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Abstract: Due to the lack of a powerful propulsion device in conventional autonomous underwater
gliders (AUGs), their mobility and flexibility are insufficient, thus not being capable of also ensuring
the stability of the motion route. Thus, it is necessary to further develop hybrid-driven AUGs. This
paper applied CFD simulation and experimental analysis methods to study and design a hybrid-
driven AUG with a propeller optimized from a type of AUG with swept-forward and swept-back
wings. Through parameter adjustment, the hydrodynamic configuration was optimized, and the
optimal hull design and hydrofoil type selection were proposed. The lift–drag ratio could be improved
by up to 22.5% at an angle of attack of 8 degrees. The optimized AUG was combined with a single
propeller for self-propulsion simulation. Aiming at the problem caused by the propeller torque on the
AUG, the strategy of a contra-rotating propeller (CRP) was conducted to self-eliminate the propeller
torque. The simulation results show that in the self-propulsion state, the torque of the contra-rotating
propeller could be reduced by more than 92% compared with that of a single propeller, greatly
reducing the impact on the hybrid-driven AUG and raising the navigation stability.

Keywords: hybrid-driven autonomous underwater glider (AUG); computational fluid dynamics
(CFD); experimental fluid dynamics (EFD); hydrodynamic performance; self-propulsion simulation

1. Introduction

Marine economy and technology are playing an increasingly important role in im-
proving the competitiveness of countries and regions. The prerequisite technology for the
development and utilization of marine resources is to have advanced marine monitoring
technology and equipment. As an energy-saving type of underwater vehicle, autonomous
underwater gliders (AUGs) rely on buoyancy engine and wing–body configurations to
realize zigzag navigation in the vertical plane during operation in a gliding motion, which
has the advantages of low power consumption, low cost, and a wide range of operation
in endurance [1–4], and is capable of ensuring the reliability of high space–time density
detection and measurement of the ocean [5]. At the initial stage of diving, the buoyancy
engine reduces its own displacement volume to make the gravity greater than the buoyancy
and start diving. After reaching the target depth, under the action of the buoyancy engine,
the displacement volume is changed, so that the buoyancy is greater than the gravity, thus
realizing the transition from diving to floating-up. During the gliding process, the attitude
of the glider can be controlled by adjusting the internal eccentric weight to move forth and
back or rotate left and right along the main axis of the glider.

The hydrodynamic configuration is the key point for the design of an AUG, especially
in terms of the hydrofoil or the hull. Through the towing tank test and CFD numerical
simulation, Ebata et al. [6] studied the influence of different airfoil section shapes and
grazing angles on the hydrodynamic characteristics of an AUG mounted with hydrofoils at
a low Reynolds number, proposed the testing scheme for the AUG model, and completed
the optimal design of the hydrofoils. Singh et al. [7] studied the hydrodynamic performance
of a series of laboratory AUGs and emphasized the necessity of analyzing the hydrofoil
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performance, which is in favor of predicting the spiral path of an AUG based on the lift
and drag coefficient of the hydrofoil. Chen et al. [8] put forward an AUG with a diamond-
shaped hydrofoil configuration, and analyzed the lift–drag ratio of the AUG with different
hydrofoil grazing angles in uniform and non-uniform flow, finding that the AUG had an
excellent wing-hull efficiency following a higher lift–drag ratio whilst the hydrofoil grazing
angle was 15◦. Shashank et al. [9] assessed the influence of the hydrofoil position on the
overall hydrodynamic performance of an AUG, noting that the deployment of the hydrofoil
near the stern could improve the performance in a larger range of the angle of attack while
not yielding over the stall angle. Consequently, the enhanced lift–drag ratio of the AUG
wing configuration would be beneficial to promote the motion capacity.

AUGs generally adopt buoyancy regulation combined with hydrodynamic hydrofoils
to generate thrust. Although it shows the advantages from the aspects of power con-
sumption and working range, it also limits its own navigation speed and motion trajectory,
weakening the motility, thus making it impossible to achieve multidirectional and proximity
observation and the monitoring of specific objects. Due to the lack of strong power source,
it is not conducive to maintaining a stable track in a strong current environment [10,11].

For the problems above-mentioned, the concept of a hybrid-driven AUG has been
proposed by researchers, which is to add other powerful propulsion devices such as
propellers and pumps to the conventional AUG, the earliest by Richard Blidberg in 2001 [12].
When the hybrid-driven AUG performs routine operations, the buoyancy engine is the
only power source to achieve an underwater gliding motion. In contrast, if the hybrid-
driven AUG receives the task of observing a specific target, the propulsion mode would
automatically switch to the strong one, with the propellers or pumps generating thrust.
Furthermore, when encountering obstacles from a strong current during regular gliding
movements, it can also simultaneously turn on the strong power source to maintain the
trajectory and guarantee the positioning accuracy.

In 2004, Princeton University and the Canadian Institute of Oceanography collectively
designed a hybrid-driven AUG named the “Hybrid Glider”, following the “Folaga” hybrid-
driven AUG handled by NATO in 2003 [13,14]. Later, Kyushu University and the Marine
Geoscience and Technology Institute of Japan developed a spindle-shaped hybrid-driven
AUG in 2006, optimizing the hydrodynamic configuration and notably increasing its
navigation range [15,16]. In 2007, the Florida Institute of Technology innovatively designed
a flat hybrid-driven AUG called an “AUV-Glider” with an open-frame design and multiple
propulsion devices [17,18]. After a few years, Teledyne Webb Research Company unveiled
a classic “Hybrid Slocum” hybrid-driven AUG in 2011, of which the working efficiency in
the gliding mode was substantially equivalent to that in the propulsion mode [19]. In 2014,
Tianjin University developed and designed the “Petrel II” hybrid-driven AUG [20].

