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A Numerical Study on Unsteady Flow Around a Mechanical Pectoral Fin

Hiroyoshi Suzuki* and Naomi Kato*
Osaka University, Graduate School of Engineering, Suita, Osaka, Japan

This paper describes the unsteady flow around a mechanical pectoral fin. An unsteady, multiblock, overlapping grid
Navier-Stokes equation solver was developed for this problem. The drag-based swimming mode, which consists of rowing,
flapping and feathering motions, was selected as the fin motion. An unsteady flow past a fin body model with the same
motions was computed and compared with the experiments on the mechanical pectoral fin. The numerical time-averaged
and time-varied hydrodynamic forces were in good agreement with the measured data. In addition, the flow phenomenon
around the fin was investigated from the flow visualization and computational results.

INTRODUCTION

Several existing underwater vehicles are controlled by thrusters
and wings. These vehicles, however, display poor control perfor-
mance while hovering and turning in a vertical or horizontal plane
over an intricate seabed terrain in strong currents. The study of
the locomotion of aquatic animals can provide new insights into
the maneuverability and stabilization of underwater vehicles.

A number of previous studies on fish fins and their movements
has focused on axial undulation and fin oscillation for propul-
sion (Barrett et al., 1999; Kumph et al., 1999; Triantafyllou et
al., 2000; Anderson et al., 2001; Nakashima et al., 2002). Neither
axial undulation nor fin oscillation are considered suitable to serve
as the main thruster for underwater vehicles. This is because a
major drawback of these screw-type thrusters is that they display
inadequate measurability, such as in cases where a sudden gen-
eration of thrust force occurs due to the hovering of underwater
vehicles; this leads to imprecise control of the position and direc-
tion of the vehicle and its manipulators. However, such thrusters
do not display inadequate propulsive performance. In reality, sev-
eral types of fish use oscillating pectoral fins to maneuver at low
swimming speeds (Lindsey, 1978). Based on these considerations,
it is possible to overcome the drawbacks of screw-type thrusters
by using the pectoral fin movements.

Because of this, underwater vehicles with flapping foils and
other fish-like control devices attached to rigid cylinders have
been developed (Bandyopadhyay et al., 1997; Hobson et al., 1999;
Kato et al., 2002, 2003, 2004; Kato and Liu, 2003).

This research program aims at enhancing and utilizing our
understanding of biologically inspired maneuvering systems to
expand the operational envelope of marine vehicles. It consists
of advanced research on unsteady hydrodynamics and innovative
approaches to bioaquatic vehicle control as well as of hardware
development for demonstration and performance evaluation.

Our research group has already demonstrated the 3-dimensional
swimming performance of an underwater vehicle equipped with 2
pairs of oscillating fins, as well as its control performance in still
water, waves and currents (Kato et al., 2003a, 2004). However,
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since trial and error are essential to experiments, determining the
desired levels of guidance and control laws for the underwater
vehicle involves a considerable amount of cost and time. Only
then can our research group begin work on the project of devel-
oping a numerical motion simulator for underwater vehicles with
oscillating fins. Previously, several numerical studies have been
conducted on the flow around pectoral fins of fish or oscillating
fins (e.g., Kato et al., 2002; Ramamurti et al., 2002; Lui and Kato,
2004); this study differs, however, as it was conducted to deter-
mine the first stage in the development of the numerical motion
simulator.

This paper presents a portion of the numerical results of the
unsteady flow around a mechanical pectoral fin device operated
by the drag-based swimming mode, presenting it from the view-
point of hydrodynamic forces, pressure distribution on the fin, and
visualization of the flow field around the fin device.

MECHANICAL PECTORAL FIN

The mechanical pectoral fin device with a cylindrical body
shown in Fig. la was selected as the fin body model, and an
asymmetric fin shown in Fig. 1b was selected as the fin shape
for computation. The mechanical pectoral fin was manufactured
to experimentally assess the hydrodynamic characteristics of flap-
ping, rowing and feathering motions in the fin system (Kato et al.,
2002). The fin is a compact 3-motor-driven mechanical pectoral
fin (3MDMPF) device designed to simulate the flapping, rowing
and feathering motions of a biological flapping wing or fin, and
it possesses high-speed capability and precise movement.

