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a b s t r a c t

Wave energy is one of the most available sources of renewable energy in the world. It has been previ-
ously proven that the flapping foil can generate thrust forces using energy from the surface waves and an
empirical formula was proposed to predict the thrust forces generated by a flapping foil consist of
NACA0015 section (Kumar and Shin, 2019a). However, the proposed empirical formula was restricted to
the head waves i.e. 0� azimuth angle which was not useful for the flapping foils encountering with
oblique and following waves. Therefore, in this study, the thrust empirical formula was modified to
include the effects of azimuth angles based on the experimentally obtained data. And the modified
empirical equations were validated by the combination of foils experimentally.
© 2021 The Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Most of the flying and swimming animals produce thrust forces
to maneuver using their flapping wings, tails, and fins. However,
the numerical prediction of the thrust force generation through
flapping foils is still complicated for ocean engineers due to the
complex fluid-structure interactions (Shyy et al., 2010; Lee et al.,
2015). Flapping motion requires a continuous source of excitation
energy for producing instantaneous forces. Therefore, flapping of
wings, tails and fins are active in nature. Passive flapping is possible
when energy was extracted from renewable sources such as sea
surface waves, one of the most found energy sources in the world.

Wave energy using hydrofoil can be extracted only when the
wave has a vertical velocity component, if the flow is uniform,
energy cannot be extracted (Wu, 1972). A passive conversion of
surface wave energy into propulsive energy using hydrofoils was
named as wave devouring propulsion(Terao and Isshiki, 1991;
Isshiki and Murakami, 1983; Isshiki, 1982, 1984). It was found that
the flapping foil could potentially replace the conventional pro-
pellers due to its higher propulsive efficiency, lower noise, and
bettermaneuverability(Yu et al., 2004; Fish, 2013; Ramamurti et al.,
Kumar), hkshin@ulsan.ac.kr
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2010; Politis and Tsarsitalidis, 2014). Therefore, the investigation of
flapping foil was extended from scientific to technological where
flapping foils become applicable for the design of underwater ro-
bots (Bandyopadhyay, 2005; Platzer et al., 2008), auxiliary pro-
pulsor (Bøckmann and Steen, 2014; Filippas and Belibassakis, 2014),
and motion stabilizer (Ulysses, 1958; Evangelos, 2015). It has also
been proved that the cambered foil offers little to no benefit over
symmetric foils in terms of the averaged thrust coefficient and
propulsive efficiency (Ashraf et al., 2011), therefore, a symmetric
foil NACA0015 was used for the experiments to minimize the
geometrical complexity. Extensive experimental work with NACA
0015 on the pure pitch and pure heavewas reported in(FREYMUTH,
1988). Further, the performance of flapping foil propulsion for a
combined heave and pitch motions of NACA 0012 was studied
experimentally(Schouveiler et al., 2005). Subsequently, the effects
of flexibility (Liu et al., 2018; Prempraneerach et al., 2003), angle of
attack (Hover et al., 2004), Strouhal number (Schouveiler et al.,
2005), flapping frequency (Kumar and Shin, 2019b; Lewin and
Haj-Hariri, 2003), phase difference (Young and Lai, 2007), ampli-
tude (von Ellenrieder et al., 2003) and pivot location (MacKowski
and Williamson, 2017) on the flapping foil propulsion were
reported.

The thrust generating ability of flapping foil can be used inmany
ways. One way is the station-keeping of a very large circular floater
where flapping foils are arranged normal to its diameter. Recently,
experiments were carried out for a stationkeeping model using
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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passive flapping foils and plates (Sim et al., 2018), results show that
the passive stationkeeping system works effectively in long and
mid regular waves but fails in short waves. Because short waves
carry a smaller vertical component of wave energy that was not
sufficient to keep the position of the stationkeeping model.
Therefore, the application of active foil was investigated using CFD
and results proved that the active mode of flapping could signifi-
cantly improve the output thrust force of flapping foil (Kumar and
Shin, 2019b).

