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A Systematic Experimental Study on Powering Performance
of Flapping Foil Propulsors

J. G. Vermeiden (Civis Orbis BV, Netherlands),
K. Kooiker, F.H. Lafeber, T. van Terwisga (MARIN, Netherlands),
B. Cerup-Simonsen, R. Folsg (A.P. Mgller Maersk A/S, Denmark)

Abstract

A near-optimal flapping propulsor was
designed for a container-feeder ship, in order to assess
possible efficiency gains within practical constraints.
Performance of this flapping propulsor was measured
in open water conditions at scale 1/12th by varying
systematically Loading, Pitching amplitude, Chord-
length, Chord-wise flexibility and Fin-spacing. A large
improvement was measured resulting in an efficiency
of 81% for the flapping propulsor at proper loading
compared to 63% for the design screw-propeller. The
efficiency gain due to chord-wise flexibility was
smaller than expected, and the sensitivity of efficiency
to chord-length was much larger than expected. This
results in an optimal configuration from the point of
view of hydrodynamics that yields fins with short
chords operating at high transverse acceleration.
Detailed data is made available on the performance of
flapping fins in the selected range of parameters.

1. Introduction

The paper summarizes the results of a
comprehensive experimental study on open water
performance of flapping foil propulsion aimed at
seagoing ships. In the chosen propulsion method, one
or more near-vertical fins propel the ship in a
combined movement of transversal heave and rotation
along the near-vertical fin-stock. A container feeder
ship was selected as a demonstration case where a
systematic attempt was made to achieve a large (20%)
gain in measured propulsive efficiency compared to
state of the art screw-propellers to justify needed future
development cost. A near optimal flapping propulsor
was designed to fit within the geometric constraints of
its hull at a representative ship speed. This design was
based on public domain knowledge. The resulting
Flapping Foil system has subsequently been tested at
model scale in open water conditions for a range of
systematically varied parameters.

Observed propulsive efficiencies in modern
efficient ships (in 2012 typically 55% for self-
propelled barges, 67% for tankers & bulkers, 73% for
container carriers) display a large gap with the

practical theoretical limit, dictated by an ideal
propulsor that does not protrude from the bottom or
from the sides of the ship. That ideal actuator would
have an actuator area sized Draught ship. Width_ship,
resulting in low thrust coefficients 0.05<Cy < 0.1 and
an ensuing ideal efficiency of 98%.

A conventional propeller utilizes 5% to 15%
of the potentially available actuator surface in a ship. A
flapping propulsor can sweep a large area, resulting in:
e Low axial kinetic energy losses because thrust is
obtained by accelerating a large amount of water
e Low viscous losses because of the possibility for
smaller non dimensional blade-surface at lower
flow speeds due to higher lift coefficients
e Low downwash-caused losses as outlined by Katz
& Weihs (1978)

Experimental work done by Sherer (1968)
showed that fins of modest aspect ratio (AR = 3) and
with moderate heave amplitude (heave / chord = 0.6)
attain a flapping efficiency of 55%. Modeling work
done by Katz & Weihs (1978) initiated understanding
of the role of chord-wise flexibility in flapping propul-
sion, and opened a perspective for high-efficiency
flapping propulsors. Measurements done at MIT with
the participation of Triantafyllou from 1991 to 2005
for flapping propulsion with a rigid fin with AR = 6
displayed efficiencies up to of 70%, and resulted in
sensitivities concerning the effect of varying:

e Phase-angle between heave and rotation
Ratio chord / heave

The cycle of angle of attack.
Chord-wise flexibility

These high efficiencies were observed at
Reynolds = 4.10%, where viscous losses are materially
higher than at the conditions seen in an actual ship,
where the fins would operate at Reynolds = 10”.

In applying flapping propulsion to merchant
ships, it was found that a number of aspects were not
covered in previous studies, and would be elemental to
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validate many efforts of CFD oriented research, and to
allow industry to make well informed evaluations:
e The effect of high Reynolds number over the foils

o  The effect of variations in chord length

e  Optimized cycles of angles of attack

e  The effect of multi-fin operation and fin spacing
e  Further characterization of chord-wise flexibility.
2, Design

Working case: a container feeder

A container feeder with good propulsive
efficiency was selected as a working case. The hull of
the container feeder was redesigned to accommodate
an actual design of near-optimal flapping propulsor. To
enable both steering and propulsion through the fins,
choice was made for a transversal heave-motion like a
fish-tail rather than like a sea-mammal. This results for
the hull in a barge-stern at unchanged hull length,
unchanged width, unchanged volume, an unchanged
LCB, and a maximum flat width of the hull at the
propulsor location of 23.18 m.

The investigated configuration has a single
translating chariot that can power between 1 and 6
synchronously rotating fins at an effective stroke of
4,753 m, and actuator width varying between 4.753 m
and 11.898 m depending on choice of filled fin-slots, a
fin-span of 5.616 m, and an immersion at design
conditions of 2.25 m with the flat top of the fins being
held close to the hull to benefit from hull-effect for
downwash minimization. The maximum actuator width
with the machine is limited to 11.9 m due to the choice
of a sealing-plate to separate the engine room from the
sea; a design with roll-up seal could increase width.

Although measurements have been done with
the limitations caused by the need to accommodate the
mechanical propulsor in the described ship, this paper
focuses on results obtained with open water conditions.

The mechanism and the cycle of angle of attack
The combined constant forward speed of the

ship and periodic sideways movement of the fins

Table 1. Ship & propeller characteristics

Container-feeder data Propeller data

Width 27.8m Diameter 57m
Draught 8.25m Hub diameter 1.12m
Design speed 10.13 m/s | Number of blades 6
Needed thrust 928 kN Total blade surface 17.6 m*
Est. needed thrust Jaesign = V/DN 0.585
with flapping pro- | 800 kN Open water efficiency 63%
pulsor Blade AR 1.8

Figure 1: Conventionally propelled container feeder
and modification for flapping propulsion

causes periodic variation in orientation of the fins with
the forward direction. To propel, the flapping
propulsor must generate lift on the fins, which in turn
is generated by angle of attack: the flapping propulsor
must make the fins rotate synchronously with the
varying flow-angle, but less than the said flow-angle
(figure 2); if the fins rotate more we create a turbine.

The periodic flow-angle at the fins is affected
by the speed of the vessel and by frequency of heave.
A good flapping propulsor will perform efficiently in a
broad range of speed and loading. To achieve that, the
machine needs to have a rotational movement approa-
ching the rate of change of periodic flow-angle, but
with lower amplitude to keep the angle of attack at a
relatively constant value throughout each half-cycle.
One objective for the program being ruggedness and
mechanical simplicity, a solution was sought for single
shaft drive for both the heave motion of the fins and
their rotational cycle. The single-shaft mechanism in
Figure 3 has a rotational movement of the same
expression as the flow-angle; the rotation center of the

Direction of motion

N,
Flow
angle #%\

Figure 2: Flow angle and rotational position of the fins
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Direction of ship
v

Figure 3: Single-shaft flapping mechanism

pitcher is on the bisector of the extreme positions of
the crank on the chariot, and the sliding grove is
perpendicular to the direction of heave.

With the conventions as drawn in Figure 3,
the X component of the flow is V, and the Y compo-
nent of the flow is r.w.sin(wt) if the angular speed of
the crankshaft is ® and t=0 is taken when the crank is
at the drawn position, resulting in a defined flow angle
as in expression (1). In the mechanism, the rotation

50

Flow angle at
10/V=1

Angle of
attack at
1/L=0.84

Angle of
attacl at
1/L=0.7

----- 5 deg. angle
of attack with
harmonic fin
rotation

----- 10 deg. angle
of attack with
harmonic fin

0 - T T T b
0 45 90 135 180 rotation

Phase angle [deg]

Figure 4: Half cycle of angle of attack with the chosen
mechanism versus cycle with harmonic fin rotation

angle of the fin with the direction of forward motion is
equal to the angle of the pitcher with the Y axis. The Y
component of the pitcher angle is constant in time at
value L, and the X component of the pitcher angle
varies in time with the value r.sin(wt), resulting in a
defined rotation angle of the fin as in expression (2).
The angle of attack of the fin at the rotation axis of the
fins is then the flow angle diminished by the rotation
angle as in expression (3), as can be seen in figure 2.

rw
Ariow = Atan (V Sin(wt)) @
Qrin = Atan (% sin (wt)) 2)
7
Uattack = Atan (7w sin(wt))
r .
— Atan (Z sm(wt)) 3)

The flow angle az,, and the rotation angle of the fin
az, have a close mathematical relationship: if L = Vw,
Oanack = 0 throughout the cycle. Figure 4 shows that the
mechanism yields a cycle of angle of attack without
the characteristic wobble documented by Hover, et al,
(2004) compared to a mechanism that would combine
harmonic heave and harmonic rotation of the fins'.

The outlined mechanism was embodied in a
multi-fin configuration with continuously variable
pitcher-length, continuously variable rotational offset
for steering, flywheel with step-wise variably moment
of inertia, transverse momentum impulse cancellation,
and plate-seal to provide undisturbed flow along the
hull. Variable parameters of the system are not meant
to vary within the cycle.

Non-dimensional characterization

In ship powering, the ITTC provides
guidelines for performance prediction based on
measurements at scale”. The diameter D of the screw-
propeller is used for characteristic length, and D.V is
used as characteristic speed, which results in the well
known expressions for non-dimensional speed J, non-
dimensional thrust K7, and non dimensional input
power Kp, and the usual expression with non-
dimensional terms:

Thrust * Speed

Torque * Angular_speed
— T. Vadvance - KT-]
Qw 2nK,

Nopenwater =

C))

! Harmonic heave is commonly utilized in measurement programs
involving flapping propulsion

2 ITTC, Performance, Propulsion, 1978 ITTC Performance
Prediction method
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The ITTC approach is built on the fact that
due to fixed geometry of a metal screw-propeller, the
values of Ky and Ky only depend on J. This means that
by keeping the frequency constant, and varying J, a
complete dataset for the open-water performance of the
propeller needs only a dozen measurements or so. In
the case of flexible geometries such as flapping
propulsors with chord-wise flexible fins, this approach
is invalid: Ky and Ky then vary separately with J and
dynamic pressure, due to variation in lift coefficient
caused by change in camber, in turn due to dynamic-
pressure dependent bending.