This device is equipped with a force sensor that measures the
normal force acting on the rigid fin, and a torque sensor that mea-
sures the torque around a fin shaft. Also installed are potentiome-
ters for measuring the angle of the rowing, flapping and feathering
motions.

The angle of the rowing motion ranges from —60° to +70°;
that of the flapping motion, from —60° to +60°; and that of the
feathering motion, from —180° to +180°. The maximum speed
of the fin movement is designed to be 3 Hz.

The rowing angle ¢, feathering angle ¢, and flapping angle
¢pp, all of which are defined in Fig. 2, were sinusoidally varied
using the following definitions:

br=Pro— bra - cos(wp, - 1)

brg = brro — Prpa - cos(@yy, -t + Adrg) (1)
brr = brro— Prra ‘Cos(wfin t+Adp)
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where wg;, and 7 denote the angular velocity of the fin and time,
respectively. The swimming mode can be defined by the 8 angular
parameters that consist of ¢, ¢g and ¢ . It is possible to easily
change both the drag-based and lift-based swimming modes by
varying the parameters appropriately.

NUMERICAL METHOD
Grid Generation

The geometrical properties of a cylindrical body equipped with
a mechanical pectoral fin are rather different from those of the
mechanical pectoral fin itself. It is difficult to generate a unique
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Fig. 3 Grid system

grid system around a cylindrical body and a moving fin in the
entire solution domain by using a structure grid system. Thus a
chimera grid system was employed to counter this problem.

Computation in the chimera grid system is performed by the
overlapping grid method. By employing the chimera grid system,
the computational domain can be divided into 2 overlapping grid
systems that are easy to generate (Fig. 3).

The main solution domain includes the cylindrical body and
outer boundaries, while the subsolution domain located in the
main solution domain includes the fin. In each domain, the com-
putational grid is generated independently. O—O type and H—H
type boundary-fitted coordinates are generated in the main solu-
tion domain and subsolution domain, respectively.

The grid system of the main solution domain is generated
around a cylindrical body using 80 x 61 x 63 grid points. The
minimum spacing of the grid on the body surface is 0.0001. The
outer boundary is set at 1.5 times the length of a cylindrical body.
The grid system of the subsolution domain is generated around a
fin using 57 x 49 x 42 grid points. The minimum spacing of the
grid on the fin surface is 0.001, but the chord length of the fin
(C) is selected as the unit length, and the shaft support of the fin
at its base is not considered in this computation.

In order to express the fin motion in accordance with the pro-
gression of time, the grid points of the subsolution domain were
shifted using the following relations:

Feathering:

1 .
x;_ljk =X pivot +COS(¢;‘7E) (xl('}k _xpivat) + Sln(d)?E)(z?/k - Zpivat)

1
Yi=Yi 2

1 .
Z;;'k =Zpivor — Sln(qS;E) (xg‘k - xpivot) + COS(d);E) (Z?jk - zpivor)
Flapping:
2 1
x{_’ik =x{_’,-k
2 1 . 1
y;‘jk =ypivor +C0S(¢;L) (yzn]k - ypivot) - Sln(d);‘L) (Z:;k - Zpivot) (3)

2 . 1 1
Zz"ljkzzpivor +Sln(¢;L)(yznjk _ypivol) +COS(¢;E)(ZZ‘]< _Zpivol)
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Rowing:
3 2 . 2

xinjk:xpiuot +COS(¢%) (xinjk _xp[vot) - Sln(d)%)(yinjk _ypivot)
3 . 2 2

yinjk =ypivot + Sln(d)%) (x;ljk - xpiuot) +C0S(¢2) (ytn/k - ypivat) (4)
3 2

Zl’{’/’k :Z?jk

Here, the superscripts 0 and n denote the Oth and n-th time step,
and the supersuperscripts 1, 2 and 3 represent the steps of feath-
ering, flapping and rowing motions, respectively. The subscripts
i, j and k express the grid point of the subsolution domain, and
the subscript pivor denotes the pivot point of the origin at the fin.

