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Abstract - The propulsion system as the main power for the
underwater robot will extremely influence its hydrodynamic
performance. This paper focuses on a novel hybrid propulsion
device for the third-generation spherical underwater robot (SUR
III) with both vectored water-jet thrusters and propeller
thrusters. To the limited space and mechanism, the hybrid
propulsion device not only reserves the symmetric structure to
maintain balance underwater, but also enhances the better
property. And the diversity of the movement is also proposed
for the different target as remote or hover. In order to analyze
the hydrodynamic characteristics of the propeller, we establish
the flow field with the multi-reference frame method to calculate
the pressure and thrust of the propeller in ANSYS CFX. Finally,
we set up the experimental system with a 6-DOFs load cell to
measure the thrust of the propeller. Comparing the simulation
and experiment results, the simulation thrust error is less than
8.5%. Meanwhile the power of the propeller thruster is 22.5%
better than the water-jet thruster.

Index Terms Hybrid Propulsion Device, Spherical
Underwater Robot, Hydrodynamic Characteristic, Multi-reference
Frame Method, Computational Fluid Dynamics (CFD)

I. INTRODUCTION

The exploration and discovery in the unknown ocean are
developed more and more quickly, the autonomous
underwater vehicles (AUVs) are widely used in oceanographic
research [1]-[2]. The different applications correspond to
different configuration, size, propulsion methods and shape of
the underwater robots. For example, a smaller, flexible and
low-speed design of the robot may be reasonable for
underwater applications so as to easily enter some small places
[3]. MIT researchers proposed an oval-shaped submersible
robot which is smaller than a football. It slides along the
underwater surface with the flattened side as an ultrasound
scanner [4]. And the streamlined shape is required for
high-speed movements. The flow field numerical simulation
of an underwater vehicle with streamlined shape was carried
out. The simulation results can play a important role in the
optimal design of pump jet thruster and the hydrodynamic
characteristics of underwater vehicle [5]. As we know, the
propulsion system plays a critical role in controlling the
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underwater robot. And there are various designs for propulsion
device, such as propellers, poles, magneto hydrodynamic
drives, sails and oars. Especially, the propeller is the most
common propulsion method for the underwater robots and
vehicles. Chen et al. [6] proposed a design of foldable
propellers for a hybrid-driven underwater glider. The driven
mode of the glider can be changed according to requirements
by adjusting the statement of the propellers. And the
simulation results show that the drag force can be reduced
significantly when the glider is operating in the gliding mode
compared with a conventional unfoldable design. Not only
that, the propeller is also can be used in biomimetic
underwater robots [7]-[9]. Mazumdar et al. [10] developed a
new type of spherical underwater robot that uses only a single
pump and two fluidic valves to achieve three dimensional
motions. Lv et al. [11] developed a type of distributed
pump-jet propulsion system (DPJP) with two or four specially
designed pump-jet pods located around the axisymmetric
underwater vehicle body symmetrically. In our previous
research, a spherical underwater robot equipped with multiple
vectored water jet-based thrusts was designed [12]. The
evaluation simulation and experiments were carried out to
verify the basic motions of a prototype robot [13]. On this
basis, Yue et al. [14] described the development of the
second-generation Spherical Underwater Robot (SUR-II). The
hydrodynamic analysis was carried out to verify the estimated
parameters such as the velocity vectors, pressure contours and
drag coefficient [15]-[17]. In addition, the propulsion force
obtained from the experiment verified the theoretical
calculations and simulation results [14]. They also enhanced
the electrical and control system of the robot [18]. In the
follow-up study, a father-son underwater intervention robotic
system was proposed to realize the underwater manipulation
for the narrow space exploration [19]-[20]. The next
development of the SUR was that Li et al. [21]-[24] proposed
the third-generation spherical underwater robot (SUR III) with
four water-jet thrusters. And the acoustic communication
methods were also proposed for SUR III [25]. These
underwater robots can provide advantages such as keeping
stability and accuracy to the specific location with the



low-speed mode, improving velocity to a certain area with the
high-speed mode. On the downside, the low-speed mode robot
will waste a lot of time for long distance navigation, and high-
speed robot close to the object with a lot of noise, and can’t
guarantee the accuracy of position. Therefore, it is extremely
important for underwater robots to provide a mixed mode of
high and low speed during ocean inspections

In this paper, a hybrid propulsion system for the spherical
underwater robot was proposed. It includes two kinds of
propulsion mode. One is the propeller-based mode; the other is
the water-jet thruster-based mode. The propeller-based mode
will be used for the long distance underwater movement with
high-speed. The water jet-based mode will be adopted with
low-speed in order to avoid noise and interference for hover.
This kind of high and low speed hybrid propulsion mode can
not only save the detection time and improve the work
efficiency, but also can improve the detection precision and
accuracy when slowly approaching the target.

