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Abstract - During the underwater movement of underwater
robot, a large part of interference comes from the interaction
between robot and water flow. In order to control the underwater
robot accurately, it is very important to study the hydrodynamic
characteristics of the robot. In this paper, the hydrodynamic
characteristics about two kinds of underwater robots (spherical
and fish-shaped robot) are studied according the application.
Firstly, the hydrodynamic characteristics of the two shapes are
studied by the qualitative analysis of velocity field and pressure
field. Then, by changing the speed and volume of the robot, the
drag resistance force of the robot is further quantitatively
analyzed. These obtained characteristics can be used to guide the
application of flow rate sensing and pressure sensing on
underwater robots.

Index Terms - Underwater spherical robot, Underwater fish-
shaped robot, Computational Fluid Dynamic, Pressure sensing.

1. INTRODUCTION

Underwater vehicles are important carriers for people to
explore the ocean. It includes some large underwater vessels
and some small underwater robots. They come in different
shapes and sizes, and are used in different fields and roles. The
small underwater vehicles or robots may be generally used for
ocean exploration, oceanographic sampling, pipeline and cable
inspection, search and probe etc [1-3]. Due to the need of
detection, the design of the vehicle pays more attention to small
size, flexible movement and sensitive environmental perception
[4]. In this way, during the exploration process, the robot can
not only carry out the exploration in the wide water, but also go
deep into some narrow areas [5]. In addition, in recent years,
more and more attention has been paid to the research on
artificial lateral line of small underwater robots [6]. The
research of artificial lateral line will also enhance the ability of
environment perception, anti-interference and adaptability to
dark underwater environment of underwater vehicles [7].

Underwater vehicles are covered by an envelope called a
hydrodynamic hull, forming a free stream body [8]. The
hydrodynamic performance of the body determines the
performance of underwater vehicle [9]. Therefore, good shape
design of underwater vehicle is very important for underwater
robot. In terms of optimizing hull shape, most researchers focus
on reducing drag [10]. There has been a lot of research on drag
reduction. In some hull designs, axisymmetric bodies based on
optimization procedures are used to minimize drag [11].
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However, some researchers showed that the traditional design
did not have the least drag when wave making resistance
existed [12]. In addition to drag, other hydrodynamic
characteristics can also affect AUV performance, including
fluid pressure distribution around the hull, changes in the added
mass of the hull, and the effect of body form on maneuverability
or hydrodynamic damping derivative [13]. The body shape
design should consider various hydrodynamic influences
comprehensively and combine with the function of the vehicle
itself [14].

At present, computational fluid dynamics (CFD) has
become an important analysis, research and design tool of
underwater vehicle, especially in the aspects of resistance,
propeller performance, maneuverability and so on by
simulating [15]. In most experiments, the determination of
hydrodynamic characteristics depends on hydrodynamic
coefficient [16]. These coefficients were calculated as follows:
first, let the fluid flow through the vehicles at a certain linear or
angular velocity in a numerical environment to determine the
hydrodynamic force and torque acting on the object; then, the
hydrodynamic stability criterion can be expressed by the
hydrodynamic coefficient calculated by CFD to measure the
stability of the required hull [17]. However, this kind of method
has significant limitations. On the one hand, it cannot simulate
the actual motion of the hull [18]. On the other hand, a lot of
information about the flow field during motion of hull was
discarded, only part of the motion coefficient was obtained, and
the hydrodynamic characteristics of the hull could not be
comprehensively analyzed [19].

Based on the situation that the hydrodynamic parameters
are single and the simulation is not realistic, this paper proposed
a method based on dynamic water environment simulation to
analyze the flow field of two common forms of small
underwater robot. These two forms are spherical robot and fish-
shaped robot. The data of the flow field, such as pressure and
velocity, are comprehensively analyzed to clarify the
hydrodynamic characteristics of the two types of robots. In part
I, the dynamic water environment simulation method --
immersed boundary lattice Boltzmann method and the
simulation setting are briefly introduced. In part III, the robot
movement under different conditions are simulated, and the



hydrodynamic characteristics of two types of robots are
analyzed. The summary is in part IV.

