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Abstract: This paper conducts a numerical investigation on the hydrodynamic performance of a
portable autonomous underwater vehicle (AUV). The portable AUV is designed to cruise and per-
form some tasks autonomously in the underwater world. However, its dynamic performance is
strongly affected by hydrodynamic effects. Therefore, it is crucial to investigate the hydrodynamic
performance of the portable AUV for its accurate dynamic modeling and control. In this work,
based on the designed portable AUV, a comprehensive hydrodynamic performance investigation
was conducted by adopting the computational fluid dynamics (CFD) method. Firstly, the mechanical
structure of the portable AUV was briefly introduced, and the dynamic model of the AUV, including
the hydrodynamic term, was established. Then, the unknown hydrodynamic coefficients in the
dynamic model were estimated through the towing experiment and the plane-motion-mechanism
(PMM) experiment simulation. In addition, considering that the portable AUV was affected by wave
forces when cruising near the water surface, the influence of surface waves on the hydrodynamic per-
formance of the AUV under different wave conditions and submerged depths was analyzed. Finally,
the effectiveness of our method was verified by experiments on the standard models, and a physical
experiment platform was built in this work to facilitate hydrodynamic performance investigations of
some portable small-size AUVs.

Keywords: autonomous underwater vehicle (AUV); numerical investigation; hydrodynamic
performance; computational fluid dynamics (CFD)

1. Introduction

More than 70% of the earth’s surface is covered by water in the form of oceans, lakes,
and rivers [1]. The underwater world is filled with a large number of valuable resources
and precious species. However, it is challenging to explore and inspect them due to the inac-
cessibility, corrosiveness, intense pressure, and optical opacity of the underwater world [2].
In recent decades, with the development of marine technology, many scholars and research
institutions have focused on the research of underwater vehicles, which has made sig-
nificant contributions to the development of various AUVs [3]. The existing AUVs are
mainly divided into open-frame and torpedo-shaped. The most commonly used is torpedo-
shaped AUVs, for they have symmetrical streamlined bodies, which enables them to sail
underwater with less resistance and higher efficiency. As an underwater agents, AUVs
can perform some underwater tasks such as marine exploration [4], pipe inspection [5],
underwater search [6], and rescue [7] through self-sailing and self-execution. However,
the maneuverability and controllability of AUVs are strongly influenced by the hydrody-
namic forces and moments expressed by a series of hydrodynamic coefficients. Therefore,
obtaining the values of these coefficients is very important for the control strategy design
of AUVs and ensuring their effective autonomous maneuverability. There have been a
lot of investigations on hydrodynamic coefficients estimation of AUVs [8–15], most of
them can be divided into experimental evaluation methods, analytical and semi-empirical
(ASE) methods, and numerical investigation methods. The early proposed methods for
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investigating AUVs’ hydrodynamic performance are experiment-based. These methods are
usually implemented in a tank, and the support bars are fixed on some force sensors inside
the hull body [16]. A practical and reliable instrument to evaluate the experimental results
is the planar motion mechanism (PMM) [17], and there were many reduced or equal-sized
AUV models have been made to undertake the PMM experiments for hydrodynamic
coefficient estimation. Jagadeesh et al. [13] presented a towing tank-based experimental
investigation on forces and moment on AUV hull form in the vertical plane with a 1:2
AUV model of the standard hull form afterbody. It provided guidance experiments on the
AUV to study the variation of axial, normal, drag, lift, and pitch moment coefficients with
Reynolds number and angle of attack. Nouri et al. [18] developed an apparatus based on
planar experiments of a water tunnel to estimate hydrodynamic derivatives due to AUVs’
velocity and acceleration, and experimental results presented the relationship between
regulation parameters and estimated hydrodynamic derivatives. Although PMM tests are
very popular among experiment-based methods, the measured data from these tests are
not entirely reliable because of experimental difficulties and errors involved, preventing
further development of these methods. Another method to estimate the hydrodynamic
coefficients of AUVs is the ASE method, which relies on empirical findings and analytic
expressions [10]. Kepler et al. [19] proposed an approach to predict the hydrodynamic
coefficients of an underwater vehicle by only using its geometric profile. Based on the
hydrodynamics and geometric characteristics of submarine vehicles, Cardenas et al. [20]
proposed an identification approach that combined an ASE with an extended Kalman filter-
based parameter estimator. The ASE estimates are obtained using physical concepts and
empirical results collected for typical geometries adopted in underwater vehicles. They pro-
vide essential reference values to assess magnitudes and signals for most hydrodynamic
coefficients produced by system identification methods.

Recently, many researchers began to apply the CFD methods to the design of more
advanced AUVs due to the widespread availability of powerful computers. The numerical
estimation method based on empirical formulas [21] or finite element software [14] is
the most convenient way to obtain hydrodynamic forces and moments with precisely
constructed models. Phillips et al. [22] used the CFD method to predict the dynamic
stability derivatives of an AUV. Furthermore, a comparative study of the ASE and the
CFD methods for predicting normal force and moment for an AUV is addressed in [10].
The CFD approach allowed for a good prediction of the coefficients over the range of
angles of attack considered. Singh et al. [23,24] validated the experimental lift and drag
characteristics of a glider from the literature using the CFD approach. This method was
then used for the assessment of the steady-state characteristics of a laboratory glider.
Gao et al. [25] proposed a time-efficient approach to estimate hydrodynamic coefficients by
the CFD method. Instead of a repetitive and time-consuming process, the proposed spatial
captive motion could provide necessary information to determine all required coefficients
in only one simulation. Safari et al. [26] adopted the CFD tool to numerically simulate
the complex unsteady vertical structure of flow due to the manta ray’s flapping motion.
In [27], hydrodynamic parameters of a mini-AUV were identified via CFD simulations.
These parameters were considered to design the three different controllers that were based
on the robot manipulators theory. Hydrodynamic coefficients had a dominant effect on
the quality of vehicle pre-testing and evaluation. Deng et al. [28] identified an AUV
hydrodynamic model using three Kalman filters. Panda et al. [29] provided a review work
for investigating hydrodynamic characteristics of AUVs. Nowadays, the CFD method lacks
physical-experiment validation. Nevertheless, it holds great promise for the hydrodynamic
performance investigation of underwater vehicles.