Self-propulsion analysis is a requisite for underwater vehicles, showing similarities,
to a certain extent, to a hybrid-driven AUG. Nathan et al. [21] applied the CFD technique
to analyze the influence of various turbulence models on the propeller performance and
carried out a self-propulsion prediction for DARPA SUBOFF, referring to the thrust identity
method. Pareecha et al. [22] utilized CFX software with the SST k-ω model to simulate the
self-propulsion motion of a group of multiple AUGs with different spacing and arrange-
ment, stressing the importance of wake fraction and thrust reduction during the research.
Zhang et al. [23] designed a propeller for a low-speed underwater vehicle by the means
of self-propulsion simulation with the effective wake distribution obtained, which was
verified by the lake test. Liu et al. [24] carried out a self-propulsion simulation and route
test of a submersible, detecting the increasing hull resistance with the propeller rotation
rate. Self-propulsion test and simulation can therefore be effectively carried out to verify
the interaction between the AUG and the adaptive propeller.

Compared with ships, AUGs are smaller in size, and hence the displacement-induced
restoring moment for roll is smaller. Consequently, whilst the AUG will match an adaptive
propeller, it is necessary to balance the torque generated by the propeller to maintain the
dynamic motion stability. Propellers with the opposite rotation direction can be combined
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to offset the torque produced by each other, which are named as contra-rotating propellers
(CRPs) [25–27].

Presently, there are many studies on CRP, mainly aiming at the hydrodynamic perfor-
mance analysis; however, there have been a few studies on its application to underwater
vehicles. Wang [28] applied the CFD method to study the open water performance of
two groups of CRP, in which the apparently periodic unsteadiness of the thrust and the
torque output were the focus of the research. Hu et al. [29] selected the large eddy sim-
ulation method coupled with overset mesh strategy to predict the tip vortex of CRP in
terms of the evolution and interaction of the tip vortex. Paik et al. [30] combined numerical
simulation with the SPIV test to measure the wake of CRP, and found that CRP showed
a greater wake contraction than a single propeller. He et al. [31] carried out comparative
research on the wake field between CRP and the single propeller, proving that most of the
kinetic energy generated by the front propeller of CRP can be absorbed by the rear one.

It should be noted that in the effective wake, propeller-induced slipstream causes a
variation in local water pressure reacting on the AUG stern surface and the appendages,
leading to an augmentation in the resistance. An effective propeller wake distribution
would be predictable in the self-propulsion simulations. In addition, a self-propulsion
factor dependent on the AUG forward speeds will be definitely predicted in the CFD simu-
lations including effective horse power and QPC (quasi-propulsive coefficient) composed
of the propeller efficiency in open-water performance, relative rotative efficiency, and hull
efficiency, etc.

The purpose of this paper was to match and analyze a hybrid-driven AUG including
the process of the optimization design for the hydrodynamic shape of the AUG from
the perspectives of the lift–drag ratio and the hydrodynamic performance as well as the
self-propulsion assessment of the hybrid-driven AUG with both a single propeller and CRP.
The simulation results of the formative self-propulsion factor of the hybrid-driven AUG
will be presented progressively.

2. Numerical Method
2.1. Governing Equations

Applying the CFD technique, the core for the calculation of the hydrodynamic perfor-
mance of hybrid-driven AUG is the accurate solution of the Navier–Stokes equation. The
governing equation aims to describe the conserved motion of fluid including the continuity
equation and the momentum conservation equation. The momentum conservation equa-
tion is the embodiment of Newton’s second law of motion-force and acceleration in fluid
mechanics in accordance with the law of mass conservation, as shown in Equation (1) [32]:

∂(ρui)

∂τ
+

∂
(
ρuiuj

)
∂xj

= ρFi −
∂P
∂xi

+
∂

∂xj

(
µ

∂ui
∂xj

)
(1)

where ui and uj (i, j = 1, 2, 3) are the velocity components of the particle in xi and xj
directions respectively; P is the pressure; ρ is the fluid density; τ is the time; Fi is the mass
force; µ is the dynamic viscosity coefficient.

For practical engineering problems, due to the complexity of flow, the Reynolds aver-
age Navier–Stokes (RANS) equation is generally used for the calculation. The principle
of solving RANS equations is to replace the statistical mean value with the time-averaged
value, which can effectively solve practical engineering problems. After the time homoge-
nization of the above Equation (1), the RANS equation is obtained as [33]:

∂(ρui)

∂τ
+ ρuj

∂ui
∂xj

= ρFi −
∂P
∂xi

+
∂

∂xj

(
µ

∂ui
∂xj
− ρu′iu

′
j

)
(2)

where ui and uj (i, j = 1, 2, 3) are the time-averaged velocity components of a particle in
the directions of xi and xj, respectively; u′i is the turbulence pulsation velocity component
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relative to the time-averaged velocity; Fi is the mass force component; P is the mean of
the pressure; µ is the dynamic viscosity coefficient of the fluid; ρu′iu

′
j is the time-averaged

Reynolds stress; ρFi represents the mass force.

2.2. Turbulence Model

In order to solve the RANS equation, it is necessary to calculate the Reynolds stress,
leaving the selection of the turbulence model for the RANS equation as crucial [34]. The
Reynolds number of the AUG in this paper was around 2.0 × 106. Singh Y. et al. [7], Sun
C. et al. [35], and Divsalar K [36] applied the SST k-ω turbulence model to numerically
simulate the hydrodynamic performance of AUG (the Reynolds number was in the order of
105–106), and it was found that the error between the simulation value and the experimental
value was small. Therefore, the SST k-ω turbulence model was adopted in this paper.

