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Abstract: Remotely operated vehicles (ROVs) face challenges in maneuvering and rapidly
detecting and repairing large offshore platforms. The accurate research on the hydrodynam-
ics of the ROV, which moves close to the wall, is of great significance for its maneuverability.
This study uses computational fluid dynamics (CFDs) to analyze the hydrodynamic charac-
teristics of an ROV when it is moving near the wall, considering factors such as structural
asymmetry, speed, and distance from the wall. This study applies multiple linear regression
to extract relevant hydrodynamic coefficients and develops a mathematical model that
simulates the impact of these factors on ROV performance. The results indicate that the
wall’s influence on hydrodynamic forces is significant. Total resistance increases as the
ROV moves closer to the wall, and the effect becomes more pronounced at higher speeds.
Pressure differential resistance is the dominant factor affecting ROV performance, while
viscous resistance remains low and is mostly unaffected by wall proximity. These findings
provide valuable insights into calculating hydrodynamic coefficients and modeling the
dynamics of ROVs with complex shapes operating near the wall.

Keywords: ROV; hydrodynamic characteristics; wall effect; CFDs; hydrodynamic; coeffi-
cients

1. Introduction

With the widespread application of remotely operated vehicles (ROVs) in fields such
as deep-sea exploration [1], oil platform maintenance [2], and subsea pipeline inspection [3],
their hydrodynamic performance in near-wall environments has become a critical factor
influencing their maneuverability and operational efficiency [4,5]. When ROVs approach
such surfaces, significant changes occur in the surrounding flow characteristics. These
changes can profoundly affect several aspects of ROV operation, including control perfor-
mance, energy efficiency, and overall stability. For instance, boundary layer effects become
more pronounced, leading to increased pressure drag and variations in viscous drag. Such
phenomena not only complicate the control algorithms required for precise navigation but
also increase the energy demand placed on the vehicle’s propulsion systems. Consequently,
conducting in-depth studies into the hydrodynamic characteristics of ROVs during near-
wall motion and developing accurate dynamic models are of great practical significance.
These efforts contribute directly to improving the design, manipulation, and control of
ROVs, ultimately enhancing their effectiveness in challenging underwater environments.

In recent years, the swift advancement of computational fluid dynamics (CFDs) tech-
nology has enabled researchers to more precisely simulate and analyze the hydrodynamic
performance of ROVs, thereby estimating hydrodynamic coefficients. Valencia et al. [6]
used CFDs tools to model and simulate an ROV aimed at surveillance and inspection tasks
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within port facilities, emphasizing the importance of reliable visual information and the
role of CFDs in achieving this goal. Building upon this foundation, Ramirez-Macias et al. [7]
focused on hydrodynamic modeling of an inspection-class ROV, employing a viscous-flow
solver to accurately predict maneuvering coefficients essential for control, and highlighted
the importance of detailed geometric modeling and viscous flow analysis in capturing
the ROV’s hydrodynamic performance. Katsui et al. [8] investigated the flow around a
crawler-driven ROV on the seafloor, using CFDs to evaluate hydrodynamic forces and
better understand the vehicle’s interaction with its environment. Baital et al. [9] inves-
tigated pressure and drag forces on a low-cost mini ROV, providing valuable data for
hardware and material selection. The CFDs method, through numerical simulations of
fluid—object interactions, has provided a powerful tool for the hydrodynamic analysis of
ROVs. Particularly, the motion of ROVs near walls or the seafloor involves complex fluid
dynamics phenomena such as boundary layer effects, pressure drag, and variations in
viscous drag. Investigating these phenomena facilitates the optimization of ROV structural
design and enhances their maneuverability.

In research on the hydrodynamics of ROVs moving near walls, a significant amount
of the literature has explored the fluid dynamics of underwater robots under various con-
ditions, indicating that the hydrodynamic performance is highly sensitive to boundary
effects [10,11]. Du et al. [12] used CFDs simulations to study unmanned underwater vehi-
cles (UUVs) approaching the seafloor, finding that both the seafloor distance and attack
angle significantly affect drag, lift, and pitch moment, with attraction forces increasing as
distance decreases, highlighting the importance of precise control mechanisms to counter-
act these effects. Mitra et al. [13] conducted both experimental and numerical studies on
the hydrodynamic characteristics of autonomous underwater vehicles (AUVs) in complex
seabed topographies, showing that seafloor slope and fluid conditions significantly impact
performance, especially in narrow channels and complex terrains. Li et al. [14] proposed
a new hydrodynamic model to analyze the hydrodynamic behavior of ROVs near walls,
showing that wall effects significantly altered the total drag, with drag and pitch moment
increasing as the proximity to the wall decreased. Liu et al. [15] further explored the hy-
drodynamic performance of UUVs moving near the seafloor and proposed computational
models related to seabed distance and Reynolds number. Wu et al. [16] used CFDs methods
to study the hydrodynamics of the DARPA SUBOFF model near a level bottom. They
found that drag increased nonlinearly as cruising altitude decreased due to changes in
pressure and viscous effects. The study also explored how Reynolds number and attack
angle affected flow patterns and drag characteristics. Validation against experimental data
confirmed the accuracy of their findings. This work provides valuable insights for de-
signing efficient underwater vehicle systems. In summary, the above studies demonstrate
that the boundary effects exerted by the wall significantly influence the hydrodynamic
performance of underwater vehicles, such as drag, lift, moment changes, and flow pattern
variations, emphasizing the importance of boundary conditions in near-wall movement.

