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A B S T R A C T   

The fluid dynamics of flapping foils are reviewed in this article. A very wide range of researches are conducted 
for the two-dimensional flapping foil which has a relatively simple geometry. However, for a three-dimensional 
foil, the aspect ratio and shape take effects and completely distinct fluid dynamics are revealed compared with 
the two-dimensional one. This review gives a summary on the experimental techniques and numerical methods 
used in the researches on the fluid dynamics of flapping foils. The effects of some key parameters including 
Reynolds number, reduced frequency, flapping amplitude and three-dimensional effect on the fluid dynamics of 
flapping foils are reviewed. The researches focusing on the wake structures, aero/hydrodynamic characteristics 
and energy harvesting efficiency are discussed. Finally, some conclusions are drawn and potential future research 
directions are recommended.   

1. Introduction 

Oscillating foils are very common in nature and human activities. For 
instance, birds need to flap their wings to produce lift and thrust so that 
they can hover and locomote in the air; fishes take advantage of the 
flapping motion of their pectoral and caudal fins to achieve optimal 
propulsion. These aquatic and flying animals acquire highly effective 
fluid dynamic performance via their own oscillatory motion of fins or 
wings. Through taking an insight into these curious phenomena, many 
experts and scholars have grasped some crucial principles which can be 
applied into engineering area by performing a variety of experiments 
and numerical simulations. Firstly, Birnbaum (1924a, b) reported that a 
flapping wing could be used as a novel propeller. Since then, various 
types of device which utilize the flapping motion of foils or wings for 
different purposes have been proposed, such as wave gliders whose 
propulsion force is provided by tandem hydrofoils in unsteady flows 
(Wang et al., 2019) and ocean energy harvesting device which makes 
use of flapping foils to extract energy from wind, wave or current (Xu 
and Sun, 2016; Chen et al., 2017), while rotary wind and water turbines 
are still dominant in renewable energy area (Guo et al., 2017a,b; 2018a, 
b; Wen et al., 2017a,b; 2018a,b). As one of the hot topics in the field of 
fluid mechanics, the fluid dynamics of flapping foil has been investi-
gated over several decades and hundreds of papers were published. 
Fig. 1 summarizes almost 400 papers with relatively high citation fre-
quency on flapping foils published since 1970. It is obvious that the 

number of papers before 2000 was small while a dramatic increase 
happened after that, which reveals the heat of studies on flapping foils 
are unprecedentedly high in recent years. 

The research activities about the flapping foil distribute widely 
around the world and come from more than 20 countries across different 
continents. Fig. 2 reveals that the numbers of articles from USA and 
China take up a proportion of 40.21% and 16.49% respectively. The 
major sources of papers are from Massachusetts Institute of Technology, 
Naval Postgraduate School, Princeton University and New York Uni-
versity in USA while Chinese papers mainly come from Xi’an Jiao Tong 
University, Zhejiang University, Chinese Academy of Sciences, Nanjing 
University of Aeronautics and Astronautics and University of Science 
and Technology of China etc. The proportion taken up by Australia, UK 
and France is between 5% and 10% and the rest of countries are no more 
than 5%. It is noteworthy that a portion of papers are authored (or 
collaborated) by people from two or more countries. 

Some efforts have also been taken on utilizing flapping foils as ship 
propulsion. The researchers from National Technical University of 
Athens (NTUA) carried out many numerical works on this issue (Beli-
bassakis et al., 1997; Belibassakis, 2011; Belibassakis and Politis, 2013; 
Belibassakis and Filippas, 2015; Filippas et al., 2018; Politis, 2004; 
Politis and Tsarsitalidis, 2009, 2013; 2014; Politis and Politis, 2014; 
Tsarsitalidis and Politis, 2015). They numerically investigated the hy-
drodynamic performance of flapping foils for ship propulsion under 
different conditions using the Unsteady Boundary Element Modeling 
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code UBEM (Politis, 2009, 2011). Almost all results show that compared 
to conventional propellers, flapping foils can be a promising system with 
better propulsion efficiency and energy extraction from ship motion. 
Furthermore, Bøckmann and Steen from Norwegian University of Sci-
ence and Technology (NTNU) performed experimental investigation on 
the effect of fixed wavefoils on ship motion and propulsion (Bøckmann 
and Steen, 2013, 2016), and the effect of control methods of oscillating 
motion on performance of foils (Bøckmann and Steen, 2014). They 
concluded that both ship resistance and motion were reduced by the 
wavefoils and oscillating foils can be acted as a major or auxiliary 
driving force of ship. In addition, Thaweewat et al. (2018) studied the 
performance of semi-active flapping foil for ship propulsion. Similar 
investigations were also conducted by Liu et al. (2019), Bøckmann and 
Steen (2014), Belibassakis and Filippas (2015) and Filippas et al. (2018). 
Floc’h et al. (2012) performed a comparison between a porpoising foil as 
propulsion and a conventional propeller. Results indicated that the two 
propulsion systems had the similar hydrodynamic performance despite 
their different nature. Based on these numerical and experimental work, 
some practical applications have been realized in the realm of ocean 
engineering. MARIN has built the first inland ship with O-foil (oscil-
lating foil) propulsion, resulting in 50% better efficiency and a cut in fuel 
consumption by 33% till 50% in comparison with the screw propeller. 
The project of Unmanned Surface Vessel (USV) called AutoNaut devel-
oped a novel vessel propelled forward by four keel-mounted foils con-
verting energy from the pitch and roll of the waves. Biomimetic 
propulsors has many advantages with aspect of economy, environment 
and efficiency etc. and thus they need to be investigated intensively so 
that ship propulsion based on flapping foils can be used more widely. 

The model of oscillating foil can be simplified into a two-dimensional 
object with an airfoil section oscillating in the fluid. As a result, early 
researches were conducted on the two-dimensional problems both 
theoretically and experimentally, focusing on the force (drag, lift and 
thrust), moment and propulsion generated by oscillating foils (Knoller, 
1909; Betz, 1912; Katzmayr, 1922; GIauert, 1929; Garrick, 1936; Koo-
chesfahani, 1989; Dohring et al., 1996). Knoller (1909) and Betz (1912) 
firstly adopted a flapping wing to explain the mechanism of thrust 
generation, which represents the beginning of the researches on flapping 
foils. Subsequently, Katzmayr (1922) verified the Knoller-Betz effect and 
this is the first time to validate this phenomenon with experimental 
method. Onset of the two-dimensional flow visualization structure 
arising from flapping motion was addressed early from the experiments 
in the 20th century (von K�arm�an and Burgers, 1943; Bratt, 1950; Wood 
and Kirmani, 1970; Freymuth, 1988, 1990; Koochesfahani, 1989). von 
K�arm�an and Burgers (1943) firstly explained the production of drag and 
thrust theoretically by observing the wake structure. Bratt (1950) 
confirmed von K�arm�an and Burgers’s explanation through flow visual-
ization experiments. Freymuth (1988) presented the visualization on the 

propulsive vortical signature of two-dimensional airfoils with pure 
plunging and pure pitching motion. Koochesfahani (1989) performed 
the flow visualization on vortical patterns of a pitching airfoil with 
nonsinusoidal oscillations. Soap film tunnels are the simple and efficient 
flow visualization tools to observe various vortex flows (Couder and 
Basdevant, 1986; Gharib and Derango, 1989; Rivera et al., 1998; Zhang 
et al., 2000; Schnipper et al., 2009; Andersen et al., 2017). Further, 
vortex formation is found to be different under different flow conditions. 
It is mainly dependent on the parameters including amplitude and fre-
quency which also influence thrust and lift generation of a flapping foil. 
Until recently, the issues of a two-dimensional foil are still being studied. 
Andersen et al. (2017) and Schnipper et al. (2009) performed numerical 
simulation with experimental verification of a two-dimensional foil with 
pure heaving and pure pitching respectively. They concluded that these 
two modes of motion are essentially the same from their wake map. 
Smits’ team mainly focus on the scaling law between geometric, kine-
matic and environmental parameters and thrust, power and energy 
consumption of an oscillating foil (Dewey et al., 2011, 2013; Moored 
et al., 2012; Quinn et al., 2015; Buren et al., 2017, 2018; Floryan et al., 
2017, 2018). Peng et al. (2018a, b) studied the collective locomotion of 
two and multiple self-propelled plates (two-dimensional) in different 
configurations and they found four typical locomotion states and two 
schooling states respectively. Although an oscillating foil can be 
simplified into a two-dimensional foil and studied for such a long time, 
the physical mechanism involved is still unclear in some aspects. 

The real foil always has a limited aspect ratio and thus the three- 
dimensional flow structure can be generated due to the end effect. 
Taira and Colonius (2009) used direct numerical simulations (DNS) to 
study the wake structures of rectangular plates with different aspect 
ratios and non-rectangular plates under the state of inclination. Soria’s 
team performed experiments to discuss the effect of amplitude and 
frequency of an oscillating finite-span wing on three-dimensional vortex 
structure at low Reynolds number (von Ellenrieder et al., 2001; von 
Ellenrieder et al., 2002; von Ellenrieder et al., 2003; Parker et al., 2007). 
Except for rectangular plate, there are many researches on oscillating 
plates of other shapes, such as the circular disk (Yang et al., 2014; Tian 
et al. 2017a,b), the elliptic disk (Dong et al., 2006; Yilmaz and Rockwell, 
2012; Harbig et al., 2013; Wang et al., 2016a) and the trapezoidal plate 
(Green et al., 2011). However, Zhang (2017) specially pointed out that 
the problems on how to make an oscillating foil generate maximum 
thrust and have energy harvesting efficiency up to the optimal state are 
still unclear. Hence two main conundrums are presented: (i) how to 
systematically and accurately understand the complex flow mechanism 
around the three-dimensional oscillating aero/hydro-foil. (ii) how to 
achieve the high efficient control of the three-dimensional oscillating 
aero/hydro-foil to optimize propulsion and energy harvesting perfor-
mance. Once both of them are solved, application of the oscillating foil 

Fig. 1. The number of papers on flapping foils since 1970.  
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will be promoted in the field of propulsion and current/wind energy 
harvesting devices. It is the reason that the studies of flow structure and 
aero/hydrodynamic performance and the researches on how to enhance 
propulsive efficiency and energy harvesting efficiency have always been 
the research hotspots and continue to increase recently, as indicated in 
Fig. 3(b). The improvements from these researches are important for 
some engineering applications. Based on the in-depth study of flapping 
foils, it is found that the effects of Reynolds number, three-dimensional 
effect, foil flexibility and other parameters on aero/hydro-dynamic 
performances including thrust, lift and propulsion efficiency are not 
‘an easy issue’. 

This review aims to provide a comprehensive summary on the re-
searches about the aero/hydro-dynamics of flapping foils and then give 
some directions for the future work on this topic. The remainder of this 
paper is organized as follows. A brief description for the problem of the 
foil is given in Section 2, including parameter description, motion mode 
and research contents. Experimental techniques used to record the force 
and flow structure in experiments and various numerical simulation 
methods adopted in numerical studies are summarized in Section 3. 
Some key results arising from the change of some significant parameters, 
which are the most crucial portion and of a considerable practical sig-
nificance, are addressed in Section 4. Finally, summary and outlook are 
drawn in Section 5. 

2. Problem description 

2.1. Governing parameters 

It is easy to have the false impression that a flapping foil in fluid is a 
simple problem. However, it is true that more than 10 governing pa-
rameters have been mentioned in the articles reviewed here. These pa-
rameters can be divided into four types: environmental parameter 
(describing the fluid properties), geometric parameter (describing the 
shape of foils), kinematic parameter (describing the motion of foils) and 
performance parameter (describing propulsion and energy harvesting 
performance of foils). The number of parameters involved in a single 
paper is normally not limited to one. Schematics of some parameters are 
described in Figs. 4 and 5. 

2.1.1. Environmental parameters 
There are many parameters about fluid properties but only a few of 

them are normally considered when it comes to the flapping foils. 
Freestream velocity U∞, kinematic viscosity ν of the fluid as well as 
Reynolds number Re defined by both of them are the dominant 

parameters considered in the researches of flapping foils. The Reynolds 
number is defined as 

Re¼
U∞L0

ν (1)  

where L0 is the characteristic length which may be represented by the 
chord length c, the maximum thickness D or span length L (aiming at 
three-dimensional issues) of the flapping foil. The corresponding Rey-
nolds number Re is defined, respectively, as 

Rec¼
U∞c

ν ;  ReD ¼
U∞D

ν ;  ReL ¼
U∞L

ν (2) 

Specially, Shinde and Arakeri (2013) investigated the jet generated 
by a NACA0015 foil pitching in quiescent fluid where U∞ is zero. Re is 
defined as 

ReTE ¼
VTEmax c

ν (3)  

where VTEmax is the maximum velocity of trailing edge (TE). Although 
Mach number Ma is another key parameter in the high speed air flow, its 
effect on flapping foils is rarely mentioned. 

2.1.2. Geometric parameters 
The parameters determining the shape of a foil include the chord 

length c, the maximum thickness D, the span length L, the cross-section 
shape and the planform, as shown in Fig. 4. For the so-called two- 
dimensional (2D) foil, only c, D and the cross-section shape are 
considered. The cross-section shape is normally rectangle, ellipse and 
teardrop, among which teardrop is the most studied one. Generally, 
some teardrop-shaped foils are defined as a proprietary name, such as 
NACA series, SD series, EPPLER series and SG series. Based on the two- 
dimensional foil, L is added to describe a foil but its value is infinite, 
which is so-called the ‘pseudo three-dimensional’ foil. In fact, such is-
sues still focus on two dimensions and do not take three-dimensional 
effect into consideration. However, when the value of L is finite, the 
foil is the so-called ‘true three-dimensional (3D)’ foil. The planform is 
mainly circle, ellipse, triangle, trapezoid and rectangle, among which 
rectangle is the most studied one. Hence, aspect ratio (AR) is introduced 
and defined as 

AR¼
L
c

(4) 

The effects of AR on the three-dimensional flapping foil have been 
presented briefly in Section 1. In addition, another parameter that 

Fig. 2. The proportional statistics on paper numbers based on the author’s affiliated institute.  
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should be introduced is the flexibility of foil. The shape of foil will 
change constantly with its flapping motion. Researches on flexible foils 
(both 2D and 3D) account for almost 15% as shown in Fig. 3(a). Dewey 
et al. (2013) pointed out that the thrust of the flexible oscillating foil can 
be increased by 1–2 times and the propulsion efficiency can be doubled. 
Cleaver et al. (2016) demonstrated that the flexibility of the oscillating 
foil enlarges the motion amplitude, which increases the lift force 
significantly. Moreover, investigations on energy harvesting devices 
based on flexible foils were conducted numerically (Zhu et al., 2009; 
Griffith et al., 2016; Liu et al., 2016). It is necessary and important to 
give an accurate description of foil geometry, which is the basis of all 
researches. 