When a flapping foil stationkeeping model interacts with the
wave, each flapping foil interacts with different azimuth angles
because the foils were arranged normal to the diameter of a circular
floater. Therefore, to develop this kind of Stationkeeping system,
the effects of azimuth angles must be studied in detail. The purpose
of this study was to develop the empirical equations for predicting
the effects of azimuth angles on the thrust generation of a flapping
foil. A trust empirical formula was previously developed for head
waves that was 0� azimuth angle (Kumar and Shin, 2019a). In this
study, the empirical formula was modified to include the effects of
azimuth angles based on the experimental results.

1.1. Why stationkeeping?

The offshore industries are moving from shallow to deeper
water. The conventional methods for the stationkeeping of deep-
water floaters became more complex and expensive. Therefore,
stationkeeping using flapping foils could provide the following
advantages.

� It can be installed regardless of water depth.
� It has no use of mooring lines.
� It is easy to relocate.
� It uses energy from the waves to operate.
� Cost-effective.

2. Methodology

2.1. Experiments

A hydrofoil section NACA0015 was used for the experiment
which was attached to an elastic plate from its leading-edge as
shown in Fig. 1(a). This study is the continuation of our previous
Fig. 1. (a) Flapping foil (b)
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work (Kumar and Shin, 2019a) where the thrust forces were
measured using the same experimental models and methods for
head waves only. However, in a stationkeeping model, each flap-
ping foil interacts with the waves with a unique angle of attack as
displayed in Fig. 1(b). Therefore, new experiments were carried out
to understand the effects of azimuth angles on the thrust forces
generated by a flapping foil in waves.

Fig. 2 shows the difference in the previous work (head waves)
and new work (azimuth angles) where 13 azimuth angles have
been selected for carrying out the experiments from 0� to 180� at a
gap of 15� each. In the previous work (Kumar and Shin, 2019a), 9
different elastic plates with 3 lengths (L1, L2, L3) and 3 breadths (B1,
B2, B3) were used to understand the effects of elasticity on the
thrust generation of a flapping foil in waves.

2.2. Load cases

Flapping foil experiments were performed for 9 different
models, as described in the previous work (Kumar and Shin, 2019a).
Where experiments with 8 wavelengths and 3 wave heights were
carried out to investigate the effects of incoming wave conditions
on the thrust generation of a flapping foil. In this study, the number
of wavelengths was reduced from 8 to 7 by removing the shortest
wavelength from the load cases, because, studies found that the
passive flapping foil system was unable to make any significant
effects in short waves (Sim et al., 2018) and the use of the active
flapping system was recommended (Kumar and Shin, 2019b).
Therefore, waves with 7 different wavelengths and 3 wave heights
shown in the Appendix as Table A1(a) and Table A1(b) respectively,
were generated to carry out experiments for 13 azimuth angles.

2.3. Experimental setup

The experiments were carried out in a wave flume of 35 m long,
0.5 m wide, and 0.6 m deep in the Ocean Engineering Lab, Uni-
versity of Ulsan as shown in Fig. 3.

A wave probe was placed before the flapping foil to capture the
undisturbed incoming wave profile in time domain. And a load cell
wasmounted to the tank tomeasure the thrust force of the flapping
foil, whereby the flapping foil was connected to the load cell
through a slender rigid column and an angle adjuster which allow
the foil to be positioned at any azimuth angles from 0� to 180� as
Stationkeeping model.



Fig. 2. Display of azimuth angles.

Fig. 3. Experiments with azimuth angles setup in a wave flume, UOU.

Fig. 4. Experimental setup of azimuth angles using angle adjuster.
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displayed in Fig. 4. Therefore, the flapping foil could be adjusted to
any azimuth angle without changing the submergence, pivot point,
and the position of the foil.

