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Abstract. As a novel underwater exploration robot, BYSQ-2 spherical robot uses the heavy 
pendulum to change the attitudes with the characteristics of small steering resistance and high 
compressive strength. However, the greater water resistance in the process of moving forward 
obstructs the rapid movement, because the robot has a spherical shell and only one propeller. The 
maximum speed was obtained only 0.6 m/s according to experimental tests and theoretical 
calculations. In order to improve the movement speed, the robot’s virtual assembly model was 
built to study the coupling hydrodynamic forces between the spherical shell and the propeller by 
CFD method. The coupling hydrodynamic forces were analyzed and summarized under different 
key structural parameters that include the pipe diameter and the shell diameter. Furthermore, in 
the conditions of different rotational speed, propeller thrust and water resistance of robot were 
simulated and calculated. According to the simulation results of the model with the appropriate 
structural parameters, it was demonstrated that the speed of the robot was improved obviously in 
the process of moving forward. 
Keywords: underwater robot, spherical robot, coupling hydrodynamic force, structural 
optimization, CFD simulation. 

1. Introduction 

In recent year, the micro miniature underwater robot, as a type of intelligent mobile vehicle 
platform for ocean exploration, has been paid more attention and developed rapidly. In the 
scientific field, underwater robot can be used to explore ocean and gather samples. Moreover, in 
the military field underwater robot can also be used to assist communication and 
investigation [1-2]. 

In general, the shell structure of underwater robot mainly includes three types. One is the 
cylindrical structure underwater robot, which was remade from the torpedo, which can move fast, 
but the posture adjustment is difficult at the low speed [3-5]. Another is the well-catalogued 
underwater robot, which was installed with multiple propellers, and can change attitudes flexibly, 
but manufacturing cost is high and the efficiency is low [6-8]. Spherical robot was also studied by 
many institutions, which has a small steering resistance and high compressive capacity underwater, 
but the water resistance is big and the velocity is low in the process of moving forward [9-12]. 

At present, because spherical robot has a characteristic of flexible movement, varieties of 
spherical robots have been developed and can adapt to different environments. Qiang Z. designed 
an exploration spherical robot that can roll on land [13]. Hanxu S. designed a exploration spherical 
robot that can fly in the air [14]. Guo S. developed a vectored water-jet based spherical underwater 
vehicle [15]. A novel spherical underwater robot BYSQ-2 was developed to collect underwater 
data by Xiaojuan L., which used the heavy pendulum to change the attitudes with the 
characteristics of small steering resistance, high compressive strength, flexible movement and low 
cost, so it was very suitable for movement under deep water as an exploration mobile carrier [16]. 
But the robot has only one propeller and the velocity is low, so it is very difficult to ensure that 
the robot can successfully complete scheduled tasks in a wide water range within the period of 
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predetermined time. Therefore, it is significant to improve the speed of the robot. This paper 
studied and analyzed the hydrodynamic characteristics of the spherical robot, especially 
summarized the coupling laws between the propeller and spherical shell under different structural 
parameters. 

The methods for getting underwater robot’s hydrodynamic data mainly consist of experiment 
test, theoretical calculation and CFD simulation [17-20]. Experimental method takes a long period 
and high cost, and only limited measure results can be got, even some need complex data 
processing. Calculation method needs to solve fluid equations or engineering experience formulas 
that not only is low accuracy, but also it is not comprehensive [21, 22]. With the development of 
computing technology, CFD simulation technology has been widely used to study fluid dynamics 
problems, which taks short cycle, low-cost, fully solver and the guaranteed accuracy [23-25]. 
Therefore, in the absence of sufficient experimental conditions, it is undoubtedly a simple and 
effective method to analyze the robot’s hydrodynamic characteristics by CFD simulation. 

This paper is organized as follows. In Section 2, the robot’s physical prototype is introduced, 
and the maximum speed is tested by experiment. In Section 3, on the basis of verifying the 
reliability of the simulation, the robot’s finite element model is established and simulated. In 
Section 4, under the conditions of different structural parameters, hydrodynamic coupling 
characteristics are analyzed, and the optimal parameters are determined. In Section 5 the important 
conclusions are drawn, and some arranges are mentioned for future research. 