We therefore need to define a dimensionless
term E, that adequately represents bending behavior of
the fins (see paragraph on fins). Having defined E, we
modify the approach to include explicitly the velocity
term Vygwance. The propeller diameter is replaced by the
total stroke D=2r of the flapping motion. The advance
ratio J, and the thrust coefficient Cythen become logi-
cal terms. Defining a dimensionless torque coefficient
Cp, we can investigate open water efficiency as a
function of Cr, J, and E,:

_ Thrust * Speed _ T Vaavance
Mlopenw. = Torque * Angular_speed  Q.w
T ; Vadvance
_ Y. p-Sactuator- Vaivance NP - ﬂ 5)
- Q.2.m.N T G

2
Yo p- Sactuator' Vadvance' N.D

In flapping propulsion, the actuator area
depends on Fin-stroke (= crankshaft diameter in our
machine), Fin-span, Number of fins installed and Fin-
spacing. This is different from screw-propellers where
the actuator area only depends on diameter, and is not
dependent on the number of propeller blades. We
therefore have no choice but to define 2 sets of
coefficients: a thrust coefficient for a single fin Crz,
connected to Cp 4 and a thrust coefficient for the
complete propulsor Cr connected to Co

Crand J are convenient to utilize at this stage
because they are well known in the performance
prediction industry. Furthermore, the value of Cr gives
an immediate link to the magnitude of impulse losses
and gives an immediate link to the forward flow-speed
Vx siow through actuator disk theory:

2 _ Vadvance

e = 6
1+ 1+Cp v ™ Migeay ©)

Nideal =

At given advance ratio J, the non-dimensional
thrust Cr is achieved through setting the proper
rotational amplitude of the fins. We define the critical

advance ratio of the machine as the advance ratio J,
where there is no angle of attack throughout the cycle,
and substituting in (2). This definition of J, fits the
chosen machine because the cycle of angle of attack
has the same expression as the cycle of flow-angle.
I = 2;ﬂ'L’"ﬂ; sy = Atan (Esin (a)t)) @
D Je

By substitution of (6) and (7) in (1) and (3),
we also obtain estimators for the flow-angle and the
angle of attack of the fins throughout the cycle in the
case of open water measurement:

Afrow ~ Atan (&]‘dea—l sin(wt)) ®)
(—n. n]ideal sin(wt))
— Atan (IE sin(cut)) ©))

c

Rattack = Atan

At given fin-span and crankshaft-diameter
(= fin-stroke), we can now measure thrust coefficient
and open water efficiency as a function of (J, J., E,),
which are all input parameters. We could equally well
have chosen to characterize the path of the fins non-
dimensionally by Strouhal = 1/J as is often utilized in
studies for flapping locomotion and propulsion. We
chose to stick to existing custom in ship powering.

Fin characteristics including bending characteristic E,

Plan-shape. Lifting line theory shows elliptic
loading to cause the lowest amount of induced drag,
and provides the insight that in presence of a hull, the
symmetry line of the vortex system of a lifting body
placed normal to the hull lies at the hull, meaning that
an optimal foil will have a span-wise distribution of
chord-length that is a half ellipse with the semi-axis of
the ellipse coinciding with the hull. Measurements in
Pempraneerach, et al., (2003) showed that to achieve
low rotation moments on the fins, a chord-position of
33% is close to optimum. Consequently, a plan shape
emerges, built of 2 % ellipses that share a common
largest semi-axis, and which is placed on the rotation
axis of the fin, as illustrated in figure 5.

{ S
- i . - e g .

Figure 5: Generic plan-shape, chord shape and
structure of fins. Aspect ratio will vary.
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Chord-shape. From practical mechanical
considerations, we need fins that are as strong as
possible, and therefore have the largest thickness at the
location of the rotation axis, which we know to be at
33% chord-length. A NACA 63015 chord-profile was
selected for the fins with 15% chord thickness and a
maximum thickness at 33% of chord-length, for a foil-
profiles that is symmetrical, efficient, strong, and at the
same time delays stall as much as possible.

Span-wise flexibility. The effect of span-wise
flexibility on the fins was excluded from this study; the
value of total span-wise deflection due to all elastic
phenomena throughout the range of parameters
averages 1.8% of stroke, with a std. deviation of 0.7%.

Chord-wise flexibility. Pempraneerach, ef al.,
(2003) measured a large positive effect on propulsive
efficiency at Re=4.10° when introducing chord-wise
flexibility in flapping fins. The flexibility value was
linked to the shore-hardness of rubber material, with
limited data on actual bending behavior.

Distribution of chord-wise flexibility. We
decided to limit the scope of investigation to fins with
chord-wise flexibility confined to the part downstream
of the rotation axis. We could not easily picture chord-
wise flexibility upstream from the rotation axis to
improve efficiency: stored mechanical energy would
always be restituted against the direction of motion,
and the camber distribution would worsen. We could
also not find any corresponding example in nature. The
fins are designed in such a way that the ratio of chord-
wise deflection to chord-length is constant along the
span when a fin is placed perpendicularly to the flow.
We finally decided to increase flexibility linearly from
the rotation axis to the trailing edge by placing a spring
with triangular section because:

e Bending would otherwise be concentrated close to
the fin-rotation axis

e Increasing flexibility close to the trailing edge
allows the stored mechanical energy to be released
as a positive pressure field downstream when
making the turn at the end of stroke

e Fish & Rohr (1999) demonstrated that such a
chord-wise flexibility distribution seems to be
implemented with sea-mammals and fish

Amount of chord-wise flexibility; characteristic fin
pressure Pr. With the approach so far, it becomes
natural to characterize a given fin by the dynamic
pressure at which its chord bends a fixed percentage --
10% -- when placed perpendicularly to a flow; we call
this dynamic pressure the characteristic fin pressure Pp.
Because a fin essentially has to bend to cause effect of
chord-wise bending, it is reasonable to assume that the

Relative deflection/dynamic pressure * 100.000

. e Measured
| e~y ratio relative
o~ deflection/d
2 ynamic
pressure
V""" i Expected
0 : — ratio
0 2000 4000

Dynamic pressure [Pa]

Figure 6. Diminishing relative deflection of trailing
edge with increasing perpendicular dynamic pressure

dynamic pressure during the propulsion cycle and an
efficient Pr are of the same order of magnitude. We
define the dimensionless flexibility E, as
Peak_dynamic_pressure / Pr:

V2 +120?
EZ — ,0( adva;c;F w ) (10)

E, behaves as a dimensionless flexibility
number: if ¥ pancee increases or w increases, £, goes up;
the dynamic pressure will also increase, and chord-
wise bending of the fin increases, which is equivalent
to increased chord-wise flexibility. It seems reasonable
to look for efficient values at 0.5 < E, < 2. Several
other definitions would be possible for E,, but this one
corresponds to deflection under propulsive loading.

Realization. The mechanical approach is to
build the fins out of a rigid beam which also is the fin-
stem, include a span-wise grove in the beam to fit a 3D
milled spring with a chord-wise triangular section, and
finally add a very flexible envelope to achieve the
desired chord-shape. This is depicted in figure 5. The
spring is designed for constant deflection-ratio at given
dynamic pressure. The deflection of two fins with
different characteristic flexibility Py was measured at
scale 1/12 under different dynamic pressures when
placed perpendicularly to the flow. It was found that
the utilized envelope material increases the Pr value by
1000 Pa compared to the calculated spring value, and
that deflection/chord-length varies 10% along the span.
Measurement of chord-wise deflection revealed that
chord-wise deflection does not obey a linear
relationship with dynamic pressure as one would
expect from analytic mechanical analysis, but is less
progressive. Measurement at 3 speeds yield an estimate
for marginal chord-wise deflection at 10% bending to
be 30% lower than close to 0% bending.
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3. Performance predictor. Comparative map
of losses for flapping propulsor & screw-propeller

Transverse | Y
direction

Direction of
carriage

RL

Figure 7: Reaction force, lift, flow angle and drag
angle of a foil or a propeller blade element

General approach
We separate the losses in backwards kinetic

energy losses (accounted for in the ideal efficiency)
and downwash-induced and viscous energy losses
(accounted for in the blade efficiency):

Nopenwater = Nideal-Mblades 11

Actuator disk theory gives us the expression
for ideal efficiency nigew and flow speed through the
actuator as in (5) and (6), using the required thrust and
the dimensions of the considered propulsor.

The blade efficiency Mpgs embodies losses
caused by downwash and viscosity. We can estimate
Tblades in the same manner for all propulsors by a simple
integration of the hydrodynamic reaction force, taking
into account the flow-angle and the drag-angle of the
foils. For a screw-propeller, flow-angle and drag angle
vary with radius, and do not vary in time in open water
conditions and we integrate the reaction force along the
radius. For a flapping-propeller the flow-angle and
drag angle vary in time, but can be estimated for the
whole fin using lifting line theory, and we integrate the
reaction force along the cycle.

