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ABSTRACT 
We investigated the dynamics and energy harvesting performance of a novel flow-energy harvesting system 

that consists of two fully passive flapping foils arranged in tandem. Both experimental tests and numerical 
simulations were conducted to uncover the wake-foil and foil-foil interaction mechanism. The system was tested 
in a chord-based Reynolds number of 8.7×104, at various initial states and tandem distances. It was found that 
the aft foil was modulated and eventually locked by the wake of the flapping fore foil, leading to a stable phase 
difference between the two foils that is independent of the foils’ initial states and varies almost linearly with the 
tandem distance. Within the test range, the aft foil always exhibited larger heaving and pitch velocities, 
extracting in average 15.2% more power than the fore foil and the single foil. The best power extraction 
efficiency of 19.6% was achieved by the aft foil when the two foils are separated by only one chord length, 
while the worst efficiency of 15.9% was achieved by the fore foil when they are separated by two chord lengths. 
Collectively, the two foils can achieve the best efficiency of 36.8%, greater than the doubled value (i.e., 33.4%) 
of the single foil’s efficiency.  

1. Introduction
Great effort has been made to harness energy from air or water flow to meet the energy crisis. Among

others, flow-induced vibration (FIV), including vortex-induced vibration, galloping and fluttering has mostly 
been taken as the kinetic source of energy harvester (Abdelkefi 2015, Wang et al.2020 and Wang & Zhao 2021). 
Flapping foil-based energy harvesters are a type of unconventional concepts for air/water flow energy harvesting. 
Compared to traditional rotary turbines, they have many advantages, such as having low cut-in speeds, better 
filling factor, scalable, operable in shallow water and environmentally friendly. Depending on the way of 
actuation, these flow energy harvesters are usually operated in three different modes: the fully active mode where 
both the heaving and pitching motions are prescribed, the semi-active or semi-passive mode where one of the 
motions is prescribed while the other is induced by the flow, and the fully passive mode where both the motions 
are flow induced. Profound understandings have been achieved on the dynamics and energy extraction 
performance of single-foil systems (Xiao et al. 2014, Young et al. 2014, Wu et al.2020 and Wang et al.2020).  

From the practical perspective, it is usually required to arrange flapping foil-based flow energy harvesters 
in arrays, so as to make the best from the flow at selected sites as well as to save the operation and maintenance 
costs. As the simplest configuration of harvester arrays, two-foil systems, especially arranged in tandem, are 
usually chosen to study the detailed foil-foil or wake-foil interactions and their influence on resulting energy 
harvesting. Recent works on this topic are summarized in Table 1. Through computational fluid dynamics (CFD) 
simulations on a fully active tandem foil system, Platzer et al. (2009a) and Ashraf et al. (2011) pointed out that 
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the energy extraction performance can be affected by the tandem distance and inter-foil phase difference, and 
the aft foil can be placed at an optimal distance with an optimal phase difference to extract maximum power for 
a system at given amplitudes of motion and Reynolds number. However, if compared with a single foil, both 
the averaged power output and efficiency per foil are reduced by around 20%, mainly due to the poor 
performance of the aft foil. The deteriorated performance of the aft foil was also observed by Xu et al. (2016), 
Liu (2017) and Ribeiro et al (2021). Meanwhile, contradicting results were also reported in Karbasian et al. 
(2015) and Karakas & Fenercioglu (2017) that the aft foil can attain a higher power efficiency than the fore foil 
due to the favorable wake-foil interactions. Broering & Lian (2012), Broering et al. (2012) and Xu & Xu (2017) 
further found that the best average efficiency of the aft foil can be higher than that for the single foil. 

Many of the above researchers have noticed that similar aft-foil dynamics can be achieved by changing 
either the tandem distance or the inter-foil phase difference (Broering & Lian 2012; Broering et al. 2012; Kinsey 
& Dumas 2012a, 2012b; Xu & Xu 2017; Ribeiro et al. 2021). To better predict the performance of the aft foil, 
Kinsey & Dumas (2012a, 2012b) proposed a parameter “global phase shift” for the aft foil, Φ, which combines 
the tandem-distance (L) induced phase difference and the apparent inter-foil phase difference φ 
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U∞ is the freestream velocity and f is the flapping frequency. Through simulating a fully active tandem foil 
system, they found that Φ = 90° typically leads to the optimal performance for the aft foil. However, Xu & Xu 
(2017) determined a quite different value, i.e., Φ = 160°, for the best aft foil performance. By replacing U∞ with 
an average wake velocity Uw that accounts for the velocity deficit in the fore foil’s wake, Ribeiro et al (2021) 
proposed a modified phase shift for the aft foil called “wake phase”  
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They obtained an optimal wake phase of Φw = 120° in the so-called LEV regime where the wake of the fore foil 
is dominated by leading-edge vortices (LEV). 

When the tandem foils are operated in the semi-active mode, usually the pitching motion is prescribed 
while the heaving motion is driven by the surrounding flow. Abiru & Yoshitake (2011) experimentally studied 
a semi-active tandem foil system. Their results showed that, if operated in antiphase (φ = 180°), both the foils 
showed better energy extraction efficiencies than the single foil. In contrast, if operated in phase (φ = 0), both 
the foils performed worse unless the tandem distance is more than 3c (c is the chord of the foil). Kim et al. 
(2015) also designed and tested a semi-active tandem foil system. They found that, with the tandem distance L 
= 2c and phase difference φ = 190°, similar power extraction performance was observed among the fore foil, 
the aft foil and the single foil. However, as L increases to 4c, the aft foil performance deteriorated due to the 
unfavorable wake-foil interaction. Ma et al. (2021) numerically investigated two semi-active tandem foils 
operating in phase. They found that in most cases the aft foil had an inferior power output induced by the 
unfavorable wake-foil interactions. In some cases where the favorable wake-foil interaction occurred, the aft 
foil showed a better performance than the single foil, but the fore foil exhibited a very poor performance. As 
such, the system was still not able to achieve an efficiency per foil better than that of the single foil. 