The existing methods generally consider that the AUV was far away from the water
surface and ignored the influence of the surface waves on hydrodynamic performance.
However, surface waves have an important impact on the hydrodynamic performance of
AUVs cruising near the water surface. Some researchers have used experiment-based or
CFD methods to study the influence of water surface on the hydrodynamic performance
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of an AUV presented a towing tank-based experimental study on hydrodynamic forces
and moment on an AUV hull near the water surface. Saeidinezhad [15] has numerically
investigated the hydrodynamic performance of an AUV model and its interaction with
the water surface by the CFD software ANSYS CFX. Shariati et al. [30] studied the effect
of appendages on the hydrodynamic performance of the DARPA SUBOFF near the water
surface. Tian et al. [31] conducted numerical research on the influence of surface waves
on the hydrodynamic performance of an AUV, and the influences of waves are quantita-
tively analyzed for different wave heights, Reynolds numbers, and submerged depths.
Gabl et al. [32] presented a method of quantifying hydrodynamic loads by analyzing the
load cell data as forces and moments in relation to the observed motion and rotation of the
ROV. Our work focused on the numerical investigation of the hydrodynamic performance
of a novel designed AUV (named "Shark-AUV") by adopting the CFD method. Based on
the dynamic model of the Shark-AUV, the towing experiment simulation and the PMM ex-
periment simulation were carried out to estimate the unknown hydrodynamic coefficients,
and we further systematically analyzed the hydrodynamic performance of the Shark-AUV
when cruising near the water surface.

The rest of this paper is organized as follows: the mechanical structure and equations
of motion of the Shark-AUV are covered in Section 2. In Section 3, the numerical hydro-
dynamic performance investigation of the Shark-AUV in various postures, motion states,
and wave conditions is conducted. Section 4 presents some experiments for validating
the effectiveness of our method, and a physical experiment platform is established for
basic hydrodynamic performance investigation of the Shark-AUV. This paper ends with a
conclusion in Section 5.

2. Mechanical Design and Problem Statement
2.1. Overall Mechanical Structure

The Shark-AUV is designed for underwater cruising, inspection, and exploration.
It has a symmetrical streamlined body, torpedo-like shape, four propellers, an LED light,
an IMU, a depth sensor, and two cameras (the forward-looking camera is used for cruis-
ing and obstacle avoidance; the down-looking one is for inspection and exploration of
underwater objects on the seafloor), as shown in Figure 1. Its hull is made of stainless steel,
sealed with a rubber ring, and the propellers are motor-driven. The AUV has four degrees
of freedom: it can complete surge/heave motion through the two horizontal/vertical
propellers and realize the yaw/roll motion by changing the speed ratio of two horizon-
tal/vertical propellers. Propulsion force is generated by the rotation of the propeller driven
by a motor. The AUV has an overall size of 761.5 mm × 435 mm × 220 mm, a dry weight
of approximately 30 kg.

Figure 1. Mechanical structure and configuration of the Shark-AUV.
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2.2. Equations of Motion

In this work, two coordinate frames (earth-fixed frame (E-ξηζ) and body-fixed frame
(O-xyz)) are introduced to describe the motion of the Shark-AUV, as shown in Figure 2.
The origin of the body-fixed frame is the centre of mass of the AUV, and the center of
buoyancy coincides with the center of gravity of the AUV. The positive Ox is the forward-
cruising direction of the AUV, refer to [33], the equations of motion of the AUV in the
body-fixed frame can be expressed as follows:

Surge: X = m(u̇− vr + wq)
Sway: Y = m(v̇ + ur− wp)
Heave: Z = m(ẇ− uq + vp)
Roll: K = Ix ṗ +

(
Iz − Iy

)
qr

Pitch: M = Iy q̇ + (Ix − Iz)pr
Yaw: N = Iz ṙ +

(
Iy − Ix

)
pq

(1)

where X, Y, Z, K, M, and N are resultant forces (gravity, buoyancy, propulsion, hydrody-
namic) and moments with respect to x, y, z axis, m is the mass of the AUV, u, v, w represent
the velocity of surge, sway, and heave motion, p, q, r represent the angular velocity of roll,
pitch, and yaw motion, Ix, Iy, Iz are the inertia momentum of the AUV about the axis Ox,
Oy, and Oz, respectively.

Figure 2. Coordinate frame of the Shark-AUV.