2. Physical prototype and experiment 

BYSQ-2 spherical robot mainly consists of spherical shell 1, pipe 2, propeller 3, pendulum 4 
and pitching axis 5. Driven by a motor, the weight pendulum can swing around the pitching axis 
and change the center of gravity of the robot, and then the generated torque can adjust the pitching 
angle of the robot. Meanwhile, driven by another motor, the weight pendulum can rotate around 
the pipe and make the robot roll. The pipe is fixed to the shell and the propeller is mounted inside 
the pipe. The direction of the propeller can change depending on the robot’s posture and the 
propeller provides the thrust to make the robot move forward. Physical prototype of robot is shown 
in Fig. 1. 

 
Fig. 1. Physical prototype of the robot 

This kind of small spherical robot has a great advantage on the deep-water exploration. Firstly, 
the steering resistance is low and the attitude can be changed flexibly. Secondly, the spherical 
shell can resist greater pressure and be sealed easily to protect the internal electronic components. 
Thirdly, because of spherical symmetric structure, the robot can be controlled flexibly at a low 
speed. But this type of spherical robot also has a drawback that the spherical shell generates the 
greater water resistance so that the robot moves forward slowly. The movement resistance of 
underwater objects include friction and pressure, but in the actual calculation and application they 
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are often merged together as the hydrodynamic drag, and the functional relationship can be 
expressed as Eq. (1): 

ܨ = ߩܥ ଶ2ݒ (1) ,ܣ

where ܥ is the drag coefficient of the object, ߩ is the density of water, ݒ is the forward speed of 
the object, ܣ is the cross-sectional area of the object. 

According to Dallavalle’s conclusion, if Reynolds satisfies 1 < Re < 2 × 10ହ , the fluid 
resistance coefficient of three-dimensional spherical body can be expressed as Eq. (2): 

ܥ = ൬0.632 + 4.8√Re൰ଶ. (2)

Propeller’s thrust is expressed as Eq. (3): ܶ = ସ, (3)ܦଶ݊ߩ்ܭ

where ்ܭ  is the propeller’s thrust coefficient, ݊  is the propeller’s rotational speed, ܦ  is the 
diameter of the propeller. 

According to Newton's law: (݉ + ሶݒ(ߣ = ܶ − , (4)ܨ

where ݉ is the robot’s mass; ߣ is the added mass of water. 
From Eqs. (1)-(3), the translational movement equation of the robot can be derived as Eq. (5): 

(݉ + ሶݒ(ߣ + ൬0.632 + 4.8√Re൰ଶ ߩ ଶ2ݒ ܣ − ସܦଶ݊ߩ்ܭ = 0. (5)

When the robot reaches the maximum velocity, the maximum speed of the robot can be 
expressed as Eq. (6): 

୫ୟ୶ݒ = ܣߩସඥܦଶ݊ߩ்ܭ2 ൬0.632 + 4.8√Re൰. (6)

 

 
Fig. 2. Experiment of the robot prototype 

An experiment was implemented in the pool as shown in Fig. 2, and the maximum speed of 
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the robot was measured. After the speed reached the maximum, the time period of the robot 
moving through 1m distance was recorded, and the average speed was calculated. The test data is 
shown in Table 1. The spherical underwater robot’s maximum speed can be obtained 0.656 m/s 
by the experimental data and calculated results, which is slightly larger than the calculation results. 
And the hydrodynamic calculation is an important factor. 

