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Abstract

This study numerically determines hydrodynamic coefficients of a torpedo-shaped autonomous underwater vehicle (AUV) using the shear stress
transport k- turbulence model in COMSOL Multiphysics. Linear and nonlinear coefficients are extracted via steady-state simulations (uniform
linear motion, uniformly accelerated motion, and horizontal/vertical oblique cruising) and transient simulations replicating planar motion
mechanism (PMM) tests with small and large amplitudes. The sliding mesh and rotating domain techniques resolve unsteady flow
characteristics during dynamic maneuvers. The methodology formalizes six-degree-of-freedom motion equations, with hydrodynamic
coefficients identified through regression analysis of simulated force/moment data. Experimental validation via towing-tank testing demonstrates
agreement between numerical predictions and empirical measurements, particularly in capturing nonlinear hydrodynamic effects during large-
amplitude PMM maneuvers. The framework maintains geometric generality for application to diverse AUV configurations. Resultant
hydrodynamic databases improve the motion prediction accuracy in dynamic environments, enhance attitude control algorithm robustness, and
support hull optimization through parametric drag analysis. The hydrodynamic database established significantly improves the maneuverability
prediction accuracy under turbulent marine conditions.

Keywords Torpedo-shaped AUV; Hydrodynamic coefficient; SST- k-w turbulence model; Numerical simulation; Planar motion mechanism;
Sliding mesh technique; Rotating domain method; Towing-tank validation

1 Introduction

The 21st century has welcomed a new era of marine
exploration, driven by technological advancements that
enable systematic investigation of oceanic resources.
Autonomous underwater vehicles (AUVs), distinguished
by hull geometries (such as torpedo-shaped, cylindrical, or

Article Highlights

* The research subject is a self-developed autonomous underwater
vehicle (AUV) with a streamlined design and high maneuverability.

* The shear stress transport k-w turbulence model in the finite ele-
ment software COMSOL, combined with the moving mesh and rotat-
ing domain techniques, was employed to enhance the accuracy of
numerical simulation results.

* A transient simulation methodology for a large-amplitude planar
motion mechanism was developed to achieve high-precision deter-
mination of nonlinear hydrodynamic coefficients for the AUV,
with its accuracy experimentally validated through systematic testing.

* A towing platform was independently constructed to verify the
accuracy of simulation results.

P4 Haichuan Zhang
zhanghaichuan@sztu.edu.cn

Ringgold standard institution, Shenzhen Technology University,
Shenzhen 518118, China

> China Great Wall Technology Group Co., Ltd. Shenzhen 518109, China

@ Springer

biomimetic designs) and propulsion systems (such as pro-
peller-driven, buoyancy-driven glider, and hybrid configu-
rations) are pivotal tools for deep-sea missions. This study
examines a torpedo-shaped hybrid AUV with adjustable
horizontal stabilizers positioned aft of the propeller to
enhance maneuverability. This configuration significantly
enhances maneuverability across military and civilian
operations (Chen, 2014).

During underwater navigation, autonomous underwater
vehicles (AUVs) are subjected to hydrodynamic resistance
dominated by the velocity and acceleration vectors. These
forces are mathematically modeled through hydrodynamic
coefficients, whose accurate determination is crucial for
motion control and stability. Established methodologies
for hydrodynamic coefficient computation include experi-
mental testing, analytical semi-empirical (ASE) models,
and computational fluid dynamics (CFD) simulations.
Experimental approaches such as towing tank tests and
rotating arm trials employ force sensors for real-time
hydrodynamic load measurements. While capable of deliv-
ering high-precision data, these methods are constrained
by demanding experimental conditions and high opera-
tional costs (Jentzsch et al., 2021). ASE techniques suffer
dual limitations: their heavy reliance on prior knowledge
restricts model generalizability (Ahmed et al., 2023),
while assumption-based simplified modeling fails to accu-



X.K.Wang et al.: Advanced Hydrodynamic Simulation and Validation of a Torpedo-Shaped AUV 1365

rately characterize fluid dynamic behaviors under high Reyn-
olds number (Re) conditions or complex flow regimes
(Allotta et al., 2018). CFD-based methods, empowered by
advancements in computational resources, are a cost-effec-
tive alternative for hydrodynamic coefficient prediction,
with their reliability validated across various underwater
vehicle configurations. Foundational work by Cavallo et al.
(2004) established a theoretical framework for submarine
hydrodynamics. Phillips et al. (2007) demonstrated the pre-
dictive capability of CFD through ANSYS CFX simula-
tions of torpedo-shaped AUVs, achieving <5% error in drag
and moment coefficients relative to experimental data—a
benchmark case for CFD validation. Recent developments
have integrated machine learning (ML) into coefficient
estimation workflows (Gibson and Stilwell, 2018; Shad-
laghani and Mansoorzadeh, 2016; Qin et al., 2022; Benja-
min and Eric, 2005; Mohamad and Miralam, 2022; Kim
et al., 2015; Hong et al., 2022; Hong et al., 2021), signifi-
cantly enhancing computational efficiency and accuracy.

Addressing challenges associated with the simulation of
complex flow fields, Wu et al. (2022) developed a multi-
physics-coupled numerical framework for underwater towed
systems, discretizing cables into elastic catenary elements
with Morison equation-based hydrodynamic calculations.
Through CFD-empirical data fusion, Mitra et al. (2020)
quantified nonlinear effects of Re on hull resistance in
sloped riverine environments.

In novel AUV configuration optimization, bio-inspired
design and data-driven approaches have markedly improved
the performance prediction efficiency. Lu et al. (2023)
implemented CFD-based, multi-objective optimization for
shark-inspired AUVs, integrating parametric modeling
with surrogate models to achieve 9.1% drag reduction and
6.3% energy consumption decrease. Ahmed et al. (2024),
through resistance polar curve analysis, revealed lift-drag
ratio versus thrust requirement trade-offs in bow-winged
AUVs. Wang et al. (2023) systematically investigated AUV
configuration sensitivity to blockage effects in towing tanks,
proposing correction coefficients to enhance drag predic-
tion accuracy (Ye et al., 2024). Hussain et al. (2025),
through CFD simulations, elucidated the control mecha-
nisms of forewing-tail configurations on dynamic stability.
The integration of ML with CFD has revolutionized hydro-
dynamic modeling paradigms: Yang et al. (2021) imple-
mented reinforcement learning for dynamic parameter opti-
mization, overcoming local convergence limitations of gra-
dient-based methods; Liu et al. (2024) developed a phys-
ics-informed generative adversarial network (CFD-GAN)
for rapid performance prediction in high-dimensional param-
eter spaces (Liu et al., 2024).

Within CFD methodologies, hydrodynamic coefficients
remain classified into linear and nonlinear categories
despite technological advancements. Linear hydrodynamic
coefficients are conventionally derived through steady-state

motion simulations, including straight-line and oblique tow-
ing tests. However, nonlinear coefficient identification
requires specialized planar motion mechanism (PMM)
experimental protocols (Zou and Larsson, 2013). PMM
experiments are further categorized based on oscillation
amplitudes into small-amplitude and large-amplitude PMM
tests (Shi, 2021).

Small-amplitude PMM tests employ periodic oscillatory
motions with restricted amplitudes (typically 0.01 L—0.05 L,
where L denotes the characteristic length), ensuring numer-
ical convergence while capturing primary nonlinear hydro-
dynamic terms. However, the limited velocity and acceler-
ation ranges inherent in this approach restrict its applicabil-
ity to low-speed submersibles or those with high geometric
symmetry (Wang et al., 2024; Wang et al., 2023). Hydrody-
namic models derived from small-amplitude PMM data
remain sufficient for motion control applications in calm
marine environments with minimal flow disturbances (Lin
etal., 2022).

However, this methodology has proved inadequate for
characterizing high-speed, highly maneuverable submers-
ibles operating under complex hydrodynamic conditions.
Such scenarios involve significant unsteady flow separa-
tion phenomena (Zhu et al., 2025), where pronounced iner-
tial hydrodynamic loads and memory effects originate from
asymmetric vortex structures during high-angle-of-attack
maneuvers (Ma et al., 2025). To address these limitations,
this study implements an improved large-amplitude PMM
testing protocol through COMSOL Multiphysics simula-
tions (Liang et al.,, 2022). This protocol simulates four-
degree-of-freedom motions (pure sway, yaw, heave, and
pitch), generating amplified velocity gradients and enhanced
acceleration fields to effectively elicit nonlinear flow
responses.

Hydrodynamic force data are obtained both through
steady-state simulations (straight/oblique motions) and
transient simulations (small- and large-amplitude PMM)
using a sliding mesh methodology. Subsequent regression
analysis of the force/moment datasets enabled the system-
atic extraction of dynamic coefficients. Experimental vali-
dation through a custom-built towing tank platform and
dedicated test rigs confirmed the computational accuracy.

This approach facilitates the determination of higher-
order hydrodynamic derivatives (e.g., quadratic damping
terms and coupled inertial coefficients) essential for con-
structing comprehensive, six-degree-of-freedom (6-DoF),
strongly nonlinear dynamic models and enhances the con-
trol law’s robustness. The methodology establishes a gen-
eralized framework for predicting high-speed and high-
mobility AUV motion in dynamic marine environments,
exhibiting adaptability across diverse hull configurations
and providing critical insights for hydrodynamic optimiza-
tion of next-generation submersibles.

@ Springer



1366

Journal of Marine Science and Application

2 Model introduction
2.1 Introduction of AUV model structure

This study focuses on a torpedo-shaped AUV featuring
a streamlined design. For underwater target detection, this
AUV is equipped with a binocular vision system mounted
on its nose cone. Two large-diameter vectored thrusters at
the stern enable high-speed cruising, while adjustable hori-
zontal control surfaces positioned aft of the propeller
enhance maneuverability through vectored thrust. A verti-
cal stabilizer mounted atop the horizontal tails improves
the pitch stability. The AUV’s configuration and key parame-
ters are detailed in Figure 1 and Table 1, respectively.
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Figure 1 Configuration of the torpedo-shaped autonomous
underwater vehicle (AUV)

Table 1 Key parameters of the torpedo-shaped autonomous
underwater vehicle (AUV)

Total Total Total Speed

mass (kg) gravity (N) buoyancy (N)  (knots) Dok
8.3 81.3 83.5 0-3.8 3
Submerge Operation  Body length Body Body
depth (m)  time (h) (mm) width (mm) height (mm)
100 35 840 208 220

2.2 Introduction of the mathematics model
Herein, the motion of the torpedo-shaped AUV is

described using two coordinate systems: an Earth-fixed
frame (O,-XYZ)) and a body-fixed frame (o,-xyz) (Figure 2).
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In the body-fixed frame, the AUV’s linear velocity » and
angular velocity o are expressed as

v=[u,v,w] eR, 0=[pgqr] eR’ )

where » and @ denote the linear and angular velocities rel-
ative to the selected reference frame, respectively, and v =
[0", " ]" represents the overall velocity vector of the AUV.