Most studies are conducted on the 2D foil (including the infinite foil) 

Fig. 3. The proportional statistics of (a) research object, (b) research content and (c) motion mode of the foil.  

Fig. 4. Schematic of foil kinematic parameters, showing the relationship be-
tween physical pitch angle, effective angle of attack and mean angle of attack. 
dh/dt denotes heave velocity and Veff denotes the relative velocity vector be-
tween the incoming flow and the flapping foil. 

X. Wu et al.                                                                                                                                                                                                                                      



Ocean Engineering 195 (2020) 106712

5

because they have the advantages of simple problem, clear physics, easy 
mathematical description, simple numerical simulation and so on. A 
large number of researches mainly concentrate on a 2D foil which take 
up almost 78%. Nevertheless, three-dimensional effect is unavoidable in 
nature and the 2D foil cannot reflect its true physical mechanism in 
many conditions. As a result, more and more issues have been investi-
gated based on 3D. 

2.1.3. Kinematic parameters 
The oscillation motion of a foil is characterized by several parame-

ters. Firstly, the Strouhal number St, describing the externally imposed 
frequency, is defined as 

St¼
f  L0

U∞
(5)  

where f is the frequency of the oscillation. Similar to the definition of Re, 
St can be defined as 

Stc¼
f  c
U∞

;  StD ¼
f  D
U∞

;  StA ¼
f  A
U∞

(6)  

where A is peak-to-peak amplitude as shown in Fig. 5, Stc, StD and StA are 
the chord-based, the maximum thickness-based and amplitude-based 
Strouhal number, respectively. When the flapping amplitude is 
defined in length as A or h0 (heave or plunge amplitude, respectively), 
the dimensionless amplitude can be often defined as 

AD ¼
A
D
;Ac ¼

A
c
: (7)  

h¼
h0

c
(8) 

Particularly, StA is equal to the product of StD and AD. It can be 
treated as the ratio between the oscillation velocity of the foil trailing 
edge and the freestream velocity. StA is often used as a criterion for 
describing drag-thrust transition (Triantafyllou et al., 1991). As we 
know, the fish-like swimming and flapping flight in nature occur for StA 
¼ 0.2–0.4, the specific reason of which is still unclear. Reduced fre-
quency is another frequently used non-dimensional form of oscillating 
frequency, defined as 

k¼
ωc
U∞
¼

2πfc
2U∞

: (9) 

Flapping foil motion is designed to couple two sinusoidal motions 
with the same frequency in the most literatures, which are respectively 
defined by 

hðtÞ¼ h0 sinð2πftÞ (10)  

θðtÞ ¼ θ0 sinð2πftþϕÞ (11)  

where θ0 is the pitch amplitude, h(t) is the instantaneous vertical posi-
tion of the foil axis, θ(t) is the instantaneous angle between the free-
stream velocity U∞ and the foil chord and ϕ is the phase angle between 
pitch and heave. Noteworthily, effective (instantaneous) angle of attack 

αeff is calculated with three terms as following 

αeff ¼αmþ θ0 sinð2πftþϕÞ � tan� 1
�

h02πf cosð2πftÞ
U∞

�

(12)  

where αm is the mean angle of attack (or geometric angle of attack). 
When reaching the maximum angle, αeff is the so-called nominal effec-
tive angle of attack α0. Specially, with ϕ ¼ 90�, the maximum (nominal) 
angle of attack becomes 

αmax;eff ðα0Þ¼αmþ θ0 � tan� 1
�

h02πf
U∞

�

(13) 

In some literatures, pitch amplitude θ0 is not given but nominal angle 
of attack α0 is used as an alternative parameter. 

Pivot location of the foil is based on the chord length c as shown in 
Fig. 4. The leading edge of chordwise and the root of spanwise are 
special location. Moreover, angle of attack profile selected in most ex-
periments and simulations is sinusoidal which means that both of pitch 
and heave motion are sinusoidal. Similarly, variable pivot location and 
non-sinusoidal motion can also change the motion of the foil and in-
fluence the flow structures and hydrodynamic forces of the foil. 

2.1.4. Performance parameters 
The parameters describing the propulsion performance of an oscil-

lating foil includes thrust coefficient CT, input power coefficient Cp and 
propulsion efficiency η. The mean thrust coefficient is defined as 

CT ¼
Fx

0:5ρU2
∞cL

(14)  

where ρ is the fluid density and Fx is the time-averaged force in x di-
rection, defined as 

Fx¼
1
τ

Z τ

0
FxðtÞdt (15)  

where Fx(t) is the instantaneous force component in x direction and τ is 
the oscillation period. The mean input power coefficient CP is defined as 

CP¼
P

0:5ρU3
∞cL

(16)  

where  P  is mean input power, calculated by 

P¼
1
τ

� Z τ

0
FyðtÞ

dhðtÞ
dt

dtþ
Z τ

0
MθðtÞ

dθðtÞ
dt

dt
�

(17)  

where Fy(t) is the instantaneous force component in y direction, Mθ(t) is 
the instantaneous pitching moment and dh/dt and dθ/dt are derivatives 
of heave and pitch motion, respectively. The final propulsion efficiency 
is expressed as 

η¼CT

CP
(18) 

The key parameters describing the energy harvesting efficiency of an 
oscillating foil are output power coefficient Cop and the energy 

Fig. 5. Schematics of (a) pitching motion, (b) heaving motion and (c) flapping motion of a foil.  
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harvesting efficiency ηop. The mean output power coefficient is defined 
as 

Cop¼
Po

0:5ρU3
∞cL
¼Copy þCopθ ¼

1
τ

� Z τ

0
Cy

dhðtÞ
dt

dtþ
Z τ

0
c ⋅ Cm

dθðtÞ
dt

dt
�

(19)  

where Po is the mean output power, Copy is the mean power coefficient of 
heaving motion and Copθ is the mean power coefficient of pitching mo-
tion. Cy is the instantaneous heave force coefficient and Cm is the 
instantaneous pitching moment coefficient, defined as 

Cy¼
Fy

0:5ρU2
∞cL

(20)  

Cm¼
Mθ

0:5ρU2
∞c2 L

(21) 

The energy harvesting efficiency is expressed as 

ηop¼
Po

0:5ρU3
∞dL
¼Cop

c
d

(22)  

where d is the maximum vertical displacement of the trailing edge of the 
flapping foil. 

It must be noted that, the parameters related to propulsion efficiency 
are under the condition of an oscillating foil with combined pitching and 
heaving motion, and the parameters related to energy harvesting effi-
ciency are under the condition of a harvest device with forced pitching 
and heaving motion. Moreover, Xiao and Zhu (2014) have made a 
thorough review on the energy harvesters based on foils and the defi-
nitions for energy harvesting efficiency of three types of flapping foil 
flow energy harvesters have been introduced in detail. 

2.2. Motion mode of the foil 

The motion mode of a foil has a crucial effect on the wake structure 
and aero/hydrodynamic performance of a flapping foil. The motion 
mode can be classified into three categories: plunging (or heaving), 
pitching and flapping, among which flapping is the combination of 
plunging and pitching. These motion can also be of full-active motion, 
semi-active motion or full-passive motion. The schematics of them are 
shown in Figs. 5 and 6. Full-active motion means that both pitching 
motion θ(t) and heaving motion h(t) are prescribed and it is widely 
considered for oscillating foils. The systems with forced pitching and 
induced heaving motions, and self-sustained pitching and heaving mo-
tions are called semi-activated systems and full-passive systems, 
respectively. Both are the typical models for issues on flow energy 
harvesters based on flapping foils. For semi-active (semi-passive) sys-
tem, it also can be composed of forced heaving and induced pitching 
motion. Boudreau et al. (2019a, b) numerically proved that the novel 
semi-passive flapping-foil turbine with a prescribed heave motion and a 
passive pitch motion can achieve the similar performance with 
fully-active flapping-foil turbine. Moreover, Bøckmann and Steen (2014) 
experimentally concluded that a passive pitching and forced heaving foil 
can produce higher thrust than that of the fully-constrained foil. 

However, Tsarsitalidis and Politis (2015) found that the contributions of 
a heaving wing, pitching passively (spring loaded) as energy harvester is 
more than that as main propulsion device. These results show that the 
foil with semi-passive motion have a great potential in terms of energy 
harvesting. Boudreau et al. (2018, 2020) and Duarte et al. (2019) dis-
cussed the dynamic behavior of the full-passive flapping foil turbine 
numerically and experimentally, respectively. Fig. 3(c) reveals the 
proportional distribution of three mentioned motion modes. Compared 
to pure heaving and pure pitching motion, research on flapping motion 
attracts more attentions whose proportion is almost 54%. 

2.3. Research contents 

Researches on flapping foil began in the 20th century, the content of 
which includes four main aspects, namely: aero/hydro-dynamic per-
formance, energy harvesting, flow structure and bionics. The proportion 
of them are presented in Fig. 3(b). The researches on aero/hydrody-
namic performance and flow structure whose proportion are 44.89% 
and 45.26% respectively, far more than the other two. Aero/hydro- 
dynamic performance mainly focuses on the lift, drag, thrust genera-
tion and propulsion efficiency thereby achieving optimal performance. 
How to improve performance is still a key issue until now because great 
performance contributes to the engineering applications. The flow 
structures around the foil have been investigated and help to explain the 
complex flow mechanism. Actually, flow structure directly determines 
the aero/hydro-dynamic force so researchers normally explain force 
generation of the oscillating foil through the analysis of flow structures. 
The issues of energy harvesting efficiency arise from anxious desires and 
needs for renewable energy. Its basic principle is that energy harvester 
extracts energy from the flow and converts it into the electricity for 
human. Therefore, how to design and control the energy harvester de-
vices is a crucial direction that needs to be continuously broken through. 
So the recent investigations and attention of energy harvesting based on 
flapping foils present a gradually increasing trend. Bionics based on the 
oscillating foil is a study on the locomotion of aquatic and flying animals 
through numerical and experimental methods. The model of the caudal 
fin of fish and the wing of birds are designed for researches to imitate 
fish-like swimming and flapping-like flying. Gursul and Ho (1992) found 
that unsteady motion of the foil creates very high lift coefficient. Esfa-
hani et al. (2013) concluded that the propulsive efficiency could be 
enhanced in fish-like swimming which is more efficient than that of 
flapping-wing flying. Although the study of bio-inspired motion takes up 
the least number with respect to the rest three aspects, it seeks to draw 
accurate conclusion about condition of generating optimal thrust, lift or 
propulsion efficiency from the locomotion of aquatic and flying animals 
to apply to engineering area. Biomimetic propulsors are gradually 
developed for marine propulsion due to its friendliness to environment 
and considerable efficiency. The applications of horizontal and vertical 
foils and wings mounted on different locations of the ship are benefit for 
ship stabilization and additional thrust and energy can be obtained 
owing to the pitching and heaving motion of foils induced by the ship 
responses (Bøckmann and Steen, 2013, 2016; Belibassakis and Filippas, 
2015; Belibassakis and Politis, 2013; Politis and Tsarsitalidis, 2014; 
Tsarsitalidis and Politis, 2015). The principles of vorticity control 

Fig. 6. Schematics of (a) full-active motion, (b) semi-active motion and (c) full-passive motion (Xiao and Zhu, 2014).  
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mechanism for the interaction between oncoming flow and fish body, fin 
and tail play a core role in understanding fish swimming and 
maneuvering. 

3. Review on research methods 

3.1. Experimental methods 

The researches on flapping or oscillating foils done by a variety of 
scholars or teams from different countries adopt many kinds of experi-
mental methods. A summary of past experimental studies of flapping 
foils or flat plates are presented in chronological order in Table 1. The 
range of each parameter and equipment used in experiments have more 
or less differences to obtain desired results for different objectives. Be-
sides, flow visualization, velocity measurement, angle of attack profile, 
the cross-section and flexibility of a foil are also addressed in Table 1. 

3.1.1. Environmental simulation 
In experiments, the flow condition that a foil experiences is normally 

generated using a water or wind tunnel. The water tunnel has some 
common features, such as closed-circuit, free-surface, low speed, large- 
scale and low Reynolds number and their design principles do not bear 
too much difference. A re-circulating water channel used by Lua et al. 
(2016) and Dash et al. (2018) is shown in Fig. 7(a). The flapping 
mechanism mounted on the top of test-section can perform pitching with 
a resolution of 0.018� and heaving with a resolution of 0.005 mm. The 
greatest advantage of this system is that the vibration generated by 
linear motion (heaving) can be reduced to a minimum so that it has an 
unconsidered influence on the flow field (Lua et al., 2011). Most of water 
channels used before did not take this vibration into consideration. 
Generally, the water tunnels are horizontally placed with the flow going 
from one side to the other side. The exceptions are that Schnipper et al. 
(2009) and Andersen et al. (2017) innovatively used the vertically 
placed gravity-driven soap film tunnel to investigated the issues of 
oscillating foils, as shown in Fig. 7(c). The soap film tunnel not only has 
a good simulation of two-dimensional environment but is extremely 
advantageous to extend the area of wake downstream so that the far 
wake evolution can be visualized clearly. The development of flowing 
soap films has been reviewed by Schnipper et al. (2009). The charac-
teristics of wind tunnel is generally similar to the water tunnel but the 
transmission medium is different. Sadeghi and Mani (2009, 2011 and 
2015) investigated the effect of motion amplitude and mean angle of 
attack on the wake of an oscillating airfoil in a subsonic wind tunnel 
shown in Fig. 7(b). Because the wind speed of wind tunnel is high and 
the size of the airfoil is normally large, the corresponding Reynolds 
number has a relatively high order of magnitude compared with that in 
water tunnels. In ocean engineering field, a still water tank equipped 
with a towing carriage is normally used to simulate the relative motion 
between the fluid and obstacles. The study on propulsive efficiency of 
oscillating foils was conducted in the Ocean Engineering Testing Tank in 
MIT (Anderson et al., 1998; Read et al., 2003; Hover et al., 2004; 
Schouveiler et al., 2005) as shown in Fig. 7(d). The limitation of a still 
water tank is that the distance the foil can drive is short and the system 
vibration may have an effect on force measurement. 

