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A B S T R A C T

A series of experiments reveal the non-linear relationship between the propulsive performance of a pitching
foil and its distance to the free surface. An especially designed robotic device allowed to sinusoidally actuate
a symmetric NACA 0021 profile, with its shaft being perpendicular to the free surface, at different separations
from it, whilst measuring hydrodynamic loads, power and efficiency. Digital Particle Image Velocimetry (DPIV)
was used to study the flow structures around the flapping system, to better understand the performance trends
observed.

Efficiency dropped more than a 40% when the foil was placed at a distance of approximately 5 to 10%
of the span of the system, as a consequence of a large decrease in thrust and a large increase in power, both
clearly linked to wake formation.
1. Introduction

Since the early studies of Lighthill (1960, 1969, 1970, 1971) a large
amount of work has been published with the objective to understand
fish locomotion because of its implications in biological, physical sci-
ences and engineering. In the last decades, the use of simplified robotic
systems or advanced simulations to emulate specific aspects of the
locomotion of fish, has become widespread. By reproducing certain
aspects of the swimming kinematics of fish, one can study in detail
phenomena that would be very difficult to analyse with living fish.
Earliest experiments in this direction by Triantafyllou et al. (1991,
1993) were used to study the mechanics of thrust production and wake
formation with oscillating foils. Since then, hundreds of theoretical,
numerical and experimental works have been published in the liter-
ature, covering a wide variety of aspects related to the analysis of the
swimming of fish and bio-inspired systems. The reader is referred to
some of the multiple existing reviews of the topic published in the last
two decades (Sfakiotakis et al., 1999; Triantafyllou et al., 2000; Colgate
and Lynch, 2004; Triantafyllou et al., 2005; Wu, 2011; Smits, 2019;
Buren et al., 2020).

The case of fish swimming near boundaries is one of the many
aspects to consider when thinking in fish locomotion. Benthic fish
live and feed near the ground in the ocean and other water bodies,
and a common guess was that some of these fish, could take advan-
tage of swimming near the ground for increased efficiency and for
the reduction of the cost of transport. The physics of ground effect
associated to engineering applications such as in aircraft (Staufenbiel
and Schlichting, 1988) and vehicles (Katz and Plotkin, 2001; Katz,

E-mail address: francisco.huera@urv.cat.

2006), are all based on fixed bodies and have been widely studied in
the past. The case of fish or bio-inspired propulsion in ground effect
has received less attention, although recent experiments (Quinn et al.,
2014a,b; Fernández-Prats et al., 2015) have shown efficiency benefits
for propulsion near a boundary. These works were inspired by the
swimming of planniform species that live near the seabed. The kine-
matics imposed to their respective systems resulted from the sinusoidal
actuation of a flexible foil using a shaft parallel to the ground. They
found that the ground had a positive effect on the thrust generated due
to enhanced circulation and the constrainment of momentum along the
desired thrust direction.

Other fish move near the free surface for mating, feeding, escaping,
etc. There are other not as obvious reasons for fish to swim near the
free surface, for example, whale sharks need to thermo-regulate by
swimming at the free surface, after long dives (Thums et al., 2013).
In any case, future underwater vehicles based on biomimetic foils and
bio-inspired robots will need to be designed for all sorts of situations,
including propelling themselves near boundaries and therefore, these
studies are of extreme relevance for ocean engineering systems.

The most common configuration when studying ground effect in
fish like propulsion, is by orienting the actuating shaft of the system,
parallel to the boundary. Cleaver et al. (2013) conducted experiments
to study the effects of depth and amplitude on a NACA 0012 foil with
forward motion by plunging an airfoil and imposing vertical heaving
motion in a water tunnel. The authors compared the forces measured
against those resulting from steady flow over the foil. It was found
that proximity to the free surface increased drag and the surface waves
altered the flow field near the foil minimizing thrust. Interestingly,
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there are not many works where the effect of the free surface is
taken into account in a configuration in which the actuating shaft
of the appendage that simulates the fin, is perpendicular to the free
surface. Zhu et al. (2006) described computational results of a moving
NACA 0012 foil of aspect ratios 1 and 5, with forward motion operating
near the free surface in horizontal and vertical configurations. They
found that the influence of the free surface was less important in the
vertical configuration, because of a large part of the foil was deeply
submerged, even for relatively small distances to the free surface. This
is specially true for large aspect ratio foils. Barannyk et al. (2012)
studied experimentally the performance of a heaving and pitching plate
with blunt leading and trailing edges in a free-stream, with varying
chord-wise flexibility and different submergence depths. They mention
there is a clear non-linear effect of the boundaries on the propulsive
performance of the system and that there is an evident increase in trust
and efficiency, when the foil was moving near the solid boundary. They
reported that this was not the case when approaching the free surface.

