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ABSTRACT

Closing to 2020 where EEDI phase 2 (15-20% power
reduction) comes into force, questions rise on how phase 3
(30%) would be attained using existing technologies.
Biomimetic propulsors are closing to maturity and in many
cases can prove to be of higher efficiency than conventional
propellers, as they employ a higher area of effect and have
the potential for converting environmental (wave induced
motions) energy to additional thrust. Research and
development results concerning flapping foils and wings,
have shown early on that such systems at optimum conditions
can achieve significant thrust; see, e.g., Triantafyllou et al
(2000, 2004), Taylor et al (2010), and in Politis &
Tsarsitalidis (2014) a design method for such propulsors was
proposed, while an inland waterway propulsor (O-Foil) has
been successfully implemented in the Netherlands (but not
without problems), and the concept of a wavepropulsor has
been proven of high potential both numerically (Filippas &
Belibassakis (2015-2019) and Tsarsitalidis & Politis (2015) )
and experimentally Bockmann & Steen (2014-2016), and is
currently under commercial development (Wavefoil). Shipowners and operators are showing an increasing interest in
biomimetic systems, with NYK showing flapping wings as
the main propulsor for the ship of the future (figure 1)
Inspired by the latter fact, an attempt is made to get closer to
the natural paradigm while also producing technically
feasible system, by designing a multifoil propulsor and
systematically employing the 3D boundary element solver
with free wake UBEM (Politis 2011), coupled with a data
generation code capable of handling the complex motions
resulting for the case of such an actively pitched wing.
Design considerations are also discussed with the aim of
addressing standing problems and getting closer to a viable
design.
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1 INTRODUCTION

An ideal biomimetic propulsor, would provide the required
thrust efficiently, while absorbing energy from the wave
induced motions (thus reducing them). In the quest for such
a system, Tsarsitalidis and Politis (2017) revealed an
alternative pitch control algorithm, which (even in calm seas)
gives a different pitching profile, which in turn gives high
efficiency even in high loading conditions. This means that
for cases of very restricted size, or increased load (tugs,
trawlers, inland vessels) a flapping foil propulsor can operate
at up to 40% less power than the conventional design.
The same working principles gives rise to four different
applications:
-

Wavethruster (energy saving device)

-

Minimal Drag Stabilizers

-

Main Propulsor

-

Energy Production from Stream

The modern history of biomimetics starts in 1935 with Gray's
paradox, and theoretical developments start with the works
of Sir James Lighthill (1969), T.Y. Wu (1971). A thorough
review of those theories can be found in Sparenberg (2002).
Extensive reviews of computational and experimental work
in biomimetics can be found in the papers of Shyy (2010)
regarding aerodynamics and aeroelasticity; of M.
Triantafyllou (1991, 2004) regarding experimental
developments and of Rozhdestvensky (2003) regarding all
types of applications, even full scale, with additional care
given to the work done by eastern scientists (i.e. Russians and
Japanese). Interesting information is also included in the
books by: (Shyy, Aono et al. 2010) and Taylor et al. (2011).
Marine biomimetic propulsors are also discussed in the book
of Bose (2010). The latest review of hydrodynamics of
flapping foils is being published by Xinliang Tian et al
(2019).

The investigation of propulsion using multiple vertical
systems was initially presented by Politis & Tsarsitalidis
(2013) but employment of the new pitching profile and quad
wing configurations have not been attempted before.
Configurations with vertical wings may be unable to exploit
wave energy (with the exception of rolling motions), but can
be used for maneuvering and are simpler to control.
Serving the purpose of this investigation, the unsteady
boundary element code with free wake UBEM (Politis 2011),
coupled the APC (Adaptive Pitch Control) algorithm as they
have been introduced in Tsarsitalidis & Politis (2015), is
systematically applied for a range of motion parameters.
Presented results indicate that biomimetic wings with APC
can have substantial abilities as ship propulsors and energy
saving devices.

Figure 1 NYK proposes flapping wings as the main propulsor of
the ship of the future.

2 FORMULATION
2.1. Wing geometry, motion and panel generation.

For the general case of a flapping wing configuration, the
independent variables which define the state of the system
can be decomposed in two groups. The ‘geometric’ variables
and the ‘motion related’ variables. For the selection of wing
geometry the flapping wing series described in (Politis and
Tsarsitalidis 2014) has been used. More specifically we have
chosen a wing with s/c=4 where s denotes span and c the
chord length. The outline and meshing of the wings used is
presented in Figure 2. A NACA0012 profile throughout the
span is used for all cases.

