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Abstract

To address the cleaning requirements for marine growth on offshore platform jackets,
an underwater cleaning robot featuring a combined “chassis + thruster-assisted adhe-
sion + magnetic adhesion” mode is designed. The robot is equipped with four thrusters
and a magnetic-adhesion wheeled chassis, enabling stable attachment and movement
on varying-diameter pipes. Kinematic models in both inertial and body-fixed coordinate
systems are established, and six-degree-of-freedom (6-DOF) dynamic equations are derived.
These equations systematically incorporate key factors including added-mass forces, damp-
ing forces, hydrostatic restoring forces, ocean current disturbances, and thruster torques.
Based on CFD simulations employing overset grids, moving reference frames, and simple
harmonic motion techniques, the damping, added-mass, and thruster thrust and torque
coefficients for each degree of freedom are identified. The obtained parameters demon-
strate reasonable consistency with the CFD internal validation and preliminary external
verification, providing a complete theoretical model and simulation data to support the
motion control and operational stability analysis of the underwater cleaning robot. The
established dynamic model addresses the free-navigation condition of the robot without
cleaning operation. The additional hydrodynamic effects during cleaning operations will
be considered in future work.

Keywords: underwater jacket cleaning robot; dynamic modeling; hydrodynamic coefficients;
CFD simulation; propeller thrust

1. Introduction

In current offshore oil exploitation, jacket structures serve as essential supporting
components for platforms. Due to long-term immersion in the marine environment, their
surfaces are highly susceptible to attachment by marine organisms such as barnacles, oys-
ters, mussels, algae, and microbial biofilms, forming a marine biofouling layer with distinct
spatiotemporal variations [1,2]. Marine biofouling increases the equivalent diameter, added
mass, and surface roughness of structural components, alters flow separation and vortex-
induced response characteristics, and consequently elevates drag forces, inertia forces, and
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fatigue loads under wave and current actions [3-5]. Simultaneously, biofilms and their
metabolites can induce or accelerate the microbiologically influenced corrosion (MIC) of
metallic materials, diminishing the long-term effectiveness of protective coatings on marine
steel structures [6-8]. With the rapid expansion of the marine economy and deep-sea oil
and gas exploitation in the 21st century, drilling and production platforms have become
core equipment in modern ocean development, making their maintenance and support
increasingly critical. To ensure an adequate service life for jacket structures and guarantee
the sustained stability of oil production, periodic cleaning and inspection are imperative.
Currently, jacket cleaning still heavily relies on divers or remotely operated vehicles (ROVs)
equipped with high-pressure water jet equipment. However, the underwater environment
is complex and volatile; operations are easily disrupted by factors such as sea states, water
depth, visibility, currents, and recoil forces, which limit cleaning efficiency and pose high
safety risks to personnel [9]. Therefore, developing a specialized underwater climbing
cleaning robot system tailored to jacket cleaning demands holds profound practical sig-
nificance for enhancing the maintenance capability and operational safety of offshore oil
production equipment [10,11].

In application scenarios such as underwater steel structure cleaning, climbing robots
have advanced rapidly in recent years, owing to their advantages of ease of operation,
robust environmental adaptability, and high operational stability. Focusing on under-
water wall-climbing cleaning robots, research teams globally have conducted extensive
investigations into adsorption methods, curvature adaptation, cleaning mechanisms, and
path tracking. Wang et al. designed a hybrid wheel-leg robot with variable curvature for
hull cleaning, which enhances conformable and stable adsorption on curved hulls via a
permanent magnet wheel-leg mechanism [12]; Jiang et al. proposed a passive adaptive
wall-climbing robot based on a five-bar mechanism, offering a structural design paradigm
for stable locomotion on metallic walls with changing curvatures [13]; Aiming at marine
cylindrical steel structures, Luo et al. presented a passive adaptive cleaning and inspection
robot featuring tapered magnetic adhesion wheels, validating its locomotive capability
on cylindrical surfaces of varying diameters through instability modeling and prototype
testing [10]. Regarding cleaning execution and control, Chen et al. developed an underwa-
ter hull cleaning robot driven by thrusters and tracks, improving cleaning continuity via
coverage path-tracking control [11]; Wei et al. proposed an underwater hull cleaning robot
combining mechanical brushing and cavitation jetting to balance high-efficiency cleaning
with surface damage control [14]; Zhong et al. verified the feasibility of using ultrasound-
enhanced submerged cavitation jets for biofouling removal on ships [15]; and Zhu et al.
further investigated the cavitation cleaning mechanism of barnacle fouling subjected to
high-speed water jets [16].

The underwater jacket is composed of steel tubular members with various specifica-
tions and has a relatively special structural configuration. Therefore, the cleaning robot
must not only adapt to non-uniform tubular diameters and curvature variations in vertical
members, inclined braces, and joint regions, but also maintain stable adhesion and reliable
crawling under the effects of ocean currents, waves, and near-wall flow interactions. Re-
cent studies have shown that near-wall hydrodynamic interactions between underwater
cleaning robots and large ship hulls or marine structures can significantly affect resistance,
lateral forces, and flow-field distributions [17]. In addition, the surface roughness caused
by marine biofouling can alter the maneuvering stability and near-bottom motion character-
istics of underwater vehicles [18]. Therefore, the design of the cleaning robot should focus
on its adhesion, locomotion, and disturbance-resistance capabilities under non-uniform
tubular-diameter conditions. Meanwhile, the parameters of water-jet or cavitation-jet clean-
ing should be reasonably selected to balance cleaning efficiency, coating protection, and
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structural safety [19,20]. To ensure that the cleaning equipment can be stably carried by the
robot and that reliable crawling and cleaning operations can be achieved on the surface of
the underwater jacket, systematic design and modeling analyses of the robot are carried
out in this study.

