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This paper describes a computational study of the hydrodynamics of a ray-inspired underwater vehicle
conducted concurrently with experimental measurements. High-resolution stereo-videos of the vehicle’s
fin motions during steady swimming are obtained and used as a foundation for developing a high fidelity
geometrical model of the oscillatory fin. A Cartesian grid based immersed boundary solver is used to
examine the flow fields produced due to these complex artificial pectoral fin kinematics. Simulations
are carried out at a smaller Reynolds number in order to examine the hydrodynamic performance and

K ds: . . .

H;}:i‘/l\‘/g;ysnamics understand the resultant wake topology. Results show that the vehicle’s fins experience large spanwise

Bio-inspired autonomous underwater inflexion of the distal part as well as moderate chordwise pitching during the oscillatory motion. Most
vehicle thrust force is generated by the distal part of the fin, and it is highly correlated with the spanwise inflexion.

Computational fluid dynamics Two sets of inter-connected vortex rings are observed in the wake right behind each fin. Those vortex rings

Vortex dynamics

induce strong backward flow jets which are mainly responsible for the fin thrust generation.

© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Abio-inspired autonomous underwater vehicle (AUV) has been
designed as a scientific platform to understand the superior swim-
ming characteristics of batoid fish. Batoid fish such as manta
rays (Manta birostris) and cownose rays (Rhinoptera bonasus) are
notable for their fast, efficient swimming and high maneuver-
ability. These swimming capabilities arise from flapping of the
dorsally flattened pectoral fins, which are also used as control sur-
faces for depth control and maneuvering. Recent observations in
animal propulsion suggest that high efficiency in animal locomo-
tion can be attributed to the stiffness characteristics at the fin
tip [1]. In rays’ swimming, the large bending of the distal part of
the pectoral fin can allow them to actively resist hydrodynamic
bending forces while producing propulsion forces. To assess this
contribution, the current effort is specifically focused on under-
standing the hydrodynamics of a ray-inspired underwater vehicle
- the MantaBot — where biology is the basis for the design.

The MantaBot consists of two parts: a rigid body rendered from
a computer tomography scanning image of a cownose ray and a
pair of soft fins driven by tensegrity-based actuators [2] (Fig. 1(a)).
The soft fins of this vehicle are highly flexible, have complex plan-
forms, and undergo an oscillatory motion. Specific to this vehicle’s
body length (L ~ 43 cm)and free-swimming velocity (0.35m-s™ "),
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the Reynolds number (Re = UL/v) is approximately 1.5 x 10°.
At this Reynolds number, the attached flow over the body is most
likely laminar but transition to turbulence is expected to occur
rapidly in the downstream of MantaBot fins. The flow over the
fins can be characterized in terms of a Stokes frequency parameter
(S = wAc/v) where w, A and c are the fin angular frequency, am-
plitude and length of the mid-chord, respectively. Typical fin beat
frequency of about 2 Hz and fin amplitude and size of about 5 cm
and 6 cm, respectively, give S & 3.5 x 10%, which is again in the
range where transition from laminar attached flow to turbulence
will occur quickly.

Figure 1(a) shows the MantaBot body with kinematic mark-
ers (red dots) drawn on its fins, which are used for tracking and
performing 3D surface reconstruction later in the process and a
schematic of the experimental setup. To measure the fin kinemat-
ics of MantaBot in steady swimming, the vehicle is placed ina 5 m
long, 1.5 m wide, and 0.6 m deep water tank. Its locomotion is
restricted to one degree of freedom (forward translation) using a
steel bar, which is connected to a low-friction ball bearing slider
on a linear rail.

The MantaBot swimming motion is then recorded by three well
calibrated and synchronized video cameras (rear, side, and top)
that are operated at 60 Hz with 512 x 512 pixel resolutions. These
cameras are aligned orthogonal to each other and positioned about
0.75 m away from the Mantabot, giving a depth of field of 3-4 body
lengths in all directions. The cameras are triggered by a flashing
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Fig. 1. (a) MantaBot with tensegrity actuator and kinematic markers and experimental measurement setup. (b) Side views of original MantaBot (upper left) and meshed
model (upper right) and a front view of the MantaBot model (lower) at t/T = 0 and t/T = 0.5. (c) Definition for flapping, inflexion and pitching angles (¢, 8 and «,
respectively). (d) The time course of the measured kinematics in one typical flapping cycle.