This paper studies the effect of proximity to the free surface on
the performance of a vertical pitching foil. Hydrodynamic forces and
efficiency have been measured and are presented together with Digital
Particle Image Velocimetry (DPIV) measurements in the wake of the
system, in Section 3. In Section 2, details about the experimental
methods are given. To the knowledge of the author, there are no
experimental results available in the literature, that report both types
of measurements for this problem.

2. Experimental methods

The pitching foil used for the experiments was based on a NACA
0021 profile, with a chord 𝑐 of 85 mm and a span 𝑠 of 150 mm, 3D
printed in PolyLactic Acid (PLA). The foil was attached to a 6 mm
stainless steel shaft actuated by a servomotor, able to deliver 0.59 Nm
at 6 V. A torque sensor, with a measurement range of ±5 Nm and an
accuracy of ±0.2% of its full scale range, was installed between the
servomotor and the foil allowing the measurement of the torque pro-
duced when the system was actuated. A rotary precision potentiometer
(300 deg range with an accuracy of a 2%) was geared to the shaft near
the servomotor to measure the imposed kinematics to the foil. An in-
house developed code uploaded to dedicated electronics, allowed the
control of the servo, powered by a laboratory power supply, using a
Pulse Width Modulated (PWM) signal. The control system was designed
to actuate sinusoidally the foil by setting the angular amplitude (𝜃0)
nd the pitching frequency (𝑓 = 𝜔∕2𝜋), producing motions described
y 𝜃(𝑡) = 𝜃0 sin(𝜔𝑡).

The robotic system was installed vertically, on top of the wa-
er tank of the Laboratory for Fluid-Structure Interaction at Universi-
at Rovira i Virgili, with a translucid working section of dimensions
× 1.1 × 2.25 m. It was installed hanging from a 6 axis load cell with
measurement range of 100 N for forces and 10 Nm for moments
ith accuracies that are 0.35% or better in all channels. The load

ell was attached to an air bearing carriage guided by a rectangular
eam with cross-section 50.8 × 50.8 mm2 and a local straightness
ccuracy of 25 μm/m over its entire length. This arrangement ensured
here was no friction between the carriage and the beam. The motion
long the beam was restricted by a uni-axial precision load cell with a
easurement range of ±8.9 N and an accuracy of 0.05% of its full scale

ange. This sensor was connected to the air bearing carriage and to an
xternal fixed structure by means of universal joints, preventing the
ppearance of reaction moments on it. Hence, using this set-up, thrust
orce measurements were available redundantly, from the 6-axis and
he uni-axial load cells. Both signals showed extremely good agreement
ith differences under 3%.

A Cartesian coordinate system is considered having its origin at the
id span point of the profile, with 𝑧 along the main shaft and 𝑥 aligned

o the direction of the thrust force, imposed by the air bearing rig. The
echanical design allowed to adjust the distance (ℎ) from the upper
2

w

edge of the foil to the free surface. In order to study the effects of the
proximity to the free surface, ℎ was varied from 0 (upper edge at the
free surface) to more than 1𝑠, condition at which results were observed
not to be dependent on ℎ. Experiments were conducted without a free
stream, in quiescent fluid. This was made to avoid the formation of
leading edge vortices and the undesired interactions of those with the
trailing edge ones, that would yield complexity to the problem, not
wanted at this stage. The signals output by all the sensors, including the
shaft rotation, the torque, and the output of the multi-axis and the uni-
axial load cells, were synchronously sampled at 2 kHz using a dedicated
data acquisition system controlled by an in-house code developed for
the experiments.

