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Simulations of Bio-Inspired Flexible Flapping Fins

INTRODUCTION

In recent years, there has been increased experimental and analytical investigations of the
biomechanics and hydrodynamics of fish propulsion for quantifying the propulsive performance
of a variety of propulsive modes, see e.g. Lauder [1]. Fishes such as the bird-wrasse that swim
with paired pectoral fins use fin stroke parameters that produce thrust force from lift in powering
their underwater motion. Other fishes, such as the tuna and mackerels, produce thrust almost
exclusively via oscillating caudal fin. Flapping locomotion mechanisms are of interest to
behavioral biologists, biomechanics researchers, and engineers attempting to develop systems that
can match the performance of the living creatures. In investigating the mechanisms responsible for
the high force generation in flapping locomotion, the importance of the planform of the fins, the
kinematics of the motion and interaction of the flow between various propulsive surfaces must be
explored. While biologists and engineers have worked together to study and take inspiration from
nature in the development of artificial flapping fins, research seeking to understand the propulsive
performance of a system of multiple fins operating on a vehicle is limited.

There is a large body of literature by various research groups [3-6] on the study of fin shapes,
strokes parameters, and configurations, as well as different fin materials. While there is a rich set
of data covering many parameters for isolated fins, studies of the propulsive performance of a
system of multiple fins are far less common. In order to create an effective tool for the design and
analysis of vehicles propelled by artificial fins, more comprehensive studies to identify the effects
of various fin parameters on the interactions between multiple fins is essential. The parametric
space for designing a system of multiple flapping fins including the fin geometry, relative phasing
and spacing between the fins, flexibility of the fins is quite large. The major aim of this research
is to employ the recently developed modeling tool [7] for flexible fins to study the effect of
flexibility of the fin on the propulsive forces for a multi-fin system and to develop a reduced order
model.

THE INCOMPRESSIBLE FLOW SOLVER

The governing equations employed are the incompressible Navier-Stokes equations in
Arbitrary Lagrangian-Eulerian (ALE) formulation which are written as,

pv: + pv,Vv+Vp =Vuvv | (D)
Vv=0 , (2)

where p denotes the pressure, v, = v — w is the advective velocity vector, where v is the flow
velocity and w is the mesh velocity and u is the turbulent viscosity. Thus, the equations are
Eulerian for zero mesh velocity and Lagrangian if the mesh velocity is the same as the flow
velocity. The present time-accurate flow solver uses a spatial discretization based on a Galerkin
procedure with linear tetrahedral elements, and a temporal discretization based on fractional
steps for velocities and pressure. The details of the flow solver have already been discussed
extensively elsewhere (Ramamurti et. al. [8-9]) in connection with successfully validated
solutions for numerous 2-D and 3-D, laminar and turbulent, steady and unsteady flow problems.

Manuscript approved April 2, 2024.



2 Ravi Ramamurti et al.

Coupling Structural Solver to CFD

The coupling of the fluid flow and the elastic structural deformation can be carried out in two
ways. The first method discretizes the structure using finite elements but assumes that only small
elastic deformations occur. Based on the finite element model, a modal decomposition is carried
out, and the eigenmodes of the structure are obtained. These eigenmodes are then coupled to the
fluid solver. The second strategy involves discretizing the structure using finite elements and
solving the structural deformation in a time-accurate manner based on the physical properties. Note
that while in the first method only principal eigenmodes are used, in the second method all the
eigenmodes that can be seen by the discretization are present, i.e., the maximum possible amount
of information is used.

The discretization of the elastic structure via finite elements results in the system,
Mw +Dw+Kw= f |, 3)

where M, D, and K are the mass, damping and stiffness matrices, respectively, w is the vector of
nodal displacement and f is the external force. The matrices M and K are symmetric positive
definite, and can be used to obtain a system of eigenmodes by solving the eigenvalue problem,

(—o'M+K)-et=0, i=1,n . 4)
The vector of unknowns w can be written in terms of the eigenvectors as
w=e'a, (5)
resulting in
Me'i; + Dela; + Kela; = f . (6)