Table 1
Key quantities of the body shape and swimming motion.
L/m I/m U/m-s™! A/m f/Hz St Re
0.428 0.274 0.347 0.05 1.82 0.27 1.5 x 10°

light system to minimize the recording delay of each camera. When
the MantaBot is in the optimum range, this camera system is able to
collect data that is consistently in focus. Usable segments of videos
from all sides are identified for kinematics reconstruction based
on the quality of images. Among all three cameras, the camera set
at the rear is for recording the fin flapping motion and spanwise
bending. The videos from this camera are used to measure both
the flapping angles and inflexion angles shown in Fig. 1(c). The side
camera, along with the top camera, is used to track the motions of
all kinematic markers in Fig. 1(a). They are used to accurately mea-
sure the chordwise flexibility including the mid-chord pitching an-
gles in Fig. 1(c).

Once these videos are identified, a marker-based 3D surface re-
construction method [3] will then be used to obtain the instanta-
neous control surfaces of the flapping MantaBot during the steady
swimming. These reconstructed 3D surfaces will be meshed using
triangular grids and used as inputs for later computational fluid dy-
namics (CFD) simulations. Details about this method can be found
in Ref. [3].

A number of combinations of driving frequency and amplitude
of the MantaBot were tested, and the case that achieved the
maximum speed was selected for this study. Key quantities of the
body shape and locomotion are summarized in Table 1, where L is
the body length, [ is the fin span length, U is the swimming speed,
A is the flapping amplitude of the fin mid-chord, f is the flapping
frequency, St is the Strouhal number defined as St = fA/U, and Re
is the Reynolds number.

The reconstruction model is shown in Fig. 1(b). Upper two plots
are the side view of the original MantaBot and the meshed model
in 3D reconstruction at the beginning of downstroke and upstroke,
respectively. The lower plot is the front view of the model showing
the maximum fin bending. The most apparent feature from the
fin kinematic reconstruction is the spanwise flapping with large

bending at distal part. As shown in Fig. 1(c), the flapping angle ¢
is the angle between the base-to-tip line and the horizontal plane,
where the fin base is 0.33] away from middle section of the body.
The spanwise bending can be quantified by inflexion angle (8) [1].
The maximum bending happens mostly at 0.67] from the fin base.
This location is defined as the inflexion point shown in Fig. 1(c). 8 is
the angle between the lines of base-to-inflexion point and inflexion
point-to-tip. The pitching angle « in Fig. 1(c) is defined as the angle
between the chord at inflexion point and the horizontal plane.

Figure 1(d) shows the time course of ¢, §, and «, which are
averaged over four consecutive flapping strokes from meshed fin
models. The time variation of ¢ indicates that the basic fin flapping
motion is not symmetric. The downward excursion is more than
twice the upward excursion. Spanwise bending is prominent
because the inflexion angle B has larger peak-to-peak amplitude
values among all three angles. The maximum amplitude of 8 is
about 45°, which is slightly larger than the average inflexion angle
observed in most swimming and flying animals [ 1]. This indicates
that the MantaBot fins can achieve large amplitude of bending
of the distal parts. The chordwise pitching is observed varying in
between +16° during this steady swimming motion. It is worth
noting that the tensegrity actuation structures in the MantaBot
cannot generate chordwise pitching directly. The fin pitching is
passively generated by the interaction between the surrounding
flows and the soft fins. It is also found that this pitching motion
can only be clearly observed in the distal part of the fin.

