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Abstract: The hydrodynamic performance of a novel hovering autonomous underwater vehicle, the
autonomous underwater helicopter (AUH), with an original disk-shaped hull (HG1) and an improved
fore—aft asymmetric hull (HG3), is investigated by means of computational fluid dynamics with the
adoption of overlapping mesh method. The hydrodynamic performance of the two hull shapes in
surge motion with variation of the angle of attack is compared. The results show that HG3 has less
resistance and higher motion stability compared to HG1. With the angle of attack reaching 10 degrees,
both HG1 and HG3 achieve the maximum lift-to-drag ratio, which is higher for HG3 compared to
HG1. Furthermore, based on the numerical simulation of the plane motion mechanism test (PMM)
and according to Routh’s stability criterion, the horizontal movement and vertical movement stability
indexes of HG1 and HG3 (GHC! = 1.0, GI¢! = 497, GHCZ = 1.0, GI/3 = 2.1) are obtained,
which further show that the AUH has better vertical movement stability than the torpedo-shaped
AUV. Furthermore, the scale model tail velocity experiment indirectly shows that HG3 has better
hydrodynamic performance than HGI.

Keywords: autonomous underwater vehicle (AUV); computational fluid dynamics (CFD); motion
stability; hydrodynamics

1. Introduction

The seabed observation network is a platform to realize all-weather, in situ, long-term,
continuous, real-time, and high-resolution observation from the seabed to the sea surface,
which plays an important role in supporting the development of marine science [1,2]. As
a supplement, mobile observation equipment, such as autonomous underwater vehicles
(AUVs) and autonomous underwater gliders (AUGs), can quickly respond to emergen-
cies in the target sea area and intensive observation [3], which can improve stereoscopic
observation in the ocean, as shown in Figure 1.

AUVs have the ability to realizing long-distance and large-scale inspection. In the
US, the Bluefin series AUV, jointly developed by the US naval graduate school and tuna
robotics company, is a relatively mature AUV system platform that has been equipped by
the US Navy [4]. Kongsberg Maritime, together with the Norwegian Defense Research
Establishment (FFI), developed the HUGIN class AUV, which is used for seabed surveying
and mapping in the deep sea [5,6]. In addition to large AUVs, some researchers have fo-
cused on developing small AUVs for inspection and mapping purposes. Complementary to
the application fields of HUGIN, REMUS (designed by the Woods Hole Oceanographic In-
stitute) is a very small and lightweight vehicle specially designed for coastal oceanography,
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the cost of which is much lower than that of HUGIN [7]. In Europe, the EU sponsored the
project of the MARIUS AUV [8], which is one of the first non-torpedo-shaped submersibles.
As for what it concerns, the traditional AUV has limited maneuverability due to its large
fore-aft length scale compared to the other two directions, giving rise to a large turn-around
radius [9]. On the other hand, AUGs such as the Seaglider AUG [10], the Spray AUG [11],
etc., are types of AUVs that have been successfully applied in oceanographic sensing and
data collection [12], equipped with temperature salt depth (CTD) and other sensors. AUGs
can glide underwater by controlling their buoyancy and converting the lift on the wings
into propulsive force without a power propulsion system [13], which, however, limits
their operation under complex seabed conditions. Therefore, the deployment of AUVs
and AUGs near the seabed with complex topography for close-up inspection encounters
great difficulty.

Figure 1. Submarine mobile observation network.

A nearly disk-shaped autonomous underwater helicopter (AUH) capable of taking
the movement in both horizontal (surge) or vertical (heave) directions was recently devel-
oped [14], realized by four horizontally arranged propellers and two vertically arranged
propellers, as shown in Figure 2. Through the combination of horizontal motion and verti-
cal motion, the AUH can realize long-range cruise, zero-diameter turning, and accurate
landing and take-off on the seabed. Therefore, compared to the torpedo-shaped AUV and
AUG, the AUH can also work as an ROV. As a result, adoption of the AUH can further
promote underwater observation in the ocean combined with the underwater observation
network, as shown in Figure 1. The basic parameters of the AUH of the current form (with
the hull shape of HG1) are listed in Table 1. HG1 is improved through local modification at
the rear part of the original hull geometry, which results in a fore-aft asymmetric structure
(HG3), as shown in Figure 2d.

Table 1. Basic parameters of the current AUH (the HG1 geometry).

Parameter Dl(;ln:lf)t er Hight (mm) Weight (kg) Cruise Speed (m/s)

Value 1557 801 <300 <2
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Figure 2. (a) AUH during a trial in the lake; (b) AUH with an original disk-shaped hull (HG1),
(c) with an improved fore-aft asymmetric hull (HG3), and (d) profiles and geometric parameters of
the HG1 and HGS3.

