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Abstract

Establishing accurate hydrodynamic models for underwater vehicles requires extensive
motion and force data. However, acquiring such data through full-scale sea trials involves
complex platforms, sensors, and control technologies, presenting significant constraints and
substantial costs. Therefore, identifying reliable alternative approaches, such as Computa-
tional Fluid Dynamics (CFD) simulations, is essential for efficiently obtaining the requisite
modeling data. This study employs CFD techniques to conduct simulations, specifically
utilizing the overset mesh method to address the multi-degree-of-freedom motion of the
vehicle. Concurrently, Circulating Water Channel (CWC) experiments were performed to
obtain comparative data. The simulation results demonstrate strong agreement with the
experimental measurements, validating the accuracy and reliability of CFD simulations in
predicting the hydrodynamic characteristics of underwater vehicles. The findings indicate
that the adopted CFD simulation methodology can provide a credible data foundation for
hydrodynamic modeling of underwater vehicles, effectively overcoming the numerous
limitations associated with sea trials.

Keywords: Computational Fluid Dynamics (CFD); Parallel Meshing; Circulating Water
Channel (CWC) Experiments; Overset Mesh

1. Introduction

In the field of Underwater Vehicles (UV), stable motion control serves as the funda-
mental prerequisite for both observation and intervention vehicles [1]. Hydrodynamic
components occupy a pivotal position in dynamic modeling and constitute the primary
factors affecting control performance. Due to the complex hydrodynamic forces acting
on vehicles during underwater motion, extensive high-fidelity motion and force data
covering the anticipated operational envelope are essential for establishing reliable hydro-
dynamic models [2].

Traditionally, acquiring these critical data relies heavily on physical towing tank tests
or self-propelled trials [3]. Moraes et al. elaborated on the application of Planar Motion
Mechanism (PMM) methods to determine hydrodynamic coefficients for fully appended
Autonomous Underwater Vehicle (AUV) operating near the water surface [4]. Guo et al.
developed a six-degree-of-freedom PMM platform for measuring hydrodynamic coeffi-
cients of Remotely Operated Vehicle (ROV) [5]. However, collecting comprehensive and
accurate hydrodynamic data from full-scale UV presents formidable practical challenges [6].
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This process necessitates vehicle platforms equipped with precise maneuvering capabil-
ities, multi-sensor data acquisition systems capable of underwater operation, advanced
signal processing techniques to mitigate inherent noise in marine environments, and robust
control systems to maintain prescribed trajectories and attitudes. These requirements im-
pose substantial cost and technical barriers, rendering exhaustive experimental campaigns
frequently prohibitive [7,8].

To address these limitations, Computational Fluid Dynamics (CFD) has emerged as a
powerful alternative approach for characterizing hydrodynamic properties [9]. CFD methods
can replicate motions conducted in towing tanks, planar motion mechanisms, and rotat-
ing arm facilities, providing detailed simulations of fluid flow around vehicles to compute
hydrodynamic forces and moments corresponding to specific velocities, accelerations, and
orientations within a virtual environment [10]. Mishra and Vengadesan employed CFD
methods to calculate translational added mass for torpedo-shaped AUV [11]. Javanmard et al.
utilized CFD approaches to determine added mass coefficients for translational, longitudinal,
and lateral maneuvers of torpedo-shaped UV, validated through ellipsoid test cases [12].
De Barros et al. demonstrated that CFD methods provide superior coefficient predictions for
large-angle-of-attack motions [7]. Shadlaghani and Mansoorzadeh conducted CFD simula-
tions using the DARPA SUBOFF submarine model to perform steady maneuvers replicating
towing experiments with drift angles, calculating six linear damping coefficients and un-
steady flow fields (translational and rotational coefficients) for submarines [13]. Le and Hong
simulated lift and drag forces of underwater gliders at various angles of attack and veloc-
ities in CFD environments [14]. Li et al. compared CFD methods with Circulating Water
Channel (CWC) experiments for different velocities and wall distances [15]. Ardeshiri investi-
gated hydrodynamic coefficients of SUBOFF based on oscillatory velocities through CFD [16].
Tariq et al. simulated oblique towing and rotating arm tests of SUBOFF via CFD to examine
the effects of stern appendages [17]. Kang et al. adopted CFD methods to explore the influence
of inter-vehicle distance on hydrodynamic performance in tandem AUV configurations [18].
Guo et al. investigated the nonlinear effects of drift angles on ROVs through both CFD and
PMM approaches [15].

This simulation-based approach can provide the extensive datasets required for con-
structing complex hydrodynamic equations without necessitating comprehensive physical
testing [19]. However, the validity of any model derived from CFD data fundamentally
depends on the fidelity and reliability of the simulation results themselves. Inaccurate CFD
predictions will inevitably lead to erroneous hydrodynamic models, potentially compromis-
ing vehicle performance and safety [20]. Therefore, ensuring the accuracy and robustness of
the employed CFD methodology is not merely beneficial but imperative before simulation
data can be reliably utilized for model construction or validation.