2.3. Equations of Motion with Unknown Hydrodynamic Coefficients

For an infinite domain of the underwater environment, the hydrodynamic perfor-
mance of a given shape AUV is only determined by its motion parameters. The Shark-AUV
is designed to cruise at low speed, the influence of the higher derivative of the speed can
be ignored. Therefore, the hydrodynamic force τ can be expressed as

τ = f (φ, φ̇, ω, ω̇) (2)

where φ and ω are the velocity and angular velocity, φ = (u, v, w)T , ω = (p, q, r)T , φ̇
and ω̇ are acceleration and angular acceleration of the AUV, respectively. According
to the expression of Equation (2), the hydrodynamic force can be divided into viscous
hydrodynamic force term and initial hydrodynamic force term. The viscous hydrodynamic
force term is determined by the φ and ω, and initial hydrodynamic force term is determined
by the φ̇ and ω̇. With the application of the Taylor series expansion and refer to [8],
the hydrodynamic force τx along x-axis can be expressed as

τx = fx(u, v, w, p, q, r, u̇, v̇, ẇ, ṗ, q̇, ṙ) = τ0 +
(
Xu∆u + Xvv + Xww + Xp p + Xqq + Xrr

)
+
(
Xu̇u̇ + Xv̇ v̇ + Xi̇ ṙ + Xṗ ṗ + Xq̇ q̇ + Xṙ ṙ

)
+

1
2!

(
Xuu∆u2 + Xwvv2 + Xpp p2 + Xqqq2 + Xrrr2

+2Xuv∆uv + 2Xuw∆uw + 2Xup∆up + 2Xvrvs.r · · ·

) (3)
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where Xu, Xv, Xw, Xp, Xq, Xr are hydrodynamic coefficients of velocity, Xu̇, Xv̇, Xẇ, Xṗ,
Xq̇, Xṙ are hydrodynamic coefficients of acceleration, Xuu, Xpp, Xqq, Xuv, Xuw, Xwv ... are
nonlinear and coupling hydrodynamic coefficients. To improve the computational effi-
ciency of hydrodynamic coefficient investigation, the hydrodynamic forces and moments
are normalized by 1/2ρU2L2 and 1/2ρU2L3, respectively. (ρ is the fluid density, U is the
freestream velocity, L is the length of the AUV hull.) For instance, the coefficient Xu after
dimensionless normalization is represented as X′u. Based on the above analysis, equations
of motion of the Shark-AUV with unknown hydrodynamic coefficients can be expressed as

Surge: m(u̇− vr + wq) = ρ
2 L4

(
X′qqq2 + X′rrr2

)
+

ρ
2 L3

(
X′u̇u̇ + X′vrvs.r + X′wqwq

)
+

ρ
2 L2(X′uuu2 + X′vvv2 + X′www2)+ Tx − (P− B) sin θ

Sway: m(v̇− wp + ur) = ρ
2 L4

(
Y′ṙ ṙ + Y′ṗ ṗ + Y′pq pq

)
+

ρ
2 L3

[
Y′v̇ v̇ + Y′wpwp + Y′r ur + Y′v|r|

v
|v|

∣∣∣∣(v2 + w2) 1
2

∣∣∣∣|r|]
+

ρ
2 L2

[
Y′0u2 + Y′vuv + Y′vrvs.

∣∣∣∣(v2 + w2) 1
2

∣∣∣∣+ Y′vwvs.w
]
+ Ty − (P− B) cos θ sin ϕ

Heave: m(ẇ− uq + vp) = ρ
2 L4

(
Z′q̇ q̇ + Z′pr pr

)
+

ρ
2 L3

[
Z′ẇẇ + Z′vpvs.p + Z′quq

]
+

ρ
2 L2

[
Z′0u2 + Z′wuw + Z′ww

∣∣∣∣w(v2 + w2) 1
2

∣∣∣∣]+ Tz + (P− B) cos θ cos ϕ

Roll: Ix ṗ +
(

Iz − Iy
)
qr = ρ

2 L5
(

K′ṗ ṗ + K′pq pq + K′qrqr
)

+
ρ
2 L4

(
K′pup + K′vqvs.q + K′wpwp + K′wrwr

)
+

ρ
2 L3[K′0u2 + K′vwvs.w

]
− Ph cos θ cos ϕ + MTx

Pitch: Iy q̇ + (Ix − Iz)rp =
ρ
2 L5

(
M′q̇ q̇ + M′pr pr

)
+

ρ
2 L4

[
M′ẇẇ + M′vpvs.p + M′vrvs.r + M′quq

]
+

ρ
2 L3

[
M′0u2 + M′ww

∣∣∣∣w(v2 + w2) 1
2

∣∣∣∣+ M′|w|u|w|
]
− Ph sin θ + MTy

Yaw: Iz ṙ +
(

Iy − Ix
)

pq =
ρ
2 L5

(
N′ṙ ṙ + N′ṗ ṗ + N′pq pq + N′qrqr

)
+

ρ
2 L4

[
N′v̇ v̇ + N′rur + N′wpwp + N′vr|

v
|v|

∣∣∣∣(v2 + w2) 1
2

∣∣∣∣r]
+

ρ
2 L3

[
N′0u2 + N′vuv + N′v|v|vs.

∣∣∣∣(v2 + w2) 1
2

∣∣∣∣]+ MTz

(4)

2.4. Problem Statement

As shown in Equation (4), the equations of motion of the Shark-AUV are expressed
by many unknown hydrodynamic coefficients. The controllability of the AUV is strongly
affected by the hydrodynamic force and moments expressed by these unknown hydrody-
namic coefficients. Therefore, this work aims to estimate these unknown hydrodynamic
coefficients by the CFD method, so as to investigate the influence of hydrodynamic effects
on the dynamic performance of the AUV. In addition, this work also considers that the
dynamic performance of the AUV will be affected by wave forces when cruising near the
water surface, the hydrodynamic performance of the AUV near the water surface is also
systematically investigated.