2.4. Experimental results

Fig. 5 presents the experimental results of the flapping foil for
20 mm wave height Also, a comparison of the thrust forces of a
flapping foil for 9 different models and 13 different azimuth angles.
L1, L2, L3 and B1, B2, B3 are the length and breadth of the elastic
plates explained in the previous study (Kumar and Shin, 2019a),
respectively. Results show that the thrust measurement of a flap-
ping foil was highly random in nature and effective numerical
prediction of the plot was not available. The plotted results were
color coded for each combination of length and breadth of elastic
plate and separated by dashed lines for each azimuth angles in X-
axis. Results plotted in each zone of azimuth angle represents the
measured mean thrust forces of 7 different wavelengths for 9
different set of models. Y-axis represents the magnitude of the
mean thrust forces measured in newton (N).

3. Development of empirical equations

The development of thrust empirical equations with azimuth
angles was divided into two parts called Part ‘A’ and Part ‘B’ due to
the change in trend of the thrust plot after 90� azimuth angle. Part
‘A’ covers the thrust plots from 0� azimuth angle to 90� azimuth
angle and Part ‘B’ covers from 90� azimuth angle to 180� azimuth
angle as shown in Fig. 6.

3.1. Part “A00

To proceed with the modification of thrust empirical formula by
including the effects of azimuth angles, an alternative method is
used in Part ‘A’. Since the form of the thrust experimental results
follows more or less a cosine path for 0� to 180� azimuth angles as
displayed in Fig. 5, therefore an alternative method was used to
modify the thrust empirical formula for head waves as follows.

Eq. (1) shows the final empirical formula for head waves (0�
Fig. 5. Experime
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azimuth angle) as reported in (Kumar and Shin, 2019a);

Ln
�
Ct2
�
¼ � 7:13þ 191:36� Fn� 1:57� LnðEpÞ � 1:02� Ad

� 6:55� Slr� 636�Wsþ 2422� ðWsÞ2 � 100:2� Fn� Slr

þ 1:51� LnðEpÞ � Slrþ 193:16� Slr�Ws

(1)

Let

Ln
�
Ct2
�
¼X (2)

Ct2 ¼ eX (3)

Ct¼
ffiffiffiffiffi
eX

p
(4)

T

0:5rðAFÞV2 ¼
ffiffiffiffiffi
eX

p
(5)

T¼ 0:5rðAFÞV2
ffiffiffiffiffi
eX

p
(6)

Due to the shape of thrust plot as cosine form as shown in Fig. 5,

Tfinal ¼TCosq (7)

Tfinal ¼0:5rðAFÞV2
ffiffiffiffiffi
eX

p
Cosq (8)

The right-hand side of Eq. (1) was assumed as ‘X’ as shown in Eq.
(2) and log functionwas transformed to exponential function in Eq.
(3). Further, Eq. (4) displayed the thrust coefficient in the square
root of exponential ‘X’. Thrust coefficient (Ct) was expanded in Eq.
(5) and the equation for thrust force (T) was shown in Eq. (6).
Finally, thrust formula was modified according to the shape of the
experimental results plot in Eq. (7) and expanded in Eq. (8).

Fig. 7 displays the thrust comparison of flapping foil with azi-
muth angles 0� to 90� and comparison shows a very good agree-
ment between the experimental and empirical results. Where Y-
axis shows the mean thrust forces in Newton and X-axis represents
ntal results.



Fig. 6. Display of part ‘A’ and part ‘B’.

Fig. 7. Thrust comparison of flapping foil with azimuth angles 0� to 90�
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the experimental sequence from L1_B1 to L3_B3. These are 9 types
of flapping foil models taken from (Kumar and Shin, 2019a) where L
and B represents length and breadth of the elastic plates,
respectively.

For each model 6 peaks are recorded that represents the thrust
distribution of the flapping foil with azimuth angles from 0� to 90�

in the interval of 15� as shown in Fig. 6. Since Part “A” empirical
formula was derived from a cosine function of azimuth angles, no
thrust forcewas predicted at 90� azimuth angles. Therefore Part “B”
represents the thrust estimation of the flapping foil for 90� and
above azimuth angles.