Numerical simulation using computational fluid dynamics (CFD) software is widely
used in research on the hydrodynamic characteristics of AUVs [14-21], such as the effects
of free-stream turbulence, hydrodynamic force coefficients, hydrodynamic characteristics
of AUV over seabed [22-24], etc. For the AUH, Chen et al. applied both CFD results and
the Routh stability criterion to identify the AUH motion stability [25]. The hydrodynamic
interaction of an approaching ship with the wave effect [26], the water entry impact
force [27], and the Magnus effect [25] are also studied by CFD methods. An et al. [28]
proposed a parametric representation of the AUH’s profile and combined the surrogate
model with a genetic algorithm to optimize the AUH’s profile, effectively improving its lift—
drag ratio. Lin et al. [29] investigated the hydrodynamic performance of the disk-shaped
AUH considering the asymmetry and instability of the flow field, as well as the effect of
propellers at both surge and heave motions. However, at the present stage, research is
still lacking on the location optimization of the hull shape to improve the hydrodynamic
property of the AUH.

In this paper, the spatial motion equation of the AUH is derived, and the hydrody-
namic coefficients of translation and rotation of the AUH with HG1 and HGS3, respectively,
are calculated numerically based on the overlapping mesh technology and the RNG k — ¢
turbulence model. The hydrodynamic stability of HG1 and HG3 with a change in the
angle of attack (AOA) is analyzed. Finally, according to Routh’s stability criterion [30], the
stability of the two shapes of the AUH in the horizontal and vertical planes is determined.

2. Mathematical Model of Motion Stability
2.1. Dynamic Equation

Motion control equations, including the kinematic equation and the dynamic equation,
can completely describe the motion of a submersible and provide a mathematical basis for
realizing motion control [31].

The kinematic equation refers to the coordinate transformation relationship between
the expressions of submersible motion parameters in different coordinate systems. As
shown in Figure 3, two common coordinate systems, the spatial fixed coordinate system
OpxoYozo and the motion coordinate system Oxyz, are used to analyze the AUV motion
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process. Origin Oy takes any point in space, origin O is selected on the center of gravity
of the submersible, the Ox axis is along the bow direction, and the Oz axis points to the
bottom of the submersible. The position and attitude of the submersible can be expressed as

1% = [x0, yo, zo, ¢, 6, ¢]" )

Motion coordinate system
AUH

= C surge (u)

X

pitch (¢) roll {p)
)
sway (v) yaw ()
y Fixed coordinate system
z heave (w) 09
X0
Yo
20

Figure 3. Coordinate system definition.

The velocity vector of the submersible is expressed as

7 = [Xo/ Vor zo, ¢, 0, '#}T 2

VO = [u, v, w, p, q, r]T (3)

where rr¢, 0, ¢ represent roll angle, pitch angle, and yaw angle, respectively. u, v, w
represent the translational velocity in the three directions of x, y, z, and p, g, r represents
the rotational velocity in the three directions of x, y, z

The dynamic equation of any underwater vehicle can be derived from the momentum
theorem and momentum moment theorem. For translational and rotational motion, the
following vector relations exist, respectively.

Ve odL _
dt — 4, F_MG (4)
T
Vo=[u+qzg—ryc v+rxg—pic w+pyc—qxg | ®)
T
Lo = { 1Sp— 189 —18r 1Gq—1Sp—18r 19r—1Sp— 1S9 } )

where x¢, v, z¢ represent the vector position of the center of gravity of the vehicle in the
dynamic system, IS, Iyy, IS, represent the moment of inertia of three axes, and I XGy, Ifz, IS
represent the inertia product of the moving system.

Therefore, the equation can be expressed as follows

X:m[(u—vr+wq)—xc(q —|—r)+yG(pq—r)+zG(pr—|—Q)]
Y =m[(0—wptur) —y(r +p°) +26(4r = p) +xc(qp +7)]
Z=m[ (@ —uq+op) —zc(p* + 4) +x6(rp —q) Ty (rp + p)]
K= Lap + (L= — Iyy)qr — (i + p) iz + (r* — %) Iz + (pr — q) Ly +
mlyc(w —uq+vp) —zg (0 — wp + ur)]| 7)
M = Lyyq + (Lex — Lz)rp — (P + ‘7") Ly + (pz - VZ)IZX + (’W - i’) Lyz+-
m|zg(u —vr +wq) — xg(w — uq+vp)|
N = Lzt + (Ly — L) pq — (7 +7p) Lz + (47 = P?) Ly + (rg — p) Lat
mxg (0 —wp +ur) —yg (i — vr + wq)]
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Since the origin of the dynamic system coincides with the center of gravity of the AUH
and the coordinate axis coincides with the three principal inertial axes, xg, yg, z¢ is zero,
and Iyy = Iy; = Iyx = Iy = Lx = Iy; = 0. Therefore, the equation is simplified as

X =m(u—or+wyq)

Y =m(v—wp+ ur)

Z =m(w — uq + vp) ®)
K = Lixp + (Lz — Ly)qr
M= Iyyq + (Ixx + Izz)rp
N = L.t + (Iyy — Lix) pq

However, when solving the problem of the motion control of a submersible, it is most
important to obtain the information of the external force and moment 7gp acting on it.
In Equation (9), g(#) represents static forces and moments, Ty represents hydrodynamic
forces and moments, T represents environmental forces and moments, and T represents
the propulsion control force and moments.