The hydrodynamic mechanism of the ray-inspired underwater
vehicle propulsion is then explored using an immersed boundary
method [4] based high fidelity CFD simulation. In particular, the
solver is time-accurate and non-dissipative, and allows body mo-
tion. The details of the solver can be found elsewhere [5-7]. To
study the long-term hydrodynamic performance of the flapping
fins in steady swimming, a uniform flow of speed U passing the
MantaBot model is utilized to save on computation cost. The goal of
current simulations is to capture the key features of the wake struc-
tures for addressing the fundamental hydrodynamic mechanisms
of the flapping swimming. To this end, the actual Reynolds number
isreduced to 1200 for meeting the requirement of the mesh resolu-
tion and computation cost by direct numerical simulation of swim-
ming objects [8-12]. This is equivalent to either a smaller size body



56 G. Liu et al. / Theoretical and Applied Mechanics Letters 5 (2015) 54-57

N

Thrust

,(_1’ e
Thrust \/’/

-05 -03 -0.1 01 03 05

y
-5.0-3.6 -2.1-0.7 0.7 2.1 3.6 5.0 x -

V4
Qg.-.vé’?é; Y10
i AR

Fig.2. Simulation results of the modeled MantaBot at Reynolds number 1200. (a) The time history of thrust and drag coefficients at the fifth flapping cycle. (b) Distribution of
cycle-averaged thrust coefficients on the body surface. (c), (d) Side views of the iso-surface contours of the wake topology att/T = 0.19(c)and t/T = 0.63 (d) (performance
peaks in (a)). The vortex structure is identified by Q-criterion at Q = 1.0, and colored by the distance from the mid-plane of the body, where yellow represents near the
body and red represents away from the body. (e), (f) Contours of the instantaneous spanwise vorticity w, on the sectional slices at 0.30! (e) and 0.95! (f) from the fin root
when t /T = 0.63. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Mean values and root-mean-square deviations of thrust and drag coefficients.
Gr Crrwis o Co ruis
0.15 0.29 —0.11 0.01

performing a similar motion or using the same body performing a
slower motion [ 12]. The nominal grid size employed in the simula-
tions is 264 x 178 x 264, which gives approximately 12.4 million
grid points in total. Comprehensive studies have been carried out
to assess the effect of grid resolution and domain size on the salient
features of the flow, and to demonstrate the accuracy of nomi-
nal grid size. According to the stability requirements of the flow
solver, time step is chosen to be T /480, where T is the period of the
flapping motion. For a completed simulation of the MantaBot flow
reaching to the steady state using a 10~% convergence criteria for
velocity, 92 CPU hours on a single Intel (R) Core (TM) i7-3770 CPU
@3.4 GHz computer node are generally needed. Results presented
here have been obtained by simulating the flow over six fin strokes.
The hydrodynamic forces produced by the fin during the stroke will
be discussed first, followed by a description of the instantaneous
vortex structures formed during the fin strokes in order to eluci-
date the flow mechanisms responsible for force production.
Forces are computed through direct integration of the surface
pressure/shear as described by Ghias et al. [13]. To better un-
derstand the thrust producing mechanism, we examine the force
components of the pressure force and the shear force along the
swimming direction, which are considered as thrust (T) and drag
(D), respectively. The coefficients C; and Cp are obtained using
(Cr, Cp) = (T, D) /(0.5pU?L?) with p the density of water. Fig-
ure 2(a) shows the temporal variation of Cr and Cp over one cy-
cle when the simulations reaching a periodic state, and a number
of observations can be made regarding these plots. Table 2 shows
the mean values (Cr and Cp) and the root-mean-square deviations
(Cr_rms and Cp gryis) of Cr and Cp over last three flapping cycles.
First, it is noted that both downstroke and upstroke produces
peaks in thrust force. The peak in the upstroke is about 0.84,
which is 1.75 times the peak in the downstroke. This matches with
the findings in real ray swimming by Heine [14] that upstrokes
should play a more important role in thrust producing than that
in downstrokes. This may be attributed to both geometric and

kinematic asymmetry between the dorsal and the ventral side of
the fin.

Second, the thrust is highly correlated with the inflexion by
comparing Fig. 1(d) with Fig. 2(a). The peaks in C; appear at the
same moments as B and « exhibit peak/trough values. Moreover,
a negative Cr which means pressure drag always located at/near
the time of zero 8 and «. Noting that pitching motion is purely
passive and is dependent on the inflexion angle in this case, the
thrust production is mainly correlated with the inflexion angle.

The cycle-averaged value of Cy is 0.15, which is slightly higher
than the absolute value of cycle-averaged Cp (0.11). This is
reasonable even though the MantaBot was observed performing
steady swimming. The MantaBot only has one degree of freedom
while the other five degrees are restrained by the rail (shown in
Fig. 1(a)). Therefore, the MantaBot has to generate extra thrust to
overcome the friction force between the slider and the rail.