The fully passive flapping foil systems can be classified into four types (named Type I to Type IV) 
according to their realization (Zhao et al. 2021). The Type-II system involves two foils in tandem, which realizes 
continuous flapping motions by interconnecting the foils with a fixed, non-zero phase difference such that the 
null spot of one foil coincides with the power stroke of the other. Jones et al. (2003) designed an energy harvester 
of such a type and achieved self-start and smooth flapping motion by operating the two foils with a tandem 
distance of L= 9.6c and a phase difference of φ = π/2. Kinsey et al. (2011) designed and experimentally tested 
another Type II system where L = 5.4c and φ = π. The maximum total efficiency of this tandem-foil system 
reached 30%, significantly larger than 20% obtained from the corresponding single-foil system. 
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Table 1. Summary of studies on tandem flapping-foil based flow-energy harvesters 
 

Mode Authors L/c φ/π Re (×104) Method 
Power conversion efficiency  

Single  Fore Aft Total 

 
 
 

Fully active 

Platzer et al.(2009a) 2 ~ 6 0 ~ 0.5 2 CFD 31% - - 52% 
Ashraf et al. (2011) 2 ~ 6 0 ~ 1 4 CFD 34% 38% 16% 54% 
Broering & Lian (2012) 1.1 ~ 2 0 ~ 1 0.5 CFD - - - - 
Broering et al. (2012) 2 0 ~ 1 1 CFD - - - - 
Kinsey & Dumas (2012a) 5.4 1 50 CFD 38.7% 35.9% 28.3% 64.1% 
Kinsey & Dumas (2012b) 3.6 ~ 7.5 -1 ~ 1 50 CFD 38.7% 35.9% 28.3% 64.1% 
Karbasian et al. (2015) 2.55 0 40 ~ 90 CFD 25% - - - 
Xu et al. (2016)  4.5 ~ 6.3 1 39.6 CFD 35% 30% 22% 53.8% 
Liu (2017) 5.4 -0.5 50 CFD 34% 33% 27% 60% 
Xu & Xu (2017) 5.4 -1 ~ 1 50 CFD 23% 23% 24% 46% 
Pourmahdavi et al. (2019) 5.4 1 50 CFD 34% 33% 27% 60% 
Karakas & Fenercioglu (2017) 2 -1 ~ 1 1 Exp 17% - 17.8% - 

Ribeiro et al (2021)  6 ~ 12 -1 ~ 1 3 (Exp)  
0.1 (CFD) Exp & CFD - 

23.5% (Exp) 
26.5% (CFD) 

14.5% (Exp)  
14.5% (CFD) 

38% (Exp) 
41% (CFD) 

Semi-active 
Abiru & Yoshitake (2011) 1 ~ 10 0, 1 5 Exp 19% 21.6% 21.3% 42.9% 
Kim et al. (2015) 2 ~ 4 0.5 78 ~ 92 Exp & CFD 17% 15.5% 17.0% 32.5% 
Ma et al. (2021) 2 ~ 5 0 100 CFD 22% -  43.7% 

Fully passive 

Jones et al. (2003) 9.6 0.5 2.2 Exp - - - 10% 
Kinsey et al. (2011)  5.4 1 41~ 48 Exp  20% - - 30% 
Xu et al. (2017) 5.4 1 26 ~ 38 Exp 19.8% - - 29.2% 
Ma et al. (2019) 3 ~ 6 0 100 CFD 23.7% 18.5% 16.1% 34.6% 
Xu et al. (2019) 3 -1 ~ 1 10 ~ 12 Exp & CFD  25.2% - - 36.6% 
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 Different from Type II systems which have only one degree of freedom (DOF) for tandem foils, Type IV 
systems utilize a group of heaving and pitching limiters to achieve continuous flapping motions, each foil having 
two DOFs, i.e., the pitching and heaving motions are independent (Its kinematics is depicted later in Fig. 5). 
Initially proposed by Platzer and colleagues (2009a, 2009b, 2009c), this novel concept has recently been studied 
in a systematical way on a single foil system about its detailed fluid-structure interactions (FSI), effects of key 
parameters, and search of best energy harvesting performance (Mumtaz Qadri et al. 2020; Zhao et al. 2021). If 
two such foils are arranged in tandem, the total four DOFs in the system could generate very rich dynamics that 
makes impacts on the resulting energy harvesting performance. This motivates us to conduct the present research, 
with the focus placed on the wake-foil and foil-foil interactions. Both experimental and numerical investigations 
are performed to provide complementing data.  

The paper is organized as follows: In Section 2, the design of the Type IV fully passive tandem foil system 
and its experimental and numerical methods are introduced. The dynamics and power extraction performance 
of this system are presented and discussed in Section 3. A summary from this study is given in Section 4.  

 
2. Methodology  
2.1 Experimental setup 
 

 
Fig. 1 Schematic of the water channel test rig. (a) isometric view of the setup with a single foil, where a laboratory-fixed 
coordinate system is defined; (b) close-up view of the top part of the single foil; and (c) two foils in tandem. All 
dimensions are in mm.  

The test rig is schematically shown in Fig. 1 and its main parameters are listed in Table 2. Two identical 
flapping foil systems are arranged in tandem along a water channel of 0.3 m wide, 0.6 m high, and 2 m long, as 
shown in Fig. 1(c). Each foil system is equipped with a flat foil of chord c = 140 mm, span b = 200 mm, and 
mass m1 = 0.38 kg, which is mounted underneath a heaving platform through a long shaft located at 0.6c from 
the foil’s leading edge. Driven by a water flow of speed U∞ = 0.62 m/s (corresponding to a chord-based Reynolds 
number 8.7×104), the foil can undergo both heaving (together with the platform) and pitching (about the long 
shaft) motions. The ranges of these two motions can be pre-set by adjusting the heaving and pitching arm-limiter 
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mechanisms, as depicted in Fig. 1(b). The total mass of the heaving part is around m = 4.25 kg, and the moment 
of inertia of the rotating part is about I = 9.62×10-4 kg-m2. To eliminate three-dimensional effects, the lower end 
of the foils is only 5 mm from the bottom of the water channel, whereas end plates are deployed at the upper 
end of the foils, also leaving a 5 mm gap. The hydrodynamic forces/torque experienced by the foils were 
measured using a six-axis force sensor (ATI Mini-40) installed in the shaft (see Fig. 1(a)) with a sampling rate 
of 2,000 Hz. Meanwhile, the foils’ motions were recorded using a high-speed camera (Photron Mini UX100) 
operating at 125 fps. Both the devices were interfaced with NI DAQ cards and synchronized in LabVIEW 
software. For more details about the test rig and the relevant measurements, readers are referred to our previous 
works (Mumtaz Qadri et al. 2020; Zhao et al. 2021). 