3. Numerical Investigation and Results

To investigate the hydrodynamic coefficients of the Shark-AUV, CFD simulations
(including towing experiment simulation and PMM experiment simulation) are carried out
to obtain the curves of the hydrodynamic loads versus the movement variables in different
postures and motion conditions. To meet the requirements of the CFD method, the 3D
model of the Shark-AUV is simplified as follows: (1) keeping the hull of the AUV, remove
small appendages that have little effect on the overall performance of hydrodynamic
performance investigation; (2) ignoring the internal structure of the AUV cabin. The size of
the computational domain is 7L× 10D× 10D (L = 761.5 mm, D = 220 mm) to avoid blocking
effects [34]. The simplified 3D model, the computational domain for CFD simulation are
shown in Figure 3. And Figure 4 shows the meshing of the 3D model of the Shark-AUV,
the number of mesh is set to 0.85 million by some experiments. As shown in Figure 5,
the range of y+ value is 30 to 150, which meets the requirements of the CFD simulation.
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Table 1 shows the setting of some initial parameters of the CFD simulation. The boundary
conditions include velocity-inlet, outlet, wall, and symmetry. Velocity-inlet: forward,
top and bottom of the domain, its value is defined by the user-defined files (UDF) file,
we can observe the change of resistance by setting different velocity-inlet; Outlet: backward
of the domain, pressure outlet; Wall: hull body, non-slip fixed wall; Symmetry: centerline
boundary and side of the domain.

Table 1. Setting of some initial parameters of CFD simulation.

Parameters Initial Setting of the Parameters

Time Steady (unsteady) motion is steady (transient) state
Turbulence model RNG k− ε model
Discrete format Second-order upwind discrete scheme
Solving algorithm PISO
Fluid type Liquid, density is 998.2 kg/m3, others are default
Time step 1500 steps in steady motion and 100 steps per cycle

in unsteady motion

Figure 3. Left diagram shows the full-scale 3D model of the Shark-AUV; the right one shows the
computational domain of the CFD simulation.

Figure 4. Left diagram shows meshing of the 3D model of the Shark-AUV; the right one shows the
resistance of the AUV versus the number of meshes.

Figure 5. y+ value when the Shark-AUV cruises along the +x-direction at 0.5 m/s.

3.1. Towing Experiment Simulation

Towing experiment simulation is to simulate the steady motion of the Shark-AUV,
including forward cruising along x, y, and z axis, and oblique cruising.
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3.1.1. Hydrodynamic Performance of Forward Cruising

As shown in Figure 6, since the hull of the Shark-AUV is asymmetric with respect to
the yoz plane, the flow around the AUV are different when cruising along the±x-directions.
This means that the hydrodynamic forces of the AUV are also different when cruising
along the ±x-directions. To investigate hydrodynamic performance of forward cruising
by CFD simulation, we consider the AUV cruising along the ±x-directions, as shown in
Figure 7, the velocity-inlet ranges from −1.2 m/s to 1.2 m/s (increasing step is 0.1 m/s),
and the AUV model is static in the center of the computational domain. The curves of
the hydrodynamic resistances versus velocity are fitted by the least squares algorithm,
the value of the quadratic coefficients of the fitting curves are the hydrodynamic coefficients
(X′u|u|, X′uu, Y′v|v|, Z′w|w|) when the AUV cruising froward along x, y, z axis. Similarly,
the hydrodynamic coefficients (X′vv, X′ww, M′ww, N′v|v|) can be obtained by analyzing the
forces and moments when the AUV cruising forward along the y and z axis.

Figure 6. Left diagram shows the flow around Shark-AUV cruising along +x-direction; the right one
shows flow around Shark-AUV cruising along −x-direction.

Figure 7. Left diagram shows the Shark-AUV cruising along ±x-directions in a body reference frame;
the right one shows the curves of hydrodynamic resistances versus velocity of the AUV cruising
along ±x-directions.

3.1.2. Hydrodynamic Performance of Oblique Cruising

Oblique cruising experiment simulation of the Shark-AUV model includes oblique
cruising simulations in the horizontal plane, vertical plane, and space. As shown in
Figure 8, the velocity of the AUV in oblique cruising can be divided into three components
along the coordinate axis of the body-fixed frame

u = U cos β cos α
v = −U sin β
w = U cos β sin α

(5)

where U is the velocity of the AUV, α is the attack angle, β is the drift angle.
The setting of oblique cruising simulation is similar to that of forward cruising except

that oblique cruising of the AUV has an additional drift angle or attack angle. As shown in
Figure 8, the oblique cruising experiment simulation of the AUV in the horizontal plane is
to put the AUV model into the computational domain at a certain angle around the z-axis
(drift angle β), which brings a lateral velocity v to the AUV. Setting the value of velocity-
inlet at 0.5 m/s and 1 m/s, respectively, and the β increased from −20◦ to 20◦ (increasing
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step is 5◦). Through CFD simulation, the resistance of the AUV in the y-direction and the
resistance moment around the x-axis and the z-axis can be obtained. As shown in Figure 9,
the lines of the hydrodynamic resistances (moments) versus drift angles at two different
velocities are fitted by the least-squares algorithm, and then the slope of the fitted lines are
subjected to the dimensionless normalization to obtain values of hydrodynamic coefficients
Y′v, Y′0, N′v, N′0, and K′0. The oblique cruising simulation of the AUV in the vertical plane
is similar to that in the horizontal plane (it has a certain drift angle around the y-axis).
Oblique cruising in space is the superposition of oblique cruising in the horizontal plane
and the vertical plane.

Figure 8. Left diagram shows hydrodynamic angles of the Shark-AUV; the middle diagram shows
the oblique motion of the AUV in the horizontal plane; the right diagram shows the oblique motion
of the AUV in the vertical plane.

Figure 9. Left diagram shows the relationship of lateral resistance Y versus lateral velocity v; the right
diagram shows the relationship of roll moments N versus lateral velocity v.