Mesh technology constitutes a critical factor influencing the accuracy and appli-
cability of simulations for UV experiencing complex motions. Conventional mesh ap-
proaches often prove inadequate when addressing large-amplitude relative motions or
intricate geometries. The mesh strategy is a critical factor determining the accuracy and
robustness of CFD simulations, especially for UV that experience complex and coupled multi-
degree-of-freedom (multi-DOF) motions. Traditional single-domain or body-fitted meshes
often face severe limitations when dealing with large-amplitude attitude changes, relative body
motions, or intricate geometric configurations. These challenges can lead to mesh distortion,
loss of solution accuracy, and even numerical divergence. Therefore, there is a growing need
for CFD modeling approaches that remain stable and accurate under strongly coupled motion
conditions and are adaptable to complex or variable geometries of underwater vehicles.

To overcome this challenge and enhance simulation accuracy in dynamic scenarios,
overset mesh techniques have gained increasing attention [20]. This method employs
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multiple component grids that overlap and communicate through interpolation, enabling
regions surrounding moving bodies to move independently within the background mesh,
thereby significantly improving computational efficiency and solution fidelity for moving-
body problems. Xu et al. utilized an overset mesh to analyze vehicle performance under
different towing speeds [21], while Li et al. compared hydrodynamic performance at
various attack and drift angles using overset mesh and PMM methods [22].

In this context, we have developed a CFD modeling framework tailored to the multi-
degree-of-freedom coupling and complex geometric characteristics of Variable-Structure
Underwater Vehicle (VSUV). We detail the construction of an overset mesh CFD framework
specifically designed for VSUV maneuvering analysis. Critically, to ensure the reliability
of simulation data obtained through this approach, a series of corresponding experiments
was conducted in a circulating water channel. The acquired physical measurements serve
as benchmarks for validating CFD predictions. Through the combination of simulation
and experimental validation, this study aims to demonstrate the feasibility of using overset
mesh CFD as a reliable tool for generating high-quality hydrodynamic data, establishing
its effectiveness and reliability in the development and modeling of underwater vehicles
with complex geometries and multi-DOF coupling.

2. Underwater Vehicle Mechanism

Figure 1 illustrates the 3D schematic and overall dimensions of the Variable-Structure
Underwater Vehicle (VSUV) developed by the Shenyang Institute of Automation [23,24].
The vehicle consists of upper and lower sections connected by a scissor mechanism, as
shown in Figure 2a. A linear actuator drives the linkage assembly to generate relative
motion between the two sections, enabling structural deformation quantified by the de-
formation parameter d. When the scissor mechanism is fully retracted (d = 0), the entire
vehicle is enclosed by external buoyant materials and operates similarly to an AUV, capable
of fast cruising missions. Although streamlined, its shape differs from that of a conven-
tional torpedo-type AUV. As the scissor mechanism extends (d > 0), the structural change
increases vehicle stability with larger d values. In this configuration, the internal frame
becomes exposed to water, allowing the vehicle to function as an open-frame underwater
vehicle suitable for manipulation tasks. Regardless of the configuration, the vehicle’s
hydrodynamic performance can be simulated using CFD methods.

Scissor
Mechanism

Figure 1. Dimensions of the Variable-Structure Underwater Vehicle (VSUV)VSUV.

As illustrated in Figure 2b, the vehicle is equipped with an HD camera and illumi-
nation system for environmental observation and recording. An Inertial Measurement
Unit (IMU) and Doppler Velocity Log (DVL) are integrated to acquire motion and attitude
data. The propulsion system comprises four horizontal and four vertical thrusters arranged
in a vectored configuration, providing redundant degrees of freedom to ensure vehicle
agility and maneuverability. This configuration enables arbitrary turning within a specified
range, vertical ascent and descent, and fine attitude adjustment during hovering operations.
The structural design allows modification of geometric parameters and mass distribution
through the scissor mechanism, facilitating stable navigation or manipulation across di-
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verse environments. This architecture endows the vehicle with multi-mission capability,
flexibility, and environmental adaptability.

Scissor Mechanism
Camera & Lamp

Battery Cabin -
Navigation Cabin

Electronic Cabin

» P,
Pressure Compensator Manipulator

Horizontal Thruster IMU & DVL

Vertical Thruster —

(b)

Figure 2. Internal Structure Diagram of the VSUV: (a) Scissor Mechanism, (b) Equipment Configuration.

When the deformation parameter d varies, the hydrostatic properties of the vehicle change
accordingly. The body-fixed coordinate system origin is defined at the Center Of Gravity
(COG) when d = 0, with the x-axis oriented forward, y-axis toward starboard, and z-axis
pointing vertically downward. Figure 3 illustrates variations in geometric parameters and mass
distribution as the scissor mechanism actuates, with d increasing from 0 to its maximum value
of 272 mm. The black curve indicates that the COG position in the XZ plane (body frame)
translates from (0, 0) to (—36.2, —206.64) during extension. The purple curve shows that the
Center Of Buoyancy (COB) in the XZ plane shifts from (51, —50) to (37, —364), where both
COG and COB remain in the XZ plane (yg = yp = 0). As shown in Figure 4, the red dotted
curve demonstrates that vehicle height increases from 1118 mm to 1518 mm with increasing d,
while the green dotted curve shows that metacentric height increases from 49 mm to 157 mm.
These precise geometric properties provide essential data for subsequent control design. The
figures clearly demonstrate that metacentric height progressively increases during extension,
consequently enhancing the restoring moment under disturbances or during motion, thereby
improving vehicle stability.