Existing research has revealed the complexity and diversity of the hydrodynamic
characteristics of ROVs and other underwater robots in near-wall motion, with CFDs
methods providing strong support for such studies. However, a significant challenge
remains: ROVs are typically more asymmetric and complex in structure compared to typi-
cal streamlined structures, which makes their hydrodynamic behavior more complicated.
That is, the impact of structural asymmetry on hydrodynamics needs to be discussed. For
instance, Xu et al. [17] conducted experimental analyses on the hydrodynamic behavior of a
novel asymmetric-shaped ROV. Their study revealed unique flow patterns and interactions
that arise due to the vehicle’s unconventional geometry. These findings underscore the
importance of considering asymmetry in the design phase to optimize performance and
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stability. Similarly, Zhang et al. [18] explored the relationship between structural asymme-
try and pressure resistance, demonstrating that the asymmetrical designs of ROVs lead
to a notable difference in pressure resistance during forward versus backward sailing, as
well as ascending and descending movements and this difference becomes substantially
more pronounced with an increase in velocity. Zan et al. [19] employed a combination of
experiments and numerical simulations to conduct a comprehensive analysis of the ROV’s
movements in different directions. The study revealed that the asymmetric design of the
ROV had a significant and differentiated impact on the forces and torques it experienced
during longitudinal, vertical, and oblique movements. This means that the flow field
around the vehicle becomes uneven, resulting in unbalanced forces such as drag and lift.
Such imbalances can compromise the vehicle’s stability and control, especially in dynamic
environments where precise navigation is essential. By addressing these challenges, re-
searchers and engineers can develop more robust hydrodynamic models and improve the
overall performance of ROVs in near-wall operations.

Although several studies have investigated various factors affecting the hydrodynam-
ics of ROVs, the majority have not thoroughly examined the performance of asymmetrical
ROV shapes in dynamic near-wall environments. This gap in research is significant, as the
behavior of ROVs in such environments can differ substantially from their performance in
open water. For instance, when an ROV operates close to a wall or seabed, the interaction
between the vehicle and the boundary layer can lead to complex flow patterns. These
interactions may result in increased drag, altered lift forces, and changes in stability, all
of which can impact the vehicle’s maneuverability and energy efficiency. Moreover, the
near-wall hydrodynamics of ROVs have not been quantified in detail, leaving uncertainties
in predicting how these vehicles will behave in confined spaces. Without precise quantifica-
tion, it becomes challenging for engineers to design ROVs that can operate effectively in
environments where walls or other structures are present.

In view of this, the current research seeks to employ CFDs methods to systematically
investigate the hydrodynamic characteristics of complex-shaped ROVs during near-wall
motion. Particular attention is given to how structural asymmetry, cruising velocity, and
proximity to the wall influence hydrodynamic performance. By establishing hydrodynamic
mathematical models adapted to near-wall environments, this study will comprehensively
analyze the flow field characteristics under various conditions and their interactions with
the wall. These findings are expected to contribute novel insights and robust method-
ologies for advancing hydrodynamic model formulation and improving the accuracy of
hydrodynamic calculations.

2. Structure and Hydrodynamic Model of ROV
2.1. Structure

The research object in this paper is an open-frame ROV equipped with a mechanical
arm, a brush, and an observation device. This ROV is designed for damage detection,
repair, and routine inspections of large marine structures, with a designed water depth of
500 m. Its frame size is 1.8 m x 1.8 m x 1.07 m (length x width x height), and its weight
is 904.9 kg. The ROV is equipped with a sophisticated propulsion system consisting of
eight thrusters, which are strategically arranged to provide comprehensive control over
the vehicle’s movement. Specifically, there are four horizontal thrusters and four vertical
thrusters. This specific configuration of thrusters on the ROV allows it to achieve highly
precise maneuverability across all six degrees of freedom, which is essential for effective
underwater operations. The six degrees of freedom include pitch, roll, yaw, sway, heave,
and surge. These thrusters exhibit significant cross-coupling.
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The ROV features a removable track mechanism, which can be adjusted to suit various
structural and seabed surfaces in different working environments and can be installed or
removed according to sea conditions and weight requirements. The buoyancy material is
installed on the top of the body, but the metacentric height needs to be noted to ensure that
the device can roll under the action of the recovery moment. The 3D model of the ROV is
presented in Figure 1a.

Fixed coordinate system

E (o)
) Xo
Vertical propeller Yo 2y)
Zo
Horizontal
propeller Moving coordinate system
u
Crawl structure G | (surge)
S P Xb
q (roll)
Buoyancy (pitch
material
v )
Yo (sway) r w
(yaw) | (heave)
Zb
(a) The 3D model of the ROV (b) The coordinate systems of ROV

Figure 1. The 3D model (a) and coordinate systems (b) of the ROV.