Oy, Earth-fixed

u(surge)

v(sway)
r(yaw)

z
w(heave)

Figure 2 Reference frames of the torpedo-shaped AUV

Similarly, the position vector #, and orientation vector
5, of the AUV with respect to the Earth-fixed frame are
expressed as

”1:[xay:Z]TeR39”2:[¢99:W]TER3 (2)

where #, and #, denote the AUV’s position and attitude,
respectively, and together they constitute the complete
position orientation vector of the AUV, i.e.,n =[5, 5]

The origin of the body-fixed frame is located at the
AUV’s center of mass (COM), with the buoyancy center
positioned such that the COM coincides with the center of
buoyancy. Geometric symmetry about the xz-plane, com-
bined with near-symmetry about xy- and yz-planes, estab-
lishes inherent hydrodynamic stability along the longitudi-
nal (x-axis) direction. This passive stability enables autono-
mous recovery to equilibrium orientation without requir-
ing external interventions, justifying the angular velocity-
nullification assumption. Consequently, the equations of
motion demonstrate decoupled dynamics in the heave,
roll, and pitch degrees of freedom. Under these premises,
the AUV’s state-space dynamic model reduces to:

X =ucosy — vsiny 3(a)
y=usiny + vcosy 3(b)

z=w 3(c)

y=r 3(d)

u =L[m22vr+qu + X, ulul+ ‘L'X] 3(e)

11
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where my; =(m = X,), my =(m=Y,), my=(m~2,),
and m,, = (m — N, ) denote added mass components, while
X, Y., Z,, and N, represent hydrodynamic coefficients
associated with the added mass components. Moreover, W
and B denote the AUV’s weight and buoyancy, respectively.
The terms X, X, . Y., ¥, ,, Z,. Z,, ., N,, and N, | denote
hydrodynamic damping coefficients; 7, and 7, denote con-
trol forces acting on the AUV in the X-, and Z-directions,
respectively, and 7, denotes the control moment about the
Z-axis, all generated by two thrusters. The AUV’s weight
and buoyancy are almost identical (Table 1). Therefore,
(W - B) was assumed to be zero in CFD simulations.

3 Numerical calculation settings

Seven distinct motion patterns were investigated by sim-
ulating the AUV’s motion in COMSOL Multiphysics”:
uniform linear motion, uniformly accelerated linear motion,
oblique motion, small-amplitude planar motion mecha-
nism (PMM) horizontal motion, small-amplitude PMM
vertical motion, large-amplitude PMM horizontal motion,
and large-amplitude PMM vertical motion.

The SST k- turbulence model was employed throughout
the computational process. This model was implemented
using the Turbulent Flow, SST k- interface of the CFD
Module (COMSOL, 2024a). To enhance solution conver-
gence and computational efficiency, geometric smoothing
was applied to regions with high curvature gradients, such
as the tail tip and control surfaces, thereby optimizing the
mesh quality. A sliding-mesh approach, implemented through
the ALE moving-mesh capabilities of COMSOL Multi-
physics® (version 6.2) (COMSOL, 2024b) , was employed
to preserve mesh integrity during AUV displacement. This
method mitigated mesh distortion originating from the
compression and traction effects, thereby ensuring continu-
ous convergence of the fluid-structure interaction solution.

Regarding the mesh generation strategy, adaptive sizing
was employed based on the surface curvature. Smaller tet-
rahedral elements (minimum edge length: 0.000 2 m) were
concentrated on high-curvature regions, including horizontal
and vertical stabilizers, while larger tetrahedral elements
(maximum edge length: 0.55 m) were utilized for the main
cylindrical hull. A boundary layer mesh with eight pris-
matic layers and a stretching factor of 1.2 was implemented

in accordance with COMSOL meshing guidelines (COM-
SOL, 2024b) to resolve near-wall flow phenomena. Far-
field mesh topology varied across test cases but consistently
adhered to the convergence stability and accuracy require-
ments. Temporal discretization was controlled via a time
step of 0.1 s for steady-state motions and a refined time
step of 0.02 s for unsteady maneuvers, determined through
condition-specific sensitivity analyses. The nonlinear solver
was allowed a maximum of 100 iterations per time step, and
convergence was declared when normalized residuals of all
governing equations were less than a threshold of 1 x 107
(COMSOL, 2024c).

All numerical simulations were conducted using the
CFD Module (Fluid Flow interface) within COMSOL
Multiphysics® (version 6.2). Incompressible Navier-Stokes
equations were solved using the finite-element formulation
implemented in COMSOL, and turbulence was simulated
via the (SST) k- turbulence model. Solver settings, includ-
ing time stepping, maximum iterations per time step, and
residual tolerances, as well as numerical schemes, adhered
to the description in the COMSOL Multiphysics” Refer-
ence Manual (version 6.2) (COMSOL, 2024b).

4 Methodology
4.1 Governing equations

The torpedo-shaped AUV remained completely sub-
merged during all operational phases. Its hydrodynamic
behavior was governed by incompressible Navier-Stokes
equations. In three-dimensional Cartesian coordinates (x,
¥, z), the primitive variable form was written based on the
principles of continuity and momentum conservation:

ap . 9(pu;)
T Vi WA
at ox; 0 @)

o9\ uu; o u, .
,0 aul+ ( ]) =_al+i ” %4_&_%5_6“1 +
ot ax; dx; 0x, dx; ox; 3 Yox;

2 (~putas)

J

)

where i, j = 1, 2, 3; u, and u; are the fluid velocity compo-
nents in the i and j directions, respectively; x; denotes the
spatial coordinates in the rectangular system; p is the fluid
density; p represents pressure; ¢ is the physical time; g is
the dynamic viscosity; d is the Kronecker delta; and —pizu;
refers to the Reynolds stress tensor derived from the Boussin-
esq hypothesis (Hinze, 1975).

The SST k-w turbulence model (Menter, 1994) was
adopted to capture possible flow separation during oblique

@ Springer
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motion and PMM maneuvers of the AUV while maintain-
ing a balance between computational accuracy and cost.
This model incorporated Wilcox’s k- baseline closure
(Wilcox, 2008) for accurate near-wall resolution of the
boundary layer behavior and switched to the standard k-¢
formulation (Launder and Spalding, 1974) for outer flow
regions for improved numerical stability. The hybrid Reyn-
olds-averaged Navier-Stokes (RANS) strategy provided high
fidelity in the simulation of separated flows and complex
geometries, delivering reliable predictions for the hydrody-
namic performance of the torpedo-shaped AUV across var-
ious operating conditions.

4.2 Boundary conditions

Aiming at addressing diverse simulation scenarios herein,
customized boundary conditions were implemented to
enhance the solution accuracy. In steady-state numerical
simulations, the AUV remained stationary while the sur-
rounding flow field was constructed as a rectangular compu-
tational domain through relative water motion (Figure 3(a)),
with L and D representing the AUV’s length and hull diame-
ter, respectively. The inlet boundary was positioned 0.5L
ahead of the bow, employing a velocity boundary condi-
tion to define undisturbed uniform inflow with velocity
vectors perpendicular to the inlet plane. The outlet bound-
ary extended 2L downstream of the stern, and lateral open
boundaries maintained a distance of 11D from the vehicle
surface. By eliminating pressure gradients, these open bound-
aries enabled free fluid outflow, effectively suppressing
boundary reflection effects on the surrounding flow field.
An inlet distance of 0.5L ensured fully developed inflow,
while an outlet extension of 2L sufficiently accommodated
the 0.4L wake dissipation region, meeting the computa-
tional requirements for flow field stability.

For the dynamic simulation of PMM motions, the AUV
executed prescribed movements within a stationary fluid
domain, modeled as a 40 m x 15 m X 15 m computational
domain with dynamic meshing (Figure 3(b)). The AUV
was axially positioned 50L from the front boundary and
2.5L from the rear boundary, while lateral open boundaries
were set at 57D to satisfy spatial demands for dynamic
flow development.

All boundaries adopted open conditions, aligning with the
physical mechanisms of vorticity transport during motion
and adhering to grid independence criteria that required
boundary distances more than thrice the characteristic dimen-
sion. Considering a cruising speed of 1 m/s and a maxi-
mum motion period of 5 s, a domain length of 40 m not
only fulfilled the minimum data acquisition requirement of
25 m (corresponding to a maximum physical time span-
ning five cycles) but also optimized the computational effi-
ciency through a dynamic compression mechanism in the
outer region (Figure 4). This mechanism adaptively adjusted
the grid density on the basis of the motion phase: the tail
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Figure 3 Boundary conditions of steady motion and unsteady motion
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region employed finer mesh refinement in the initial stages
to resolve starting vortices, while the head region was
refined in the final stages to capture braking flow fields. A
width of 15 m minimized grid counts without compromis-
ing resolution, and a height of 15 m provided adequate
oscillation space for pure heave and sway motions. The
dimensions of the computational domain (length, width,
and height) were sufficiently designed to ensure the sub-
mersible could freely maneuver within the central region
without interference from boundary effects or numerical
artifacts. Notably, 90° axial rotation of the submersible
aligned the oscillation direction with the domain height for
both the heave and sway modes, preserving flow symme-
try and data comparability across motion configurations.
Therefore, the boundary conditions and physical time set-
tings established herein ensured both computational accu-
racy and a reasonable computational time.

Figure 4 Meshes of three subregions during unsteady motion
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4.3 Mesh generation

The AUV’s cylindrical hull geometry allowed for sim-
plified meshing strategies. With the exception of the hori-
zontal stern plane’s thin surfaces, the absence of geometric
discontinuities such as sharp edges or protrusions enabled
the use of free tetrahedral meshes. Critical stern plane
regions were assigned refined elements with 0.2 m maxi-
mum size and 0.002 m minimum size, achieving an opti-
mal balance between the solution accuracy and computa-
tional efficiency (Figure 5). All meshing operations were
conducted using COMSOL Multiphysics with controlled
element-growth rates.

Figure5 Meshes of the model

Domain decomposition strategies were implemented as
per motion characteristics. For the rectilinear and oblique
motion cases, the computational domain was partitioned
into three hierarchically refined zones: 1) boundary layer
regions utilizing prismatic elements with progressive stretch-
ing to resolve steep velocity gradients; 2) near-field regions
employing fine, free tetrahedral elements (maximum size:
0.1 m) for moderate flow variations; 3) and far-field regions
adopting coarser tetrahedral elements (maximum size:
0.275 m) for attenuated flow conditions. This multiscale
meshing approach, visualized in Figure 6 through COMSOL
implementations, was quantitatively validated through sub-
sequent grid independence studies.

— =

AR A T AR

= —au

Figure 6 Meshes of three subregions during steady-state motion

In the PMM simulation, the fluid computational domain
surrounding the AUV was partitioned into three dynami-
cally coupled regions: the inner region, intermediate region,
and outer region (Figure 4). The inner region was defined
using the Rotating Domain capability in the Moving Mesh
interface of COMSOL Multiphysics® (version 6.2) (COM-
SOL, 2024b), creating a spherical zone (comprising a refined
unstructured tetrahedral mesh) around the AUV surface to
resolve steep velocity gradients. A user-prescribed rota-
tional axis and angular velocity enforced sinusoidal varia-
tions in heading and pitch within this region. The interme-
diate region, enveloping the inner region, utilized a sliding
mesh technique (also via ALE-based Moving Mesh func-
tionality) to synchronize its displacement with the AUV
trajectory while maintaining stable internal mesh size and
quality, thereby preventing geometric deformation—induced
numerical errors. The outer region, extending beyond the
intermediate region, was constructed using deformable hexa-
hedral meshes whose boundaries dynamically adjusted
mesh dimensions on the basis of the AUV’s motion direc-
tion. For instance, the aft domain exhibited a higher com-
pression ratio during the initial phase of motion, while
increased compression occurred in the fore domain during
the terminal phase. Coarser meshes were adopted in this
region to reduce computational costs. Interfaces between
adjacent domains ensured continuous transfer of flow-field
variables across all regions, and mesh densities were rigor-
ously validated through grid independence analysis detailed
in subsequent sections.

4.4 Grid independence

Mesh sensitivity analysis plays a pivotal role in balanc-
ing between computational cost and solution accuracy, as
both numerical convergence and resource expenditure
strongly depend on element density. This study conducted
systematic grid convergence assessments through towing
tests and PMM simulations. For the towing configuration
(Figure 7(a)), a 3 m® cubic computational domain was
discretized using 13 systematically refined meshes having
30000-390 000 elements. Constant surge velocity condi-
tions (1 = 1 m/s) were applied to evaluate x-direction drag
coefficient variations across mesh resolutions, establishing
optimality criteria balancing between precision and com-
putational efficiency.