II. METHOD AND MODELING

A.  Numerical Method

Numerical simulation is widely used in the calculation of
hydrodynamic coefficients of underwater vehicles instead of
underwater robot pool test. The numerical method has the
advantages of not being affected by the accuracy of test
equipment and low cost. In addition, this method can provide
an ideal simulation environment and quantitatively control the
existence and type of interference. Based on lattice Boltzmann
method (LBM), the flow field and motion characteristics of
robot unsteady motion can be calculated quickly and accurately.
LBM method obtains macroscopic fluid motion law through
statistics of microscopic particles of discrete fluid. The lattice
Boltzmann method based on immersed boundary method can
realize unsteady simulation without complicated meshwork.

Boltzmann equation describes the evolution of distribution
function f;(r,t). For the discrete solution of continuous
Boltzmann equation, its discrete equation [20] is defined as
follows:

fi(r + ¢;At, t + At) = fi(r,t) + QF (1

where, i is the number of particle movement direction, i = 1,
2, ..., b. D3Q18 model was adopted in this paper, b =18. f; is
the distribution function of i direction; r is the position vector
in the lattice; c; is the streaming velocity; t is discrete time; At
is the time step; QF is the collision term.

The most widely used lattice Boltzmann-BGK (LBGK)
model is adopted as collision term, and its evolution equation is
as follows [21] :

fir ) =fir,t) - % (fitr,©) = 5, ) @

£:%? is the local equilibrium distribution function in the i
direction. T is the relaxation time
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where, w; is the weight coefficient of lattice vector; p is fluid
density; u is the average fluid velocity; ¢, is sound speed of in
fluid. Collision step and streaming step are two important steps
of LBM method. The collision step is shown in Formula 1, and
the streaming step is calculated by the following formula:

(4)

On the basis of lattice Boltzmann method, multi-direct
force immersion boundary method is used to deal with the
moving boundary. The immersed boundary method uses fixed
Cartesian coordinates to describe the fluid and discrete
Lagrange points to describe the moving boundary. It is assumed
that the fluid velocity of the flow field at n+1 time level is uf*?,
and subscript 1 represents the first iteration. Then the velocity

of Lagrange point k can be expressed as:
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{i} can be used as the velocity of the Lagrange point, but
the no-slip condition is not satisfied. / is the mesh size of flow
field. In order to make the moving boundary reach the no-slip
condition, the direct force can be further iterated by:
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Then, the forces at the Lagrange points are dispersed into
the Eulerian coordinate system:

£2 = D F2Gu) 80 —x) - ds ™
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h is the Eulerian mesh size, and
xk_x
dh( h )
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ds is the mesh area of the moving boundary. The velocity
of the flow field becomes:
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Similarly, the Lagrange point velocity of the second
iteration is obtained:

a2 =Zug+1-5(xk—x)-h2 a1n
The total force on the Lagrange point is
FEGu) = ) FiGa) (12)

Then the large eddy model is used to calculate the
turbulence model. In the Lattice Boltzmann method, the
addition of the large eddy model needs to update the relaxation
time, and the total relaxation time is equal to the single
relaxation time plus the eddy relaxation time [22].

(13)

The eddy relaxation time can be calculated by the
turbulence viscosity:

Trotal = T+ Tsgs

3v,
Tsos = Capg o
The turbulent eddy viscosity v, is given by
Ve = (CSE)Z ZS_'US_'” (15)



where the strain-rate tensor §;; is related to the non-equilibrium
momentum flux tensor by using the Chapman-Enskog
expansion.

3
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sij =
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i

(16)

The method used in this paper has been verified by the
flow past a cylinder or a sphere which are the basic and reliable
verification methods for fluid mechanics.

B.  Parameter Setting

The hydrodynamic characteristics of spherical and fish-
shaped robots in a long pool will be studied. The pool, as shown
in Figure 1, is 5 meters in length, 1.2 meters in width and 0.7
meters in height. The upper and lower boundaries of the pool
are set as circulation channels, and the other boundaries are set
as no slip boundaries. The fluid is set as water at room
temperature, with density p equal to 1 X 103kg/m3 and
viscosity v equal to 1 X 107°m?/s.

[~

Fig. 1 The computing domain for simulation.
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Fig. 2 The mesh of the spherical and fish-shaped robot models. (a) The
spherical robot model. (b) The fish-shaped robot model.

The mesh of the spherical and fish-shaped robot models
used in this paper is shown in Figure 2. The meshing accuracy
satisfies the calculation condition. In the simulation, the
performance of two kinds of robots with the same volume will
be compared.