2.2. Hydrodynamic Model

For a clearer description of the ROV’s motion, two coordinate systems are defined [20]:
a fixed coordinate system E-xg1pzg and a moving coordinate system G-xp 2y, as illustrated
in Figure 1b. The origin of the fixed system is located at any point on Earth. This system
serves as a global reference frame that allows us to track the absolute position and orien-
tation of the ROV in relation to the surrounding environment. The origin of the moving
system aligns with the ROV’s center of mass. This system provides a local perspective,
enabling detailed analysis of the vehicle’s motion relative to its own body.

In the fixed coordinate system, the ROV’s position and orientation are denoted by the
vector: g =[xy z ¢ 0 p]T.

Within the moving coordinate system, velocity is represented by the vector: V = [u v
w p q r]T, while the forces and moments acting on the ROV are described by the vector:
F=[XYZKMN]'.

Detailed definitions of the motion under various degrees of freedom are provided
in Table 1. This table serves as a valuable reference, offering precise descriptions of each
parameter and its significance in the overall kinematic and dynamic model of the ROV. By
utilizing these coordinate systems and associated vectors, researchers and engineers can
achieve a clearer and more accurate description of the ROV’s complex motion patterns in
underwater environments.
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Table 1. The notation of ROV motion.

Degree of Freedom Positions and Linear and Forces and
Euler Angles Angular Velocity Moments
1 (Surge) x (m) u(m/s) X (N)
2 (Sway) y (m) v (m/s) Y (N)
3 (Heave) z (m) w (m/s) Z (N)
4 (Roll) ¢ (rad) p (rad/s) K (N-m)
5 (Pitch) 0 (rad) q (rad/s) M (N-m)
6 (Yaw) P (rad) r (rad/s) N (N'm)

By using the transformation of the kinematics matrix, which links the vehicle’s velocity
in the moving coordinate system to its position in the fixed coordinate system, the equation
of motion can be expressed as follows [21]:

X cosfcosyp singsinfcosyp —cos¢psiny cos$sinfcosp + singsiny u
y| = | cosfsiny singsinfsiny + cos¢pcosyp cos¢sinbhsiny — singcosy v 1)
z —sind sin ¢ cos cos ¢ cos 0 w
¢ 1 singtanf cos¢tand) (p
6|=1|o0 cos ¢ —sin¢ q (2)
P 0 singsecf cospsechd) \r

In order to simplify the motion equation and better analyze the dynamic behavior of a
remotely operated vehicle (ROV), the origin of the moving coordinate system is strategically
placed at the ROV’s center of gravity. This selection guarantees that the three coordinate
axes are approximately oriented along the principal inertia axes, thereby reducing coupling
effects among various degrees of freedom. Such alignment simplifies the mathematical
representation of rotational and translational motions by reducing unnecessary cross terms
in the equations.

By applying Newton’s second laws and Euler’s rotational equations, the resulting
six-degrees-of-freedom dynamic equation for the ROV can be derived as follows:

MgV + Crg(V)V =F 3)

where MRp represents the mass matrix of the ROV, which encapsulates the inertial prop-
erties of the vehicle in terms of its mass distribution and Cgrg denotes the Coriolis and
centripetal force matrix, which depends on the ROV’s velocity components. These forces
arise due to the relative motion of the ROV within its own coordinate frame and play a
critical role in accurately modeling the nonlinear dynamics of the system. Additionally,
=[X Y Z K M N]" represents the total external force (moment) acting on the ROV.
Through expanding this model, the force and moment equations can be expressed
explicitly in terms of their respective components. By transforming these equations into
the fixed coordinate system, the complete dynamic equations of the ROV can be obtained
as follows:
m-(u—vr+wq) =X
m-(v—wp+ur)=Y
m- (w —ugq + vp) z
Lip+ (I, — Iy)gr =
Lyg+ (I — L)rp = M
L+ (I, — I )pg =N

(4)
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where m represents the mass of the ROV; X, Y, Z, K, M, and N indicate external forces and
moments acting on the ROV; and Iy, Iy and I, refer to the mass moment of inertia of the
ROV about its three principal axes.

Overall, the forces (and moments) acting on the ROV (F) can typically be categorized
into a few main types: the hydrostatic force Fg; the hydrodynamic force Fy; the thruster
thrust Fry,,; and the cable tension Fc. Each of these forces contributes uniquely to the
overall dynamics of the ROV. Precise computation and evaluation of these forces form
the cornerstone of effective ROV motion control and maneuvering simulation. Accurate
modeling allows engineers to predict how the ROV will behave under various operating
conditions, optimize its design for specific tasks, and develop robust control algorithms
that ensure safe and efficient operation.

The dynamic model of the ROV can be expressed as follows:

MggV + Crp(V)V = Fy + FG + Frpe + Fc (5)

This study focuses solely on calculating the hydrodynamic force (Fy) of the ROV and
temporarily disregards other forces. The resistance to the ROV’s motion caused by fluid is
termed hydrodynamic force (Fy). Fy is a function of the motion parameters and can be
categorized into inertial hydrodynamics (F;) and viscous hydrodynamics (Fp) based on its
sources. Additionally, when the ROV moves near a wall, the wall’s obstruction generates
wall-induced hydrodynamics (Fy). Hence, the Fy; on the ROV is composed of F; and
Fp calculated under open-water conditions, as well as the Fy arising from motion near
the wall.