TRp = —8() +TH+TE+T )

Suppose the gravity and buoyancy of the AUH are W and B, respectively. According
to the pitch angle  and the heel angle ¢, the static force and moment can be obtained as
the following equation

—(W — B)sinf
(W — B)cosbsing
(W — B)cosbsing
(ycW — ypB)costcosp — (zgW — zpB)cosbsing
—(zgW — zgB)sinf + (xgW — xgB)cosOcos¢$p
(x¢gW — xgB)cosbsing + (ycW — ygB)sind

g(n) = — (10)

Hydrodynamic force and moment are the reaction force of water on the submersible
body due to its own disturbance to water. Hydrodynamic force and moment are divided
into inertial hydrodynamic force related to acceleration and viscous hydrodynamic force
related to velocity. For a submersible operating in deep water, the environmental forces
and moments can be considered to be only disturbed by the current. Since the AUH
is symmetrical up and down, front and back, and left and right, when the high-order
hydrodynamic coefficient and coupling hydrodynamic coefficient are not considered, the
simplified force expression of the AUH is [14,32,33]

X = Xyu+ Xuu + X, + Xqq + 2F, — (W — B)sint
Y = Y0+ You + Yy 9]0 + Ypp + Yer + 2F, + (W — B)cosfsing
Z = Z,w+ Zow + Zyp wlw| + Zgq + 2Fp + (W — B)cosbcos¢
K =K,p+Kpp+Kyp plp| + Kov + Kpr + 2F, R+
(ycW — ypB)cosbcosp — (zgW — zpB)cosbsing (11)
M = M;q+ Mgq + Myjqqlq| + My + Myw + 2F,R—

(z6W — zgB)sin® + (xgW — xgB)cosbcos¢

N = N;r + Nyr + Ny r|r| + Nov + Npp + 2FpR+
(xgW — xgB)costsing + (ygW — ypB)sint

where Fp is the thrust of the propeller, and R is the installation radius of the propeller. The
meaning of each hydrodynamic coefficient in the equation is also clear; for example, X;,
represents the force coefficient related to the acceleration in the x direction.
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2.2. Motion Stability Analysis

According to Routh stability criterion [34], the discriminant of the AUH motion
stability in the horizontal plane is:

N,Y, = No(Y; = mV) > 0 (12)
where V is the initial velocity of the AUH. Dividing by Y, and (Y; — mV) results in

Ny Ny

7Yr—mv_70>0 (13)

This stability criterion can be expressed as a dimensionless parameter by introducing
the length L of the AUH, the initial velocity V of the AUH, and the density p of the fluid as
follows

Ny N
T (14)

Rewriting Equation (13) [17], the criterion Gy in the horizontal plane is expressed

as follows
No(Yy —m')

-GN

When Gy is positive, the AUH has horizontal motion stability, and vice versa. A
Gy value greater than 1.0 indicates that the conventional AUV has high stability in the
horizontal plane, which leads to poor maneuverability when the rudder is deflected [16].
However, since the AUH rotates through the cooperation of the propeller, a large Gy value
will not affect its maneuverability.

Similarly, according to the Routh stability criterion, the discriminant of the AUH
motion stability in the vertical plane is [30]

Gu=1 (15)

>0 16

(Zg+mV)  Zy (16)

This stability criterion can be expressed as a dimensionless parameter by introducing

the length L of the AUH, the initial velocity V of the AUH, and the density p of the fluid as
follows .

MM,

Z/

(Z‘/7 + m’) w

Equation (18) can be expressed as an index used to determine the AUH motion stability
in the vertical plane [30]:

>0 (17)

M, (Z{i + m’)

Gy=1 7o,

(18)
where, if Gy is positive, the AUH has vertical motion stability, and vice versa. As the value
of the index becomes greater than 1, the AUH becomes more dynamically stable. The AUH
motion stability in the horizontal and vertical planes was verified in the RANS-based CFD
study on the AUH motion stability using RNG k — ¢ turbulent models.