Table 2 Parameters of the test rig used in numerical simulation and experiments 
Foil shape Flat plate 
Chord length of the foil (c) 0.14 m 
Span of the foil (a) 0.2 m 
Thickness of the foil (b) 0.005 m 
Mass of the foil (m1) 0.378 kg 
Pivot location from leading edge (xp) 0.084 m (0.6c) 
Heaving amplitude (h0) Variable, slightly larger than dh/2 
Pitching amplitude (θ0) 40° 
Mass related heaving motion (mh) 4.25kg 
Moment of inertia (I) 9.62×10-4 kg.m2

 

Distance between heaving limiters (dh) 0.19 m (1.36c) 
Distance between heaving limiter and sweep plane (dx) 0.065 m (0.16c) 
Damping coefficient for heaving direction (ch) 0.005 N-s/m 
Damping coefficient for pitching direction (cθ) 0.04 N-m-s/rad 
Reynolds number (Re) 8.7×104 

 
As reported in our previous study (Zhao et al. 2021), the dynamics of a single foil can generally be divided 

into two phases, i.e., the “pure heaving phase” and the “stroke-reversal phase”. Take the upstroke as an example, 
the pure heaving phase begins when the pitching arm starts to touch the lower pitching limiter from the previous 
stroke reversal (Fig. 2(a)). Confined by this pitching limiter through a non-zero reaction force Fpl, the foil 
maintains its maximum pitching angle during the entire phase, i.e., θ = +θ0 andθ = 0. With such a large pitching 
angle, the foil is pushed upward along the linear guide by the hydrodynamic heaving force Fh. This pure heaving 
ends when the foil starts to touch the upper heaving limiter. At this instant, the foil’s heaving displacement is h 
= dh/2 - dx tanθ0, where dh and dx are the distance between the two heaving limiters and the streamwise distance 
between the sweep plane of pivot axis and the heaving limiters, respectively. This displacement defines the 
boundary between the pure heaving phase and the subsequent stroke-reversal phase. 

After touching the upper heaving limiter, the foil is forced to rotate anticlockwise and leaves the confining 
pitching limiter (so that Fpl = 0). As such, it enters the stroke-reversal phase, in which the foil keeps rotating 
from +θ0 to −θ0 until it touches the upper pitching limiter (Fig. 2(b) and 2(c)) to start the next pure-heaving 
phase. Depending on whether the foil has contact with the heaving limiter or not, the stroke-reversal phase can 
be further divided into two stages: the “sliding stage” and the “free stage”. In the sliding stage as shown in Fig. 
2(b), the foil remains contact with the upper heaving limiter. The latter then exerts a non-zero reaction force Fhl 
on the foil, forcing the foil to rotates anticlockwise about its pivot axis. During this process the heaving arm 
keeps sliding on the heaving limiter. The foil’s instantaneous heaving displacement can be determined as h = 
dh/2 - dx tanθ. Note that the pitching angle θ may become negative due to the inertia so that the heaving force 
and pitching moment reverse their directions.  

The sliding stage ends when the foil starts to leave the upper heaving limiter (so that Fhl = 0) due to the 
reversed hydrodynamic force/moment. After that, the foil continues rotating anticlockwise until it touches the 
upper pitching limiter to reach its maximum allowed negative pitching angle −𝜃𝜃0 (see Fig. 2c). This defines the 
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free stage, in which the foil has no contact with any limiter, i.e., Fhl = Fpl = 0. 
The same pure-heaving and stroke-reversal phases will repeat during the subsequent downstroke. As such, 

a complete flapping cycle consists of two pure-heaving phases and two stroke-reversal phases. 

 
Fig. 2 Schematics showing the kinematics of a single foil in a half flapping cycle: (a) the pure heaving phase (in blue), (b) 
the sliding stage of the stroke-reversal phase (in pink), and (c) the free stage of the stroke reversal phase (in red). dh is the 
distance between the two heaving limiters, dx is the distance between the heaving limiters and the sweep plane of the foil’s 
pivot axis. xp defines the distance of the pivot axis from the foil’s leading edge. Fhl is the reaction force of the heaving 
limiter on the heaving arm and Fpl is the reaction force of the pitching limiter on the pitching arm.  

2.2 CFD simulations  

To supplement the experiments by providing detailed flow information around the flapping foils as well as 
to extend the parameter space, CFD investigations were conducted using ANSYS Fluent. The computational 
domain and boundary conditions are sketched in Fig. 3. A uniform flow of speed U∞ enters the left boundary, 
interacts with the two flapping foils, and leaves the right boundary far downstream with a constant pressure. 
The upper and lower boundaries are treated as walls with no-slip boundary condition. As such, this 
computational domain replicates the laboratory conditions in the water channel. To address the challenges 
caused by the foils’ large-amplitude heaving and pitching motions, a set of overset mesh (orange zones in Fig. 
3) was applied around each foil, which translates/rotates with the foil and exchanges flow information with the 
fixed background mesh. The total number of meshes is about 3×105. The meshes near the foils and walls were 
refined so that y+ ≈ 1 at this first grid layer. 

 

 
Fig. 3 Computational domain and boundary conditions used in the CFD study. The two blue rectangles represent the 
flapping foils, and the orange zones denote the overset mesh. All dimensions are in mm. 

A user defined function (UDF) was implemented to coordinate the simulations. As described in the flow 
chart in Fig. 4, the simulation starts from the pure heaving phase, which is subsequently followed by the sliding 
stage and the free stage. The classification criteria and boundaries of these phases/stages can be read in Fig. 4. 
In each phase/stage, the FSI module is called, in which the mesh is updated first according to the latest foil 
position, the fluid flow is simulated by solving the Reynolds-Averaged Navier-Stokes (RANS) equations, and 
then the foils’ kinematics is obtained by solving the following equations based on the Newton’s second law. 



 
 

7 
 

For heaving motion: coshl h hmh F c h Fθ+ + =    (3) 

For pitching motion: sechl xI F d c Mθ θθ θ θ+ + =    (4) 

where h is the heaving displacement. Fh and Mθ are hydrodynamic force and moment determined by the fluid 
solver, respectively. ch and cθ are the damping coefficients for heaving and pitching motions, respectively, which 
were determined through simple tests on the test rig. For the flow simulation, the second-order upwind scheme 
and the first-order implicit scheme were implemented for spatial and temporal discretization, respectively, and 
the turbulence was modeled using the SST k-ω model. 

 
Fig. 4 Flowchart of CFD simulations where a UDF is implemented to update the dynamic mesh and call the flow and 
structure solvers in the pure heaving phase (in blue), the sliding stage (in pink) or the free stage (in red).  