In open water conditions, the propulsor is
attached to a carriage that replaces the ship. Each fin or
blade element sees:

e A reaction force R at a given drag angle (d) with
the lift force L normal to I_/}low at flow angle (f)

e An instantaneous speed V, ] relative to the carriage.

e And propels the carriage moving at Vcarriage,
seeing a forward flow speed Vi > Vigyige due to
kinetic energy losses

e  We approximate [IR|| = ||L||, which is equivalent
to assuming that (d) is small

By projection:

R =R.sin(f —d).T+R.sin(f —d)7j
Power input to the fin: Ej,, = R. 4}

Power output by the fin: E,,,; = R. Vcarriage

Actuator disk theory gives:
Vcarriage = Vx-nideal-? (12)

We express the local efficiency of the blade element:
= Eout _ R-Vcarriage . R.V,.sin(f — d) e
Ein R.v,j R.V,.cos(f —d) e
Ve tan (f — d)

n= 7y tan(f — d)figear = aneal (13)

Taking into account the fact the reaction force flips
when the flow angle changes sign:

_tan (f| - IdD)
tan (£
For a screw-propeller, the flow angle (f)

varies with distance from hub, and for a flapping
propeller the flow angle (f) varies with time.

Nideat = Nblade-Mideal (14)

Efficiency map of the design screw-propeller

Applying this approach to the design propeller
of the selected container feeder, we split the losses in
blade losses and ideal losses, and we map the local
efficiency of the propeller section radially.

Using (14):
tan(|f| — |d|)

n=nQ@)= Wmdeal

Actuator disk theory provides:
T

2
= 1
Cr YapYmD2V2 W=

Mideal = T ——
arriage weea 1+./1+Cr
Using propeller data of the feeder as given in table 1:
Nigear  =87% (Cr=10.70)

Hblades =72% = ’]apemvaler/”ideal

Immediate geometric consideration, and substitution
using (12) gives the flow angle for the screw-propeller:

w.r W.T.Nideal . Nideal
tan (f) = —= = r 16)
Vx Vcarriage ] R (
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A stepped approach with explicit hypotheses
yields the drag angle:

Chord-length distribution: % ellipse. This yields the
radial chord distribution c(r) from the known surface
and dimensions.

Circulation distribution: % ellipse. Knowing J gives
the flow angle distribution according to (16). This in
turn allows us to predict the lift force and to obtain the
radial thrust distribution T(r) and total thrust T based
on any maximum value of circulation using:

L) =p.V(@).I'(r) a7n

We calculate the needed correction of thrust and apply
it to scale circulation, and recalculate lift distribution
and then thrust distribution. The lift coefficient is:

_2r()
@)= TP E).Ar 18)

C; is used to estimate the induced of drag using:
Cp(r) = Cgo + CA(r)/TARy104., and calculate Cy to
match the measured performance #7p,4.s= 72%.

We obtain: C4=0.009 which is realistic, I},,=2.65
m%s, Cpma=0.12, average L/D=9.5 causing average
drag angle d=6.1 deg with a flat distribution.

We now have the drag angle distribution d(r).
We already had the flow angle distribution f(r). This
allows us to plot the estimated thrust distribution and
local blade efficiency of the screw-propeller as a
function of the radius (figure 11) and as a function of
the flow angle (figure 8).

100%
| e Fint
90% - efficiency at
80% | L/D=95
70% |
- Radius % of
60% | max radius
50% | at given
40% | flow angle
(I
. Thrust at
30% given flow
20% - angle
10%
) === Average
0% efficiency

0 10 20 30 40 50 60 70 80 90
Flow angle [deg]

Figure 8: Approximate distribution of thrust and blade
efficiency according to flow angle for the screw-
propeller of the container feeder

The locus of high thrust of the screw does not
coincide with the locus of high efficiency. The thrust
density peaks at 70 degrees flow-angle approximately,
which is far removed from the optimal 45 degrees
angle. To be optimal in terms of flow-angle, a screw
propeller would have to operate at J = 70%m, when the
locus of maximum thrust density operates at 45
degrees flow-angle (see figure 8).

Open-water _efficiency map of the flapping propulsor
and quantification of unsteady effects

Applying the same approach to a near optimal
flapping propulsor for the selected container feeder, we
again split the losses in blade losses and ideal losses,
and we map the efficiency of a flapping fin as a
function of phase angle in the cycle. Again, the flow-
angle is simple to calculate using the advance ratio J.
Thrust and drag angle must be estimated carefully.

Theodorsen (1935) showed 2 effects on the
lift force of a foil in case of cyclical heave & pitching:
e Addition of a term in the direction of heave
equivalent to an added mass effect on the fins.
This term does not perform any work and does
therefore not be taken into consideration for thrust
and efficiency estimates.

e Lift reduction and lift delay compared to lifting
line theory as a function of the reduced frequency
k = m.N.c/V, where N is the frequency of heave,
and where observed lift can be expressed by a
complex vector as a function of Hankel functions
that is represented in Figure 9.

Figure 9 shows that at least half of the ulti-
mate steady-state lift is obtained for high frequencies
of velocity fluctuations, and that lift is delayed within
the cycle as reduced frequency increases. The phase
delay for the lift is the angle of C(k) on the graph. The
highest delay is close to 16 degrees phase angle at &k =
0.2. Delay displays limited variation for 0.2 < k < 0.6,
which corresponds to the range of the machine.

Figure 9 also shows that the expected lift
reduction in the indicated range 0.2 < k < 0.6 will be
between 25% and 40%. This latter observation merits
qualification. Although the lift is reduced compared to
what would be a steady-state end-result, unsteady

Table 2. Parameter definitions for flapping propulsor
Number of fins n Hull-effect AR multiplier h

Fin spacing on chariot | g Stroke of flapping machine D

Fin span s Phase lag of lift Plag

Fin surface Siin_| Unsteady Lift reduction Iy

Fin plan-shape factor e Lift factor due to chord shape | Ir
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propulsion delays stall, and the required average lift
can be reinstated by increasing the average angle of
attack. Increasing the angle of attack amounts to
reducing the pitching angle. This increase of the
average angle of attack does not come at the expense
of higher induced drag (no increase in downwash) or
higher viscous drag (no increase in speed). Some
increase in pressure drag may be expected however.

Taking the aforementioned considerations into
account, for the assembly of a first order estimator for
thrust & efficiency, we utilize a quasi-steady approach
with lifting line theory and project and integrate forces
on sufficiently short time steps, while introducing 15
degrees delay in the lift force and a lift reduction of
35% that is compensated by a reduced pitching
amplitude corresponding to an increase in angle of
attack for the same lift coefficient.

Using (14), we map the losses of the flapping
propulsor in time instead of in space:

_ (t):tanﬂfI—IdD ‘
n=n tan(lfl) Nideal

Actuator disk theory and geometric consideration give:

Nideal = ﬁ

T
- 1/20 (D + (n - 1)g)' S. charriage

(19)

Cr

We use approximation (8) for the needed expression of
the flow angle, where we have J as an input variable.

(&) = Atan (“4 i) (20)

For the drag angle of the fin, we calculate its lift and
drag coefficients. For the lift coefficient, we use thin
airfoil approximation corrected for lift reduction due to
unsteady effects, corrected for a chord profile with non
negligible thickness, and corrected for phase lag, and
apply it to the expression of angle of attack (9):

.1
C,(t) = 2mlyly (Atan (-—Msin(wt - (p,ag))

— Atan (]Esin(wt - <Pzag))> (21)

The drag coefficient, using lifting line theory with a
correction factor for hull effect, and a parabolic factor
feop for increase in 2D turbulent drag of the profile, is:

1
Cp() = Cao + CE(t) (m F fczu) (22)

The expression of the instantaneous drag angle is then:
d(t) = atan(Cp/Cy) (23)

ol ko095 . 1.0
0.1 ; <) -
=0 k=1.0~
0807/ \
«0.2p 0.60 / \  0.05
0.40 | TR
0.3 0.20

Figure 9. Reduced and delayed lift C as a function of
reduced frequency k

We then express the instantaneous thrust of the fin
while separating fixed and time-varying terms:

npSfincharriage CL-Sin(IfI - |d|)
an'zdeal . COSZ(f)

T() = (24)

The average thrust is calculated by integration
over one cycle. The instantaneous efficiency is already
known (14), and the average efficiency is calculated by
integrating thrust weighed efficiency over a cycle.

Optimizing input variables for performance of
the flapping propulsor, we obtain we obtain the dataset
depicted in table 3, with a very high predicted open-
water efficiency of 87%. We chose J=r to operate
closely to the highly efficient 45 degree flow-angle.
Figure 11 presents the calculated efficiency and thrust
distribution for the flapping propulsor of the selected
container feeder as a function of phase angle.

Table 3. Input and result of lifting-line performance
model of the flapping propulsor of the selected ship

Fixed parameter values for the lifting-line performance model

Machine parameters Chord-shape data at Re=10"
Stroke D 4.753 m NACA profileref | 63015
Fin distance g 143 m Cao 0.01
Number of fins n 6 fean 0.01

Fin span 5.62 m Iy 0.9
Hydrodynamic parameters Unsteady parameters

Plan shape factor e 1 Qlag 15 deg.
Hull-effect h 2 Iy 0.65
Input values for the lifting line performance model

Critical  advance 464 Needed thrust 800 kN
ratio J. ) Speed 10.13 m/s
Advance ratio J T Fin surface Sgn 6.09 m*
Result of the lifting-line performance model

Frequency N 0.67 Hz Av. chord length 1.08 m
Maximum Fin AR 5.18
instantaneous thrust i Chsing 0.6
Maximum lift-force i Gattack max 9.4 deg
per fin e Average Lift/Drag | 24
Blade efficiency 022% Flow angle fiax 43.5 deg
Tblade ) Fin angle tgin max 34.0 deg
Reduced freq. k 0.22 Thrust coeff. Cy 0.23
Result of actuator disk theory

Ideal efficiency Nigeal 94.8%

Open water eff. Nopen water 87.4%
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Figure 10: Result of simulation of time evolution of
thrust and efficiency for a the flapping propulsor of the
container feeder for the chosen parameters at 800 kN
thrust, 7=10.13 m/s and J=n