Time-Resolved Digital Particle Image Velocimetry (DPIV) was used
to investigate the flow structures generated by the motion of the foil.
Images were acquired at 500 fps using a CCD-sensor with 12 bit reso-
lution, a pixel size of 10 μm and 1280 × 1024 pixels. The camera was
fitted with a 20 mm fixed focal length objective and seeding was done,
using 20 μm neutrally buoyant Polyamide particles. The illumination

as provided by a continuous wave (CW) Diode-Pumped solid State
DPSS) green laser. Interrogations were done in two different planes,
ne cutting the foil at its mid span (𝑥𝑦) and another near the trailing
dge, parallel to the rotating shaft at a distance slightly greater than the
hord (𝑦𝑧). Image pre-processing using in-house codes was performed
n order to mask regions without particles in the flow and to identify
n each DPIV snapshot the position of the trailing edge. After this
nitial pre-processing, a Fast Fourier Transform (FFT) cross-correlation
lgorithm (Willert and Gharib, 1991) was applied to the pre-processed
mages, using an interrogation area of 32 × 32 pixels with a 50% of
rea overlapping. Spurious vectors produced by the cross-correlation
cheme, were threshold and replaced by new values obtained from
eighbour interpolation. An indication of the quality set-up was the
ery small number of spurious vectors obtained after the image pro-
essing, confirming that background and illumination noise sources
ere minimal. In previous experiments (Huera-Huarte, 2018b,a; Huera-
uarte and Gharib, 2019), we obtained the rotational motion of the

oil by processing the collected images with our processing algorithms,
howing very good agreement with the measurements provided by the
otentiometer. An overall combined value for the uncertainty in the
PIV measurements being conservative, is estimated to be under 5%. A
iscussion on sources of error associated with DPIV appears in Willert
nd Gharib (1991) and in more detail regarding the processing tech-
iques in Huang et al. (1997). Details of the experimental set-up are
epicted schematically in Fig. 1.

. Results and discussion

Experiments were conducted by actuating the foil with an amplitude
0 of 35 degrees and a frequency 𝑓 of 1 Hz. For each experiment, data

was recorded for 45 s, therefore over 40 flapping cycles are available
in each test. The distance ℎ from the upper edge of the foil to the free
surface was varied from more than 1𝑠 to 0. Among all the dimensionless
parameters involved in the present problem, the Reynolds number
(𝑅𝑒 = 𝑈𝑐∕𝜈), the Froude number (𝐹𝑟 = 𝑈∕

√

𝑔𝑠) and the aspect ratio
of the foil (𝐴𝑅 = 𝑠∕𝑐), remained constant, with values around 17600,
.17 and 1.76 respectively, because of fixed imposed kinematics and
eometry. In the expressions, 𝑈 is the average foil trailing edge veloc-
ty, 𝜈 is the kinematic viscosity of the fluid and 𝑔 is the acceleration

of gravity. The submergence depth to span ratio (ℎ∕𝑠) is the parameter
hat governs the problem as it accounts for the separation between the
oil and the free surface, and was systematically varied. The effect of 𝑈 ,
𝑅, 𝑅𝑒 and other parameters in the performance of pitching foils has
een widely studied in the past (Buchholz and Smits, 2005; Floryan
t al., 2017; Huera-Huarte, 2018b; Wu et al., 2020), this is why this
ork is only focused in the analysis of the effects of submergence depth.

The hydrodynamic forces (𝐹𝑥, 𝐹𝑦) and moment (𝑀𝑧) seen by the foil

hile pitching sinusoidally with instantaneous angular velocity (𝛺), are



Ocean Engineering 272 (2023) 113663F.J. Huera-Huarte
Fig. 1. Schematic views of the robotic fin used for the experiments. Cartesian origin is displaced from its actual location. Air bearing rig supporting structure not shown for the
sake of clarity.
also part of the dimensionless set to study, and result of applying the
following expressions,

𝐶𝑇 =
𝐹𝑥

1
2𝜌𝑈

2𝑐𝑠
𝐶𝑆 =

𝐹𝑦
1
2𝜌𝑈

2𝑐𝑠
𝐶𝑀 =

𝑀𝑧
1
2𝜌𝑈

2𝑐𝑠2
(1)

in which 𝜌 is the fluid density. Mechanical power (𝑀𝑧𝛺), efficiency and
the ratio thrust to side force are defined according to the expressions
below.