 
To validate this CFD framework, we simulated the flow around a fully active flapping foil, which has also 

been simulated by Kinsey & Dumas (2008) and Wu et al. (2014). The foil has a NACA0015 profile and flaps 
with a heaving amplitude of one chord, a pitching amplitude of 76.3°, and its pitching axis being located one 
third of the chord from the leading edge, and at a Reynolds number of 1,100. The good agreements in the 
evolution of hydrodynamic forces experienced by the foil shown in Fig. 5, in the vorticity and pressure contours 
exhibited in Fig. 6, and in the mean force coefficients and power conversion efficiencies listed in Table 3 confirm 
that the current CFD framework is capable of simulating this type of FSI problems. The confidence in our CFD 
framework can be further reinforced through comparisons with the experimental data obtained in the present 
study, which will be presented in Sec. 3. 
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Fig. 5 Comparison of the hydrodynamic forces experienced by a fully active flapping foil: (a) streamwise force coefficient 
Cx; (b) heaving force coefficient Ch; and (c) pitching moment coefficient Cθ 

 

Fig. 6 Comparison of vorticity and pressure contours around a fully active flapping foil at selected instants. 

Table 3. Comparison of hydrodynamic forces and power conversion efficiencies of a fully active flapping foil system 

Author Mean horizontal  
force coefficient,  

C̅x 

Mean vertical  
force coefficient,  

C̅y 

Mean pitching  
moment coefficient,  

C̅m 

power 
conversion 

efficiency, η 
Kinsey and Dumas (2008) 2.02 1.94 0.66 33.9% 

Wu et al. (2014) 2.11 1.97     34.7% 
Present 2.08 2.02 0.67 34.4% 

  
2.3 Data analysis 

In our system, the flow energy can be harvested from both the heaving and pitching motions of the flapping 
foil. Hence, the total power P is simply the summation of these two parts 
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h hP P P F h Mθ θθ= + = +   (3) 

where Ph and Pθ are the heaving power and pitching power, respectively, Fh and Mθ are the heaving force and 
pitching moment, respectively, and ḣ andθ are the heaving velocity and pitching velocity, respectively. These 
powers and forces can be nondimensionalized accordingly using the foil and fluid properties 

3 3/ 2 / 2
h

p ph p h
F h M h cC C C C C

U bc U bc U U
θ

θ θ
θ θ

ρ ρ∞ ∞ ∞ ∞

= + = + = +
  

 (4) 

where Cph and Cpθ are the heaving power coefficient and pitching power coefficient, respectively, Ch and Cθ are 
the heaving force coefficient and pitching moment coefficient, respectively, and ρ is the fluid density.  

Note that, the powers, forces and velocities appearing in Eqs. (3) and (4) are all time-dependent. Their 
experimental data presented in the following sections are all phase averaged over at least 50 flapping cycles. To 
evaluate the system’s overall performance, the time-averaged power coefficient, C̅p, can be evaluated as 

( )h
1 t T

p ph p p p
t

C C C C C dt
T

θ θ

+

= + = +∫  (5) 

where T is the flapping cycle, and the over bar denotes time averaged quantities. The system’s energy extraction 
efficiency, η, is defined as the ratio of the mean power to the total energy available for extraction. 

3
0 02

p
P c C

U bh h
η

ρ ∞

= =  (6) 

where h0 is the heaving amplitude of the foil.  
 
3.Results and Discussion 
3.1. Performance of single foil  

To provide a benchmark for the tandem-foil system, the dynamics and energy harvesting performance of a 
single-foil system are briefly introduced here, which have been systematically studied in our previous works 
(Mumtaz Qadri et al. 2020; Zhao et al. 2021). The evolution of the foil’s dynamics and power extraction over a 
flapping cycle are shown in Fig. 7, under a selected flow condition with the water speed U∞ = 0.62 m/s, the foil’s 
pivot axis location xp = 0.6c, the pitching amplitude θ0 = 40º, the distance between the two heaving limiters dh 
= 1.36c and the streamwise distance between the sweep plane of pivot axis and the heaving limiters dx = 0.46c. 
When the system is in the pure heaving phase (with the white background), the pitching angle is fixed at the 
pitching amplitude θ0 (Fig. 7(a)). As such, the pitching velocityθ remains zero (Fig. 7(d)), resulting in zero 
power extraction, i.e., Cpθ = 0 (Fig. 7(b)). Only undergoing the heaving motion, the foil keeps its heaving 
velocity ḣ increasing until the next phase (Fig. 7(c)). Since the heaving force Ch is also in the same direction, 
the heaving motion always extracts power in this phase, i.e., Cph > 0, as confirmed in Fig. 7(b).  

When the foil enters the sliding stage (with the light grey background), its pitching angle starts to change 
dramatically owing to the torque collectively generated by the heaving limiter and the system inertia. However, 
the pitching velocity and the pitching moment are in opposite directions, resulting in negative pitching power, 
i.e., Cpθ < 0, in almost the entire sliding stage (Fig. 7(b)). Meanwhile, the foil’s heaving velocity reduces 
continuously due to the reaction force from the heaving limiter, while the heaving force changes its direction as 
a result of the foil rotation. Consequently, the heaving motion extracts power (i.e., Cph > 0) roughly in the first 
half of the sliding stage, while it consumes energy in the second half (Cph < 0), as revealed in Fig. 7(b).  

When the system enters the free stage (with the dark grey background), the foil’s pitching angle continues 
changing till it touches the opposite pitching limiter. Since the pitching velocity and the pitching moment are in 
the same direction, the pitching motion extracts power, i.e., Cpθ > 0 (Fig. 7(b)). In this stage, the heaving force 
makes the foil revert its heaving direction, resulting in the consumption of flow power in the first half and the 
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power extraction in the second half. 
 

 
Fig. 7 Dynamics and power extraction performance of a single foil system: one-cycle evolution of the foil’s (a) heaving 
and pitching displacements, (b) power coefficients, (c) heaving force coefficient and velocity, and (d) pitching moment 
coefficient and velocity, where U∞ = 0.62 m/s, xp = 0.6c, θ0 = 40º, dh = 1.36c and dx = 0.46c. The experimental and simulation 
results are plotted in scatter and lines, respectively. Blue color denotes heaving related quantities, red color denotes pitching 
related quantities, and black color denotes the total power coefficient. White, light grey and dark grey backgrounds define 
the pure-heaving phase, the sliding stage of the stroke reversal phase, and the free stage of the stroke reversal phase, 
respectively, based on the simulation data.  