2. Design Scheme of the Jacket Cleaning Robot

To achieve effective cleaning of underwater jacket structures, the design of the robot is
primarily centered on the following three core functional requirements:

(1) Brushing and Cleaning Function: The ultimate operational objective of the robot
is to remove marine organisms—such as barnacles, algae, and shellfish—adhering
to the jacket surface. Given the high diversity and robust adhesion forces of these
biofouling species, the cleaning mechanism must possess exceptional underwater
adaptability and sufficient driving power. Furthermore, it should operate smoothly
during brushing to minimize dynamic disturbances to the robot’s locomotion posture,
thereby ensuring the overall stability of the cleaning operation.

(2) Adhesion Function: The walls of offshore jacket structures are fabricated from steel
materials featuring excellent magnetic permeability. However, due to the heavy
accumulation of marine growth, the actual surface exhibits a highly irregular and
rugged topography. Consequently, the robot must adopt a secure and reliable adhe-
sion method that guarantees both flexible mobility and the absolute prevention of
detachment during operation, thereby achieving stable and resilient attachment.

(8) Climbing and Locomotion Function: Jacket structures consist of vertical legs, horizon-
tal braces, and diagonal braces. Legs have the largest diameter, and diagonal braces
the smallest; all submerged components are highly prone to biofouling. The target
surfaces present pronounced curvature variations and conspicuous obstacles; there-
fore, the robot’s locomotion mechanism must exhibit robust geometric adaptability
and reliable obstacle-negotiation performance.

To address the difficulty of conventional underwater cleaning robots in adapting
to tubular members with different diameters and their unstable cleaning performance,
this study analyzes the structures and functions of underwater climbing cleaning robots
developed by domestic and international research institutions. Meeting all technical require-
ments and considering the operating environment of underwater cleaning tasks, a cleaning
robot scheme combining a wheeled chassis, thruster-assisted adhesion, and magnetic adhe-
sion is adopted. The robot adheres to the surface of the offshore jacket through the thrust
generated by vertically mounted thrusters and the magnetic adhesion force provided by
magnetic adhesion drive wheels. It moves along the jacket surface driven by the magnetic
adhesion drive wheels, while the cleaning discs mounted on the robot perform the cleaning
operation. The robot mainly consists of a magnetic adhesion wheeled chassis, cleaning
discs, thruster assemblies, and a control compartment. The total mass of the robot is approx-
imately m = 150 kg, and its principal inertia tensor is I = diag{61.26, 54.63, 96.83} kg-m?.
The overall dimensions are approximately L x W x H=13m x 1.2 m x 0.4 m. The
simplified virtual prototype model and the detailed dimensional drawing are shown in
Figures 1 and 2, respectively. The left and right horizontal thrusters are denoted as HP1
and HP2, respectively; the left and right vertical thrusters are denoted as VP1 and VP2,
respectively; the left and right front wheels are denoted as FW1 and FW2, respectively; and
the left and right rear wheels are denoted as BW1 and BW2, respectively.
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Figure 1. Simplified virtual prototype model of the underwater cleaning robot.

Figure 2. Dimensional drawing of the underwater cleaning robot.

Four T200 propeller thrusters with forward-rotation propellers are used to provide
horizontal thrust and vertical thrust, the latter serving as the adhesion force. The relation-
ship between propeller type and thrust is shown in Figure 3. The wheel diameter and width
of the wheeled chassis are 0.5 m and 0.1 m, respectively. The positions of the thrusters and

drive wheels relative to the robot’s center of gravity are listed in Table 1.
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Figure 3. Thruster Model. (a) 3D model of the T200 thruster with a forward-rotation propeller.
(b) Simplified model.

Table 1. Coordinates of the rotating-domain center with respect to the robot center of gravity.

Propeller Thruster Center Coordinates (mm) Wheel Center Coordinates (mm)
Coordinate Values HP1 HP2 VP1 VP2 FwW1 FW2 BW1 BW2
X 2.86 2.86 —221.12 —221.12 400.93 400.93 —399.07  —399.07
Y 215 —215 222.5 —222.5 540.9 —540.9 540.9 —540.9
zZ 129.91 129.91 —28.23 —28.23 —139.07 —139.07 —139.07  —139.07