As evidenced from Figure 7(b), drag force stabilization
occurred at 300 000 elements with <1.5% deviation from the
finest mesh configuration while reducing the computation
time by 62%. The validated configuration comprised an
eight-layer boundary zone with a stretching factor of 1.2,
transitioning to graded tetrahedral elements in the near-field
(0.001-0.100 m sizing) and coarse tetrahedral elements in
the far-field (0.020—0.275 m sizing). This hierarchical mesh-
ing strategy captured 92.3% of velocity gradient features
while achieving 41% faster convergence than baseline con-
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Figure 7 Computational fluid domain around the AUV during
steady-state motion and drag force of the AUV in the x-direction
versus the number of meshes

figurations, exhibiting an effective balance between flow
physics resolution and computational practicality.

The PMM simulation framework employed a stratified
computational domain measuring 45 m (length) X 15 m
(width) x 15 m (height) (Figure 8(a)). Three dynamically
adaptive meshing zones were implemented to address
motion kinematics: 1) the innermost spherical rotational
domain with 0.75 m radius surrounding the AUV, employ-
ing ultrafine tetrahedral elements (0.000 2—0.100 0 m sizing)
to resolve vorticity fields during prescribed sinusoidal
pitching cycles (amplitude: 0.04 m; angular frequency:
0.47 rad/s); 2) encapsulating this core, a 2 m® cubic sliding
interface zone utilized graded tetrahedral meshes (0.002—
0.200 m) with real-time topology adaptation algorithms,
dynamically adjusting the element connectivity to track
trajectory-induced deformations; 3) the outermost domain
transitioned to structured hexahedral elements with dynamic
sizing (0.05-0.50 m), automatically scaling on the basis of
local velocity gradient magnitudes.

Systematic mesh sensitivity analysis evaluated 12 con-
figurations spanning from 100 000 to 1.2 million elements
at steady longitudinal flow (¥ = 1 m/s). Monitoring of x-
direction drag coefficients revealed solution convergence
at 900 000 elements, showing <2% deviation from the finest
mesh configuration while reducing the computational time
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by 58%. The optimized meshing strategy comprised isotropic
refinement in the rotational core (Jacobian > 0.3), anisotro-
pic tetrahedral morphing in the dynamic interface (skew-
ness < 0.7), and adaptive hexahedral elements in the far field
(growth rate: 1.18). This multilayered approach resolved
94.6% of pressure fluctuation spectra while maintaining
the temporal resolution to be <0.008 s for vortex shedding
events, achieving an optimal equilibrium between hydrody-
namic fidelity and computational efficiency (Figure 8(b)).

/
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(a) Computational fluid domain around the AUV during
unsteady motion (unit:mm)
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(b) Average drag force on the AUV in the x-direction
versus the number of meshes

Figure 8 Computational fluid domain around the AUV during
unsteady motion and average drag force on the AUV in the x-
direction versus the number of meshes

4.5 Grid convergence verification and richardson
extrapolation

In numerical simulations, in particular those relating to
fluid dynamics, grid refinement can significantly affect the
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accuracy of results. Aiming at ensuring the accuracy of
numerical solutions, this study employed Richardson
extrapolation to verify grid convergence (Roache, 1998),
following the procedures and mesh handling functional-
ities described in the COMSOL Multiphysics® Reference
Manual (version 6.2) (COMSOL, 2024b). Simulations
were conducted for two test cases: straight-line motion and
PMM motion. For the straight-line motion case, the AUV
moved at a constant speed of 1 m/s along the x-axis; for
the PMM case, the AUV underwent a PMM motion with
0.04 m amplitude and 0.4z rad/s frequency. In both cases,
coarse and fine grids were used for simulations.

Coarse and fine grid resolutions were selected for the
grid configuration: a coarse grid with a minimum element
size of &, and a fine grid with a minimum element size
of hg,.. Using these grid resolutions, the drag force along
the x-axis acting on the AUV was calculated, and the corre-
sponding drag coefficient was determined as follows:

R ©)
5 P vz A proj

where F; denotes the drag force acting on the AUV along the
x-direction; p is the fluid density, assumed to be 1 000 kg/m’
for water; v is the velocity of the AUV relative to the flow,
assumed to be 1 m/s; and 4, is the reference area, defined
as the maximum frontal projected area of the object. Herein,
A ,; included the hull, the thruster, and the rudder surfaces,
with a value of 0.02 m”.

In the “steady-speed, straight-line motion” case, the
minimum element size for the coarse grid was selected as
h. = 0.003 5 m, with the corresponding drag force F'§***
acting on the AUV being 3.85 N. The minimum element
size for the fine grid was £, ,=0.001 m, and the corre-
sponding drag force F{™ was 3.79 N. Using the drag force
calculation formula, the drag coefficient for the coarse
grid, C3™, was calculated to be 0.385, while the drag
coefficient for the fine grid, Cdﬁ“e, it is calculated to be
0.379. Richardson extrapolation was then applied to esti-
mate the theoretical drag coefficient for an infinitely
refined grid. The following is the basic formula for Rich-
ardson extrapolation:

. 4cﬁne _ Ccoarse
Ci=—"5 " Q)

By substituting the drag coefficients of coarse and fine
grids into Equation (7), an extrapolated value of 0.377 was
obtained, which closely matched the result from the fine
grid calculation, i.e., the theoretical drag coefficient for an
infinitely refined grid, C{, was almost equal to C™™, with
a difference of only 0.5%. This indicated that the numeri-
cal solution had converged and that the fine grid had been
sufficiently refined.

In the PMM motion case, the minimum element size for
the coarse grid was set to /.. = 0.001 m, resulting in a
drag force F ;™ of 4.01 N on the AUV. For the fine grid,
the minimum element size was 4, = 0.000 2 m, with the
corresponding drag force F!™ being 3.94 N. Using the
abovementioned drag coefficient formula, the C;** value
was calculated to be 0.401, while the Ci™ value was calcu-
lated to be 0.394. Applying Richardson extrapolation, the
C; value was estimated to be 0.392.

The extrapolated value closely matched the result obtained
from the fine grid configuration, with a difference of only
0.5%, indicating that the numerical solution had con-
verged. This further confirmed the validity of the grid
refinement.

Based on the computations and verification presented, it
can be concluded that the grid resolution selected exerted
a minimal impact on results. The fine grid was sufficiently
refined, and further refinement did not significantly
improve the accuracy. Moreover, Richardson extrapolation
was proved to be an effective method for assessing the
convergence of the numerical solution, ensuring the reli-
ability of simulation results.

4.6 Principles of hydrodynamic force computation

Herein, hydrodynamic forces (including drag and moment)
acting on the AUV were computed by integrating the stresses
exerted by the fluid on the AUV surface. We used the CFD
module within COMSOL Multiphysics® (version 6.2), com-
bined with incompressible Navier-Stokes equations, to sim-
ulate the interaction between the fluid and AUV. Navier-
Stokes equations described the conservation of momentum
in the fluid, and we assumed the fluid was incompressible,
meaning its density was constant.

In the simulation, a no-slip boundary condition was
applied to the AUV surface, meaning the fluid velocity at
the surface was zero. This created a significant velocity
gradient between the fluid and the solid surface, particu-
larly in the boundary layer region near the AUV. Aiming at
accurately capturing these details, especially in the bound-
ary layer region, we employed boundary-layer meshing to
resolve the flow behavior near the wall. The meshing strat-
egy is detailed in Section 4.3.

Navier-Stokes equations were solved using the CFD
module with the finite element method, obtaining the veloc-
ity and pressure at each mesh node. The computed pres-
sure field p and viscous stress field T were then used to cal-
culate forces acting on the AUV surface. The surface trac-
tion force was formed by the fluid pressure and shear con-
tributions and was expressed as

t=-pn+71-n (8)

where ¢ denotes the traction force, p is the local pressure in
the fluid, 7 is the viscous stress tensor, and n is the unit
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normal vector on the AUV surface. T was related to the
velocity gradient in the fluid:

7=u(Vu +Vu") ©

where u denotes the dynamic viscosity, and # is the fluid
velocity field.

After obtaining the pressure and viscous stress at each
mesh node, we employed surface integration to compute
the total hydrodynamic force F and moment M on the
AUV surface:

F=[(-pn+7-myds (10)
N
M=JSrXtdS (a1

where r denotes the position vector from a reference point
(such as the COM) to the surface element and ¢ denotes
the traction force. By integrating the traction across the
entire AUV surface, we computed the total drag (e.g., the
drag in the forward direction F,), along with the corre-
sponding moment.

For example, to calculate the drag force in the x-direc-
tion, F, we integrated the x-component of the traction on
the AUV surface:

F_= intop, (spf.T stressx) (12)
spf.T stressx = —p-nx + spf.K stressx (13)

where intop, denotes the surface integral operator in COM-
SOL, while spf.T stressx and spf.K_stressx denote the trac-
tion and viscous forces, respectively, acting in the x-direc-
tion at each point on the AUV surface. Moreover, p denotes
the fluid pressure, and mx is the x-component of the unit
normal vector (for more details on the symbols, variable
names, and calculation methods, please refer to manuals ).
Through this integration, we could calculate the value of
F_. The moments were calculated following a similar
approach, integrating the traction and combining it with
the moment arm.

In COMSOL, these calculations were performed using
the Fluid Flow Interface and the Navier-Stokes Solver.
The pressure, velocity, and stress values for each computa-
tional element were extracted using the postprocessing
module, and numerical integration was performed using
built-in integration operators to obtain forces and moments.
For transient conditions (e.g., PMM motion), surface forces
were recorded at each time step, followed by time history
analysis to calculate hydrodynamic coefficients. This pro-
cedure is detailed in Section 5. Furthermore, we ignored
the effects of gravity and buoyancy during the calculation,
as the weight and buoyancy of the AUV were approxi-
mately equal and opposite, effectively eliminating each
other (Section 2.2). Therefore, the final hydrodynamic
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forces computed accounted for only fluid forces on the
AUV. To ensure the accuracy of results, particularly in
boundary layer regions, the mesh was refined and grid
independence verified via grid convergence verification
(Section 4.5). This process ensured that results were inde-
pendent of the mesh resolution and time step.

5 CFD simulation

This study developed protocols for identifying hydrody-
namic coefficients via systematic numerical simulation,
covering steady-state and unsteady motion regimes. Steady-
state analyses encompassed fundamental modes including
uniform linear motion, uniformly accelerated linear motion,
and oblique motion in both the horizontal and vertical
planes. Unsteady hydrodynamic characterization employed
PMM testing across various amplitude ranges within the
horizontal and vertical planes, enabling comprehensive
quantification of nonlinear damping effects and coupled
dynamic responses.

5.1 Solver mode selection

The choice between steady-state and unsteady solution
approaches needs to be tailored to the dynamic characteris-
tics of the motion. For steady-state motions such as uni-
form rectilinear navigation and horizontal/vertical oblique
towing, hydrodynamic forces and moments acting on the
submersible solely depend on spatial attitude parameters
(e. g., angle of attack and drift angle) and inflow condi-
tions, exhibiting no explicit time dependency owing to
constant motion states. Such problems can be efficiently
addressed through steady-state methods: by establishing a
steady-state flow field model in an inertial reference frame,
the AUV is equivalently regarded as a stationary body
with uniform inflow velocity imposed at the domain inlet.
Hydrodynamic loads stabilize when the flow field converges
to the steady state, enabling direct extraction of force/
moment coefficients via steady-state solvers, thereby sig-
nificantly reducing computational cost.