The SST k-ω turbulence model combines the standard turbulence k–ω model for the
boundary layer and the k-ε turbulence model for far field, as shown in Equations (3) and (4) [37]:

∂

∂τ
(ρk) +

∂

∂xj
(ρkui) =

∂

∂xj
(Γk

∂k
∂xj

) + Gk −Yk + Sk (3)

∂

∂τ
(ρω) +

∂

∂xj
(ρωui) =

∂

∂xj
(Γω

∂ω

∂xj
) + Gω −Yω + Sω + Dω (4)

where Gk is the turbulence kinetic energy; Gω is the ω equation; Γk and Γω represent
the effective diffusion term of k and ω, respectively; Yk and Yω represent the effective
divergence term of k and ω, respectively; Sk and Sω are defined by the user. The effective
diffusion equations of the model are shown as Equations (5) and (6).

Γk = µ +
µτ

∂k
(5)

Γω = µ +
µτ

∂ω
(6)

where ∂k and ∂ω represent the turbulent Prandtl number of k and ω, respectively; µτ is the
turbulent viscosity coefficient.

2.3. Dimensionless Parameters for Simulation and Test of AUG

The force analysis was established on the vertical section of the model, as shown in
Figure 1. FD is the drag of AUG, FL is the lift, M is the torque, FG represents the gravity,
FB represents the buoyancy, α is the angle of attack, φ is the pitch angle, and γ is the glide
angle. The drag coefficient CD and the lift coefficient CL of AUG are calculated according to
Equations (7) and (8).

CD =
FD

1
2 ρV2∇ 2

3
(7)

CL =
FL

1
2 ρV2∇ 2

3
(8)

where ρ is the water density; V is the velocity of inflow;5 is the displacement of AUG.

2.4. Dimensionless Parameters for Simulation and Test of Propeller

Assuming that the propeller diameter is D, the rotational speed is n, the advance speed
is VA, the propeller thrust is T, and the torque is Q. Then, the advance speed coefficient J,
thrust coefficient KT, and torque coefficient KQ, propeller efficiency ηo in the open water
condition are [38]:

J =
VA
nD

(9)
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KT =
T

ρn2D4 (10)

KQ =
Q

ρn2D5 (11)

ηo =
TVA

2πnQ
=

KT
KQ
· J

2π
(12)
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The open water performance formula of CRP based on ITTC is shown in
Equations (13) and (15) [39].

Front propeller :

 KT f =
Tf

ρn2D f
4 , KQ f =

Q f
ρn2D f

5

η f =
J

2π .
KT f
KQ f

(13)

Rear propeller :

{
KTa =

Ta
ρn2Da4 , KQa =

Qa
ρn2Da5

ηa =
J

2π . KTa
KQa

(14)

Contra− rotating propeller :


T =

∣∣∣Tf

∣∣∣+ |Ta|

Q =
∣∣∣Q f

∣∣∣+ |Qa|
KT = KT f + KTa
KQ = KQ f + KQa

(15)

2.5. Self-Propulsion Parameters of the AUG

Under the self-propulsion condition of the hybrid-driven AUG, the propulsion perfor-
mance is related to power transmission and propulsion efficiency. The two most important
horsepower are brake horsepower PB and effective horsepower PE, and the relationship
between the two horsepower is shown in Equations (16) and (17).

PE = PB ·QPC (16)

QPC = ηR · ηo · ηH (17)

where QPC is the quasi-propulsive coefficient; ηR is the relative rotation efficiency; ηo is
the open water efficiency of the propeller; ηH is the hull efficiency. The formula for each
efficiency is calculated as in Equations (18)–(20).

ηR =
Q0

QB
(18)



J. Mar. Sci. Eng. 2023, 11, 886 6 of 25

ηo =
TBVA

2πnQ0
(19)

ηH =
FDV
TVA

(20)

where TB is the thrust of the propeller behind the hull; FD is the drag of AUG; Q0 is the
torque of the propeller in the open water test; QB is the torque of the propeller under
the self-propulsion condition; V is the navigation speed; VA is the advance speed of
the propeller.

3. Hydrodynamic Shape Optimization Design of the Hybrid-Driven AUG

This paper advanced the design of the hydrodynamic shape for AUG from two aspects,
the hull line and the hydrofoil, mainly by numerical simulation with CFD software Star-
CCM+, not taking the buoyancy and gravity of the AUG into account.

3.1. Main Dimension Parameters of the Hybrid-Driven AUG

This paper developed the hybrid-driven AUG based on the design of the AUG
Sea-wing [40]. Its hydrofoil consists of a pair of forward-swept wings and a pair of backward-
swept wings, and presents a rhomboid structure, as shown in Figure 2, considering the
enhanced lift–drag ratio. This paper terms the hydrofoil configuration as a rhomboid wing
for the convenience of expression. The main dimension parameters of the AUG are shown
in Table 1 [8].
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Table 1. Main dimension parameters of the AUG.

Parameter Symbol Value Unit

Effective maximum length L 2.00 [m]
Maximum diameter of the hull Dh 0.22 [m]

Length of the bow L1 0.23 [m]
Length of the stern L2 0.40 [m]

Wingspan of the hydrofoil B 0.60 [m]
Chord length of the hydrofoil tip Ct 0.05 [m]

Chord length of the hydrofoil root Cr 0.10 [m]
Wet surface area of the hydrofoil S 0.18 [m2]

Displacement volume 5 0.0646 [m3]

3.2. Simulation Settings
3.2.1. Calculation Domain

The CFD calculation domain in this section was set for the simulations presented in
Sections 3.2–3.4 according to the recommendations of the ITTC [41], which suggests that
the inlet boundary should be located at a distance of L~2 L from the bow of the glider, and
the outlet boundary should be located at a distance of 3 L~5 L from the stern. Accordingly,
in this paper, the bow of the AUG was located at 2 L from the velocity inlet, and the stern
was located at 5 L from the pressure outlet, as shown in Figure 3.
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3.2.2. Mesh Strategy

In order to better capture the flow field around the hydrofoil, an encryption area was
established around the hydrofoil together with the vicinity of the bow, the stern, and the
rudders being encrypted. In order to more accurately capture the flow details near the wall,
five layers of prismatic mesh were set along the normal direction of the wall, with the total
thickness of 0.01 m. The mesh result is shown in Figure 4.
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3.2.3. Mesh Independence Analysis

By changing the basic mesh size (0.50 m, 0.25 m, 0.20 m, 0.15 m, respectively) to set a
different total cell number, a mesh independence analysis was conducted for the hybrid-
driven AUG without the propeller, with the time step set as 0.001 s and the uniform inlet
velocity set as 1.0 m/s, as shown in Figure 5. It shows that when the total number of grids
increased to more than 2.1 × 106, the drag value basically remained stable. Considering
the calculation accuracy and the time cost, this mesh setting was selected to calculate the
hydrodynamic performance of the AUG in this paper.