The above alternative method was used to modify the thrust
empirical formula of a flapping foil in waves for azimuth angles
from 0� to 90� only. Because, after 90� azimuth angle, thrust trend
was not aligning completely with the cosine form due to the pivot
point of the flapping foil positioned at the downstream of it and
foil's trailing edge was interacting with the wave first. Therefore,
this study was separated into two parts and two empirical
130
equations are developed to predict the thrust forces of flapping foil
in waves with azimuth angles below and above 90�.
3.2. Part “B00

To proceed with themodification of thrust empirical formula for
a flapping foil with azimuth angles 90� and above, a convention
approach of dimensional and regression analysis was used.
Table 2A in Appendix shows the parameters that influence the
thrust force of a flapping foil with several azimuth angles in waves.

An additional parameter was included as azimuth angle to
modify the empirical formula shown in Eq. (1). Therefore, the
number of variables was written as 11 compared to 10 taken in the
previous study (Kumar and Shin, 2019a). Hence the total number of
non-dimensional quantities becomes 8 compared to 7 from the last
reported study (Kumar and Shin, 2019a).

Dimensional Analysis:
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T a raBbLcgdHeðLwÞf mg ðEIÞhðIaÞI qj (9)
T¼rgL3 f
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L

�b�Lw
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�c� H
Lw

�e� m

rLðgLÞ0�5

�g
 

EI

gL5

!h�
Ia
rL5

�i
qj
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(10)
T
1
2rL

2V2 ¼ f

(�
B
L

�b
 
V2

gL

!c�
H
Lw

�e� m
rLV

�g� EI

rV2L4

�h� Ia
rL5

�i

qj
)

(11)

where;
Ln
�
Ct2
�
¼43:41� 12:16ðSlrÞþ725ðFnÞþ4:32e� 8ðAdÞ � 3:973ðLnðEpÞÞ � 1359ðWsÞ � 0:02484ðqÞþ0:1226ðLnðEpÞÞ2

þ19519ðWsÞ2 þ0:995ðSlr x LnðEpÞÞþ94:2ðSlr x WsÞ � 0:01335ðSlr x qÞ � 0:896ðFn x qÞ þ 0:507ðWs x qÞ
(15)
V¼uH
2

(12)

From dispersion relation,

U2

g
¼2p
Lw

tanh
�
2p
Lw

D
�

(13)

where, Eq. (9) was dependent on 10 variables shown in Table 2A in
Appendix. Eq. (10) and Eq. (11) arranged the variables in non-
dimension form. Eq. (12) and Eq. (13) explains the velocity term
used in the experiments.
3.3. Multiple regression analysis

The non-dimensional variables are displayed in Table 1 and Eq.
(14) shows the relationship between dependent and independent
Table 1
Variables for multiple regression analysis.

Sl. No. Variables

1 Thrust coefficient

2 Slenderness ratio of elastic plate
3 Wave slope

4 Froude number

5 Reynolds number

6 Elastic plate number

7 Added mass number

8 Azimuth angle
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variables.

Ct¼ f fSlr;Ws;Rn; Fn; Ep;Ad; qg (14)

Model tests results, as displayed in Fig. 5 were used to perform
the multiple regression analysis. And it yields a value of 93%
(R ¼ 0.93), which was very stable and showing a good agreement
with the experimental results plot. Table 2 shows the details of the
regression analysis. The coefficients were used to form the final
empirical formula in Eq. (15) and the p-values were smaller than
the significance level of 0.05.

Reynolds number (Rn) was eliminated to avoid multicollinearity
with the Froude number (Fn). Thus the final form of the empirical
equation can be written as follows.
Fig. 8 shows the results comparison between the experiment
and the empirical formula for azimuth angles (90� to 180�). The
results obtained from the empirical formula shows a good agree-
ment with the experimental results.
4. Validation

To validate the modified empirical equations, another set of
experiments were performedwith the combination of two flapping
foils placed opposite to each other and resultant thrusts were
recorded using the load cell as shown in Fig. 9. and experiments
were carried out for the wave conditions displayed in Table 3 and
the resultant thrusts are shown in Fig. 10.

