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ABSTRACT: Bio-inspired propulsion systems have many advantages over the conventional ones. They are
found to be noiseless and eco-friendly. Most of the aquatic locomotion makes use of oscillations, paddling and
water-jet for producing net thrust on the body. In this paper a box-fish shaped unmanned underwater vehicle
(UUV) has been considered for studying its controllability. A RANS based CFD method has been implemented
for simulating manoeuvring motions in heave and pitch to obtain the forces and moments during such motions.

1 INTRODUCTION

Bio-inspired propulsion is a much researched field
these days. The fact that, the noise and vibrations pro-
duced during the operation of conventional propellers
have adversely affected the bio-diversity of oceans,
has made bio-inspired propulsion more enticing to
mankind. Getting rid of the conventional rotary com-
ponents of a propulsion system completely is also not
practical. Ocean transport do contribute to a mammoth
scale of world’s economy. Hence there should be a bal-
ance between bio-inspired flapping foil as well as the
conventional propulsion systems so that we do not tam-
per much with the ecological systems and at the same
time do contribute to the economy.

Nature is known as the master engineer. The effi-
ciency of propulsion of some aquatic animals have
struck us in awe and the values of their efficiency
have far outperformed those of man-made vehicles.
Now it is time to have a few such vehicles operating in
the oceans. There have been many studies in the past
decades concentrating on the flapping foil mechanisms
on ocean vehicles: both surface and sub-sea. Most
of them focused on the determination of propulsive
efficiency while others on the controllability.

1.1 Understanding the locomotion of fish

The locomotion of the fish is indeed complex yet
efficient. Various fins involved in the locomotion or
swimming are shown in Figure 1.
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Figure 1.

Various fins on the body of a fish.

Fishes swim using all the fins. The locomotion a fish
swimming with tail fin or the caudal fin and the trunk
is broadly classified into angulliform, subcarangiform,
carangiform, thunniform and ostraciiform (Figure 2).
From angulliform to ostraciiform the locomotion gets
simplified with the deteriorating involvement of the
trunk as the undulations of the entire trunk reduces to
mere oscillations of the tail during swimming. Loco-
motion of the fish with varying involvement of the
trunk and tail is shown in Figure 3.

In ostraciiform models, the undulation is confined
mostly to the caudal fin without moving the body. The
thrust for this model is generated with a lift-based
method, allowing cruising speeds to be maintained
for long periods. This form is considered to be the
simplest of all for carrying out mathematical stud-
ies. A UUV with hull form geometrically similar to
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Figure 2. Fish with different types of tail locomotion.
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Figure 3. Undulatory motion of the entire trunk to oscilla-
tory motion of the tail.

that of a box-fish, a typical ostraciiform model under-
going manoeuvring motions in heave and pitch, has
been analysed for controllability in the present study.
UUVs also known as underwater drones are vehi-
cles with no humans onboard during the course of
their mission. There are basically two types of UUVs-
autonomous underwater vehicle (AUV) and remotely
operated vehicle (ROV). AUVs are more or less like
robots not entailing human intervention throughout
their mission while ROVs are remotely operated from
a ground station.

In the case of present work, the vehicle’s hull form is
more important than its mode of operation. Guidance
and control are very important aspects in the design of
marine vehicles no matter whether they are surface or
underwater vehicles. A motion planning and control
system was developed for autonomous surface vehi-
cles by Hinostroza, Guedes Soares, & Xu 2018. This
work aims at achieving the first step in controllabil-
ity predictions-determination of forces and moments
during manoeuvring motions. A linear mathematical
model combined with a RANS based CFD method has
been used for obtaining the thrust generated during the

261

X

Figure 4. Three dimensional representation of the box-fish
shaped UUV.