Table 1. Test data of maximum speed experiment 
Cycle 1 2 3 4 5 

Time (s) 1.53 1.53 1.55 1.55 1.52 
Test velocity (m/s) 0.654 0.654 0.645 0.645 0.658 
Computational result (m/s) 0.580 0.580 0.580 0.580 0.580 

3. Finite element model and coupling simulation 

CFD finite element method uses a numerical method to solve the problem of viscous flow, and 
Navier-Stokes equations need to be processed by time averaging. But the equation is not closed, 
and then a turbulence equations need to be introduced to assist solving. Currently, the ݇-ߝ standard 
is used widely, and the mathematical expression of the turbulent kinetic energy equation is shown 
as Eq. (7): ߲(݇)߲ݐ + ݔ߲(ݑ݇)߲ = ݔ߲߲ ቈ൬ߤ + ൰ߪ௧ߤ ݔ߲߲݇ + ܩ + ܩ − ߝߩ − ெܻ + ܵ. (7)

Turbulent dissipation rate equation is shown as Eq. (8): ߲(ߝ)߲ݐ + ݔ߲(ݑߝ)߲ = ݔ߲߲ ቈ൬ߤ + ൰ߪ௧ߤ ݔ߲߲݇ + ଵܥ ߝ݇ ܩ) + (ܩଷܥ − ߩଶܥ ଶ݇ߝ − ெܻ + ܵ, (8)

where ܩ is an energy item about the average gradient; ܩ is the energy item about the buoyancy; ெܻ  is the pulsating diffusion item; ܥଵ ଶܥ ,  and ܥଷ  are the empirical constants; ߪ  and ߪ  are 
Prandtl constants kinetic that related with energy ݇ and dissipation rate ߝ; ܵ and ܵ are defined 
as the source terms. 

To verify the validity of the simulation method, the robot is simplified into a sphere of 500 mm 
diameter that moves forward at different speeds underwater. In the CFD simulation model, the 
inlet velocity of the fluid domain is set to be the movement speed of the robot, and the pressure 
outlet boundary is set to be 0 Pa. Other boundaries of the fluid domain are set to be symmetry, and 
the default parameters of ݇-ߝ viscosity model are chosen to simulate. Meanwhile the resistance of 
the ball is calculated according to the Eq. (6). As shown in Table 2, it can be obtained that the 
simulation results of the resistance are consistent with the theoretical values, which are closely 
related to the magnitude of the velocity of the sphere. 

Table 2. Data of the sphere resistance 
Velocity (m/s) 0.25 0.50 0.75 1.00 1.25 

Simulation resistance (N) 2.4 9.8 21.4 38.1 60.1 
Calculation resistance (N) 2.6 9.9 21.7 38.6 60.4 

The simple sphere model above is not an accurate representation for the hydrodynamic 
simulation of the sphere robot, because the pipe and propeller are installed in the middle of the 
robot. The working state of the propeller can affect the fluid pressure distribution around the robot, 
so the robot can’t be regarded as a three-dimensional sphere and the hydrodynamic simulation 
requires a more accurate finite element model. A CFD model with a propeller is necessary to 
analyze the coupling hydrodynamic forces. The three-dimensional model of the propeller can be 
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built based on the principle of conversion relationship from two-dimension to three-dimension. 
Fig. 3(a) shows the principle of the projection of the propeller. In the global coordinate system ܱܻܼܺ, ܱܻܼ plane is parallel to the end surface of the propeller boss. ܱ′ is the intersection point 
between the reference line ܱܪ and the cylindrical surface. The ଵܱ ଵܺ axis of the coordinate system ଵܱ ଵܺ ଵܻܼଵ cross over the thickest section of the blade. ଵܱ point is the tangent point of the spiral 
line and the blade section. The coordinate system ଵܱܷܸܹ is parallel to the coordinate system of ܱ′ܺ′ܻ′ܼ′. The conversion relationship between the coordinate systems is expressed as shown  
in Eq. (9): 

ܼܻܺ൩ = ێێۏ
߶ଵsinܼۍێ + ଵܺcos߶ + ߶sinܮ − cosݎߠtanݎ ൬ܼଵcos߶ − ଵܺsin߶ + ݎ߶cosܮ ൰ݎsin ൬ܼଵcos߶ − ଵܺsin߶ + ݎ߶cosܮ ൰ ۑۑے