The mesh quality was assessed using the volume change metric to describe the ratio
of the cell volume to the largest adjacent cell volume according to the user guide for Star-
CCM+ [42]. When the volume jump between two mesh cells becomes excessively large, it
may cause imprecise and unstable solvers. A volume change of 1.0 indicates a cell volume
greater than or equal to its adjacent cells; cells with a volume change equal to or less than
0.01 are considered as bad mesh cells.
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The distribution of the volume change and y+ within the calculation domain is shown
in Figure 6. The majority of the cell volume changed between 0.1 and 1.0; there was no cell
with a volume change less than 0.01, indicating that the mesh quality is reliable.
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3.3. Type Selection Design for Hull Line

Myring streamline was applied to design the hull line composed of a bow curve and
stern curve. The bow curve in the longitudinal section is ellipse, and the stern curve is a
polynomial curve determined by the angle of the run [43]. Equations (21) and (22) are the
curve expressions, and the origin of the coordinate is set at the center point of the bow end.

Bow curve:

r(x) =
1
2

Dh

[
1−

(
x− a

a

)2
] 1

p

(21)

Stern curve:

r(x) =
1
2

Dh −
(

3Dh
2c2 −

tan θ

c

)
(x− a− b)2 +

(
Dh
c3 −

tan θ

c2

)
(x− a− b)3 (22)

where a represents the length of the bow; b is the length of the parallel middle body; c is the
length of the stern; D is the diameter of the parallel middle body; p is the sharpness factor;
θ is the angle of run. In the models, a = 0.230 m, b = 1.370 m, and c = 0.400 m.
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A total of 12 kinds of axisymmetric hull models in terms of the combination of the
bow and stern line parameters were constructed (p = 2,3,4; θ = 15◦, 25◦, 35◦, 40◦). Figure 7
lists the hull models with different values of p and θ (p = 2; θ = 25◦), (p = 4; θ = 40◦).
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The simulations of the 12 hull models were carried out at the same speed of V = 1.0 m/s.
Figure 8 shows the simulation results of the drag coefficient for different hull models.
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Figure 8. Drag coefficient of different hull models in terms of straight-line motion (a) and oblique
motion (b) with different angles of attack.

It can be seen that if the angle of run θ was the same (i.e., the stern profile line is the
same), with the increase in the bow sharpness factor p value (i.e., the fuller the bow curve),
the drag coefficient basically showed a trend of gradual increase. Under the same sharpness
factor p value, the hull drag coefficient was the largest when θ was 40◦.

Under the same sharpness factor p = 3 or p = 4, the drag coefficient values of θ at 15◦,
25◦, and 35◦ showed little difference, which indicates that the effect of the stern angle of
run θ on the overall drag coefficient was minor when the bow was relatively full. However,
when the sharpness factor p was 2, the plumpness of the bow curve was relatively low, and
the effect of θ on the overall drag coefficient was greater.

As far as the drag coefficient is concerned, the drag reduction performance was
better when the profile p was 2. The drag coefficient of the hull increased with the rise
in the angle of attack, and the growth rate of the drag coefficient increased gradually.
Consequently, the models of (p = 2; θ = 15◦) and (p = 2; θ = 25◦) showed a relatively nice
drag reduction performance.

The calculation results of the initial hull model show that the drag coefficient of
straight-line motion is 0.0329, while the drag coefficient of the model with the profile line
(p = 2; θ = 15◦) is 0.0319. The drag coefficient compared with the original model is reduced
by 3.04% for the optimized model. Consequently, the hull line (p = 2; θ = 15◦) was selected
for the design.

3.4. Selection and Design of Hydrofoil Profile

Considering the need for the selection of rhomboid hydrofoils for the AUG, the
following six types of airfoils were selected as the research object in this section including
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symmetrical airfoils and asymmetric airfoils. Combined with the optimal hull described in
Section 3.2, the hydrodynamic performance under variable angles of attack was analyzed.
The geometrical profiles of the six airfoils are shown in Figure 9.
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Figure 9. Geometric sketch of the six different airfoil profiles: NACA0012 (a), NACA2412 (b),
NACA23012 (c), NACA0018 (d), NACA2418 (e), and NACA23018 (f).

The dimensionless hydrodynamic coefficients of the rhomboid wing of AUG at the
angle of attack of −4◦ ≤ α ≤ 25◦ were respectively calculated when the inflow velocity
was set as 1.0 m/s. Figure 10 shows the simulation results of the AUG lift coefficient, drag
coefficient, and lift–drag ratio with different angles of attack.
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The following can be obtained from Figure 10a. (1) When the angle of attack was
−4◦ ≤ α ≤ 25◦, the lift coefficient increased gradually with the angle of attack, but the rate
slowed down in the range of angle of attack α out of 10◦. (2) The zero-lift angle of attack
with symmetric airfoils (NACA0012 and NACA0018) appeared when α = 0◦, while the
angle of attack of zero lift with asymmetric airfoil was in the range of −2◦ ≤ α ≤ 1◦. (3) The
lift coefficients with airfoils NACA2418 and NACA23018 were slightly smaller than that
with airfoils NACA2412 and NACA23012 in the range of −4◦ ≤ α ≤ 8◦ (small angle of
attack), but showed the greatest value when 10◦ ≤ α ≤ 25◦ (large angle of attack).