3.2. PMM Experiment Simulation

The PMM experiment simulation investigates the hydrodynamic performance of the
Shark-AUV in unsteady motions, including heave, sway, pitch, roll, and yaw. In this work,
we apply a dynamic mesh in the FLUENT module and combine the UDF to simulate these
five motions. Figure 10 is the diagram of the heave motion, in the computational domain,
the Shark-AUV not only faces the incoming flow, but also performs a vertical sinusoidal
oscillation motion. This motion can be expressed as

A = a sin ωt
θ = θ̇ = 0
w = Ȧ = aω cos ωt
ẇ = −aω2 sin ωt

(6)

where A, a and ω are the displacement, amplitude, and frequency of heave motion; w and
ẇ are the velocity and acceleration of the AUV; θ and θ̇ are angular velocity and angular
acceleration of the AUV around the y-axis. Assuming that the vertical force on the AUV is
Z, and the pitch moment is M, combined with the Equation (6), the hydrodynamic effects
on the AUV can be expressed as
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Z = Zẇẇ + Zww + Z0
= −aω2Zẇ sin ωt + aωZw cos ωt + Z0
M = Mẇẇ + Mww + M0
= −aω2Mẇ sin ωt + aωMw cos ωt + M0

(7)

Since the heave motion of the Shark-AUV is a weak maneuvering motion, the values
of parameters a and w are small and can be ignored in our work. After the dimensionless
normalization, we can get the following expression

Za
0.5ρL2V2 = −aLω2

V2 Z′ẇ, Zb
0.5ρL2V2 = aω

V Z′w
Ma

0.5ρL3V2 = −aLω2

V2 M′ẇ, Mb
0.5ρL3V2 = aω

V M′w
(8)

The heave motion simulation is to get the values of hydrodynamic coefficients Z′ẇ, Z′w,
M′ẇ, and M′w.

Figure 10. Schematic diagram of heave motion of the Shark-AUV.

In this simulation, the motion parameters of the Shark-AUV are determined by the
UDF, and the setting of other parameters is the same as Table 1. Here, the heave motion
parameters of the AUV are set as: the amplitude a = 0.004 m, the length L = 0.7615 m,
the longitudinal motion velocity v = 0.5 m/s, and the frequency f = 0.2, 0.4, 0.6, 0.8, 1.
Table 2 shows the numerical calculation results of the heave motion, and the hydrodynamic
force Z and moment M of this motion can be obtained. The process of hydrodynamic coef-
ficient estimation of the other four motions is similar to the heave motion. Through towing
experiment simulation and PMM experiment simulation, all the unknown hydrodynamic
coefficients in Equation (4) are estimated, and the results are summarized in Table 3.

Table 2. Numerical estimation of heave motion simulation of the Shark-AUV.

f (hz) w(1/s) −aLw2/V2 aw/V Za
0.5ρL2V2

Zb
0.5ρL2V2

Ma
0.5ρL3V2

Mb
0.5ρL3V2

0.2 1.256 −0.19240 0.10053 0.0198 −0.0050 −0.0055 0.0030
0.4 2.513 −0.76961 0.20106 0.0892 −0.0202 −0.0180 0.0088
0.6 3.769 −1.73162 0.30159 0.2011 −0.0664 −0.0240 0.0197
0.8 5.026 −3.07843 0.40212 0.3413 −0.1011 −0.0359 0.0376
1 6.283 −4.81005 0.50265 0.5016 −0.1558 −0.0397 0.0392

Table 3. Summary of the estimated hydrodynamic coefficients by towing experiment and PMM experiment simulation.

Coefficients Value Coefficients Value Coefficients Value Coefficients Value Coefficients Value Coefficients Value

X′qq −0.0131 Y′v|r| 0.5076 K′pq 0 X′rr 0.0007 Y′∗ 0.0009 K′qr 0.0003
X′u̇ −0.3618 Y′v −0.6681 K′p −0.2036 X′vr 0.0754 Y′v|v| −0.1936 K′vp −0.0138
X′wq −0.1043 Y′vw −0.0948 K′wp 0 X′uu −0.0773 Z′q̇ −0.0131 K′wr 0.0138
X′vv 0.0147 Z′pr −0.0007 K′∗ 0 X′ww −0.0227 Z′ẇ −0.1043 K′vw −0.0289
Y′ṙ −0.0007 Z′vp −0.0754 M′q̇ 0.0044 Y′ṗ 0 Z′q −0.1550 M′pr −0.0219
Y′pq 0.0131 Z′∗ −0.0017 M′ẇ −0.0056 Y′v̇ −0.0754 Z′w −0.3805 M′vp 0.0852
Y′wp 0.1043 Z′ww −0.3467 M′vp 0.0852 Y′r −0.0852 K′ṗ −0.0172 M′q −0.0718
M′∗ 0.0003 M′ww 0.0351 M′w −0.1126 N′ṙ 0.0047 N′ṗ 0 N′pq 0.0216
N′qr 0 N′v̇ 0.0043 N′r −0.0179 N′wp −0.0131 N′v|r| −0.3389 N′∗ 0.0001
N′v 0.0391 N′v|v| 0.0097
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3.3. Hydrodynamic Performance Analysis near Water Surface

In this section, based on the potential flow theory [35], the hydrodynamic perfor-
mances of the Shark-AUV in regular and irregular waves are studied by the CFD method.
Schematic diagram of the AUV subjected to surface waves is shown in Figure 11. The AUV
is designed to cruise in the underwater environment, though the AUV may sometimes
work near the surface waves due to the shallow water, it does not work in the two-phase
air-water environment. Therefore, only the influence of wave frequency, wave amplitude
and submerged depth on the dynamic performance of the AUV is analyzed. In addition,
compared with the wavelength, the size of the AUV is small. Therefore, the viscous force is
ignored and only the inertial force is considered.