3. Numerical Simulation
3.1. Turbulence Model

CFD commercial software ANSYS Fluent is widely used to calculate the hydrody-
namic performance of submersible vehicles [18,22,35,36] and provides a large number of
turbulence models, among which the RANS model provides the most economical method
for complex turbulent flow calculation. The two-equation model is the most widely used
turbulence model in industrial CFD [29,37-39]. This model solves two transport equations
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and simulates Reynolds stress by the eddy viscosity method. The RNG k — & model in
ANSYS Fluent belongs to this kind of model, which solves the RANS equation.

o>t aTci(pui) =0 (19)

and ) 5
ar (pui) + 3¢ (ouju;)
o[, (0w % 250 9 ol
i B )]+ ()
The RNG k — ¢ model [40] is based on model transport equations for turbulent kinetic

energy (k) and its dissipation rate (¢), which are obtained from the following transport
equations

(20)

d 0 d ok
5; (Pk) + E)Tcl-(pkul) = (“k,ueffaxj> + G+ Gp — pe — Y + Sk (21)

and 5 5
3 (0e) + g (peus)

22
= aixj(aeyeffa%,) +C1£%(Gk+C3SGb) _CZEP% —Re +Se @)

In these equations, G represents the generation of turbulent kinetic energy due to
mean velocity gradients, and G, is the generation of turbulent kinetic energy due to
buoyancy. Yy represents the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate. Cy,, C, C3¢ are constants, and o; and o; are the
turbulent Prandtl numbers for k and ¢, respectively. The quantities a; and «. are the inverse
effective Prandtl numbers for k and ¢, respectively. S; and S, are user-defined source terms.

In their study on the hydrodynamic characteristics of the AUH with the original
hull shape (HG1), Lin et al. [29] concluded that the results of the standard k — ¢ model
underestimated the resistance and could not estimate the change in the side and lift force
during the surge motion with zero angle of attack. Additionally, for the RNG k — e model, a
mesh number of over 10 million is necessary to capture the symmetric flow field around the
symmetric AUH hull and predict the drag force with satisfactory accuracy [39]. Therefore,
we also adopt the RNG k — £ model to capture the characteristics of the flow field around
the hull with the number of meshes exceeding 10 million.

3.2. Mesh Configuration and Boundary Conditions in Flow Domain

Figure 4 shows the flow field domain for the simulation. The AUH (diameter of 1.5 m)
is placed in the domain with a length, width, and height of 15 m x 10 m x 10 m to reduce
the wall effect [29], which is 5 m away from the inlet to ensure the full development of the
flow field around the AUH. The overlapping mesh technology realized by the user-defined
function (UDF) is adopted in the simulation. The main idea of the overlapping mesh
method is to use a Cartesian right-angled mesh in the far background area of the computing
domain and a body-fitted mesh on the object and each attachment. The data transfer
between the two meshes is completed by interpolation to realize the mesh generation of
the multi-attachment structure and the numerical simulation of complex motion [41]. As
shown in Figure 4b, the ICEM software is used to divide the computational domain into a
fixed background mesh for the flow domain and a fixed dynamic mesh on the AUH. Both
types of meshes are hexahedral-structured meshes.

By using the RNG k — ¢ model and wall function, the boundary layer needs to be
defined near the hull surface. Phillips et al. [16] proposed a method to calculate the
thickness of the first layer of the boundary layer, Ay = Ly™ VB0Re 1, & = 0.035LRe™ 1,
where Re is the Reynolds number defined as VL/v (v is the kinematic viscosity, and L is
the diameter of the AUH), Ay is the first layer thickness, J is the boundary layer thickness,
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and 20 < y* < 200 [25]. Consequently, § = 5 mm and Ay = 1 mm are adopted in the
simulation to make y* ~ 30.

Background meshes

—

Pressure

Velocity Outlet

Inlet

Foreground meshes e Boundary layer
P meshes
L
(b)

Figure 4. (a) Layout and boundary conditions of simulation domain; (b) hexahedral-structured meshes.

The no-slip condition is applied to the AUH hull and the side wall of the flowing
domain. the inlet of the flow domain adopts the velocity inlet boundary condition (the
velocity range is 0-2 m/s), and the outlet adopts the pressure outlet (0 Pa). In order to
study the evolution of resistance and moment with time, the unsteady model and different
time steps from 0.01 s to 0.05 s are used for the calculation.

4. Results and Discussion
4.1. Hydrodynamic Analysis during Motions with Various Attitudes
4.1.1. Hydrodynamic Analysis at Zero AOA

The hydrodynamic resistance of the fully disk-shaped HG1 moving 2 m/s horizontally
with zero angle of attack is calculated using the overlapping mesh method, which is
compared to the simulation result with fixed meshes (non-overlapping meshes) [29]. As
shown in Figure 5, the time-averaged value of Fy calculated by the two kinds of meshes
are both around 90 N, with an amplitude of pulsation of about 20 N, which is due to the
periodic vortex shedding at the tail of the AUH. The average values of the lateral force F,
and F; are close to zero, both with obvious fluctuation. Because the upstream area of the
AUH in the heave direction is much larger than that in the sway direction, the amplitude
of the lift force F; is larger than that of side F,. Therefore, the overlapping-mesh method
adopted can capture the correct characteristics of the flow field.