𝐶𝑃 =
𝑀𝑧𝛺

1
2𝜌𝑈

3𝑐𝑠
𝜂 =

𝐶𝑇

𝐶𝑃

𝜁 =
𝐶𝑇

𝐶𝑆
(2)

Thrust coefficient appears time averaged (𝐶𝑇 ) in the first column
of Fig. 2, together with the standard deviation of the side force and
the moment (𝐶𝑆 and 𝐶𝑀 ) seen by the shaft, as a function of the gap
distance between the foil and the free surface (ℎ∕𝑠). In the second
column of the figure the time averaged power coefficient 𝐶𝑃 is shown
as a function of distance. The inset in that plot shows the data points
together with an exponential fit (dashed line) of expression 𝐶 =
3

𝑃

0.7𝑒−9.7(ℎ∕𝑠) + 4. The last two rows of the second column are for the
efficiency (𝜂) and the ratio thrust to side force (𝜁).

The figure shows that when thrust starts to decrease, at ℎ∕𝑠 = 0.4,
power starts to increase up to the point at which the foil is at the free
surface, where it becomes maximum. Efficiency depicts a trend similar
to the thrust, starting slightly under 0.2, decreasing to 0.18, reaching a
minimum at 0.11 and going back to a value of 0.16 at the free surface.
The same happens with the ratio of thrust to side force. The data shows
clearly the non-linear effect on the propulsive characteristics of the
foil, caused by the proximity to the free surface. For large separations
(ℎ∕𝑠 > 0.6) there are practically no variations in the coefficients, but
as the foil approaches the free surface there are major changes. In
the case of the thrust, the variations are especially complex. There is
a small first decrease of approximately 5% in the thrust coefficient,
from the reference value of 0.77 to 0.73, for distances in the range
0.15 ≤ ℎ∕𝑠 < 0.4. A more important drop, with a reduction higher
than a 35% in the value of thrust, takes place when the separation
is less than 0.15, going to values near 0.5. When the upper edge of
the foil is at the free surface, thrust level goes back to more than



Ocean Engineering 272 (2023) 113663F.J. Huera-Huarte
Fig. 2. Dimensionless thrust (𝐶𝑇 ), side force (𝐶𝑆 ), moment (𝐶𝑀 ), power (𝐶𝑃 ), efficiency (𝜂) and ratio thrust to side force (𝜁), as a function of the dimensionless distance to the
free surface (ℎ∕𝑠).
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0.75, near the reference ones. The trends exhibited by the side force
and the moment are very similar with a monotonic increase in their
values as the distance to the free surface is decreased. From these
two plots it appears evident that swimming by pitching an appendage
perpendicularly and near to the free surface, implies a reduced thrust
coefficient combined with a high absorbed power that ultimately yields
a low efficiency. The loss in efficiency is approximately a 40% respect
the reference values, i.e. without free surface influence. Zhu et al.
(2006) showed, using numerical experiments, how as the aspect ratios
of the foil were increased, the effect of the free surface was weaker.
They investigated two foils, one with aspect ratio 1 and another with
aspect ratio 5. In the small aspect ratio case they found reduction
of thrust and propulsion efficiency with a much larger free-surface
influence, with reductions in efficiency up to a 40%, in the order of
the ones reported here. For the largest aspect ratio, variations were
under 10%. They explained the effect as a consequence of a larger
effective submergence depth as the aspect ratio was reduced. They also
observed in their computations, that the surface distortion consisted
of unsteady waves that propagated mostly in the transverse direction,
diminishing the effect on the flapping foil wake dynamics, although the
wake structures were not reported and investigated.

The monotonic increase in power observed in Fig. 2, seems intuitive
if one thinks in the fact that as the free surface gets closer to the foil,
part of the power will be used to generate surface deformations (Zhu
et al., 2006). Conversely, the case of the thrust evolution with distance
to the boundary, and the reason for the strong decay near the free-
surface, seems to be much more complex and not as evident. In fact,
one could easily miss this large drop in performance if the experiments
would have been done by varying ℎ∕𝑠 in larger steps, as everything
happens in a narrow band of separation values. This effect, has not been
reported in detail previously in the available literature.
4

As described in Section 2, DPIV interrogations were carried out at
two different planes (𝑦𝑧 and 𝑥𝑦) to elucidate the causes for the perfor-
mance trends presented in Fig. 2. Fig. 3 shows the wake structures in a
𝑦𝑧 plane near the trailing edge of the foil, using dimensionless vorticity
(𝜔∗