Figure 3. Position variations in COG and COB during scissor mechanism deployment.
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Figure 4. Relationship between vehicle height, metacentric height, and deformation parameter.
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3. CFD Simulation Strategy

CFD offers significant advantages by eliminating the dependence on physical facilities
and equipment required for experimental testing. Its cost-effectiveness and efficiency
make it a widely adopted tool in UV research, encompassing theoretical exploration,
design development, and validation. The International Towing Tank Conference (ITTC)
reported in 2002 that CFD accuracy is influenced by multiple factors, with turbulence model
selection and mesh quality being paramount [25]. Mesh quality is specifically manifested
in boundary layer thickness and spatial grid distribution.

3.1. Parallel Meshing

Mesh type selection is the primary consideration in grid generation. Commonly
used meshes are classified as structured or unstructured. Structured meshes, typically
hexahedral, exhibit excellent orthogonality and regularity, yielding high computational
efficiency and accuracy. However, generating structured meshes for complex geometries
such as AUVs with multiple appendages or open-frame ROVs is extremely challenging,
time-consuming, and error-prone, representing a fundamental limitation of this approach.

Unstructured meshes lack explicit topological patterns but offer superior geomet-
ric adaptability for complex models, providing flexibility in generation methods. This
versatility comes at the cost of reduced computational accuracy and efficiency compared
to structured meshes. Common unstructured mesh types include Tetrahedral Mesher,
Polyhedral Mesher, and Trimmed Mesher. Tetrahedral meshes are most prevalent, offering
strong adaptability but requiring excessive cell counts, resulting in slower computation
and lower accuracy. Trimmed cell and polyhedral meshes represent emerging approaches
that significantly reduce cell count while improving computational speed and accuracy,
with trimmed meshes demonstrating superior performance [26].

STAR-CCM+ provides multiple meshing tools. Considering the characteristics of vari-
ous mesh types, Trimmed Mesher were selected for this study. For multi-degree-of-freedom
vehicle motion, conventional dynamic meshing techniques often produce negative cell
volumes [27]. Overset mesh technology offers an effective solution for handling complex
motions. As illustrated in Figure 5, Overset meshes comprise overlapping background and
component meshes that communicate through overset interfaces, establishing connectivity
for data transfer to complete flow field solutions. This technique eliminates concerns
about negative volumes caused by local mesh deformation and reconstruction, enabling
large-amplitude motion while maintaining mesh quality.

Background mesh Overset interface
Component mesh

EiCTIEEREERS

Figure 5. Overset mesh Diagram (a) Initial State (b) Motion State: Includes Background mesh,
Component mesh, and Overset interface.
3.2. Boundary Layer Configuration

In hydrodynamics, the flow around UV surfaces is governed by turbulent boundary layers,
making appropriate near-wall mesh resolution essential for accurate turbulence modeling. Due
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to viscous effects, fluid velocity is zero at the wall and increases rapidly in the wall-normal
direction until reaching the free-stream value, as shown in Figure 6. The boundary layer is
defined as the thin region where the velocity rises from zero to 99% of the free-stream velocity.

Main Flow

Edge of boundary layer

LL— Outer LVer Turbulent

l Bounddry
Layer
Q,, log-law region 599

Inner

5 4R ~ “hufferiayer — Layer

viscous sublayer

Figure 6. Schematic of the velocity boundary layer.

Turbulent boundary layers generally consist of near-wall viscous and buffer regions,
where viscosity strongly affects momentum exchange, and an outer region dominated by
turbulent shear stress. Accurate mesh resolution across these regions is critical to capture
velocity gradients and ensure reliable prediction of hydrodynamic forces.

A finer boundary layer mesh can capture more flow details and improve computational
accuracy; however, it also leads to a significant increase in mesh count and computational
cost. The boundary layer mesh is typically generated by specifying three key parameters:
the first layer thickness, the number of prism layers, and the total boundary layer thickness.

The Reynolds number (Re) is determined based on fluid properties and vehicle dimen-
sions. This value guides the selection of subsequent parameters, such as y*. The Reynolds
number is defined as follows:

)

The Re is computed using the fluid density (p), free stream velocity (U), characteristic
length of the geometry (L), and dynamic viscosity (y). For fully developed turbulent flow
over a flat plate, the skin friction coefficient (cf) is estimated using an empirical correlation,
expressed as follows:

¢ = [21ogyq(Re) — 0.65] > )

The wall shear stress (1) is derived from the cy:

1
= 5pU%cs ®)
The friction velocity (1) can then be calculated from T,

Tw
Ur = ] — (4)
Vo

The first call height () can then be determined as follows:

+
yi =22E ®)

Ucp

where y* is the dimensionless wall distance, which is used to guide the sizing of boundary
layer meshes.
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As shown in Figure 7, it represents the relationship between the dimensionless velocity,
u™, and the dimensionless wall distance, y*. Typically, y* ranges from 5 to 150, with the
appropriate value determined based on the Re and the selected turbulence model.

A ut =2.5In(y*)+5.45
u
Low Rg N
le—— Inner Layer ——»/ 4"
A
S High Re
e
u = y+\ —(X{r‘
\ <~
_«

the value
depends
on the Re

Outer Layer

buffer layer  fully turbulent L
viscous or blending region or upper limit depends on
sublayer region log-law region Reynolds number

yosoye In(y)

Figure 7. A sketch of developed turbulent boundary layer in dimensionless coordinates u™ and y+.