Concluding comparison between screw-propeller and
flapping propulsor using lifting line theory on the case
of a container feeder

Table 4 shows that the flapping propulsor opens the

perspective of much improved efficiency compared to

a screw-propeller. Although the gain in ideal efficiency

of the flapping propulsor is an appreciable 8%, its

largest gain potential is projected to come from better

blade efficiency, where the gain is 19%. Strengths of

the flapping propulsor are:

e A larger actuator area that reduces impulse losses

e Having high thrust and high efficiency coincide in
time, whereas the locus of high efficiency and
high thrust density do not coincide for the screw-
propeller as fig. 10 & 11 show. This is the price
the screw-propeller pays for high thrust density.

e High AR foils & hull effect, resulting in low
induced drag

e Lower flow speed, resulting in more efficient
flow-angles, and in lower viscous losses due to
possibility for higher lift coefficients

Table 4. Components of open-water efficiency for both
propulsor-types at proper thrust and speed

Screw Flapping
Open water efficiency Nopenwater 0.63 0.86
Ideal efficiency Nigeal 0.87 0.95
Blade efficiency neiades 0.72 091

100%
90% Blade
80% efficiency at
70% % of max
60% radius
50% = = = Thrust-
40% weighed
30% blade-
20% efficiency
10% Thrust

0% - distribution

20% 40% 60% 80% 100%
radius location as % of max radius

Figure 11: Approximate thrust distribution and blade
efficiency distribution of the screw-propeller of the
selected container feeder according to radius

4. Measurement approach and uncertainty
analysis

Experimental set-up and assessment of systematic
measurement bias

This research program measures the practical
potential of open-water efficiency of flapping
propulsion.  Effects relating to  propulsor/hull
interaction were therefore to be eliminated, as were
effects of mechanical losses of the propulsor. Because
the near-optimal flapping propulsor needs a submerged
surface to operate against, and to avoid potentially
substantial free surface effects, the propulsor was
placed on a flat barge of sufficient dimensions (2 times
actuator width) with 2 mm immersion, with submerged
fins following the flat surface with their rotation axis
perpendicular to the barge surface. The result is a
propulsor operating in a uniform flow. Fig. 12 shows
the general test lay-out both under and above water.

The propulsor includes a sliding/rotating seal
between the machine and the water. Due to the
objective of neutralizing mechanical losses in the
measurement program, it was decided to place custom-
built transducers between the fin-stems and the source
of motive motion at the fin-root, while avoiding
contact with the seal-elements to preclude interference

Figure 12: Test set—p of flapping propulsor
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of forces stemming from the dynamics of the seal.
These transducers, depicted in Figure 13, operate in the
reference system of the fins and allow to measure the
instantaneous values of needed forces. Figure 14
represents the utilized signal-processing workflow.

To determine a representative efficiency of
flapping propulsion, the characteristics of the servo-
drive were matched to the actual constant torque
behavior of a typical diesel prime-mover during the
propulsive cycle. To that effect, the control logic of the
servo-drive was configured to change signal intensity
only at each extreme translation positions of the fins.
In this manner, in-cycle fluctuations of the rotational
speed of the driving-shaft of the flapping machine are
essentially identical to those that would be observed at
full-scale in an actual ship, and these fluctuations are
determined by the energy absorption pattern of the fins
and the changes in internal kinetic energy. Data on the
actual level of in-cycle speed-fluctuation of the drive-
shaft is presented in the analysis of the measurements.
The effect of varying that fluctuation level through
variation of the moment of inertia of the flywheel is
also shown.

The tests were performed in MARIN’s
Depressurized Towing Tank, measuring 240x18x8m.
The large width and depth of this basin ensures a
negligible blockage effect. A 15 min. pause between
measurements ensured absence of remaining eddies in
the water of the tank.

The Reynolds number over the fins was kept
above 2.10° to avoid laminar flow over the fins, and
the leading edges were roughed according to ITTC
prescription and MARIN practice. This caused the
need to perform measurements at a scale 1/12" or
larger, resulting in a sizeable machine (2m wide with
396mm stroke) of the selected 150 m ship.

Figure 13: Location of the transducer and strain gauges

Measurements lasted on average 47 completed
stable cycles for precision. Approximately 10% of the
measurements have been performed twice while
switching transducers in order to assess repeatability.
The measurement program was designed in such a way
that values of representative non-dimensional variables
were varied in isolation of each other as much as
possible to make trends and dependencies visible.

Logging of all dynamic varjables including
forces, moments, angles of fins, and crankshaft angle
and systematic logging of measurement parameters
generated a retrievable trail of time-data and associated
parameters. Computational approach for derived values
such as input power or efficiency, and scaling
approach to forces and efficiency were designed for
absence of bias, and are described in the preceding
paragraphs, including a consideration on accuracy.

Conclusion on risk of systematic bias in the presented
experimental results: The program complies with
common best practices in towing tanks experiments.
Design also shows that measurement bias has been
avoided in all areas that we understand with present
knowledge, and that measurement bias in the program
is probably of an order of magnitude smaller than
stochastic incertitude.

17 bit crankshaft-angle and
fin-angle digital sensors

Transponder gauge bridges
Speed in Basin Vyunze
Y

\ 4
AJD + latency <1000 ps [ serial comm. delay < 200 ps I

Synchronicity > 100 us

1 KHz time stamps,

. Secondary clock
1 KHz time stamps,
Weinchsk, doloy SPO0 NS
L2 200 Hz sampling of angles
1 KHz transponder signals and clock value

1KHz Vﬂv,, signals

Tima-la% < 500 us

Keeping 200 Hz angles-set with 1 KHz precision clock value
Selecting transponder signals with identical 1 KHz time-stamp

A4

Calculating 200 Hz moments & forces with 1 KHz time-stamp l

Calculation of 200 Hz fin angular speed and chariot transverse
speed using 2 consecutive values

Identification of end-of cycle readings and step-wise integration
of work output, work-input and efficiency for each cycle

Calculation of average input work, average output work, and
average efficiency over the whole measurement

Subdivision of cycle in a number of phase-angle segments
equal to the mode of sample-count in the measured cycles
Calculation of average value and 2 sigma intervals of speeds.

moments, forces and calculated values
Figure 14. Measurement and analysis workflow
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Instrumentation, calibration and accuracy

The aim of the design of the experimental set-
up and instrumentation was to measure only the forces
and efficiency on the fins. To enable this, a transducer
is needed that could be connected directly to the fin,
and that could measure moments and forces along all
axes. The optimum position of this transducer would
be on the location where the forces and moments are
acting (approximately in the middle of the span of the
fin, about 20 cm below the stem). The needed size of
the transducer and the requirement of easy exchange of
fins led to the decision to place the transducer at the
root of the fin (see fig. 13).

This location will lead to relatively high
moments in x and y directions. Based on these conside-
rations, it was decided to design a 5-component
transducer, which measures Mx at two locations, My at
two locations and Mz. Fig. 13 shows the locations of
the various strain gauges. The strain gauges measuring
the bending moments in x, y and z directions are
indicated. The distance between the upper and lower
strain gauges is 0.055 m. With the convention that
subscripts t and b stand for top and bottom, the forces
in x and y-direction are calculated by:

_ (My: — Myy) _ (Mxy — Mxyp)
Fx =—305s5 Y=""goss 29

During the oscillation of the fin, the forces in
y-direction will be much larger than the forces in x-
direction. This will lead to a relatively large signal
from the Mx strain gauges, while the signal from the
My strain gauges will be low. In order to obtain the
largest possible signal (and highest accuracy) in both x
and y directions, the signal from the My gauges has
been increased by weakening the transducer in that
direction. This led to an asymmetric element (fig. 13),
with maximum loads as indicated in table 5.

Due to limited available space between the root of the
fin and the Finprop driving system, the transducer had
to be kept as small as possible. The various strain
gauges are therefore located very close to each other.
This leads to interactions between the strain gauges

Table 5: Maximum loads per component

Maximum load per component Unit
Fx 2000 N
Fy 3000 N
Fz 10000 N
Mx 110 Nm
My 71 Nm
Mz 28 Nm

L]
° '3
°
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®
Py . o
d
Fx [N]

Figure 15: Remaining error in the Fx, Fy plane of a
transducer after calibration

when a force is applied at a certain distance below the
transducer as confirmed by initial checks.

Based on this insight a calibration program
was developed, in which the transducer was calibrated
in the Finprop machine and where combined forces
were applied at  various distances below the
transducer. A total of 224 tests per transducer have
been conducted. In this case five strain gauges are
present which can interact with each other. So,
equation (25) needs to be expanded with the
contribution of other strain gauges. In case of a linear
system, the relation between Fx, Fy, Mx, My and Mz
and the output of the strain gauges can be formulated
as a matrix operation:

Fx Q11 Q12 M3 Q14 Qs Mx,
Fy (21 Qzz Q3 Q4 QAps Mxy,
Mx |=| Q31 Q32 Aazz Q34 0az5 |%| My, (26)
My Qg1 Qgp Qu3 Qgq  Gug My,
Mz As1 QAsz Qs3 (Asq  Ags M,

Adequate calibration matrices were obtained by
multi-variable regression with linear terms and two
cross terms. Residual errors in Fx and Fy appeared to
be + 2%. The -calibration program proved the
magnitude of hysteresis, when going from zero strain
to the maximum value and back to zero, to be limited
to about 0.1% per cent of the maximum load, or 2N.
This 2N value can be considered good, but could
nevertheless influence measurements with low average
readings. In figure 15 an example of the error in Fx is
given of one of the transducers for a number of applied
combinations of Fx and Fy.