In the experiment, the spherical robot and the fish-shaped
robot will be kept the same volume to compare their
performance. The length of the fish-shaped robot is controlled
in 20-60cm, and the corresponding length of the spherical robot
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is controlled in 18-40cm. Since the speed of small underwater
vehicles is generally low, the speed of the robot are set at 0.05-
0.3m/s in a straight line.

III. SIMULATION AND RESULTS

Based on the established immersed boundary lattice
Boltzmann model, in this section, the simulation analysis on
two kind shapes of robot are conducted. The characteristics of
robot motion and the effect are analyzed on flow field. In
addition, the influence of the velocity and size of the robot on
the flow field and the force of itself is further summarized.

A. Comparing the velocity characteristics
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Fig. 3 The velocity of flow field in surge motion of robot (a) spherical robot
(b) fish-shaped robot.

In this part, the surge speed of the two robots are set at
0.1m/s. The body length of the fish-shaped robot is 40 cm, and



the body length of the spherical robot is 18.3 cm. Therefore, the
volume of the two robots is about 3200 cm?®. The robot moved
from one end of the long channel to the other end at a fixed
speed (x direction). The snapshot of the robot are taken when it
moves steadily to analyze the flow field generated by the robot.
FIG. 3 shows the velocity states of the two robots and their flow
fields when the time is 10 seconds, where (a) is a spherical robot
and (b) is a fish-shaped robot. Figure (al) and (bl) are the
profiles of the XZ plane; (a2) and (bl) are the profiles of the
XY plane; (a3) and (b3) are the profiles of the YZ plane. As
shown in the Figure 3, (a) and (b) use the same color scale to
facilitate comparative analysis. It can be seen from the figure
that the wake generated by the spherical robot is larger and has
more disturbance to the whole fluid. This may be due to that
both types of robots are controlled in the same volume. With
the same volume, the spherical robot has a larger inflow area,
leading to a larger Reynolds number, so the disturbance is
larger.

On the basis of analyzing the velocity of the flow field, the
velocity distribution on the surface of the robot is separated, as
shown in FIG. 4. In Figure 4, From left to right are the velocity
diagram of the XZ, XY and YZ direction sections. The
corresponding color bars are listed on the right, and the color
scales of Figure 4(a) and Figure4(b) are consistent.
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Fig. 4 The distribution of surface velocity on the robot. (a) spherical robot (b)
fish-shaped robot.

From the surface velocity distribution of a single robot, the
velocity does not change much and is close to the robot's
moving velocity. In addition, from the comparison of the
surface velocities on the two robots, there is a large area having
stability velocity on the spherical robot facing with the flow.
Based on this analysis, the speed sensors can be placed on the
robot to sense how fast the robot is moving relative to the flow.

The influence caused by robot motion on the flow field has
both advantages and disadvantages. On the one hand, this
influence will interfere with other robots in the flow field, on
the other hand, it is also beneficial to the detection and
positioning between robots. Whether it is beneficial or not
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should be judged according to the practical application of the
robots.

B.  Comparing the pressure characteristics

Fish sensed the underwater environment through the
lateral line system, and then realized hunting and obstacle
avoidance. The lateral line system includes velocity sensing
parts and pressure sensing parts. In the previous section, the
speed effects of two different types of robots have been
analyzed. This section will focus on the surface pressure change
of the robot caused by the movement of the robot in the static
water.

The pressure under water includes static pressure and
dynamic pressure. Static pressure is determined by the pressure
produced by the water and changes in atmospheric pressure,
and dynamic pressure is generated by the robot which moved
under water making flow around it. The same simulation
conditions are set as that when analyzing the velocity
characteristics, and obtained the pressure distribution on the
robot surface, as shown in FIG. 5. This figure shows the relative
pressure of the robot. Using the pressure value at infinity and
the same depth as the baseline, the relative pressure shows the
difference between the robot surface pressure and the baseline.

Pressure

(b)
Fig. 5 The distribution of surface pressure on the robot. (a) spherical robot (b)
fish-shaped robot.