Table 1. Principal particulars of the UUV.
Dimension Size (metres)
Length (L) 1.3

Breadth (B) 0.5

Depth (D) 0.5

oscillatory motions of the tail with ANSYS FLUENT
as the solver. The forces and moments acting on the
hull form in both static and dynamic manoeuvres have
been estimated. This paper is an initial step towards the
controllability and stability prediction of fish-shaped
UUVs which could be used in search and rescue as
well as surveillance missions. Hence it is imperative
to predict the trajectory of such vessels well in advance
through controllability studies of its hull form.

It is quite evident that the ostraciiform type of loco-
motion is the simplest mode of locomotion. A design
based on this type of locomotion will be obviously the
most feasible for a UUV. The studies on ostraciiform
type of locomotion was reported by Blake 1977. The
study made some interesting observations. For slow
progression, the caudal fin inclination with the longi-
tudinal axis of the body is about 3 to 6 deg while for
fast progression, the angle is 35 deg. 3-D manoeu-
vring studies were carried out on a fish-like robot
by Wu, Yu, Su, & Tan 2014. The robotic fish here
was fabricated using multi-link joints to obtain the
agility during swimming and hence better manoeuvra-
bility. The present study considers the controllability
aspects of a box-fish by numerically simulating the
manoeuvring motions.

Not much work has been reported on the deter-
mination of hydrodynamic derivatives of the body
form for assessing the vessel§ controllability. This
paper presents a method for numerically evaluating
the hydrodynamic forces and moments-an initial step
towards the estimation of hydrodynamic derivatives
and thereby the controllability of a box-fish shaped
underwater vehicle.

2 UUV GEOMETRY

A box fish in its three dimensional configuration is
shown in Figure 4. The principal particulars of the fish
are given in Table 1.
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Figure 5. Co-ordinate system used in the study.

3 MATHEMATICAL MODEL

The Cartesian co-ordinate system of the UUV is
shown in Figure 5. The conventional North-East-Down
(NED) system is followed here.

A linear mathematical model describing the
manoeuvring motions of the UUV is represented by
Equations (1) through (6)

X = X+ Xy + Xpw

+ X0+ X506 + Xp )]
Y = Y o+Yu+Yp+Yr+Ye (2)
Z = Zyw+ Zyw+ Zyu+ Zyg + Zsd (3)
K = Kp+Kp+ K+ Ko+ Ko (4)
M = Mg+ Mg+ Muw+ Mu+ Mo (5)
N = Ny + N+ N+ Npp+ Nsé (6)

where subscript T represents thrust and §, the rudder
angle.

4 NUMERICAL EVALUATION OF
CONTROLLABILITY IN VERTICAL PLANE

4.1  Numerical modelling and meshing

For studying the hydrodynamic forces and moments
on the UUV during manoeuvring motion there are two
basic methods, viz. numerical and experimental. While
experimental methods involve prohibitively expensive
and rare facilities, numerical methods offer the ease
of bringing tedious tasks to desks. However numer-
ical methods have not yet become self sufficient to
completely replace experiments. They definitely offer
promising inputs to the conceptual design. In this paper
an attempt has been made to simulate the manoeuvring
motions in the vertical plane of the UUV’s motions.
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Figure 6. Computational domain with its boundaries.

Geometric modelling and meshing has been car-
ried out using the commercial package ANSYS ICEM
CFD. Figure 6 shows the computational domain. Its
extends are 2.0L <x <5.0L,2.0L <y <2.0Land 0 <
z<2.0L.

Anunstructured meshing strategy is employed here.
The minimum cell size has been calculated follow-
ing the method described by Chandran, Janardhanan,
Menon, et al. 2018.

Boundary layer thickness and the near wall element
size have been calculated from boundary layer theory.
The thickness of laminar sub-layer is obtained from
Equation (7) (Schlichting & Gersten 2016).
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where V* is the frictional velocity given by Equa-
tion (8)
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and 1), the wall shear stress, is obtained as in Equa-

tion (9).
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where, V' is the flow velocity and Re; the length based
Reynolds number.