Time-stamping. time accuracy

As Figure 14 shows, interfacing between the
towing tank measurement infrastructure and the
independently engineered flapping propulsor caused a
need for two synchronized clocks: the towing-tank
clock with which carriage speed and transducer data
were read, and the propulsor clock with which fin-
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angles and chariot positions were read. Latencies and
synchronization offsets in the two paths are shown in
figure 14. The approach results in a dataset at 200 Hz
with 0.1 ms synchronous force & moment measure-
ments, with 1.2 ms max. time-lag between fin-angle &
crankshaft-position on one hand and moments & forces
on the fins on the other hand. On an average period
length of 600 ms in the program, the maximum
synchronicity error represents a phase delay of 0.7°.

Accuracy of thrust and delivered power

The force transducers rotate with the fin. To
compute the absorbed power and the delivered power,
the projected forces are needed in longitudinal and
transverse direction with respect to the ship:

Fx = Ffin,x- COS(OCfin) = Ffin,y- Sin(O(fin) (27)
Fy = Friny-c05(Xsin) — Fpin e sin(osin) (28)

Where Fgnx and Fg,y are the chord-wise force and
perpendicular force on the fin. Figure 16 gives a
schematic representation of the forces acting on the fin.
The delivered thrust over a cycle is then computed as
the stepwise time-integration of F, and the absorbed
power over a cycle is then computed as the stepwise
integration of Fy . Vadvance:

1 end cycle
T= ?Z " Fx,i'Ati (29)
i=
1 end cycle
PD = ',fz y Fx,i- Vadvance,i'Ati (30)
i=

We have seen the transducer signals to have
2% uncertainty, and we will show this to be the main
contributor to uncertainty for thrust 7' and absorbed
power Pp. We reduce the uncertainty analysis to first
order uncertainty effects only.

The precision of Vagvance,i is 0.1% or better and
near-constant; the same holds for the precision of A4f;
which is dictated by a high-quality clock. The accuracy
of the delivered power is therefore dominated by the
average accuracy of delivered instantaneous thrust Fy;
and its rate of change.

We may neglect the impact of the rate of
change of F, on the accuracy Pp: with on average 600
ms cycle periods and a 5 ms sampling interval during
the program, the average phase-angle step per data-
sample is 3° resulting in 2.5% [=sin(3°)/2] max
inaccuracy for a single data-point given a harmonic

Wrin, Q PS
X, Vin, Fx, Fa

SB
Fﬁn,v Y Vi Fv Fﬁn.x

Figure 16: Representation of forces acting on the fin.

approximation for Fy;. This 2.5% inaccuracy almost
vanishes over the cycle average due to the substantial
Y-axis symmetry around the mid-stroke maximum per
¥ cycle and monotonic behavior per ¥ cycle (Fig 29):
systematic bias in the 1% ¥4 cycle is largely offset by
systematic bias in the 2" 14 cycle. We also neglect the
effect of the max. 0.7° phase delay between measured
forces and measured angles as discussed in the time-
stamping paragraph for the same reason.

The deviation map of the transducers (figure
15) shows that we cannot expect cancellation when F,,
changes sign and F, keeps its sign throughout a cycle.
We approximate the imprecision of thrust T and
delivered power Pp to be equal to the average measure-
ment error of the transducers. This results in an
estimated 2% accuracy of T and Pp either over a
period or over the entire measurement run. This result
is confirmed by repeatability tests within 2%, the
smooth shape of the curves displayed in subsequent
paragraphs, and the narrow 2 bands as seen in fig. 29.

Accuracy of absorbed power

With O the moment required to rotate the fin,
wy, the angular speed of the fin, and ¥, the transverse
speed of the fin, the absorbed power per fin becomes:

Py(t) = -E.V, - Q. wrin (31
1 end cycle

Py=—=
4 T Lz

(Fy,i-Vyi + Qi wping)- Aty (32)

In expressions (31) and (32), translation speed
V, and the angular speed y, are computed as the rate
of change of o5, and as the rate of change of the
chariot-position between two consecutive datapoints.
Defining a, as the crankshaft angle, equal to the phase
angle with the conventions of chapter 1, we compute:

Wfini = (@finiv1 — Uini)/At; (33)

cos (agi+1) — cos (ac;)
Vy,i = - HlAt- = C Rcrunkshaft (34)
L
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Figure 17: Absorbed power & 95% uncertainty interval

As in the paragraph for delivered power, we
limit accuracy analysis to the addition of first order
uncertainty effects, and we use similar reasoning.
Table 8, line 16 shows us that the average fin-rotation
power is less than 1% of total power over a cycle.
Therefore, inaccuracy of the term O;.wy,,; in expression
(32) of absorbed power, corresponding to fin rotation,
can be fully neglected. We are then left with a similar
expression for absorbed power as for delivered power,
except for the fact that V};is computed as in (34) rather
than directly measured.

Computing of V},; as in (34) introduces noise
because of the uncertainties described in the paragraph
on time-stamping: we introduce a 1 ms uncertainty on
both sides of a time-segment of length 5 ms. Table 8,
line 1 gives us an average count of cycles of 47
throughout the program, and the central limit theorem
tells us that the value of the mean of the samples at
each phase-angle location converges towards the value
of the mean of the measurements. Fig. 18 displays the
observed scatter of readings for absorbed power, and
we see a 20 interval of approximately 15%. With 47
datapoints at each phase-angle position, uncertainty on
the mean time-values is 2% ( = 0.15 / 47°%), with a
95% probability.

The calculated 2% uncertainty on transverse
speed V},;, and a 2% uncertainty over the measurements
of F};, obtained in the same manner as for delivered
power Pp, result in 2.8% uncertainty on absorbed
power P, over a measurement run [ = (27 + 2%)%7 ]

Accuracy of open-water efficiency

Due to the fact that absorbed power needs a
full-run to be reliably measured and computed, the
computed open water efficiency must be computed
over a full run as well:

Moa = pD/PA (35)

An assessment of uncertainty of open-water
efficiency computations follows directly from the
previously made assessments of uncertainty of the
numerator, at 2%, and of the denominator, at 2.8%.
The uncertainty of open water efficiency computations
is then 3.5% [= (22 + 2.8%)®°]. This value is consistent
with repeatability tests that were always observed to be
within 2%, and with the well-behaved patterns of
curves obtained in subsequent sections.

Accuracy of fin frequency

Measurement of frequency does not play a
role in the computations of absorbed, developed
power, or open water efficiency, but is better than 1%.

Changes in rotational speed due to variations
in kinetic energy of the system at different points of the
cycle will affect the cycle of angle of attack. Speed
variations of the drive-shaft show-up in a FFT of the
angular position signal. Table 8, line 4 shows that 95%
(20) of the measurements have been performed with
less than 1.2% speed variation, which is equivalent to
0.3 degree variation in angle of attack approximately,
or 2.5% of the average angle of attack.

Uncertainty due to scaling method

To obtain the results on full-scale, corrections
have been made for scale effects on the friction due to
the difference in Reynolds number at model scale and
full scale. The Reynolds number is calculated using the
average chord length and the total inflow velocity
defined as:

Vt = Vazdvance + Vy2 (36)

The friction coefficient for model scale has been
calculated using the Katsui friction line:

0.0066577
Cf = (logw Re — 4.3762)0.04261210g10 Re+0.56725 (37)

For the full-scale Reynolds number, the friction coef-
ficient cannot decrease below the roughness-dominated
friction coefficient, which is computed with the

Prandtl-Schlichting formula:
-25

c
Cr = (1.89 +1.621ogy, (Z)) (38)
with the roughness e taken as 30 pm. The form factor
is computed with the ITTC 78 formula:

te:

(1+k)=1+2LLf’1 (39)
Where tg, is the thickness of the fin. The 1+k value
obtained for these fins was 1.30.



page 14 of 20

It is realized that the described scaling method
neglects the induced velocities for the determination of
the Reynolds number and scale effect correction. The
decision was made to utilize the vector summation of
ship speed and transverse fin speed for the Reynolds
number because the effect of the approximation is not
noticeable at this level of precision. Table 8, lines 12 &
13, show that the effect of scaling on efficiency is
modest at 1- 77.6/74.3 = 4.4%, and the scaling effect
on thrust is calculated at 1 - 0.171/0.162 = 5.5%. A
potential discussion on various approaches to Reynolds
scaling can therefore not invalidate the conclusions
from this study. We neglect this uncertainty in the
overall uncertainty assessment.

Conclusions on uncertainty

Well-behaved curves in the sections 5 and 6
ahead, repeatability of results within 2%, a disciplined
and documented approach to the design of the
experimental set-up and to the structure of the
measurement program, lead us to conclude that the
results of this study should be reproducible. We can
also conclude from the previous sections that increa-
sing the sampling frequency will not improve measure-
ment uncertainty, and that the main bottlenecks for
higher accuracy are transducer precision and
sampling/clock ~ synchronicity. A summary of
uncertainty on main results can be found in table 6.

Table 6. Summary of uncertainty levels

Table 8. Statistics over the complete set of data, n=304

Mean Std dev.

