-s)

0 degrees 4.161 1.401 8.051 —2.32

30 degrees —4.611 —3.808 28.384 —6.183

60 degrees —3.461 —0.642 15.997 —-2.515

Zy(N-m-s) zw(N-m-s) Zyw/(N-m-s)  Zyw(N-m-s)

0 degrees —0.74 —3.118 —214.471 —175.613

30 degrees 0.515 —0.569 —-159.19 —10.999

60 degrees —64.726 —65.041 —219.531 58.880
My (N-m-sz) MW(N-m-sz) My jw] (N-m-s?) MWW(N-m~sz)

0 degrees —0.485 —0.16 —17.402 —14.069

30 degrees 1.854 1.128 —24.536 —7.945

60 degrees —0.577 —1.574 —17.82 3.182

The expression of viscous fluid dynamics, Fp(U) = Fy| | U | +FyU +FyyU | U |
+FyyU?, can be obtained by fitting the curve through the least square method with longitudi-
nal force X, vertical force Z and pitch moment M. And four parameters can be obtained, which
are XW X\W| XWW and XW|W\;ZW le‘ ZWW and ZW\W|; and MW le‘ MWW and MW\W|

4.4. Comparison of Hydrodynamic Coefficients Calculated by ROV

We selected several open-deck ROVs with main dimensions similar to this ROV for
use. The calculation results are compared as shown in Table 13.

Table 13. Result comparison with other similar ROVs.

Parameters

ROV in This Project ROV from Harbin Engineering University [28] ROV from Shanghai Jiao Tong University [29]
3 .

Name

ROV main scale

Xu|

1.16 x 0.52 x 0.38 m 0.875 x 0.5 x 0. 5m 1.875 x 1.125 x 1.063 m
0.0229 -7 /
0.078 —4.46 /
—104.689 —122 —0.2782
—6.797 9.40 —0.2803
0.546 / /
0.0773 / —0.6233
—64.726 -1.09
—65.041 —0.663 /

—219.531 —12.7 /

Table 13 shows that, despite structural differences and scale variations among the
selected open-frame ROVs, the calculated hydrodynamic coefficients exhibit comparable
orders of magnitude and consistent sign trends. These similarities show that the present
CFD predictions are physically consistent with previously reported hydrodynamic charac-
teristics of similar ROV platforms.

Although the absolute values of some coefficients differ due to variations in vehicle
geometry and appendage configuration, the overall magnitude and sign of the dominant
terms remain consistent with literature data. In particular, the quadratic surge drag co-
efficient shows a similar order of magnitude to those reported in previous ROV studies,
confirming that longitudinal resistance is primarily governed by pressure drag and wake
formation. Differences in some lateral and vertical coefficients are likely related to the flexi-
ble suction-tube structure, which modifies the projected area distribution and introduces
configuration-dependent hydrodynamic asymmetry. These comparisons indicate that the
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present CFD-derived coefficients are physically reasonable and consistent with established
hydrodynamic characteristics of open-frame underwater vehicles.

5. Discussion

Table 13 compares the identified hydrodynamic coefficients of the present ROV with
those reported for open-frame ROVs of comparable scale from Harbin Engineering Uni-
versity [28] and Shanghai Jiao Tong University [29]. Although structural configurations
and principal dimensions differ among the three platforms, several consistent trends can
be observed.

The quadratic drag term in the surge direction (X|) exhibits the same negative sign
across comparable cases and remains within the same order of magnitude (10'-10?). This
consistency indicates that longitudinal resistance is predominantly governed by pressure
drag associated with bluff-body wake formation, which is characteristic of open-frame
ROV geometries. This indicates that the robot’s forward motion is mainly affected by form
drag associated with wake development rather than by viscous friction alone. Therefore,
the required propulsion effort is expected to increase primarily with changes in exposed
frontal geometry.

The linear damping terms (e.g., Xu, Zw) are significantly smaller in magnitude than the
quadratic components, confirming that viscous shear effects play a secondary role compared
to form drag at the operating Reynolds number range. This trend is also consistent with
previously published ROV hydrodynamic studies. This result further suggests that the
overall hydrodynamic response of the robot is more sensitive to posture variation and
projected-area redistribution than to small changes in boundary-layer shear, which is
important for understanding its manoeuvring behaviour during sampling tasks.