Moreover, since the ROV’s motion near the wall typically occurs at low speeds, low
accelerations, and steady states, the effect of inertial forces is neglected when calculating the
wall hydrodynamic force (Fy). Therefore, the primary focus is on the viscous components
generated by the near-wall motion.

Therefore, F is shape-dependent and is a function related to acceleration, while Fp is
a polynomial function of velocity, angular velocity, and their cross-coupling terms. And
Fy is also a polynomial function but depends on both the velocity of the object and the
distance between the ROV and a nearby wall. Considering the influence of the wall, the
ROV’s hydrodynamics force (and moment) can be expressed as follows:

Fy=F+ Fp+Fy (6)

Since the ROV structure exhibits near symmetry along its left-right axis, and the
roll motion generated during operation is minimal and can be considered negligible, it
becomes feasible to simplify the dynamic equations governing the ROV’s behavior. This
simplification allows for a reduction in complexity while retaining sufficient accuracy for
most practical applications. Consequently, the dynamic equations for the ROV can be
effectively simplified into a 5-DOF model.

The inertial hydrodynamic force (Fy) and viscous hydrodynamic force (Fp) are based
on the model proposed by Jiang et al. [22] This hydrodynamic model takes into account the
asymmetry of the structure, and employs higher-order terms to represent large drift and
attack angle motions, which aligns with the highly maneuverable motion characteristics of
the ROV studied in this work. The wall hydrodynamic force (Fw) is the focal point of this
study and will be computed and analyzed in detail in Sections 3 and 4.
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where X,

and Xy, 1,1, Xww, - - ., Nor are the viscous hydrodynamic coefficients.

Y;, ..., N; are the inertial hydrodynamic coefficients (additional mass coefficients)

3. Numerical Simulation Methods and Model Validation
3.1. Governing Equations

This study adopts the commercial computational fluid dynamics (CFD) software Star-
CCM+ (Version 18.02) for simulations, a tool that has been extensively and successfully
employed in the hydrodynamic analysis of ROVs. During the simulation, the Reynolds
Averaged Navier-Stokes (RANS) equations are utilized to calculate the flow field properties
and pressure distribution surrounding the ROV. RANS equations are widely adopted in
steady-state analyses due to their computational efficiency and ability to model turbulent
flows effectively. The control equation is as follows:

3‘;+V-(p;>—0 )
;(p;)+v~<p;®;>:V-(pE)+V‘O+fb (10)

where p is the density of fluid; 7 and p are the average velocity and pressure of the fluid,
respectively; O is the viscous stress tensor; E is the unit tensor; V is the gradient operator;
and f}, is the net force of the volume force.

Turbulence modeling plays a critical role in CFDs simulations, particularly when
solving the RANS equations. These models aim to provide solutions for the term of
Reynolds stresses, which are essential for achieving closure of the RANS equations. Among
the available models, the SST k-w turbulence model is favored due to its ability to accurately
capture near-wall effects and separation phenomena, accurately capturing wall shear
stress critical for ROV frictional drag calculation. While the SST k-w model effectively
captures near-wall flow features for this study, it is important to acknowledge the inherent
limitations of the RANS framework, particularly when analyzing transient wall-bounded
flows around asymmetric ROV geometries. RANS relies on time-averaging of instantaneous
flow variables, which inherently smooths out unsteady phenomena with time scales shorter
than the averaging period. For asymmetric structures, this limitation manifests in three key
ways [23,24]: anisotropic turbulence misrepresentation, transient flow feature omission,
and grid—model coupling challenges. Despite these limitations, the SST k-w model remains
well-suited for this study. Its strengths in capturing near-wall effects and separation
phenomena align with our focus on steady-state hydrodynamic coefficients. Additionally,
the model’s computational efficiency—critical for parametric studies of ROV—outweighs
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the need for transient resolution, as our research targets time-averaged performance metrics
rather than unsteady flow dynamics.

All simulations in this study adopt the SST k-w model in combination with the RANS
method. To solve the governing Navier-Stokes equations, the Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) algorithm is employed. The SIMPLE algorithm
is used to handle the pressure—velocity coupling problem, which is robust and efficient
in incompressible flow simulations. Meanwhile, the spatial discretization schemes for
momentum, turbulent kinetic energy, and turbulent dissipation rate are based on the
second-order upwind scheme. At the same time, convergence criteria are strictly set. When
the scaled residuals of all variables are lower than 1.0E-04, convergence is considered
achieved, thereby ensuring the accuracy and reproducibility of the simulation results.

3.2. Computational Model

For the numerical study of the flow field around the ROV, a virtual boundary is
constructed to define the computational domain. This boundary acts as a container for the
simulation, encapsulating the region where the fluid dynamics are analyzed and the RANS
equations are solved. Therefore, boundary conditions must be specified for the spatial
domain. This study uses a hexahedral computational domain for simulation, as shown
in Figure 2. Assuming the maximum length of the ROV’s structure is L, the fluid domain
dimensions are set to 10 L X 8 L x 5 L (length x width x height). The boundary conditions
are as follows: the inlet is set as a velocity inlet; the outlet is set as a pressure outlet; the
ROV surface and the one side surface are no-slip walls; the remaining boundaries are set as
symmetry planes. H is the distance between the wall and the ROV, which can be adjusted
to study its influence on the hydrodynamic force.