The boundary layer thickness dg9g9 was estimated using empirical correlations.

038L 5

The boundary layer thickness is related to the thickness of the first boundary layer:

_ N
d99 = yH<1l _r ) ?)

r

where N denotes the number of prism layers, * represents the growth ratio, which could be
computed using the Newton—-Raphson root-finding method [28]. These parameters were
subsequently applied in STAR-CCM+ to construct the boundary layer mesh.

3.3. Turbulence Model

The k—w turbulence model is a classical approach where k denotes the turbulence kinetic
energy and w the specific dissipation rate. Among its various enhanced versions, the SST
k—w model is most widely used for drag prediction. It combines the near-wall accuracy of
the k—w model with the free-shear robustness of the k—¢ model. By accounting for turbulent
shear stress in the eddy viscosity formulation, the SST model better predicts flows with strong
adverse pressure gradients and separation [28]. Therefore, it was selected as the turbulence
closure model in this study to evaluate the drag forces and moments acting on the vehicle.

The SST model achieves proper transport behavior through a limiter applied to the
eddy viscosity formulation. In this framework, the turbulent viscosity is defined as:

— ok-min| %, L
Uy = pk mm[w'SFJ )]

where a* represents the damping coefficient for turbulent viscosity. For the high Reynolds
number regime considered in this study, it could be made a* = 1. S denotes the strain rate
magnitude, and F; is the blending function:

F, = tanh(®3)

®p = max |2

vk 500u ©)
0.09wy” py?w
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where v is the distance to the next surface.

Implementation of the SST k—«w model enables accurate resolution of the flow field
within the vehicle boundary layer. The model exhibits strong predictive performance
while maintaining computational efficiency, thereby producing more physically reasonable
simulation results.

3.4. Grid Independence Verification

The mesh density and quality directly determine the accuracy and convergence of the
discretized equations. Increasing the number of grid nodes generally enhances computa-
tional accuracy [29]. However, unlimited mesh refinement is impractical in engineering
applications due to prohibitive computational costs or even infeasibility. Therefore, to en-
sure computational accuracy while maintaining reasonable computational expense, a grid
independence verification must be conducted. This procedure involves comparing results
obtained from different mesh resolutions to confirm that the numerical solution no longer
exhibits significant dependence on mesh density. Without achieving grid independence,
variations in results arising from changes in turbulence models or boundary conditions
may merely reflect mesh-induced artifacts rather than genuine physical phenomena [30].

Using the vehicle’s straight-line forward motion as a representative case, the drag
force was employed as the target physical parameter for grid independence assessment.
The independence criterion was validated by examining the convergence characteristics of
the computed drag force across progressively refined mesh resolutions.

For boundary layer mesh generation, a prism layer mesh generator was employed to
construct the boundary layer mesh on the vehicle wall surface. Mesh independence was
verified by adjusting the y™ value, number of prism layers, and minimum wall mesh size.
Based on previous experience, y values were set to 20, 30, and 60; the number of prism
layers was varied among 5, 10, and 15; and the minimum wall mesh sizes were set to 8 mm
and 12.5 mm. These parameters were combined to create 14 mesh schemes, as detailed in
Table Al in Appendix A.1, with the remaining parameters determined through calculation.

Figure 8 presents the variations in mesh count and drag force across the 14 schemes,
where the horizontal axis represents the scheme number, the red dotted line indicates the
mesh count, the green dotted line represents the mean drag and standard deviation for
a minimum wall size of 12.5 mm, and the purple dotted line represents those for 8§ mm.
Analysis reveals that, for a given minimum wall size, the drag force increases gradually
with mesh count. Under identical conditions, schemes with an 8 mm minimum wall size
exhibit relatively lower drag values. Schemes No.3 and No.9 show significantly different
drag values compared to other combinations and are considered anomalous. The remaining
12 schemes demonstrate closely aligned drag values with errors below 3%, indicating mesh
independence. The mean drag value of —38.59 from these 12 schemes was taken as the
reference value. Considering the criteria of minimizing mesh count, achieving drag values
close to the reference, and maintaining small simulation standard deviations, Scheme No.4
was selected as the optimal boundary layer mesh configuration.

After establishing the boundary layer mesh configuration, the computational domain
size was identified as another critical factor influencing the total mesh count. The re-
gions affecting mesh quantity primarily include the flow domain, refinement region, and
overset mesh region (As shown in Figure 9. A control variable method was employed to
sequentially adjust the dimensions of each region for mesh independence analysis and
verification. The refinement zone dimensions were adjusted first. Considering the six-
degree-of-freedom motion requirements of the vehicle, the refinement zone was configured
as a cube with edge lengths of 8 m, 10 m, 12 m, and 16 m, respectively. Table A2 in
Appendix A.2 presents the mesh counts and drag values for different dimensions, while
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Figure 10a demonstrates that the total mesh count increases with edge length. Following
the criteria of enhancing computational efficiency, maintaining mean drag values close
to the reference, and achieving smaller standard deviations, an edge length of 10 m was
selected for the refinement zone. Similarly, the overset region was defined as a sphere with
a diameter of 7 m (as shown in Figure 10b), and the flow domain was set as a cube with an
edge length of 40 m (as shown in Figure 10c). Through comprehensive comparison, this
regional combination was determined to be the optimal mesh configuration scheme.