Governing Equations

The governing equations are the incompressible, unsteady
Navier-Stokes equations and the continuity equation:

du Jdu  Ju du  19p (E)zu u 8214)

Fr e T e Y i G R

v dv  dv v 18p+ 62v+82v+82v
w&z_ p dy o2 dy? = dx? ®)

dw dw dw dw 1dp Pw  Pw  Pw
ax?  dy*  Ix?

fw—=
dz p 0z

at dx J
du dv Jdw
DT T 6
dx dy + 0z ©

where x, y and z are the axes of the orthogonal coordinate system
defined in Fig. 2, while u, v and w are the fluid velocity vectors
in each direction, p is the pressure, and p the fluid density. Tur-
bulence quantities were not considered in the governing equations
because the laminar flow was assumed for this computation. All
the fluid variables were made dimensionless with respect to the
uniform inflow U, the chord length of the fin C, and the fluid
density p. The dimensionless parameter of the Reynolds number
(Rn) is defined as:
U,C

Rn=— (7)
v

where v is Kinetic viscosity.

Boundary Conditions

The boundary of the main solution domain comprises the outer
boundary and body surface, and that of the subsolution domain
also comprises the outer boundary and fin surface boundary. The
outer boundary of the main solution domain is divided into the
inflow boundary and the outflow boundary.

The inflow velocity vector is fixed to have a uniform flow
(u=1, v=0, w=0), and the pressure is set at zero at the
inflow boundary of the main solution domain. The outflow veloc-
ity components and pressure are assumed by zero extrapolation
(0(u, v, w, p)/dn =0) at the outflow boundary of the main solu-
tion domain. On the body surface, the non-slip condition and zero-
gradient condition are imposed for the velocity components and
the pressure, respectively.

The velocity components and pressure are set by interpolat-
ing the flow variables of the main solution domain on the outer
boundary of the subsolution domain, and the boundary condition
of the fin surface is set as follows:

(1, v, w) = (Upi5 Vi W)
o ®)

an "

where wu,, vy, and wg, denote the velocity of the fin itself in
the x, y and z axis, respectively. In addition, ay, denotes the
acceleration of the fin, and r denotes the normal vector on the fin
surface.

It should be noted that (uy;,, vy, wp;,) and a;, are determined
by the fin motion, and their values are calculated by the finite
difference method using the grid points of the subsolution domain.

Navier-Stokes Equation Solver

An unsteady, multiblock, overlapping grid Navier-Stokes equa-
tion solver (NS solver) was developed based primarily on a solver
established by Stern et al. (1996). The outline of the NS solver is
presented below.

The finite analytic method and Euler implicit scheme were
employed for spatial discretization and time integration of the
governing equations, respectively, and the PISO-type one-step
procedure was employed for velocity-pressure coupling.

The dual time stepping (pseudo time iteration) method, which
expediently divided the time derivative of the governing equations
into 2 parts, was employed for time integration in order to obtain
a time-accurate solution. The moving grid method was also imple-
mented in the governing equations of the subsolution domain. The
simultaneous linear equations of fluid velocity u, v and w, and
pressure p were solved by the SSOR method.

Solution Procedure

In the overlapping grid method, the flow computations were
performed iteratively between 2 grid systems, and the flow infor-
mation was exchanged between the grids by interpolating the flow
variables at each pseudo time step. Consequently, the overall solu-
tion procedure for this NS solver is as follows:

1. Shift the numerical grid of the subsolution domain in accor-
dance with the defined rowing, flapping and feathering angles at
t =nAt.

2. Determine the grid points within the overlapping region of
the 2 grid systems.

3. Calculate the parameters for the interpolation from the posi-
tional relation of the 2 grid systems and store them.

4. Set the boundary condition of the subsolution domain by
interpolating the flow variables of the main solution domain.

5. Solve the flow variables in the subsolution domain.

6. Set the inner boundary condition of the main solution
domain by interpolating flow variables of the subsolution domain.