&§)
=
010
e Z-
o iy =
S A
9 (o\)‘\e

Figure 2. Computational model of the ROV moving close to the wall.

In the initial phase of hydrodynamic analysis, the primary objective is to understand
the interaction between the hull structure and water flow. A critical aspect of this process
involves developing a simplified yet accurate propeller model to ensure computational
precision and efficiency. Propeller rotation significantly modifies the local flow field,
leading to complex phenomena such as high-speed rotation and nonlinear fluid dynamics.
To simplify the modeling process while accounting for potential structural- and support-
induced disturbances that may introduce additional resistance and flow perturbations,
it is common practice to treat the propeller as static when calculating hydrodynamic
coefficients. This assumption mitigates the complexities introduced by propeller rotation,
thereby facilitating the computation of fundamental hydrodynamic coefficients and aiding
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in the establishment of a robust hydrodynamic benchmark database. The effects of the
propulsion system will be addressed separately in subsequent stages.

3.3. Grid Generation

The mesh quality has a direct impact on the convergence, precision, and viability of
numerical simulations. Structured meshes are advantageous due to their ease of density
adjustment and relatively low memory requirements. They also offer significant benefits in
addressing boundary layer issues, thereby enhancing the accuracy and reliability of the
simulation results. For these reasons, this study employs a hexahedral structured mesh.

The generated mesh is gradually refined as it transitions from the boundary wall
toward the ROV surface, which reduces computational time while ensuring simulation
accuracy. To capture the boundary layer flow effectively, a prismatic layer mesh is im-
plemented on both the ROV surface and the boundary walls. In all simulation runs, the
dimensionless distance (y*) of the initial prismatic layer around the ROV and boundary
walls is maintained below 1, guaranteeing adequate resolution of the viscous sublayer and
precise estimation of the forces and moments exerted on the ROV.

The number of mesh is one of the important factors affecting the accuracy of simulation
results and should be given priority after determining the type and size of the meshes
in the computational domain. Figure 3 shows the mesh sensitivity analysis results of the
longitudinal forces (X) when the ROV moves forward at a speed of 1 m/s with H = 0.4 m.
The research indicates that as the number of meshes in the area close to the surface of the
ROV increases, the simulation results gradually stabilize. When the total number of meshes
reaches 18.8 million, the change of the X tends to be gentle. At this time, the height of the
first layer of grids is set to 0.5 mm, and the growth rate is 1.2. After the mesh convergence
analysis, the entire computational domain is divided into 18.8 million meshes, and the
mesh quality score exceeds 0.5, indicating that the selected meshes have excellent quality
characteristics. Figure 4 shows the grid distribution in the area around the ROV when the
distance between the ROV and the wall is 0.4 m.

—560 | .

—600 b

XIN

~640 1

—680 | .

=106

0 5 10 15 20 25 30
Mesh number

Figure 3. Curve of the longitudinal forces (X) varying with the number of meshes.
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(a) (b)
Figure 4. Mesh of ROV surrounding area. (a) Flow domain mesh. (b) Near-wall and ROV local mesh.

3.4. Validation of the CFDs Method

For the purpose of verifying the CFDs method utilized in our motion simulations,
the SUBOFF AFF-1 model provided by DRAPA is adopted as a reference model. This is
because the data from the physical towing tests can be retrieved from a comprehensive
set of experiments carried out during the research [25]. These data serve as a benchmark
for comparing the outcomes of our CFDs simulations, thereby assessing the precision of
the CFDs approach. The 3D representation of the SUBOFF model and its flow domain is
presented in Figure 5, while the validation outcomes are summarized in Table 2.

(@) (b)

Figure 5. SUBOFF simulations. (a) SUBOFF model. (b) Flow domain.

Table 2. Comparison of the total resistance between numerical and experimental results [25] at

different speeds.
Speed (m/s) Our Results (N) Experimental Error (%)
Results (N)
3.046 85.13 87.4 2.6
5.144 232.54 242.2 4.0
6.091 328.96 332.9 1.2
7.161 445.88 451.5 1.2
8.231 558.62 576.9 32

In summary, the simulation data align well with the experimental results, exhibiting
a relative error of 2—-4%, which meets the project’s actual standards. Analysis of the
SUBOFF AFF-1 straight-line simulation confirms compliance with engineering standards
and verifies the rationality and reliability of the computational theory, meshing approach,
and calculation model presented in this paper. Thus, this calculation method is suitable for
broader application and can be effectively utilized in future simulation experiments.
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4. Wall Hydrodynamic Calculation and Model Establishment for the
Complex-Shaped ROV

Considering the influence of the structural asymmetry, cruising speed, and near-wall
distance on the hydrodynamic characteristics of the open-frame ROV, this study employs
the CFDs method to investigate near-wall motion and determine the wall’s influence range.
The multiple linear regression method is used to process the data and extract the relevant
wall hydrodynamic coefficients, which are then optimized through parameter sensitivity
analysis. A corresponding hydrodynamic mathematical model is established to simulate
the effect of the structural asymmetry and near-wall motion on hydrodynamic performance.