(9)  ,ېۑ

where ߶ is the pitch angle; ܮ is the distance from the maximum thickness to the reference line; ݎ 
is the radius of blade section; ߠ is the angle of rake. 

a) 
 

b) 
Fig. 3. Model and projection principle of the propeller 

Propeller diameter is 108 mm; the ratio of the blade area is 0.5; the ratio of boss diameter is 
0.18; the average ratio of blade pitch is 1.172. Firstly, the two-dimensional data points are 
computed by Matlab, then these values are converted into a three-dimensional coordinate system 
according to Eq. (9). A three-dimensional model of propeller is established, according to surface 
modeling method by Pro/E as shown in Fig. 3(b). The open water data of propeller from simulation 
and experiment is shown in Table 3. 

Table 3. Open water data of propeller 
Advance ratio  0.1 0.2 0.3 0.4 0.5 

Simulation thrust coefficient 4.1 3.7 2.4 1.8 0.6 
Experiment thrust coefficient 4.2 3.6 2.3 1.7 0.7 

According to the characteristics of spherical shell, the robot is simplified into a pipe-sphere 
model, and the maximum diameter of sphere ܦ is 0.5 m. A cube of 3 m side length is built as the 
external fluid domain, and the robot model locates in the center of the cube. A cylindrical internal 
fluid domain is also built to contain the propeller and its diameter ݀ is 0.12 m. The assembly model 
and finite element mesh model of the spherical robot are shown in Fig. 4. 
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a) 
 

b) 

 
c) 

 
d) 

Fig. 4. Assembly and mesh model for CFD 

 
a) 

 
b) 

 
c) 

Fig. 5. Coupling hydrodynamic simulation 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Fig. 6. Influence of the key structural parameters 

The actual velocity of the robot is less than 0.65 m/s based on the experimental results. To 
improve the movement speed of the robot, the coupling hydrodynamic of the robot is simulated 
under 1 m/s conditions. Assembly model of the robot locates in the center of the external fluid 
domain where the motion type is stationary. Inlet velocity ݒ of external fluid domain is 1 m/s, and 
outlet pressure is 0 Pa. The internal fluid domain rotates with the propeller rotating where the 
motion type is moving reference frame. The interface is set to pass data between internal fluid 
domain and external fluid domain, and the boundary type of propeller and shell is set as wall. 
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Under the propeller rotation speed ݊ = 600 rpm, the simulation results of the robot are shown  
in Fig. 5. 

As can be seen from the simulation result in Fig. 5, the water pressure is large in the front and 
rear of the robot, while the pressure of side surface is small. However, the flow velocity 
distribution shows the opposite tendency in Fig. 5(b). The water pressure is also small in the front 
and rear of the propeller Fig. 5(c). Spherical shell resistance is equal to the pressure difference 
between the front and the rear, and the propeller thrust is the opposite direction of the spherical 
shell resistance. In such structure and motion parameters, propeller thrust is smaller than the shell 
resistance, so the robot cannot reach the speed of 1 m/s. 

4. Analysis of key structural parameters 

The forward speed of the robot is mainly determined by the resistance of shell and the thrust 
of the propeller. Because the propeller is mounted inside the pipe, the ability of its propulsion is 
not only related to the structure itself, but also is affected by the structural parameters of the 
spherical shell. In addition, the resistance is also affected by the propeller’s working state, so the 
hydrodynamic parameters of resistance and thrust couple and interact with each other. Paper 
analyzes and summarized the impact of pipe diameter ݀ , spherical diameter ܦ  and propeller 
rotation speed ݊  on coupling hydrodynamic forces of robot by CFD simulation. Under the 
conditions of ݒ = 1 m/s, ܦ = 0.5 m, ݊ = 600 rpm and ݀  from 0.1 m to 0.4 m, the simulation 
results show that the shell resistance is reduced greatly, and thrust little change in Fig. 6(a)-(c). 
Under the conditions of ݒ = 1 m/s, ݀ = 1.4 m, ݊ = 600 rpm and ܦ from 0.14 m to 0.5 m, the 
simulation results show that the shell resistance is increased greatly, and thrust little change in 
Fig. 6(d)-(f). 