Assuming e/De’ = d"§Y, we can decompose Eq. (5) by multiplying with e/, and using the
orthogonality properties of M and K,
e/Me! = §Y, and e/Ke! = w?8Y (7)
where §Y is the Kronecker delta. This results in a decoupled system of ordinary differential
equations
This system of ODEs can be solved either given the forcing loads f resulting in the nodal
displacement w, or given the motion a;, resulting in the nodal displacement w. In some cases, the
eigenvectors are not scaled according to Eq. (7). Instead, they are of the form
ji=alel 9)
and the nodal displacement w is written as
w = j'b;, (10)
resulting in
b, + dib; + w?b; =ﬁf-j‘ . (11)

The scaling factor a' can be obtained by applying a known force and matching the corresponding
displacements and is used as an input in coupling the modes with the CFD solver. If we consider
beam elements, the basic equation is

AV + EI War = q (12)
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where w is the displacement, p is the density, 4 is the cross-sectional area of the beam, £ is the
Young’s modulus, / is the area moment of the beam and ¢ is the force per unit length. The
eigenfunctions for this system can be written as

W = WoWs(AX), Worr = Atw . (13)

Substituting this in Eq. (12) and applying a Galerkin approximation, we get

pAc, Wy + Ell*c,wy = [ qws(Ax) dx, ¢, = [wZ(Adx)dx . (14)
The force integral can be approximated by point collocation as
qus(/lx) dx = ZiWs(/lxi) F(xi) ’ (15)
resulting in the following eigenmode system
mw + kw = ¥; ws(Ax;) F(x;) (16)

where m = pAc,,, and k = ElA*c,,. For different boundary conditions, such as cantilevered beam
and free beams, the eigenvalues can be found from standard test books. These are used to validate
the coupled solver.

APPLICATION OF THE COUPLED MODEL

The coupled eigenmode model described above was validated for the 2-D beam problem and
compared with the benchmark solution of Turek-Hron [10]. This model was applied to the 3-D
flapping fin developed for UUVs. The planform for the fins is based on previous research [11] is
a bio-inspired trapezoidal fin, Fig.1.

15¢cm

Y

Fig. 1. Planform of a bio-inspired fin of aspect ratio 3.

Tandem flapping fin setup:

For these studies, we selected a two-fin system sharing the stroke rotation axis and separated
by an axial offset distance, x,fer, in the axial direction, as shown in Fig. 2a. In order to study the
effect of the phasing between the front and rear stroke angles, the rear fin is offset by a fraction of
the stroke amplitude, o, defined as

_ Pofper o
§ = 2180 (17)
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where @ofe: 15 the phase offset between the front and rear fins and @ is the stroke amplitude of the
fin shown in Fig. 2b. In this study, two axial offsets of 12cm and 15cm, and several phase offsets
between +180° are considered. The stroke rotation axis is set at 3.175cm from the base of the fin.
The kinematics used for the pitch rotation and angle of attack of the fin are shown in Fig. 3. This
kinematics was used in the earlier studies with the rigid fin, and has a stroke amplitude of 58° and
a pitch amplitude 38°.

Front

—

Rear

Stroke rotation fin

axis Z(9 N (a) (b)

Fig. 2. Tandem fin system showing (a) the stroke rotation axis and the axial offset and (b) the
stroke phase offset between the front and rear fins.

90.0 ————F——7——7— 90.0 —r———1——71——1—
1Hz_2019_smooth (@) ] " ——1Hz_2019_smooth (®) ]

45.0 45.0 - ]

0.0

¢ (deg)
a (deg)

-45.0 -45.0 -

: upstroke downstroke upstroke downstroke

-90.0 1 1 1 1 1 1 I 1 1 -90.0 " 1 " 1 1 1 1 1

0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
1) vT

Fig. 3. Kinematics of the flapping fin, (a) stroke angle and (b) pitch angle, f= 1Hz.

In order to obtain the eigenmodes of the flexible fin, the fin is decomposed into 2 regions, a
rigid leading edge and a flexible trailing edge region, as shown in Fig. 4. The rigid region in the
experiment contains a spar and the flexible portion is made up of PDMS material. The rigid section
is made up of a material with a Young’s modulus, E = 1.7 x 10°> MPa and the flexible material’s
is 0.75 MPa. The density of the rigid and the flexible materials are 930 Kg/m? and 970 Kg/m?, and
the Poisson’s ratio v, are 0.4 and 0.49, respectively. The eigenmodes of the combined fin are next
generated using COMSOL, using these material properties and the surface triangulation. The
displacement for each of the modes at the surface points are used in the coupled solver.
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Fig. 4. Surface mesh of the flexible fin showing the rigid section (cyan) and the flexible section
(magenta).