Figure 11. Schematic diagram of the Sharks-AUV subjected to surface waves.

3.3.1. Hydrodynamic Performance Analysis under Regular Waves

This section mainly analyzes the first-order wave force, amplitude response factor
(RAO), and second-order wave force of the Shark-AUV when cruising at different sub-
merged depths in regular waves.

(1) Analysis of first-order wave forces at different submerged depths. Figure 12
shows the 3D panel model of the Shark-AUV and the meshing of the model, which is
used to investigate the hydrodynamic performance of the AUV in first-order waves. In this
simulation, the AUV was designed to cruise at different velocities (0 m/s, 0.5 m/s, and
1 m/s), different submerged depths (h = 0.6 d, 0.7 d, 0.8 d, 0.9 d, 1.0 d, 2.0 d, 4.0 d, 6.0 d,
8.0 d, d = 220 mm), and different wavelengths (λ ranges from 0.5l to 50l (l = 761.5 mm)).
Figure 13 shows the surface pressure nephogram of the AUV at different submerged depths
when the AUV moves in a head wave and is located in the trough with a wave amplitude
of 0.4 m. The first-order wave forces in the longitudinal, vertical, and pitch directions under
different motion parameters are shown in Figure 14. The maximum longitudinal force,
vertical force, and pitching moment of the AUV under different submerged depths are
represented in Figure 15. We can see that: (1) when the AUV cruises near the water surface
at different velocities, the longitudinal force has two or more peaks as the wavelength
increases, and the longitudinal force of the last peak is the maximum; (2) when the AUV
cruises in the surface waves at different speeds, the faster the speed is, the longer the
wavelength when the vertical force and pitching moment reach the peak value; (3) all the
longitudinal force, vertical force, and pitching moment on the AUV show an exponential
decrease with the increase of the submerged depth. Figure 16 shows the surface pressure
nephogram of the AUV at different wave frequencies when the AUV moves in a head wave
and is located in the trough with a wave amplitude of 0.4 m. Taking the position of the
AUV in the trough wave as an example, Figure 17 shows the surface pressure nephogram
of the AUV at different wave frequencies when the amplitude of the wave is 0.4 m, moving
in head waves. We can see that the higher the wave frequency, the more uneven the surface
pressure on the AUV, and the peak value increases first and then decreases. The wavelength
of a regular wave is inversely proportional to f 2. Long-wave represents low-frequency
wave, which is consistent with the trend of numerical estimation results of the first-order
wave force.
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Figure 12. Panel model of the Shark-AUV and meshing of the model.

Figure 13. From top to bottom, from left to right: surface pressure nephogram of the Shark-AUV at
different submerged depths (h = 0.6 d, 0.7 d, 0.8 d, 0.9 d, 1 d, 2 d) when the AUV moves in a head
wave and is located in the trough with a wave amplitude of 0.4 m.

Figure 14. Curves of wave force versus velocity of the Shark-AUV at different submerged depths.
From the left column to the right column are the longitudinal force, vertical force and pitch moment
of the AUV at the speeds of 0 m/s, 0.5 m/s and 1 m/s.
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Figure 15. From left to right: maximum longitudinal force, vertical force, and pitch moment at
different submerged depths.

Figure 16. Surface pressure nephogram of the Shark-AUV at different location of the wave, from left
to right: crest, balance state, and trough.

Figure 17. From top to bottom, from left to right: surface pressure nephogram of the Shark-AUV at dif-
ferent wave frequencies (f = 0.20241 Hz, 0.57419 Hz, 0.94597 Hz, 1.31775 Hz, 1.58594 Hz, 2.02414 Hz)
when the AUV moves in a head wave and is located in the trough with a wave amplitude of 0.4 m.

(2) Analysis of second-order wave forces at different submerged depths. The second-
order wave forces in longitudinal, vertical, and pitch directions at different submerged
depths (h = 2.0 d, 4.0 d, 6.0 d, and 8.0 d) and different wavelength (λ/1 = 0.5–50) are
analyzed. The results are shown in Figure 18. It can be seen that: (1) the second-order
wave force of the longitudinal direction is proportional to the wavelength and inversely
proportional to the submerged depth; (2) when the AUV near the water surface (the
submerged depth is small), the peak of the vertical second-order wave force appears at a
short wavelength and then gradually decreases as the wave wavelength increases; when
the AUV is far from the water surface (the submerged depth is large), the wave force
increases slowly and then reaches stability, and the motion of the AUV is less affected by
the second-order wave force; (3) the characteristics of the second-order wave force in the
pitch motion are the same as those in the vertical direction. The overall trend is that the
second-order average wave force is proportional to the wavelength.
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Figure 18. From left to right: second-order wave forces of the Shark-AUV in longitudinal, vertical,
and pitch directions at different submerged depths and different wavelengths.

(3) RAO analysis at different submerged depths. When the AUV is subjected to
wave force, its motion will change due to the wave force. The ratio of the motion response
amplitude in each direction to the unit amplitude is called the amplitude response factor
(RAO) in our work. The RAO analysis can help the AUV predict the wave force of each
direction before carrying out underwater tasks, which is important for the design of control
strategies. Figure 19 shows curves of RAO in the surge, heave, and pitch direction versus
wavelength when AUV cruises at 0 m/s. The characteristics of the surge/heave RAO are:
as the wavelength increases, RAO reaches a small peak, then increases sharply, and finally
increases slowly. The characteristics of the pitch RAO change are: as the wavelength
increases, RAO first reaches a small peak, then increases sharply, then drops sharply,
and finally drops slowly.