3. Theoretical Modeling of the Offshore Jacket Cleaning Robot

3.1. Kinematic Modeling Analysis
3.1.1. Coordinate Systems and Kinematic Variables

To facilitate the mathematical description of the kinematic state variables of the un-
derwater cleaning robot and the establishment of its dynamic model, an inertial frame
0¢X¢leZg, denoted as {g}, and a body-fixed frame o0jx;y;z,, denoted as {b}, are defined.
The inertial frame {g} is fixed to the Earth. Since the curvature and rotation of the Earth
are neglected, the Earth-fixed frame can be regarded as an inertial frame. The o4x¢- and
0¢yg-axes lie in the horizontal plane, while the 0¢z¢-axis is aligned with the direction of
gravity. The origin of the body-fixed frame {b} is fixed at the center of gravity of the
underwater cleaning robot. The o0,x;-axis and opy}-axis point along the longitudinal and
lateral directions of the robot, respectively, and the o0,z;-axis points toward the ventral
side of the robot. The unit vectors along the x-, y-, and z-axes are denoted by e;, ep, and
e3, respectively. Both coordinate frames are right-handed. For the underwater cleaning
robot, the center of buoyancy does not coincide with the center of gravity, while both are
located on the 0,z)-axis. The position vector from the origin o, of the body-fixed frame to
the center of gravity (CG) is defined as r¢ = [xg, Y, z¢])" =1[0,0,0]". The position vector
from the origin o, of the body-fixed frame to the center of buoyancy (CB) is defined as
rp = [x5,v8, 28] = [0,0,—0.1]". The coordinate systems of the underwater cleaning robot
are shown in Figure 4.

The position and attitude of the underwater cleaning robot, represented by Euler
angles, are described in the inertial frame, whereas its linear and angular velocities are de-
scribed in the body-fixed frame attached to the robot. According to the variable definitions
specified by SNAME [21], the corresponding variables are listed in Table 2.

https:/ /doi.org/10.3390/fluids11070181


https://doi.org/10.3390/fluids11070181

Fluids 2026, 11, 181 6 of 20

(heave)

Y q (Pitch) p (roll)

r(yaw)

!

zp

Figure 4. Coordinate systems of the underwater cleaning robot.

Table 2. Motion variable definitions for the underwater cleaning robot.

Position and Euler = Linear and Angular

No. DOF Angles Velocities Forces and Moments
1 Surge: translation along the X-axis x u X
2 Sway: translational along the Y-axis Yy v Y
3 Heave: translation along the Z-axis z w Z
4 Roll: rotation about the X-axis ¢ p K
5 Pitch: rotation about the Y-axis 0 q M
6 Yaw: rotation about the Z-axis P r N

The six-degree-of-freedom motion and forces acting on the underwater cleaning robot
are expressed in vector form as follows:

T
= [n1,13) = (% v,z = [¢,6,¢]";

| 5vi = [u,0,w5v = [pgr]5; ¢))
T= [rlT,TZT]T;rl =[XY,Z];% = [K,M,N]T

where 7 denotes the position and attitude vector in the inertial frame, v denotes the linear
and angular velocity vector in the body-fixed frame, and T denotes the vector of forces and
moments acting on the underwater cleaning robot in the body-fixed frame. In addition,
based on the force characteristics and motion state of the underwater cleaning robot, the
following assumptions are made to facilitate the analysis of its motion:

Considering the complex positional relationship among the center of buoyancy, center
of gravity, and center of mass of the underwater cleaning robot, the mass distribution of
the robot is assumed to be uniform to simplify the analysis. Therefore, the coordinate
system origin is set at the center of mass (coincident with the center of gravity under
uniform gravity).

The symbols a and a are defined as the time derivatives of the vector a with respect to
time in the inertial frame {g} and the body-fixed frame {b}, respectively.

For the cross product of two (3 x 1) vectors a = [ay, a2, a3)" and b = [by, by, b3]", the
skew-symmetric matrix S(a) is introduced such that a x b = S(a)b where:

0 —das3 a
S(a) = | a3 0 —m ()
—a; M 0
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||a|| denotes the Euclidean norm of the vector a = [a1, a5, ..., a,]", which is given by
lall = /@ + @3+ ...+ a3

3.1.2. Kinematic Description

The kinematic relationship between the linear and angular velocities in the body-fixed
frame and the velocity and attitude-rate variables in the inertial frame is established. Its
vector form can be expressed as follows [22]:

["h] _ [11(112) 03x3] ["1] s =]y (€)

1, 033 Ja(n2) | |v2
—_—
J(n)

where J(#) is the transformation matrix parameterized by the Euler angles, namely the roll
angle ¢, pitch angle 8, and yaw angle ¢, and is given by:

cOcp  spsOcp — cpsP  cpsOcyp + spsip

Ji(112) = |cOsp  spsOsp + cpcp  cpsOsyp — spey 4)
—s0 s¢co c¢pco
1 st cptb
J2(12) = |0 ¢ —s¢ )

0 s¢p/cd cdp/c

where s- = sin(-), ¢- = cos(-), t- = tan(-).

3.2. Dynamic Modeling Analysis
3.2.1. Rigid-Body Dynamic Analysis
The six-degree-of-freedom rigid-body equations of motion of the underwater cleaning
robot can be expressed as:
MRgpv + Crp(v)v = TrpB (6)

where v = [vlT , 1/2T ] T_ [u,v,w,p,q, r]T is the generalized velocity vector of the underwater

cleaning robot expressed in the body-fixed frame; T = T = [t{, 7} ] T= [X,Y,Z,K, M, N]| T
is the generalized vector of the resultant forces and moments acting on the underwater
cleaning robot in the body-fixed frame.