𝑥 = 𝜔𝑥𝑐∕𝑈) maps, for three cases with gap distances between the
upper edge of the foil and the free surface (ℎ∕𝑠), of 1, 0.1 and 0, in the
upper (plots a to d), central (plots e to h) and lower (plots i to l) rows of
the figure, respectively. The velocity vector field is also included using
dark grey vectors. For each case, four phase averaged maps are shown,
at phases 𝜃 = 0 (first column), 𝜃 = 𝜋∕4 (second column), 𝜃 = 𝜋∕2
third column) and 𝜃 = 3𝜋∕4 (fourth column), i.e. for the first half of
he flapping cycle, as the second one is effectively symmetric. Since
he deformation of the free surface was not measured, the horizontal
lue line in plots 𝑒 to 𝑙, is used only for reference, to indicate the
osition of the free surface in the rest position, before the start of the
xperiment. An arrow around the shaft is used to indicate the direction
f the rotation of the foil in each particular phase position.

The flow structures revealed by the vorticity maps for cases with
aps larger than 0.4𝑠 are all very similar, hence the case with ℎ∕𝑠 = 1,

in the upper row, is used as the reference case depicting no influence
of the free surface. This is coherent with what Fig. 2 indicates in
terms of performance. In the reference case (plots a to d), when the
foil reaches the maximum excursion and starts moving after changing
direction, an elliptic vortex ring is shed. The 𝑦𝑧 sectional view shows a
counter-rotating vortex pair that travels perpendicular to the shaft until
it disappears outside the field of view. This is in fact the cross-sectional
view of the vortex ring that moves not only in plane but also out-of-
plane, carrying momentum in both 𝑦 and 𝑥 directions, with the latter
being responsible for impulse and thrust (Huera-Huarte and Gharib,
2017; Huera-Huarte, 2018b). In the reference case, the flow structures

are virtually symmetrical respect to the 𝑦 direction at the mid span of
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Fig. 3. Dimensionless phase averaged vorticity maps (𝜔∗
𝑥 = 𝜔𝑥𝑐∕𝑈), obtained at distances to the free surface (ℎ∕𝑠) 1, 0.1 and 0 (in rows). For each case four snapshots are shown

(in columns). The horizontal line in the plots is used for reference, to indicate the position of the free surface in the rest position, before the start of the experiment.
the foil. The vorticity structures generated at the upper and lower edges
of the foil connect with those at the trailing edge to form the vortex ring
at the other side of the foil in the next half cycle. In the 𝑦𝑧 sectional
view they are seen with an inclination of approximately 45 degrees
respect to the 𝑦 direction.

If vorticity can be considered to be confined in a thin vortex
loop, the force generated by a panel rotating in a fluid, scales with
time rate of change of the circulation and the size of the vortex
formed (Wu, 1981; Saffman, 1995). In other words, thrust results from
the reaction to the momentum injected to the wake structures, and it
is related to the time evolution of the size of the structures and the
vortex strength imposed by the motion. This gives a qualitative way
of explaining the forces measured by observing the wakes structures
generated. A larger vortex structure, i.e. a more separated counter-
rotating vortex pair in the 𝑦𝑧 cross-sectional views presented, and a
larger vorticity, imply larger force. All these features are all well known
from previous experiments carried out with moving surfaces of similar
aspect ratios (Kim and Gharib, 2011; Flammang et al., 2011; DeVoria
and Ringuette, 2012; Huera-Huarte and Gharib, 2017; Huera-Huarte,
2018a; Huera-Huarte and Gharib, 2019).

When the gap between the upper edge of the profile and the free
surface is reduced, the flow structures change considerably as can be
seen in the other two cases (plots e to l). The symmetry observed in
5

the reference case is lost, as a direct consequence of the gap reduction.
In the case with ℎ∕𝑠 = 0.1 (plots e to h), the cross-sectional view of
the annular vortex, i.e. the counter-rotating vortex pair, moves towards
the free surface with an inclination and the elongated structure being
shed from the upper edge of the foil, has a smaller angle respect to
the 𝑦 direction. This new orientation of the vortex structures formed
implies the generation of momentum not only in the 𝑥 and 𝑦 directions
as in the reference case, but also in the span-wise 𝑧 direction. More-
over, vortices in this case, are inclined towards the free surface and
have less strength. This asymmetry is mainly caused by the increased
velocities at the gap between the foil and the free surface, caused by
the channelling effect at the gap, that results in unbalanced circulations
producing the upward tilting of the vortex structure. This yields to a
much more complex wake, the generation of free surface waves and
complex interactions at the free-surface as reported by Weigand and
Gharib (1995). The force measurements presented here (Fig. 2), show
increased torques and therefore power needed to produce the free
surface deformation, as well as a largely reduced thrust. The thrust
reduction is related to the appearance of the span-wise momentum
generated, in detriment of that generated in the 𝑦 and 𝑥 directions,
as well as to the weakening of the vorticity near the free surface.
The objectives of the present work is the analysis of the influence of
the free surface in the overall propulsive performance of the pitching
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Fig. 4. Dimensionless phase averaged vorticity maps (𝜔∗
𝑧 = 𝜔𝑧𝑐∕𝑈), obtained at distances to the free surface (ℎ∕𝑠) 1, 0.1 and 0 (in rows). The last column shows the magnitude