Figure 19. From top to bottom: Curves of surge RAO, heave RAO, and pitch RAO versus wavelength.

3.3.2. Hydrodynamic Performance Analysis under Irregular Waves

Based on the irregular wave theory in [36], the irregular waves can be expressed as

A(t) =
n

∑
k=1

Ak cos(ωkt + εk) (9)
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where A is the wave height at one of the wave surfaces, Ak is the wave height of the k-th
regular wave, ωk is the circular frequency of the k-th regular wave, and εk is the phase of
the k-th regular wave.

The irregular wave at a certain moment can be regarded as the superposition of
multiple different regular waves. The wave spectrum used in this paper is the PM (Pierson-
Moskowitz) dual-parameter wave spectrum [37], it can be expressed as

Si(ω) =
173H2

s

T4
1

ω−5 exp

(
−692H2

s

T4
1

ω−5

)
(10)

where T1 is the wave period, and the relationship with the peak period (Tp) is T1 = 1.296Tp,
Hs is the significant wave height, and ω is the circular frequency of wave.

Figure 20 shows the surface wave under the PM dual-parameter spectrum when the
significant wave height is 0.1 m, 0.3 m, and 0.5 m. It can be seen that the wave forms are
almost the same, with only a certain difference in amplitude, which proves the effectiveness
of our method. Figure 21 shows the peak value of the vertical displacement and pitch
angle of the AUV versus the significant wave height in the time domain. It can be seen
that when the AUV cruises under irregular waves, the vertical displacement and pitch
angle can reach the maximum and minimum with the increase of wave height. Meanwhile,
the vertical displacement and pitch angle of the AUV are large due to the small size of the
AUV, the control stability of the AUV near the water surface is poor.

Figure 20. From left to right: wave surface curve of PM dual-parameter spectrum under different
significant wave heights (0.1 m, 0.3 m, 0.5 m).

Figure 21. Curves of the maximum vertical displacement and pitch angle of the Shark-AUV versus
the significant wave height.

4. Experiments and Analysis
4.1. Validation of CFD Simulation
4.1.1. Validation of the Towing Experiment Simulation

To validate the effectiveness of our towing experiment simulation, we use our method
to estimate the hydrodynamic coefficients of the SUBOFF model and then compare the
results of our method with that of the standard experiment in [38]. As shown in Figure 22,
the SUBOFF model without appendage is defined by three sections: the forbody (1.016 m),
parallel middle body (2.229 m), and afterbody (1.111 m), total body length is 4.356 m,
and the maximum body diameter is 0.508 m. The experiment setting in our work is consis-
tent with that of the standard experiment NSWCCD [38], the speed of the SUBOFF model
is set to 5.92 knots, 10.00 knot, 11.84 knots, 13.92 knots, 16.00 knot, and 17.99 knots, respec-
tively. The experimental results are shown in Table 4, we can see that the maximum error
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of the RNG k-ε turbulence model is 5.94%, and the standard deviation is 18.8. In addition,
based on the SUBOFF model, we also compare the effects of the RNG k-ε turbulence model
and SST k-ω turbulence model on the calculation accuracy. The results are also shown in
Table 4, the maximum error of the SST k-ω turbulence model is 2.67%, and the standard
deviation is 9.6. Thus, the accuracy of the SST k-ω turbulence model outperforms the
RNG k-ε turbulence model in most cases. However, SST k-ω turbulence model requires a
higher calculation cost. Our method needs to consider both calculation cost and calculation
accuracy. Therefore, we choose the RNG k-ε turbulence model as a compromise in the
numerical investigation method.

Figure 22. SUBOFF model without appendage and its computational domain.

Table 4. Comparison the result of our method with that of the NSWCCD [38].

Speed (kont) 5.92 10.00 11.84 13.92 16.00 17.99

NSWCCD results (N) 87.4 242.2 332.9 451.5 576.9 697.0
RNG k-ε results (N) 92.59 244.86 335.84 454.76 590.63 736.10

Error(%) 5.94 1.10 0.88 0.72 2.38 5.61
SST k-ω results (N) 89.73 237.71 325.85 441 573.38 713.01

Error(%) 2.67 1.85 2.12 2.33 0.78 2.3

4.1.2. Validation of the PMM Experiment Simulation

To validate the effectiveness of the PMM experiment simulation, we conduct a com-
parative experiment based on a standard ellipsoid. Figure 23 shows the 3D model of the
standard ellipsoid model and its position in the computational domain. Taking the heave
motion of the standard ellipsoid as an example, dynamic mesh and UDFs are applied
to simulate this motion: the amplitude of the heave motion of the standard ellipsoid is
0.04 m, the velocity-inlet is 0.5 m/s, and the heave frequency of the standard ellipsoid is
0.2, 0.4, 0.6, 0.8 and 1.0, respectively. As shown in Table 5, the experimental results of our
method are compared with the reported results in [39]. We can see that the hydrodynamic
coefficients obtained by our method meet the requirements. Although some hydrodynamic
coefficients have small deviations, the overall estimated results have high reliability, which
demonstrates the effectiveness of our method.

Figure 23. Standard ellipsoid model and its computational domain.
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Table 5. Comparison of results of our method with the experiment in [39].