4.1. Calculation Condition

In this section, the CFDs method is used to simulate and analyze the hydrodynamic
forces acting on an ROV during near-wall motion in the horizontal plane and the vertical
plane, respectively. Such research is of great significance for optimizing ROV design,
enhancing operational efficiency, and ensuring safety in complex environments.

The main factors influencing the wall hydrodynamic force (Fw) include two key
variables: the distance from the wall (H) and the speed of the ROV (V). Specifically, when
the ROV approaches the wall, the flow field undergoes significant changes due to the
boundary layer effect, leading to variations in the hydrodynamic force. Additionally, the
speed of the ROV directly affects the fluid force on the structure. Therefore, the wall
hydrodynamic force (Fw) can be regarded as a function of speed (V) and distance (H),
ie, Fw =£(V, H).

To describe this relationship more accurately, we conducted detailed numerical sim-
ulations of the ROV’s motion under various conditions. These simulation conditions are
summarized in Table 3, including key information such as the ROV’s motion direction,
speed range, and distance from the wall. Notably, the calculation of positive and negative
speeds takes into account the asymmetry of the ROV structure. This asymmetry may
cause the ROV to experience different hydrodynamic forces during forward and backward
motion, thus requiring separate modeling and analysis.

Table 3. Model simulation cases.

Motion Direction Primary Factors Conditions Case
Number
The wall distances  0.03, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8,
H 1.0,12,14,1.7,2.0,2.3
Horizontal plane (H/m) — 130
The flow velocities 5 144 406,408, +1.0
(u/m-s™%)
The wall distances  0.03, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8,
) (H/m) 1.0,1.2,14,1.7,2.0,2.3
Vertical plane 130

The flow velocities

1 +0.2, £0.4, 0.6, 0.8, +1.0
(w/m-s™)

To validate the proposed method’s effectiveness, we selected a specific case, namely,
the near-wall motion of the ROV in the horizontal plane. Through CFDs simulation, we
can clearly observe the regular changes in the hydrodynamic force as the ROV’s speed
and distance from the wall vary. The specific analysis process for vertical plane motion
shares certain similarities with that of the horizontal plane. To avoid repetition, we will not
elaborate on it here. The specific numerical results are summarized in Table 4. By combining
theoretical analysis with numerical simulation, we have successfully revealed the variation
patterns of the hydrodynamic forces acting on the ROV during near-wall motion. These
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research findings provide important references for the future design optimization and
practical application of ROVs.

Table 4. Wall hydrodynamic coefficients.

WXu lul WXuH WquuH WquuHH WXww WXwH WXwww WwaH
—52.25 7.98 52.80 —16.60 —4.82 5.47 —6.74 2.78
WYuu WYu uH WYu uHH WYw I/VYH Wwa WYwH Wwaw
—35.85 75.37 —53.03 —56.49 18.43 —110.17 88.69 —28.23
WZuu WZuuH WZuuHH WZuuHHH WZw Wwaw WZwHH WwaH
—102.11 278.34 —218.72 51.49 —102.11 —110.04 19.60 52.94
WMuuu WMuuuH WMuuuHH WMw WMww WMwH WMwww WMwwH
22.63 —36.53 11.79 —2.27 —4.33 5.67 —4.25 1.95
WN, uuu WN, uuuH WN uuuHH WN, www WN, wwwH WMwHH
—20.02 22.83 —6.98 —0.93 0.95 —1.57

4.2. Calculation Results and Analysis

Figure 6 shows the relationship between the hydrodynamic forces and distance (H)
from the wall at various velocities. In this figure, the solid line represents forward motion
(denoted as F in the legend), while the dashed line corresponds to backward motion
(denoted as B in the legend).

As shown in Figure 6a, the wall has a larger effect on the longitudinal forces (X) for
H < 1.4 m. Generally, the X increases markedly as the distance H decreases. This trend
can be attributed to the interplay between pressure forces and viscous forces. As depicted
in Figure 10, the pressure force rises markedly with decreasing H, whereas the viscous
force remains relatively stable. For example, at a velocity of # = 0.4 m/s and a distance of
H=1.4m, we have Xy = —4.084 N, Xp = —97.866 N (where Xy is the viscous resistance,
Xp is the differential pressure resistance); while at the same velocity but with a distance of
H =0.05 m, values are recorded as follows: Xy = —4.361 N, Xp = —106.081 N. These results
highlight that the pressure force is highly sensitive to changes in H, whereas the viscous
resistance exhibits minimal variation with respect to H. On the other hand, the viscous
resistance remains at a low level, it increases with the velocity but is almost independent
of H.

In addition to the longitudinal forces, the vertical forces (Z) are also influenced by
the proximity to the wall. As illustrated in Figure 6¢, the wall exerts a stronger effect on
the Z when H < 1.0 m. Similar to the X, the absolute value of Z increases noticeably as
H decreases. The underlying mechanism driving this change in the Z mirrors that of the
X: the pressure force dominates the variations, while the viscous force plays a secondary
role. This observation reinforces the importance of considering wall effects in the design
and operation of underwater vehicles, particularly in confined spaces where these forces
become more pronounced.