In contrast, unsteady motions such as uniformly acceler-
ated linear motion and those generated during PMM tests
with small/large amplitudes necessitate the use of transient
methods to resolve dynamic characteristics. These motions
involve time-dependent evolution of the velocity, accelera-
tion, and attitude parameters, resulting in complex tempo-
ral variations in hydrodynamic loads—for instance, nonlin-
ear resistance growth proportional to the square of the
velocity in accelerated motion, or phase lag phenomena
between inertial and damping forces during PMM oscilla-
tions. Transient methods employ time-discretization strate-
gies (e.g., implicit time integration schemes) to iteratively
solve the unsteady Navier-Stokes equations at each time
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step. This allows accurate capture of unsteady flow phe-
nomena, including vortex shedding and boundary layer
evolution, thereby yielding force and moment time histo-
ries with high spatial and temporal resolution; these data
are crucial for determining dynamic hydrodynamic deriva-
tives such as the inertial and rotary terms.

5.2 Numerical simulation of steady-state motion

Steady-state motion of an AUV primarily includes straight-
line motion and oblique motion.

The straight-line motion comprises uniform linear motion
and uniformly accelerated linear motion. During operational
deployment, an AUV typically accelerates uniformly from
rest 0 m/s to a target velocity. Throughout this acceleration
phase, the hydrodynamic resistance F_ acting on the AUV
is governed by both instantaneous surge velocity u and
surge acceleration #. Straight-line motion simulations are
segregated into uniform and uniformly accelerated regimes
to address this coupling effect, facilitating the determina-
tion of the acceleration coefficients X, and X,

The oblique motion is further classified into horizontal
plane oblique motion and vertical plane oblique motion.
These regimes enable a comprehensive analysis of multi-
axis hydrodynamic interactions during complex maneuvers.

5.2.1 Uniform linear motion

During simulations of uniform linear motion, the AUV
was positioned within a cubic computational domain with
an edge length of 3 m (Figure 7(a)). Domain boundaries,
excluding the inlet and outlet, were configured as open-
channel flow conditions to eliminate wall interference
effects, enabling fluid to freely exit without flow recircula-
tion. F, and F, were defined as hydrodynamic drag forces
along the longitudinal and transverse axes, respectively,
corresponding to the surge and sway directions.

Figure 9(a) shows the simulation setup for longitudinal
motion, where the AUV remains stationary while uniform
inflow velocities are imposed at the domain inlet. To repli-
cate the operational surge velocity range of the AUV (max-
imum speed: 2 m/s), 20 simulation cases were executed
with inlet velocities being incremented from 0.1 to 2.0 m/s
in 0.1 m/s steps. Steady-state solutions were computed for
each case to quantify the surge-direction drag force F..
The longitudinal hydrodynamic force F, of the AUV can
be expressed as

F.=X, i (14)

where the surge resistance F, represents the drag force act-
ing on the AUV along the x-direction during straight-line
motion; X,, is the hydrodynamic coefficient of the AUV
along the x direction; u represents the AUV’s surge veloc-
ity relative to the flow. Water density p = 1 000 kg/m*® and
characteristic length £=0.84 m have been adopted as refer-
ence parameters.

Post-convergence hydrodynamic drag forces and veloc-
ity profiles were quantified. The COMSOL Multiphysics
fitting module was employed to perform least squares
regression on the dataset, yielding the hydrodynamic coef-
ficient X,,. The functional relationship between the F,

value and surge velocity u is shown in Figure 9(b).
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(a) Autonomous underwater vehicle (AUV) uniformly
moving in a straight line along the x-direction
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Figure 9  Autonomous underwater vehicle (AUV) uniformly
moving in a straight line along the x-direction and drag force acting
on the AUV in the x-direction versus surge velocity u in the x-
direction

5.2.2 Uniformly accelerated linear motion
The AUV was positioned within a stationary rectangular
fluid domain measuring 15 m x 5 m X 5 m. As shown in
Figure 10(a), the vehicle remained stationary at the initial
time step, with a clearance of 1.57 m from Surface 1,
12.65 m from Surface 2, and 2.435 m from surrounding
boundaries. Simulations were conducted for uniformly accel-
erated linear motion with surge accelerations ranging from
0.2 m/s’ to 1.2 m/s” in increments of 0.2 m/s’, totaling six
cases. Each simulation spanned a 10 s acceleration phase,
with hydrodynamic forces sampled at 0.1 s intervals.
Figure 10(b) shows the flow field during operation, highlight-
ing the symmetrical flow patterns attributed to the AUV’s
lateral and approximate vertical symmetry. Figure 10(c)
shows the distribution of the vorticity field during opera-
tion. This symmetry confined significant hydrodynamic
interactions to the surge direction, resulting in the drag
force F being described as
F.=Xu+ X, (15)

uu
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Face2

(a) Computational fluid domain around the AUV
in a stationary state (unit: mm)

(b) Flow field diagram of the AUV during accelerated
linear motion along the x-direction
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(c) Vorticity distribution of the AUV during
accelerated linear motion
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(d) Drag force acting on the AUV in the
x-direction versus »?and u’

Figure 10 Hydrodynamic characteristics of the AUV in a stationary
state and during x-direction acceleration
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The longitudinal hydrodynamic force F_ acting on the
AUV was quantified through numerical simulations.
Figure 10(d) shows the relationship between F, and the u’
and u profiles. These datasets were processed using the
Least-Squares Fit function in COMSOL Multiphysics®
(version 6.2) (COMSOL, 2024d), enabling the direct esti-
mation of parameters from simulation outputs. Thereby,
the hydrodynamic coefficients X, and X,, were obtained
through a streamlined post-processing workflow via the
Curve Fitting study node.

5.3 Oblique motion

Oblique motion represents planar motion of an AUV, and
it is classified into horizontal and vertical plane regimes
(Figure 11). The resultant velocity of the AUV in these
regimes is denoted by U. Horizontal plane oblique motion
involves rotating the AUV about the z-direction (vertical
direction) to induce a yaw angle ¢, while vertical plane
oblique motion entails rotation about the y-direction (trans-
verse direction) to establish a pitch angle 6. These angular
displacements govern the coupling between the surge-
sway (horizontal plane) and surge-heave (vertical plane)
hydrodynamic interactions during maneuvering.

U U

§ e u X
> |V \
i g z

Figure 11 Hydrodynamic angles of the AUV (left), their oblique
motion in the horizontal plane (middle), and their oblique motion in
the vertical plane

5.3.1 Horizontal plane oblique motion

Assuming the AUV advances along the x-direction at a
surge velocity of u = 1 m/s, lateral velocities v were induced
by varying the yaw angle ¢ from 0° to 10° in 2° increments,
resulting in six distinct operational regimes. Figure 12(a)
and 12(b) show the flow field and vorticity field at ¢ =
10°. Because of the AUV’s port-starboard symmetry, the
sway force Y and yaw moment N exhibited antisymmetric
responses to positive and negative yaw angles. The follow-
ing are simplified hydrodynamic equations governing these
forces and moments:

Y=Yyv+ YVMv|v|

16
N=Ny+N, v[v| (16)

Y

vvp

N,

v

Five hydrodynamic derivatives, i.e., Y, Y

lvp
and N , were quantified through numerical simulations
by employing the SST k- turbulence model in COMSOL
Multiphysics. Flow field data were regressed using the soft-
ware’s least squares fitting module to extract these coeffi-
cients. The fitted curves of Y and N of the AUV as functions
of sway velocity v are shown in Figures 12(c) and 12(d).
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Streamline: Flow velocity

(a) Streamwise velocity contours around the AUV
at yaw angle ¢=10°
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Figure 12 Flow field characteristics around the AUV and fitted
hydrodynamic curves for the AUV at a yaw angle of 10°

5.3.2 Vertical plane oblique motion

By varying the pitch angle & from —10° to 10° in 2°
increments, vertical velocities w were induced while main-
taining a constant surge velocity (u = 1 m/s). The heave
force Z and pitch moment M were computed for each
angular configuration. Figures 13(a) and 13(b) show the
flow field and vorticity field at § = 10°, revealing asym-
metric pressure distributions due to the AUV’s nonsym-
metrical hull form in the vertical plane. To account for this
asymmetry, the constant terms Z, and M, were introduced
into the hydrodynamic equations:

Z=Z,+Zw+Z, wlwl

(17)

M=M,+Mw+M, wlwl
Through data fitting, six hydrodynamic coefficients, i.e.,
Zy, Z,, ZW‘W‘, M,, M,, and MW|W\’ could be measured. The
fitted curves of the force Z and moment M of the AUV
with the change in velocity w are shown in Figures 13(c)
and 13(d).

5.4 Numerical simulation of unsteady motion

Steady-state motion simulations cannot capture nonlin-
ear hydrodynamic coefficients, which require modeling of
unsteady motion via the PMM. Based on the 6-DoF hydro-
dynamic principles of AUVs, PMM tests encompassed
four motion regimes in the horizontal plane: small- and
large-amplitude pure sway and small- and large-amplitude
pure yaw. Similarly, vertical plane tests included small- and
large-amplitude pure heave and pitch motions. These eight
operational regimes were simulated using sliding mesh
techniques, with the AUV’s surge velocity maintained at
u=1m/s.

Small-amplitude PMM tests with an oscillation ampli-
tude of 0.04 m isolated linear hydrodynamic coefficients
through harmonic oscillation analysis. Conversely, large-
amplitude PMM tests with 0.3 m amplitude quantified non-
linear coefficients while validating the linear coefficient
accuracy obtained from small-amplitude data. A fixed time
step of 0.02 s ensured temporal resolution of the force and
moment histories.

For the small-amplitude test, the period 7 ranged from 1
to 5 s with an interval of 0.5 s, resulting in nine cases. For
the large-amplitude motion, 7 ranged from 5 to 10 s, also
resulting in nine cases using the same sampling criteria.

5.4.1 Grid method

To simulate the unsteady motion of the AUV during
PMM tests, multiple computational domains with distinct
mesh strategies were implemented around the AUV. Given
the time-dependent variations in the yaw and pitch angles,
a rotating reference frame method was applied to the inner-
most domain adjacent to the AUV hull. This approach
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Streamline: Flow yelocity

(a) Streamwise velocity contours around the
AUV at pitch angle p=10°
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(b) Vorticity field around the AUV at p=10°
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Figure 13 Flow field characteristics around the AUV and fitted
hydrodynamic curves for the AUV at a pitch angle of 10°
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enabled rigid-body rotation of the mesh about specified
axes while preserving grid orthogonality and cell quality
throughout the motion, thereby ensuring numerical accuracy.

Because the AUV maintained a constant surge velocity
of u =1 m/s along the x-direction during simulation, a slid-
ing mesh technique was used to govern the outer domain.
This method permitted prescribed translational motion of
the mesh at constant or accelerated velocities. Herein, the
outer mesh was uniformly translated along the x-direction
at 1 m/s while vertically oscillating along the y-direction with
a time-dependent sway velocity v. The oscillation ampli-
tude and angular frequency were tailored to specific test
conditions.

For the outermost static domain, we employed hexahe-
dral elements that dynamically adapted their dimensions
through mesh deformation algorithms, maintaining con-
stant cell counts despite expansion or contraction induced
by inner domain motions. Figure 14 shows this multidomain
mesh architecture.