The time-averaged power coefficients and overall power extraction efficiency were calculated and listed 
in Table 4. It clearly shows that both the heaving and pitching motions can contribute to flow energy harvesting. 
However, significantly more energy is harvested from the heaving motion than from the pitching motion. This 
is different from what has been reported in our previous works, where both motions contribute almost equally 
(Mumtaz Qadri et al. 2020; Zhao et al. 2021). The reason behind this change is because in the current test rig a 
smaller distance was adopted between the heaving limiters and the sweep plane of the pivot axis, i.e., dx = 0.46c, 
compared to previous 0.75c. This modification is based on our understanding obtained from Zhao et al. (2021). 
That is, reducing dx can result in the increase of pure heaving time, hence leading to more heaving power, which, 
compared to the pitching power mainly extracted during the stroke reversal, is more convenient to extract in 
practice. As listed in Table 4, the overall power extraction efficiency is around η = 15.1%, corresponding to a 
mean power output of 0.67 W.  

CFD simulations were also conducted for this case for further validation, as represented by the solid lines 
in Fig. 7 and the mean values listed in Table 4. It seems that CFD-predicted dynamics and power extraction 
performance generally agree with the experimental measurements, which further reinforces our confidence in 
the CFD framework. However, there are some differences, especially in the magnitudes of force and pitching 
moment and the resulting power coefficients. These discrepancies are probably due to the ignorance of collision 
and friction between the foil and the limiters and the use of constant damping in the simulations, as well as the 

https://www.sciencedirect.com/science/article/pii/S0020740321000588#tbl0002
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imperfection of experiments. Nevertheless, these discrepancies do not affect the capture of main dynamics of 
the tandem foils as will be revealed and discussed in the following sections. 

Table 4 Time-averaged power extraction performance of the single foil system 

Method f (Hz) C̅ph C̅pθ C̅p= C̅ph+ C̅pθ η 
Exp 0.82 0.16 0.042 0.202 15.1% 
CFD 0.87 0.19 0.045 0.235 16.7% 

 
3.2 Effect of initial states 

When two foils are placed in tandem, their initial states including the position and orientation may influence 
the dynamics of both foils. To study this influence, these two foils are separated by L = 2c and simultaneously 
released with eight selected initial states as listed in Table 5. That is, the foils are initially released around either 
the upper heaving end, h = dh/2, the lower heaving end, h = -dh/2, or at the channel centerline, h = 0, and their 
initial pitching angles are either θ0 or -θ0. By considering the symmetry of system’s kinematics and singling out 
several obviously non-working configurations (e.g., the case with h = dh/2 and θ = θ0), these eight cases cover 
all possible combinations. It is found that, regardless the initial state, the two foils can always reach the same 
final state: nearly antiphase motions, i.e., φ ≈ π. This is clearly evidenced in both the CFD results (Fig. 8) and 
the experimental results (Fig. 9(a), multimedia view).  

Table 5. All possible combinations for initial states of the tandem foils separated by L = 2c 

Combination Group 1 2 3 4 5 6 7 8 
Fore foil h1 0 0 0 0 -dh/2 -dh/2 -dh/2 -dh/2 

θ1 -θ
0
 -θ

0
 -θ

0
 -θ

0
 θ

0
 θ

0
 θ

0
 θ

0
 

Aft foil h2 0 0 -dh/2 dh/2 -dh/2 0 0 dh/2 

θ2 -θ
0
 θ

0
 θ

0
 -θ

0
 θ

0
 θ

0
 -θ

0
 -θ

0
 

Exp f 0.81±0.02hz (f * = fc/U∞ = 0.183±0.005) 
φ (1.04±0.12)π 

CFD f 0.855hz (f * = 0.197) 
φ 1.194π 

 
The independence of the tandem foils' motions on their initial states was also confirmed at other tandem 

distances (e.g., see the videos in Figs. 9(b) and 9(c) (Multimedia views) for the L = 3c and 4c cases, respectively). 
Furthermore, it was found that, independent of the initial state, the final phase difference φ between the tandem 
foils varies almost linearly with the distance L, as revealed by both the experimental and CFD results presented 
in Fig. 9.  

The above findings suggest that the aft foil can be “captured” by the wake of the fore foil, leading to a 
phase difference φ that is independent of the initial phases. That means the final phase shift of the aft foil relative 
to the fore foil only depends on the tandem distance L, or in other words, φ is induced by L through the wake-
foil interaction. Combining this observation with the “wake phase” Φw defined in Eq. 2 and assuming Φw is 
independent of L, one can get Φw = 0 for the aft foil in all cases. As such, a simple relationship between φ and 
L can be derived from Eq. 2 as φ/2π = fL/Uw (Note that, although using the same variable φ, the phase difference 
used in this study has an opposite sign with the phase shift defined in Eqs. 1 and 2). Let f be the flapping 
frequency of a single foil, i.e., f = fs = 0.86 Hz (read from the CFD results in Table 5). Using the slope of fitted 
data (i.e., 0.255) in Fig. 10, the averaged wake velocity can be estimated as Uw = 0.478 m/s, about 77% of the 
freestream speed U∞. On the other hand, if U∞ is used to estimate the “global phase shift” in Eq. 1, data fitting 
in Fig. 10 gives Φ = -1.35 ± 0.13 rad or -77.5° ± 7.7°, which is also independent of L.  

Both Φ and Φw values derived from the present study are quite different from those obtained from fully 
active tandem foil system, e.g., Φ = 90° in Kinsey & Dumas (2012a, 2012b), Φ = 160° in Xu & Xu (2017), and 
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Φw = 120° in Ribeiro et al. (2021), which is not surprising because the present fully passive system cannot 
deliberately pursue optimal phase differences for best performance. 

 
Fig. 8 Evolution of simulated heaving displacements when the tandem distance is fixed at L = 2c, but under various initial 
conditions as listed in Table 4. 

 
Fig. 9 Kinematics of the tandem foils after being released with selected initial conditions as listed in Table 4: (a) L = 2c; 
(b) L = 3c; (c) L = 4c. (Multimedia views, corresponding videos can be found in supplementary materials) 
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Fig. 10 Variation of the steady-state phase difference between the tandem foils against the tandem distance. The red and 
blue lines denote the data fitting for the “wake phase” Φw = 0 and the “global phase shift” Φ = -1.35, respectively.   
 

 
Fig. 11 Contours of transverse velocity Uy of foils over a half cycle. 

 
To explore the wake capture mechanism, we compare the y-velocity contours for the single and L = c, 2c 

and 4c cases at selected instants during the aft foil’s upstroke, as shown in Fig. 11. In the L = 2c case, it is seen 
from Figs. 11(c2) to (c4) that a vortex shed from the leading edge of the fore foil convects towards the aft foil 
when the latter heaves up to cross the channel’s centerline with its maximum pitching angle θ0. This convecting 
leading-edge vortex (LEV) induces a stronger upward flow just upstream of the aft foil, as compared with the 
single foil case, hence pushing the aft foil in its heaving direction. The same is also observed in the L = 4c case, 
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as evidenced in Figs. 11(d2) to (d4). These observations reveal that the kinematics of the aft foil is modulated 
and eventually locked up by the LEV generated from the fore foil. As such, the phase of the aft foil at the steady 
state is independent of its initial state. Instead, it is mainly related to the tandem distance L, through which the 
fore foil’s LEV propagates.  