—— N cells ——min8 —e—minl2.5

= -36
g
=4 -38.59
g —40
@ g
S 42 &
(D o
B2r 172
5]
S {-46
g
=2 4 -48

0 F———r————————— 50

0 2 4 6 8 10 12 14

Figure 8. Grid Independence Verification of Boundary Layer Mesh.

——— Fluid Region -
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Figure 9. Schematic diagram of the flow field.
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Figure 10. Grid Independence Verification of Computational Domain: (a) Refinement Mesh,
(b) Component Mesh, (c) Background Mesh.

In summary, based on independent verification of both the boundary layer mesh and
computational domain dimensions, a mesh configuration was obtained that achieves an
optimal balance between computational accuracy and cost.
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4. Comparison Between Simulation and Experiment

4.1. Simulation Results

The simulation generated pressure distributions and velocity flow fields during ve-
hicle motion, along with force and moment data. Based on classical motion postures
and practical operational requirements, three motion modes were established: surge,
sway, and oblique motion (combining surge and sway). The velocity range was set
from 0 to 0.45 m/s with increments of 0.05 m/s for each simulation run. For demonstration
purposes, four representative velocity states are presented for each motion mode:

(a). As shown in Figure 11, at a deformation of d = 272 mm, the vehicle translates
along the x-axis of the body-fixed coordinate system. The upper panel shows the pressure
distribution on the vehicle surface, with red regions denoting high-pressure zones primarily
located at the leading edges. The lower panel displays the velocity flow field, illustrating
the surrounding water flow patterns.

Pressure (Pa) Pressure (Pa)

-2200.0 -1400.0 690 00 200.00 1000.0 18000 24300 -1564.0 -6 00 1034.0 19000
Z /
| speed(m/s)
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1 > ﬂ-- --E -
Ve/oc;ry Magn/rude (m/s) Ve/ocny Magnltude (m/s)
0.00000  0.50000 1.0 000 2.0000 2.5000 0.00000  0.50000 1.0¢ 000 2.0000 2.5000
l i _l [

Figure 11. Pressure distribution and flow velocity field around the vehicle during x-axis translation
in the carrier coordinate system (d = 272 mm).

(b). As shown in Figure 12, at a deformation of d = 272 mm, the vehicle translates along
the y-axis of the body-fixed coordinate system. In this configuration, the lateral surface
of the vehicle faces the incoming flow. Due to the vehicle’s geometric characteristics, the
larger frontal area results in increased hydrodynamic drag at the same velocity.

Pressure (Pa) Pressure (Pa)
-5000.0  -3680.0  -2360.0  -1040.0 280.00 1600.0 —mooo -2880.0 _ -1760.0 _ -640.00 480.00 16000
¥~ay
N ; o ﬂl
— |
Rﬂﬁ < n e . i % % -
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I 2"
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T T
~045 ~0.35 ~0.25 ~0.15 ohs 0!25 03 04s

Y _azris

y azis
2 v—>
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| T [ L o

Figure 12. Pressure distribution and flow velocity field around the vehicle during y-axis translation
in the carrier coordinate system (d = 272 mm).

(c). As shown in Figure 13, at a deformation of d = 272 mm, the vehicle performs
oblique motion along the z-axis. The left panel illustrates translation at a —30° angle in

the negative z-direction, while the right panel presents translation at a +30° angle in the
positive z-direction.
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W
Figure 13. Pressure and velocity distributions for the vehicle translating at +30° relative to the

z-axis (d = 272 mm).

(d). As shown in Figure 14, at a deformation of 4 = 0 mm, the vehicle translates
forward and backward along the x-axis of the body-fixed coordinate system.

Pressure (Pa) Pressure (Pa)
—4500 0 -3280.0  -2060.0  -840.00 380. oo 1600.0 —4400 0 -3200.0  -2000.0 —800 00 400.00 1soo 0
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T T T T T
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Figure 14. Pressure distribution and flow velocity field around the vehicle during x-axis translation
in the carrier coordinate system (d = 0 mm).

(e). As shown in Figure 15, at a deformation of d = 0 mm, the vehicle translates forward
and backward along the y-axis of the body-fixed coordinate system.

Pressure (Pa) Pressure (Pa)
-7000 0 -5280.0  -3560.0 —1840 o -120 oo 1600.0 —7000 0 -5280.0  -3560.0 —1840 o -120 oo 1600.0
@ép@@ @QQ«Q%Q 34”,1
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- - - - - - -
Velocity: Magn/tude (m/s) Velocity: Magnitude (m/s)

0.00000 0.50000 1.0000 000 2.0000 2.5000 0.00000 0.52000 1.0400 1.5600 2.0800 2.6000

Figure 15. Pressure distribution and flow velocity field around the vehicle during y-axis translation
in the carrier coordinate system (4 = 0 mm).

(f). As shown in Figure 16, at a deformation of d = 0 mm, the left panel shows the
vehicle translating at a —30° oblique angle along the z-axis, while the right panel depicts
translation at +30°.