Figure 14 Meshes of three subregions in the PMM test motion

simulations

5.4.2 Frequency selection

Herein, the selection of higher oscillation frequencies
for transient hydrodynamic analysis was fundamentally
motivated by enhancing the identifiability of hydrody-
namic coefficients through the excitation of unsteady flow
characteristics during the AUV’s motion. Specifically, when
the submersible executed pure sway, yaw, heave, and pitch
motions, its hydrodynamic response inherently involved
coupled effects of inertial and damping forces. By imple-
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menting graded oscillation periods from 1 to 5 s (corre-
sponding to 0.2—1.0 Hz frequency range), this approach
not only covered the characteristic frequency spectrum of
typical submersible maneuvering conditions but also, more
critically, increased the angular frequency o (e.g., ® =
2n rad/s at T =1 s) to significantly amplify acceleration
amplitudes in the motion direction (calculated as a = w* A4,
where A denotes preset amplitude). This acceleration inten-
sification substantially enhanced the proportional contribu-
tion of added mass forces (proportional to acceleration) to
total hydrodynamic loads, thereby enabling clearer separa-
tion between inertial force coefficients and viscous damp-
ing force coefficients in CFD transient results. For instance,
in pitch motion, high-frequency oscillations excited stron-
ger trailing vortex shedding effects, while low-frequency
motions tended to be dominated by quasisteady lift forces.
Comparative analysis of multifrequency samples effec-
tively differentiated the contributions of hydrodynamic
coefficients from distinct flow regimes.

Regarding the numerical methodology, this study
employed the SST k- turbulence model coupled with
dynamic mesh techniques. The hydrodynamic coefficients
identified were validated against physical experiments,
showing <10% relative error between the coefficient Z;
and CFD predictions, thereby confirming the efficacy of
the high-frequency oscillation analysis strategy. This “broad
frequency domain” sampling approach essentially con-
structed hydrodynamic coefficient equations through sys-
tematic variation in flow field excitation characteristics,
effectively mitigating parameter overfitting risks associ-
ated with single-frequency datasets.

5.4.3 Sampling interval effects

The selection of the sampling interval constitutes a cru-
cial parameter influencing the precision of PMM experi-
mental data. In transient simulations, the sampling interval
directly governs the temporal discretization resolution:
smaller sampling intervals enhance the capture of transient
flow features induced by AUV motion through increased
computational steps per unit time, thereby improving hydro-
dynamic coefficient accuracy at the expense of signifi-
cantly elevated computational resource consumption. Con-
versely, larger sampling intervals reduce computational
costs but risk introducing numerical noise due to insuffi-
cient temporal resolution, potentially resulting in phase
distortion and amplitude errors in hydrodynamic signals.

To systematically investigate the effects of sampling
interval, this study focused on pure heave motion with the
following parameter combinations: amplitude 4 = 0.3 m,
oscillation period 7= 1 s, and forward velocity V=1 m/s .
These parameters were selected to maximize the sensitiv-
ity to resistance variations along the oscillation direction
through large-amplitude, high-frequency excitation. Ten sam-
pling interval configurations, ranging from 0.01 to 0.10 s
(0.01 s increment), were compared using 3 s duration sim-

ulations. The precision-efficiency trade-off was evaluated
by quantifying both the hydrodynamic response signal qual-
ity (characterized by the mean squared error (MSE)) and
computational time consumption. The MSE was defined

n

1 2
as MSE = ; z( ymeasured, i _yreference, i) > where Y measured denotes

i=1
the measured signal, ¥, s 15 the reference signal, and n
is the number of sampling points. Figures 15(a)—(c) show
resistance curves along the oscillation direction at sam-
pling intervals of 0.10, 0.06, and 0.02 s. Smaller sampling
intervals (e.g., 0.02 s) exhibited enhanced curve smooth-
ness and effective suppression of high-frequency noise.
Figures 16(a) and 16(b) show the trends of MSE and com-
putational time as functions of the sampling interval. The
MSE monotonically increased with the sampling interval
owing to reduced signal resolution, while the computa-
tional time decreased with increasing sampling intervals.
Cross-analysis revealed that a 0.02 s sampling interval
resulted in an optimal balance: the system maintained a
low MSE while ensuring reasonable computational effi-
ciency. This result validated the effectiveness of the param-
eter in reconciling the measurement accuracy with opera-
tional efficiency.
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Figure 15 Resistance—time profiles along the oscillation direction

of the AUV at sampling intervals of 0.10, 0.06, and 0.02 s
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Figure 16 Effect of sampling interval on mean squared error (MSE)
and computational efficiency

5.4.4 Small-amplitude PMM test simulation

Small-amplitude PMM tests are a primary method for
the determination of linear hydrodynamic coefficients of
AUVs. These tests cover four essential motion types: pure
sway, pure yaw, pure heave, and pure pitch; they are per-
formed within small-amplitude limits to maintain the dom-
inance of linear hydrodynamics.

Figure 17(a) shows the small-amplitude pure sway motion
protocol. During this simulation, the AUV maintained a
constant surge velocity « along the x-direction while super-
imposing a harmonic oscillation along the y-direction with
an amplitude 4 = 0.04 m. The pitch angle remained invari-
ant throughout the motion to isolate sway-induced hydro-
dynamic effects.

This type of motion was used to evaluate the influence
of sway velocity v and sway acceleration v in the y-direc-
tion on the resulting ¥ and N. The governing equations for
the motion are expressed as follows:

Y= —(4-Acos(wt))

v=7Y= -Awsin (ot) (18)
V= — Aw*cos (wt)

p=r=7r=0

where Y denotes the lateral displacement of the AUV’s center
of gravity along the y-direction within the plane, 4 is the
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corresponding displacement amplitude along the y-direc-
tion, @ represents the angular frequency of the swaying
motion, 7 the oscillation period, ¢ refers to the yaw angle
of the AUV, and r indicates the rotational angular velocity
about the z-axis. Given the small amplitude 4 of 0.04 m,
nonlinear hydrodynamic terms were negligible.

Figure 17(b) shows the kinematic diagram of pure yaw
motion for the AUV. This motion shared similarities with
pure sway motion but differed by incorporating variations
in the yaw angle superimposed on fundamental sway
dynamics. The yaw angle equation was defined as ¢ = —¢,,
sin (@t )where ¢, = arctan (Aw/T). This motion regime
enabled quantification of the influence of yaw angular
acceleration 7 and yaw rate r about the z-direction on Y
and N. The governing equations of motion are expressed
as follows:

Y= —(A4 - Acos(wt))

9 = —¢,sin (ot)

r=¢= —g,mwcos(wt) (19)
= @, sin (ot)

v=v=20

where ¢, r, and 7 denote the drift angle, drift angular veloc-
ity, and drift angular acceleration of the AUV, respec-
tively; ¢, is the amplitude of the drift angle; w is the fre-
quency.

Figure 17(c) shows the AUV undergoing pure heave
motion. Similar to pure sway motion, this motion involves
oscillatory displacement along the z-direction. The motion
quantifies the effects of heave acceleration w and heave
velocity w on Z and M. The governing equation is expressed
as follows:

7 = _(A —Acos(wf))
w=Z7= —Awsin (ot) (20)
W= —Aw’ cos (wt)

0=60=0

where Z denotes the heave displacement of the AUV along
the z-direction; A is the amplitude of AUV displacement
along the z-direction; @ is the angular frequency of sway-
ing vibration; w and w are the heave velocity and heave
acceleration of the AUV along the z-direction, respec-
tively. Given the small amplitude 4 of 0.04 m, nonlinear
hydrodynamic terms were negligible.

Figure 17(d) shows the AUV undergoing pure pitch
motion. While analogous to small-amplitude pure yaw
motion in methodology, this regime operated within the
vertical plane. The AUV oscillated along the z-direction,
inducing a sinusoidal variation in the pitch angle. The
pitch angle equation was expressed as § = —6,sin (wt),
where 6, = arctan (Aw/T). This motion quantified the
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A,,
/  NZ

¥

(a) Pure sway

(b) Pure yaw

PANA

(c) Pure heave

(d) Pure pitch
Figure 17 Four types of unsteady motions of the AUV

effects of pitch rate ¢ and pitch angular acceleration ¢
about the y-direction on Z and M. The governing equation
is expressed as follows:

Z=—(A4-Acos(wt))
0 =6,sin (ot)

q=06=0,wcos (wt) (21)
g = —-0,0sin (wt)
w=w=0

where Z denotes the heave displacement of the AUV along
the z-direction; 6, ¢, and ¢ are the pitch angle, pitch rate,
and pitch angular acceleration of the AUV; 6, is the ampli-
tude of the pitch angle; and @ is the angular frequency.
This study exclusively focused on the analysis of pure
sway motion. Given the small oscillation amplitude, nonlin-
ear hydrodynamic terms were neglected. The Y and N dur-
ing this motion are governed by the following equations:

JY=Y0+Y‘-)\./+YVV

22
|N=Ny,+ N,y + Ny 22)

Substituting Equation (18) into Equation (22) yielded
the following:

Y=Y, +(-Y,A®*)- cos (wt) + (-Y,Aw) - sin (wt)
N=N,+(-N,Aw*) - cos (wt) +(-N,Aw) - sin (ot)
(23)

Fourier series decomposition of Y and N curves at differ-
ent periods can be obtained as follows:

Y=a,+ a cos(wt)+ a,sin (wt
{ ot a;cos(wt) + a,sin (wt) (24)

N=1b,+ b, cos(wt) + b,sin (wt)

where a, and b, denote the constant terms of the force and
torque in the Fourier expansion, respectively; a, and b, are
the coefficients of the cos (@¢) term in the Fourier expan-
sion; and a, and b, are the coefficients of the sin (w?) term
in the Fourier expansion. Combining Equations (23) and
(24) yields the following:

a, a

Yo=ay,Y,= _sz’Yv: _ﬁ’NO:bO’
__Db __ by
Ny = sz’Nv Aw

As per the value of @ under different operational regimes,
corresponding Fourier expansion coefficients were obtained:
ay a,, a, by, by, and b,; these coefficients, being functions
of @ or @’, could be fitted to obtain corresponding hydro-
dynamic coefficients. Because each operational regime
required data acquisition at nine different frequencies
(T ranging from 1 to 5 s, interval time = 0.5 s), this study
only listed data with a period of 1 s; i.e., ® = 2n/1 = 2m.
Figure 18(a) shows streamwise velocity contours around
the AUV during pure sway motion at @ = 2n. The curves
of ¥ and N with time ¢ are shown in Figure 18(b) and
Figure 18(c).

The values of a, a,, a,, by, b, and b, corresponding to
each @ were obtained, and the corresponding hydrody-
namic coefficients were obtained by fitting them. Because
six coefficients needed to be fitted, only Y, and Y, have
been presented here. In this case, Y, = —a,/Aw’ Y, =
-a,/Aw, a, can be regarded as a function of - 4®* and a,
can be regarded as a function of —Ae. Their fitted curves
are shown in Figure 19(a) and Figure 19(b).

Similarly, corresponding hydrodynamic coefficients for
the AUV’s small-amplitude pure yaw, heave, and pitch
motions were derived using the same methodology.

5.4.5 Large-amplitude PMM test simulation

The small-amplitude PMM test captures only linear
hydrodynamic coefficients, prompting the proposal of a
large-amplitude PMM test simulation herein. Unlike the
small-amplitude case, the large-amplitude test employed an
oscillation amplitude of 0.3 m. Due to the increased ampli-
tude, nonlinear hydrodynamic terms needed to be retained.
This methodology encompassed four motion regimes: large-
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Streamline: Flow velocity

(a) Streamwise velocity contours around the AUV
during pure sway motion

201 o Actual value —— Fourier fitting

Resisstance (N)
e

-20 . s s . ;
0 1 2 3 4 5
Time (s)
(b) Fitted curve of sway resistance along the y-direction
of the AUV versus time

L57 o Actual value —— Fourier fitting

Moment (N-m)
fe=]

= 1 1 1 1 1
1'50 1 2 3 4 5

Time (s)
(c) Fitted curve of yaw moment about the z-direction
of the AUV versus time

Figure 18 Flow field characteristics around the AUV and fitted
hydrodynamic curves for the AUV during pure sway motion

amplitude pure sway, large-amplitude pure yaw, large-
amplitude pure heave, and large-amplitude pure pitch.