of the velocity non-dimensionalized with 𝑈 . For each case four snapshots are shown (in the first four columns).
foil and not the analysis of the intricate details of vortex interaction
and evolution near the free surface. That particular topic was studied
by Bernal et al. (1989), and Bernal and Kwon (1989), with pioneering
studies on the interaction between vortex rings evolving parallel and
perpendicular to the free surface. Following these studies, Weigand and
Gharib (1995) and Gharib and Weigand (1996) looked into the process
of vortex connections and disconnections at the free surface, of a vortex
ring travelling with different inclinations and depths respect the free
surface.

In the last row of Fig. 3, in plots i to l, there is no separation
between the free surface and the foil (ℎ∕𝑠 = 0). The upper vortex,
i.e. the upper part of the cross-sectional view of the ring, practically
disappears and the lower one travels rapidly towards the free surface,
indicating that the vortex ring is open and connects in the upper part to
the free surface. This can be easily seen in plot 3l, where only the lower
vortex can be identified. Only part of the ring is generated because of
the connection with the free surface that leaves it open (Weigand and
Gharib, 1995). The elongated structure being shed from the lower edge
has moved towards the mid-span and it is tilted. The size of the half
annular structure is larger than in the other two cases, in fact, if the
vortex was not cut at the free surface, it would have approximately
double the size of the one in the reference case. Here, the free surface
acts as the symmetry plane instead of being at mid span of the foil.
6

From the propulsive performance point of view, the larger size and the
strength, that seems not to be largely altered respect to the reference
case, should result in larger force coefficients, and this is what Fig. 2
showed, with a thrust level that stays at values similar to the ones
observed without free surface effects.

The lost of symmetry induced by the proximity to the free surface
and the consequent loss of performance of the flapping system, does not
appear evident in the 𝑥𝑦 DPIV interrogations shown in Fig. 4, obtained
by measuring at the mid-span of the foil. In the first four columns
of the figure from the left, vorticity appears in dimensionless form
(𝜔∗

𝑧 = 𝜔𝑧𝑐∕𝑈), again for the same phase averaged positions of the foil.
Plots a to d in Fig. 4 show the 𝑥𝑦 view of the reference case. The vortices
that appear there, are cross-sectional views of the part of the ring that
goes between the cross-sectional view of the vortex pair seen in plane
𝑦𝑧 from Fig. 3, confirming again the annular structure in the wake. The
formation of a clockwise rotating tip vortex can be seen until the foil
reaches the maximum excursion, point at which the chord-wise flow
in the foil starts to generate counter-clockwise circulation that yields a
bound vortex that cuts the previous structure that continues moving in
the 𝑥 direction towards the end of the field of view. This vortex pair is
the cross-sectional view of the same vortex ring described previously,
whereas here the inclination respect to the 𝑥𝑧 plane can be seen in
this view. The last column of the figure (plots e, j and o) is for the
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Fig. 5. Three-dimensional schematic reconstruction of the wake based on the planar phase averaged DPIV 𝑦𝑧 and 𝑥𝑦 interrogations performed, for the reference case ℎ∕𝑠 = 1 and
for the case with the upper edge of the foil at the free surface ℎ∕𝑠 = 0. Both views are for the position of the foil inside the cycle, with phase 𝜃 = 0.
Fig. 6. Cycle averaged time series of the dimensionless coefficients of thrust (𝐶𝑇 ) and
moment (𝐶𝑀 ), for the reference case (solid line) and for other representative cases
shown in Fig. 2. Time is shown in dimensionless form (𝑡∗ = 𝑓𝑡).
7