3.1.2. Flow visualization, velocity and force measurement 
When we analyze the flow structure of the oscillating foil, the visu-

alization and measurement of the flow are necessary. Some traditional 
methods including dye, hydrogen bubbles, soap film and smoke-wire 
flow visualization play an important role in qualitative observation of 
the wake structures. Dye and smoke-wire are mostly used for hydrody-
namics and aerodynamics, respectively. It requires a good control of 
these medium so that the visualization can be up to the optimal. Fig. 8 
shows a reverse K�arm�an vortex street generated by a pitching foil using 
dye flow visualization (Srigrarom and Vincent, 2008). Fig. 9 shows that 
smoke wire visualize the boundary-layers of the airfoil (Kim and Chang, 

2010). The flow velocity is measured mainly via hot wire/film 
anemometer (HWFA) in early days but it is still being used now (Chang 
and Yoon, 2002; Sadeghi and Mani, 2009; Sadeghi et al., 2011, 2015). 
The biggest disadvantage of this technique is the contact-type mea-
surement, which interferes with the flow field greatly. Furthermore, 
laser Doppler velocimetry (LDV) achieves the non-contact 3D velocity 
measurement (Koochesfahani, 1989; Jones et al., 1998, 1999; Lai and 
Platzer, 1999; Kuo and Hsieh, 2001). However, both methods are only 
single-point measurement techniques and cannot obtain full-field and 
instantaneous measurement of the flow. At present, particle image 
velocimetry (PIV) shown in Fig. 10 is the most popular method used in 
experiments reviewed in Table 1. It can both display the physical form of 
flow field and provide quantitative information of instantaneous whole 

Fig. 7. Schematic of (a) a re-circulating water channel (Dash et al., 2018), (b) 
the soap film tunnel (Schnipper et al., 2009), (c) wind tunnel (Sadeghi et al., 
2011) and (d) Ocean Engineering Testing Tank (Anderson et al., 1998). 
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field flow, which makes the research of flow visualization leap from 
qualitative to quantitative. It also includes digital particle image 
velocimetry (DPIV) and stereoscopic particle image velocimetry (SPIV). 
Two more methods that need to be pointed out are the volumetric 
velocimetry (Calderon et al., 2014; Cleaver et al., 2016) and molecular 
tagging velocimetry (MTV), respectively. MTV is used to measure the 
vortical field of a foil oscillating at different reduced frequencies by Bohl 
and Koochesfahani (2009), which is considered as the molecular coun-
terpart of PIV. The force measurement has been improved from using the 
strain gauge before to using high precision multi-directional force sensor 
now. Their measurement principle is not explained in detail here. 

3.1.3. Experimental foil models 
The physical properties of the research model are chosen based on 

the objective of the research and its geometric parameters have been 
introduced briefly in Section 2. NACA 4-digit foils, among which mainly 
NACA0012, are the most studied cross-sectional shape. In addition, flat 
plates which do not have the teardrop are also a research focus. Both of 
them have been reviewed in Table 1. More recently, a new concept of 
foil, as shown in Fig. 11(a), which combines a rigid NACA 4-digit foil in 
head location and a flat plate of variable flexibility in tail, receives a 
certain amount of attention from some researchers (Heathcote et al., 
2004; Heathcote and Gursul, 2007; Monnier et al., 2015). Similarly, 
Kumar and Shin (2019) experimentally investigated the thrust estima-
tion of a NACA0015 hydrofoil attached to an elastic plate with various 
lengths and breadths, whose construction is opposite to the previous foil, 
as shown in Fig. 11(b). Its wake vortex pattern and hydrodynamic per-
formance due to flapping motion were discussed. For studies of a finite 
span flapping foil or flat plate, the three-dimensionality of the foil shape 
has a significant effect on aero/hydro-dynamic problems. Torres and 
Mueller (2004) studied the aerodynamics of four distinct geometries 
flapping wing planform (rectangular, Zimmerman, inverse Zimmerman 
and elliptical) with seven aspect ratios varying from 0.50 to 2.00 at 
various Reynolds numbers. Flow structures generated by variable 
planform (rectangular, semicircular, delta, circular, ring et al.) plates at 
different angles of attack (Freymuth et al., 1987; Taira and Colonius, 
2009; Yilmaz and Rockwell, 2012) are also investigated. The flexibility 
of foil may affect the formation of leading edge vortex, trailing edge 
vortex and tip vortex and has been frequently considered in both 
spanwise (S. Heathcote et al., 2008; Cleaver et al., 2016) and chordwise 
(Prempraneerach et al., 2003; Bansmer et al., 2010; Alben et al., 2012; 
Barannyk et al., 2012; Dai et al., 2012; Marais et al., 2012; Dewey et al., 
2013; Tian et al., 2013) directions. In addition, other properties 
including the chord length (Lai and Platzer, 1999; Alben et al., 2012), 
thickness (numerical method: Ashraf et al., 2011a; Yu et al., 2013; Sain 
et al., 2016; Wang et al., 2016c) and camber (Ashraf et al., 2011a; Chang 
et al., 2015) can also affect the dynamic performance of a foil. Thus, the 
geometry of the research model needs to be paid more attention so that 
the expected experimental results can be achieved. 

3.1.4. Brief discussion of experimental parameters 
In the reported experiments, the statistic characteristics for the foil 

are considered based on various parameters, such as Strouhal number 
(St), Reynolds number (Re), reduced frequency (k), aspect ratio (AR), 
dimensionless plunge/heave amplitude (h ¼ h0/c), phase angle between 
pitching and heaving motions (ϕ), pitch motion amplitude (θ0) or 
nominal effective angle of attack (α0), mean angle of attack (αm), pivot 
location (X/c), and all of them have been described in detail in Section 2. 
The different definitions of the kinematic parameter Strouhal number 
have been presented. Due to the different physical meanings and defi-
nitions, the range of St is normally between 0.1 and 0.8 while the range 
of k is normally within 20 excepting that Lai and Platzer (1999) and 
Jones et al. (1998) studied wake structure of flapping foils at a high 
value of k up to 100. Similarly, environmental parameter Reynolds 
number also has many definition methods shown in Section 2. Re has a 
very wide range from 164 to 1.5 � 106 seen from Table 1 due to the 
different sizes of foils, incoming velocity and different definitions. Also, 
viscosity is another parameter that determines the Reynolds number Re. 
The fluid viscosity is determined by temperature and type of medium. 
For experiments, fluid viscosity is always taken as the value of water or 
air at 20 �C. In addition, Re is seldom altered by changing fluid viscosity 
for the researches on oscillating foil. The magnitude of Re determines the 
flow state which may be in laminar, transient or turbulent states. 
Different value of Re may result in completely distinct experimental 
results. Plunge/heave amplitude and pitch amplitude are inevitable 
basic parameters for the researches of flapping foils. There are three 
kinds of motion mode, including pure pitching, pure heaving and 
combined pitching and heaving as shown in Section 2. To some extent, 

Fig. 8. Reverse K�arm�an Vortex Street via dye flow visualization (Srigrarom and 
Vincent, 2008). 

Fig. 9. Smoke-wire visualization of the boundary-layers of the airfoil (Kim and 
Chang, 2010). 

Fig. 10. Water tunnel experimental set-up for PIV measurements (Heathcote 
et al., 2008). 
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flapping motion is equivalent to combined pitching and heaving 
(plunging) motion. Heave amplitude is generally no more than one 
chord length and pitch amplitude does not exceed 45� in Table 1 ϕ is 
generally fixed as 90� in the literature but the effect of phase angle on 
performance of the foil is also investigated (Anderson et al., 1998; Read 
et al., 2003; von Ellenrieder et al., 2002, 2003). The range of ϕ presented 
is from 30� to 120�. Similarly, αm is always fixed as 0� but the effect of 
mean angle of attack on foils is also discussed (Ohmi et al., 1990, 1991; 
Jones et al., 1999; Lee et al., 2000; Schouveiler et al., 2005; Srigrarom 
and Vincent, 2008; Sadeghi and Mani, 2009, 2011; Cleaver et al., 2012; 
Hu et al., 2013). The range of αm is from 0� to 45� but most of them focus 
on small angle of attack. Moreover, variable pivot location (Granlund 
et al., 2013; Tian et al., 2016; Mackowski and Williamson, 2017) and 
non-sinusoidal motion (Hover et al., 2004; Fenercioglu et al., 2015; 
Karakas and Fenercioglu, 2016; Van Buren et al., 2017; Dash et al., 
2018) also influence the flow structures and hydrodynamic forces of the 
foil. The specific effect of Reynolds number, reduced frequency, 
three-dimensional effect (AR) and motion amplitude will be discussed in 
Section 4. 

3.2. Numerical works 

The statistics whose classification criteria is almost the same as 
experimental works are also done for numerical works as shown in 
Table 2. 

3.2.1. Numerical approach 
Nowadays, Computational Fluid Dynamics (CFD) CFD is the main 

method used for researches on the dynamics of flapping foils or plates 
but the method of Non-CFD develops early and is still used today. Panel 
method is one of the widely used methods in early days (Jones and 
Platzer, 1997; Jones et al., 1999). Guglielmini and Blondeaux (2004) 
solved governing equations of an oscillating foil using a stream-function 
vorticity formulation for a two-dimensional problem. This method is 
also adopted recently (Zhu et al., 2009; Zhu, 2011, 2012). Particularly, 
Andersen et al. (2017) performed the numerical simulations of wake 
structure of a flapping foil in 2D flow using the particle vortex method 
(PVM). This method has been described and validated by Walther and 
Larsen (1997), Larsen and Walther (1997), Rasmussen et al. (2010) and 
Hejlesen et al. (2015). However, with the maturity of computer tech-
nology, CFD has become the main method to investigate fluid problems. 
The implementation of CFD frequently depends on some commercial or 
open-source codes, such as Fluent, CFX, StarCCMþ and OpenFOAM, 
most of which are based on finite volume method (FVM) and a few of 
which are based on finite element method (FEM) and finite difference 
method (FDM). Yu et al. (2017) investigated the effect of kinematic 

parameters on the propulsion performance of an oscillating foil at Re 
from 103 to 1.6 � 106 using FVM with the Spalart-Allmaras (S-A) tur-
bulence model and they concluded three different combinations of ki-
nematic parameters for optimal propulsion efficiency. Lua et al. (2016) 
use Fluent based on FVM to study the thrust performance of a flapping 
2D elliptic airfoil in forward flight numerically and their results show 
that high rotation rate of the foil causes an adverse suction effect which 
can suppress the thrust of the foil. Boiron et al. (2012) used the FEM to 
solve the flow around the foil and they compared the hydrodynamics of 
a flapping foil through experimental and numerical methods. Mean-
while, spectral method (SM) and Lattice Boltzmann Method (LBM) are 
non-grid-based approaches. Yu et al. (2012, 2013) adopted an unsteady 
compressible Navier-Stokes (N–S) solver using high-order spectral dif-
ference (SD) method to investigate the wake structure and the effects of 
foil thickness and kinematics on flapping foil propulsion. Medjroubi 
et al. (2011, 2012) simulated the 2D unsteady flow around a heaving 
NACA0012 airfoil using the spectral element method (SEM) and well 
reproduced the wake flow behind the heaving foil. Wu et al. (2014, 
2015a,b,c) used the immersed boundary-lattice Boltzmann method 
(IB-LBM) to simulate the flow over the foil so that the energy extraction 
performance can be obtained. The numerical results obtained from 
direct CFD simulations make significant contributions to improving the 
thrust and propulsive efficiency of a flapping foil and provides a theo-
retical basis for follow-up researches. Besides the methods mentioned 
above, immersed boundary fractional-step method (IBFS) (Choi et al., 
2015), a high-fidelity implicit large-eddy simulation (ILES) (Visbal, 
2009; 2013) etc. are also used in numerical simulations. Moving mesh 
method is an essential issue for the numerical study of an oscillating foil. 
There are many moving mesh methods. Elastic scaling method and mesh 
reconstruction method are commonly used to simulate pitching and 
heaving motions. 

3.2.2. Turbulence models 
There are three kinds of methods to simulate the turbulence flow of 

flapping foils, namely Direct Numerical Simulation (DNS), Large Eddy 
Simulation (LES) and Reynolds-Averaged Navier-Stokes (RANS). Base 
on the literature review, RANS is the early method used to solve the 
issues of turbulence. It has been used for a wide range of Re for studies 
on flapping foils. However, RANS cannot obtain satisfactory results for 
the turbulent flow structures. DNS can accurately get all information of 
turbulence and do not consider the closeness of the equations, but it is 
limited to low Re and simple boundary problems due to its high demand 
on computational resources. Actually, LES is superior to RANS in terms 
of model construction and is computationally more efficient than DNS 
(although its computational cost is still high), but its development is not 
yet mature and is only for simple shear and tube flow. Turbulence 

Fig. 11. Schematic of (a) a rigid NACA 4-digit foil in head and a flexible plate in tail (Monnier et al., 2015), (b) a NACA0015 hydrofoil attached to an elastic plate 
(Kumar and Shin, 2019). 
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models are used to close the governing equation. Several models, such as 
single-equation Spalart-Allmaras (S-A) turbulence model, two-equations 
shear-stress transport (SST) turbulence model, k-ω two-equations SST 
turbulence model and zero-equation Baldwin–Lomax (B-L) algebraic 
turbulence model, are listed in Table 2. Zhu et al. (2015) used the S-A 
turbulence model to close RANS and found that the energy harvesting 
efficiency of a new adaptive deformation oscillating foil they proposed 
can be 16.1% higher than the conventional one without deformation. 
Kinsey and Dumas (2012) carried out a numerical research based on 2D 
unsteady RANS simulations using S-A model and analyzed the different 
tandem configuration for two oscillating foils within a hydrokinetic 
turbine to maximize the energy harvesting efficiency. Liu et al. (2013) 
utilized a bio-inspired flexible flapping foil to discuss the energy har-
vesting performance using k-ω turbulence model for unsteady RANS 
closure. They concluded that the flexible structure or the parallel 
configuration of the foil all can enhance energy efficiency. Münch et al. 
(2010) proposed a method using SST k-ω and k-ε turbulence model that 
can predict fluid-structure coupling for a rigid hydrofoil with forced and 
free pitching motions. Kang et al. (2009) studied the effects of chord 
length based Reynolds number on the dynamics of the oscillating 
SD7003 airfoil by solving 2D RANS based on SST model, which is 
compared with experimental results. Lu et al. (2013a,b) used SST k-ω 
model for simulations to investigate the effects of asymmetric sinusoidal 
motion on pitching airfoil aerodynamics. Tuncer and Kaya, (2005, 2007) 
adopted the B-L algebraic turbulence model to optimize the thrust and 
propulsion efficiency of flapping foils through different methods. In 
addition, there are other turbulence models, such as Zero-equation 
Cebeci-Smith (C–S), single-equation Baldwin-Barth (B–B) and Rey-
nolds stress model (RSM), but most of them are not suitable for the issues 
related to the oscillating foil. 