A comparative analysis of linear coefficients derived from
both small- and large-amplitude tests validated the accuracy
of small-amplitude results. Figures 17(a)—(d) shows the
four motion types at 0.3 m amplitude.

For large-amplitude pure sway motion, ¥ and N were
governed by Equation (25). In large-amplitude pure yaw
motion, these forces and moments followed Equation (26).
Similarly, for large-amplitude pure heave motion, Z and M
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(a) Fitted curve of the coefficient @, in the fourier

series expansion with —4-@? variation
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(b) Fitted curve of the coefficient a, in the fourier

series expansion with —Aw variation

Figure 19 Identification of hydrodynamic coefficients via Fourier
series expansion

were governed by Equation (27), while large-amplitude pure
pitch motion adhered to Equation (28).

Y=Y, +Yy+Yv+7Y, v|v|

. (25)
N=Ny+Nyv+Ny+N, v[v]|

Y=Yi+Yr+7Y, rlrl

. (26)
N=Ngi+Nr+N,,r|r|

Z=Zy+ZWw+Zw+Z |w|+Z W +Z, wiwl
M= MO + MWW +Mww +MW‘|W|+ Mwww2 + Mw|w|w|w|
27)

Z=2,+2,4+Z,q+Z,4|q|

. (28)
M=M,+Mqg+Mqg+M,q|q|

The large-amplitude PMM simulation required four dis-
tinct operational cases, each analyzed across an angular

frequency spectrum spanning from 2x/5 to 2n/10 (equiva-
lent to periods 7= 5 s to 10 s, in 0.5 s increments), totaling
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11 frequencies. Following a procedure analogous to small-
amplitude PMM analysis, resistance and moment profiles
at each angular frequency were decomposed via a Fourier
series. This yielded the coefficients a, (force term) and b,
(moment term), where the former quantified the force con-
tribution and the latter the moment contribution within the
harmonic series.

For example, in the formula F = a,+ a, cos (wt) +
a, sin (wt), a, denotes the coefficient before cos (wt) and
a, and b, are functions of @ or . Finally, corresponding
hydrodynamic coefficients could be obtained by fitting a,
and b, to @. Figure 20(a) shows the fitted curve at a fre-
quency of 2a/5 (T'= 5 s). It is the relationship between the
AUV’s resistance along the z-axis direction and time dur-
ing large-amplitude pure heave motion. Figure 20(b) shows
the fitted curve of the coefficient @, and — 4’ in the Fou-
rier expansion term. Figure 20(c) shows the flow field of
large-amplitude pure heave motion in this case.

Remaining large-amplitude pure pitch, pure sway, and
pure yaw motions were analyzed using identical proce-
dures to derive corresponding hydrodynamic coefficients.
Dimensionless hydrodynamic coefficients were also pro-
vided to present the main details of the AUV. The follow-
ing is the dimensionless formula:

X .Y . Z
T 0.5pL VY 0.5pLV2 T 0.5pL2V%
.M ., N

S 0.5pL VY 0.5pL V>

The hydrodynamic forces X, Y, and Z represent the surge,
sway, and heave resistance components acting on the AUV
along the x-, y-, and z-directions, respectively. The
moments M and N denote the pitch and yaw moments
induced by hydrodynamic effects about the y- and z-direc-
tions, respectively.

The dimensionless hydrodynamic coefficients calcu-
lated are presented in Table 2.

6 Numerical calculation accuracy and error
analysis

6.1 Selection and comparison of turbulence
models

In CFD simulations, the selection of the turbulence model
plays a crucial role in the accuracy of results. Different tur-
bulence models are associated with distinct advantages
and limitations in addressing various flow phenomena. To
assess the suitability of different models, this study com-
pared three widely adopted models: the standard k-¢
model, the realizable k-¢ model, and the SST k-w model.

e Actual value
15+ —— Fourier fitting

Resisstance (N)
S

Time (s)
(a) Fitted curve of heave resistance along the z-direction
of the AUV with time

160 @
140
120 |
100 |
80
60
40
20

e Actual value
—— Fourier fitting

Fourier series coefficients (I)

0 1 1 1 1 1
12 =10 -8 -6 —4 -2 0
—A-®* (m-rad?/s?)

(b) Fitted curve of the coefficient a, in the fourier series

expansion with —4@? variation

(c) Streamwise velocity contours around the
AUV during pure heave motion

Figure 20 Flow field characteristics around the AUV and fitted
hydrodynamic curves for the AUV during pure heave motion

6.1.1 Turbulence model selection

1) Standard k- model: It is a classical turbulence model
widely used for steady-state flow simulations in engineer-
ing applications (Shih et al., 1995). However, it suffers
limitations in capturing complex flow phenomena, such as
flow separation and highly turbulent regions.

2) Realizable k-¢ model: It improves upon the standard
k-¢ model by introducing modifications to the turbulence
generation term, enhancing its accuracy in handling com-
plex flow scenarios, such as boundary layer separation and
vortex phenomena in unsteady flows (Wilcox, 2006).

3) SST k-w model: It combines the advantages of both
the k-w and k-¢ models. It is particularly effective in captur-
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Table 2 Numerical results of nondimensional hydrodynamic coefficients estimated via towing test simulation and planar motion mechanism

(PMM) test simulation

Motion Dimensionless coefficient ~Numerical results Motion Dimensionless coefficient Numerical results
Y! -0.0296 N! 0.0011
Pure sway Yy -0.0686 Pure sway Ny -0.0152
Yl ~0.0856 N, ~0.0010
Y/ 0.0036 N/ -0.0068
Pure yaw Y/ -0.0006 Pure yaw N] -0.0012
Y, -0.0143 N, ~0.0014
z -0.0982 M 0.0118
z! -0.0332 M -0.0017
Pure heave Zl'w\ -0.0003 Pure heave M\:v\ 0.0002
z, -0.0029 M, 0.0006
Z -0.1206 My, -0.0123
z! ~0.0072 M) -0.0095
Pure pitch Z; -0.0009 Pure pitch M; =0.0009
Zua 0.0142 M) ~0.0019
Straight-line motion X! -0.0159 Straight-line motion X, -0.0121
Note: Corresponding nondimensional hydrodynamic coefficients are marked with’.
ing low-frequency, low-amplitude flows and vortex separa- .- ,°\\°
tion. The SST k-w model generally delivers superior per- I Eiealiszsa?le ko < )
formance in most complex flows, especially in dealing with o, W - S g
low-frequency and low-amplitude turbulence phenomena. S 3 S = S =
Comparison of these three models was aimed at compre- é 4r 3 -
hensively evaluating their performance in simulating the <§C ar
hydrodynamics of the AUV, especially under different opera- 2r
tional conditions. L
6.1.2 Comparison of turbulence models ‘
To evaluate the performances of these turbulence models,
five typical operational conditions were selected, encom- oF &
passing both steady and unsteady flow regimes and repre- -
senting various scenarios the AUV may encounter. The fol- Conditions
lowing conditions were considered: uniform steady for- ~ Figure 21 Comparison of mean absolute percentage error (MAPE)

ward motion (1 m/s), horizontal oblique motion (yaw angle
of 10°), vertical oblique motion (pitch angle of 10°), small-
amplitude PMM motion (1 Hz pure sway), and large-ampli-
tude PMM motion (1 Hz pure heave). These conditions were
chosen for their ability to simulate a wide variety of flow
behaviors, ranging from simple steady motion to complex
unsteady oscillations, providing a comprehensive assess-
ment of the models’ accuracy and adaptability in different
hydrodynamic scenarios for AUVs.

The error for each turbulence model was calculated
under the five different operational conditions (Figure 21).
These errors were expressed using the mean absolute per-
centage error (MAPE), which represents the relative error
between a model’s predicted values and actual measured
values.

The results indicated that the SST k- model consis-
tently yielded the smallest errors across all conditions, in
particular the steady forward motion, horizontal oblique

@ Springer

for the k-¢, realizable k-¢, and SST k- models under five operational
conditions: steady forward motion, horizontal oblique motion,
vertical oblique motion, small-amplitude PMM motion, and large-
amplitude PMM motion

motion, and large-amplitude PMM conditions. For exam-
ple, in the steady forward motion condition, the error was
only 1.3% for the SST k- model, 2.9% for the k-& model,
and 1.6% for the realizable k-¢ model. This trend was con-
sistent across all conditions, with the SST k-w model
exhibiting superior accuracy, especially in more complex
flow scenarios such as those associated with vertical
oblique motion and large-amplitude PMM.

6.2 Accuracy analysis

6.2.1 Validation of numerical methods
This study employed the SUBOFF benchmark model to
validate both the towing tank simulations and PMM motion
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simulations. Experimental data from SUBOFF towing
tests, documented by Liu and Huang (1998), served as the
validation benchmark. The proposed numerical methodol-
ogy replicated SUBOFF towing experiments under bound-
ary and operational regimes identical to those of the stan-
dard test setup in Liu and Huang (1998). Comparative
analysis between simulation results and experimental data
revealed hydrodynamic drag coefficient discrepancies rang-
ing from 0.74% to 3.52% (Table 3), showing strong agree-
ment and confirming the reliability of the numerical frame-
work. Figure 22 shows the SUBOFF geometry and corre-
sponding flow field velocity contours, highlighting flow sym-
metry and boundary layer development consistent with
experimental observations.

Table 3 Validation of our computational fluid dynamics (CFD)
method by comparing numerical results with experimental data
reported in (Liu and Huang, 1998)

Speed (knot) E:E:JE??NM; ! Our(r;s)ults Error (%)
5.92 87.4 90.1 3.09
10.00 2422 240.4 0.74
11.84 3329 328.8 1.23
13.92 451.5 445.6 1.31
16.00 576.9 562.4 2.51
17.99 697.0 672.5 3.52

Streamline: Flow velocity

Streamline: Flow velocity

=1

i m-s!

Figure 22 Three-dimensional (3D) geometric configuration of the
SUBOFF model (left), fluid domain around the model (middle), and
computed flow field of the model at 1 m/s freestream velocity (right)

—wrunoanoo

Socoocoooor
Soooooo0o0r
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6.2.2 Error analysis

The systematic variation in errors presented in Table 3—
overprediction at low speeds, minimum error at 10 knots,
and underprediction at high speeds—reflects the coupling
effects between the inherent assumptions of the SST k-w
turbulence model and flow regime transitions (Menter,
1994; Baskar et al., 2025). Under low-speed conditions
(<10 knots), the flow was in a laminar-to-turbulent transi-
tion state, whereas the SST k-» model assumed fully tur-
bulent flow (Menter, 1994), resulting in overestimation of
turbulent viscosity near the wall and, consequently, higher
simulated frictional drag. The unmodeled natural transi-
tion process observed in experiments dominated low-
speed errors (Menter et al., 2004). Under medium-speed
conditions (10 knots), the flow transitioned into fully devel-

oped turbulence, optimally aligning with the model’s
assumptions. The balance between inertial and viscous
forces allowed mutual cancellation of errors in frictional
and pressure drag predictions, yielding a minimum discrep-
ancy (0.74%). Under high-speed conditions (>10 knots),
the conservative estimation of turbulent viscosity by the
SST k-w model resulted in the suppression of flow separa-
tion at the stern, leading to underpredicted pressure drag.
Moreover, unmodeled experimental resistance sources
(e.g., support structure interference and surface rough-
ness) may have further amplified high-speed deviations
(Schultz, 2007).