The mesh generated in the computational domain
in shown in Figure 7(a). The magnified view around
the fish body is shown in figure 7(b).

A velocity corresponding to Re=0.5 x 10° is
imposed on the velocity inlet. The outlet is consid-
ered to be a pressure outlet. Half-fish model is used
with the plane holding mid x-y plane as a symmetry
wall. Non-slip boundary condition is assigned to the
UUYV body and slip walls to the far-field.

4.2 Steady-state predictions

Steady simulations are carried out with £k — @ SST
two equation model. PISO scheme is used for pres-
sure velocity coupling. The convergence criteria is set
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(a) Mesh in the domain

Figure 7. Unstructured mesh for computation.

Figure 8. Dynamic pressure contours on the half-UUV.

to 107, The simulations have been carried out using
ANSYS FLUENT version 18.1. Dynamic pressure
contours on the half-fish model is shown in Figure 8.

4.3 Static manoeuvre simulations

As the 3D simulations were time consuming, for faster
predictions, a cut section of the UUV in the 2D plane
is used for further analysis. The coefficients of drag
(Cp) and lift (Cp) obtained from 3D simulations dis-
cussed in the previous section have been used as the
reference. The challenge in 2D CFD simulations to
yield results close to 3D simulations lies in defining
the reference value in the third dimension. As this value
remains constant and doesn’t consider the variation in
the geometry of the model, 2D computations provide
only approximate values. Nevertheless, these compu-
tations provide enough insights into the flow physics
as well as hydrodynamic forces and moments in the
initial phase of any design.

Simulations have been carried out by varying the
drift angle (8) from 0 to 12.5 deg in the vertical plane.
The velocity contours around the UUV obtained from
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(b) Magnified view around the UUV body

the simulation are presented in Figure 9. Figures from
9 (a) to 9 (f) represents different contours for various
drift angles.

4.4 Propulsion tests

Propulsion tests have been carried out on a 2D model
through prescribed rigid body motions on the tail using
the displacement function given by Equation 10
¢ = —ysin(wt) 10y
through the user defined functions (UDF) module of
the solver.

Here ¢ is the sinusoidal tail oscillation about y-axis,
¢, the amplitude of motion taken here as 12.5 deg, w
is the angular frequency, 0.5 rad/s and ¢, the instan-
taneous time. The wake oscillations indicating the
effective production of thrust is depicted in Figure 10.

4.5 Dynamic manoeuvre simulations

Hydrodynamic forces and moments are predicted here
by simulating the manoeuvring motions in heave and
pitch. Roll motions are not considered.

The sinusoidal motions in heave and pitch have been
brought in using UDF module of the solver. The dis-
placement functions in pitch and heave are as given by
Equations 10 and 11 respectively.
2 = z,sin(wt) (11)

Here z, is taken as D/4. Simulations have also been
carried out imposing combined heave and pitch on the
UUV body. Contours of total pressure around the UUV
body in heave, pitch and combined motions are shown
in Figures 11, 12 and 13 respectively.
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Figure 9. Velocity contours around the UUV at various angles of attack.

264



5 RESULTS AND DISCUSSIONS

In the present work manoeuvre motion simulations
have been carried out on an ostraciiform locomotion
inspired box-fish shaped UUV. At the outset, steady
state simulations were carried out on a half model of
the UUV for Re =0.5 x 10°. The simulation yielded
the value of drag coefficient, Cp as 0.019 and lift
coefficient, C; as 0.0684. The 2D simulations with
an approximation of the third side yielded Cp =0.021
and C; = 0.074. The results show that 2D simulations
Figure 10. Wake oscillations due to tail motions. can yield better results. Net surge and heave forces
have been estimated using the Equations (12) and (13)
respectively. As there are not much literature on this
study, the results could not be verified.

X = Fpeosf+ Frsinfd (12)
Z = —Fpsinf+ Fpcosf3 (13)

Variation of the surge force, heave force and pitch
moments with the angle of attack, 8 are shown in
Figures 14, 15 and 16 respectively. The plots are also
supplemented by a smoothing trend line.