II. DEVELOPMENT OF THE HYBRID PROPULSION SYSTEM

A.  Mechanism of the hybrid-propulsion system

The SUR III has four vectored water-jet thrusters which
are homogeneously located around the robot [24]. Fig. 1
displays the top view of the previous SUR III. Although the
vectored water-jet thruster has the advantage as low noise, but
the propulsive thrust is limited by the space and structure. The
propeller thruster is often employed in the propulsion systems
for underwater robots. Its good power performance and
reliability are all we need. However, the noise of the propeller
is higher than the vectored water-jet thruster. Therefore, a
hybrid motion system is proposed to improve the
hydrodynamic thrust of the SUR III in the restricted space and
structure. In the underwater mission, using the propeller
propulsion mode quickly and effectively close to the target,
then switch the water-jet propulsion mode to reduce the noise
near the target.

Fig. 1 Previous Design of the SURIII
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Fig. 3 Revised Design of the SUR III

In the previous research, it verified that the structure of the
water-jet thruster is stable and reliable. Based on this we will
keep the basic mechanism of the water-jet thruster to
cooperate the propeller thruster. The DC motor can reach 400
revolutions per minute. In order to connect the DC motor and
the propeller, a coupling mechanism is designed. One side of
the coupler is fixed with the DC motor by jackscrew, and on
the other side is projected as the screw to joint with propeller.
The mechanism of the propeller thruster is shown in Fig. 2.
Considering about the symmetrical structure of the robot, two
opposite water-jet thrusters were reserved and the other two
were replaced by the propeller thruster. The new revised
mechanical construction is shown in Fig. 3.

B.  Motion state of the revised SURIII

There are four DOFs which included surge, sway, heave
and yaw in SUR III. The surge and sway are the movement in
the same plane. Thus, we will focus on three DOFs which are
surge, heave and yaw. In surge motion, the hybrid motion of
two propellers and one vectored water-jet thruster is regarded
as the high-speed mode, and the motion of two vectored
water-jet thruster can be regarded as the low-speed mode,
these two kinds of motions are shown in Fig. 4(a) and Fig.
4(b). In addition, other motions all belong to the middle-speed
mode. In yaw motion, the rotation angle can be measured by
the gyroscope. If all thrusters work at the same time, the robot



(a) High-speed in Surge Motion (b) Low-speed in Surge Motion
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Fig. 4 Motion State of the Revised SUR III

can be realized a high-speed rotating mode which is shown in
Fig. 4(c), this style is suitable for fast turning requirement.
Otherwise working of two opposite vectored water-jet
thrusters will realize a low-speed rotating mode. Due to the
low speed, it is easier to control, so it can receive an accuracy
rotation. Final one is the heave motion which involved two
kinds of motion: up and down, corresponding to Fig. 4(d) and
Fig. 4(e).

III CFD SIMULATION OF THE PROPELLER

A. Dynamic analysis

The details of how the propeller generates thrust are very
complex, but we can still learn a few of the fundamentals
using the simplified momentum theory presented here. Fig. 5
shows a schematic of a propeller propulsion system. In this
schematic, the spinning propeller is assumed as a disk and
surrounded by water. When it works, there is an abrupt change
in pressure across the disk. We use the AP to express the
changed pressure. Turning to the math, the thrust Fr equals to,

Fr=APx*A (1)
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Fig. 5 Schematic of the Propeller Propulsion

Table I
Parameters of the Propeller
List of items value
Propeller diameter, D 0.05m
Hub/propeller diameter ratio, dh/D 0.2
Number of blades, Ny 4

where A is the area of the propeller disk. And the changed
pressure can be calculated by the subtraction between the
pressure ahead and behind the propeller disk.
AP = Pe — Py (2)

In this research, the viscosity can be ignored and we do not
consider about the compressed fluid either. Therefore, the
Bernoulli’s equation can be used to relate the pressure and

velocity of the upstream and downstream. The total pressure
of upstream and downstream are as follow,