According to Figure 10b, the following were discovered. (1) The drag coefficient of the
AUGs with different rhomboid hydrofoils increased with the growth in the angle of attack
in the range of 0◦ ≤ α ≤ 25◦ for the angle of attack, accelerating gradually. When the angle
of attack was less than 6◦, the difference was very small. (2) The drag coefficients of the
AUGs with airfoils NACA2418 and NACA23018 were smaller.
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Figure 10c shows the following. (1) The maximum lift–drag ratio of the AUGs with
different rhomboid hydrofoils appeared when the angle of attack was 6◦ ≤ α ≤ 8◦, and the
ones with airfoils NACA2418 and NACA23018 behaved best. (2) The linear relationship
between the lift–drag ratio and the angle of attack ended in the range of 5~8◦. After that,
the lift–drag ratio of each model began to show a downward trend due to the significantly
stronger growth of the drag coefficient and the slower growth of the lift coefficient closely
related to the headstream surface of the AUG. (3) In general, in the range of a small angle of
attack (−4◦ ≤ α ≤ 8◦), the lift–drag ratio performance with airfoil NACA2412 was better,
while in the range of a larger angle of attack (10◦ ≤ α ≤ 25◦), the performance with airfoil
NACA2418 was more outstanding.

Through comprehensive consideration of the three factors above-mentioned, airfoil
NACA2418 was selected for the design and analysis of the hybrid-driven AUG with
rhomboid wings in this paper. In order to investigate the difference in the hydrodynamic
performance of the AUGs with different hydrofoils and the interactive influence between
the front and rear hydrofoils of the same airfoil at different angles of attack, the longitudinal
profile of the hydrofoil in Figure 11 was selected to extract the velocity and streamline
distribution, as shown in Figure 12.
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Figure 12a–f shows the velocity distribution with streamlines of the longitudinal
profiles of airfoil NACA2412 (left) and NACA2418 (right) hydrofoil at the angle of attacks
of 0◦, 6◦, 8◦, 12◦, 15◦, and 20◦, respectively. It was found that as the angle of attack increased,
the vertical distance between the front and rear hydrofoils in the direction of the heading
flow became smaller, which gradually caused the aggravating wake interaction between the
front hydrofoil and the rear one. When the angle of attack was 0◦, the streamlines around
the front and rear hydrofoils were stable and uniform. The wake of the front hydrofoil
exerted little impact on the rear hydrofoil. When the angle of attack was 6◦, the streamlines
near the leading edge of the rear hydrofoil were uneven and tended to concentrate on the
upper surface of the leading edge. When the angle of attack was 8◦, the front hydrofoil of
airfoil NACA2412 began to produce vortices, which were more apparent if the angle of
attack was 12◦, 15◦, or 20◦. Moreover, the rear hydrofoil vortices only appeared around the
NACA2412 hydrofoil at a higher angle of attack of 20◦, which is because the flow velocity
through the rear hydrofoil slowed down after flowing through the front one. Benefiting
from the proposed rhomboid wing configuration, the separation of the front hydrofoil is
delayed until a large angle of attack, and the rear one with greater attached flow would
maintain more lifting force, thereby enhancing the performance and motion stability of
the AUG.

3.5. Verification of the Numerical Simulation for the Hybrid-Driven AUG without Propeller

In this section, the resistance test of the optimal model (p = 2; θ = 15◦; NACA2418) was
designed and executed. Due to the limitation of the experimental facilities, the test target
was bound to be downscaled. The resistance test of the hybrid-driven AUG scale model
with a scale ratio λ = 1:4, as shown in Figure 13, was carried out. In the following paper, the
scale model is called the S-AUG for convenience. The effective maximum length of S-AUG
Ls was 0.5 m. The drag characteristics of the model at different angles of attack under
constant inflow were measured and compared with the corresponding CFD data. Figure 14
shows the scheme of the test system in a circular water tank, together with the real test
scene in Figure 15. The water surface height was set as 0.4 m, and the distance between
the axis of S-AUG and water surface was 0.2 m. With the help of the flow rectifier at the
end of the tank, the velocity distribution of the flow in the same intersection plane was
nearly uniform. The flow rate was stabilized as 0.4 m/s, which was monitored by an ADV
(acoustic Doppler velocimetry) device. The drag of the S-AUG in the flow was detected
through a baresthesiometer sensor above the connecting rod, with a precision of 0.001 N.
Figure 16 shows the test results of an angle of attack of 0◦ processed by a smoothing filter.
During the experiment, the datum at each angle of attack was measured for a sufficiently
long period of time.
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Figure 16. Measurement results after smoothing filtering (α = 0◦).

According to the main scale parameters of the test tank and S-AUG, a parallel tank of
4.0 m × 0.3 m × 0.8 m was established in the CFD simulation, as shown in Figure 17. The
VOF (volume of fluid) method was used to capture the free surface, and the mesh on the
free surface was encrypted. The total number of generated grids was 2.8 × 106.
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The simulation results were compared with the test results, as shown in Figure 18. The
experimental drag values were slightly larger than the CFD simulation results, which may
be due to the existence of the angle of attack and cylindrical connecting rod in the test. At
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each angle of attack, the errors between the test values and the simulation values were less
than 5%, which shows that the simulations had sufficient accuracy.
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Figure 18. The experimental and simulation results (a) and error assessment (b) of S-AUG
(V = 0.4 m/s; Error = (EFD − CFD)/CFD × 100%).