The generalized rigid-body mass matrix Mgp is given by:

_ mlzy3 —mS(rG) (7)
KB\ mS(rg) Iy
The Coriolis—centripetal matrix is expressed as:
0 —mS(vy1) — mS(v2)S(r
CRB(V) _ 3%3 ( 1) ( 2) ( G) (8)
—mS(vy) +mS(rg)S(v2) —S(Ipvy)
which satisfies the following relationship:

Crp(v) = —Cip(v)Vv € R® 9)

3.2.2. Analysis of External Forces and Moments

When the underwater cleaning robot moves in the underwater space, without con-
sidering the cleaning operation state for the time being, the external forces and moments
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acting on it mainly include hydrodynamic forces and moments, environmental disturbance
forces and moments induced by underwater waves and currents, and the thrust forces and
moments generated by the actuators, namely:

TRB=TH +TE+ TT (10)

where Tty denotes the hydrodynamic forces and moments, 7 denotes the environmental
disturbance forces and moments induced by waves and currents, and tr denotes the
driving forces and moments generated by the robot’s actuators.

(1) Hydrodynamic forces and moments

The hydrodynamic forces and moments can be further divided into three components:
added-mass forces and moments, damping forces and moments, and hydrostatic restoring
forces and moments caused by gravity and buoyancy.

TH= —Mav—Ca(v)v — D(v)v - () (11)
S— SN—— N~~~
Added — mass forces Damping forces Hydrostatic restoring forces and

and moments and moments moments due to gravity and buoyancy
The added-mass forces and moments are expressed as T4 = —Muv — C4(v)v. By
approximating the robot as a regular geometric body, the following expression can be

obtained:
My My :

My = lel | = ~diag{ X, Y, Z, Ky My, N; } (12)

[0 0 0 0 —Z,w Y0 |

0 0 0 Z,w 0 —X,u
—S(Myjvi +Mpr)| | O 0 0 —Yu o Xu 0 (13)

—S(My1v1 +Mppvz)  —S(Mvy + Mxvy) 0 —Zyw Yo 0 -N;r Mgq

where X, ,Y;,Z, Kp, M i N are the added-mass coefficients, which are obtained through
the CFD simulations described in the following section.

The damping force Tp is one of the fundamental components of the fluid forces acting
on the robot during its motion. The viscous resistance in six degrees of freedom is described
using the second-order Taylor series expansion of the Morison equation, with higher-order
terms neglected. Accordingly, the viscous-force coefficient matrix can be expressed as:

[ X+ Xy ] 0 0 0 0 0 1
0 YU—FYU‘UHU‘ 0 0 0 0
_ 0 0 Zao + Zp|wo) 0] 0 0 0 14)
0 0 0 Ky + Kyl 0 0
0 0 0 0 Mq+Mq‘q‘|q| 0
I 0 0 0 0 0 Ny + Ny I7l]

Similarly, the damping-force coefficients involved are also obtained through
CFD simulations.

Gravity and buoyancy are referred to as hydrostatic restoring forces in fluid mechanics,
acting at the center of gravity and the center of buoyancy of the underwater cleaning robot,
respectively. Moreover, since the center of gravity and the center of buoyancy do not
coincide, when the underwater cleaning robot undergoes pitch and roll motions, gravity
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and buoyancy no longer act along the same vertical line, thereby generating restoring
moments. Therefore, the six-dimensional restoring force vector can be obtained as:

(W — B)sf (W — B)sf
—(W — B)cbs¢ —(W — B)cbs¢
_ —(W = B)cfc¢ | =(W = B)cbc¢
8ln) = —(ycW — ygB)cbcp + (zgW — zpB)chsgp | —zpBchs¢ (15)
(zgW —zpB)sb + (xgW — xpB)cOc¢ —2zpBs6
| —(x¢W — xpB)cs¢p — (ycW — ypB)st | i 0 |

(2) Environmental disturbance induced by ocean currents

The underwater cleaning robot is subject to current disturbances in its operating
environment. Since the environmental disturbance forces and moments 7 induced by
waves and currents are difficult to express explicitly in mathematical form, the effect of
ocean currents is modeled by introducing the relative flow velocity into the fluid-force
terms of the dynamic model. In this way, the current-induced forces and moments ¢ are
incorporated into the dynamic model of the underwater cleaning robot.

Assume that the current velocity in the inertial frame is vs = [us, Vs, wS]T, and the
corresponding velocity in the body-fixed frame is v, = [uc, Ve, wC]T. The transformation
relationship is given by v, = J;° L(32)vs. Accordingly, the velocity of the robot relative to
the current in the body-fixed frame can be expressed as:

U — U Uy
vi=vy—ve=|v—0 | = |0 (16)
W — We wy

By replacing v; in the robot dynamic equations under still-water conditions with the
relative velocity of the robot with respect to the current, denoted as v{, the generalized
velocity vector v, can be obtained, where v, = v.

(3) Driving forces and moments

Since the cleaning operation state of the underwater cleaning robot is not considered in
this study, under conventional three-dimensional motion, the robot uses only the propeller
thrusters as actuators for motion driving and control, while the magnetic adhesion drive
wheels remain inactive. The driving forces and moments generated by different actuators
can be expressed as:

TT = THP1&HP2 + TVP1&VP2 (17)

where Thp1&HP2 denotes the resultant forces and moments generated by the left and right
horizontal propeller thrusters, and Typigvp2 denotes the thrust forces and moments gener-
ated by the two vertical propeller thrusters.

The thrust of the propeller thruster is generated by the rotation of the propeller driven
by the motor. A series of simulation data for the thrust T and torque Q can be obtained
through CFD simulations, based on which the thrust coefficient K1 and torque coefficient
Kq are calculated using Equation (18).