Single Flapping fin:

First, the coupled solver is validated for a single rigid fin flapping at 1Hz. The coupled solver
uses an embedded mesh approach, where the fin is treated as an embedded body in the surrounding
fluid. In our previous flapping fin simulations, we have used a body-fitted approach, wherein the
moving fin is treated in an ALE formulation coupled with remeshing. In order to mimic a rigid
fin, the number of eigenmode is set to zero. The fin surface consists of 62.1k points and 125k
triangles, and the volume mesh for the embedded case consists of 3.08M points and 18.2M
tetrahedral elements. Figure 5 shows the comparison of the thrust history between the two
approaches, and shows the coupled embedded approach is able to reproduce previous result.

8.000 . . . ; . : . . . .
[ Mean Thrust

L Body fitted, 0.95N i
6.000 |- Coupled embedded, 0.90N _

4.000

TN

2.000

0.000

-2.000 L 1 I L 1 1 1 " [
0.00 1.00 2.00 3.00 4.00 5.00 6.00
time (secs.)

Fig. 5. Time history of the thrust for the rigid flapping fin, f= 1Hz.

Next, simulations were performed with the isolated flapping fin with all eigenmodes. The first
7 modes for a fin with E =0.75MPa, shown in Fig. 6, are used for this simulation. Using COMSOL,
a steady displacement of the fin is obtained using a constant differential pressure of 1Pa between
the top and bottom surfaces of the fin, shown in Fig. 7. The scaling factor a’ , Eq. 11, is then
obtained to match this displacement. The time history of the thrust force with the flexible fin, Fig.
8, shows a mean thrust of 0.88N slightly reduced from the rigid fin’s valued of 0.9N. During the
simulation, the location of the leading and trailing edge tips, Fig. 9a, were monitored throughout
the flapping cycle. The relative displacement of these points w.r.to the rigid
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pPr_

mode 1, f=6.9544Hz mode 2, f=17.759Hz

)

mode 4, f=37.180Hz

mode 5, f=47.079Hz ‘ mode 6, f=56.394Hz
di‘s’l;.75l] 07

.4:37Se-08

I].000e+00 ‘

mode 7, f=57.369Hz
Fig. 6. Eigenmodes for the flexible fin, £ = 0.75MPa.

disp.
2.000e-04
1.500e-04
9.999¢-05

lS.l]I][Ie-IJS

l.l]l]l]e+l]ll

Fig. 7. Steady displacement of the fin with a differential pressure of 1Pa.

mode 3, f=27.338Hz

)

rotations are shown in Fig. 9b. The leading edge tip excursion is within 10% of the chord due to
the rigid nature of the material and the trailing edge reached close to 60% of the chord.

Tandem Flapping fins separated by 15cm:
Pitch amplitude 18°, f= 1Hz:

The coupled approach is then applied to tandem flapping fins, separated by 15cm. The
kinematics for this simulation is shown in Fig. 10, and has a stroke amplitude of 61° and a pitch
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amplitude, oo, of 18°. Similar set of kinematics was used to validate the shape of the flexible
flapping fin and was shown to be in good agreement with the experimental results [12]. The

4.000
3.000 [

2.000

T(N)

1.000

0.000 [

-1.000

Mean Thrust
Front fin = 0.88N
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Fig. 8. Thrust time history for a flexible fin flapping at 1Hz.

T 1 T 1

——TE. tip

— LE.tp
1 1 1 1

0.0 1.0 2.0 3.0 4.0 5.0

time (s)

Fig. 9. Displacement of the leading and trailing edge tips of the flexible flapping fin.
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Reynolds number for the flow was based on the mean tip velocity, Vi, and the chord, C, of the fin
as

e = thipC,
u
Vip = 20Rf. (18a,b)

Here, R is the distance between the tip of the leading edge of the fin from the center of stroke
rotation, f'is the flapping frequency, and @ is twice the stroke amplitude. The Reynolds number
for this flow with an average C=5cm and R = 18.175cm, is 38850.