4. Self-Propulsion Analysis of the Hybrid-Driven AUG
4.1. Test and Simulation of a Single Propeller

According to the lever principle and the actual size of the tank, the thrust test mech-
anism shown in Figure 19a was designed. In the test, the propeller Whale715, with a
diameter of 0.125 m, was driven by the motor to generate thrust, as shown in Figure 19b,c.
The water depth was set as 0.4 m and the inlet velocity was 0.5 m/s. During the test, by
controlling the rotation rate of the propeller, the reading of the tensiometer was recorded to
obtain the thrust at different rotation rates after conversion.
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the electric motor (b), and the combination of the test system (c).

Related to the test, a series of corresponding simulations were conducted by combining
the SM (sliding mesh) method with the SST k-ω turbulence model. The strategy was
uniformly adopted in the following paper. The comparison of the simulation and test
results in terms of thrust are shown in Figure 20.

According to Figure 20, it can be seen that when the rotation rate was 400~1200 rpm,
the calculation results were slightly larger than the experimental values. At a low rotation
rate (400 rpm), the calculation error was large, reaching 4.76%, but the errors of all rotation
rates were less than 5%. As it turns out, the SM method with the SST k-ω turbulence model
is also suitable for the calculation of rotational motion.

4.2. Simulation of 715 CRP

Under the same thrust requirements, the CRP diameter can be smaller than that of
the single propeller due to the effects of energy recovering in wake contraction, etc. In
this section, the diameter of the Whale 715 single propeller was reduced to 0.9 times of the
original one as the front propeller of the CRP, together with the rear propeller diameter
96.43% of the front propeller. The geometric dimension parameters are shown in Table 2.
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Table 2. The main parameters of the CRP.

Parameter Front Propeller Rear Propeller

Diameter 112 mm 108 mm
Direction of rotation Dextral rotation Levo rotation

Number of blades 3 3

The simulation of the CRP hydrodynamic performance was carried out in a cylindrical
tank, and the whole tank was divided into three parts: the outermost static domain and two
rotation domains, as shown in Figure 21a, with the mesh results shown in Figure 21b. The
total mesh cell number was 2.1 million. The rotation speeds of both CRP propellers were
initially set at the same level of 720 rpm reversely, and the calculation time step was set
as 2 × 10−4 s. The prediction of the hydrodynamic performance under different advance
coefficients (J = 0.1~1.0) could be realized by changing the inlet velocity of the tank.
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Figure 21. Calculation domain (a) and mesh (b) of the CRP.

Figure 22 shows the numerical open water performance of the CRP when J is in the
range of 0.1~1.0. The results showed that the thrust and torque of the front propeller were
greater than that of the rear propeller. With the increase in the advance coefficient, the
thrust and torque of the front propeller and the rear propeller both decreased gradually,
which was due to the decrease in the angle of attack of the propeller against the flow as the
thrust output decreased. In addition, the torque generated by the front propeller and the
rear propeller was in opposite directions. The overall torque was maintained between 0
and ~0.025 N-m, which showed excellent behavior during the balance of torque.
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Figure 22. The open water performance of the CRP in terms of the thrust output (a), the torque
output (b), and the dimensionless K-J parameters (c) (subscript f : front propeller; r: rear propeller;
c: counter rotating propeller).

Figure 23 shows the pressure distribution of the CRP surface when J = 0.1, 0.3, 0.5, and
0.7. With the increase in the advance speed coefficient J, the pressure on the pressure surface
dropped, while the area of the low-pressure region on the suction surface (mostly concen-
trated on the leading edge and blade tip) gradually expanded. This resulted in the pressure
difference between the suction surface and the pressure surface gradually decreasing with
the advance speed coefficient, which is the principal component of the thrust.

Figure 24 shows the wake flow of the CRP under different advance speed coefficients.
The CRP produced an obvious wake contraction phenomenon, which was more prominent
at a low advance speed. With the increase in the advance speed coefficient, the wake
contraction phenomenon gradually weakened, indicating that the influence of the CRP on
the nearby fluid was smaller and the wake field was more regular.

4.3. Self-Propulsion Simulation of the Hybrid-Driven AUG with the Single Propeller

The geometry and calculation domain are shown in Figure 25 including the numerical
towing tank of self-propulsion simulation and boundary conditions. The towing tank
adopted a cylindrical basin with a length of 10 L and a radius of 3 L. The velocity inlet was
located 3 L from the bow of the AUG, and the pressure outlet was located 6 L downstream
of the stern. We set the volume encryption region and wake encryption region, and the
length of the wake region was set as 4 L. The mesh strategy of the AUG hull was the same
as that in Section 3. The total number of generated grids was 5.17 million, as shown in
Figure 26.
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The propeller rotation rates were initially set as 720 rpm and 900 rpm. The designed
speed of the hybrid-driven AUG was 1.4 m/s. With a given inflow velocity, the propeller
was set to rotate at different rotation rates to monitor the resistance of the bare AUG hull
and the propeller thrust, as shown in Figure 27.
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Figure 27. Self-propulsion results of the hybrid-driven AUG with the single propeller.

As can be seen, with the increase in the rotation rate, the thrust of the propeller
increased significantly at the given speed of 1.4 m/s, while the resistance of the hybrid-
driven AUG increased relatively slowly. It was estimated from the intersection point of the
curves in Figure 27 that the propeller rotation speed for self-navigation was 800 rpm when
the thrust and the resistance were close to equilibrium and the AUG reached a stable speed.
Table 3 shows that when the propeller was simulated at 800 rpm, the propeller thrust was
10.98 N and the resistance of the hybrid-driven AUG was 11.044 N, with a difference of 0.6%.
This was considered that the hybrid-driven AUG had reached the self-propulsion state.

Table 3. Calculation results of the self-propulsion state for the hybrid-driven AUG with the
single propeller.