{ T = Kypn|n|D* (18)
Q = Kopn|n|D?

where p denotes the fluid density, n denotes the rotational speed of the propeller, and D
denotes the propeller diameter. The simulation data are analyzed using least-squares fitting
to obtain the relationship curves between the advance coefficient and Kt and Kg [23]. The
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THP1&HP2 = [S(

advance coefficient is calculated as follows, where the rotational speed is expressed in

rev/s:
u

/=W

where U = ||v1]| = Vu? + v2 + w? denotes the translational velocity of the thruster. By
substituting the fitted ] — K and | — K curves back into Equation (18), the relationship

(19)

curves of the thrust T and torque Q with respect to the advance coefficient | and rotational
speed 7 can finally be obtained.

Taking the force and moment generated by the right horizontal propeller thruster
as an example, its thrust can be expressed as Typye;, and the corresponding moment is
given by Qppoeq + S(rypy) Typoer. Here, rHp2 denotes the position vector from the origin
of the body-fixed frame to the thrust application center of the right horizontal propeller
thruster, and S(rgp2) Typper represents the moment generated by the thrust Typpe; about
the body-fixed frame. Since ||Qgpae1|| < ||S(rrp2) Tapoe1 ||, the propeller-induced torque
Qmupzeq can be neglected. Therefore, the resultant driving forces and moments generated
by the left and right horizontal propeller thrusters can be expressed as:

(Trp1 + Trp2)er
rup1) Tupie1 + S(rup2) Turoe
€1 €1
S(rup1)er  S(rup2)er

pD4KT,HPl 0
0 pD*K71 11p2

] (20)

nyp1 | nHp1 |
nyp2 | nHP2 |

where npp; and nypy denote the rotational speeds of the left and right horizontal propeller
thrusters, respectively. Similarly, the thrust forces and moments provided by the vertical
thrusters can be expressed as follows:

e3 es
ryp1)es  S(ryp)es

pD4KT,VP1 0
0 pD*Kr vp2

[nvm |nVP1 |] 1)

TVP1&VP2 =
[5( nypa | nypy|

3.2.3. Dynamics Model and Model Limitations Description

Based on the above analysis, the dynamic model of the underwater cleaning robot mov-
ing in three-dimensional space under ocean-current disturbances can finally be obtained.

MRgpvy + Crp(vr)vr = Tr — Mavy — Ca(vr)vy — D(vr)vr — g(1) (22)
Further rearrangement yields:

(MR3p ‘|>MA)1./;~ + (CRB(Vr) + Cu(vy))vr +D(1/r)1/r +g(17) =TT (23)

M C(vr)

where M is the total mass matrix, and C(v,) is the total Coriolis and centripetal matrix.

We would like to further clarify that the diagonalization of the added-mass matrix M 4
and the damping matrix D in this paper is based on the following analyses:

(1) Geometric symmetry analysis

As shown in Table 1, the four thrusters and wheels are mounted symmetrically on the
left and right sides. Consequently, the robot possesses strict geometric symmetry in the
x-z plane and approximate symmetry in the x-y and y-z planes. The main hull, frame, and
internal equipment (battery packs, control cabin) have their mass concentrated near the
geometric center. Although external attachments such as wheels and thruster pipelines
cause slight local asymmetries, their mass accounts for a relatively small proportion of the
total mass and thus has a limited effect on the overall mass distribution.
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(2) Hydrodynamic symmetry analysis

In the CFD computations, the overall hydrodynamic coefficients are dominated by the
components in the same direction, while the cross-coupling effects are relatively weak. We
will further quantify the magnitude of the cross-coupling terms through analysis of the
CFD data.

(3) Statement of model limitations

It should be noted that complete diagonalization is an idealizing assumption. In
practice, due to the non-perfect symmetry of the wheels, thruster pipelines, and internal
equipment layout, off-diagonal coupling terms theoretically exist in the hydrodynamic
matrices. In this paper, we neglect these off-diagonal coupling terms as higher-order small
quantities. This assumption is reasonable for low-speed robot motion and small attitude
angles, but it may lead to model inaccuracies under other motion conditions.

It should be noted that the current dynamic model addresses the robot’s free-
navigation condition without cleaning operation. The cleaning process involves complex
hydrodynamic effects, namely jet reaction forces, wall proximity effects, and fluid-structure
interactions between the cleaning brushes and fouled surface, which are excluded from this
model due to the substantial increase in CFD computational cost and model complexity
they would entail. Consequently, the present model is applicable to transit and position-
ing maneuvers in open water, while cleaning-operation dynamics remain an important
direction for future research.

4. Hydrodynamic Characteristic Analysis of the Jacket Cleaning Robot

The theoretical model of the underwater cleaning robot moving in three-dimensional
space has been derived in the preceding section. Since some hydrodynamic coefficients
and propeller thrust coefficients involved in the model remain unknown, this section
determines these unknown parameters using CFD simulations based on the commercial
fluid dynamics software ANSYS Fluent 2025 R2, thereby completing the theoretical model.

4.1. Construction of the Numerical Computational Domain and Solver Settings

For the damping-force coefficients and added-mass coefficients of the underwater
cleaning robot, the overset grid technique is adopted to realize the motion of the robot
with different degrees of freedom in the flow field. To apply the overset grid method, a
background mesh and a component mesh are established separately. A component mesh
region is generated around the robot, and this region is embedded within the large-scale
background flow domain. The default initial boundary conditions are set as follows: the
inlet is defined as a velocity inlet with an inlet velocity of 0 m/s; the outlet is defined as a
pressure outlet with a gauge pressure of 0 Pa; all external surfaces of the robot are set as
no-slip walls; and the overlapping region is defined as an overset interface.