To examine the contribution to thrust producing from different
portions of the fins, Fig. 2(b) shows the local distribution of mean
thrust coefficient C; over a flapping cycle on the model surface.
The black line located at about 0.55! indicates the separation
point between the thrust production and drag production of the
MantaBot. The dark red region (Gt > 0.3) is about 0.62] away
from the fin base. This location is very close to the inflexion point
(0.671). This indicates that the distal part of the fin plays the most
important role in thrust production.

Both the body and the basal part of the fin experience pressure
drag, but the magnitude of this drag (light blue, CT| < 0.03)is

much smaller than that of thrust (dark red, C; > 0.3) on the distal
part of the fin. This is because the body is rigid and remains still in
our simulation and the basal part of the fin has minimum oscilla-
tion and chordwise pitching.

To further understand the thrust producing mechanism of
the MantaBot fins, wake topology and vortex dynamics are
investigated. Figures 2(c) and 2(d) highlight two snapshots of the
3D flow fields when fins reach to peak thrust in the downstroke
and the upstroke respectively. The isosurfaces of Q-criteria are
used to identify the wake topologies. During each downstroke or
upstroke, there is a vortex ring shed from the trailing edge of
the fin. These vortex rings are labeled from V1 to V11 following
the shedding order. For instance, V1 is the earliest shed vortex
ring in the plots while V11 is the latest. In addition, some smaller
vortex structures (in red), which are further away from the body
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than those labeled vortex rings, can also be observed. In the sixth
flapping cycle, the downstream wake mainly consists of two sets
of complex shaped vortex rings, which convect at oblique angles to
the wake centerline. Those vortex rings are inclined with respect to
the free stream. It is also noted that there are a number of vortex
contrails that extend towards the two adjacent counter-rotating
rings. As the vortices convect downstream, these contrails become
weaker and ultimately disappear (as for vortex ring V1), leaving
only fairly well-defined vortex rings. The overall characteristics
of the wake structure are similar to that of a pitching-plunging
plate [15].

The time instance shown in Fig. 2(d) is half a cycle later than
that shown in Fig. 2(c). It is worth noting that the shapes of vortex
rings far away from the body (V1-V6) do not change much during
the half cycle, while the shapes of vortex rings near the body (V9
and V10) change significantly. For instance, V9 has a groove on
the surface in Fig. 2(c). After half a cycle, the groove stretches
and separates away from V9, further forming a hairpin-like vortex
structure with the two legs still connecting with V9 (see Fig. 2(d)).
This hairpin-like vortex structure will be totally detached from V9
and forms a new vortex ring as the one near V7 shown in Fig. 2(d).

To better understand the flow induced by the 3D vortex
structures, two vertical slices are used to show the contour of
spanwise vorticity w, at the basal part and distal part of the fin,
respectively. A von Karman vortex street, which is a drag producing
vortex structure, is found on the slice at the basal part (0.3!
away from the fin base, see Fig. 2(e)). However, due to the large
flapping amplitude in the distal parts, effective Strouhal number
is increased to 1.1 based on Agp. This is about four times of the
mid-chord Strouhal number, which is measured 0.27 based on the
flapping amplitude of the fin mid-chord, A. Thus, at 0.951 (Fig. 2(f)),
there are two sets of vortex pairs aligned at oblique angles to the
wake centerline. This is the same as the wake topology of vortex
rings shown in Fig. 2(c). Each vortex pair will induce a strong local
jet. The orientation of the jets induced by some of the vortex pairs
is identified by arrows in Fig. 2(f). These jets are mainly responsible
for the thrust producing of the fins. It should be noted that the
upper set of vortex pairs are much stronger than corresponding
lower vortex pairs. This explains why the thrust generated during
upstroke is larger than that generated during downstroke.

In summary, the double vortex ring loops shed from the distal
part of the MantaBot fins are responsible for thrust production of
the propulsors. The large inflexion angle of the oscillatory fin not
only helps the fin distal parts to achieve a higher effective Strouhal

number for thrust production but also allows the fin basal parts
to maintain minimum flapping amplitude, which results in a small
amount of drag during the MantaBot’s steady swimming.
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