It can be seen from Figure 6b that lateral force (Y) exists from the wall when H < 1.7 m
and its absolute value increases rapidly as H decrease. The reason can be found in the
velocity contours (Figure 7). At H = 2 m, the velocity field around the ROV is nearly
symmetrically distributed in the horizontal plane. This symmetry implies that the flow on
either side of the ROV is relatively balanced, resulting in minimal Y acting on the vehicle.
However, as the ROV moves closer to the wall, such as at H = 0.05 m, the presence of the
wall significantly alters the velocity field. The wall disrupts the flow symmetry, leading to
an asymmetric distribution of velocities around the ROV. This asymmetry plays a critical
role in generating the lateral force observed in the simulations.
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Figure 6. Force results of wall hydrodynamic force simulation. (a) Relation between X and H.
(b) Relation between Y and H. (c) Relation between Z and H.

The explanation for this behavior can be derived from Bernoulli’s equation, which
relates pressure and velocity in fluid dynamics. As the ROV operates near the wall, the
interaction between the wall and the ROV leads to the formation of a high-pressure zone
adjacent to the wall. As a result, a pressure differential arises across the ROV, where the
pressure on the left side is lower than that on the right side. This pressure disparity creates
a lateral force pushing the ROV toward the left (in the opposite direction of the pressure
gradient). In the simulation results, this force is indicated by a negative value, as shown
in Figure 6b.
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Figure 7. The velocity contours of the axial plane, # =0.8 m/s. (a) H=0.05m. (b) H=2m.

To further validate this explanation, we can examine the surface pressure contours of
the ROV presented in Figure 8. These contours reveal that when H = 0.05 m, the pressure on
the right side of the ROV is significantly higher than the pressure on the left side. Moreover,
the pressure on the right side at this proximity is also greater than the pressure observed on
the same side when H = 2 m. This indicates that the lateral pressure differential resistance
becomes more pronounced as the ROV approaches the wall. In essence, this pressure
difference causes the lateral force acting on the ROV to become negative when it operates
in close proximity to the wall, as clearly demonstrated in Figure 6b.

In summary, the lateral force experienced by the ROV near the wall is a result of the
complex interplay between the wall, the velocity field, and the pressure distribution around
the ROV. This phenomenon highlights the importance of considering wall effects in the
design and operation of underwater vehicles, particularly in confined environments where
these forces can significantly impact maneuverability and stability. Understanding and
accurately predicting such forces are essential for optimizing the performance of ROVs in
real-world applications.

Figure 9 illustrates the relation between the moments and distance H at different
velocities. As shown in Figure 9a, there is a great impact on the pitch moment (M) when
H < 1.4 m, with a noticeable increase in M as H decreases. The variation in M follows
a similar pattern to the vertical force (Z), as the non-concentration of Z at the centroid
results in an increased absolute value of M with decreasing H. The underlying mechanism
involves the asymmetry in pressure distribution caused by the proximity to the wall, which
generates a torque about the pitch axis.
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Figure 8. The pressure contours of the ROV, u = 0.8 m/s. (a) H = 0.05 m, right side. (b) H = 0.05 m,

left side. (c) H = 2 m, right side. (d) H = 2 m, left side.

Similarly, Figure 9b demonstrates that the wall has a large effect on the yaw moments
(N) for H < 1.7 m. The absolute value of N typically increases significantly as H decreases.
Due to similar reasons as M, both longitudinal and lateral forces not concentrating at the
centroid result in an increased absolute value of N with decreasing H. This indicates that
the wall’s influence extends beyond translational forces, impacting the rotational stability

of the ROV as well.

In addition, as H decreases, the total resistance increases. The effect of the wall on the
hydrodynamics of the ROV is also affected by the velocity; specifically, as velocity increases,
the resistance caused by changes in distance becomes more significant. This suggests
that higher-speed operations near walls require careful consideration of hydrodynamic

interactions to ensure stable and efficient performance.
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Figure 9. Moment results of wall hydrodynamic force simulation. (a) Relation between M and H.
(b) Relation between N and H.

The total resistance acting on the ROV comprises two primary components: pressure
difference resistance (Fx) and viscous resistance (Fv). Research indicates that the pressure
difference resistance is the main factor influencing the hydrodynamic performance of the
ROV (Figure 10a). Conversely, viscous resistance remains at a lower level and increases
with velocity, and is almost independent of H, as shown in Figure 10b. This distinction
highlights the differing contributions of pressure and viscous forces to the overall resistance

experienced by

the ROV.
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Figure 10. Cont.

(a) Pressure resistance
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Figure 10. The simulated (a) pressure and (b) viscous resistance of the ROV with different surging
velocity at different heights.

4.3. Wall Hydrodynamic Mathematical Model

The preceding section demonstrates that the wall force (and moment) is influenced by
two primary factors: the velocity (V) and the distance (H) between the ROV and the wall,
as mathematically expressed in the equation provided.

T
Fy(VH)=Fa—F—Fp = |Xw Yw Zw Ky My Nw} (11)

Based on the computational results obtained from simulations conducted in both
the horizontal and vertical planes, the wall force (and moment) function, along with the
associated wall hydrodynamic coefficients, has been derived using the multiple linear
regression method. These coefficients are summarized in Table 4. Consequently, a wall
hydrodynamic model can be established.