120
(a)
1004 Fx
% _W
Z 60+
o0
= 40 Fz
a /
201
0 &
2204 Fy
0 20 40 60 80
Time (s) Time (s)

Figure 5. Evolution of the three force components with time at mesh number of about 11 million
using the RNG k — e turbulence model: (a) non-overlapping mesh for HG1 and (b) overlapping mesh;
solid lines for HG1 and dashed lines for HG3.
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As shown in Figure 6a,b, for streamlines at the tail of the AUH hull, there is an obvious
vortex area at the tail of HG1, which causes fluctuant drag and lift forces. By comparison,
streamlines for HG3 are fairly smooth, indicating that HG3 has better hydrodynamic
performance. Meanwhile, Figure 5b shows the hydrodynamic force of HG1 and HG3 at a
speed of 2 m/s with zero AOA. Compared to the resistance fluctuation of HG1, there is
almost no resistance fluctuation of HG3. For HGS3, the lateral force F, and F; are almost
zero, and the time-averaged resistance of Fy 29.3% is reduced by 20% compared to HG1.

Velocity
Streamiine 1

292
H’Z.SD
208

167

125

m/s (a) (b)

Figure 6. Streamlines of AUH in xoz plane at a velocity of 2 m/s and an AOA of 10 degrees (a) for
HGS3 and (b) for HG1.

4.1.2. Hydrodynamic Analysis with Non-Zero AOA

The AUH needs to maintain a stable straight motion between different height positions
in order for better inspection near the seabed. The hydrodynamic performance of the AUH
at a speed of 2 m/s with the AOA varying from 0 to 30 degrees is investigated. As shown
in Figure 7a, as the AOA increases, the projection area (along the upstream area) of the
AUH on the yoz plane shown in Figure 7b increases, so the drag resistance of HG1 and
HGS3 increases. When the AOA is less than 15 degrees, the increasing trend of resistance
is small, and the resistance of HG3 is less than that of HG1. With the AOA exceeding 15
degrees, the increasing trend becomes more obvious, and the resistance of HG3 is greater
than that of HG1. This is because after the tail of HG3 is elongated, its frontward area will
be larger than that of HG1 after the AOA exceeds 15 degrees, which leads to an increase in
pressure drag.

As shown in Figures 7c and 8a,b, when the AUH moves with a non-zero AOA, the
pressure distribution of the surrounding flow domain changes with respect to that with a
zero AOA, which leads to a lift along the heave direction. When the AOA is less than 10
degrees, the lift of HG1 and HG3 is almost the same. When the AOA exceeds 15 degrees,
the increasing trend of lift becomes obvious. Too much lift will increase the difficulty of
the AUH motion control, so an AOA less than 15 degrees is conducive to the AUH seabed
operation. The lift and drag forces applied on the AUH gives rise to a moment M, which
makes the vessel pitch. As shown in Figure 7d. with the increase in the AOA, the pitching
moment of HG1 and HGS3 increases, and the pitching moment of HG3 is less than that of
HG1, which shows that HG3 has better motion stability and anti-overturning ability.

V4

(a)

Figure 7. Cont.



J. Mar. Sci. Eng. 2022, 10, 60

10 0of 18

800 - —#— Drag-HG1| (b)
—@&— Drag-HG3

600

400

Drag (N)

200 A

—m—Lift-HG1 (¢)
2000 1 —@— Lift-HG3

1500 4

ft (N)

1000 4

L

500

04
T T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
AOA (degree) AOA (degree)
1500 S 4 —— =
—i— My-HG1 (d) (e) —®—LiftDrag-HG1
—8— My-HG3 404 |—@— Lift/Drag-HG3
1250 4 . ’
= 3.5+
E 1000 %‘J
2 = 3.0
g 750 e
S =, 5
= 259
= 5004
2.04
250
1:54
0_
T T T T T T T 1.0 T T T T T T
0 5 10 15 20 25 30 0 ) 10 15 20 25 30
AOA (degree) AOA (degree)

Figure 7. (a) Projection area (along upstream area) of HG1 on the yoz plane and simulated variations
of the drag, lift, and moment and drag-to-lift ratio as a function of the angle of attack (AOA). (b) drag,

() lift, (d) moment, (e) lift to drag ratio.

(@) Upper half

Lower half

(b)

Pressure
Contour 1 [Pa]

Figure 8. Pressure distribution and streamlines
AOA of 10 degrees (a,c) for HG3 (b,d) for HGI.

Velocity

Streamline 1 [m/s]

o 4 L4 7 7 < < <o
Y s % Y e o T TG

of AUH in xoz plane at a velocity of 2 m/s and an

In order to obtain the appropriate AOA of the vessel in a horizontal motion, the ratio
of lift to drag is shown in Figure 7e. Ratios for HG1 and HG3 are both greater than 1, which
first increase and then decrease, peaking at an angle of around 10 degrees. The ratio of
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HGS3 is greater than that of HG1, which shows that HG3 has a better ability to change its
vertical position. In the following, we analyze the hydrodynamic performance of HG1 and
HG3 at an AOA of 10 degrees with the lift-to-drag ratio approaching maximum.