3.2.3. Brief discussion of numerical parameters 
Columns 6 to 17 in Table 2 are based on the same classification of the 

physical properties and kinematic parameters of the flapping foil or 
plate as in the experimental work. The specific content also has more or 
less similarity. NACA series are frequently chosen to be the research 
object, of which mainly NACA0012. The stiffness of the foil are mostly 
rigid although the effect of chordwise (Miao and Ho, 2006; Shin et al., 
2009; Eldredge et al., 2010; Tay and Lim, 2010; Ysasi et al., 2011; Zhu 
et al., 2014a,b; Liu et al., 2016; Olivier and Dumas, 2016a,b; Jeanmonod 
and Olivier, 2017) and spanwise (Zhu, 2007; Kang et al., 2011) flexi-
bility of the foil is also studied in numerical approaches. Noteworthily, 
the range of Re is a little different from that in the experiments in 
Table 1. The smallest Reynolds number is 100 and the highest up to 9.38 
� 106. The discussions on three-dimensional effect are always un-
avoidable. The effect of AR has been studied (Dong et al., 2006; Shao 
et al., 2010; Li and Lu, 2012; Harbig et al., 2013; Deng et al., 2015), the 
range of which summarized in Table 2 is from 0.2 to 8. The range of 
pitching amplitude θ0 (or maximum angle of attack α0) considered in 
numerical simulations is wider than that in the experiments. Similar 
with the experimental studies, the effect of phase angle ϕ (Jones and 
Platzer, 1997; Ramamurti and Sandberg, 2001; Pedro et al., 2003; 
Tuncer and Kaya, 2005; Eldredge et al., 2010; Platzer et al., 2010; Sarkar 
and Singasani, 2009; Xiao and Liao, 2010; Ashraf et al., 2011b), mean 
angle of attack αm (Visbal and Shang, 1989; Ohmi et al., 1991; Jones 
et al., 1999; Visbal, 2009; Sarkar and Singasani, 2009; Medjroubi et al., 
2011; Liu et al., 2013; Martín-Alc�antara et al., 2015), non-sinusoidal 
motion (Kaya and Tuncer, 2007; Xiao and Liao, 2010; Xiao et al., 
2012; Esfahani et al., 2013; Lu et al., 2013a,b; Young and Lai, 2014; Lu 
et al., 2014; Teng et al., 2016) and pivot location (Zhu et al., 2009; 
Eldredge et al., 2010; Zhu, 2011, 2012; Wang et al., 2017a) have also 
been investigated numerically. Particularly, the effect of the relative 
position between an upstream bluff body and a heaving and pitching 
hydrofoil on energy harvesting performance has been investigated by 
Lahooti and Kim (2019). They found that the presence of the upstream 
body can change flow structure around the hydrofoil, thus improve the 

efficiency significantly. 

4. Review on the law of several significant parameters 

As aforementioned, the dynamic characteristics of the flapping foil 
are dependent on various factors which have been introduced in Section 
2.2. In this section, the related conclusions of four major parameters, 
including Reynolds number Re, reduced frequency k, pitch or heave 
amplitude and three-dimensional effect, are reviewed from three as-
pects: flow structures, hydrodynamic coefficient and energy harvesting 
efficiency. 

4.1. Reynolds number 

Reynolds number is the fundamental parameter determining the 
flow status and has been considered in a wide range from 102 to 107 for 
the flapping foil. It is a significant conclusion that the variation of 
Reynolds number has no apparent effect on the formation of the periodic 
vortex and establishment of the subsequent wake behind an oscillating 
foil in the range of 1500˂Re˂104 (Ohmi et al., 1990). Ashraf et al. (2009) 
and Medjroubi et al. (2011) performed simulations on a pure plunging 
foil, and found that flow structure was almost independent of Reynolds 
number for Re ¼ 200-2 � 105 and Re ¼ 800–8000, respectively. Baik and 
Bernal (2012) carried out experiments on a pitching and plunging foil 
came to the same results with Ashraf et al. and Medjroubi et al. for Re 
between 104 and 6 � 104. Fenercioglu and Cetiner (2012) also made a 
similar conclusion that five flow structure categories generated by a 
combined pitching and plunging foil are independent of increasing 
Reynolds number from 825 to 1.37 � 104 and even the production of 
thrust is independent on the Reynolds number for Re˂1.5 � 104. Leading 
edge vortex (LEV) and trailing edge vortex (TEV) are frequently seen 
from wake structures behind a flapping foil. Both of them are sensitive to 
the variation of Reynolds number. Lu et al. (2013a,b) and Ol et al. 
(2008) investigated the trapezoidal-pitch SD7003 airfoil at different Re 
and they clearly observed that the attenuation of the LEV decreased 
when Re increased from 300 to 1200, resulting in a stronger interaction 
between the LEV and TEV. Kang et al. (2009) concluded that leading 
edge vortex formed at lower Re (Re ¼ 104) and more attached flow is 
observed at higher Re (Re ¼ 3 � 104, 6 � 104) for combined pitching and 
plunging case. However, for pure plunging case, the leading edge vortex 
occurred at all investigated Re, which became stronger with increasing 
Re. Amiralaei et al. (2010) observed the vortical patterns around a 
NACA0012 pitching airfoil, as shown in Fig. 12. The TEV and the lower 
surface vortex became larger and stronger with Re increasing from 555 
to 1000. Further increasing to 2000, lower surface vortex started to 
separate but TEV had not yet. In contrast to Re ¼ 2000, TEV was sepa-
rated and downstream convected but the lower and upper surface 
vortices attached on the foil at Re ¼ 5000. Varied Reynolds number is 
the root cause to the existence of this phenomenon of unsteady bound-
ary layer separation and reattachment. The increase of Reynolds number 
gives rise to the promotion (delay) of the reattachment and unsteady 
laminar separation during the upstroke (downstroke) of the pitching 
foil, which is obtained by Kim and Chang (2010). Generally, the wake 
behind a pitching or heaving foil is symmetric about the middle position 
of the foil periodic motion. However, when a foil pitches or plunges at 
relatively high frequency and large amplitude, symmetry-breaking oc-
curs in the vortical wake, leading to a deflection angle which is related to 
Reynolds number. Liang et al. (2011) were the first to find that the 
deflection angle increases with Reynolds number increasing for a fast 
plunging airfoil as shown in Fig. 13. Subsequently, Zheng and Wei 
(2012) conducted further researches on mechanism of this phenomenon. 
For a finite foil, the effect of Reynolds number on its three-dimensional 
vortex structure was also investigated numerically and experimentally 
by Visbal et al. (2013). They found that spanwise fine-scale transitional 
features from no evidence to becoming more obvious when Reynolds 
number increases from 103 to 5 � 103. Ol (2007) proved that the 
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strength of spanwise flow increases with increasing Re from 104 to 6 �
104. 

The influence of Reynolds number on hydrodynamic/aerodynamic 
coefficient of a pitching, plunging or oscillating foil including the coef-
ficient of lift, thrust, drag and power is also discussed here. Miao and Ho 
(2006) simulated the power coefficient of a flapping flexible airfoil at 
different Reynolds number (102, 103, 104) which is found to have no 
effect on both thrust and input power coefficient, as shown in Fig. 14. 
The same results were obtained for a spanwise flexible flapping wing 
and a rigid pitching foil by Heathcote et al. (2008) and Das et al. (2016), 
respectively. Similarly, Reynolds number hardly affects force generation 
for a flapping foil. Lua et al. (2010) studied the Reynolds number from 

7800 to 1.17 � 104 and found Reynolds number has a very small effect 
on the force generation. Medjroubi et al. (2011), Baik et al. (2012) and 
Baik and Bernal (2012) made similar conclusions that the influence of 
Reynolds number on aerodynamic force generation is weak. In addition, 
Heathcote et al. (2008) provided a result that the thrust coefficient is a 
very weak function of Reynolds number and Lua et al. (2008) obtained 
that the mean drag coefficient has nothing to do with the Reynolds 
number. However, the law of Reynolds number is not true for all cases. 
Ashraf et al. (2009) investigated the NACA0015 plunging airfoil at Re ¼
2 � 105, which generates 40% more thrust than that at Re ¼ 2 � 104. 
Time-averaged thrust coefficient increases with increasing Reynolds 
number (Re ¼ 72, 144 and 360) based on the flapping airfoil thickness in 

Fig. 12. Vortical patterns around a NACA0012 pitching airfoil at (a) Re ¼ 555, (b) Re ¼ 1000, (c) Re ¼ 2000 and (d) Re ¼ 5000 (Amiralaei et al., 2010).  

Fig. 13. Vorticity around a fast plunging airfoil at different Reynolds numbers (Liang et al., 2011).  
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the simulation performed by Yu et al. (2013). Das et al. (2016) also 
obtained the same result for a pitching foil at different Re from 10 to 
2000. Furthermore, Visbal (2009) and Liang et al. (2011) found that the 
drag coefficient decreases evidently as the Reynolds number increases 
for a pure plunging foil and a plunging and pitching foil, respectively. 

Reynolds number has a relatively uniform influence on propulsive or 
energy harvesting efficiency. Generally, the efficiency increases with 
Reynolds number. Miao and Ho (2006) observed that the propulsive 
efficiency increases with increasing Reynolds number at lower reduced 
frequency for a chordwise flexible flapping airfoil and Heathcote et al. 
(2008) also concluded that the efficiency increases slightly with Rey-
nolds number for a spanwise flexible flapping foil. In addition, Ashraf 
et al. (2009) investigated the Reynolds number on a pure plunging 
NACA0015 airfoil propulsive at reduced frequency k ¼ 2, 
non-dimensional plunge amplitude h ¼ 0.5 and results revealed that 
propulsive efficiency increases with Re increasing from 20 to 2 � 105 as 
shown in Fig. 15(a). Fig. 15(b) shows that the propulsion efficiency rises 
significantly as Re increase; after that, only slight change can be 
observed (Lin et al., 2019). Optimal energy harvesting efficiency is 
found to be enhanced by increasing Reynolds number by Zhu (2011). 

4.2. Reduced frequency 

Reduced frequency is a type of non-dimensionalized expression of 
frequency, defined as k ¼ 2πfc=2U∞, identified as the major parameter 
controlling flow development. The flow structure changes apparently as 
the reduced frequency varies. Bohl and Koochesfahani (2009) presented 

an experiment on vortical structure in the wake of a pitching NACA0012 
airfoil using molecular tagging velocimetry (MTV), observing that a 
K�arm�an street with alternating sign vortices (clockwise vortices at the 
top of the centerline, counter clockwise at the bottom of the centerline) 
at k ¼ 5.2, a neutral wake (alternating sign vortices nearly aligned along 
the wake) at k ¼ 5.7 and a reverse or inverted K�arm�an street with 
alternating sign vortices (counter clockwise vortices at the top of the 
centerline, clockwise at the bottom of the centerline) at k ¼ 11.5. The 
similar phenomenon was revealed by Medjroubi et al. (2012) for a 
heaving NACA0012 airfoil using the spectral/hp element method at k ¼
0, k ¼ 4.52 and k ¼ 7.85, respectively. Recently, Moubogha et al. (2017) 
obtained similar results for a pitching plate at k ¼ 1.5–5 via the com-
parison of experimental and numerical method, as shown in Fig. 16. All 
of aforementioned results are well consistent with the previous ones 
observed in Koochesfahani (1989). Some detailed changes of vortices 
(leading and trailing edge vortices) around a foil with varied reduced 
frequency are further investigated. Ol (2007) used dye visualization to 
display the vortex shedding behind the trailing edge of a pure plunging 
airfoil. He observed that the wake adjacent to trailing edge varies from a 
planar and uniform flow into a starting vortex with increasing reduced 
frequency and larger reduced frequency leads to greater persistence of 
the starting vortex. Baik et al. (2012) noticed that increasing reduced 
frequency causes slower LEV and TEV growth rate through PIV mea-
surements for a flapping airfoil. Moreover, Panah and Buchholz (2014) 
observed four categories of wake patterns which are mainly dependent 
on reduced frequency within the range of 0.39˂k˂4.7 for a 2D plunging 
plate, (i) LEV merges with like-signed TEV, (ii) LEV interacts with the 
following stronger opposite-signed TEV, (iii) LEV arrived at trailing edge 
one full period latter than the opposite-signed TEV generation and (iv) 
LEV remains on the surface of airfoil for more than three strokes. The 
strength of LEV is reduced when it sheds into wake with increasing 
reduced frequency k (see Fig. 17). 

The effect of reduced frequency on hydro/aerodynamic coefficient 
studied by many researchers has no qualitative difference. Generally, 
the mean thrust coefficient tends to increase with reduced frequency. 
Garrick (1936), Koochesfahani (1989) and Ramamurti and Sandberg 
(2001) firstly used the theoretical, experimental and numerical methods 
to reach this result, respectively. Mackowski and Williamson (2015) 
reviewed some relatively early studies on mean thrust of a pure pitching 
foil from theory (Garrick, 1936; Jones and Platzer, 1997; Ramamurti 
and Sandberg, 2001), simulation (Ramamurti and Sandberg, 2001; 
Young and Lai, 2004) and experiment (Koochesfahani, 1989; Bohl and 
Koochesfahani, 2009), compared with their own direct force measure-
ments of thrust, shown in Fig. 13. As shown in Fig. 13, all of them has the 
same increasing trend with reduced frequency although their results 
exist a quantitative difference due to the distinct conditions. However, 

Fig. 14. Thrust and input power coefficient varied with reduced frequency at 
Re ¼ 102, 103,104 (Miao and Ho, 2006). 