However, it is important to note that not all coefficients contribute equally to the
system’s behavior. Some coefficients have a significant impact on the overall dynamics of
the ROV, while others exert minimal influence. Therefore, evaluating the effect of coefficient
variations on the system becomes crucial. To achieve this, it is necessary to quantify the
influence of each coefficient on the system through a numerical metric. This amount is
called the coefficient sensitivity. Sensitivity analysis of the hydrodynamic coefficients is
subsequently performed to assess their individual contributions to the system’s perfor-
mance. The sensitivity index serves as a foundation for simplifying the hydrodynamic
model, ensuring that only the most influential coefficients are retained.

Sensitivity can be defined in various ways. In this research, since estimations are
based on velocities, the change of velocities to the change of a coefficient is defined as
the sensitivity of the coefficients. This definition allows for a systematic evaluation of
how variations in each coefficient affect the motion parameters of the ROV. The sensitivity
relationship is determined through the following structured stages [26]:

e  Baseline simulation: perform a simulation of the rotation maneuver using the orig-
inal set of coefficients without any perturbations and save the resulting data as the
baseline reference.

o  Coefficient perturbation: Select a specific coefficient, denoted as cj, and perturb its
value by increasing it to (100 + A)% of its original value, where A = 10%. Then, simulate
the rotation maneuver again under these modified conditions.

e  Restoration: restore c; back to its original value to ensure consistency in subse-
quent steps.
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e  Repetition: repeat steps (2)—(3) for each coefficient in the model, saving the results for
comparison.

e  Error calculation: compute the sum of the squares of the differences between the
unperturbed baseline data (from step 1) and the perturbed data (from step 2) over the
entire simulation time, Y_ (V3 — V3, p).

e  Baseline Variance: calculate the sum of the squares of the unperturbed baseline data
over the simulation time, )~ Vén P

e  Sensitivity Index: divide the result from step (5) by the result from step (6) to obtain
the sensitivity index for the coefficient under consideration.

Z(‘/%’ - Vl%lnp)
Z:Vlz,lnp

where Vp and Vi, are perturbed and unperturbed kinematic parameters of motion,

Sensitivity = (12)

respectively.

The results of sensitivity analysis are illustrated in Figure 11. It is found that some hy-
drodynamic coefficients have very low sensitivity in this motion state, such as WX,p,
WXyuurre, WXwn, WXwwr, WYuunn, WZyunn, WZuunnaa, WZownn, WM, WM,
WMuywr, WMynH, WNyuuaa, and WNyp. Due to their negligible small impact on the
ROV’s movement, these coefficients can either be roughly estimated or omitted entirely
from the model. This simplification reduces the computational workload significantly
while maintaining an acceptable level of accuracy.

WXu|u|
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WYuuH
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Figure 11. Sensitivity analysis.

Consequently, the viscous hydrodynamic model can be further simplified by retaining
only the coefficients with substantial sensitivity. The simplified results are expressed
in Equation (13), offering a more efficient and manageable representation of the ROV’s
hydrodynamic interactions with the wall. This streamlined model facilitates more accurate
predictions and enhances the overall efficiency of motion simulations, particularly in
scenarios involving close proximity to walls or boundaries.
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Xy = WX, tt|ue] + WXoumt® H + W Xgpww + W Xy w?

Y = WYuts? + WY,uqt? H + WYt + WY H + WYopow? + WYgwH + WYgw® + WY, w?H

Zw = WZuuti®> + WZuqti* H + WZpw + WZyuw® (13)
My = WMuuuu3 + WMuuuHu3H + WMwww2 + WMyw + WMwwww3

Ny = WNuuuu3 + WNWMHu3H + WNwwww3

5. Conclusions

For ROVs equipped with capabilities such as underwater damage detection and repair,
autonomous wall-following, and composite drive modes, their maneuvering modes are
highly flexible and varied and involve near-wall motion. Furthermore, the influence of
complex asymmetric structures on hydrodynamic performance should also be taken into
account. To precisely control ROV movement, this study uses CFDs numerical simulation
methods to simulate the motion of an asymmetric-structured ROV at different wall dis-
tances and speeds. Then, by subtracting the hydrodynamic values of the ROV moving near
the wall and the ROV moving in the open water, the wall hydrodynamics caused by the
wall effect are obtained. Finally, the hydrodynamic coefficients of the wall are quantified
and fitted by multiple linear regression method, and a hydrodynamic model considering
the wall hydrodynamic coefficients and the ROV’s structural asymmetry is established.

The results show that during near-wall motion, the wall hydrodynamic force is a
major component of the hydrodynamic model and cannot be ignored. When H < 1.4 m, the
longitudinal force (X) is significantly influenced by the wall, mainly caused by the change
in pressure force, while the influence of viscous resistance is relatively small. The vertical
force (Z) and lateral force (Y) increase as H decreases, which is due to the asymmetry of the
flow velocity field when close to the wall. According to Bernoulli’s equation, the generation
of the lateral force can be attributed to the pressure difference on both sides of the ROV.
Additionally, the pitch moment (M) and yaw moment (N) are also affected by the proximity
of the wall, and their values increase as H decreases. The total resistance increases with
the decrease of H and the increase of speed, where the pressure difference resistance is
the dominant factor. In summary, for ROVs moving close to the wall, predicting the wall
hydrodynamic force is crucial, especially during the design stage.
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