V (m/s) n (rpm) FD (N) T (N) Q (N-m)

1.4 800 11.044 10.980 0.247

Furthermore, the flow field distribution of the hybrid-driven AUG with the single
propeller at the same inlet velocity and different rotation rates, as shown in Figure 28. The
velocity cloud diagram of the longitudinal profile in the stern of AUG is shown in the
left column, and the velocity cloud diagram of the flow field at 0.085D behind the single
propeller disk is shown in the right column. It was found that the wake of the propeller hub
and the high-speed region of the wake both transferred to the distance, and the tip of the
propeller stretched two tip vortices as the propeller rotated, which gradually disappeared
following the wake.

4.4. Self-Propulsion Simulation of the Hybrid-Driven AUG with the CRP

It should be noted that the torque of the propeller was 0.247 N-m. Due to the small
transverse size of the AUG (the maximum diameter of the parallel body was 0.22 m), it
cannot balance the torque generated by the single propeller through its restoring moment
for rolling. In order to solve the above problems to balance the overall torque of the hybrid-
driven AUG and ensure the stability of its sailing attitude, the propulsion form of the
contra-rotating propeller was adopted.

The 3D diagram of the hybrid-driven AUG with the CRP is shown in Figure 29. The
mesh strategy and calculation domain were the same as those described in Section 4.3.
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Figure 29. Model of the AUG with the CRP.

The design speed was also 1.4 m/s. Under the given coming flow speed, the propeller
was set to rotate at different rotation rates (720 rpm, 800 rpm, 900 rpm), and the AUG
resistance value D and propeller thrust value T were monitored, as shown in Figure 30.
It was estimated that the thrust and resistance were close to equilibrium and the CRP
revolution was 780 rpm during self-propulsion at the designed speed. Consequently, at
the designed speed of 1.4 m/s, the resulting revolutions of the AUG with CRP would be
less than 800 rpm, which is comparable to that of the AUG with the single propeller in the
above section.
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Figure 30. Self-propulsion simulation results of the AUG with the CRP.

A numerical self-propulsion simulation of the AUG equipped with the CRP at 780 rpm
was conducted and the results are shown in Table 4. The thrust was 10.68 N, the AUG
resistance was 10.73 N, the difference between the thrust and resistance was 0.466%, and
the overall torque of the CRP was 0.019 N-m, obviously smaller than that with a single
propeller at 92.31%.

Table 4. Calculation results of the self-propulsion state of the maneuverable AUG with the CRP.

V (m/s) n (rpm) FD (N)
Propeller Thrust (N) Propeller Torque (N-m)

Tf Ta T Qf Qa Q

1.4 780 10.73 6.11 4.57 10.68 0.129 −0.110 0.019

The flow field distributions of the hybrid-driven AUG with the CRP at the same inlet
velocity and different rotation rates are shown in Figure 31. It can be found that when
the propeller rotated, both the wake of the propeller hub and the high-speed region of the
wake were transmitted to the far downstream, and the tip of the propeller stretched two tip
vortices, which gradually disappeared along the wake direction. Compared with Figure 28,
from the perspective of wake distribution, the wake contraction degree of the propeller
was more obvious. By absorbing the energy from the front propeller, the average speed of
the wake of the CRP was less than that of the single propeller.

4.5. The Self-Propulsion Comparation of AUGs with Different Hull Lines Matched with CRP

To further explore the influence of different hull lines on the self-propulsion perfor-
mance, this paper also conducted self-propulsion simulations for the hybrid-driven AUG
with the hull lines of (p = 2; θ = 25◦; NACA2418) and (p = 3; θ = 25◦; NACA2418), calculat-
ing the self-propulsion factor, respectively. The self-propulsion simulation results of two
hybrid-driven AUGs are shown in Figure 32. At the designed speed of 1.4 m/s, the rotation
speed of the hybrid-driven AUG with the hull line (p = 2; θ = 25◦; NACA2418) was 755 rpm
in self-propulsion state, and the rotation speed was 760 rpm when the hull line was (p = 3;
θ = 25◦; NACA2418).

A numerical simulation comparation at the self-propulsion point of the three hybrid-
driven AUGs equipped with the CRP was conducted and the results are shown in Table 5.
The self-propulsion factors were calculated by Equations (16)–(20). From the perspective
of the torque for the AUG, the overall torque of the hybrid-driven AUG with the hull line
of (p = 2; θ = 25◦) matched with the CRP would be reduced by 91.9% compared with that
of the same AUG shape matched with a single propeller. Additionally, the overall torque
of the hybrid-driven AUG with the hull line of (p = 3; θ = 25◦) matched with the CRP
would be reduced by 93.9% compared with that of the same AUG shape matched with a
single propeller.
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Table 5. The calculation results of the self-propulsion factor of the different hull line AUGs with
the CRP.

Hull Line V
(m/s)

VA
(m/s)

n
(rpm) J FD (N) TB

(N)
Q0

(N-m)
QB

(N-m) PE (W) ηR η0 ηH PB (W)

p = 2; θ = 15◦ 1.4 1.040 780 0.7143 10.73 10.68 0.205 0.239 15.022 0.860 0.48525 1.350 26.664

p = 2; θ = 25◦ 1.4 0.995 755 0.7060 10.14 10.01 0.194 0.220 14.196 0.882 0.48509 1.425 23.284

p = 3; θ = 25◦ 1.4 0.999 760 0.7040 10.20 10.00 0.198 0.215 14.280 0.921 0.48505 1.429 22.369

It can be seen from Table 5, that the type of (p = 3; θ = 25◦) had a strong propulsion per-
formance by comparing the propeller rotation speed and the brake horsepower. According
to the power relationship, the motor horsepower PS emitted by this type of hybrid-driven
AUG was estimated to be 23.3 W, and Equation (23) was used to calculate the current when
the rated voltage of the motor was 48 V. The current of the motor was 0.485 A during the
running time. The PS of the other two AUGs, (p = 2; θ = 15◦) and (p = 2; θ = 25◦), were 27.8 W
and 24.3 W, respectively, under the consideration of a shaft transmission efficiency of 0.96
from the values of PB, and the currents of the motor were 0.579 A and 0.506 A, respectively.