Fig. 15. Effect of Re variation on efficiency of (a) a plunging NACA0015 airfoil at k ¼ 2, h ¼ 0.5. (Ashraf et al., 2009), (b) a combined oscillating NACA0012 foil in 
stationary fluid (Lin et al., 2019). 
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the change of other parameters appears having very limited influences 
on the trend of mean thrust coefficient. For instance, the experiments or 
simulations for a plunging airfoil (Ashraf et al., 2012; Elarbi, 2013), a 
non-sinusoidal pitching airfoil (Lu et al., 2013a,b; Zaman et al., 2014), a 
flexible pitching panel (Dewey et al., 2013) and a combined pitching and 
plunging airfoil (Esfahani et al., 2015) all show that the increase of 
reduced frequency causes a noticeable increase in mean thrust coeffi-
cient and thus suggests that the motion modes, motion profile and 
flexibility of a foil do not alter this conclusion. It should be pointed out 
that there is a maximum thrust coefficient after which it starts to 
decrease slightly with further increasing reduced frequency k for a 
flexible pitching plates obtained by Dewey et al. (2013) and this change 
is also clearly observed within the range of 1.82˂k˂10.92 for a pitching 
airfoil by Ashraf et al. (2015). The power coefficient showed similar 
trends as those of mean thrust coefficient. For a flexible pitching plate, 
the power coefficient increases to a maximum and then levels off 
(Dewey et al., 2013). 

The reduced frequency is a key parameter in analysis of propulsion 
and power extraction by flapping foil. The reduced frequency de-
termines the magnitude of energy that the flapping foil can extract from 
free stream. The variation trend of propulsive efficiency of a flapping foil 
propeller with reduced frequency is similar to a reverse parabola, dis-
playing that propulsive efficiency increases monotonically with reduced 
frequency k at first and then it decreases gradually with further 
increasing k when other parameters are fixed (Ashraf et al., 2012; Lu 
et al., 2013a,b; Elarbi, 2013; Dewey et al., 2013; Esfahani et al., 2015). 
The magnitude of efficiency is not fixed owing to a variety of other 
parameter combinations, such as pitching or heaving amplitude, the 
flexibility of the foil and phase angle between pitching and heaving. 
However, there is a truth that the maximum propulsive efficiency always 
occur at relatively low k. Moreover, at the same k, the flexible foil can 
further enhance the efficiency, even resulting a doubled efficiency. The 
qualitative trend of power extraction efficiency of a flapping foil energy 

harvester with forced pitching and heaving motions almost has no dif-
ference in propulsive efficiency (Liu et al., 2013; Xie et al., 2014; Kar-
basian et al., 2015; Lu et al., 2015; Wu et al., 2016; Xu and Sun, 2016) as 
shown in Fig. 18. Similarly, the global optimal energy extraction effi-
ciency also appears at low k within the range between 0.1 and 0.15 
which has been summarized specifically by Xiao and Zhu (2014) and 
explained physically by Zhu (2011). For the semi-active flapping foil, 
the energy extraction efficiency is different from that of the fully-active 
flapping foil. Wu et al. (2014, 2015a,c) simulated the power extraction 
of a semi-active flapping foil with the auxiliary foil, the flexible tail and 
different spring constant respectively, all of which come to the same 
conclusion that energy extraction efficiency monotonically decreases 
with increasing reduced frequency, as shown in Fig. 19. 

4.3. Pitching or heaving amplitude 

The influences of pitching or heaving amplitude on the flow struc-
tures are globally similar with that of the reduced frequency. This can be 
sketched that when flapping frequency and other parameters are fixed, 
as the flapping amplitude increases, the flow structure initially transits 
from K�arm�an street to aligned vortices, and then becomes reverse 
K�arm�an street, and finally become deflected reverse K�arm�an street with 
symmetry breaking. Essentially, the global flow structure of a single 
general flapping foil mainly depends on frequency and amplitude. 
Godoy-Diana et al. (2008) uses the experimental method to investigate 
the transitions in the wake of a pitching foil with different amplitude and 
frequency combination and obtained aforementioned transition process 
of the flow structure. He et al. (2012) also proved this process via a 
numerical method. Schnipper et al. (2009) and Andersen et al. (2017) 
compared numerical and experimental investigations for the flapping 
foil and measured the phase diagram in the (StA, AD) space as shown in 
Fig. 20, where StA and AD are another form of non-dimensional fre-
quency and amplitude, respectively. In addition, the distribution of flow 

Fig. 16. Numerical (left column) and experimental (right column) flow structures around a pitching plate for k ¼ 1.5, 2.5, 3.8 and 5, for an angle of attack of � 8�. 
(Moubogha et al., 2017). 
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patterns of a pitching foil and a heaving foil is almost same qualitatively. 
Leading edge vortex is also affected by the variation of amplitude. The 
convection of leading edge vortex along the chord becomes faster and 
the strength of the vorticity increases with increasing plunging ampli-
tude (Panah and Buchholz, 2012). Besides, the leading edge vortex be-
comes severer and the scale becomes larger with pitching amplitude 
increasing from 5� to 40� as investigated by Xie et al. (2014). 

The pitching or heaving plunging amplitude are also the crucial 
parameters affecting the hydrodynamic coefficients. Here we mainly 
focus on the thrust, power coefficient and propulsive efficiency. When 
other parameters are fixed, the power imparted to oscillating a foil in-
creases with pitching or heaving amplitude, resulting a monotonic in-
crease of the power coefficient. The increase of pitching and heaving 
amplitudes cause to the thrust coefficient increasing to a maximum, and 
then it begins to decrease because the thrust enhancement becomes 
negative for large amplitude cases. The propulsive efficiency represents 

the ratio of the thrust power to the power input to the foil. Consequently, 
the propulsive efficiency presents two different variation trends. If the 
enhancement of thrust coefficient is more than that of power coefficient 
at low amplitudes, the trend of propulsive efficiency is similar to that of 
thrust coefficient. Otherwise, the propulsive efficiency decreases 
monotonically with increasing amplitudes. However, these general 
conclusions from the previous studies (Amiralaei et al., 2010; Lu et al., 
2013a,b; Zaman et al., 2014; Das et al., 2016; Yu et al., 2017) are not 
always true for thrust coefficient, power coefficient and propulsive ef-
ficiency. For instance, small values of pitching amplitude (θ0 < 10�) has 
small effect on propulsive efficiency (Mackowski and Williamson, 
2015). Thrust coefficient could continuously increase with heaving 
amplitude within a relatively large range (h0/c < 1.5) (Ashraf et al., 
2012). Power coefficient also can increase firstly and then decrease 
gradually with increasing pitching amplitude (Srigrarom and Vincent, 
2008). 

Fig. 17. (a) Theoretical, (b) simulation and (c) experimental values of thrust coefficient for a NACA 0012 pitching airfoil. (Mackowski and Williamson, 2015).  
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The influence of pitching and heaving amplitudes on power extrac-
tion performance is very complex and there is no universal law. 
Therefore, here we can only give some general rules based on the rele-
vant studies. If we want to reach the power extraction state, a condition 
needs to be satisfied that the angle of attack induced by heaving motion 
must be smaller than the pitching angle, which has been investigated by 
Jones and Platzer (1997). Generally, no matter for forced pitching and 
heaving or forced pitching and induced heaving motions, the energy 
extraction efficiency contribution from pitching motion is quite limited 
and much smaller than that from heaving motion. For forced pitching 
and heaving motion, when other parameters are fixed, the energy 
extraction efficiency increases with heaving amplitude at low range 
(h0/c < 1.0). This law has been summarized by Xiao and Zhu (2014). For 
forced pitching and induced heaving motion, when other parameters are 
fixed, the energy extraction efficiency firstly increases monotonically 
with pitching amplitude and then reaches a peak after which it decreases 
with further increasing pitching amplitude. Particularly, if reduced 
frequency k does not exceed 0.5, the pitching amplitude of the maximum 
efficiency should generally be located between 60� and 80� as shown in 
Fig. 21(a). Besides, the optimal pitching amplitude decreases with 
gradually increasing k as shown in Fig. 21(b). These rules can also be 
applied to forced pitching and heaving motions. 

4.4. Three-dimensional effect 

Since the aero/hydro-foil in nature is always finite in spanwise 
length, the results concluded under the assumption of infinite spanwise 
length or two dimensions are no longer applicable. The hydrodynamic 
characteristics of an oscillating foil are significantly affected by the 
shape at its ends. von Ellenrieder et al. (2003) and Parker et al. (2007) 
(Soria’s team) discussed the effect of amplitude and frequency of the 
oscillating foils with a finite aspect ratio on the structure of 3D vortices 
at low Reynolds number (Re ¼ 164) through dye visualization and PIV. 
They concluded that due to the tip vortices of the foil, the global vortices 
structure takes a great change, which is completely different from that 
generated by the 2D foil, as shown in Fig. 22. Jardin et al. (2012) studied 
the three-dimensional effect of flow around a NACA0012 airfoil with 
combined pitching and heaving motion and it revealed that the inter-
action between leading edge vortices and spanwise vortices were very 
strong. Green et al. (2011) (Smits’ team) used PIV to analyze the 3D flow 
structure of the trapezoid with pure pitching motion. This trapezoid foil 
was inspired by fish caudal fin. The experiment suggested that inclined 
diversion edge can generate more complex tip vortices. Actually, the 
generation of spanwise vortices and tip vortices are the main reason for 
making the flow structure of the 3D foil more complex compared with 
the 2D foil. 

Buchholz and Smits (2008) found that thrust coefficient of the foil 

Fig. 18. Energy extraction efficiency as a function of reduced frequency (Xu 
and Sun, 2016). 

Fig. 19. Comparison of energy extraction efficiency (η) for a semi-active flap-
ping foil (a) with the auxiliary foil (Wu et al., 2015a), (b) with the flexible tail 
(Wu et al., 2015c) and (c) with different spring constant (Wu et al., 2014). θm, 
D/c, ω* and k* represent the pitching amplitude, the distance between flapping 
foil and auxiliary foil D non-dimensionlized by chord length c, the flexibility of 
the tail and non-dimensionlized spring constant, respectively. 
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depends on both St and aspect ratio, and the propulsion efficiency is 
sensitive to aspect ratio less than 0.83. In nature, the reason why tuna 
can swim at a high speed for a long time in water is associated with its 
body structure (Zhu et al., 2002). Its body has low aspect ratio and good 
flexibility. The interaction between vortices generated by the body of 
tuna and the fin results in two different propulsion modes: high thrust 
mode and high propulsion efficiency mode. 

Simpson et al. (2008) conducted experiments on a flapping foil with 
aspect ratios from 4.1 to 7.9 and found that the energy harvesting effi-
ciency increases with increasing aspect ratio. The maximum efficiency is 
43% at an aspect ratio of 7.9. Deng et al. (2014) investigated the effect of 
aspect ratios from 1 to 8 on the energy harvesting efficiency of an 
oscillating foil using DNS. They pointed out that the three-dimensional 
effect arises at aspect ratios less than 4 and too small aspect ratio can 
reduce energy harvesting efficiency. Kim et al. (2017) used an oscillating 
hydrofoil with a rectangular cross section to carry out the experiment on 
energy harvesting performance at three different aspect ratios (AR ¼
2.5, 3.5 and 4.5). They found that the total efficiency increases with 
aspect ratio over the parameter domain considered in their study, which 
is similarly to the previous numerical work of Kinsey and Dumas (2012) 
and experimental work of Simpson et al. (2008). 

5. Concluding remarks 

Since the first observation of lift and thrust generated by a flapping 
winging by Knoller (1909) and Betz (1912), more and more attentions 
have been paid to the researches on the fluid dynamics of a flapping foil. 
This paper performs a comprehensive review of the-state-of-the-art of 
aero/hydrodynamics of the flapping foil. Firstly, a brief description of 
the flapping foil is presented in terms of relevant parameters, motion 
modes and research contents. The contents of all the researches are 
roughly categorized into four different aspects: flow structure, hydro-
dynamic characteristics, energy harvesting and bionics problems. This 
section aims to promote an overall understanding of the flapping foil. In 
this review, bionics problems based on the flapping foils are not intro-
duced too much but detailed summaries on fish swimming and birds 
flying are reviewed by Rozhdestvensky and Ryzhov (2003), Wu (2010), 
Eloy (2012) and Wang et al. (2016b). 

Furthermore, the papers in recent decades using experimental or 
numerical methods are reviewed. Environment and kinematic parame-
ters and other geometric parameters of this part help clarify the settings 
of the research contents. Through the analysis of data, a rough range of 
some influencing parameters involved in the flapping foil are also 
summarized and the results of experimental and numerical studies are 
compared with each other. At last, the common laws of Reynolds 
number, reduced frequency, amplitude of foil motion and three- 
dimensional effect are summarized, respectively. However, there is no 
apparent law for these parameters on some problems such as the influ-
ence of motion amplitude on hydrodynamic coefficient and energy 
extraction efficiency. It is worth noting that the relevant researches on 

Fig. 20. The map of flow structure for the flapping foil (Schnipper et al., 2009). The black regions represent no periodic wake observed. In the legend, ‘vK’ is for von 
K�arm�an vortex street and ‘ivK’ is for inverted von K�arm�an vortex street. ‘S’ represents a single vortex and ‘P’ represents a pair of vortices of opposite signs. 

Fig. 21. Variation of energy harvesting efficiency with pitching amplitude 
θ0 for (a) k ¼ 0.16 (Teng et al., 2016), (b) different k ¼ 0.8, 1.4, 2.0 (Xie 
et al., 2014). 
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Table 1 
Experimental works.  