Results show that flapping foils keep the zero drift conditions
for wavelengths ranging from 1.8 m to 3.7 m but fails to keep the
Short Notation Mathematical Expression

Ct T=0:5ðAFÞV2

Slr L =B

Ws H=Lw
Fn V

. ffiffiffiffiffiffi
gL

p
Rn VLr=m
Ep EI

.
rV2ðAEPÞ2

Ad Ia
.
rL5

q q



Table 2
Multiple regression analysis results.

Coefficients Standard Error t Statistic P-value Lower 95% Upper 95%

Intercept 43.41 1.76 4.06 0.00 3.62 10.64
Fn 725 37.87 5.05 0.00 115.66 267.05
Ln(Ep) �3.973 0.32 �4.88 0.00 �2.21 �0.93
Ad 4.32e-8 0.27 �3.80 0.00 �1.56 �0.48
Slr �12.16 2.52 �2.60 0.01 �11.58 �1.52
Ws �1359 102.49 �6.21 0.00 �840.86 �431.11
Ws2 19,519 606.51 3.99 0.00 1209.70 3634.50
Fn � q �0.896 32.08 �3.12 0.00 �164.31 �36.07
Ln(Ep) � Slr 0.995 0.40 3.74 0.00 0.70 2.31
Slr � Ws 94.2 40.78 4.74 0.00 111.65 274.68
q �0.02484 0.014 5.76 0.00 0.052 0.107
(Ln(Ep))2 0.1226 0.067 3.32 0.00 0.092 0.358
Slr x q �0.01335 0.0073 �4.56 0.00 �0.047 �0.019
Ws x q 0.507 0.616 0.83 0.02 �0.699 1.725

Fig. 8. Thrust force comparison of experimental and empirical results for azimuth angles (90� to 180�).

Fig. 9. Combination of flapping foils.

Table 3
Load cases for combined foils experiments.

Case u (rad/sec) Lw (m) H (mm)

1 3.13 3.73 20
2 3.92 3.01 20
3 4.63 2.3 20
4 5.41 1.77 20
5 6.22 1.49 20
6 7.74 1.27 20
7 9.24 1.01 20
8 10.86 0.7 20
9 12.32 0.52 20
10 15.71 0.26 20

R. Kumar and H. Shin International Journal of Naval Architecture and Ocean Engineering 13 (2021) 126e135
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Fig. 10. Resultant thrusts due to combination of flapping foils.

Fig. 11. Azimuth angle control.

Fig. 12. Effects of azimuth control on stationkeeping.
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Table 4
Azimuth control of combined foils experiments.

Case Lw (m) Thrust (N) q1 q2

1 3.73 0.0003564 0� 180�

2 3.01 �0.0018624 0� 180�

3 2.3 �0.0036892 0� 180�

4 1.77 0.0023651 0� 180�

5 1.49 0.0089335 40� 180�

6 1.27 0.0136894 45� 180�

7 1.01 �0.0071365 0� 125�

8 0.7 �0.0469532 0� 35�

9 0.52 �0.0197568 0� 90�

10 0.26 �0.0065321 0� 135�

R. Kumar and H. Shin International Journal of Naval Architecture and Ocean Engineering 13 (2021) 126e135
position in shorter waves. Therefore, modified empirical equations
were used to maintain the condition of zero-resultant thrust
without making changes in the elastic plates and hydrofoils as
shown in Fig. 11 and results are displayed in Fig. 12.

Fig. 11 shows the azimuth control of the flapping foils sta-
tionkeeping system and results prove that azimuth control can be
very useful and comparatively easier control option for the flapping
foil stationkeeping system.