magnitude of the velocity non-dimensionalized with 𝑈 . The plot shows
only velocities that are equal or larger than 30% of the tip velocity
𝑈 , for the sake of clarity. As in Fig. 3, each row in the figure is for a
different ℎ∕𝑠, from 1 in the upper row to 0 in the lower one as in the
previous figure. From the last column it is clear that the region covered
by large velocities becomes smaller and closer to the foil as the free
surface is near to the upper edge. Moreover, the vorticity maps show
how the tip vortex does not dissipate as fast as in the other two cases
and remains closer to the trailing edge of the foil when near the free
surface. This view evidences the fact that in the free surface case, the
symmetry plane of the vortex formation is not at the mid span as in the
reference case, but at the free surface, therefore the 𝑥𝑦 cross-sectional
view shows the vortices closer to the trailing edge.

A three-dimensional schematic reconstruction of the wake based
on the planar DPIV 𝑦𝑧 and 𝑥𝑦 interrogations performed appears in
Fig. 5, for the reference case ℎ∕𝑠 = 1 (left plot 5𝑎) and for the case
with the upper edge of the foil at the free surface ℎ∕𝑠 = 0 (right plot
5𝑏). They show the phase averaged dimensionless vorticity planes for
phases 𝜃 = 0, that appear in Fig. 4a and i, respectively. The views are
qualitative only, with the purpose to provide an easier interpretation of
the planar measurements carried out, and to support the explanations
given above. Dashed lines are used to indicate the approximate path
of the vortex cores and circulation regions. The case with ℎ∕𝑠 = 0.1,
that appears in Figs. 3 and 4 has not been included here as the only
qualitative difference to the reference case shown in 5a is the fact
that the counter-rotating pair that form the ring indicated in the figure
is tilted and moves with an inclination towards the free surface, as
commented before.

To further discuss the results, Fig. 6 illustrates the times series of
thrust and moment coefficients for several cases presented in Fig. 2,
with ℎ∕𝑠 = 0, 0.05, 0.1, 0.15 and 1. The data appears cycle averaged,
resulting from more than 40 cycles, as a function of the dimensionless
time 𝑡∗ = 𝑓𝑡 or the position of the foil 𝜃. The solid line depicts the
reference case without free surface effects. In the lower part of the
figure an schematic view of the foil is shown at each position inside
the cycle, for reference. When the foil moves from one side of the
cycle (𝜃 = 𝜋∕2) to the other (𝜃 = 3𝜋∕2), the strong circulation at
the trailing edge generates a strong vortex at the tip (see plots 𝑎, 𝑓
and 𝑘 from Fig. 4 and the dashed lines near the trailing edge of the
three-dimensional representation of Fig. 5a) that makes the thrust and
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Fig. 7. Momentum flux coefficients in the span-wise direction (𝐶𝑚𝑧
) obtained at distances to the free surface (ℎ∕𝑠) 1, 0.1 and 0 (plots 𝑎, 𝑏 and 𝑐, respectively). Root mean square

value of the dimensionless vertical force coefficient (𝐶𝑍 ) for the same cases.
the moment coefficients increase up to their maximum values, just
before reaching the central position at 𝑡∗ = 0.5, and then starts to
decrease to their minimum value of thrust and zero moment, just after
the central position. As it continues to the other side of the flapping
cycle it starts to grow again to and intermediate peak produced by
the shedding of the bound vorticity (see plots 𝑑, 𝑖 and 𝑛) from Fig. 4.
The latter results from the flow travelling chord-wise to the trailing
edge. Just after this event the foil starts to move again in the other
direction building up circulation at the tip to reach the maximum
thrust and moment just before the central position, as in the previous
half cycle. The detailed description of the vortex formation process in
pitching foils has been studied by the author in the past observing the
same general features (Huera-Huarte and Gharib, 2017; Huera-Huarte,
2018b; Huera-Huarte and Gharib, 2019). Here, the time series clearly
show that for the case without free surface effects, the average thrust is
larger than in the rest of cases, as seen in Fig. 2, as most of the points
in the plots (with the exception of the peaks) appear over the rest of
cases. This is more evident with ℎ∕𝑠 = 0.05 where the lowest thrust
was recorded. The moment shows clearly how absolute values for the
reference case are smaller that those of the other cases, during all the
cycle.