Investigators Equipment Visualization & 
velocity 
measurement 

Foil cross- 
section 

Flexibility 
of foil 

St Re k AR h0/c φ(deg) θ0/α0 (deg) Mean 
AOA 
(deg) 

Motion 
profile 

Pivot 
location 
X/c 

Young et al. 
(2019) 

Cyber–Physical 
Fluid Dynamics 
(CPFD) Facility 

PIV NACA0012 rigid – 10000 1.6, 2.4, 3.2 2D 0.10, 0.25, 
0.40 

– – 0, 5, 
10, 
15, 20 

sinusoidal – 

Dash et al. (2018) re-circulating 
channel 

– ellipse rigid 0.1–0.9 5000 – 2D (10) 0.75 90 α0 ¼ 10,15,20 0 sinusoidal 
& non- 

1/2 

Buren et al. 
(2017) 

free-surface 
recirculating 
water channel 

PIV teardrop rigid 0.05–0.4 
(StA) 

4870 heave:1.2 
pitch:0.87 

2D (3.5) 0.0625–0.1875 – θ0 ¼ 3-15 0 sinusoidal 
& non- 

– 

Mackowski and 
Williamson 
(2017) 

Cornell-AFOSR 
hybrid water 
channel 

– NACA0012 rigid – 16600 0–10 2D induced – θ0 ¼ 8 0 sinusoidal -1–2 

Moubogha et al. 
(2017) 

water channel PIV rectangle (flat 
plate) 

rigid – 2000 1.5–5 2D – – θ0 ¼ 10 0 sinusoidal 1/3 

Kim et al. (2017) free-surface water 
flume 

PIV ellipse and 
rectangle 

rigid – 50000 0.08–0.2 2.5, 3.5, 
4.5 

0.5–1.0 90 θ0 ¼ 45-85 0 sinusoidal 1/2 

Cleaver et al. 
(2016) 

closed-loop water 
tunnel 

DIC and 
volumetric 
velocimetry 
measurements 

rectangle (flat 
plate) 

flexible 0–2.025 10000 – 1.5, 3, 6 0.15 – α0 ¼ 15  sinusoidal 0 (root) 

Lua et al. (2016) re-circulating 
channel 

– ellipse rigid 0.1–0.8 5000  2D (10) 0.75 90 α0 ¼ 10,15,20 0 sinusoidal 1/2 

Tian et al. (2016) closed-circuit low- 
speed wind tunnel 

DPIV NACA0012 rigid – 3400 3.8–13.2 2D (3) – – α0 ¼ 5 0 sinusoidal 0.16–0.52 

Ashraf et al. 
(2015) 

low Reynolds 
number water 
channel 

PIV NACA0015 rigid – 2900 1.82–10.92 2D (6.4) – – α0 ¼ 5 0 sinusoidal 0 (leading 
edge) 

Lu et al. (2015) large scale wind 
tunnel 

PIV NACA0012 rigid – 3500 0.05–0.5 2D (2.5) 1.67, 2.5, 3.33 – θ0 ¼ 40, 50 0 sinusoidal 2/3 

Mackowski and 
Williamson 
(2015) 

Cornell-AFOSR 
hybrid water 
channel 

PIV NACA0012 rigid 0.1–0.45 
(StA) 

12000 
16000 

0–12 2D (2.4) – – θ0 ¼ 2-32 0 sinusoidal 1/4 

Monnier et al. 
(2015) 

free-surface 
closed-return 
water tunnel 

hydrogen (H2) 
bubbles and PIV 

head: 
NACA0036 
tail: rectangle 

head:rigid 
tail: 
flexible 

0.01–0.58 2010 1.41–7.03 2D (4.23) – – θ0 ¼ 1-10 0 sinusoidal 1/4 

Sadeghi et al. 
(2015) 

low speed wind 
tunnel 

hot-wire 
anemometer 

Eppler361 rigid – 50000 0.1 2D (3.1) – – θ0 ¼ 8-15 2.5 sinusoidal 1/2 

Bøckmann and 
Steen (2014) 

deep towing tank – NACA0015 rigid 0.12, 0.18. 
0.23 

200000 – 9.65 0.64 90 θ0 ¼ 0-18 0 sinusoidal 1/4 

Calderon et al. 
(2014) 

water tunnel PIV and 
volumetric 
three- 
component 
velocimetry 
laser system 

NACA0012 rigid 0–4.050 
0–2.025 

5000 
10000 

0–12.72 
0–6.36 

3 0.15 – – 0 sinusoidal – 

Panah and 
Buchholz 
(2014) 

free-surface water 
channel 

fluorescein dye 
and PIV 

rectangle (flat 
plate) 

rigid 0.1–0.6(StA) 10000 0.39–4.7 2D 0.2, 0.3, 0.4 – – 0 sinusoidal – 

Cleaver et al. 
(2013) 

closed-loop water 
channel 

PIV NACA0012 rigid 0–0.8 40000 – 2D (3.77) 0.1–0.5 – – 0 sinusoidal – 

Dewey et al. 
(2013) 

closed-loop, free- 
surface water 
channel 

optical encoder 
(angular 
velocity) 

rectangle (flat 
plate) 

flexible – 7200 2.3–18.8 0.5, 1.0, 
1.5, 2.0, 
2.4 

– – θ0 ¼ 0–14.32 0 sinusoidal 0 (leading 
edge) 
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Table 1 (continued ) 

Investigators Equipment Visualization & 
velocity 
measurement 

Foil cross- 
section 

Flexibility 
of foil 

St Re k AR h0/c φ(deg) θ0/α0 (deg) Mean 
AOA 
(deg) 

Motion 
profile 

Pivot 
location 
X/c 

Panah et al. 
(2013) 

free-surface water 
channel 

SPIV rectangle (flat 
plate) 

rigid 0.2 10000 – 1, 2, 4 0.3 – – 0 sinusoidal – 

Hu et al. (2013) closed-circuit low- 
speed wind tunnel 

PIV NACA0012 rigid 0.11–0.63 
(StA) 

3500 – 2D (2.89) 5.1–17.9 – θ0 ¼ 5, 10, 15 0, 2, 
5, 7 

sinusoidal 0 (root) 

Visbal et al. 
(2013) 

large-scale, free- 
surface water 
channel 

SPIV and PIV rectangle (flat 
plate) 

rigid – 10000 1 2 0.25 – induced 8 sinusoidal – 

Baik and Bernal 
(2012) 

low-turbulence 
water channel 

dye flow 
visualization 
and PIV 

SD7003 
rectangle (flat 
plate) 

rigid 0.08 10000 
30000 
60000 

0.25 2D 0.5 90 θ0 ¼ 8.42 0 sinusoidal – 

Boiron et al. 
(2012) 

water tunnel DPIV NACA0012 rigid 0.15–0.6 4000 0–0.6 2D 0.75 90 θ0 ¼ 5.22–47.53 0 sinusoidal 3/10 

Cleaver et al. 
(2012) 

free-surface 
closed-loop water 
tunnel 

PIV NACA0012 rigid 0–3.0 10000 – 2D 0.025–0.2 – – 0 sinusoidal – 

Fenercioglu and 
Cetiner (2012) 

closecircuit, free- 
surface, large scale 
water channel 

DPIV SD7003 rigid 0.05–1.0 
(StA) 

825–13700 0.16–6.26 2D (3) 0.25–1.0 90 θ0 ¼ 8.6 8 sinusoidal 1/4 

Panah and 
Buchholz 
(2012) 

free-surface water 
channel 

DPIV rectangle (flat 
plate) 

rigid 0.1–0.6(StA) 10000 – 2D 0.2, 0.3, 0.4 – – 0 sinusoidal – 

Yu et al. (2012) closed-circuit low- 
speed wind tunnel 

PIV NACA0012 rigid 0.1–0.37 
(StA) 

3340 5–17.6 2D 
(2.875) 

– – θ0 ¼ 5 0 sinusoidal 0 (root) 

Buchholz and 
Panah (2011) 

free-surface water 
channel 

DPIV rectangle (flat 
plate) 

rigid 0.1, 0.3, 0.5 
(StA) 

10000 – 2D 0.2, 0.3, 0.4 – – 0, 5, 
10 

sinusoidal – 

Sadeghi et al. 
(2011) 

subsonic wind 
tunnel 

hot-wire 
anemometer 

Eppler361 rigid – – 0.182 2D (3.1) – – θ0 ¼ 8, 10, 15 0, 2.5, 
5, 10 

sinusoidal 1/4 

Baik et al. (2010) low-turbulence 
water channel 

dye flow 
visualization 
and PIV 

rectangle (flat 
plate) 

rigid 0..1, 0.15, 
0.20 

10000 0.314, 
0.419, 
0.471, 
0.628 

2D 0.250, 0.375, 
0.500 

90 θ0 ¼ 3.39, 
11.18, 18.09 

8 sinusoidal 0 (root) 

Kim and Chang 
(2010) 

low speed wind 
tunnel 

smoke-wire 
visualization, 

NACA0012 rigid – 23000 
33000 
48000 

0.1 2D – – θ0 ¼ 6 0 sinusoidal 1/4 

Münch et al. 
(2010) 

The EPFL High- 
Speed 
CavitationTunnel 

– NACA0009 rigid – 500000– 
1500000 

0.04–1.25 2D – – θ0 ¼ 2 0 sinusoidal 1/2 

Bohl and  
Koochesfahani 
(2009) 

closed-return  
water 
tunnel 

Molecular  
tagging  
velocimetry 
(MTV) 

NACA0012 rigid – 12600 4.1–11.5 2D (4) – – θ0 ¼ 2 0 sinusoidal 1/4 

Sadeghi and Mani 
(2009) 

low speed wind 
tunnel 

hot-wire 
anemometer 

Eppler361 rigid – 50000 0.182 2D (3) – – θ0 ¼ 8 0–10 sinusoidal 1/2 

Schnipper et al. 
(2009) 

gravity-driven, 
vertically flowing 
soap film 

soap film teardrop rigid 0–0.3 220, 440 – 2D – – AD ¼ 0-2 – sinusoidal – 

Srigrarom and 
Chai (2009) 

low speed wind 
tunnel 

dye flow 
visualization 
and PIV 

SD7003 
SD8020 

rigid 0.1–0.9 13000- 
16000 

– 2D (2.67) – – θ0 ¼ 10-40 0 sinusoidal 1/4 

Buchholz and 
Smits (2008) 

water tunnel dye flow 
visualization 
and DPIV 

rectangle (flat 
plate) 

rigid 0–1.0 640 
10000 

– 0.54–2.38 – – Ac ¼ 0.17, 0.26, 
0.34 

0 sinusoidal 0 (root) 
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Table 1 (continued ) 

Investigators Equipment Visualization & 
velocity 
measurement 

Foil cross- 
section 

Flexibility 
of foil 

St Re k AR h0/c φ(deg) θ0/α0 (deg) Mean 
AOA 
(deg) 

Motion 
profile 

Pivot 
location 
X/c 

Godoy-Diana 
et al. (2008) 

hydrodynamic 
tunnel 

PIV teardrop rigid 0–0.5 255 – 2D (4) – – AD ¼ 0.36–2.8 0 sinusoidal 0 (leading 
edge) 

Heathcote et al. 
(2008) 

free-surface 
closed-loop water 
tunnel 

PIV NACA0012 flexible 
and rigid 

0-1 (StA) 10000 
20000 
30000 

0–7 4 0.175 – – – sinusoidal – 

Ol et al. (2008) horizontal 
freesurface 
water tunnel 

PIV SD7003 rigid – 10000 – 2D (3) 0.092 90 θ0 ¼ 21.5 4 sinusoidal 
and non- 

1/4 

Simpson et al. 
(2008) 

small tank – NACA0012 rigid 0.2–0.6 (StA) 13800 – 4.1, 5.9, 
7.9 

1.23 90 α0 ¼ � 11–57 – sinusoidal 1/4 

Srigrarom and 
Vincent (2008) 

closed-loop water 
tunnel 

dye flow 
visualization 
and PIV 

SD8020 rigid 0–1.2 4176–20496 – 2D (2.67) 0.833 – θ0 ¼ 10-45 0–45 sinusoidal – 

von Ellenrieder 
and Pothos 
(2007) 

recirculating 
water channel 

PIV NACA0012 rigid 0.174–0.781 2700 – 2D 0.215 – – 0 sinusoidal – 

Lua et al. (2007) recirculating 
water 
channel 

DPIV ellipse rigid 0.0919, 
0.16, 0.276 
(StA) 

1000 0.1–2.0 2D 0–3 – – – sinusoidal – 

Parker et al. 
(2007) 

water tunnel PIV NACA0030 rigid 0.35 600 – 3 0.5 90 θ0 ¼ 5 0 sinusoidal 1/4 

Buchholz and 
Smits (2005) 

water channel DPIV rectangle (flat 
plate) 

rigid 0.2–0.25 640 1.4, 2.6, 3.9 0.54 – – AC ¼ 0.17 0 sinusoidal 0 (leading 
edge) 

Schouveiler et al. 
(2005) 

tow tank dye flow 
visualization 

NACA0012 rigid 0.10–0.45 40000 – 2D (6) 0.75 90 α0 ¼ 10-35 0–45 sinusoidal 1/3 

Hover et al. 
(2004) 

MIT Department 
of Ocean 
Engineering 
Testing Tank 

– NACA0014 rigid 0.2–0.8 30000 – 2D (6) 1 90 α0 ¼ 10-35 0 sinusoidal 
and non- 

1/3 

von Ellenrieder 
et al. (2003) 

re-circulating 
water tunnel 

dye flow 
visualization 

rectangle (flat 
plate) 

rigid 0.2–0.4 164 – 3 0.5 60–120 θ0 ¼ 0-20 0 sinusoidal 1/4 

Read et al. (2003) MIT Department 
of Ocean 
Engineering 
Testing Tank 

– NACA0012 rigid 0.2–0.6 40000 – 2D (6) 0.75, 1.00 70–110 α0 ¼ 10-40 0 sinusoidal 
and non- 

1/3 

Chang and Yoon 
(2002) 

closed-circuit 
wind tunnel 

hot-wire 
anemometer 

NACA0012 
NACA4412 

rigid – 190000 0.1 2D (3.4) – – θ0 ¼ 6 0 sinusoidal 1/4 

Kuo and Hsieh 
(2001) 

re-circulating 
water tunnel 

LDV NACA0012 rigid – 1200 4.05 2D – – θ0 ¼ 5 15 sinusoidal 1/3 

von Ellenrieder 
et al. (2001) 

re-circulating 
water tunnel 

dye flow 
visualization 

teardrop rigid 0.2–0.4 164 – 2.1 1 – – – sinusoidal – 

Lai and Platzer 
(1999) 

water tunnel dye flow 
visualization 
and LDV 

NACA0012 rigid 0.18–9.3 
(St ¼ kh) 

500–21000 0–130 2D (3.7) 0.0125–0.6 – – – sinusoidal – 

Jones et al. 
(1999) 

Naval 
Postgraduate 
School water 
tunnel 

– Helicopterrotor 
blade 

rigid – 30000 1.5–2.5 5.6 0.3 90 θ0 ¼ 25, 30 0 sinusoidal 1/2 

Jones and Platzer 
(1999) 

Naval 
Postgraduate 
School low-speed 
wind-tunnel 

a pitot-static 
tube (and LDV) 

NACA0014 rigid – 18000- 
80000 

0.1–1.0 20 0.32, 0.34, 0.4 � 90 θ0 ¼ 0, 3.5, 5.0 0, 6, 
10 

sinusoidal 1/2 
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energy extraction based on the flapping foil have been reviewed by Peng 
and Chen (2012), Xiao and Zhu (2014), Young et al. (2014) and Rostami 
and Armandei (2017). 