With a horizontal motion velocity of 2 m/s and an AOA of 10 degrees, the pressure
distribution of in the xoz plane is shown in Figure 8a,b. At the heading part of the AUH
hulls, the hydrodynamic pressure in the lower half is greater than that in the upper half,
which is the origin of the lift, and the pressure contour is similar for the two hulls. At the
rear part, it can be found that the pressure distribution of HG3 is smoother than that of HG1.
As shown in Figure 8¢, d, the vortex area with motion appears in the upper position of the
tail, and the vortex area is significantly larger than that with a pure surge motion with zero
AOA. Tt shows that when HG1 moves at the angle of attack, its hydrodynamic force and
moment affect its stability more clearly. Accordingly, the temporal evolution of drag, lift,
and overturning moment (M) at a velocity of 2 m/s and an AOA of 10 degrees is shown
in Figure 9. The time-averaged drag resistance and time-averaged overturning moment of
HG3 are reduced by 27.5% and 38.4%, respectively, compared to HG1, which reduces the
energy consumption of the AUH, and the reduction in the overturning moment can reduce
the difficulty in motion control. The time-averaged lift of HG3 is 431.1 N, which is greater
than that of HG1 (213.6 N). As the conclusion obtained from the analysis of streamlines
above, the fluctuation in the resistance, lift, and moment of HG1 can be seen clearly in
Figure 9, and the fluctuation amplitude of the lift is significantly greater than that of the
other two. The larger lift fluctuation makes the angle of attack change continuously when
the AUH moves, which affects the accuracy of the fixed-point tracking.
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Figure 9. Simulated variations of the drag, lift, and moment as a function of time: (a) HG3; (b) HG1.

Through the hydrodynamic analysis of the AUH with the AOA, it can be concluded
that the HG3 hull has significantly better drag reduction lift performance and anti-overturning
stability compared to HG1.

4.2. Stability Analysis According to Route Stability Criterion
4.2.1. Numerical Simulation on Plane Motion Mechanism Test (PMM)

In this section, the overlapping mesh method through the UDF is adopted by the
numerical simulation in the PMM test for the AUH hulls, and the obtained hydrodynamic
force and hydrodynamic moment are fitted in MATLAB to solve the hydrodynamic co-
efficient. Based on the dimensionless hydrodynamic coefficient and the Routh criterion,
the stability of the AUH horizontal and vertical motion is analyzed. In the simulation, the
RNG k — ¢ turbulence model is used to simulate the AUH pure surge motion, pure sway
motion, pure heave motion, pure pitch motion, pure roll motion, and pure yaw motion,
and the time step is set to 0.015 s.
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The pure sway motion of the AUH includes both uniform motion (U = 1 m/s) along
the x-axis and harmonic oscillation along the y-axis (Figure 10). The equation of motion can
be expressed as:

7 = 0.04sinwt
v =1 = 0.04wcoswt (23)
v = —0.04w?sinwt

where 7 is the sway amplitude, w = 7 is the frequency of harmonic motion.

n

|~ /
& Y | / t

Figure 10. Diagram of the pure sway motion of AUH.

Substituting the above equation into Equation (11), the hydrodynamic force Y in the
y-direction and the hydrodynamic moment N around the z-axis can be obtained:
Y = —0.047%Y,sin7tt + 0.047Yycos 7t 4 0.0016 702 Y,y cosTtt| cos et | 24)

N = —0.0472N,sinztt + 0.047tNycos7tt + 0.001671 N, cos 7t |cosrt|

In the pure roll motion test, the AUH is restricted to move at a uniform velocity along
the x-axis at velocity U = 1 m/s, meanwhile rotates harmoniously around the x-axis. The
equation of motion can be expressed as:

— 0.04w
¢ = =osinwt

p=¢= 004‘*’ coswt (25)
_ 0. 040

p= = sinwt
where ¢ is the roll angle, and w = 7 is the frequency of harmonic motion. Substituting the
above equation into Equation (11), the hydrodynamic force Y in the y-direction and the
hydrodynamic moment K around the x-axis can be obtained:

p|p|cosTLE|cosTt|

Y = —0.047°Y, sinmtt + 0.047°Ypcosrrt + 0.00167*Y -
K = —0.047°K ,sintt + 0.047t*Kpcosrt + 0.0016 1K, cos et | cos et | (26)

The equations of the harmonic oscillation and the harmonic rotation motion in the
other two directions are similar to the pure sway and the pure roll, so they will not be
described again.

4.2.2. Hydrodynamic Coefficient Solution and Stability Analysis
HG1

Taking pure sway and pure roll harmonic motion as an example, when HG1 sways
according to the motion Equation (23), the changes in its hydrodynamic Y in the y-direction
and hydrodynamic moment N around the z-axis with time are shown in Figure 11. The
black solid line in the figure represents the CFD calculation results, and the red dotted line
represents the curve fitted according to Equation (24). The dimensionless hydrodynamic
coefficients calculated are shown in Table 2.