Variations in vertical and lateral coefficients (e.g., Z ‘w‘) can be attributed to differences
in projected area distribution and suction tube configuration. The present ROV shows
larger absolute values in certain vertical quadratic terms, which may result from the flexible
suction tube increasing vertical projected area and modifying wake interaction. Physically,
this means that tube bending not only changes the external geometry of the robot but
also alters the force-moment coupling characteristics that govern its attitude response
under cross-flow conditions. In practical operation, larger vertical and lateral quadratic
coefficients imply that the robot may experience stronger disturbance forces and moments
in side-flow and vertical inflow, thereby increasing control effort and reducing motion
stability during precise collection operations.

Although the numerical values differ due to geometric and scaling differences. The
overall coefficient magnitude level and sign consistency suggest that the present CFD
predictions are physically reasonable and comparable to established literature data for
open-frame underwater vehicles. The flexible tube mechanism does not fundamentally
change the dominant drag characteristics, but mainly influences configuration-dependent
asymmetry under cross-flow conditions.

6. Conclusions

This article presents a numerical investigation of the hydrodynamic characteristics
of a variable flexible tube underwater object suction robot based on computational fluid
dynamics (CFD) using ANSYS Fluent. A series of steady-state simulations were carried out
under longitudinal, lateral, and vertical flow conditions to evaluate the influence of suction
tube bending angle on hydrodynamic forces and moments. Three representative tube
configurations (0°, 30°, and 60°) were analysed, and viscous hydrodynamic coefficients
were identified through least-squares fitting of the simulation results.
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To ensure numerical reliability, mesh-independence verification and near-wall resolu-
tion control were implemented. The mesh independence results enhance the robustness of
the extracted hydrodynamic data. The results show that, during longitudinal motion, the
longitudinal drag force and pitching moment are only weakly affected by changes in the
suction tube bending angle. Although a slight increase in drag is observed with increasing
bending angle, the variation remains within the available propulsion margin, indicating
that geometric reconfiguration of the flexible tube does not significantly deteriorate longitu-
dinal hydrodynamic performance. This indicates that when the underwater robot conducts
collection operations using flexible tubes under the influence of longitudinal direction
inflow, the propeller adjustment does not need to consider the influence of longitudinal
forces and pitch moments, but only needs to consider the influence of vertical forces. When
the underwater robot is in lateral inflow, both hydrodynamic forces and moments are
significantly influenced when the incoming flow direction opposes the bending direction
of the flexible tube, which can lead to increased lateral resistance and moment coupling.
For vertical motion, the suction-tube angle has an impact on both drag force and pitching
moment. This phenomenon reveals a pronounced direction-dependent hydrodynamic
asymmetry induced by tube deformation, particularly under cross-flow conditions where
flow—structure interaction effects become more significant.

These contributions demonstrate that the flexible suction tube introduces direction-
dependent hydrodynamic asymmetry, which must be explicitly considered in the design
of motion control and attitude stabilisation strategies. Unlike a conventional rigid suction
tube, the proposed flexible mechanism changes the suction tube angle, which affects the
hydrodynamic force and moment distribution of the robot. The extracted hydrodynamic
coefficients provide a quantitative basis for controller design, simulation modelling, and
dynamic performance prediction of suction-based underwater robots operating in complex
benthic environments.

The present results represent CFD-based predictions obtained under prescribed nu-
merical conditions and have not yet been validated experimentally. So, the identified
hydrodynamic coefficients should be interpreted as a numerical reference for mechanism
evaluation, dynamic modelling, and future experimental verification. Future work will
focus on unsteady flow simulations, coupling the suction-induced internal flow with the
external hydrodynamic field, and experimental validation through towing-tank tests. Dedi-
cated force and moment measurements using a multi-axis load cell will be conducted to
quantitatively compare experimental results with CFD predictions, enabling calibration and
uncertainty assessment of the extracted hydrodynamic coefficients. In addition, integrating
the obtained hydrodynamic model into a closed-loop control framework will further sup-
port stable visual perception and precise manipulation during reef-environment sampling
tasks. The validated model will also be incorporated into dynamic simulation environ-
ments to improve motion prediction accuracy and enhance robustness under cross-flow
and disturbance conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

ROV Remotely operated underwater vehicle
CFD Computational Fluid Dynamics
HSMPS Hydpraulic Suction Macro-Biological Pressure Sampler
PRD Pressurised Recovery Device
ASE Analytical and Semi-Empirical
NS Navier—Stokes
SST Shear Stress Transport
SIMPLEC  Semi-Implicit Method for Pressure-Linked Equations-Consistent
RANS Reynolds-averaged Navier-Stokes
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