Based on the review of a large amount of researches, it seems that the 
researches on the hydrodynamic characteristics of the oscillating hy-
drofoil have been very thorough. However, many problems are still not 
completely understood, such as how the flapping foil reversing K�arm�an 
street, how drag becoming thrust; and how to generate the optimal 
thrust, propulsive efficiency and energy extraction efficiency from flow 
field. This reminds us that we need to have an insight into these seem-
ingly “simple questions”. Recently, Smits’ team found that the wake 
structures of swimmers have no connection with the integrated swim-
ming performance (Floryan et al., 2019; Smits, 2019). Smits also sum-
marized other five main conclusions from aspects of flexibility, 
combined motions, viscous effects, aspect ratio and motion profiles, 
which can improve our understanding of undulatory and oscillatory 
swimming (Smits, 2019). Hence, the following directions are recom-
mended for future research activities:  

i) Due to the complexities of three-dimensional flow, the studies of 
foils are still focused on two-dimensional structures at low or 
moderate Reynolds number. This has been far from the real ap-
plications, where the effects of three-dimensionality, free stream 
turbulence and high Reynolds numbers should be considered. 
The foil always has limited aspect ratio so its flow mechanism 
could be more complex and its end effect may influence the 
performance of propulsion and energy extraction. Therefore, a 
focus should be put on the study of flow characteristics of three- 
dimensional oscillating foils and the simulations based on real 
environment parameters in future.  

ii) Compared with rotary turbines, the flapping foil designs have 
some advantages: environment-friendly and less noise; simple 
structure and easy manufacture; suitable for shallow water area; 
eco-friendly and less biological damage, etc. However, a sys-
tematic comparison between the rotary systems and the flapping 
foil systems has not yet been investigated. The apparently 
different wake structures may cause the differences in propulsion 
efficiency and energy harvesting efficiency. The further re-
searches can perform specific quantitative analysis between the 
two systems.  

iii) The majority of studies are concentrated on single foil devices. A 
few works discussed the multiple foils in tandem or parallel 
configuration. The energy harvesting efficiency of oscillating foils 
in tandem or parallel configuration has been investigated by 
Kinsey and Dumas (2012) and Karbasian et al. (2015). The pro-
pulsive performance of tandem flapping wings has been studied 
by Akhtar et al. (2007), Gong et al. (2015), Gravish et al. (2015), 
Pan et al. (2016) and Muscutt et al. (2017). In addition, Kumar 
and Hu (2010) investigates flow structures in wakes of tandem 
flapping wings. Peng et al. (2018a,b) studies the propulsion ef-
ficiency of two or more self-propelled flapping flexible wings. 
However, all of above simulations are two-dimensional models. 
Actually, the idea of “turbine farms” can also be used on flapping 
foils designs. Moreover, non-sinusoidal oscillating motion, 
structural flexibility and multiple foils can improve the efficiency. 
The future researches can focus on the behavior of flapping 
flexible foil systems in non-sinusoidal oscillating motion in large 
arrays.  

iv) The flapping foil designs are mostly inspired by flying birds and 
swimming fishes but there are still some “secrets” about them to 
be discovered. For instance, how birds drive their wings and how 
fishes flap their fins to generate high efficient thrust are not fully 
clear. This requires more knowledge of three-dimensional flow 
control mechanisms, fluid-structure interaction and the vortex 
structures. The further researches can find out more specific ex-
planations and resources from these animals for real applications. Ta
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Table 2  

Investigators Numerical methodology Foil cross- 
section 

Flexibility 
of foil 

St Re k AR h0/c φ(deg) θ0/α0 (deg) Mean 
AOA 
(deg) 

Pitch/plunge 
motion 
profile 

Pivot 
location 
X/c Analysis 

type 
Turbulence 
model 

Method Solving 
equation 

Boudreau et al. 
(2019a) 

CFD: Star- 
CCMþ

S-A – 2D 
incompressible 
URANS 

NACA0015 rigid – 3900000 0.1–0.3 2D 1 – induced 0 sinusoidal 1/4 

Chao et al. (2019) CFD: Fluent – FVM 2D 
incompressible 
unstedy NS 
equations 

NACA0012 rigid 0.1–0.5 255 – 2D – – AD ¼ 0.25– 
2.5 

0 nonsinusoidal 5/46 

Lahooti and Kim 
(2019) 

numerical 
simulation 

– IBM 2D 
incompressible 
unstedy NS 
equations 

symmetric 
Joukowski 

rigid – 1000 0.14 2D 0.5 � 90 θ0 ¼ 76.33 0 sinusoidal 1/3 

Lin et al. (2019) numerical 
simulation 

– immersed 
boundary- 
simplified 
circular 
function- 
based gas 
kinetic 
method 

2D 
compressible 
unstedy NS 
equations 

NACA0012 rigid – 0–2000 – 2D 0.1–1.0 0–360 Ac ¼ 0.1–1.0 0 sinusoidal 0–1 

Sitorus and Ko 
(2019) 

CFD k-ω Wilcox- 
Durbinþ

– 2D NS 
equations 

NACA0012 rigid – 1700000 0.025–0.2 2D (6) 1 90 θ0 ¼ 10-90 0 sinusoidal 1/4 

Wang et al. 
(2019) 

CFD: 
OpenFOAM 

SST k-ω FVM URANS NACA0012 rigid – 100000-500000 – 2D 0.5 – induced 0 sinusoidal 1/4 

Dash et al. (2018) CFD: Fluent – FVM 2D 
incompressible 
unsteady NS 
equations 

ellipse rigid 0.1–0.9 5000 – 2D 0.75 90 α0 ¼ 10, 15,  
20 

0 sinusoidal 
and non- 

1/2 

Andersen et al. 
(2017) 

numerical 
simulation 

– PVM a Lagrangian 
formulation 
of the 2D 
vorticity 
equation 

teardrop rigid 0.05–0.30 2640 – 2D AD ¼ 0–2.0 – – 0 sinusoidal centre of the 
semicircular 
leading edge 

Wang et al. 
(2017b) 

UCFD S-A – 2D 
incompressible 
unstedy NS 
equations 

NACA0012 rigid 0.16–0.44 13800 0.16 2D 
(7.9) 

0.5, 1.0, 1.23, 
1.5, 2.0 

90 θ0 ¼ 66.5– 
106.5 

0 sinusoidal 1/3 

Li et al. (2017) numerical 
simulation 

– system 
identification 
method 

full 
compressible 
NS equations 

NACA0012 rigid – 40000 0.5–2.5 2D 0–0.6 0, 90,  
180, � 90 

θ0 ¼ 5, 10,  
20 

0 sinusoidal 1/3 

Yu et al. (2017) UCFD S-A FVM 3D unsteady 
compressible 
NS equations 

NACA0012 rigid – 1000–1600000 – 2D 0.1–0.9 0 θ0 ¼ 3-19 0 sinusoidal 1/3 

Liu et al. (2016) CFD – FVM equations of 
unsteady 
laminar flow 

NACA0012 flexible – 1000 0.05–0.25 2D 1 � 90 θ0 ¼ 60. 75 0 sinusoidal 1/4 

Lua et al. (2016) CFD: Fluent – FVM 2D 
incompressible 
unstedy NS 
equations 

ellipse  0.1–0.8 5000 – 2D 0.75 90 α0 ¼ 10, 15,  
20 

0 sinusoidal 1/2 

Wang et al. 
(2016c) 

UCFD S-A – 2D 
incompressible 
unstedy NS 
equations 

NACA 4 and 
6 series 

rigid 0.4 13800 0.16 2D 1.23 90 θ0 ¼ 85.82 0 sinusoidal 1/3 
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Table 2 (continued ) 

Investigators Numerical methodology Foil cross- 
section 

Flexibility 
of foil 

St Re k AR h0/c φ(deg) θ0/α0 (deg) Mean 
AOA 
(deg) 

Pitch/plunge 
motion 
profile 

Pivot 
location 
X/c Analysis 

type 
Turbulence 
model 

Method Solving 
equation 

Abdullah Sani 
et al. (2016) 

CFD: Fluent SST k-ω user-defined 
functions 
(UDFs) 

2D 
incompressible 
unstedy NS 
equations 

NACA 4 
series 

rigid – 1100 
500000 

0.1–0.2 2D 1 90 θ0 ¼ 76.3 0 sinusoidal 1/3 

Das et al. (2016) numerical 
simulation 

– viscous vortex 
particle 
method 
(VVPM) 

2D time- 
dependent 
incompressible 
NS equations in 
the Lagrangian 
form 

NACA0012 rigid 0–1.0 10–2000 – 2D – – θ0 ¼ 2, 5, 8, 
12, 16 

0 sinusoidal 1/4 

Teng et al. (2016) CFD: 
OpenFOAM 

– FVM 2D time- 
dependent 
incompressible 
NS equations 

NACA0015 rigid – 1000 0.12–0.16 2D – – θ0 ¼ 70-80 0 sinusoidal 
and non- 

1/3 

Martín-Alc�antara 
et al. (2015) 

CFD: 
OpenFOAM 

– FVM 2D 
incompressible 
unsteady NS 
equations 

ellipse rigid 0.4–4.0 500 – 2D 0.03–0.6 – – � 10 sinusoidal – 

Lu et al. (2015) CFD:CFX – – 2D 
incompressible 
unsteay NS 
equations 

NACA0012 rigid – 3500 0.05–0.5 2D 1.67, 2.5, 3.33 – θ0 ¼ 40, 50 0 sinusoidal 2/3 

Choi et al. (2015) numerical 
simulation 

– IBFS 2D 
incompressible 
unsteay NS 
equations 

NACA0006 rigid – 100–500 0–2.5 2D 0–0.8 – – 5–20 sinusoidal – 

Zhu et al. (2015) CFD S-A – RANS NACA0002, 
12, 15 

rigid – 10000 
13800 

0.14, 0.16 2D 1, 1.23 – θ0 ¼ 85.82 0 sinusoidal 1/3 

Wu et al. (2015b) numerical 
simulation 

– IB-LBM 2D 
incompressible 
viscous NS 
equations 

NACA0015 flexible 
tail 

0.05–0.25 1100 – 2D 0.5 90 α0 ¼ 10, 20 0 sinusoidal 1/3 

Khalid et al. 
(2015) 

numerical 
simulation 

– IBM 2D 
incompressible 
viscous NS 
equations 

ellipse rigid 0.2–0.8 500 6.283 2D 0.05–0.2 – – 0 sinusoidal – 

Deng et al. (2015) CFD: 
OpenFoam 

– FVM time-dependent 
incompressible 
NS equations 

NACA0015 rigid – 1000 0.08–0.22 2D – – 60–90 0 sinusoidal 1/3 

Fenercioglu et al. 
(2015) 

CFD: Fluent – – 2D unsteady 
incompressible 
NS equations 

NACA0012 rigid – 1100 0.8 2D 1.05 90, 110 θ0 ¼ 73 0 sinusoidal 
and non- 

1/4, 1/2 

Cho and Zhu 
(2014) 

CFD: Fluent – FVM 2D NS 
equations 

NACA0012 rigid – 200 0.06–2.00 2D 1 90 θ0 ¼ 75 0 sinusoidal 1/3 

Deng et al. (2014) CFD: 
OpenFoam 

– FVM time-dependent 
incompressible 
NS equations 

NACA0015 rigid 0.4 1100 0.163 1–8 1.23 90 θ0 ¼ 81.5 0 nonsinusoidal 1/3 

Lu et al. (2014) CFD: CFX – – 2D unsteady 
incompressible 
NS equations 

NACA0012 rigid 0.05–0.4 10000 – 2D 0.8 90 α0 ¼ 15 0 nonsinusoidal 1/3 

Politis and 
Tsarsitalidis 
(2014) 

numerical 
simulation 

– 3D Unsteady 
Boundary 
Element 

– NACA0012 rigid 0.1–0.7 2020000 – 2, 4, 6 0.5, 1.0, 1.5, 
2.0 

75, 90 θ0 ¼ 5-50 0 sinusoidal 1/10, 1/3 
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Table 2 (continued ) 

Investigators Numerical methodology Foil cross- 
section 

Flexibility 
of foil 

St Re k AR h0/c φ(deg) θ0/α0 (deg) Mean 
AOA 
(deg) 

Pitch/plunge 
motion 
profile 

Pivot 
location 
X/c Analysis 

type 
Turbulence 
model 

Method Solving 
equation 

Method 
(UBEM) 

Wu et al. (2014) numerical 
simulation 

– IB-LBM 2D unsteady 
incompressible 
NS equations 

NACA0015 rigid – 1100 0.1–0.3 2D 1 – θ0 ¼ 15-45 0 sinusoidal 1/3 

Xie et al. (2014) CFD: CFX – – 2D unsteady 
incompressible 
and viscous 
flow solver 

ellipse rigid – 10000 0.4–2.8 2D 1 90 θ0 ¼ 0-40 90 sinusoidal 1/2 

Zaman et al. 
(2014) 