When foil_1 was dominating, resultant thrusts moved up in the
positive Yaxis as shown in Fig. 10, therefore, azimuth angle of foil_1
(q1) was adjusted by using Eq. (16) as shown in Table 4 (case 5 & 6).
Eq. (16) was derived from Part ‘A’ empirical Eq. (8) and X was ob-
tained from Eq. (17).

q1 ¼ cos�1

 
T

0:5ðAFÞV
ffiffiffiffiffi
ex2

p
!

(16)

where,

X¼ 7:13þ 191:36� Fn � 1:57� LnðEpÞ � 1:02� Ad� 6:55

� Slr� 636�Wsþ 2422� ðWsÞ2 � 100:2� Fn� Slrþ 1:51

� LnðEpÞ � Slrþ 193:16� Slr�Ws

(17)

When foil_2 was dominating, resultant thrusts moved down in
the negative Y axis as shown in Fig. 10, therefore, azimuth angle of
foil_2 (q2) was adjusted by using Eq. (18) as shown in Table 4 (case
7,8,9 & 10). Eq. (18) was derived from the Part ‘B’ empirical Eq. (15)
and Eq. (19) showed the general form of Thrust coefficient equa-
tion.
q2 ¼

Ln
�
c2t
�� 43:41þ 12:16 ðSlrÞ � 725 ðFnÞ � 4:23e� 8 ðAdÞ þ 3:

�0:1226 ðLn ðEpÞÞ2 � 19519 ðWsÞ2 � 0:995 ðSlr x LnðEp
½ � 0:02484� 0:01335 ðSlrÞ � 0:896 ðFnÞ þ 0:
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where,

Ct¼ T

0:5r ðAFÞV2 (19)

Fig.12 proved that the flapping foils with right azimuth angles in
waves can generate an equal and opposite force to reduce the net
force to zero and the proposed empirical equations are very effec-
tive in predicting thrust forces for any azimuth angles of a flapping
foil in waves.

5. Conclusion

In this study, effects of azimuth angles on the thrust forces of a
flapping foil in the presence of waves were investigated experi-
mentally. The foil was made to flap at a fixed location during the
experiments because the aim of the project was to design a sta-
tionkeeping system of a floating structure using flapping foils with
a manual control of azimuth angles. The foil was excited through
the incoming waves and the foil was flapping using wave energy.
Based on the experimental thrust measurements, two empirical
equations were proposed for the prediction of thrust forces of a
flapping foil in regular waves. First empirical formula was proposed
for the azimuth angles smaller than 90� and second empirical
formula was derived for azimuth angles of 90� and above. Also, the
empirical equations were verified by the experiments using com-
bination of two foils. Finally, the conclusions drawn were as
follows;

1. The thrust forces generated by the flapping foil (NACA0015)
attached to an elastic plate with any azimuth angles can be
predicted using the proposed empirical equations.

2. Azimuth angles proved to be very effective in developing a
control system for the stationkeeping of a floating structure in
waves.
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Appendix
Table A1(b)
Wave heights (H)

Serial Number H(mm)

1 10
2 20
3 30

Table 2A
Parameters that influence the thrust force

Sl. No. Parameters Dimension

1 Mass density (r) M L�3

2 Breadth of elastic plate (B) L
3 Length of elastic plate (L) L
4 Acceleration due to gravity (g) L T�2

5 Wave Height (H) L
6 Wavelength (Lw) L
7 Fluid viscosity (m) M L�1 T�1

8 Flexural rigidity of elastic plate (EI) M L3 T�2

9 Added pitch moment of elastic plate (Ia) M L2

10 Azimuth angle M0 L0 T0

Table A1(a)
Load cases

Serial
Number

RPM Period (s) Status K u (rad/s) Lw (m

1 10 2.0 Finite 1.7 3.13 3.69
2 15 1.4 Finite 2.7 4.63 2.30
3 20 1.0 Finite 4.2 6.22 1.49
4 25 0.8 Finite 6.2 7.75 1.01
5 30 0.7 Deep 8.7 9.24 0.72
6 35 0.6 Deep 12.0 10.86 0.52
7 40 0.5 Deep 15.5 12.32 0.41
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