The phase offset between the front and the rear fins are varied between +180°, and the mean
thrust from the fins are shown in Fig. 11. The rigid fins produce nearly 0.7N of thrust with the rear
fin producing a maximum thrust of 0.77N when it is lagged by 90°. The front fin of the flexible
pair produces nearly 0.94N of thrust with the rear fin producing maximum thrust of 1.3N and
1.21N, at 2 phase offsets, & = -135° and +45°, respectively. The thrust time history of the rigid,
flexible fin at the baseline offset is shown in Fig. 12. For the flexible fin, both the front and rear
fins gain some thrust at the beginning of the upstroke, t = 0.8-0.9s, and the rear fin produces more
thrust in the middle of the downstroke, t = 0.55-0.75s, highlighted in Fig. 12b. The time history
of the thrust for the flexible fin at the peak thrust offsets of 6 = -135° and +45°are shown in Fig.
13. In these cases, the rear fin attains a peak thrust in the middle of the upstroke, between t = 0.4-
0.6s, and in the middle of the downstroke, t = 0.9-1.1s, for 6 =-135°, shown in Fig. 13a, and vice-
versa for & = 45°, in Fig. 13b. The surface pressure on a spanwise plane cut through the trailing
edge tip for the rigid and the flexible fin at the an instant when the thrust is maximum for & = -
135° is shown in Figs. 14a and b. For the flexible fin, the high pressure on the top surface acts on
a larger projected area in the thrust direction, leading to a much higher thrust. In addition to this,
in the flexible case, the induced velocity at the leading edge of the trailing fin is increased by the
shed vortex for the trailing edge of the front fin, shown in Fig. 15. The vortex shed from the trailing
edge is seen in the spanwise vorticity at t=4.25s in Fig. 16b. Similar effect is seen on the middle
of the downstroke, but several pairs of trailing edge vortices of lesser strength are shed from the
front fin during its previous stroke, Fig. 16a, leading to a lesser peak in thrust of 2N compared to
the upstroke peak of 3N, seen in Fig. 13a. The trailing edge vortices shed around 0.25s, assuming
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Fig. 11. Thrust production from flapping fins for various pitch offsets, xope= 15cm, f'= 1Hz.
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Fig. 12.Time history of thrust for tandem flapping (a) rigid fins and (b) flexible fins, 6 = 0°.

are advected at the mean tip velocity of 0.77m/s would reach the leading edge of the rear fin in
approximately 0.2s, giving rise to the increased thrust production during the middle of the
upstroke. Figure 17 shows the excursions of the leading and trailing edge tips for the case with a
phase offset 6 = -135°, and the trailing edge tips reach a peak value of close to 1.5C.

The rear flexible fin produces two local minima corresponding to offsets of -45° and 135°, see
Fig. 11. At a phase offset of & = -45°, Fig. 18a, the rear fin loses thrust throughout the stroke,
although it achieves a higher thrust peak in the middle of the upstroke, which is offset by the
narrower thrust production during the upstroke and the increased drag produced at the end of the
upstroke. Similar reduction is seen at the phase offset of 135°, Fig. 18b, throughout the stroke.

In addition to the flexible fin with E = 0.75MPa, another more flexible material with 0.31MPa
was simulated. The mean thrust production is similar to the 0.75MPa material. Again, the rear fin
in this case attains two peaks at 6 = -135° and +45°. This more flexible material will be used in
further studies with a closer spacing between the two fins.
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Fig. 14. Instantaneous pressure distribution in the middle of the upstroke, t=4.5s on the fin on a
plane z= 3.0, 8 = -135°, (a) rigid fin, and (b) flexible fin.



Simulations of Bio-Inspired Flexible Flapping Fins 11

Time: 4.50 s Time: 4.50 s

Fig. 15. Instantaneous magnitude of velocity in the middle of the upstroke, t=4.5s on the fin on a
plane z= 3.0, 8 = -135°, (a) rigid fin, and (b) flexible fin.
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Fig. 16. Spanwise vorticity on a plane z= 3.0, for the flexible fin showing the trailing edge
vortices shed during (a) downstroke at t = 3.8s and (b) the upstroke at t=4.25s, 6 = -135°.