CFD: Fluent – – 2D NS 
equations 

NACA0012 rigid – 500 8–16 2D – – θ0 ¼ 10-58 0 sinusoidal 
and non- 

– 

Visbal et al. 
(2013) 

numerical 
simulation 

– ILES 3D unfiltered 
full 
compressible 
NS equations 

rectangle 
(flat plate) 

rigid – 1000–20000 1 2 0.25 – – 8 sinusoidal – 

Mantia and 
Dabnichki 
(2013) 

numerical 
simulation 

– BEM – NACA0012 rigid 0.1–0.5 40000 – 2D 0.75 90 α0 ¼ 15 0 sinusoidal 1/3 

Elarbi (2013) CFD: Fluent – FVM 3D unsteady NS 
equations 

NACA0012 rigid 0.0869–0.3186 30000 0.2–3 3D 0.075–0.275 – – 0 sinusoidal – 

Lu et al. (2013a) CFD: CFX – FVM 2D unsteady 
incompressible 
viscous NS 
equations 

NACA 4 
series 

rigid – 13500 6–18 2D – – θ0 ¼ 5-30 0 sinusoidal 
and non- 

1/4 

Lu et al. (2013b) CFD: CFX SST k-ω FVM URANS NACA0012 rigid – 135000 0.1, 0.2 2D – – θ0 ¼ 5, 10, 15 0 sinusoidal 
and non- 

1/4 

Yu et al. (2013) numerical 
simulation 

– spectral 
difference 
(SD) method 

2D unsteady 
compressible 
NS equation 

NACA 4 
series 

rigid 0.3, 0.45 1200 1.0, 3.5 2D – 75 θ0 ¼ 20 0 sinusoidal 1/3 

Esfahani et al. 
(2013)  

– – – teardrop rigid 0.2–0.7 30000-500000 – 6 0.5–1.0 90 α0 ¼ 15 0 sinusoidal 
and non- 

– 

Liu et al. (2013) CFD k-ω FVM URANS NACA0012 flexible – 1000000 0.05–0.25 2D 0.5 � 90 α0 ¼ 0, 5, 10 0 sinusoidal 1/3 
Kinsey and 

Dumas (2012) 
CFD: Fluent S-A FVM URANS NACA0015 rigid – 500000 0.04–20 2D 0.75, 1.0 90 θ0 ¼ 62, 67, 

70, 75 
0 sinusoidal 1/3 

Medjroubi et al. 
(2012) 

CFD – Spectral/hp 
Element 
Method 
(SEM) 

3D unsteady 
incompressible 
viscous NS 
equations 

NACA0012 rigid – 10000 1.96–7.85 2D 0.001–0.1 – – 0 sinusoidal – 

Dai et al. (2012) numerical 
simulation 

– IBM 3D 
incompressible 
viscous NS 
equations 

rectangle 
(flat plate) 

rigid and 
flexible 

0.1–0.7 640 1, 2 0.54 – – θ0 ¼ 12 0 sinusoidal leading edge 

Boiron et al. 
(2012) 

CFD – FEM 3D 
incompressible 
NS equations 

NACA0012 rigid 0.15–0.6 4000 0–0.6 2D 0.75 90 α0 ¼ 20 0 sinusoidal 3/10 

Zheng and Wei 
(2012) 

numerical 
simulation 

– IBM 2D 
incompressible 
NS equations 

NACA0012 rigid 0.96, 1.08, 1.2 200–500 5.0–10.0 2D 0.12, 0.16. 
0.24 

– – 0 sinusoidal – 

Ashraf et al. 
(2012) 

CFD: Fluent – – 2D amd 3D 
unsteady 
incompressible 
NS equations 

NACA0012 rigid 0.5, 1.0, 1.25, 
1.5 

20000 0.25, 1.0, 
4.0, 10. 

2D and 
0.2 

0.25–1.5 – – 0 sinusoidal – 

He et al. (2012) – IBM teardrop rigid 255 – 2D – – 0 sinusoidal – 
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Table 2 (continued ) 

Investigators Numerical methodology Foil cross- 
section 

Flexibility 
of foil 

St Re k AR h0/c φ(deg) θ0/α0 (deg) Mean 
AOA 
(deg) 

Pitch/plunge 
motion 
profile 

Pivot 
location 
X/c Analysis 

type 
Turbulence 
model 

Method Solving 
equation 

numerical 
simulation 

2D 
incompressible 
NS equaions 

0.10, 0.22, 
0.30, 0.40 

AD ¼ 0.36, 
0.71, 1.07, 
1.77, 2.80 

Li and Lu (2012) numerical 
simulation 

– IB-LBM 3D 
incompressible 
NS equations 

rectangle 
(flat plate) 

rigid 0.4, 0.6, 0.8 100, 200, 500, 
1000 

– 0.5–2.0 0.5 – θ0 ¼ 30 0 sinusoidal leading edge 

Yu et al. (2012) CFD – spectral 
difference 
(SD) method 

2D unsteady 
compressible 
NS equations 

NACA0012 rigid 0.1–0.37 3340 5.0–17.6 2D – – θ0 ¼ 5, 10, 15 0 sinusoidal – 

Xiao et al. (2012) CFD – FVM 2D unsteady 
compressible 
NS equations 

NACA0012 rigid 0.05–0.5 10000 – 2D 0.5, 1.0 90 α0 ¼ 10, 20 0 sinusoidal 
and non- 

1/3 

Ashraf et al. 
(2011a) 

CFD: Fluent S-A – 2D unsteady 
incompressible 
NS equations 

NACA series rigid – 200,2000,20000, 
2000000 

2 2D 0.25, 0.5 90 θ0 ¼ 15, 30 0 sinusoidal 1/3 

Medjroubi et al. 
(2011) 

CFD – Spectral/hp 
Element 
Method 
(SEM) 

2D viscous 
incompressible 
NS equations 

NACA0012 rigid – 800, 1600, 4500, 
8000, 

– 2D 0.1047, 0.7958 – – 12, 20 sinusoidal – 

Liang et al. 
(2011) 

CFD – spectral 
difference 
(SD) method 

2D unstesady 
NS equations 

NACA0012 rigid 0.46, 1.5 252, 500, 1000, 
1850 

0.835, 3.09, 
5.01, 6.68 

2D 0.08, 0.12 – θ0 ¼ 2, 4 0 sinusoidal 1/4 

Shao et al. (2010) numerical 
simulation 

– IBM incompressible 
viscous NS 
equations 

NACA0012 rigid 0.35, 0.60 200 – 1.0–5.0 0.5 90 θ0 ¼ 30 0 sinusoidal – 

Münch et al. 
(2010) 

CFD: CFX SST k-ω k-ε FVM incompressible 
URANS 

NACA0009 rigid – 500000–1500000 0.02–100 2D – – α0 ¼ 2 0 sinusoidal 1/2 

Bansmer et al. 
(2010) 

CFD Menter- 
Baseline k- 
ω 

FVM URANS SD04 rigid and 
flexible 

– 100000 0.2 2D 0.5 90 α0 ¼ 4 4 sinusoidal 1/4 

Hutchinson et al. 
(2010) 

CFD: CFX SST – – NACA0009, 
0015 

rigid – 2800000, 
9389000 

0.188,0.785, 
1.57, 3.14 

2D – – θ0 ¼ 2, 5, 10 0 sinusoidal 1/2 

Amiralaei et al. 
(2010) 

CFD: 
OpenFOAM 

– FVM 2D 
incompressible 
NS 

NACA0012 rigid – 555, 1000, 2000, 
5000 

0.1, 0.125, 
0.17, 0.25 

2D – – θ0 ¼ 2, 4, 6, 8, 
10 

15 sinusoidal 1/4 

Thaweewat et al. 
(2009) 

numerical 
simulation 

– – – ellipse rigid 0.02–0.75 150 – 2D 0.5–3.0 90 0–45 0–75 sinusoidal 1/2 

Kang et al. (2009) CFD SST – 2D RANS SD7003 rigid 0.08 10000-60000 0.25 2D – 90 – – sinusoidal – 
Xiao and Liao 

(2009) 
CFD k-ω – URANS NACA0012 rigid – 10000 3.0–14.0 2D – – θ0 ¼ 2, 4, 6 0 sinusoidal 

and non- 
1/4 

Visbal (2009) numerical 
simulation 

– ILES full 
compressible 
NS equations 

SD7003 rigid – 10000, 
40000,60000 

3.93, 10 2D and 
0.2 

0.005–0.04, 
0.05 

– – 4, 14 sinusoidal – 

Shin et al. (2009) numerical 
simulation 

– hybrid 
Cartesian/ 
immersed 
boundary 
method 

2D unsteady 
incompressible 
NS equations 

NACA0012 rigid – 1100 0.2, 0.225 2D 1 90 θ0 ¼ 40 0 sinusoidal 1/4 

Sarkar and 
Singasani 
(2009) 

numerical 
simulation 

– – 2D 
incompressible 
NS equations 

NACA0012 rigid – 10000 7.86 2D 0.05 – θ0 ¼ 21.5 0, 4, 8 sinusoidal – 

Kinsey and 
Dumas (2008) 

CFD: Fluent – FVM – NACA0015 rigid – 1100 0–0.25 2D 1 90 θ0 ¼ 0-90 0 sinusoidal 1/3 

(continued on next page) 
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Table 2 (continued ) 

Investigators Numerical methodology Foil cross- 
section 

Flexibility 
of foil 

St Re k AR h0/c φ(deg) θ0/α0 (deg) Mean 
AOA 
(deg) 

Pitch/plunge 
motion 
profile 

Pivot 
location 
X/c Analysis 

type 
Turbulence 
model 

Method Solving 
equation 

Ol et al. (2008) numerical 
simulation 

– 2D IBM 2D 
incompressible 
NS equations 

SD7003 rigid – 300–1200 – 2D 0.092 90 θ0 ¼ 21.5 4 sinusoidal 
and non- 

1/4 

Lian et al. (2008) numerical 
simulation 

SST – RANS SD7003 rigid – 60000 0.25 2D 0.5 90 θ0 ¼ 8.42 8 sinusoidal 1/4 

Young and Lai 
(2007) 

numerical 
simulation 

– – 2D 
compressible 
NS equations 

NACA0012 rigid – 20000 1.0–10.0 2D 0.00025–0.500 – – 0 sinusoidal – 

Kaya and Tuncer 
(2007) 

numerical 
simulation 

B-L – RANS NACA0012 rigid – 10000 1 2D 0.5 41.4–90.3 θ0 ¼ 8.5–21.5 0 sinusoidal 
and non- 

1/2 

Dong et al. (2006) numerical 
simulation 

– IBM 3D unsteady 
incompressible 
viscous NS 
equations 

ellipse rigid 0.3–1.2 100, 200, 400 – 1.27, 
2.55 
5.09, 
∞ 

0.5 – θ0 ¼ 30 0, 10, 
20, 30 

sinusoidal 1/2 

Miao and Ho 
(2006) 

CFD: Fluent – FVM 2D unsteady 
viscous NS 
equations 

NACA0014 flexible – 100, 1000, 10000 1.0–6.0 2D 0.4 – – 0 sinusoidal – 

Lee et al. (2006) numerical 
simulation 

baseline 
SST 
k–ω 

– 2D unsteady 
incompressible 
NS equations 

NACA series rigid – 5000, 12000 1–12 2D 0.1–0.4, 2 90 θ0 ¼ 20, 30, 40 0 sinusoidal 1/4 

Tuncer and Kaya 
(2005) 

numerical 
simulation 

B-L – 2D unsteady 
RANS 

NACA0012 rigid – 10000 1 2D 0.45–2.11 82.4–103.4 θ0 ¼ 15.4–36.6 0 sinusoidal 1/2 

Young and Lai 
(2004) 

numerical 
simulation 

B-L – 2D unsteady 
compressible 
RANS 

NACA0012 rigid – 10000, 20000, 
40000, 80000 

2, 4, 6, 8 2D 0.0125, 0.025, 
0.05, 0.075 

– – 0 sinusoidal – 

Pedro et al. 
(2003) 

CFD – FVM 2D unsteady 
incompressible 
NS equations 

NACA0012 rigid 0.1–0.7 1100 0–20 2D 0.5, 1.0 30–115 θ0 ¼ 5-50 0 sinusoidal – 

Ramamurti and 
Sandberg 
(2001) 

numerical 
simulation 

– – 2D 
incompressible 
NS equations 

NACA0012 rigid 0.03 12000 
1100 

0-14 
0.3, 0.45 

2D 1 30–140 θ0 ¼ 2, 4 
θ0 ¼ 15, 30 

0 sinusoidal – 

Liu and Kawachi 
(1998) 

CFD – – 3D 
incompressible 
unsteady NS 
equations 

hawkmoth rigid – 1700 0.167–0.500 5.3 1.0–3.0 � 90 θ0 ¼ 42 0 sinusoidal root 

Jones and Platzer 
(1997) 

numerical 
simulation 

– 2D unsteady 
potential-flow 
panel code 

unsteady 
inviscid 
incompressible 
two- 
dimensional 
flows 

NACA0012 rigid – 12000 0–20 2D 0.1, 0.2, 0.4 0–360 θ0 ¼ 0-30 0 sinusoidal 1/4 

Visbal and Shang 
(1989) 

numerical 
simulation 

– – 2D 
compressible 
NS equations 

NACA0015 rigid – 10000 0.1–0.6 2D – – θ0 ¼ 60 0 sinusoidal 0, 1/4, 1/2, 
3/4  
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v) Machine learning is one of the hottest topics at present and many 
fluid issues are solved in this advanced way. Ling et al. (2016) use 
deep neural networks to develop Reynolds stress closures for 
RANS turbulence models.Wan and Sapsis (2018) predict the 
trajectory of spherical particles in fluid flows through machine 
learning. Raissi et al. (2019) use deep learning method to discuss 
the problems of vortex induced vibrations. The further researches 
can attempt to use deep machine learning to make predictions for 
aero/hydrodynamic force and wake structure of flapping foils in 
different flow environments. 

With so many questions about flapping foils to be answered and 
explained, the task can be imagined to be very arduous. Nevertheless, an 
improved understanding of any aspect of the oscillating foil may have 
important implications for flow structure, aero/hydrodynamic perfor-
mance and energy harvesting efficiency based on the foil. 
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