All these modifications observed in the wake structure as a function
of the distance to the free surface, explain the propulsive performance
reported in Fig. 2. They govern the way momentum is injected to the
wake, which depends on parameters such as the imposed kinematics
and the geometry of the foil (Shinde and Arakeri, 2013; Park et al.,
2016; Heathcote et al., 2004; Huera-Huarte and Gharib, 2017; Huera-
Huarte, 2018b; Shinde and Arakeri, 2018). Huera-Huarte and Gharib
(2019) showed that thrust and performance can be actively altered by
changing the way momentum is injected to the wake, by changing the
8

geometry of the wake, using a foil with an active trailing edge. To
further study the effect of the free surface, in Fig. 7, the vertical force
coefficient (𝐶𝑍 ) and the momentum flux coefficients (𝐶𝑚𝑧

) along the
𝑧 direction for the cases in Fig. 3, are presented. These are computed
based on equations,

𝐶𝑚𝑧
= 2

𝑈2𝑙𝑦 ∫

𝑦2

𝑦1
𝑤2𝑑𝑦 𝐶𝑍 =

𝐹𝑧
1
2𝜌𝑈

2𝑐𝑠
(3)

where 𝑤 is the velocity component in the 𝑧 direction, and 𝑙𝑦 is the
length in the 𝑦 direction in which the finite integrals are evaluated. The
vertical force coefficient is presented in the lower row of the figure (plot
d), using its root mean square value (𝐶𝑍 ), as it was measured with the
6-axis balance. The plots in the upper row of the figure are for cases
with ℎ∕𝑠 = 1, 0.1 and 0 from left to right columns. Symbols are used
for each phase inside the cycle as in Figs. 3, and the solid line is the
time averaged momentum flux over the whole cycle.

In the upper left corner (plot a), the 𝐶𝑚𝑧
in the reference case shows

a momentum flux across 𝑦 as a function of 𝑧, that is symmetric respect
the mid span, resulting from span-wise flow velocities with opposite
sign at each side of the symmetry plane. The reaction to the momentum
flux at the upper half of the foil must balance that at the lower half,
and it is nearly zero at the mid-span. This region of the foil where the
momentum flux is the smallest, moves towards the free surface as the
gap between the upper edge of the foil and the free surface is reduced,
as can be seen in plot b, for the case with ℎ∕𝑠 = 0.1. This fact indicates
again the symmetry breaking in the wake, as shown with the velocity
and vorticity maps of Fig. 3. When the foil is near the free surface
with ℎ∕𝑠 = 0.1, the unbalanced span-wise momentum flux distribution
suggests a non-zero net span-wise force, not existing or minimal in
the reference case. The lower plot, with the vertical force coefficient,
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p
t

confirms these forces, with values that are larger when near the free
surface as pointed out by the DPIV analysis and the momentum fluxes
reported, explaining the thrust performance trend observed in Fig. 2.
The vertical force coefficient is not constant in the range 1.35 to 1.4
for ℎ∕𝑠 larger than 0.4, but it clearly grows up to 1.55 when the free
urface is near. Under this situation the power that the foil needs to
roduce the kinematics imposed in the experiments, is not only used
o generate thrust in the 𝑥 direction as in the reference case, but also

to generate span-wise thrust in the 𝑧 direction. Moreover, extra torque
is used to deform the free surface, especially in the case with the foil
at the free surface, although we have not measured or quantified this
effect in the present experiments. Plot c, for ℎ∕𝑠 = 0, shows that the
free surface acts as the symmetry plane instead of the mid-span of the
foil as in the reference case as suggested by the DPIV results presented
previously.

4. Conclusions

Experiments conducted with a symmetric profile pitching sinu-
soidally, with its shaft perpendicular to the free surface, at different
separation distances from it, have been conducted. The robotic system
and the measurements obtained show the effect of the proximity to the
free surface on the propulsive performance of the system.

The experiments reveal a highly non-linear relationship between the
performance and the separation to the free surface. When the system
actuates near the free surface, at a separation around 5 to 10% of its
span, it suffers a dramatic decay in thrust (approximately 30%) and
an increased power for given fixed imposed kinematics, implying a
low efficiency, showing a drop of around 40%. The analysis of the
fluid loading and the flow field around the system indicates that the
free surface induces a symmetry breaking in the overall wake structure
formation, resulting in span-wise flow, and in momentum redirection. If
the separation is zero, with the upper edge of the profile moving at the
free surface, thrust is mostly recovered but power is considerably larger
than in the reference case, yielding again to a diminished efficiency.
The free surface in this case, acts as the symmetry plane instead of the
mid span of the foil.
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