Figure 2 Geometry of the wing of s/c=4.0

Regarding description of wing motion, for the cases
considered in this paper, they can be decomposed in a
translational part with velocity of advance U , a heaving part
with instantaneous heaving amplitude h(t ) and a pitching
motion with instantaneous pitch angle  (t ) . For the simplest
‘prescribed motion’ case, heaving and pitching can be
independently selected harmonic (sinusoidal) functions of
frequency f with amplitudes h0 ,  0 and some phase angle
 between them (in the current paper   900 ). For the
actively pitched wing, instantaneous pitch is selected as a
function of the time rate of heave and the velocity of advance
(Politis&Politis 2014). For multiple wing configurations, the
heave motions are done symmetrically, as shown in Figures
3,4.
With the motion parameters known, the instantaneous angle
of attack a (t ) of each wing (wing is assumed untwisted) with
respect to the undisturbed flow is given by:

 dh(t ) dt 
a(t )   (t )  tan 1 
(1)

 U

Additionally, as in previous works, Str denotes the Strouhal
number defined by:
f h
, h  2h0
(2)
U
where h denotes the heave height. Finally the Thrust
coefficient is defined by:
Str 

T
(3)
0.5U 2 S
where T is the calculated mean thrust and S the swept area
covered by the wing in motion, given by S  s  2h .
CT 

Figure 3 Sequential positions of the twin wings for h0/c=1.5,
Str=0.35, θ0=23.6,hmin/c=0.1

Figure 4 Sequential positions of the Quad wings for h0/c=1.5,
Str=0.35, θ0=23.6,hmin/c=0.1
The charts produced in Politis & Tsarsitalidis (2013) are shown in
figures 5-8 for reference and comparison.
Figure 7 Ct-theta chart for twin system. Thicker lines are for
Strouhal number and thinner, are for efficiency.

Figure 5 Ct-theta chart for Single wing. Thicker lines are for
Strouhal number and thinner, are for efficiency.
Figure 8 CP-theta chart for twin system. Thicker lines are for
strouhal number and thinner, are for maximum angle of attack.

2.3 Active Pitch Control

Active pitch control as introduced in Politis and Politis
(2014) was taken as a starting point and developed further by
Tsarsitalidis & Politis (2015). In the current paper the
Adaptive Pitch Control (APC) algorithm is employed, as
introduced by the latter. More specifically, from the original
of (Politis and Politis 2014), the pitch angle at each time step
is defined as:

  t   w tan 1  (dh dt ) U 
Figure 6 CP-theta chart for Single wing. Thicker lines are for
Strouhal number and thinner for maximum angle of attack.

(4)

where w is a control parameter ranging from zero to one that
is set beforehand. Knowing the expected heave amplitude,
frequency and speed of advance, and knowing that:

a  t   1  w  tan 1  (dh dt ) U 

(5)

the parameter w can be set to a number that the maximum
angle of attack does not exceed a defined value.

The constant parameter w is substituted with a variable
w  t  and keeping in mind the objective of keeping the angle
of attack below a given value, a new law for w  t  is obtained
by finding the lowest w  t  satisfying the inequality:
A  1  w  t   tan 1  dh dt U  , A  Amax

(6)

The value found, is then substituted in (4), to give the
pitching angle. This gives at a minimal addition of
computational cost, a different, non- harmonic profile of
pitching motion, where the angle of attack is kept below the
given value Amax , but also equal to it for a longer part of the
motion. In Figure 9, a time series of heaving position
(Heave), pitch angle (rot), resulting angle of attack
(local_attack), w(t ) (ww) and Thrust produced (fx, negative
is for forward thrust) are presented for an indicative case of
foil of s/c=4 at Str=0.4 and Target Amax=17o.

increased efficiency at high thrust coefficients shows that the
system is also advantageous in high load conditions. The
systematic simulations show that the double wing gets an
increase in thrust coefficient and efficiency compared to the
single wing as already seen with prescribed motion
simulations and a further (but smaller) increase from the
double to the quad system. This effect is attributed to the
ground effect between wings, as explained in the past. This
effect is increased when going from the double to the quad
system, but the increase is smaller. As it would be logically
expected, the increase appears to have an asymptotical
behavior, but this remains to be proven in future
investigations.
From the graphs it is observable that the maximum efficiency
is not as high as in the earlier cases, but for the higher loads
(i.e. CT>0.6) the estimated efficiency is significantly higher.

Figure 9 Time series of simulation of an APC foil of s/c=4 at
Str=0.4 and Target Amax=17o.