When d = 0 mm, the upper and lower sections contract to a closed configuration, yield-
ing a more streamlined profile. Compared with the open-frame configuration at d # 0 mm,
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the velocity field exhibits a comparatively smaller disturbance to the surrounding flow, sug-
gesting a corresponding reduction in hydrodynamic drag. The pressure distributions and
velocity flow fields obtained from the simulations are consistent with expectations. How-
ever, to validate the reliability and accuracy of the CFD method, comparative experiments
in a circulating water channel are required.

ressure (Pa) Pressure (Pa)
-5700.0  -4230.0 -2760.0  -1290.0 180.00 1650.0 -5700.0  -4230.0 -2760.0  -1290.0 180.00 1650.0

SO COOD
0115 1 Y I

¥ speed(m/s)
0125 0135 0.45 015 0.25 035 045

¢ ¢ ¢ W ®» & & &

Velocity: Magnitude (m/s) Velocity: Magnitude (m/s)
1.0400 1.5600

0.00000 0.52000 2.0800 2.6000 0.00000 0.52000 1.0400 1.5600 2.0800 2.6000

Figure 16. Pressure and velocity distributions for the vehicle translating at +30° relative to the
z-axis (d = 0 mm).

4.2. Experimental Validation in the Circulating Water Channel

Grid independence ensures that mesh resolution no longer dominates numerical error,
but it does not guarantee correctness; thus, comparison with experimental data or analytical
solutions is required to validate the computational model.

Harbin Engineering University, an ITTC member, operates a circulating water chan-
nel equipped for resistance, propulsion, maneuvering, and open-water propeller tests,
providing a platform for precise determination of hydrodynamic coefficients.

To assess the hydrodynamic model, two representative deformation states (maximum
and minimum) were selected, and 1:4 scale vehicle models were fabricated according to
similarity theory. In the CWC experiments, the influence of scaling effects and Reynolds
number differences was considered. The flow velocity was adjusted to ensure that the
Reynolds number of the scaled model remained dynamically similar to that of the full-scale
vehicle, thereby minimizing the impact of scaling on the comparative results. For each
configuration, six motion conditions were tested, with six independent repeats conducted
at each test speed.

The experimental setup (Figure 17) consisted of a strut system with an upper fixed
section and a rudder-shaped lower section to minimize turbulence induced by the strut. A
6-DOF force sensor linked the bracket and the vehicle, ensuring strict alignment between
the sensor coordinate frame and the body-fixed coordinate system.

4.3. Comparison

A comprehensive comparison was conducted between the CFD-based numerical
results and the CWC experiments to assess simulation accuracy. In the plot, the x-axis
denotes the flow velocity (corresponding to the VSUV motion speed), and the y-axis
represents the hydrodynamic drag experienced by the vehicle. The red dotted curve
corresponds to Simulink predictions, the blue dotted curve to the averaged experimental
measurements, and the light-blue band illustrates the data dispersion represented as one
standard deviation. The detailed results are as follows:

(a). Figure 18 shows the vehicle in uniform rectilinear motion along the positive and
negative x-axis directions at d = 272 mm.
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Struts

Vehicle

Figure 17. CWC Experiment System. (a) Experimental Setup. Includes the configuration of the vehicle
and force sensors in the experiment (b) Data acquisition system for force sensors. (c) CWC water flow
speed measurement and control system.
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Figure 18. Hydrodynamic drag FX acting on the VSUV during motion along the x-axis (d = 272 mm).

(b). Figure 19 shows the vehicle in uniform rectilinear motion along the positive and
negative y-axis directions at d = 272 mm.
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Figure 19. Hydrodynamic drag FY acting on the VSUV during motion along the y-axis (d = 272 mm).

(c). Figure 20 shows the vehicle in Oblique motion of the vehicle after rotating
+30° about the z-axis, d = 272 mm.

(d). Figure 21 shows the vehicle in uniform rectilinear motion along the positive and
negative x-axis directions at d = 0 mm.

(e). Figure 22 shows the vehicle in uniform rectilinear motion along the positive and
negative x-axis directions at d = 0 mm.

(f). Figure 23 shows the vehicle in Oblique motion of the vehicle after rotating +30°
about the z-axis, d = 0 mm.

To validate the CFD-simplified model, experimental data are benchmarked against
simulation results. The simulated values predominantly fall within the standard deviation
of the experimental mean. Deviations beyond this range can be attributed to scale effects
from model-prototype dimensional differences and wall-confinement effects in the test
channel, both of which are unavoidable in physical experiments. As flow velocity increases
from 0.1 m/s to 0.45 m/s, the simulated and experimental drag curves exhibit consistent
trends. The agreement in both magnitude and trend confirms the validity and reliability of
the model.
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Figure 20. Hydrodynamic drag components FX and FY acting on the VSUV during oblique

motion (d = 272 mm).
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Figure 21. Hydrodynamic drag FX acting on the VSUV during motion along the x-axis (4 = 0 mm).
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Figure 22. Hydrodynamic drag FY acting on the VSUV during motion along the y-axis (4 = 0 mm).

The measured forces were non-dimensionalized to drag coefficients Cp:

F

Cp=——
P~ 05002A

The absolute error E_abs and normalized relative error E_rel were defined as:
E_abs = |Fcrp,i — Fexp,il

Cp,crp,i — CpExp,i

X 1000/0
Cp,exp,i

E_rel =

(10)

(11)

(12)

These definitions were applied to evaluate the differences between CFD predictions

and averaged CWC experimental measurements at each velocity condition.