Pitch amplitude 45°:

Another set of kinematics with a much higher pitch amplitude, o,p=45°, shown in Fig. 19, was
used. The stroke amplitude is similar to the previous kinematics of 61°. Figure 20 shows the mean
thrust from the fins at various phase offsets. Here, the rigid front fin produces nearly 1.2N of thrust
and the flexible front fin produces 1.1N. The rear fin in the rigid pair produces more than 1.3N
with a maximum of 1.54N occurring at a phase lag of 90°. Similar trend is observed with the
flexible fin but with a reduced mean thrust by nearly 0.1N. Figure 21 shows the comparison of
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Fig. 17. Displacement of the leading and trailing edge tips of the flexible flapping fin, & = -135°.
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time history of thrust production between the rigid and flexible fins at the peak phase offset of 6 =
-90°. The front fins in both cases produce nearly the same men thrust of 1.1N, except for the
upstroke for the rigid fin producing a small extra thrust. The rigid rear fin, on the other hand,
exhibits the same thrust production during the upstroke, t = 0.1-0.5s, and an enhanced thrust
production during the downstroke, t =0.6-1.1s, leading to a higher mean thrust of 1.54N compared
to the flexible fin’s 1.41N. In the middle of the stroke, much higher pressure exists on the lower
side of the rigid fin, Fig. 22a, compared to the flexible fin, Fig. 22b, leading to the higher thrust in
during that period. Also, the extent of the high pressure region is more on the front fin for the rigid
case compared to the flexible case, again leading to the small extra thrust from it. The trailing edge
vortex shed from the front fin surrounds the leading edge of the rear fin, Fig. 23a, compared to the
flexible fin, Fig. 23b, where it is entirely above it, leading to a much stronger leading edge vortex
on the rear fin. The displacement of the leading and trailing edge tips for the & = -90° case is shown

in Fig. 24, and the peak excursion is nearly half of the previous kinematics.
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Fig. 19. Kinematics of tandem flapping fins(a) stroke angle and (b) pitch angle, f=1Hz, o,o= 45°.
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Tandem Flapping fins separated by 12cm:

Next, the coupled approach is applied to the another set of tandem flapping fins separated by
12cm. For this, a new set of fins were fabricated. The fins were tested for tensile stress, and the
Young’s moduli were determined to be 0.85MPa and 0.31MPa. The displacement for the modes
for the two flexible fins is shown in Figs. 25 and 26. For the more flexible fin, E= 0.31MPa, first
15 modes were used in the simulation. The kinematics used for these simulations are at 2Hz with
a pitch amplitude, o= 15°, and is shown in Fig. 27. The rear fin in this case lags the front fin in
pitch rotation and is shown in Fig. 27b.
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Fig. 23. Instantaneous magnitude of velocity in the middle of the stroke, t=4.95s on the fin on a
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Fig. 24. Displacement of the leading and trailing edge tips of the flexible flapping fin, & =-135°.

Effect of flexibility:

The mean force produced by the two fins for the rigid and the two flexible fins are shown in
Fig. 28. The rigid front fin produces nearly 0.7N for all phase offsets, and the rear fin achieves a
maximum peak of 0.74N when lagged by 67.5° and a minimum of 0.64N when leading the front
fin by 67.5°, shown in Fig. 28a. For the flexible fin set with E = 0.85MPa, the front fin produces
0.89N with a small peak at 5 = 0° of 0.92N, while the rear fin produces less thrust compared to the
front fin. The maximum peak thrust for the rear fin occurs when it is lagged by 135° and a
minimum occurs when it leads by 45°. For the more flexible fin with E = 0.31MPa, both the fins
produce less thrust compared to the rigid fins. The front fin in this set produces nearly 0.64N of
thrust, while the rear fin attains a maximum value of 0.59N at 6 = -135°, and a minimum of 0.49N
when it leads the front fin by 90°. This trend is quite different in that the rear fin produces less
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thrust compared to the front fin and the reasons for this behavior will be explored next. Figures
28b and ¢ show the lift and the side forces produced. It is clear that the front fins produce negligible
lift force, Fig. 28b, except near the peak offsets of the thrust production for the flexible fins. The
front fins on the other hand, Fig. 28c, produces a small side force directed towards the rotation
axis, while the rear flexible fins exhibit a small variation with respect to the phase offsets.