Through this wake-foil interaction, the fore foil periodically does positive work on the aft foil via its 
propagating LEV, making the latter heave and pitch faster and hence leading to larger inertial forces. As the 
consequence, the aft foil generally exhibits a heaving amplitude about 6% larger than the fore foil, as revealed 
in Fig. 12(b). This difference in kinematics can also be clearly read from other detailed results shown in Sec. 
3.4, which greatly affects (actually improves) the aft foil’s power extraction performance. 

Due to the extremely short tandem distance, the L = c case (Fig. 11(b)) shows a bit different wake-foil 
interaction from the other two cases. In this case, in addition to the LEV generated from the fore foil, a high-
momentum flow “ejected” from the fore foil through its fast anti-clockwise rotation also contributes to the lock-
up of the aft foil, which will be evidenced later in Fig. 17(b3) by the sudden high pressure appearing at the 
pressure side of the aft foil at t/T = 0.8. 

3.3 Two-way interactions 

The interaction between the tandem foils is not just one-way, i.e., the aft foil is influenced by the fore foil’s 
wake while the fore foil behaves like the single foil. As the tandem distance is relatively small, i.e., L < 3c, the 
fore foil’s dynamics can also be affected by the aft foil. This, on one hand, is confirmed by the variation of 
synchronized flapping frequency f *= fc/U∞ for both foils as shown in Fig. 12(a), where f deviates from the single 
foil’s flapping frequency *

sf (= 0.197) at L < 3c. Specifically, f * decreases first from its maximum value (0.2) at 

L = c to its minimum value (0.193) at L = 2c, and then gradually approaches to *
sf roughly at L = 3c. On the 

other hand, the interaction also influences the fore foil’s swept distance when L < 3c, as revealed in Fig. 12(b). 
This two-way interaction also affects the power extraction performance of both foils, as will be discussed in the 
next section. 

 

Fig. 12 CFD results of (a) flapping frequency f * = fc/U∞ and (b) heaving distance of the two foils against the tandem 
distance. The dashed lines denote the values for the single foil case. 

3.4 Power extraction performance 

The overall power coefficients evaluated from CFD simulations are shown in Fig. 13. It reveals that the 
fore foil is able to extract the maximum mean heaving power of C̅ph = 0.223 when the two foils are closest, i.e., 
L = c. C̅ph quickly reduces with the tandem distance, reaching its minimum value 0.177 at L = 2c. As the tandem 
distance further increases, C̅ph rebounds and gradually approaches to the value for the single foil (i.e., 0.193). 
As for the mean pitching power C̅pθ, it monotonically increases with the tandem distance from its minimum 
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value 0.022 at L = c and gradually approaches to the value of the single foil (i.e., 0.045). Since the variation in 
C̅ph is larger than that in C̅pθ, their summation, the mean total power C̅p, shows a similar variation trend with C̅ph. 
That is, as L increases from c, C̅p decreases first and then gradually increases to approach to its single-foil value 
0.238, leaving a trough at L = 2c. 

Influenced by the fore foil’s wake, the aft foil is able to extract in average 10.4% more heaving power C̅ph 
than the single foil. This wake-foil interaction benefit could be more significant for the pitching power. With the 
smallest tandem distance, i.e., L = c, the aft foil can extract about twice the pitching power C̅pθ of the single foil. 
Unfortunately, this power surplus quickly reduces to almost nothing as L increases to just 2c. When the two foils 
are sufficiently far from each other, i.e., L > 3c, the aft foil’s pitching power extraction achieves a stable 
performance, which is about 20% more than the single foil. As such, the mean total power C̅p for the aft foil is 
in average about 15.2% larger than the single foil and the fore foil, showing a similar variation trend as C̅pθ. 

The power conversion efficiency for both the foils, η, follows similar trends of the respective C̅p, as shown 
in Fig. 13(b). The maximum efficiency 19.6% is achieved by the aft foil at L = c, whereas the minimum 
efficiency 15.9% is achieved by the fore foil at L = 2c. By adding the efficiencies of both foils, the total efficiency 
of the tandem foil system is in average 1% higher than twice the single foil’s efficiency. The maximum total 
efficiency of 36.8% is achieved at L = c, the shortest tandem distance the two foils can be arranged. In practice, 
however, at this extreme condition the two foils may collide due to the assembly tolerance.  

 
Fig. 13 CFD simulated flow power extraction performance: (a) power coefficients and (b) power conversion efficiency. 
All solid symbols are data for the fore foil, all open symbols are data for the aft foil, and all dash lines are values for the 
single foil. Blue circles – mean heaving power coefficients C̅ph, red squares – mean pitching power coefficients C̅pθ, black 
triangles – total power coefficients C̅p, and black stars – power conversion efficiency η. 

3.5 Key dynamics of the fore foil 

To pin down the reasons behind the variations in the mean power coefficients and their differences observed 
in Fig. 13, the simulated one-flapping-cycle evolution of the fore foil’s displacements, velocities, force/moment 
and power coefficients for three representative cases, i.e., L = c, 2c and 4c, as well as the single foil case are 
presented and compared in Fig. 14. Since the L = c case (red line) has the highest frequency (evidenced in Fig. 
12(a)) and hence the largest inertial force, it exhibits the largest heaving amplitude as shown in Fig. 14(a). On 
the contrary, the L = 2c case (green line) has the lowest frequency and hence the smallest inertial force, so it 
exhibits the smallest heaving amplitude among all selected cases. 

It is seen from Fig. 14(d) that the larger mean heaving power C̅ph in the L = c case is mainly contributed in 
the second half (t/T = 0.7 ~ 0.83 or 0.2 ~ 0.33) of the pure heaving phase (with white background), where the 
heaving force Ch is significantly larger than those in the other cases and the heaving velocity ḣ is at a high level 
in the same direction (see Fig. 14(c)). This significantly enhanced heaving force is caused by the fast rotation 
of the aft foil when the two foils become close, which results in a clear fling motion between the two foils and 
generates a prominent low-pressure region right on the fore foil’s suction surface, as shown by the flow and 
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pressure fields at t/T = 0.7 (or 0.2) in Fig. 15(b2). Meanwhile, during this period the aft foil undergoes the 
pitching motion in the near-wall region, which increases the blockage to the water channel and hence leads to 
increased pressure on the fore foil’s pressure surface, as evidenced in Fig. 15(b2) and (b3). These two factors 
collectively increase the heaving force experienced by the fore foil, hence contributing to the exceptionally high 
mean heaving power C̅ph in the L = c case as observed in Fig. 13(a).  