7. Solve the flow variables of the main solution domain.

8. Proceed to step 9 if steady solutions are computed in the
pseudo time step; if not, return to step 4.

9. Return to step 1, the time step is increased.

Computational Condition

The computational condition of the pectoral fin is based on
the input data of the experiments that were previously carried
out by using a cylindrical body with a 3MDMPF in the circu-
lating water channel. The movements of the mechanical pectoral
fin are expressed by 3 angles (Euler angles) represented in Eq. 1,
and these Euler angles are defined by 8 parameters. In this study,
the values of the parameters ¢ro, $ra, Preos Preas Prros Pria
and A¢pp were taken as 30°, 30°, 30°, 30°, 0°, 20° and 90°,
respectively. The phase difference between the rowing and flap-
ping motions A¢,, was set at different values of 0°, 30°, 60° and
90° for the computation.

Fig. 4 shows a representative data set of the instantaneous
angles in one cycle. The fin motion was considered to become
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Fig. 4 Example of time variation for flapping, rowing and feath-
ering angles (A¢p, =0°)

the power stroke in the time interval from t =0 to 0.25 s, and the
recovery stroke in the time interval from ¢ = 0.25 to 0.5 s because
the flapping angle does not coincide with the rowing angle.

In these experiments, the inflow velocity U, and frequency of
the mechanical pectoral fin motion f were set at 0.251 m/s and
2 Hz (the period T = 0.5 s), respectively. Based on these con-
ditions, the reduced frequency K =2mfC/U, and the Reynolds
number were set at 4 and 2.001 x 10*, respectively. In addition,
the computation’s time step (Ar) was set at 0.00390625 (400 steps
in a period) in the dimensionless time.

A Numerical Study on Unsteady Flow Around a Mechanical Pectoral Fin

It should be noted that, although the computation was carried
out in 2 cycles of the fin motion, the computational results were
evaluated only in the 2nd period, because the results of the 1st
period included a nonperiodic feature due to the impulsive start
of the fin motion.

RESULTS AND DISCUSSION
Hydrodynamic Forces

Fig. 5 shows the time variations of the hydrodynamic coeffi-
cients Cx, Cy and Cz in various phase differences between the
rowing and flapping motions A¢y, . In this figure, the solid blue
lines represent the computational results, and the black dots rep-
resent the measured data. Cx, Cy and Cz are defined as follows:

Fx

Fz
Cx= —
1/2pSU;

Fy
Ci=—"—
1/2pSU;

=" 9
1/2pSU2 ©

Cy

However, Fx, Fy and Fz represent the hydrodynamic forces of the
x, y and z directions, respectively, and S represents the pectoral
fin’s surface area. The computational hydrodynamic forces (Fx,
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Fig. 6 Comparison of time-averaged hydrodynamic force coefficients between measured and computation results

Fy and F7) were calculated by the integration of the pressure and
velocity gradient on the fin surface.

Overall, the computational hydrodynamic force coefficients
show good agreement with the measured data in the instantaneous
phase variation and in the magnitude of the 3 force components
in all phase differences between the rowing and flapping motions
Adp.

In particular, as is evident from both the computed and mea-
sured data, thrust is generated during the interval t =0 to 0.25 s
(power stroke), and drag appears during the interval ¢ = 0.25 to
0.5 s (recovery stroke) for all phase differences A¢, related to
the Cx distribution. The bottom value within the recovery stroke
decreases with an increase in the phase difference A¢p;. The
same tendency is observed in Cy and Cz. When the phase differ-
ence A¢y; is 0°, the computed value Cx is in good agreement
with the measured Cx in the power stroke. In contrast, when the
phase difference A¢; becomes 90°, both the computed and mea-
sured Cx show good agreement. It appears that disregarding the
fin shaft could be one of the reasons for the difference that can
be observed between the computed and measured coefficients in
the plots.