1 Number of cycles measured 47 11
2 Advance speed 2123 m/s | 0.526 m/s
3 Flapping frequency 1.757 He 0.253 Hz
4 Largest peak of FFT of rotational 0.6% 03%

speed
5 Reduced frequency k 0.31 0.17
6 Advance ratio J 3.09 0.89
7 Critical advance ratio Je 4.93 1.15
8 Maximum fin angle = atan(/J.) 33.6 deg. 6.6 deg.
9 Estimated max. angle of attack 11.6 deg. 4.5 deg.
10 | Cr as measured 0.162 0.224
11 | Cgscaled 0.171 0.232
12 | Measured open water efficiency 74.3% 15.2%
13 | Open water efficiency scaled 77.6% 16.1%
14 | Peak-thrust /Thrust 2.6 0.4
15 | Peak-reaction-force / Thrust 3.8 0.9
16 | Pitching-power / Total-power 0.5% median, 23% max
17 | Peak-pitching-torque / 0.37 0.14

(Chord-length* Thrust) [fat tail]
18 | Flexibility number E; 1.11 0.5
19 | Average chord-length/stroke ¢/D 0.268 0.069
20 | Estimated Cppax 0.64 0.15
20 | Reynolds 2.5 10°, lowest 1.8 10°

Item Uncertainty
Transponder forces and moments 2%

Thrust over a cycle 2%

Thrust over a measurement run 2%

Power delivered over a cycle 2%

Power absorbed over a measurement run 2.8%
Efficiency over a measurement run 3.5%

5. Results: open water measurement set

Table 7. Data common to all measurements

Scale 1/12

Design speed 10.13 m/s

Stroke D=0.396 m

Fin span 0.468 m

Chord-shape NACA 63015
Plan-shape 2xY ellipse as in figure 5
Rotation point 33% chord

Clearance of fin

with immobile 0.001 - 0.002 m

surface

Boughitiess Leading edge roughness according to ITTC

1978 procedure to ensure turbulent flow

Sampling frequency | 200 Hz with 0.1 ms synchronicity

The measurement program aimed at finding
the best parameters for flapping propulsion for the case
of the selected container feeder. The unknown hydro-
dynamic parameters consisted of all combinations of
design and operational parameters: Advance ratio,
critical advance ratio, chord-wise flexibility, chord-
length, fin spacing. Little data was available to point
toward the right combinations. Systematic coverage of
all combinations in stepped values for such a large
number of variables is unachievable. We chose to
focus on the required value of non-dimensional thrust
Cyas defined in (5) for the whole propulsor, and
endeavored to get the best possible results in that
vicinity by quantifying the main effects as
independently as possible. The required Cr for the
whole propulsor was designated the “reference Cr
value” and not the required Cr value because the Cr
per fin will likely not be the same as the Cr for the
whole propulsor. Furthermore, changes in design for
the machine will easily lead to a different value of Cr.

Efficiency and thrust of a single. rigid. high AR fin
Figure 18 shows the result of 3 test series that
provide an overview of performance at several advance
ratios J for 3 values of the critical advance ratio J.. J, is
related to the maximum rotation angle of the fins
through atan(w/J,). The measurements showed a higher
efficiency than the benchmark value set by the open-
water performance of the existing design screw-
propeller, but the measurements also showed a higher
load-sensitivity. Decreasing J. by increasing the
pitching angle results in an improved efficiency at the




page 15 of 20

100%
90%
80%
70%
60% T
!
1.95<J<4.75 1.4
50% +— T 8
0 0.1 0.2 03 0.4
=t Jc =15.883 et Jc =4.762
e Jc =4.000 Ideal efficiency
----- Reference Ct  e#+es+++ Benchmark

Figure 18. Efficiency versus non-dimensional thrust Cy
of a single rigid fin with AR = 5.2, Average—chord /
Stroke = ¢/D = 0.228 at three values of J,

reference Cr. Existing measurements translate in an
attainable open-water efficiency with a high 4R rigid
fins of 77%, with a possibility for slightly better results
if we decrease J, even further.

Efficiency and thrust of a single. flexible. high AR fin
The dimensionless flexibility number E,
defined in (10) correlates well with thrust reduction

100% ——— —
90%
80%
70%
60% —— P P
2.750<J<3.175 i
i 1
1 bt CT
50% — - ;
0 0.1 0.2 0.3 0.4
0 sl 12=1.23
Ideal efficiency ===-~- Reference Ct
essssssee Benchmark

Table 9. Thrust of rigid fin versus flexible fin with
AR=5.2, ¢/D=0.228, J. = 4.348

J 3.18 2,95 275
Crat E-~0 (rigid) 0.088 0.121 0.161
Crat E~1.23 0.081 0.110 0.144
Ratio Cr igi/Cr ftex 1.09 1.10 1.12

due to chord-wise flexibility on a few measurements
where we could compare directly. Table (9) shows that
the ratio Cr ,4ia’Cr ix Of thrust coefficients of a rigid
versus flexible fin varies only 3% when E,, plan-shape
and J, are held constant at varying C;. We defined the
flexibility number E, in (10) as the ratio of maximum
dynamic pressure to characteristic fin pressure Pr; a
rigid fin would have E,=0. A flexible fin, for a small
angle of attack and a corresponding small deflection
will have the same flexibility number as a larger
deflection on a larger angle of attack. This notion of E,
as a predictor of thrust reduction due to chord-wise
flexibility would need further experimental validation.

E; as a measure for chord-wise flexibility does
not appear to be a good predictor of efficiency gain due
to chord-wise flexibility; if £, were a good predictor,
figure 19 and 20 would have shown parallel curves.

A large number of measurements with the
same plan-shape at various values of J, and E, show
that the efficiency effect of chord-wise flexibility
increases with pitching-angle (lower J,), and vanishes
with loading. This is visible in figures 21 and 22. The
magnitude of the positive effect of chord-wise
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90% I
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Figure 19. Efficiency versus Crat J, = 4.348 of a rigid
fin and a flexible fin at constant flexibility number E;
¢/D=0.228, AR=5.2

Figure 20. Efficiency versus Crat J, = 6.667 of a rigid
fin and a flexible fin at constant flexibility number E;
¢/D=0.228,AR=5.2
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flexibility however never seems very large with the
¢/D ratio that we tested. Curiously, although the
efficiency of flexible fins falls faster with increasing
thrust than for rigid fins at low Cr values, when
increasing the loading further, the efficiency of the
flexible fin never seems to fall below the efficiency of
the rigid fin. This was observed at a broad range of J,
and J. No comparative data is available for efficiency
and thrust of flexible versus rigid fins for ¢/D # 0.228.

Effect of fin-pitching range

The pitching range of the fin is related to the
critical advance ratio by atan(r/J,). Figure 21 shows
that a decrease in J, increases efficiency at higher Cy,
but reduces maximum efficiency slightly.

With J, = 2.95, measurements show an open-
water efficiency of 81% with the reference Cr = 0.23
for the container-feeder. This is a significant improve-
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A ¢/D=0.228, AR=5.2, E2=0.9, Jc=5.000
B ¢/D=0.228, AR=5.2, E2=1.2, Jc=4.348
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Figure 21. Effect of varying Critical-advance-ratio J.
on Efficiency versus Cy, for a single high 4R fin held
at constant chord-wise flexibility parameter E;,

-ment of 22% of the flapping propulsor compared to
the design propeller at proper loading.

Interpolation in the database at 81% efficiency
yields an advance ratio J = 2, which results in a
frequency at model scale of 3.7 Hz, which in turn
results in a peak transverse acceleration of 107 m/s>
(2D’ ) for the fins either in the model or at full scale.
Such high acceleration is impractical for a full-scale
machine with large dimensions. We must consequently
seek for a lower Cy through a larger actuator surface or
we must seek to decrease the transverse acceleration.
The latter can be done through a combination of a
larger crankshaft diameter, more fins, a larger single-
fin-surface, or a higher J.. Returning to the focus of
this paragraph, future measurements should address the
relative scarcity of measurements we have around the
most attractive values for the container feeder at J. =
2.75, 3.15 and 3.35 for this specific ratio ¢/D.
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Figure 23. Effect of varying Chord-length ¢ at two
values of J, on Efficiency versus Cy, for a single fin
held at constant chord-wise flexibility parameter E;
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Figure 23. Interpolated values on best curve of figure
22 showing Efficiency and Reduced frequency as a
function of chord length ¢/D

Effect of chord-length

Figure 22 confirms the previously determined
trends: a decrease in J, for the same fin causes the
maximum efficiency to decrease while increasing the
efficiency at a higher Cy.

Figure 22 also embodies an unexpected result
of the measurement program: Fin efficiency is seen to
diminish rapidly with increasing chord-length ¢/D,
especially at low Cy. This decrease cannot be explained
by a change in AR because the lift and span both do not
vary, causing intensity of shed trailing edge vortices to
remain constant at the same Cr. The decrease in
efficiency can also not be explained by a total lift
reduction and delay at unchanged viscous losses
because the required lift is simply generated through a
higher angle of attack: Figure 23 shows how efficiency
decreases even as reduced frequency decreases. This
sensitivity to chord-length reduces possibilities to
avoid high transverse accelerations at markedly
improved efficiency.

Performance of 2 fins on the same chariot

Increasing the number of fins on the chariot of
the flapping propulsor has a much smaller effect on Cy
than increasing the number of blades on a screw-
propeller. The Cr increases slowly with decreasing
ratio Fin_gap / Stroke as seen in figure 25, to reach a

Open water efficiency
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Figure 24. Effect on efficiency at same data as fig. 25.
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Figure 25. Effect of varying fin-distance of 2 flexible
fins AR =5.2, ¢/D = 0.228, placed on the same chariot.
{J.=2.95,J=2.16, E,=1.2} {J=4.35, J=2.85, £,=0.9}
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Figure 26. Visualisation of reaction force (black) on
both fins at fin_gap /D = 1.2, J,= 4.35. Fins moving to
the right, distance in meters on X and Y axes. Red
lines represent the normal direction to the path.

maximum value barely 20% above the single fin. This
offers design flexibility in terms of stroke / ship width,
but also puts an absolute ceiling to efficient Cy values.

Measurements with varying fin distance have
been made with many changes of transducers; this
increases the randomness of measurement inaccuracy.
Also, the measurements at J, = 2.95 were at the limit of
the possibilities of the machine. High acceleration
levels started to cause reduced stability of rotational
speed: An FFT analysis shows 0.8% variation at the
measurements done at J. = 2.95 and 0.3% variation at
the measurements done at J, = 4.35. The effect of
inaccuracy on Cr seems to be lower than that on
efficiency. The accuracy of the general level in the
efficiency graph is consistent with the rest of the
program, but the validity of the pattern of variation
with distance is less certain.