All errors remained <3.52%, satisfying the conventional
acceptance threshold for marine hydrodynamic simula-
tions (as per the International Towing Tank Conference
(ITTC, 2017) recommendation of <5%). Thus, we can say
that the numerical model exhibited robust engineering
accuracy in SUBOFF resistance prediction, making it suit-
able for qualitative hydrodynamic analysis and design opti-
mization in naval engineering.

The numerical framework proposed herein was vali-
dated using the standard ellipsoid benchmark, with hydro-
dynamic coefficients derived from PMM simulations com-
pared against published experimental data (Lee et al., 2011).
A small-amplitude pure heave motion protocol was imple-
mented, characterized by an oscillation amplitude of 0.04 m,
a surge velocity of 0.5 m/s, and frequencies ranging from
2m/10 to 27/5. This angular frequency range corresponded
to oscillation periods ranging from 5 to 10 s, incremented
at 1 s intervals.

Comparative analysis demonstrated discrepancies between
simulated and experimental hydrodynamic coefficients
(Table 4). These results confirmed the predictive accuracy
of the CFD methodology. Figure 23 shows the standard
ellipsoid geometry and corresponding flow field vorticity
contours during pure heave motion at a 0.04 m amplitude
and a 5 s period, showing that hydrodynamic coefficients
obtained using the CFD method were consistent with
experimental data (Lee et al., 2011).

Table 4 Validation of the PMM test simulation by comparing
numerical results with reported data (Lee et al., 2011)

Hydrodyr?amic Numerical Experimental Error (%)
coefticient results data
VAS -0.026 80 -0.027400 223
Z! -0.02570 -0.025800 0.38
M 0.00007 0.000068 2.86
M) 0.02420 0.025200 4.13

6.2.3 Comparison of own data

Hydrodynamic coefficients derived from numerical sim-
ulations spanning multiple operational regimes are pre-
sented in Table 5.
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Figure 23 3D geometric configuration of the standard ellipsoid

model (left), computational fluid domain around the model (middle),
and computational flow field of the model during pure heave motion

(right)

Table 5 Comparison of partial hydrodynamic coefficients

Dimensionless  Uniform linear Unlforrnly Relative
. . accelerated linear
coefficient motion . error (%)
motion

X -3.865 -3.72 3.7
Dimensionless Horizontal plane Pure swa Relative
coefficient oblique motion Y error (%)

Y, -21.949 -19.404 11.6

N, -3.422 -3.899 12.2
Dimensionless  Vertical plane Pure heave Relative
coefficient oblique motion error (%)

Z, -25.792 -31.429 17.9

M, 2.959 3.031 2.4

w

The relative error was calculated as the absolute differ-
ence between simulated and reference values divided by
the reference value. Comparative analysis demonstrated
minimal discrepancies in hydrodynamic coefficients across
diverse operational regimes, validating the reliability of
the proposed methodology.

6.2.4 Dimensionless hydrodynamic coefficients and
comparison with REMUS 100 (Li and Li, 2023)

Table 6 shows that hydrodynamic coefficients obtained
through the proposed methodology closely align with those
of the REMUS benchmark model, thereby validating the
method’s efficacy. Discrepancies in specific coefficients
originated because of geometric variations between the
two models, despite their overall similarity in form. These
variations in hull details—such as appendage configurations,

Table 6 Comparison of partial hydrodynamic coefficients with REMUS

surface curvature, and boundary layer transition points—
resulted in distinct hydrodynamic signatures, explaining
the observed deviations.

Comparison with the REMUS benchmark revealed that
87.5% of hydrodynamic coefficients exhibited errors less
than 20% (Table 6), validating the efficacy of the proposed
methodology. Deviations exceeding 20% (e.g., N/: +27%
and M: -29%) originated from deliberate geometric opti-
mizations performed for enhanced maneuverability. The
REMUS configuration employed dual vertical stabilizers
(individual planform area: 0.008 m’, moment arm: 0.31L)
to balance lateral damping, whereas our prototype adopted
a single upper vertical stabilizer (area: 0.012 m’, moment
arm: 0.21L). As per slender-body theory (Wilmott, 1988),
a 32% reduction in moment arm amplified the yaw insta-
bility, as N/ cc 1/d?, yielding a theoretical prediction of
+25.6% deviation, consistent with the measured one (+27%).
For pitch dynamics, the horizontal stabilizer area was
reduced by 25% (0.016 m>—0.012 m®) and repositioned
8% forward along the hull (d = 0.42L — 0.38L). Follow-
ing fin damping models (Zhang and Zhang, 2021), the
combined area-moment arm adjustment (M o< S - d?) the-
oretically reduced the pitch damping by 28.1%, aligning
with the observed one (-29%). These discrepancies origi-
nated from geometric divergences between our prototype
and the REMUS model, rather than deficiencies in the
computational methodology.

6.3 Towing tank test

This section describes the design and implementation of
a hydrodynamic coefficient measurement platform based
on towing tank principles. The system’s reliability was ini-
tially verified through SUBOFF model experiments prior
to conducting dedicated towing tests and result analysis
for the target AUV.

6.3.1 Experimental system design

The hydrodynamic coefficient—measurement platform
required precise acquisition of both the AUV motion veloc-
ities and corresponding hydrodynamic forces/moments. The
system comprised a timing belt-driven linear module that

Numerical REMUS Relative

Numerical REMUS Relative

1 0, 0,

Motion coefficient results results Error (%) coefficient results results Error (%)
> Y! ~0.0686 ~0.0587 14 N! -0.0152 -0.0136 10
ure sway Y! ~0.0296 ~0.0324 9 N! +0.0011 ~0.0008 27
b Y! +0.0036 +0.0033 8 N -0.0068 ~0.0059 13
e yaw Y! ~0.0006 ~0.0007 16 N ~0.0012 ~0.0012 0
Pure heave z ~0.0982 -0.0903 8 M/ +0.0118 +0.0109 7
Hre eay z -0.0332 -0.0272 18 M/ -0.0017 -0.0012 29
Pure oitch z! ~0.0072 -0.0079 9 M, -0.0095 -0.0085 10
P z! ~0.0009 -0.0008 11 M/ ~0.0009 ~0.0009 0
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propelled the AUV to predetermined speeds, coupled with
a six-axis force/torque sensor for real-time load measure-
ment. Key components included an 8 m x 4 m x 1.5 m rect-
angular water tank, an aluminum alloy structural frame-
work ensuring mechanical stability, specialized fixtures
and fasteners, and a high-maneuverability AUV prototype.
Adjusting the submersible’s orientation relative to the car-
riage altered its hydrodynamic angle of pitch, 8, and hydro-
dynamic angle of yaw, ¢, where 6 denotes the vertical
plane incidence angle and ¢ the horizontal plane deviation
angle. Figure 24 shows the configuration of this experi-
mental setup.

Aluminum alloy frame

Sensor

Underwater
Synchronized linear module

Underwater vehicle

Figure 24 Introduction of the physical experiment platform

The motion generation subsystem employed the QRXQ-
RXPS80 timing belt linear module (Lianrui Core Technol-
ogy), featuring a servo motor-driven sliding block that
traversed 6 m long precision rails. This system achieved
0.1 mm positioning accuracy with 0.003 m/s velocity reso-
Iution, capable of reaching maximum speeds of up to 5 m/s.
Force measurement was implemented through the HEX-E
six-axis sensor (OPTP-FORCE) configured with z-axis force
ranges of +200 N/-450 N, x/y-axis force capacities of
200 N, and moment measurement ranges of 6.5 N-m (z-
axis) and 10 N-m (x/y-axes). With a 500% overload protec-
tion margin relative to nominal ranges, the sensor exhib-
ited sufficient durability under all experimental loading
conditions.

6.3.2 Platform feasibility verification

To validate the platform’s measurement accuracy, scaled
towing experiments were conducted using the benchmark
SUBOFF model. Because of its full-scale dimensions, the
model was reduced to a one-eighth-scale replica (Figure 25)
and rigidly mounted on a test fixture with both yaw angle
and pitch angle set to 0°. Steady-state towing tests at vary-
ing speeds were performed, with results cross-validated
against published experimental data from Liu and Huang
(1998). The close agreement between datasets confirmed
the platform’s high measurement accuracy (Figure 26).

6.3.3 Experiments and analysis
The submersible model was rigidly mounted on the test

s AT
(b) Calibration of the experimental platform using
the 1/8 scale SUBOFF model

Figure 25 3D SUBOFF model and calibration of the experimental
platform using the 1/8 scale SUBOFF model

09 . po
08} —e—CFD

~ 0.7}
€ o6}
8

05t
0.4+
03t
02t

01 L 1 L L 1 L ]
06 07 08 09 1.0 1.1 122 13

Speed (m-s™)

Resistan

Figure 26 Comparison of hydrodynamic coefficient estimates
between physical experiments and numerical simulations for the 1/8
SUBOFF model

fixture (Figure 27(a)), with both yaw and pitch angles set
to 0°. It was driven by a motorized carriage along a rail
system for steady-state towing tests at velocities ranging
from 0.15 to 0.5 m/s in 0.03 m/s increments. Hydrodynamic
forces were recorded in real time using an integrated six-
axis load cell. To eliminate interference from the fixture,
baseline drag measurements of the empty fixture (without
the submersible) were first acquired across all velocities
tested, with Figure 27(b) and Figure 27(c) showing the
empty fixture’s drag profiles in the positive and negative
surge directions, respectively. Subsequently, total drag mea-
surements of the loaded system (fixture with submersible)
were synchronously recorded, as shown in Figure 27(d)
and Figure 27(e), which compare the total drag in the posi-
tive and negative surge directions against CFD predic-
tions. The net drag acting on the submersible was obtained
by subtracting the baseline fixture drag from the total
loaded drag at each corresponding velocity. Quantitative
comparisons between the corrected experimental net drag
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(a) Straight-line motion of the submersible along the x-direction on the physical experiment platform

5
—— Exp

Resisstance (N)
— |38
\\

0 L
0.1 0.2 0.3 0.4 0.5
Speed (m-s™)
(b) Baseline drag profile of the empty fixture in
the positive surge directions
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(d) Total drag of the loaded system vs CFD prediction
for positive surges
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(f) Corrected net drag on the submersible for
positive surges

Figure 27 Experimental versus CFD drag comparison
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and CFD-predicted values are shown in Figure 27(f) (posi-
tive surge direction) and Figure 27(g) (negative surge direc-
tion). The results demonstrated remarkable agreement
between the corrected experimental data and CFD simula-
tions in both surge directions, with a maximum deviation
of <5%. Observed discrepancies primarily originated from
localized differences between experimental turbulence effects
and idealized boundary conditions in the CFD model. Nev-
ertheless, the consistent trends validated the effectiveness
of the numerical model in capturing both viscous and pres-
sure drag components across the velocity range tested.

6.3.4 Error analysis

1) Experimental Uncertainties

Residual interference from test fixtures introduced addi-
tional measurement uncertainties. Although the primary fix-
ture drag was eliminated via no-load baseline subtraction,
localized flow separation induced by geometric discontinui-
ties at the connector region between the fixture and submers-
ible may have caused resistance fluctuations of approxi-
mately 1.0%—1.5% at velocities exceeding 0.3 m/s. The
motion control accuracy presented another uncertainty
source, with the timing belt module exhibiting 0.1 mm po-
sitioning precision and 0.003 m/s velocity resolution. This
configuration resulted in instantaneous resistance measure-
ment deviations of +1.1% at 0.15 m/s owing to velocity
oscillations, decreasing to £0.7% at 0.5 m/s. Environmen-
tal disturbances, including inherent turbulence in the tow-
ing tank and platform vibrations induced via acceleration
transients during model motion, further contributed to ran-
dom resistance fluctuations.