J. Mar. Sci. Eng. 2022, 10, 60

13 0f 18

200 5.0
(a) —Y (b) —N
504 = @200 === Fitted Curvef 1 e Fitted Curve
2.5
-~
g
Z 00-
4
-2.54
-200 T T T -5.0 T T T
0 4 8 12 16 0 4 8 12 16
Time (s) Time (s)

Figure 11. Simulation results of harmonic sway are fitted by MATLAB: (a) transverse force;

(b) yaw moment.

Table 2. Dimensionless hydrodynamic coefficient of HG1.

Dimensionless Dimensionless Value Dimensionless Dimensionless Value
Coefficient Formula Coefficient Formula
X! 1/’2% ~0.135 X!, 1/2);% —0.019
X1 12&2 —0.033 X} Tt 0.043
Y! : /;/;;LS ~0.173 Y; SYerell —0.096
Yo 1/@;2 , 0.117 K T 0.056
K, VeI 0.031 K, - fﬁ’,‘fi ; ~0.070
zZ! ﬁﬁ 0.555 71, uﬁw —0.499
Zl igﬂz 0.096 M T —0.045
M, Aot —0.778 M, o 0.103
z, 1/2“ —0.021 z; uzzp% 0.572
Z i ~0.154 M) U’figm ~0.068
M; 1/;;72%1 —0.024 M 1%% ; 0.046
N! 12’? 0.00018 N/ mfziw —0.0037
N/ % 0.00026 Y] s 0.034
Y, myp% 0.016 Y 175,‘;‘L ; —0.0068
K, 1/’;# —0.046 Ky, e —0.021
K 155‘;{ - 0.0052 m' Ve 0.178

When HGI1 rolls according to the motion described by Equation (25), the changes in

hydrodynamic force Y in the y-direction and hydrodynamic moment N around the x-axis
with time are shown in Figure 12. The hydrodynamic coefficients calculated are shown
in Table 2.

According to the Routh criterion (Equation (3)), the horizontal motion stability co-
efficient index GHC! = 1.0 and vertical motion stability index GH¢! = 49.7 of HG1 can
be obtained. The result is significantly greater than that of a conventional AUV, which
represents that the AUH is able to maintain motion stability in the vertical plane under
deep-sea conditions. For a conventional underwater vehicle (AUV) with a rudder, a G{?Gl
value greater than 1 represents poor maneuverability [17]. However, since the AUH rotates

through the cooperation of a propeller, a large Gy value will not affect its maneuverability.
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Figure 12. Simulation results of harmonic sway fitted by MATLAB: (a) transverse force; (b) roll
moment.

HG3

The hydrodynamic coefficients of HG3 calculated are shown in Table 3. According
to the Routh criterion, the horizontal motion stability index and vertical motion stability
index of HG3 can be calculated as GH® = 1.0, GH® = 2.1. Compared to the stability
index GHS! = 49.7 of HG1, the HG3 (GL©® = 2.1) motion stability in the vertical plane
is slightly worse due to the fore-aft asymmetry of the HG3 shape, which causes it to
produce a pitching moment when it moves vertically. In actual engineering applications, it
is necessary to make the combination of two vertical propellers work to balance the pitching
moment. Nevertheless, compared to the traditional torpedo-type AUV, the stability of the
AUH (chl > 1, G5G3 > 1) on the vertical plane is much better [25].

Table 3. Dimensionless hydrodynamic coefficient of HG3.

Dimensionless Dimensionless Value Dimensionless Dimensionless Value
Coefficient Formula Coefficient Formula
X! 1/)2(,’59 -0.117 X!, T 0
Xl T ~0.05 X} T 0.027
Y! YeE —0.161 Y, e —0.068
Y 12% 0.017 K, 1/I2<W —0.002
K, SYeriED 0.008 Kool - fﬁ"p”i ; —0.00066
zZ! ﬁﬁ —0.658 71, mzpiw —1.540
2, % 0.288 M, = /f\fgﬁ 0.0342
M ué\ﬁimu —0.155 Mol % —0.056
z 1/5# 0.003 Zy e 0.855
Zoll e ~0.141 M, 1/1‘2”# ~0.041
M, mﬂgﬁ —0.094 Mgl 1%% . 0.0269
N, T —0.0005 Ny T2pmT —0.00336
Ny . /A;‘pi . 0.0014 Y, ugﬁ 0
Yy v 0 Yolpl A 0
K, 1/’;# —0.0218 K, e ~0.0194
K, 12{\1 ; 0.000158