The general level of efficiency remains good
when more than one fin is utilized. Figure 26 illustrates
the generally observed pattern that the fin with the
preceding suction-side has a higher reaction force (fins
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moving to the right). We conclude that there is a
marked decline in efficiency when the fin gap reaches
30% of stroke; this has been confirmed repeatedly. We
dare conclude also that there is a possibility that a
distance of 1.2 times the stroke is unfavorable at the
tested value of chord-length to stroke. A practical
conclusion from these measurements is that multi-fin
operation cannot be expected to result in an increase of
Cr higher than 10% without a loss in efficiency.

Performance when decreasing frequency stability

Variation of @ within the cycle, through a
decrease of flywheel-inertia while keeping at constant
drive torque, results in 0.6% loss of efficiency per %
increase of fluctuation of drive-shaft speed in the range
of measurable fluctuation with the machine. Three
measurements were repeated twice at needed Cr with
good repeatability, with a flexible fin with a relatively
long chord. The range of fluctuation achievable with
the experimental set-up was limited to 2.5% peak-to-
peak. Within that range, the effect of fluctuation of
angular shaft-speed on the performance of flapping
propulsion is small, but conclusions the range of
fluctuations cannot reliably be drawn.

Efficiency
74% SENEENE AR ¥
73% LLH P bl o Measured
R i through FFT
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| X +0.7243"| |
7% - T Linear
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0.0% 0.5% 1.0% 1.5% peak)

% in-cycle variation of rotational speed

Figure 27. Effect of 4w at Cy = 0.22, J = 2.56, J, =
4.00, E,=0.97,¢/D=0.39, AR=3.0
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Figure 28. Instantaneous thrust as a function of phase
angle of flexible fin, rigid fin, and predicted value by
lifting-line approach

6. Results: details of one measurement

Table 10. Main parameters of the chosen measurement

Count of cycles 54 Speed V 1.978 m/s
Stroke D 0.396 m Frequency N 1.815Hz
Fin span 0.468 m Average thrust T 49.8 N
Fin av. chord 0.090 m o(T) 04N
Fin weight 1.12 kg Thrust Cy 0.14
Pr (10% bending) | 3670 Pa OW efficiency 85.6%
Ja 435 Input power Pyo 120 W
Advance ratio J 2.75 Max pitching m' 1.46 Nm
Reynolds 1.9510° Rot. power Py 0.41 W
Red. frequency k 0.26 Ci, s (658.) 0.96
Flexibility E, 1.23

The presented measurement has parameters
close to those needed in a re-engineered near-optimal
machine that incorporates the results from this study.
Data is shown as measured at scale 1/12. The
measurement was part of a series where Critical
advance ratio J, and flexibility E, were kept constant,
but where the load was varied through variation of
speed and frequency. Froude scaling of the advance
speed therefore does not result in 10.13 m/s. The
measurement is of average quality. The thus obtained
time-series are compared graphically to those obtained
for the same operational parameters on a rigid fin, and
to values projected by the analytical model developed
in chapter 3. The measurements correspond to the two
right-most points in Figure 19.

Figure 29 is representative of the stability of
measurement seen in the program, where 54 cycles
yield a narrow distribution. Absorbed power at first
seems harmonic without phase-delay, which would
challenge unsteady hydrodynamic theory. Inspection of
the Figures 28 and 30 however, shows a phase-lag of
the peak thrust and the peak reaction force of about 25
degrees compared to steady-state theory. Finally, Fig.
31, where the drag angle becomes negative in the
approach toward 180 degrees and 360 degrees, shows
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Figure 29. Projected transverse fin force and spread
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Figure 30. Module of reaction force for both fins

that the phase lag must also apply to lift direction. A
missing variable is the mass acceleration force (=
M;,Dw’/2 ) that opposes the delayed reaction force at
the ends of the stroke: 30 N in this case excluding
added hydrodynamic mass. The mass acceleration
force does not perform work, but does shift the phase
of the heave forward to 0 degree phase angle, at least
in this case. A near-triangular evolution of reaction
force results, with a phase-synchronous base, and a 25
degrees phase-shift for the peak values as in Figure 30.

The utilized lifting-line estimator in chapter 3,
also utilized in Figure 28 to forecast instantaneous
thrust, was based on a 15 degrees phase lag as Figure 9
suggested, applied only to magnitude. Considering the
fact that Reduced frequency & is only 0.26, we see
from Fig. 28 that the analytical approach leads to
underestimation of the phase delay and overestimation
of lift reduction for this rigid fin. The estimator
described in chapter 3 however provided a workable
first order approach throughout the program. In this
case the estimator predicts 54 N thrust where the rigid
fin delivers 55.7 N, and the flexible fin delivers 49.8 N.

o 5;) lOiO lS’O 200 2_"!0 360 35.0
Phase angle [dag]
Figure 31. Computed drag angle of reaction force for
flexible and rigid fin; clipped at ends of stroke

Comparing the pattern of the flexible fin and
the rigid fin in Figure 30, we see that flexibility flattens
the curve of the reaction force, but does not introduce
any phase-shift. Figure 31 then shows that the saw-
tooth pattern of drag angle is also very similar for the
rigid and the flexible fin, except for the approach to
180 or 360 degrees of phase angle; the drag-angle of
the rigid fin is then somewhat higher. This pattern
explains the slightly better efficiency of the flexible
fin: although the chord-shape has reverse camber at
mid-stroke, there is no loss of efficiency, but there is a
small gain of efficiency at the end of the stroke when
making the turn. The observed saw-tooth pattern of the
drag-angle suggests a pattern of energy storage and
release with a discrete start at each stroke that would
merit further investigation.

7. Conclusions and recommendations

Flapping propulsion for a container-feeder

A simple comparison of the energy losses of a
screw-propeller and of a flapping propulsor showed
that the gain from flapping propulsion originates from
efficient blade operation even more than from a larger
actuator surface. First order analytical estimation of
thrust and efficiency predicted an open-water
efficiency of 86% at design conditions for a container
feeder with flapping propulsion. The benchmark-
efficiency in this case is 63%, as measured with the
design screw-propeller. 81% open-water efficiency
was proven in the towing tank within the limits set by
the purpose-built near-optimal flapping propulsor, by
the range of available fin characteristics, and by time-
constraints. This impressive 22% reduction in energy
consumption would however be partially offset in
practice by an anticipated lower hull efficiency and a
lower mechanical efficiency. The magnitude of these
losses is yet unknown, but could amount to a total of
10 - 15%.

For efficient flapping operation at the required
loading conditions, we were seen to need fins with
short chords, and a large pitching angle. To achieve the
reference thrust coefficient C;=0.23, we utilized a ratio
chord/stroke of 0.23, an advance ratio J = 2 (=V/DN),
and a critical advance ratio J, = 2.95. The utilized fin
was flexible chord-wise, but at this Cy, there appears to
be no advantage. Froude scaling yields fins that
operate at 107 m/s* transverse acceleration at a stroke
D = 4.75 m. Attempts to reduce acceleration (increase
J) through fitting fins with longer chords proved to
decrease efficiency. Multi-fin operation proved a poor
option to decrease fin-loading as well. Acceleration
forces for the flapping machine at a high efficiency of
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operation can only be reduced through a combination
of increased stroke, rigid fins, and a reduction of
required thrust loading Cr through increased actuator
width. This latter route also shows material promise for
further improvement: a Cy of 0.11 would mean a
further 5% gain in open-water efficiency. The best
measurement so far — within the constraints defined by
the ship and the machine — still falls short of translating
into a break-through propulsor when implementation
losses are taken into account. Further research
concerning the flapping machine should therefore be
directed at increasing the effective actuator width, and
further research on fins should be aimed at generating
more data in the neighborhood of the identified
efficient area of parameters where chord/stroke = 0.23.

General conclusions for flapping propulsion

Three clear results emerged from the program:

e A first map of achievable efficiency of flapping
marine propulsion for the range of thrust
coefficients 0.05 < Cr < 0.35 is now available,
with an indication of the required chord-length and
the critical advance ratio J.

e The efficiency of flapping propulsion decreases
with increasing chord-length to stroke ratio
without direct relation to a decreasing AR or an
increasing reduced frequency

e Increasing pitching angle decreases slowly the
best achievable efficiency, but increases efficiency
at higher loading substantially; there is no rapid
drop in efficiency due to decreasing advance ratio
J if the critical advance ratio J, decreases too.

Unsteady analytic theory as proposed by Theodorsen
(1935) provided a workable first-order approach for
thrust prediction. This approach however cannot
provide a prediction of relative efficiency performance
when chord-length & pitching amplitude are both
varied. Further investigation on this subject is
recommended.

Prempaneerach, e al.  (2003), measured
efficient flapping propulsion with chord-wise flexible
foils at Re = 4.10" and chord to stroke ratio ¢/D = 0.66,
and measured common best values at 70% efficiency
approximately. For the highest ratio chord-length to
stroke that we tested at ¢/D = 0.46 and R, = 2.10° in
turbulent flow, we found similar values at model scale
with a flexible fin. At (efficient) short chord ¢/D =
0.23, low thrust loading C7 < 0.2 and R, = 2.10° we
found a weak positive efficiency effect from chord-
wise flexibility only We found the positive effect of
chord-wise flexibility to vanish with decreasing
pitching amplitude and with increasing Cr. E,, the

dimensionless measure of chord-wise flexibility that
we chose, provided a good forecast of flexibility-
induced thrust-reduction in the cases where we could
compare directly, but needs experimental validation
over a broader range of chord-lengths and rotation
amplitudes to become a robust predictor. £, did prove
not to be a valuable predictor of the magnitude of the
efficiency effect of chord-wise flexibility. We are
unaware of any non-dimensional characterization of
chord-wise flexibility that works well with respect to
predicting efficiency gain. This would merit further
investigation to reduce the number of tests needed at
varying chord-length and varying pitching amplitudem
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DISCUSSION

Michael Triantafyllou
Massachusetts Institute of Technology, USA

This is a comprehensive paper, exploring the use of
flapping foils for ship propulsion. Model tests at 1-to
12-scale provide valuable confirmation of the
theoretical predictions. The intriguing differences
between conventional ship propulsion and fish-like
propulsion is a continuous source of inspiration for
studies using foils, flexible foils, or even flexible
bodies to propel marine craft; yet, to date, only
experimental and exploratory vehicles have been
designed and constructed.