To solve the damping-force and moment coefficients, as shown in Figure 5a, for the
sway, surge, and heave motions of the robot, the robot position is fixed, and the relative
motion between the robot and the surrounding fluid domain is equivalently represented by
varying the inlet velocity at the velocity inlet. Specifically, the inlet velocity is prescribed as
uj, m/s in different directions, while the pressure outlet is maintained at a gauge pressure
of 0 Pa, and the remaining boundary conditions are kept consistent with those described
above. For the roll, pitch, and yaw motions of the robot, steady-state calculations are
performed, and the moving reference frame method is used to define the relative rotational
velocity of the overset region around the robot. In this case, the inlet velocity is set to 0 m/s,
the pressure outlet gauge pressure is set to 0 Pa, and the other boundary conditions remain
the same as the default settings.
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Figure 5. Boundary conditions applied to the computational domain. (a) Flow field and boundary
conditions for identifying the hydrodynamic coefficients of the robot body. (b) Flow field and
boundary conditions for identifying the thrust coefficients of the propeller thruster.

For solving the added-mass force and moment coefficients, transient calculations
and the mesh motion technique are adopted. The component mesh region is prescribed
with a small-amplitude sinusoidal velocity, either translational (in m/s) or rotational (in
rad/s), expressed as vy = 0.01sin(27tt). Although robots have both added mass forces
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and fluid resistance when moving, when their speed is 0, at this point they only have the
added mass force, and the coefficient of the added mass force is equal to the force divided
by the acceleration (the derivative of the speed). Additionally, existing studies [24] have
demonstrated that the added mass coefficients obtained through this “forced oscillation”
method are independent of the oscillation frequency; therefore, we employed only a single
oscillation frequency of 1 Hz. The forces and moments generated in each degree of freedom
can then be fitted in the following first-order Fourier series form.

{ F; = a;-sin(27tt)+Db;cos(27t) (24)

M; = cj-sin(27ct)+d;cos(27tt)

Thus, the coefficients of added mass forces and moments can be calculated according
to the following formula.

CMA,i _ dicozégjnt) (25)

b;cos(27tt
Cpa, = 2e2mt)

where Crg; and Cyyg; respectively represent the added mass forces and moment coef-
ficients at each degree of freedom. After removing the sinusoidal term that has a fixed
relationship with the motion velocity, the remaining cosine term corresponds to the added-
mass forces and moments. In addition, it should be noted that the justification for using
a single oscillation frequency for parameter identification in this study rests on the spe-
cific low-Keulegan-Carpenter number regime (KC < 1). Within this low-KC range, the
frequency dependence of added-mass and damping coefficients for bluff-body geometries
is known to be relatively weak. Experimental investigations on oscillating bluff bodies
have demonstrated that, at low KC numbers, the dependence of added mass and damping
on oscillation frequency is negligible, and the hydrodynamic coefficients become essen-
tially frequency-independent beyond a certain frequency threshold [25]. Therefore, the
single-frequency identification adopted herein is considered representative of the average
dynamic behavior over the operational range. This assumption, however, is not extended to
higher KC numbers or large-amplitude oscillations, where frequency effects and nonlinear
vortex-shedding phenomena may become non-negligible.

For determining the thrust coefficients of the propeller thrusters, as shown in Figure 5b,
the entire external flow domain of the thruster is first constructed, and the rotating domain
of the propeller is treated separately. The inlet is defined as a velocity inlet with an inlet
velocity of u;,, m/s, where different inlet velocities are prescribed for different cases. The
outlet is defined as a pressure outlet with a gauge pressure of 0 Pa. The external surfaces
of the thruster are specified as no-slip walls, and the cylindrical surface of the rotating
domain is defined as an interface. The regional motion is still defined using a steady-state
calculation combined with the moving reference frame method.

To ensure the effective solution of the governing equations, the following numerical
settings are adopted: A pressure-based solver with an absolute velocity formulation is used.
The Reynolds number range, calculated based on the main body characteristic dimensions
(length, width, height) of the robot, the inlet speed, and the fluid dynamic viscosity, is
3.93 x 10* to 1.3 x 10°, and the flow is in a turbulent state. The SST k-w turbulence
model, namely the shear stress transport model, is selected. This model combines the k-w
formulation in the near-wall region for superior boundary-layer resolution with the k-¢
formulation in the outer flow, while offering enhanced predictive accuracy for adverse
pressure gradients and flow separation. These features are particularly important for
the bluff-body flow around underwater robots. The coupled algorithm is employed for
pressure-velocity coupling, and the remaining solution control parameters are kept at their
default settings. During the simulation, the computation is considered converged and can
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be terminated when the residual of the continuity equation and the momentum equations
fall below 107, and the monitored values of forces, moments, and their corresponding
coefficients exhibit fluctuations within 2%.

4.2. Numerical Solution
4.2.1. Mesh Independence Verification

Before the formal simulation calculations, to improve the solution accuracy, a mesh
independence study was performed to determine the most appropriate mesh size. First,
the background mesh and component mesh of the two computational domains shown
in Figure 5 were each divided into three size levels, while requiring that the minimum
orthogonal quality of all meshes be no less than 0.3. Accordingly, three levels of volume
mesh models were generated (coarse, medium, and fine). The number of cells and the mesh
size parameters for each level are listed in Table 3.