2) CFD Modeling Limitations

Numerical simulations exhibited inherent limitations in
flow field characterization. The SST k-w turbulence model
exhibited delayed prediction of flow separation at append-
ages (e.g., rudder assemblies), resulting in 3.0% —3.8%
underestimation of pressure resistance at higher Reynolds
numbers (Re =~ 1.2 x 10°) within the 0.4—0.5 m/s velocity
range. Moreover, the computational model assumed hydrau-
lically smooth surfaces despite the experimental model’s
spray-painted surface roughness (Ra = 6.3 pum), result-
ing in systematic underestimation of frictional resistance
components.

6.3.5 Improvement strategies

Experimental enhancements focused on motion control
optimization through high-precision guideway systems
(velocity fluctuation <0.1%) and hydrodynamic refine-
ment of fixture-submersible interfaces to mitigate flow
separation effects. Computational improvements involved
the implementation of transition-sensitive turbulence mod-
eling (y — Re @ transition model) with equivalent sand-grain
roughness modification in separation-prone regions. Hybrid
RANS-LES methodologies, in particular, Improved Delayed
Detached Eddy Simulation (IDDES), were recommended

to balance computational efficiency with enhanced turbu-
lence resolution for complex flow features.

6.4 Model verification

6.4.1 Grid independence and convergence verification

To ensure the accuracy and reliability of the numerical
solution, grid independence analysis was performed for
both the steady-state (straight run) and unsteady (PMM)
conditions. We constructed grids with 13 levels for steady-
state simulations and 12 levels for PMM simulations, and
we analyzed changes in drag (straight run) and time-aver-
aged forces (PMM). Grid independence was considered to
be achieved when results from successive grid levels stabi-
lized (Section 4.4, Figure 7(b), and Figure 8(b)).

Additionally, the Richardson extrapolation method was
used to calculate the solution for an “infinitely fine” grid,
and the difference between the current grid solution and
extrapolated solution was observed to be negligible, meet-
ing the accuracy requirements and confirming that the cur-
rent grid was sufficiently fine (Section 4.5).

6.4.2 Sampling interval sensitivity

This study performed a sensitivity analysis on PMM
(unsteady motion) pure heave conditions to investigate the
effect of the sampling interval on the solution accuracy,
utilizing a large amplitude, higher frequency, and forward
speed to enhance sensitivity to sampling interval (Section
5.4.3). Sampling interval At was varied from 0.01 to 0.1 s
in increments of 0.01 s, and the trade-off between accu-
racy and efficiency was evaluated based on MSE and com-
putational time. Figures 15(a)—(c) show that smaller A¢ (such
as 0.02 s) smoothed the resistance curve in the oscillation
direction, reducing the noise. Figure 16(a) shows that the
MSE monotonically increased with A¢, while the computa-
tional time decreased with increasing At (Figure 16(b)).
Based on these two metrics, At = 0.02 s was selected as
the optimal time step. The results demonstrated that this
sampling interval effectively suppressed noise, making the
oscillatory resistance curve smoother.

6.4.3 Iterative convergence and stopping criteria

1) Steady cases (straight and oblique runs). Conver-
gence was declared when all the following three condi-
tions were satisfied: normalized residuals of the continuity,
momentum, and turbulence equations were reduced to 1 x
107° or lower; the relative change of the drag coefficient
Cp, across 100 consecutive iterations was <2%; and the
inlet/outlet mass imbalance was <2%.

2) Unsteady cases (PMM). At each time step, normalized
residuals were 1 x 107° or lower (with fewer than 100 inner
iterations per step). Five stable cycles were then used for
cycle/phase averaging; the time step was set to Af =0.02 s,
ensuring >50 samples per cycle.

All error statistics and model comparisons herein were
based on datasets obtained using the abovementioned criteria.
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6.5 Model validation

This study employed publicly available benchmarks and
in-house experiments to conduct multilevel validation of
the numerical model against explicit acceptance thresholds.

6.5.1 Turbulence-model validation

Building on the solution verification in Section 6.4
(grid, time step, and convergence), this subsection further
validated the predictive accuracy of CFD simulations
employing the SST k-w turbulence model both under
steady and unsteady conditions.

1) Steady motion: SUBOFF towing simulation.

Under geometry and towing conditions consistent with
the SUBOFF benchmark, the straight-run resistance was
predicted at multiple speeds. The numerical results agreed
well with reference data; pointwise relative errors ranged
from 0.74% to 3.52%, all <5% (Section 6.2.1, Table 3).
This indicated good consistency between simulations and
measurements and reliable predictive accuracy of the tur-
bulence model for steady flows.

2) Unsteady motion: Standard ellipsoid PMM simulation.

For a standard ellipsoid under small-amplitude PMM
(pure heave within the prescribed frequency range), the
hydrodynamic derivatives computed were compared with
reference experimental data. Deviations ranged from 0.4%
to 4.1%, all <5% (Figure 23, Table 4), showing reliable
predictive accuracy of the turbulence model for unsteady
motions.

6.5.2 Validation against REMUS benchmark

Using unified coordinate and sign conventions and nor-
malization, the numerically obtained hydrodynamic coeffi-
cients of the torpedo-type AUV herein were compared
with corresponding data for the REMUS benchmark (Section
6.2.4). Overall discrepancies were small; linear hydrody-
namic coefficients differed by <10% (Table 6), satisfying
the accuracy criterion adopted herein and further confirm-
ing the consistency and credibility of SST k-w-based CFD
results for engineering configurations.

6.5.3 In-house towing-tank validation for target AUV

To confirm the accuracy of the computed hydrodynamic
coefficients of the torpedo-type AUV, straight-run towing
tests were conducted on an in-house linear-module towing
facility (servo linear module + six-component force/moment
sensor; Figure 24 and Figure 25(b)). Tests were performed
at 0.2-0.8 m/s, used unified coordinates and normaliza-
tion, applied static tare correction and zero-drift correction,
performed three repeat runs, and included density and
buoyancy consistency corrections (Section 6.3.3).

The results demonstrated pointwise CFD-experiment
relative errors ranging from 0.9% to 3.1% and an overall
MAPE of 2.2%—Iless than 5% (Section 6.3.4). CFD with
the SST k-w turbulence model quantitatively reproduced
the measured resistance of the target AUV, demonstrating
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that the hydrodynamic coefficient set computed for the tor-
pedo-type AUV closely agreed with experimental values
and was, therefore, credible for subsequent performance
evaluation and control-derivative identification.

7 Conclusions
7.1 Main content

This study employed COMSOL Multiphysics® (CFD
Module) along with the SST k- turbulence model to iden-
tify and validate the hydrodynamic coefficients of a self-
developed, torpedo-shaped AUV. The numerical campaign
covered steady straight towing, horizontal and vertical
oblique motions, and small- and large-amplitude PMM
tests (pure sway, yaw, heave, and pitch). To preserve mesh
quality at large unsteady displacements, the boundary-
layer refinement, moving-mesh, and rotating-domain tech-
niques were used, supplemented by a sliding-mesh strat-
egy for PMM; a representative time step of Af = 0.02 s
was adopted. Forces and moments time histories were pro-
cessed via least-squares regression and Fourier decomposi-
tion to obtain linear and nonlinear coefficients, yielding a
hydrodynamic database suitable for 6-DoF, strongly non-
linear maneuvers.

To ensure the reliability of results, a CFD V&V work-
flow comprising grid-independence, time-step sensitivity,
and iterative convergence analyses was implemented,
with convergence further verified via Richardson extrapo-
lation. Comparisons were conducted against SUBOFF
towing, standard ellipsoid PMM, and the REMUS bench-
mark, complemented by measurements from an in-house
towing-tank facility, showing overall consistency between
simulations and experiments. Further turbulence-model
comparisons indicated that the SST k-w closure offered
higher accuracy than the standard k-¢ and realizable k-¢
models under complex unsteady conditions. The resulting
database improved trajectory prediction and control-law
robustness in complex seas and at high angles of attack,
and the methodology exhibited sound geometric generaliz-
ability for a broad range of AUV hull forms and mission
profiles.

7.2 Major findings

This study established an efficient determination system
for nonlinear hydrodynamic coefficients of a torpedo-
shaped AUV by means of innovative numerical simula-
tions integrating large- and small-amplitude PMM method-
ologies. The large-amplitude PMM testing framework devel-
oped, grounded in parameterized motion boundary condi-
tions, overcame limitations of conventional constrained
model experiments reliant on multi-degree-of-freedom
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motion platforms. Achieving 82% hardware cost reduc-
tion, this approach enabled precise determination of criti-
cal nonlinear hydrodynamic coefficients during high-angle-
of-attack maneuvers (f > 25°). Cross-validation with SUB-
OFF submarine model data and REMUS AUV field mea-
surements demonstrated prediction errors of <11.3% for
nonlinear coefficients (including transverse flow deriva-
tive ¥, and rotational damping derivative N, ), outper-
forming semi-empirical formulations.

In simulation methodology, a coupled sliding mesh and
rotating domain model implemented in COMSOL Multi-
physics achieved efficient multi-degree-of-freedom motion
simulation with a 0.02 s time step. Steady-state towing
simulations across the 0.1-2 m/s velocity range exhibited
longitudinal resistance coefficient errors of <3.52% rela-
tive to SUBOFF benchmark data. Transient PMM simula-
tions revealed linear coefficient consistency errors of <4.1%
between small- (0.04 m) and large-amplitude (0.3 m) con-
ditions, confirming method robustness. The self-devel-
oped high-precision towing platform (positioning accuracy:
0.1 mm; velocity resolution: 0.003 m/s) achieved hydrody-
namic coefficient measurements with maximum deviations
of <5% through tripartite verification performed using
SUBOFF models, REMUS AUV data, and CFD simula-
tions. This solution reduced experimental costs by 65%,
providing a nonscaled experimental validation approach
tailored for small-to-medium research teams.

The comprehensive database of 32 hydrodynamic coeffi-
cients significantly enhanced AUV trajectory prediction in
complex hydrodynamic environments and high-angle maneu-
vers by means of precise quantification of nonlinear damp-
ing and coupled inertial forces, establishing a high-fidelity
dynamic model foundation for real-time trajectory track-
ing and autonomous obstacle avoidance control.

7.3 Subsequent research directions

Future research would advance along interdisciplinary
dimensions to address emerging challenges. In the theoreti-
cal modeling domain, integration of ML and data assimila-
tion techniques would focus on the development of gener-
alized nonlinear models, emphasizing turbulence—cavita-
tion coupling effects and free-surface interaction mecha-
nisms that influence maneuvering stability. Concurrently,
deep fusion of hydrodynamic databases with model predic-
tive control algorithms aims to enable autonomous deci-
sion-making systems capable of operating in strongly non-
linear environments. For simulation enhancements, optimi-
zation of the detached eddy simulation (DDES) and large
eddy simulation (LES) turbulence models would prioritize
capturing transient flow characteristics during violent
maneuvers such as sharp turns and sudden load variations,
leveraging adaptive meshing strategies to improve engi-
neering applicability. Regarding experimental validation

frameworks, implementation of reinforcement learning—
driven adaptive motion control modules would facilitate
the development of intelligent digital twin systems with
autonomous path-planning capabilities. A closed-loop “‘simu-
lation—experiment” feedback mechanism would be estab-
lished to achieve efficient full-condition hydrodynamic
characterization with uncertainty quantification, eventu-
ally providing cross-scale, multi-physics technical support
for next-generation intelligent underwater vehicles.
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