Hydrodynamic Coefficient Z′w Z′w M′w M′w
Numerical solution −0.0266 −0.0230 −8.466 × 10−5 0.0232
Standard solution −0.0268 −0.0186 0 0.0186

Error (%) 0.7 23.7 0 24.7

4.1.3. Validation of Hydrodynamic Performance Analysis Method in Surface Waves

To verify the effectiveness of our method for analyzing the hydrodynamic performance
of Shark-AUV in surface waves, we use the ANSYS AQWA to replicate the experiment
reported in [40], and then compared the results of our method to the experimental results
reported in [40]. As shown in Figure 24, the object in [40] is a torpedo-shaped AUV model
named 21UUV, and parameters of the 21UUV and the setting of the reported experiment are
shown in Table 6. Figure 25 shows the relationship between the longitudinal force, vertical
force and pitch moment of the 21UUV model and the wave frequency when u = 0 m/s,
0.489 m/s, 0.733 m/s . It can be seen that there is a small deviation between the estimated
results of our method and the ground truth in [40], most of the results of our method can
reflect the variation trend of the force (moment) of the 21UUV model with the ocean wave
circle frequency, which demonstrates that our method has great significance and can be
used to estimate wave forces of the AUV.

Table 6. Parameters of the 21UUV and the reported experiment.

Parameters Parameters Setting

Size L = 1.786 m, D = 0.27 m
Distance to the sea surface 0.379 m
sailing speed in the surface waves u1 = 0 m/s, u2 = 0.489 m/s, u3 = 0.733 m/s
Amplitude of the waves A1 = 0.014 m, A2 = 0.028 m, A3 = 0.037 m
Circle frequency range of the waves w = 1.200 to 7.207 rad/s

Figure 24. 3D model of the 21UUV.
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Figure 25. Verification of numerical investigation results of wave force based on the 21UUV model.
From the top row to the bottom row: curves of the longitudinal force, vertical force and pitching
moment versus the wave circular frequency when u = 0 m/s, 0.489 m/s, 0.733 m/s.

4.2. Establishment of Physical Experimental platform
4.2.1. Design of Physical Experimental Platform

As shown in Figure 26, the designed physical experiment platform is a tank pool with
size of 4.12 m × 2.01 m × 1.22 m and with a aluminum frame. The synchronized linear
module is consisted of a synchronized belt, a servo motor, and a guide rail. The servo
motor drives the slider to move on the guide rail with a minimum speed of 0.003 m/s
and a maximum speed of 6 m/s, the Shark-AUV is connected to the slider by a sword.
A six-dimensional force sensor is equipped on the sword to collect forces and moments.

Figure 26. Framework introduction of the designed physical experiment platform.

4.2.2. Validation of Physical Experimental Platform

To evaluate the reliability of the established experiment platform, the towing experi-
ments are conducted based on the standard SUBOFF model (scaling ratio is 1:8) in this tank.
As shown in Figure 27, the SUBOFF model is fixed on the sword through the connector.
The SUBOFF model moved at a speed ranged from 0.6 m/s to 1.3 m/s (increasing step
is 0.09 m/s). The collected data of our experimental platform is compared with those
reported in [38], as shown in Figure 28. It can be seen that the collected data of the estab-
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lished experiment platform are consistent with the reported standard experimental results,
indicating that the established experiment platform is highly reliable.

Figure 27. SUBOFF model and its towing experiment setup in our physical experiment platform.

Figure 28. Comparison of physical experimental results and CFD simulation results based on the
SUBOFF model.

4.2.3. Hydrodynamic Performance Investigation of the Shark-AUV Based on Our Physical
Experiment Platform

An experimental evaluation method was proposed based on the established physi-
cal experiment platform to investigate the hydrodynamic coefficients of the Shark-AUV.
Figure 29 shows the towing experiment of the AUV cruising forward along x- and y-
direction. The speed of the AUV for the forward cruising along±x-directions from 0.09 m/s
to 0.51 m/s, with an increasing step of 0.03 m/s. The speed of the AUV for the forward
cruising along y axis in the experiment ranges from 0.09 m/s to 0.3 m/s, increasing at
a step of 0.03 m/s. Associated hydrodynamic coefficients of the AUV are obtained by
fitting the data collected by the six-dimensional force sensor, as shown in Figure 30. It
can be seen that the hydrodynamic coefficients obtained by the established experiment
platform are consistent with the reported results. Due to the simplification of the AUV
model, the overall deviation of the two experimental results remains at a constant value,
which indicates that the established experimental platform can effectively study the basic
hydrodynamic performance of AUVs.

Figure 29. Hydrodynamic coefficient estimation of the Shark-AUV based on the established physical
experiment platform. The left diagram shows cruising forward along the x-direction, and the right
one shows cruising forward along the y-direction.
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Figure 30. Comparison of hydrodynamic coefficients obtained by CFD method and physical experi-
ment platform. From left to right: the comparison results in +x-direction, the comparison results in
−x-direction, and the comparison results in y-direction.

5. Conclusions

In this work, we have conducted the most comprehensive hydrodynamic performance
investigation on a new designed portable AUV. Based on the equations of motion of the
AUV, all unknown hydrodynamic coefficients were numerically estimated by different ex-
perimental simulations of the AUV in the underwater environment with the CFD method.
In addition, we also analyzed the hydrodynamic performance of the AUV cruising near the
water surface. The wave force was taken as the external force to the dynamic model of the
AUV, and it was systematically analyzed under different wave conditions. To verify the
effectiveness of our method, some comparative experiments were conducted based on stan-
dard models. A physical experimental platform was built in our work for investigating the
hydrodynamic performance of the portable AUV, and the effectiveness of the experimental
platform was also verified. This physical experimental platform can be further used as an
experimental evaluation method to investigate the hydrodynamic performance of other
types of portable AUVs. In future work, we hope to extend the results of this research to
the shape design and advanced control strategy design of portable AUVs.
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