Figure 29 shows the time history of thrust production at § = -135°, for the three fins. The rigid
rear fin produces nearly 0.72N compared to the front fin’s thrust of 0.69N. Most of the increased
thrust from the rear fin is during its upstroke, t = 4.17-4.42s, with the peak thrust occurring near
t=4.34s. At this instant, the rear fin is subjected to an increased induced velocity form the trailing
edge vortex shed from the front fin around t = 4.25s. Similar trailing edge vortex is shed from the
front fin at t = 4.48s, but it lies far below the leading edge of the rear fin during its downstroke.
This is evident from the instantaneous pressure, velocity and spanwise vorticity during the middle
of the upstroke of the rear fin, shown in Fig. 30.

The effect of flexibility on the front fin thrust is also seen from the Fig. 29. The flexible fin
with E = 0.85MPa, produces 0.87N compared to 0.69N for the rigid fin. This flexible fin produces
extra thrust during the second half of both the up and downstrokes, t= 4.10-t=4.25s and t= 4.38-
4.50s, respectively, whereas the more flexible fin with E= 0.31MPa, produces less thrust during
the entire upstroke and during the first half of the downstroke, leading to a reduced mean thrust of
0.63N. This is due to both reduction in the projected area of the more flexible fin during this part
of the stroke compared to the other two fin for some part of the stroke, shown in Fig. 31, and more
so with the reduced surface pressure on the top surface of the fin. The instantaneous pressure near
the middle of the upstroke of the front fin is shown in Figs. 32 and 33. It is clear from the pressure
on the plane cut that although the flexible fin, Fig. 32c, has more surface area in the thrust direction
compared to the rigid fin, and nearly the same area as the flex fin with E= 0.85MPa, Fig. 33b, the
thrust is reduced due to the reduced pressure on the top surface. Also, the pressure differential is
reduced for the flexible fin with E=0.31MPa compared to the other two, with the center of pressure
situated near the tip of the fin.

Comparing the time history of the thrust produced by the rear fin for the two flexible fins, it is
clear that the more flexible fin loses thrust in the downstroke between t= 4.5 and 4.6s. Figure 34
shows the pressure distribution on the plane cut through the trailing edge at the peak instant of t =
4.57s during the downstroke of the rear fin. Although, the cross section of the rear fin and the
projected area at this instant are very similar, the pressure of the top surface of the more flexible
fin is much reduced compared to the more rigid fin. This is partly due to the trailing edge vortex
that is shed by the front fin around t= 4.32s, shown in Fig. 35 a and c, reaches the leading edge of
the rear fin far below at t= 4.42s, Fig. 35 b and d, producing a lesser induced velocity. During the
upstroke of the rear fin, t = 4.18-4.43s, both flexible fins exhibit nearly the same thrust production
with the peak thrust occurring around t =4.32s, during the middle of the upstroke. Figure 36 shows
the pressure distribution at this instant.

Figure 37 shows the trailing edge displacement of the two flexible fins with respect to the rigid
fins position. During the upstroke, the front fin of the flexible fin with E= 0.85MPa reaches a peak
displacement of nearly1C while the more flexible fin is nearly 1.45C. During the downstroke, the
more flexible front fin reaches a peak displacement of nearly 2C. The rear fin reaches a peak value
of 1.1C during the upstroke and 0.9C during the downstroke for the flexible fin with E =0.85MPa.
The more flexible rear fin exhibits a much higher displacements of 2C during the upstroke. For
the more flexible fin the trailing edge lags the rest of the fin during the up and downstrokes, leading
to this larger excursion.
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Fig. 25. Eigenmodes for the flexible fin, £ = 0.85MPa.
Plane Cuts for PIV comparison:

In the experiments, it was found that the both the rear flexible fins produced a maximum thrust
when lagged by 112.5°, and a minimum thrust when it led the front fin by 67.5°. Also, in the
experiments, the velocity at 3 plane cuts in the streamwise direction were monitored for these
phase offsets. These planes include a midway plane between the trailing edge tip of the front fin
and the leading edge of the rear fin, at x = 10.5cm, a plane just downstream of the trailing edge of
the rear fin, x = 25.0cm and a plane far downstream at x = 40.0cm. Detailed analysis of the
evolution of velocity and the vorticity on these planes, its advection downstream and its effect on
thrust production will be the main objective of a separate paper under preparation [13]. In this
report, some of the time series of these plane cuts at these phase offsets at the maximum thrust
production offset of 112.5° for all three fins are included for completeness. Figure 38 shows the
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Fig. 26. Eigenmodes for the flexible fin, £ = 0.31MPa.
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Fig. 32. Instantaneous distribution of pressure near the peak thrust production at t = 4.13s of the
front fin, (a) rigid, (b) E= 0.85MPa and (c) E= 0.31MPa, on a plane z = 3.0, 6 = -135°.
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Fig. 33. Instantaneous distribution of pressure near the peak thrust production at t = 4.13s on the
top (left) and bottom (right) surfaces of the front fin, (a) rigid, (b) E= 0.85MPa and (c)
E=0.31MPa, o = -135°.
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Fig. 34. Instantaneous distribution of pressure near the peak thrust production at t = 4.57s during
the downstroke of the rear fin, (a) E= 0.85MPa and (b) E= 0.31MPa, & = -135°.
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Fig. 35. Vortex interaction from the front fin shed (a,c) at t = 4.32s with the rear fin (b,d) at t=
4.42s, for the flexible fin (a,b) E=0.85MPa and (c,d) E = 0.31MPa.
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Fig. 36. Instantaneous distribution of pressure near the peak thrust production at t = 4.32s during
the upstroke of the rear fin, (a) E= 0.85MPa and (b) E= 0.31MPa, & =-135°.
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Fig. 37. Time history of the trailing edge displacement of the flexible fins, & = -135°.
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Fig. 38. Streamwise vorticity contours on a mid-plane between the tandem fins, x= 10.5cm, for
the rigid fin, 6 =-112.5°, at time (a) 4.07s, (b) 4.17s, (c) 4.27s, (d) 4.37s, (e) 4.47s and

(f) 4.57s.
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Fig. 39. Streamwise vorticity contours on a mid-plane between the tandem fins, x= 10.5cm, for
the flexible fin E = 0.85MPa, 5 = -112.5°, at time (a) 4.07s, (b) 4.17s, (c) 4.27s, (d)
4.37s, (e) 4.47s and (f) 4.57s.

evolution of the streamwise vorticity on a mid-plane between the two fins during one flapping
cycle. At t= 4.17s, Fig. 38b, traces of several pairs of trailing edge vortices progressing in the
spanwise direction can be seen. Some of these vortices interact with the leading edge of the rear
fin to produce a maximum thrust at t= 4.27s, during the middle of its upstroke, and close to the
middle of its downstroke at t=4.52s. Figures 39 and 40 show the vorticity evolution for the two
flexible fins, and exhibit the production and merging of multiple vortex pairs. Again, as in the &
= 135° case, we can see the presence of the trailing edge vortices from the front fin in Fig. 39c,
leading to a higher induced velocity and an increased thrust of the rear fin at t = 4.29s. For the
more flexible fin with E = 0.31MPa, the vortices are much weaker and located below the leading
edge of the rear fin, Fig. 40c, leading to a reduced thrust during the middle of the upstroke.

SUMMARY AND FUTURE WORK

A CFD solver coupled with a structural solver using eigenmodes of the fin was used to
simulate flexible flapping fin dynamics. In the current study, the coupled solver is used to simulate
the force production from a pair of tandem flapping fins. Several parametric studies were
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Fig. 40. Streamwise vorticity contours on a mid-plane between the tandem fins, x= 10.5cm, for
the flexible fin E = 0.31MPa, 6 = -112.5°, at time (a) 4.07s, (b) 4.17s, (c) 4.27s, (d)
4.37s, (e) 4.47s and (f) 4.57s.

performed varying the Young’s moduli, the pitch amplitude, the flapping frequency of the fins,
the axial offset and the phase offset between the front and the rear fins. Two flexible fins were
considered and compared to its rigid counterpart. It was found that the flexible fin with E =
0.85MPa, performed better than the rigid fin. For all phase offsets considered, the rear fin of this
set produced more thrust than the front fin, producing a maximum thrust when it lagged the forint
fin by 135°, mainly due to the proper capture of the shed trailing edge vortex from the front fin.
The more flexible fin, E = 0.31MPa, on the other hand produced less thrust than the rigid fin for
the kinematics with a flapping frequency of 2Hz. The motion of the leading edge tip and trailing
edge tips for all the flexible cases were monitored and shows that the more flexible fin produced
nearly twice the trailing edge excursion of the more rigid fin. Velocity and vorticity data on several
axial planes between and after the rear fin were collected for comparison with the experimental
PIV results. The generated force data will provide a database for developing reduced order models
for propulsive systems with flexible flapping fins.
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