As shown in Fig. 6, the propeller thrust substantially contains unchanged, so the resistance of 
the robot can be reduced by decreasing the shell diameter and increasing the pipe diameter. Under 
the conditions of ݒ = 1 m/s, ݀ = 0.14 m, ܦ = 0.35 m and ݊  from 0 to 2000 rpm, the 
hydrodynamic forces are simulated as shown in Fig. 7. 

 
a) 

 
b) 

 
c) 

Fig. 7. Influence of the speed parameters 
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As shown in Fig. 7(a), with the propeller speed increasing, the pressure in front of the robot 
substantially contains unchanged, but that in the front of propeller and the rear of robot gradually 
becomes smaller. Meanwhile both the shell resistance and the propeller thrust are increased greatly 
in Fig. 7(b) and (c). 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Fig. 8. Analysis of the key parameters 

After a lot of simulations, the influences of pipe diameter, spherical shell diameter and 
propeller peed on thrust and drag of the robot are shown in Fig. 8. It can be obtained that the 
propeller speed mainly affects the thrust of the robot in Fig. 8(a), (c) and (e). Fig. 8(b), (d) and (f) 
show that the resistance is not only related to the speed, but also is related to the structural 
parameters of the robot. In Fig. 8(e) and (f), it can be seen that the thrust is greater than the 
resistance at a certain propeller speed, when the structural parameters are chosen reasonably. The 
propeller needs to be put into the pipe, so the pipe diameter can’t be too small. Similarly, the 
internal heavy pendulum structure also needs to be wrapped and protected by the spherical shell, 
so the sphere shell of the robot can’t also be too small. Therefore, keeping the sizes of the propeller 
and the pendulum of robot as a constant, pipe diameter is ݀ > 10 cm, ݀ < ܦ and sphere diameter ܦ > 30 cm. A group of parameters ݀ =  15 cm and ܦ = 35 cm are appropriately selected to 
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validate the analysis. When the propeller rotation speed reaches 1500 rpm, the thrust of the robot 
starts to be greater than the resistance of the robot in Fig. 7. To verify that the maximum speed of 
the robot can reach 1 m/s, the propeller torque and power are simulated and calculated under the 
optimal structural parameters ݐ. The actual output power of the propeller is 66 W in Fig. 9(b), 
which is less than the maximum output power, so the maximum speed of the robot is greater than 
1 m/s. 

 
a) 

 
b) 

Fig. 9. Influence of the propeller rotation speed 

5. Conclusion 

As a new type of underwater spherical robot, BYSQ-2 has only one propeller and uses the 
heavy pendulum to adjust attitude, which has the advantage on moving flexibly at low speed and 
resisting greater pressure in deep water. However, this robot resistance is large and the maximum 
moving speed is low. In this paper the maximum speed of the robot was tested, which is lower 
0.65 m/s, and then a robot spherical shell and propeller’s assembly model was built. The coupling 
hydrodynamic forces were simulated under different key parameters by CFD method, and the 
following conclusions can be obtained. 

• With the pipe diameter of the robot increasing, the spherical shell resistance decreases 
apparently, but the propeller thrust substantially contains unchanged. 

• With the spherical shell diameter of the robot increasing, the spherical shell resistance 
increases apparently, but the propeller thrust also substantially contains unchanged. 

• With the propeller rotation speed of the robot becoming larger, the spherical shell resistance, 
the propeller thrust, the propeller torque and the propeller power increase apparently. 

Optimal structural parameters of the robot were determined according to the actual assembly 
relationships of internal components, and the maximum speed 1 m/s of the robot was verified by 
simulation and calculation according to the actual power of propeller. The paper’s research results 
provide a theoretical basis for the development of next-generation spherical underwater 
exploration robot. 
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