4.3. Experimental Validation with the Scale Model

A simple water channel experiment using the HG1 and HG3 models with a scale ratio
of 1:10 was carried out, as shown in Figure 13, in order to verify the improvement in the
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hydrodynamic performance observed in the simulation during the surge motion of the
AUH. The models were made of ultraviolet-light curable resin by 3D printing, and their
surfaces were carefully polished to reduce roughness. The experiments were carried out
in an open water channel with a rectangular cross-section of 400 x 500 mm? and a water
depth of 300 mm. The AUH model was installed at a water depth of 150 mm and in the
middle of the side walls. The model was connected to an airfoil-shaped lever (airfoil profile
naca0021) to minimize the additional disturbance to the flow field due to the presence of the
lever. The average flow velocity at the “inflow boundary” or the background velocity u, is
about 0.6 m/s. The Vectrino v1.18 (Nortek AS, Oslo, Norway) acoustic doppler velocimeter
(ADV) was used to measure the flow velocity close to the rear part of the vessel, as shown
in Figure 13. The flow velocity was measured at Location E on the x-axis, 172.2 mm apart
horizontally from the nearest rear surface of the vessel.

~—

naca0021

Figure 13. Schematic diagram of experimental system and the locations (E) for the flow velocity
investigation close to the rear surface of the vessel.

As shown in Figure 14a, a large fluctuation in velocity is observed for the HG1 ge-
ometry. Compared with the flow velocity using HG3, the larger tail velocity fluctuations
indicate that HG1 has a greater disturbance to the flow field at the rear, which reflects
that the flow field close to the rear part of HG1 is more fluctuating and could result in the
pulsation of drag force. Furthermore, for HG3, the time-averaged flow velocity along the
x-direction (uz = 0.49 m/s) is greater than that of HG1 (u; = 0.35 m/s), from which it can be
discerned that HG3 has a smaller hindering effect on the fluid, reflecting the smaller drag
force for the HG3 hull. Consequently, the experimental results agree with the findings of
the numerical simulation.
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Figure 14. Temporal evolution of the flow velocity for HG1 and HG3 geometries at Location E,
respectively, determined by the water channel experiment (a) for HG1 and (b) for HG3.
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5. Conclusions

In this study, the six degree of freedom dynamic equation of the AUH space motion is
derived. Based on the numerical simulation with the overlapping mesh method through
the use of the UDEF, the hydrodynamic performance of two AUH basic hulls (HG1 and HG3)
is studied. When the AUH moves with an AOA less than 15 degrees and a speed of 2 m/s,
HG3 has less resistance, greater lift, and a smaller overturning moment than HG1. This
shows that HG3 has less energy loss and higher motion stability than HG1. In addition, with
an AOA of about 10 degrees, HG1 and HG3 reach the maximum lift-to-drag ratio, which is
always greater for HG3 than HG1. Additionally, HG3 has better hydrodynamic stability
compared to HG3. The dimensionless hydrodynamic coefficients of the two models are
deduced through a numerical PMM test based on the overlapping mesh method. According
to the Routh stability criterion, the calculated stability index of horizontal and vertical
motion of HG1 and HG3 (GHC! = 1.0, GH¢! = 49.7, GH®? = 1.0, GI® = 2.1) further
shows that the AUH has better vertical motion stability than the torpedo-shaped AUV.
The improvement in the hydrodynamic performance of the AUH with the HG3 hull is
confirmed qualitatively by a simple water channel experiment on the scaled model.
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Nomenclature

W, B Gravity and buoyancy of AUH

Fp Thrust of propeller

R Installation radius of propeller

Vv Initial velocity of AUH

L Length of AUH

u,v,w Surge velocity, sway velocity, heave velocity
1y Background flow velocity of pool experiment
u Derivative of surge velocity

p,q,r Roll velocity, pitch velocity, yaw velocity

M,y Overturning moment

w Frequency of harmonic motion

N Sway amplitude

Opx0Y020 Spatial fixed coordinate system

Oxyz Motion coordinate system

XG, Y6, 2G Vector position of center of gravity of vehicle
¢, 0, ¢ Roll angle, pitch angle, yaw angle

IxGx,IyGy, 15 Moment of inertia of three axes

I fy, Ifz, IZGx Inertia product of moving system

X, Y, Zor Fy, F;, F; Hydrodynamic force in xyz direction
K, M, N Hydrodynamic moment in xyz direction
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TRB
8(n)

External force and moment
Static forces and moments

TH Hydrodynamic forces and moments

TE Environmental forces and moments

T Propulsion control force and moments

o Density of fluid

m Mass of AUH

Stability index in horizontal and vertical plane
Gy Turbulent kinetic energy due to mean velocity gradients
Gy Turbulent kinetic energy due to buoyancy

Ym Fluctuating dilatation

Cie, Coe, Cae Constants

k Turbulent kinetic energy

€ Dissipation rate

0y and o Turbulent Prandtl numbers for k and &

oy and Inverse effective Prandtl numbers for k and &
Sr and S; User-defined source terms

Ay First layer thickness

) Boundary layer thickness

X, Partial derivative of X with respect to u

Xosju| Partial derivative of X with respect to u|u|

Xu Partial derivative of X with respect to u
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