Pt() = PO + O.SpVOZ
P = P, + 0.5pV,2

3)
“4)

where Py is the static pressure, Vy is the velocity of the robot,
and V. is exit velocity of the propeller. According to the above
equations, finally the thrust can be obtained as,
Fr = 0.5pA(Ve? — Vo?) )
B.  Pre-processing for the CFD simulation
The 3D model of propeller is established in CATIA. And
the parameters of the propeller are given in Table 1. Based on
the multi-reference frame method, the fluid model included
the station domain, rotation domain and propeller. Both of the
station and rotation fluid fields were assumed as the cylinder.
Fig. 6(a) illustrates the overall plot of the fluid model. With
the length and diameter of the cylinder can define the
boundary of the domains. The rotation domain boundary is
0.5D for length and 1.2D for diameter, and the station domain
is 10D for length and 5D for diameter. The rotating speed of
the propeller is set to 400rev/min. The inflow velocity of the
station domain is 0.3m/s. The station and rotation domain are
connected by the interfaces which is shown in Fig. 6(b).
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Fig. 6 Fluid Model of the Propeller

C. Post-processing for the CFD simulation

According to the results in the CFX post-processing, the
pressure distribution of the blade surfaces can be analyzed in
Fig. 7. On the one hand, Fig. 7(a) shows the pressure surface,
the pressure increases from the root to the top of the blade, and
the maximum pressure roughly occurs in the 0.6R, then the
pressure gradually reduces and at the top reaches the
minimum. On the other hand, Fig. 7(b) shows the suction
surface, the pressure in the middle of the suction surface is the
minimum, and it increases to the leading edge and trailing
edge. Simultaneously, we also obtain the exit velocity of the
propeller which equals to 1.68m/s, and the flow velocity of the
station domain can be regarded as the velocity of the robot.
Hence, the thrust force will be calculated by equation (5), and
F1=2.68N in this situation.

IV EXPERIMENTAL RESULTS

In order to verify the performance of the propeller firstly,
an experiment was implemented. In this experiment, a load
cell with six-DOFs was made use of measuring the propulsive
thrust of the propeller. We built a set of experimental system
to complete the test. The overall system and the coordinate
system of the load cell is shown in Fig. 8. A steel bar was
fixed with both of the load cell and propeller thruster, so that
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Fig.7 Pressure Contour of the Blade

the propulsive thrust will occur in the XY plane. And put the
propeller thruster in the water. Since the steel bar and the load
cell are the rigid bodies, the propeller thruster won’t produce
the relative displacement in the XY plane by the deformation
of the experimental device. We can assume the force in the Y
axis as the propulsive thrust.

For setting the initial parameter before the experiment,
first we measured the force and torque in each direction when
the experimental device is completely stationary. We tested
for ten times and each time can get 120 values, then calculated
the average experimental values to program the initial value of
0 in each direction for the stationary device. Afterwards the
propeller thruster is energized by the DC generator. For the
objective experimental results, we conduct ten cycles of test
and every test will obtain 120 test values in each direction.
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Fig.8 Experimental System
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The experimental results are consistent with our
assumptions. The test forces in X and Z axis are very small
and can be ignored. Therefore, the force in Y axis is the
experimental thrust of the propeller. Fig. 9 is the average
thrust for each test. And the final average value of the thrust is
2.45N, which indicates an 8.5% error compared to the
calculated value. Therefore, the results of the CFD simulation
are acceptable. Meanwhile, the experiment result for the
thruster of the propeller reveals that the power of propeller is
22.5% stronger than the water-jet thruster.
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V CONCLUSION AND FUTURE WORK

This paper presented a hybrid propulsion device for the
third-generation spherical underwater robot (SUR III). First of
all, the mechanism of the hybrid-propulsion device was
proposed. Due to the better power performance of the
propeller thruster and the low noise of the water-jet thruster,
this novel hybrid-propulsion system both can approach the
target in a high speed and undertake in a low speed to avoid
noise and collision. After that, in order to figure out the thrust
of the propeller, some fundamentals using the simplified
momentum theory were proposed. And a CFD simulation with
the multi-reference frame method was also carried out. We
also got a theoretical value of the thrust for the propeller.
Finally, an experiment was conducted by using a 6-DOFs load
cell. The experiment results illustrated that the thrust error is
fewer than 8.5% with the result of CFD simulation. Moreover,
the thrust of propeller is 22.5% higher than before.

In the future, we will focus on the experiment of the
whole propulsion system and the robot underwater.
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