Ps = UI (23)

where U is the voltage and I represents the current.
The lithium battery with the capacity and volume considered is shown in Figure 33.

The capacity of the battery was 25 Ah with the volume of 250 mm × 145 mm × 75 mm, of
which the weight was 2 kg. This can meet the continuous operation of the motor under
normal operation for 43.1 h, 49.4 h, and 51.5 h for the hybrid-driven AUGs with the shape
of (p = 2; θ = 15◦; NACA2418), (p = 2; θ = 25◦; NACA2418), and (p = 3; θ = 25◦; NACA2418)
as discussed above, respectively. Meanwhile, the battery can actually be placed in the AUG.
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5. Conclusions

This paper designed and analyzed a hybrid-driven autonomous underwater glider,
through CFD numerical simulations and experiments, on the basis of an AUG with a rhom-
boid hydrofoil configuration originating from an existing AUG. Following the optimization
of the hull geometry, the appropriate foil type was selected in terms of the gliding motion.
With the optimized hydrodynamic shape, the self-propulsion simulation analysis was
carried out combined with both a single propeller and the relative contra-rotating propeller.
The main research results are listed as follows.

1. In this paper, numerical simulations of the rhomboid wings with different hydro-
dynamic shapes were conducted under the condition of straight-line motion and
oblique motions (i.e., the gliding motion). Comparing the hydrodynamic coefficients,
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the hydrodynamic shape of the rhomboid wing was optimized. Through compre-
hensive comparison, the AUG with a hull line shape (p = 2; θ = 15◦) and hydrofoil
NACA2418 presented the best performance, where the lift–drag ratio increased by
22.5% compared with the initial model at an 8◦ angle of attack for the designed
working condition.

2. The drag tests and numerical simulations of the scale model of the hybrid-driven
AUG with the optimized hydrodynamic shape were carried out without the propeller.
Compared with the experimental results, the reliability of the numerical method
was verified.

3. The open water performance tests and corresponding simulations of the Whale715
propeller were conducted to verify the CFD simulation results in this paper. The re-
sults showed that the SST k-ω turbulence model could accurately predict the propeller
hydrodynamic performance.

4. Based on the open water simulations and tests for the Whale715 single propeller and
its relative contra-rotating propeller, the self-propulsion performance of the hybrid-
driven AUG with the single propeller and CRP was analyzed, respectively, at the
designed speed. The results showed that the overall torque of the hybrid-driven
AUG with the CRP was notably reduced by 92.3% compared with that of the AUG
with a single propeller. Due to the greater thrust output, the hybrid-driven AUG
with the CRP could reach the self-propulsion point at a lower propeller rotation
speed. In addition, the self-propulsion performance with the CRP for the AUGs
with various hull lines was compared, which indicated that the hybrid-driven AUG
under the optimization design mainly based on the premise of the gliding motion
might not show an excellent behavior during the self-propulsion motion with the
straight-line route.

The propeller applied in this paper possessed a wide blade tip, suitable for combining
with the duct, which is worth further optimization in the future. Moreover, due to the
addition of propellers, the upstream area of the hybrid-driven AUG magnifies, and the
resistance and the power consumption in gliding motion significantly increase, which
is a vital factor restricting the development and application of the hybrid-driven AUG.
Currently, some researchers have proposed a solution of folding propeller blades during
the gliding motion, which might be a research orientation in the future.
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Nomenclature

Symbol Parameter Unit Symbol Parameter Unit
J Advance speed coefficient [-] L Effective maximum length of AUG [m]
KT Thrust coefficient [-] Ls Effective maximum length of S-AUG [m]
KQ Torque coefficient [-] Dh Maximum diameter of the hull [m]
T Thrust of propeller [N] B Wingspan of the hydrofoil [m]
Q Torque of propeller [N-m] a Length of the bow [m]
TB Propeller thrust under the [N] b Length of AUG parallel middle body [m]

self-propulsion condition
Q0 Propeller torque in open water test [N-m] c Length of the stern [m]
QB Propeller torque under the [N-m] Ct Chord length of the hydrofoil tip [m]

self-propulsion condition
ηo Propulsion efficiency of propeller [-] Cr Chord length of the hydrofoil root [m]

in the open water condition
ηR Shaft transmission efficiency [-] p Sharpness factor [-]
ηH Hull efficiency [-] θ Angle of run [◦]
PB Brake horsepower [W] α Angle of attack [◦]
PE Effective horsepower [W] S Wet surface area of the hydrofoil [m2]
PS Motor horsepower [W] S-AUG Scale model of AUG [-]
D Propeller diameter [m] CD Drag coefficient [-]
Df Diameter of front propeller [m] CL Lift coefficient [-]
Da Diameter of rear propeller [m] FD Drag of AUG [N]
n Rotation speed of propeller [rps] FL Lift of AUG [N]
VA Advance speed of propeller [m/s] 5 Displacement of AUG [m3]
Tf Thrust of front propeller [N] V Navigation speed of AUG [m/s]
Ta Thrust of rear propeller [N] ρ Water density [kg/m3]
Tc Thrust of CRP [N] KTf Thrust coefficient of front propeller [-]
Qf Torque of front propeller [N-m] KTa Thrust coefficient of rear propeller [-]
Qa Torque of rear propeller [N-m] KQf Torque coefficient of front propeller [-]
Qc Torque of CRP [N-m] KQa Torque coefficient of rear propeller [-]
U Voltage [V] QPC Quasi-propulsive coefficient [-]
I Current [A] Pressure Pressure distribution of blade surface [Pa]
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