This study first addresses what is the main benefit to
be had from using this new technology. The answer
is simple in principle, viz. that there is potential for a
larger swept area compared to propellers, while other
hydrodynamic effects (well outlined in the paper)
contribute to high efficiency; but there are many
complex details to consider as well.

The flipside, i.e. the disadvantages, are obvious, as
for any new technology that has to compete with an
existing technology that is over a century old:
principally, that conventional driving mechanisms are
not well-suited to oscillatory propulsion. With the
advent of artificial muscles this may be remedied, but
for the time being such actuators are neither efficient
nor reliable for long-term, continuous use.

In the paper by Varmeiden et al, a conventional
engine is envisioned, modified to actuate the
harmonic driving of the flapping fins, which by
necessity involves large inertia loads. In model scale
such systems work well. In 1995, Triantafyllou &
Barrett provided a design for a conventional actuation
mechanism driving mechanism. In 1996, Czarnowski
built and tested a 12 ft model that demonstrated that
the ship model could be driven effectively by such
flapping foils.

The paper is clearly of high quality and the authors
are to be congratulated for such a comprehensive,
experiment-supported study. In the interest of further
clarifying the issues addressed in the paper, and in
the hope that the study will lead to a commercial
application soon, I offer the following analysis and
provide the following comments and questions (I
provide only those references that are not quoted in
the paper):

The study in Anderson et al 1998 for a foil with given
geometry (aspect ratio and profile), and given

amplitude to chord ratio, identified two major
parameters affecting performance: (a) the Strouhal
number St (which is the inverse of J as used in this
paper), which is optimal, due to wake considerations,
in the range of 0.2 to 0.4 (expressed in J, optimality
requires J to be in the range of 2.5 to 5); and (b) the
maximum angle of attack, which should be around 20
to 30 degrees. Hover et al (2003) added a third
parameter, the content of high harmonics in the angle
of attack — the less the better; i.e. a purely sinusoidal
angle of attack produced a “pure” reverse Karman
street that was found to have clearly the best
efficiency. Throughout these studies, it was found
that higher amplitude to chord ratios improved
efficiency. The study of Prempraneerach et al (2005)
showed a beneficial impact on efficiency from
properly selected foil flexibility; from the flow
visualizations of Hover et al (2003) it appears that,
again, the reason is that under

optimal flexibility conditions there results the
formation of a pure reverse Karman street

— unlike the formation of multiple-vortex per cycle
patterns under non-optimal conditions. Hence flexing
is favorable when it prevents the formation of
multiple vortices per cycle.

The following questions arise:

-- First, as mentioned by the authors, the added mass
terms do not add or subtract energy. This, however,
presumes that somehow the system can take back
energy, when appropriate, and then return it when
needed. The use of lateral springs to mount the foils
would provide a setting where, under near-resonance
conditions, this can be accomplished. It is a well-
known fact that animals use this mechanism to
minimize expended energy. How would this affect
the design of the system?

-- The most likely reason for the effect of flexibility
is to produce a single Karman street.

Flow visualization will confirm this hypothesis and
also set a better way to define the proper optimal
flexibility or stiffness.

-- The sensitivity of chord to length may simply be
due to the sensitivity of the efficiency to the ratio of
the amplitude of motion to chord length.

-- The paper addresses extensively the impact of
heave and pitch motions; however, it is better to use
the angle of attack instead of the pitch angle. Both the
amplitude and high harmonic content of the angle of
attack versus time play a significant role in thrust
development and energy expenditure.
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Mr. Triantafyllou cites a number of papers with
experimental results among which the study of
Anderson et al (1998) where the most efficient
advance ratios J (= 1/Strouhal) are to be found
between 2.5 and 5 and where the maximum angle of
attack should be around 20 to 30 degrees.

We found that the most efficient advance ratios J are
not necessarily limited to that range. We found that
they can be lower, and that they are dependent on
both:

e  Theratio Chord-length / Amplitude

e The rotation amplitude of the fins

We also found very clearly and systematically that
the most efficient estimated maximum angle of attack
is 10 to 11 degrees in the range of parameters where
we performed the measurements, and not 20 to 30
degrees.

It is to be noted that in the parameter range where we
performed the measurements, we could not reproduce
a large gain in efficiency due to chord-flexibility as
described by Prempaneerach et al. (2005). The higher
Reynolds number utilized in our experiments could
possibly provide part of the explanation due to
delayed separation in turbulent flow.

Adding lateral springs to the system. The mechanical
system is additive, so lateral springs could be fitted in
principle as a variation on the flywheel approach that
we chose. Adding springs would result in:

e More difficult operation away from the
resonance frequency, and would make the
system harder to start

e Operation of the system with more harmonics
which would cause break-down of the near-
optimum cycle of angle of attack of the single-
shaft mechanism

Sensitivity to chord length. Although some of the
mentioned publications do mention a positive effect
of shorter chord-lengths, no paper has given this
phenomenon the attention it deserves in our view,
either in terms of magnitude of impact or in terms of
tested parametric range. We found low chord-length
to amplitude to be the key parameter to achieve high
efficiency flapping propulsion, much more than small
variations of angle of attack or advance ratio. We
also found that the effect is much larger than can be
explained by aspect ratio or reduced frequency.

Using angle of attack instead of using the pitch angle.
In our view both the angle of attack and the pitching
angle are important in a totally different manner:

e The angle of attack can be estimated but cannot
be measured due to the unknown local velocity
of the induced flow. We utilize angle of attack
for design of the experiments, but not for
measurement. No towing tank reports angle of
attack for propulsion measurements because it
cannot be measured but can only be inferred. We
therefore define a measurement in terms of the
advance ratio and the critical advance ratio at
which it happened.

e The pitching angle of the fins can be compared
to the propeller pitch. Changing the pitching
angle changes the propulsive behavior
completely and translates in different parameters
for highest thrust, highest efficiency and needed
input torque at given speed.

DISCUSSION

Qiang Zhu
University of California San Diego, USA

This paper reports an experimental investigation of a
novel propeller including multiple flapping foils.
Each foil undergoes periodic heaving and rotational
motions imitating aquatic animals. Mechanically, the
innovation lies in a single device to generate the
heaving and rotating motions simultaneously.
Although these motions are not sinusoidal, the time
history of the variation of the effective angle of attack
is smooth without the wobbles in similar
experimental devices that are believed to deteriorate
the thrust generation performance. Theoretical
predictions based on the lifting line theory are also
conducted. The unsteady effects are approximated
using Theodorsen’s theory. Although a major
shortcoming of this approach is the total negligence
of the leading edge vortices, in the cases considered
in this study the effective angle of attack is
sufficiently small so that the effect of LEV is not
significant.

One of the focuses of this study is on the effects of
structural  flexibility = upon the  propulsion
performance. Through a few tests the conclusion is
that the performance enhancement is not significant.
However, we know that the fluid-structure interaction
involved in the dynamics of flexible foils is a
complicated problem. The overall effect of
deformability depends on issues such as the structural
stiffness as well as the kinematics of foil motion.
Specifically, it was found that certain amount of



flexibility reduces the dependence on kinematic
parameters. Its beneficial effect is most pronounced
in combinations of kinematic parameters that are less
favorable for thrust generation. For example, the
authors may try a case in which the foil motion is
purely in the heaving mode. In that case the
difference between a rigid foil and a flexible one
should be larger.

Another focusing point of this study is the use of
multiple foils. One of the advantages of using
multiple foils is that the lateral forces generated by
these foils can be cancelled to avoid zigzagging. In
addition, it may be interesting to study the effect of
different phases between the foils. This is not
discussed in this paper. In fact, herein the foils have
the same phase, producing a stronger lateral force.
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The objective of the investigations presented in this
paper is to provide input for fact based evaluation on
how economically relevant flapping propulsion could
become for merchant shipping. This required us to be
focused on identifying parameter areas where
propulsion is highly efficient given geometry
constraints typical of a merchant vessel.

Effect of chord-wise flexibility. We have had to do
our best to avoid loosing time with measurements too
far outside the highest propulsive efficiency area. We
therefore have no analysis of the effect of chord-wise
flexibility when the parameters are not near-optimal.
Within the range of parameters where flapping
propulsion is materially more efficient than
propellers, we did manage to put together a good set
of measurements where performance with flexible
fins could be compared to performance with rigid
fins. These are not just a few measurements as could
be understood in Mr. Zhu’s remarks, but more than

35 full runs with angles of attack varying between 4
and 20 degrees and with rotation amplitude varying
between 25 and 38 degrees.

Multi-fin operation. We agree with Mr. Zhu’s
remarks. The reason for the chosen set-up is that the
lateral forces are compensated internally by a
translating internal chariot to avoid a second seal. A
system with two opposed chariots could indeed be
studied. Phase variation between the two chariots is
especially relevant to study vortex interaction when
one fin operates downstream of the other. In fact the
utilized machine is equipped with a facility to do
exactly that, but this study has not yet been
conducted.

Theodorssen and leading edge vortices. We found
prediction  utilizing analytical theory broadly
workable in the range until 20 degrees of angle of
attack. The high Reynolds number (200.000) chosen
for the conducted experiments could possibly play a
role in delaying leading edge separation compared to
what happens in the range of Reynolds numbers
typically utilized for unmanned submersibles or for
biological analysis.