The normalized mean absolute error (MAE) and mean absolute percentage error

(MAPE) are defined as follows:
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1 N

MAE = N l; E_abs; (13)
1 N

MAPE = N 1; E_rel; (14)

The results are summarized as follows:

(a) At d = 272mm, the VSUV moves steadily along the x-axis in both positive and
negative directions. As shown in Figure 24, the purple dotted line shows the E_rel of
the drag force FX. As the velocity decreases, the E_rel because the drag force becomes
very small, which amplifies the calculated value in Equation (12); thus, the E_rel is less
meaningful at low speeds. The corresponding E_abs (red dotted line) remains within the
range of 5-15 N, with an MAE of 9.99 N. Considering both errors, the difference between
CFD and CWC results is acceptable, indicating that the CFD predictions are reliable. When
only data with E_rel below 25% are considered, the MAPE is 9.89%.

Force-FX (N)

—e— experiment 5
—e— simulink -30

04 03 02 01 00 01 02 03 04 O HTF""""“SC“‘“‘.‘:‘
Speed (m/s) =

Force-FY (N)
~ —e— experiment -30° 100
—e— simulink 80

05 04 03 02 01 00 01 02 03 04 05
Speed (m/s)

Figure 23. Hydrodynamic drag components FX and FY acting on the VSUV during oblique

motion (d = 0 mm).
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Figure 24. The E_abs and E_rel of the hydrodynamic drag FX at d = 272 mm.

(b) Atd = 272 mm, the VSUYV translates along the y-axis. As shown in Figure 25, the
E_abs and E_rel of the hydrodynamic force FY are presented. The MAE is 5.5 N. Similarly
to the previous case, the E_rel becomes meaningless at very low velocities because the drag
force is small and the normalization amplifies the relative deviation. Therefore, only data
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points with E_rel below 25% are considered (the same criterion applies hereinafter). Under
this condition, the MAPE is 14.7%.

—o—F abs ——F rel
20 ¢ 1100%
15F 1

50%

Absolute Error
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speed (m/s)

Figure 25. The E_abs and E_rel of the hydrodynamic drag FY at d = 272 mm.

(c) At d = 272 mm, the VSUV moves obliquely at a 30° drift angle. As shown in
Figure 26, the E_abs and E_rel of the hydrodynamic forces FX and FY are presented. The
MAE and MAPE of FX are 3.99 N and 8.27%, respectively, while those of FY are 11.87 N
and 9.85%, respectively.

(d) At d = 0 mm, the VSUV moves steadily along the x-axis in both forward and
backward directions. As shown in Figure 27, the E_abs and E_rel of the hydrodynamic drag
force FX are presented. The calculated MAE and MAPE are 3.81 N and 8.17%, respectively.

(e) At d = 0 mm, the VSUV moves steadily along the x-axis in both forward and
backward directions. As shown in Figure 28, the E_abs and E_rel of the hydrodynamic drag
force FY are presented. The calculated MAE and MAPE are 2.52 N and 10.79%, respectively.

(f) At d = 0 mm, the VSUV moves obliquely at a 30° drift angle. As shown in
Figure 29, the E_abs and E_rel of the hydrodynamic forces FX and FY are presented.
The MAE and MAPE of FX are 2.11 N and 8.49%, respectively, while those of FY are

4.92 N and 11.18%, respectively.
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(a) speed (m/s) (b) speed (m/s)

Figure 26. The E_abs and E_rel of the hydrodynamic forces when the VSUV moves at a 30° drift angle
(d =272 mm): (a) force FX; (b) force FY.

According to the analysis of cases (a)—(f), the results indicate that the MAPE increases
with larger deformation amplitudes (d). This trend can be attributed to the increasing geo-
metric complexity of the VSUV as d grows, which induces more intricate flow separations,
stronger vortex interactions, and enhanced hydrodynamic instability. Consequently, the
discrepancies between CFD predictions and experimental measurements become more
pronounced. In addition, both the MAE and MAPE of FY are consistently higher than those
of FX, suggesting that hydrodynamic resistance can be predicted more accurately when the
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frontal area exposed to the incoming flow is smaller. The reduced exposed surface helps
stabilize the flow field, thereby lowering the prediction uncertainty.
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Figure 27. The E_abs and E_rel of the hydrodynamic drag FX at d = 0 mm.
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Figure 28. The E_abs and E_rel of the hydrodynamic drag FY at 4 = 0 mm.
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Figure 29. The E_abs and E_rel of the hydrodynamic forces when the VSUV moves at a 30° drift angle
(d = 0 mm): (a) force FX; (b) force FY.

Overall, the MAPE values are around 10%, which is generally considered an acceptable
range for comparisons between CFD simulations and physical experiments involving com-
plex boundary conditions. Such deviations are reasonable given the inevitable uncertainties
in CWC testing, including tank-wall effects, scale effects, and sensor inaccuracies.

5. Conclusions

This paper presents a detailed exposition of key parameter configuration strategies for
CFD simulations of the VSUV. The study emphasizes the advantages of the overlapping
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grid method in accurately modeling the multi-degree-of-freedom coupled motion of the
vehicle, which effectively captures complex flow features. Through grid independence
verification, critical meshing parameters for the complex geometric configuration have
been systematically determined, achieving an optimal balance between computational
accuracy and cost while avoiding unnecessary computational resource expenditure.