Table 3. The results of the mesh independence verification.

. Background Mesh Component Mesh
Verified
It Level  1ocal Minimum Local Minimum Result Error
€ms . Number . Number
Size (mm) Size (mm)

Hodrod ) Coarse 30 498,461 8 837,924 919.89 10.51%
y “f)f, ynamic - c,arser 20 2,337,386 4 4498732  843.39 1.32%
coefficients Fine 10 11,276,743 2 23,634,136 832.40 0

™ Coarse 4 102,362 1 11,907 26.22 7.33%
ff_“?St Coarser 2 453,784 0.5 46,343 24.65 0.90%
coefficients Fine 1 2,281,414 0.25 216,567 24.43 0

The steady-state solutions of the heave damping coefficient and the thruster thrust
coefficient (at an inlet velocity of 0.25 m/s and a rotational speed of 3000 RPM) were used
as metrics to compare the computational results from different mesh levels in the two flow
domains. The results obtained with the finest mesh and the smallest time step were taken as
the reference values, and the errors for the other mesh and time-step levels were calculated.
As shown in Table 3, under both verification conditions for the two flow domains, the
error of the medium-mesh level results relative to the fine-mesh results was less than 2%,
indicating acceptable accuracy. Therefore, to reduce the computational cost while ensuring
calculation accuracy, the medium-mesh level was selected for all subsequent simulations.

4.2.2. Hydrodynamic Coefficients of the Robot

In the analysis of the damping force and moment coefficients of the underwater
cleaning robot, the component mesh region of the robot was prescribed with equivalent
translational or rotational motions with magnitudes ranging from 0 to 1 m/s or rad/s,
respectively. The forces and moments in each degree of freedom were monitored. The
steady-state calculation reached convergence after approximately 300 iterations. As shown
in Figure 6a, the curves obtained by quadratic polynomial fitting are smooth, and the R?
values of the fitted curves for all degrees of freedom are greater than 0.99.

In the analysis of the added-mass force and moment coefficients of the underwater
cleaning robot, the transient computational results of the forces and moments in each degree
of freedom are shown in Figure 6b. The coefficients of the fitted curves are listed in Table 4,
and the corresponding R? values are approximately 0.97, indicating good fitting accuracy.
The added-mass force and moment coefficients in each degree of freedom can be obtained
by dividing the cosine term of the fitted curve by the acceleration function obtained from the
time derivative of the prescribed motion velocity, namely 0.01 - 27tcos(27tt). In addition, as
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shown in Table 5, to assess the magnitude of the off-diagonal coupling terms, we analyzed
the CFD data under multi-DOF coupled oscillations. Specifically, for the pure heave
oscillation case, for example, the responses of the rolling moment and pitching moment
were monitored. The computational results show that the rolling-moment amplitude
|Mx |max
force amplitude |F;|

= 0.16 N-m, which is two orders of magnitude smaller than the primary heave
max = 21.1 N; the pitching-moment response |My|max = 0.035 N-m
is also negligible. Similar behavior is observed for the other degrees of freedom. This
demonstrates that, within the operating conditions studied in this paper, the off-diagonal

coupling effects are indeed small, and thus the diagonalization assumption is reasonable.
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Figure 6. Fitting results of hydrodynamic forces and moments.

Table 4. Fitted curve coefficients of added-mass forces and moments.

Fx Fy Fz Mx My MZ
a; or ¢; —0.2882 —1.2356 —1.7236 —0.1357 —0.1170 —0.1768
b; or d; —2.9191 —15.5967  —-20.4713  —2.0344 —1.8246 —2.5030
R? 0.9740 0.9702 0.9714 0.9690 0.9692 0.9688
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Table 5. The amplitudes of forces and moments acting on the system during small-amplitude
sinusoidal motion in each degree of freedom.

|Fx|max ‘Py’mux |Fz|mux |Mx|mux ’My’max ‘szmax
Surge 3.01 0.0016 0.052 0.0013 0.23 0.0015
Sway 0.0015 16.10 0.023 1.45 0.00094 0.014
Heave 0.050 0.21 211 0.16 0.035 0.00082
Roll 0.0011 0.044 0.16 211 0.00094 0.0076
Pitch 0.23 0.0075 0.032 0.0010 1.89 0.017
Yaw 0.012 0.014 0.00059 0.0079 0.017 2.59

Finally, the hydrodynamic coefficients of the underwater cleaning robot are obtained,
as listed in Table 6. In Table 6, Z,, is positive while all other linear damping coefficients are
negative. It should be noted that this positive sign does not indicate a genuine asymmetric
flow effect in the heave direction; rather, it is a mathematical outcome of the equivalent-
linearization fitting procedure. Because a quadratic damping model is adopted in this
work, the fitted linearized damping coefficient is not an independent physical constant;
its sign and magnitude depend on the phase relationship between the velocity and the
corresponding degree of freedom within the selected frequency band. Consequently, this
positive value should not be interpreted as negative physical dissipation, nor does it affect
the predictive performance of the model within the operational range.

Table 6. Hydrodynamic coefficient values.