3 RESULTS AND DISCUSSION
3.1 Prescribed (harmonic) pitching motion Systematic
Simulations

Figure 10 Ct-theta chart for quad system. Thicker lines are for
Strouhal number and thinner, are for efficiency.

Figures 10,11 show the corresponding graphs for a quad
wing configuration for comparison with the graphs for single
and double. A slight increase in thrust coefficient and
efficiency is observable. Such a fact is expected due to the
additional ground effect, but also the increase is smaller than
that observed from single to double, indicating an
asymptotical increase behavior (thrust and efficiency will not
be increasing indefinitely…)
3.2 Active Pitch Control Systematic Simulations

The APC has been applied for harmonically heaving wings
for a range of Strouhal numbers and maximum angles of
attack Amax as visible in the systematic CT  Amax and
CP  Amax diagrams of figures 12-17. In all cases, comparable
efficiency and higher thrust coefficient is observed for a
broad region of Amax , indicating that the system is very
promising for a propulsor, even at steady cases. The

Figure 11 CP-theta chart for quad system. Thicker lines are for
strouhal number and thinner, are for maximum angle of attack.

Figure 12 CT  Amax chart for a straight wing s/c=4,
h0/c=1.5,Pitching axis at 0.1c from L.E., under simple harmonic
heaving motion and APC. Thicker lines are for Strouhal number
and thinner, are for efficiency..

Figure 14 CT  Amax chart for Double straight wing s/c=4,
h0/c=1.5,Pitching axis at 0.1c from L.E., under simple harmonic
heaving motion and APC. Thicker lines are for Strouhal number
and thinner, are for efficiency...

Figure 13 C P  Amax chart for a straight wing s/c=4,
h0/c=1.5,Pitching axis at 0.1c from L.E., under simple harmonic
heaving motion and APC. Thicker lines are for Strouhal number
and thinner, are for efficiency.

Figure 15 C P  Amax chart for Double straight wing s/c=4,
h0/c=1.5,Pitching axis at 0.1c from L.E., under simple harmonic
heaving motion and APC. Thicker lines are for Strouhal number
and thinner, are for efficiency..

coefficient varies from 0.84 to 0.89. In this area the wings
operating under pitch control are more effective, thus this
mode of motion is used. Figure 16 shows the comparison.

Figure 16 CT  Amax chart for Quad straight wing s/c=4,
h0/c=1.5,Pitching axis at 0.1c from L.E., under simple harmonic
heaving motion and APC. Thicker lines are for Strouhal number
and thinner, are for efficiency...

Figure 18 Comparison of three propulsors with conventional
propeller application.

Figure 19 Case of vessel with quad wing. (wings in green)
Coloured sheets are the trailing vortices (result of simulation)

Figure 17 C P  Amax chart for Quad straight wing s/c=4,
h0/c=1.5,Pitching axis at 0.1c from L.E., under simple harmonic
heaving motion and APC. Thicker lines are for Strouhal number
and thinner, are for efficiency..

3.3 Application on a vessel.

The resistance curve of an inland Tug pushing a 3x5 barge
train (Christopoulos &Latorre 1991) was used for a virtual
paradigm examination. The original Tug was a tri screw
vessel and the optimal propeller curve is used. For the reason
of comparison, a single quad system was used against two
non-interacting double wings and four non-interacting single
wings. For the application in hand, the required thrust

4 CONCLUSIONS AND FUTURE WORK

Inspired by market movements in the area, an investigation
on multi wing biomimetic propulsors was conducted.
Prescribed (harmonic) pitching motion was simulated in the
past, so the effect and benefits of adaptive pitch control were
looked into. What is clear from this investigation, is that the
harmonic pitching motion can give higher maximum
efficiency, but the pitch control profile gives better
performance for higher loads (CT>0.6), thus making it
attractive for tugs and trawlers operating in restricted /
shallow water. The vertical place wings have the advantage
of acting as rudders at the same time, and have smaller

possibility of interacting with the hull. On the other hand, the
case of wings piercing the free surface and potential effects
of interaction with the latter have to be examined, as both in
our paradigm and the NYK case the wings were handled as
fully submerged. Practical design of the actuation
mechanism and sensors for the proper control of the wings is
required in order to proceed with experimental and prototype
investigation of the systems in hand. Last but not least, a
smart switching between the two modes could be employed
depending on the needs (in thrust coefficient) for globally
optimal applications. Such thing is definitely feasible if the
pitching motion is being driven by independent servo- type
actuators.
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