 
Fig. 14 Evolution of (a) the heaving and pitching displacements, (b) the total power coefficients, (c) the heaving force 
coefficient and velocity, (d) the heaving power coefficient, (e) the pitching moment coefficient and velocity, and (f) the 
pitching power coefficient of the fore foil in three representative tandem-foil cases and the single-foil case. The white, light 
grey and dark grey backgrounds denote the pure heaving phase, the sliding stage of the stroke reversal phase, and the free 
stage of the stroke reversal phase, respectively, in the single-foil case. 

From Fig. 14(f), a much larger negative pitching power Cpθ is observed in the L = c case at around t/T = 
0.85 (or 0.35) in the sliding stage (with light grey background). Around this instant, the fore foil just finishes its 
pure heaving phase with a larger heaving velocity ḣ which is then converted into a larger pitching velocity θ̇, as 
evidenced in Figs. 14(c) and (e). The faster heaving and pitching motions generate a significantly larger reaction 
torque Cθ as shown in Fig. 14(e), which stems from the much higher pressure generated in the region between 
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the trailing edge of the fore foil and the channel wall, as shown in Fig. 15(b4). It is this large reaction torque 
that generates large negative power, contributing to the significantly low mean pitching power C̅pθ observed in 
the L = c case. Furthermore, the high pressure between the trailing edge of the fore foil and the channel wall 
lasts for a short while (Figs. 15(b4) and (b5)) during the rotation of the fore foil, which is responsible for the 
higher heaving force (Ch in Fig. 14(c)) and the resulting larger heaving power consumption (Cph in Fig. 14(d)) 
observed at about t/T = 0.9 (or 0.4). 

As for the minimum mean heaving power C̅ph appearing in the L = 2c case, Fig. 14(d) reveals that it is 
mainly attributed to the worsened power extraction performance during t/T = 0.65 to 0.75 (or 0.15 to 0.25) in 
the pure heaving phase (with white background). Fig. 14(c) further reveals that this worsened performance is 
due to the slight reduction of the heaving force Ch. Close inspection of the velocity and pressure fields suggests 
that this slight force reduction is caused by the influence from the aft foil. Since in this case the two foils are 
nearly antiphase, when the fore foil is about to reach the centerline of the channel, e.g., at t/T = 0.7 (or 0.2) as 
shown in Fig. 15(c2), the aft foil is also about to reach the centerline from the opposite side. Around this instant, 
the blockage caused by the downstream aft foil induces higher pressure on the suction surface of the fore foil, 
resulting in the slight reduction in the heaving force. 

 
Fig. 15 Snapshots of flow and pressure fields when the fore foil undergoes the upstroke. The flow comes from the left side. 
Blue arrows indicate the heaving motion, and red arrows indicate the pitching motion, and its length is to express the 
magnitude. 

3.6 Key dynamics of the aft foil 
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Fig. 16 compares the one-cycle evolution of the aft foil’s displacements, velocities, force/moment and power 
coefficients for the same three selected cases, i.e., L = c, 2c and 4c, as well as the single foil case. Note that, 
different from Fig. 14, the start of the flapping cycle in these plots is adjusted according to the aft foil’s 
kinematics to facilitate easy comparison. As revealed in Fig. 16(a), in all the tandem foil cases the aft foil shows 
a larger (by about 7.1% in average) heaving amplitude than that in the single case, which has already been 
presented in Fig. 12(b), and its stroke reversal phase also ends earlier. Considering their mildly varying  

 
Fig. 16 Evolution of (a) the heaving and pitching displacements, (b) the total power coefficients, (c) the heaving force 
coefficient and velocity, (d) the heaving power coefficient, (e) the pitching moment coefficient and velocity, and (f) the 
pitching power coefficient of the aft foil in three representative tandem-foil cases and the single-foil case. The white, 
light grey and dark grey backgrounds denote the pure heaving phase, the sliding stage of the stroke reversal phase, and 
the free stage of the stroke reversal phase, respectively, in the single-foil case. 

frequencies (see Fig. 12(a)), this suggests that the aft foil must experience higher heaving and pitching 
velocities, which also reflects that, for the same foil system, generally higher heaving force Ch and pitching 
moment Cθ are experienced by the aft foil, as confirmed in Figs.16(c) and (e). As such, it is not surprising to 
see that the aft foil can extract in average 10% more mean heaving power C̅ph, mean pitching power C̅pθ and 



 
 

19 
 

total power C̅p than the single foil, as having already been shown in Fig. 13(a).  
From Fig. 16(c), it is seen that the heaving force Ch in the L = c case is significantly high during t/T = 

0.8 to 1.0 (or 0.3 to 0.5) when the aft foil undergoes the stroke reversal, subsequently showing one positive 
spike and one negative spike. Initially, this high heaving force around the first spike (denoted as the first Ch 
peak) pushes the aft foil very hard towards the wall, causing a high heaving velocity ḣ in the same direction 
and hence generating a high peak of the heaving power Cph at t/T = 0.83 (or 0.33), as evidenced in Fig. 16(d). 
Then, this heaving force reverses its direction and quickly forms the negative spike (denoted as the second 
Ch peak) at t/T = 0.91 (or 0.41). This reversed heaving force is applied to the heaving velocity in the opposite 
direction, causing the aft foil to fast decelerate and eventually reverse its heaving direction at about t/T = 0.5 
(or 1.0). As such, a huge power consumption occurs, which greatly compensates the extracted power during 
the pure heaving phase. This explains in this case why the mean heaving power extraction performance is not 
prominent, as observed in Fig. 13(a), despite its fastest flapping motion. 

 

 
Fig. 17 Snapshots of flow and pressure fields when the aft foil undergoes the upstroke. The flow comes from the left 
side. Blue arrows indicate the heaving motion, and red arrows indicate the pitching motion, and its length is to express 
the magnitude. 