Coefficient Xu Xu\u\ Yv Y‘U|v\ Zw Zw‘w‘
Coefficients of Damping Forces value -2.01 —-2938  —5.08 71857 3.02 —844.9
and Moments Coefficient Kp KP\P\ Mq qu N;/ Nr\r\
value —0.148 —131.56 —4.73  —88.61 —-596 -217.62
Coefficients of added-mass Coefficient X, Y, Z;, K, M, N,
forces and moments value —46.46 —248.23 32581 —32.38 —29.04 —39.84

4.2.3. Propeller Thrust Coefficient

As shown in Figure 7, the steady-state iterative calculation curves of the thruster thrust
and torque are obtained at an inlet velocity of 0.25 m/s and a rotational speed of 1000 rpm.
The calculation tends to reach a steady state after more than 6000 iterations. CFD simulations
of the thruster are then carried out under different rotational speeds and inlet velocities.

The results are listed in Table 7. Under different rotational speeds and inlet velocities,
the thruster exhibits different advance coefficients ], thrust values, and torque values.
Furthermore, the CFD data are plotted and fitted to obtain the propeller characteristic
curves, as shown in Figure 8. The thrust coefficient K7, torque coefficient K, and efficiency
1 of the propeller are fitted using quadratic polynomials, as expressed in Equation (26).
The corresponding R? values are all greater than 0.96, satisfying the accuracy requirement.
Furthermore, we utilized the publicly available thrust-PWM-RPM curve data from the
T200 thruster manufacturer to compare with the static thrust computed by CFD at zero
inflow velocity. As shown in Figure 9, the CFD predictions deviate from the manufacturer
data by 7.8%, 14.3%, and 12.2% at 1000, 2000, and 3000 RPM, respectively. For marine
propeller thrust prediction in the moderate-load range, errors within 10-15% are generally
considered acceptable in comparable CFD studies [26]. The error tends to increase with
rotational speed, which can be attributed to the growing influence of unsteady blade-wake
interactions and turbulence modeling limitations at higher advance ratios. The overall
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good agreement between the CFD predictions and the experimental values across different
rotational speeds demonstrates the reliability of the present CFD results.

Kr = —0.3299]? — 0.2771] + 0.304
Kq = —0.239]% — 0.096] + 0.432 (26)
n = —4.2724]% +2.7332] — 0.1531
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Figure 7. Thrust and torque curves of the thruster at an inlet velocity of 0.25 m/s and a rotational
speed of 1000 rpm.

Table 7. Calculated advance coefficient, thrust, and torque of the thruster.

J T Q
n (RPM) 1000 2000 3000 1000 2000 3000 1000 2000 3000
u (m/s)
0.25 0.197 0.099 0.066 2.09 10.35 24.65 0.0284 0.120 0.275
0.50 0.395 0.197 0.132 1.33 8.90 22.38 0.0258 0.113 0.258
0.75 0.592 0.296 0.197 0.33 7.37 20.45 0.0208 0.108 0.252
1.00 0.789 0.395 0.263 —1.09 5.71 18.13 0.0144 0.101 0.245
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Figure 8. Propeller characteristic curves (force and torque coefficients and efficiency curves).
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Figure 9. Comparison of thrust between CFD and experimental data.

5. Conclusions

This paper addresses the demand for removing marine biofouling from the surfaces
of offshore platform jackets and designs an underwater cleaning robot adopting a com-
bined configuration of a wheeled chassis, thrust-based adhesion, and magnetic adhe-
sion. The robot has an overall mass of approximately 150 kg and overall dimensions of
1.3m x 1.2m x 0.4 m. It is equipped with four T200 propeller thrusters and a magnetic
adhesion wheeled chassis, enabling stable attachment and locomotion under non-uniform
tubular-diameter conditions. This study presents a 6-DOF dynamic modeling framework
for an underwater jacket cleaning robot, with hydrodynamic and thruster coefficients
identified through systematic CFD simulations. The main contributions and findings are
summarized as follows.

The kinematic and dynamic models are formulated in both inertial and body-fixed
coordinate systems following the Fossen/SNAME framework. The hydrodynamic forces,
including added-mass effects, damping forces, and hydrostatic restoring forces, are in-
corporated into the equations of motion. Through CFD simulations employing overset
grids, moving reference frames, and forced oscillation techniques, the damping coefficients,
added-mass coefficients, and thruster thrust and torque coefficients are identified for each
degree of freedom. The quadratic polynomial fittings for the damping forces and moments
yield coefficients of determination greater than 0.99, while those for the added-mass forces
and moments are approximately 0.97, and the propeller characteristic curve fittings ex-
ceed 0.96. These statistical indicators confirm the internal consistency of the CFD-based
identification process.

However, this paper simplifies the hydrodynamic matrix to a diagonal form based
on the approximate symmetry of the geometry and mass distribution. This assumption
is reasonable under low-speed, small-perturbation conditions, but strict symmetry does
not actually hold. In future work, we will identify the full 6 x 6 coupled matrix through
coupled-oscillation CFD simulations or tank experiments, so as to further refine and vali-
date the model presented herein. Additionally, the current dynamic model is applicable
to the robot’s free-navigation condition without cleaning operation, as the complex hy-
drodynamic effects induced by jet reaction forces and wall proximity during cleaning are
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excluded. The extension of this model to include cleaning-operation dynamics will also be
addressed in future work.

This study provides a complete theoretical model and simulation-data support for
motion control and operational stability analysis of underwater cleaning robots, and offers
engineering reference value for improving the automation level and operational safety of
offshore platform jacket maintenance.
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