Subsequently, validation experiments were conducted using a scaled-model vehicle
in a recirculating water tank. Comparative analysis between experimentally measured
drag force data and CFD numerical results revealed high consistency in drag variation
trends. Although certain discrepancies exist in the numerical values, these deviations fall
within acceptable limits when considering inherent experimental factors such as model
scale effects and water tank wall constraints.

Although the present validation primarily focuses on simplified single-DOF motions,
the same CFD framework and numerical settings are directly applicable to coupled multi-
DOF cases. The reliability demonstrated under the verified conditions provides a solid foun-
dation for extending the simulations to more complex motion scenarios, thereby confirming
the effectiveness and robustness of the proposed overlapping-grid-based CFD strategy.
This methodology offers a practical and reliable approach for the hydrodynamic modeling,
performance prediction, and design optimization of underwater vehicles, demonstrating
substantial potential for engineering applications. While this study mainly validates steady-
state conditions, the adopted CFD framework inherently accommodates unsteady and fully
coupled motions, providing the basis for future extension to transient simulations.
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Appendix A
Appendix A.1

This table summarizes the boundary layer mesh configurations employed in the grid
independence study. The table presents the prescribed dimensional parameters for each
refinement scheme, along with the derived geometric specifications, total grid count, and
the corresponding target physical quantities.

Table Al. Grid Independence Verification for the Boundary Layer.

Boundary Layer Number of Cells Force (N)
First Cell Minimum
No. y+ Layer . Growth Surface Background Component
Number Height Rate Size (mm) Total Mesh Mesh Mean SD
(mm)
1 30 5 2.71 1.59 min 12.5 0.66757 0.5139 0.15367 —38.2 1.14
2 20 5 2.71 1.59 min 12.5 0.67267 0.519 0.15367 —39.29 1.11
3 60 5 5.42 1.22 min 8 1.06527 0.9116 0.15367 —41.9 0.93
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Table Al. Cont.
Boundary Layer Number of Cells Force (N)
No y+ Layer First Cell Growth Ng::;:cuem Background Component
Number Height Rate Size (mm) Total Mesh Mesh Mean SD
(mm)
4 60 15 5.42 1 min125  1.07307 0.9194 0.15367 —38.75 1.13
5 30 5 271 1.59 min 8 1.07807 0.9244 0.15367 —37.27 1.84
6 20 5 1.81 1.82 min 8 1.08567 0.932 0.15367 —38.2 1.01
7 30 15 2.7 1.01 min 12.5 1.08747 0.9338 0.15367 —39.36 1.23
8 20 15 1.81 1.06 min 12.5 1.09867 0.945 0.15367 —39.33 0.43
9 30 20 271 1 min 12.5 1.26567 1.112 0.15367 —42.98 1.17
10 60 15 5.42 1 min 8 1.78837 1.6347 0.15367 —38.25 0.77
11 30 15 2.7 1.01 min 8 1.78867 1.635 0.15367 —37.82 1.48
12 20 15 1.81 1.06 min 8 1.82657 1.6729 0.15367 —38.74 0.52
13 30 20 2.71 1 min 8 2.14567 1.992 0.15367 —38.86 1.31
14 20 20 1.81 1.02 min 8 2.16897 2.0153 0.15367 —39.05 0.56
Appendix A.2
This table summarizes the flow domain mesh configurations employed in the grid
independence study. The table presents the dimensional parameters of the computational
grids, the corresponding total element count, and the resulting target physical quantities
for each refinement scheme.
Table A2. Grid Independence Verification for the Flow Domain.
(a) Grid Independence Verification of Refinement Mesh
) Mesh Number (million) Force(N)
N Overset Mesh.  Refinement Flow T T T Backeround Combonent P
0. : . . ackground Componen
R R D
egion (§(m)) egion (m) omain (m) Total Mash Mesh Mean SD
1 4 8 40 1.7708 1.6347 0.1361 —37.3 1.53
2 4 10 40 1.77891 1.6347 0.14421 —38.06 0.75
3 4 12 40 1.78837 1.6347 0.15367 —38.25 1.03
4 4 16 40 1.83424 1.6347 0.19954 —37.51 1.04
(b) Grid Independence Verification of Component Mesh
) Mesh Number (million) Force(N)
N Overset Mesh. Refinement Flow Back e n
0. : . . ackground Componen
R R D
egion (§(m)) egion (m) omain (m) Total Mash Mesh Mean SD
1 3 10 40 1.76211 1.6179 0.14421 —42.58 0.46
2 10 40 1.77891 1.6347 0.14421 —38.065 0.808
3 7 10 40 1.80171 1.6575 0.14421 —38.55 0.3
4 10 10 40 1.83932 1.6445 0.19482 —37.99 1.36
(c) Grid Independence Verification of Background Mesh
] Mesh Number (million) Force(N)
N Overset Mesh. Refinement Flow Back e n
0. : . . ackground Componen
R R D
egion (§(m)) egion (m) omain (m) Total Mash Mesh Mean SD
1 7 10 35 1.76189 1.6575 0.10439 —37.85 0.915
2 7 10 40 1.80171 1.6575 0.14421 —38.55 0.3
3 7 10 45 1.85232 1.6575 0.19482 —37.35 1.05
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