From the flow and pressure fields at selected instants shown in Fig. 17, it is seen that the first Ch peak in 
the L = c case appearing in Fig. 16(c) is caused by the strong interaction between the two foils. At t/T = 0.8 (or 
0.3) as shown in Fig. 17(b3), the fore foil just finishes its stroke reversal and starts its pure downward heaving, 
while the aft foil is about to finish its pure upward heaving and start its stroke reversal due to their π/2 phase 
difference. At this instant these two foils are right next to each other with opposite maximum pitching angles, 
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so that the aft foil captures the high-momentum flow “ejected” through the fast rotation of the fore foil. This 
high-momentum ejection is clearly evidenced in Figs. 17(b2) and (b3) by the negative pressure on the fore foil’s 
suction surface and the positive pressure on the aft foil’s pressure surface. The latter is then responsible for the 
first Ch peak at t/T = 0.83 (or 0.33). 

The second Ch peak appears right after the heaving force reverses its direction, which is associated with 
the strong reaction from the fluid between the aft foil and the channel wall. Since the aft foil has been accelerated 
to an obviously higher heaving velocity due to the first Ch peak, it pushes the fluid towards the wall much harder, 
hence inducing a much higher reaction force that leads to the tremendous second Ch peak. This can be evidenced 
by the prevailing high pressure above the aft foil as shown in Fig. 17(b4), which is quite different from that in 
the single-foil and L = 2c cases.  

The two Ch peaks in the L = c case also contribute to the aft foil’s high mean pitching power as observed 
in Fig. 13(a). The enhanced heaving velocity is quickly converted into an enhanced pitching velocity θ̇ due to 
the functioning of the heaving limiter, as evidenced in Fig. 16(e) at around t/T = 0.9 (or 0.4). In addition, the 
high pressure above the aft foil, especially at the leading edge as shown in Figs. 17(b4) and (b5), also creates a 
higher pitching moment Cθ at around t/T = 0.93 (or 0.43). These two factors then collectively produce the 
significantly higher pitching power Cpθ as shown in Fig. 16(f), leading to the high mean pitching power C̅pθ for 
the aft foil. 

3.7. Wall effects  

The above results have revealed that the channel walls played an important role in affecting the dynamics 
and power extraction performance of the tandem foils. To assess how significant the influence is, we conducted 
more CFD simulations on selected cases in which the walls were removed. Table 6 compares the system 
performance with and without the channel walls. It is clearly seen that the walls greatly improve the energy 
extraction performance, regardless of single case and tandem cases, averagely by about 40% in terms of the 
total power coefficient C̅p. This is not surprising since many previous works have also revealed similar findings, 
on fully active (Gauthier et al. 2016; Su et al. 2019) and semi-active flapping foil systems (Wu et al. 2014). The 
comparison also confirms that, without the walls, the aft foil can still outperform the single and fore foils. 

Table 6. Comparison of the system performance with and without channel walls 

   L = c L = 2c L = 4c 
  Single Foil Fore Foil Aft Foil Fore Foil Aft Foil Fore Foil Aft Foil 

Without 
channel 
walls 

φ/2π - 0.377 0.600 0.995 
C̅ph 0.142 0.134 0.151 0.137 0.162 0.141 0.175 
C̅pθ 0.037 0.038 0.059 0.034 0.041 0.037 0.033 
C̅p 0.179 0.172 0.211 0.171 0.203 0.178 0.208 
η 12.1% 11.8% 12.7% 11.9% 12.2% 12.1% 12.5% 

With 
channel 
walls 

φ/2π - 0.328 0.597 1.02 
C̅ph 0.19 0.223 0.205 0.177 0.211 0.19 0.213 
C̅pθ 0.045 0.022 0.1 0.046 0.05 0.049 0.055 
C̅p 0.235 0.246 0.305 0.223 0.261 0.239 0.268 
η 16.7% 17.1% 19.6% 15.9% 17.3% 16.9% 17.8% 

The simulation results also reveal that, without the walls, the aft foil can still be modulated by the wake of 
the fore foil, finally locked to a stable phase difference that is independent of the foils’ initial states. This phase 
difference is nearly unchanged when the walls are removed in the L = 2c and 4c cases and only increases by 
about 15% in the L = c case. This suggests that the Φ and Φw values derived in Sec. 3.2 are still valid when the 
tandem distance is large enough, regardless of the existence of channel walls. 
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5. Conclusions  
We investigated the dynamics and energy harvesting performance of two fully passive flapping foil arranged 

in tandem in a water channel. Both experimental measurements and CFD simulations are conducted to provide 
complementing data for the analysis. According to the understanding achieved on the single foil system from 
our previous studies, the water flow speed is set at 𝑈𝑈∞ = 0.62 m/s and the foil parameters are set as 𝑥𝑥𝑝𝑝 =0.6𝑐𝑐, 𝜃𝜃0 
= 40°, 𝑑𝑑ℎ = 1.36𝑐𝑐 and 𝑑𝑑𝑥𝑥 = 0.46𝑐𝑐. The major findings are as follows:  

1. Through the wake-foil interaction, the aft foil can be modulated and eventually locked by the LEV 
generated from the flapping fore foil, leading to a stable phase difference φ that is independent of their 
initial states. The wake capture mechanism results in a zero wake phase for the aft foil, which is 
confirmed by the nearly linear relationship observed between φ and the tandem distance L. 

2. Due to the wake-foil interaction, the aft foil exhibits larger heaving and pitch velocities, extracting in 
average 15.2% more power than the fore foil and the single foil. 

3. As L ≥ 3c, the fore foil behaviors almost the same as the single foil. As L < 3c, however, it is affected 
by the aft foil through two-way interactions. Specifically, its best power extraction occurring at L = c is 
mainly due to the enhanced heaving force that is caused by the fling motion between the two close-by 
foils and the channel-wall effect, while its worst power extraction occurring at L = 2c is mainly due to 
the channel blockage caused by the two foils during pure heaving.  

4. The maximum power extraction efficiency of 19.7% is achieved by the aft foil at L = c, while the 
minimum efficiency of 15.9% is achieved by the fore foil at L = 2c. The two foils can collectively 
achieve the best efficiency of 36.8% at L = c, more than the doubled value (33.4%) of the single foil’s 
efficiency. Unfortunately, they also collectively achieve the worst efficiency of 33.2% at L = 2c. As the 
two foils are far enough from each other, i.e., L ≥ 3c, a marginal enhancement of about 1% in the 
collective efficiency is achieved. 

5. Wall effects can significantly improve the energy extraction performance of the system. Regardless of 
the existence of channel walls, the aft foil can still outperform the single and fore foils, and the Φ and 
Φw values derived in Sec. 3.2 are always valid if the tandem distance is large enough. 

Since two or more foils can in general be arranged with a non-zero staggered distance, which will affect the 
dynamics of the foils especially the aft foil, in the near future we will conduct a further study to investigate its 
effect. 
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