In Figure 5, From left to right are the pressure diagram of
the XZ, XY and YZ direction sections. Figure 5(a) and Figure
5(b) have the same color scale for easy comparison. The
pressure distribution varies from -0.005 to 0.001 over the main
area of the lateral body of the spherical robot. The pressure
distribution varies from -0.003 to 0.001 in the main part of the
lateral body of the fish-shaped robot. It can be seen that the
pressure distribution of the spherical robot is more uniform, that
is, the pressure value on the spherical robot is more widely
distributed. In addition, the pressure on the top of the fish-
shaped robot will increase sharply, and the increase is more
concentrated. The pressure distribution at the top of the
spherical robot is relatively uniform.

At present, the research based on artificial lateral line
system mainly focused on pressure sensor. Good pressure
sensing ability is essential for robots with artificial lateral line



sensing. After the preliminary pressure analysis of the robot
moving in still water, it can be considered that the pressure
distribution on the surface of the spherical robot is easier to
obtain more information of underwater flow. In addition, the
spherical robot is more symmetrical and easier to arrange sensor
arrays.

C. The effect of robot velocity on hydrodynamic forces

The qualitative analysis of hydrodynamic characteristics
have been made on moving underwater robot. In the following
parts, the further quantitative analysis will be made about the
influence of robots’ velocity and size on drag resistance force.

Simulations are conducted by moving robot in a long pool,
and recording the drag resistance on the robot at each moment.
The velocity of robot in each experiment is fixed, the heading
of the robot is fixed, and the other states are free. After
simulation, the change of drag resistance during the robot
movement are gotten, as shown in Figure. 6. In Figure 6, (a)
represents the spherical robot, and (b) represents the fish-
shaped robot. By comparing the two figures, the force on the
fish-shaped robot is more stable than that of the spherical robot.
Finally, both robots can achieve stable states.
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Fig. 6 The drag resistance force caused by different velocities on the robot. (a)
spherical robot (b) fish-shaped robot.

It can also be noticed that the force on the robot fluctuate
greatly for a period of time in the process of movement. This
may be because the robot began to move at a high speed without
excessive process, resulting in a slight oscillation in the flow
field. It is believed that the force data in the later half can

1285

explain the stability of the robot motion and be used to analyze
the motion characteristics of the robot.

TABLE I
THE DRAG RESISTANCE FORCE OF DIFFERENT CONDITIONS
shape u(m/s) force(N)
sphere 0.1 0.05387
sphere 0.2 0.2178
sphere 0.3 0.4815
fish 0.1 0.03900
fish 0.2 0.1548
fish 0.3 0.3476

In Table 1, the force values on the robots are listed. It can
be seen from the data that the drag resistance is approximately
related to the quadratic velocity of the robot.

D. The effect of robot size on hydrodynamic forces

In order to explore the influence volume, three levels of
robot volume are set, which were marked by the total length of
the fish-shaped robot. The volume of these three robots is
labelled D=20cm, D=40cm, and D=60cm.
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Fig. 7 The drag resistance force caused by different volume on the robot. (a)
spherical robot (b) fish-shaped robot.

The same model is applied to the hydrodynamic
simulation, and the results shown in Figure. 7. Figure 7 shows
the influence of robot volume change on the drag resistance
force of the robot. Similar to the change in velocity, the forces
on the spherical robot fluctuate more. In addition, it can be seen



that the volume change has relatively little effect on the drag
resistance.

TABLE Il
THE DRAG RESISTANCE FORCE OF DIFFERENT CONDITIONS
shape D(cm) force(N)
sphere 20 0.01339
sphere 40 0.05387
sphere 60 0.1428
fish 20 0.01363
fish 40 0.03900
fish 60 0.06916

In Table II, the force values on the robots are listed. It can
be seen from the data that the relationship between drag
resistance and robot volume is more complicated than a simple
proportional relationship.

IV. CONCLUSION

A hydrodynamic model is established to simulate the
underwater motion of spherical and fish-shaped robots.
Through qualitative and quantitative analysis of hydrodynamic
characteristics, the hydrodynamic characteristics of two kinds
of shape robots are obtained, which will be applied to guide the
underwater sensing and shape design of robots. Firstly, the
velocity distribution and surface pressure of the two shape
robots are qualitatively analyzed when they move in static
water. It can be seen that the spherical robot produces larger
wakes and disturbances than the fish-shaped robot. However,
the spherical robot has a more uniform surface pressure
distribution and perceives a wider range of pressure. Then, the
influence of the robot's velocity and volume on the drag
resistance are quantitatively analyzed. Both variables have an
impact on the drag resistance of the robot, and the impact is
different.
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