Fig. 6 plots the computed and measured time-averaged (in
the 2nd period) hydrodynamic coefficients. The computed time-
averaged hydrodynamic coefficient Cx showed good agreement
with the measured data, and Cy and Cz showed a similar ten-
dency with the measured data. It is possible that the omission of

the fin shaft during the computation is one of the reasons for the
slight difference between the computed and measured hydrody-
namic coefficients.

It should be noted that the hydrodynamic force of the mechan-
ical pectoral fin referred to in this paper was measured as a part
of the author’s former research (Kato et al., 2002; Kato and Liu,
2003).

Pressure Distribution on Fin Surface

Fig. 7 shows the pressure distribution on the fin surface. This
presents a case in which the phase difference between the row-
ing and flapping motions A¢y, is 0°. The upper column shows
the fin’s face side, and the lower column its backside. Here, the
negative pressure on the fin’s face side and positive pressure on
its backside show the generation of the thrust, while the negative
pressure on the backside and positive pressure on the face side
show the generation of the drag.

At t =0 s, no characteristic pressure distribution is observed
on either side. At t =0.1 s (1/5T), in the power stroke, a neg-
ative pressure is generated near the tip on the face side, and a
positive pressure is widely distributed on the backside of the fin.
This implies that a tip vortex is generated near the edge of the
fin on the face side, and the fin pushes considerable fluid into
the downstream region on the fin’s backside. In addition, these
demonstrate the generation of a large thrust at # =0.1. The small
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Fig. 7 Pressure distribution on fin surface (A¢,, =0°)
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negative pressure distribution on the fin’s face side moves to the
fin’s root, and a positive pressure distribution is observed near the
fin’s tip at r =0.2 s (2/57). At this point, the power stroke has
almost ended. At t =0.3 s (3/57T), immediately after the recovery
stroke has begun, one observes a small positive pressure distri-
bution on the fin’s face side and a negative pressure distribution
on its backside. This shows the generation of the drag. Finally,
the pressure is almost zero on both sides of the fin at t =0.4 s
(4/5T). A relationship—similar to the vortices’ generation noted
above—is considered to exist between the time variations of the
pressure distribution on the fin and the vortices.

Flow Visualization

Flow visualization to confirm the relationship between the vor-
tex and the pressure distribution on the fin surface was carried
out in the circulating water channel at Osaka University. The con-

Fig. 8 Flow visualization around mechanical pectoral fin
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Fig. 9 Computed streak lines around mechanical pectoral fin

densed milk method was applied to the flow visualization tech-
nique. A digital video camera was used for image recording.
Fig. 8 shows images of the flow visualization. In these images, the
inflow is entering from the right-hand side. However, the inflow
velocity corresponded to 0.06 m/s, and the angular velocity of the
fin was set at 0.5 Hz (T =2.0 s) due to the rapid diffusion of the
milk, and the reduced frequency K became 4. Further, the phase
difference between the rowing and flapping motions A¢, was
set at 0°.

At t =0, a clockwise vortex is observed near the tip of the
fin. An anti-clockwise vortex is generated near the fin’s tip in
the upstream region at t = 1/57. Then, it is supposed that the
negative pressure is generated near the tip on the face side of
the fin. Starting from r =2/5T up to 4/5T, the anti-clockwise
vortex moves to the downstream region and diffuses widely. These
images show that the oscillating fin generates a large-scale vortex
emission in the flow field.

Fig. 9 plots the streak lines of the computational result. The
vortex phenomenon shown in the flow visualization is also evident
from the computational result.

From these results, the negative pressure distribution near the
tip on the face side of the fin surface is held to be generated by
this tip vortex.

CONCLUSIONS

An unsteady, multiblock, overlapping grid Navier-Stokes equa-
tion solver was developed and applied to solve the unsteady flow
around a mechanical pectoral fin. The computed time-averaged
and time-varied hydrodynamic force coefficients showed good
agreement with the experimental results. Further, the variations
in hydrodynamic force coefficients due to the phase differences
could be resolved. It was confirmed from the flow visualization
and computational results that the pressure distribution on the fin
is closely related to the vortex phenomena in the flow field.

On the basis of these results, a motion simulator for underwater
vehicles with flapping foils will be developed in the near future.
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