The prediction of hydrodynamic forces and
moments in the case of box-fish like bodies is not as
straight forward as in the case of streamlined ships and
submarines. The body being bluff, sheds vortices at
moderate angles (say 7.5 deg) of attack which shows
a sudden drop in surge and heave forces as well as
Figure 11. Total pressure contours in heave. in pitch moment. Later beyond 10 deg, the formation
of vortices stabilizes and are expected to contribute
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Figure 14. Variation of surge force with angle of attack.

Figure 12. Total pressure contours in pitch.
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Figure 13. Total pressure contours in combined mode. Figure 15. Variation of heave force with angle of attack.
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Figure 16. Variation of pitch moment with angle of attack.

to induced components of surge, heave and pitch and
hence a rise in the trend is seen. The static manoeu-
vre simulation tests on further analysis provide the w
dependent derivatives.

The propulsion simulation using the oscillation of
the tail show an oscillating wake with very weak vor-
tices shedding and disappearing in no time. Hence
ostraciiform fish exhibits sluggish locomotion. The
maximum thrust generated due to tail motion is found
to be X7 =2.4N.

Time histories of surge force, heave force and pitch
moment when the UUV is subjected to pure sinusoidal
heave motion is shown in Figure 17 plotted for one
complete time period of oscillation (12.56 rad /s).

Similarly, the time histories of forces and moment
in pitch and combined mode is shown in Figures 18
and 19.

These plots reveal that box-fish, due to its asym-
metry about y-z plane doesn’t produce symmetrical
surge forces while its symmetry in x-z as well as x-y
planes resulted in symmetrical heave forces and pitch
moments. From heave simulations, the hydrodynamic
coefficients that can be evaluated are X,,, Z,, and M,,.
From the pitch simulations the derivatives X, Z, and
M, can be evaluated. Combined mode simulations
yield coupled derivatives which are not of interest to
this paper. The other derivatives can also be evaluated
considering the motions in the horizontal plane and
also by considering roll into account.

6 CONCLUSIONS

Box-fish owing to its non-streamlined shape has poor
controllability. They need extra thrust from the pec-
toral fins to supplement the thrust produced by the
caudal fin. Their tail length is too short to gener-
ate reverse Von-Karman vortex street of vortices for
improved power. This tail form helps the fish in sus-
taining power for a longer time. Nevertheless, this
work provides an initial frame work for the estimation
of hydrodynamic derivatives for a UUV in the form
of a box fish-the simplest possible mode of imple-
mentation for bio-inspired propulsion. 2D results have
helped us in reasonable qualitative predictions. Quan-
titatively, the results are yet to be verified either with
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Figure 17. Time histories of forces and moment in heaving

motion.

experimental or published ones. For more accurate
prediction, overset grids and 3D models are suggested.

7 FUTURE WORK

Nature has its own way of compensating for the short-
comings imposed on its own creation. The carapace
on the fish’s body is believed to reduce drag and direct
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Figure 18. Time histories of forces and moment in pitching
motion.

flow such that the fish attains better manoeuvrabil-
ity (Van Wassenbergh, van Manen, Marcroft, Alfaro,
& Stamhuis 2015). Moreover, the role of the pec-
toral fins in augmenting the thrust produced by caudal
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Figure 19. Time histories of forces and moment in surge
motion.

fin is unexplored in the present work. The present
work will be extended with the inclusion of carapace
and pectoral fins in the future works. The hydrody-
namic forces and moments will be analyzed using a
Fourier series method (Janardhanan & Krishnankutty
2009) for obtaining the hydrodynamic derivatives of
the hull form.The trajectories of the UUV in stan-
dard manoeuvres such a turning circle and zig-zag
will be predicted to finally arrive at its controllability,
counter-controllability and stability characteristics.
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