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Oscillating foil turbines can be utilized to extract hydrokinetic energy from tidal or river flows. When foils
are placed in arrays, the reduced velocity between foils and the unsteady disturbances associated with the leading
foil motion both affect the performance of downstream foils. To compare the performance between foils, a
wide range of kinematics is numerically explored in a two-foil tandem configuration with matching strokes,
but varying the inter-foil phase angle and spacing. The effects of the wake on the trailing foil performance are
quantified by evaluating the difference between the normalized power extracted by each foil. The difference
in normalized power extraction is a function of the wake phase parameter, Φ, and ranges from -65% to +6%,
depending on the kinematic regime. It is also determined that the difference in normalized power is dominated
by the pressure contribution from the heave stroke, whereas the viscous components are negligible. In general,
these differences illustrate the unsteady effects within the wake of the first foil, and the various interaction modes
of the downstream foil. These trends can be used to estimate power in other array configurations and provide a
more robust model for wake-foil interactions for energy harvesting.

I. Introduction
This paper investigates the contributions to power generation in a two-foil energy harvesting system. Oscillating foil

turbines can be utilized to extract hydrokinetic energy from tidal or river flows, offering many advantages over rotational
turbines, such as operation in shallow waters and lower cut-in speeds. Energy extraction is dependent on the kinematics
of the foil, namely operating frequency, pitch and heave amplitude. Thus, performance optimization can be achieved by
changing foil kinematics without updating the size and profile of the hydrofoil. Unlike a conventional horizontal-axis
turbine, the wake produced by an oscillating foil contains a nearly two-dimensional structured pattern of shed vortices
that is directly correlated with the foil kinematics. As the unsteady vortices convect downstream, they can significantly
impact performance of bodies placed in the wake, such as downstream foils in arrays. This work quantifies the power
components involved in oscillating foils and how they are modified by the presence of an unsteady wake.

In an oscillating foil, power is generated by heave and pitch components, which are a function of the foil kinematics,
namely the oscillating frequency, heave and pitch amplitude [1–4]. Heave power is produced when a foil heaves vertically
with a positive angle of attack during upstroke, which produces a net positive lifting force and power when multiplied
by the heave velocity. The foil reaches the top of the stroke then reverses pitch to a negative angle of attack during
downstroke, where the negative lift and velocity vector combine for positive heave power. Pitch power is produced
during pitch reversal due to the foil’s torque and angular velocity. During the foil stroke, power can be augmented by the
formation and shedding of a coherent leading edge vortex (LEV) as the associated low pressure region may cause an
increase in lift force. This power increase during the foil stroke occurs if the foil kinematics provides an appropriate
time for a vortex to be formed over a foil.

The vortices shed from foils create a coherent structured wake pattern that is correlated with foil kinematics and
significantly influences foil-array performance. When a tandem array configuration and the same flapping kinematics
for both foils are considered, two parameters dictate the parameter space, the inter-foil phase and the inter-foil spacing.
The inter-foil phase describes how one foil is oscillating with respect to the other. Numerical and experimental work
show these two parameters greatly affect array performance due to the different wake-foil interactions [5–15].

In a two-turbine array, the power available is different between leading and trailing devices due to the reduced
velocity downstream of the lead turbine. This is analyzed by Newman with double actuator-disk theory for vertical-axis
wind turbines [16], which is an extension from the traditional single actuator-disk theory developed by Betz [17]. By
assuming the flow around the devices is steady, incompressible and inviscid, Newman found an optimal reduced flow
velocity downstream of the leading device caused by the blockage and power extraction. Unlike the potential flow
analysis of Newman and Betz, the unsteady components of the wake can also be captured by downstream turbines,
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improving the energy extraction potential [18]. Taking inspiration from both these methods, the proposed analysis to
evaluate the energy extraction of the trailing foil decomposes the wake into a mean velocity field and a fluctuating or
unsteady component. Using this methodology one can separate the effects of each, and identify the major contributions
to power extraction.

This paper investigates the difference of power generation between two tandem oscillating foils under various foil
kinematics and array parameters, and in doing so, isolates the effects from the unsteady wake. The two power profiles
are compared and analyzed in terms of the heave and pitch power while also quantifying the contributions from the
pressure and viscous forces. The resulting analysis of separating the various contributions to power generation within an
unsteady wake will provide input to wake-foil interaction models for energy harvesting.

II. Computational Methods
The two-foil array numerical simulations computationally solve the incompressible Navier-Stokes equations,

𝜌

(
𝜕u
𝜕𝑡

+ u · ∇u
)
+ ∇𝑝 = ∇ · 𝜇

(
∇u + ∇u𝑇

)
(1)

∇ · u = 0 (2)

where u is the velocity vector, 𝑝 is the pressure, 𝜌 is the fluid’s density, and 𝜇 is the fluid’s dynamic viscosity. All
numerical simulations are performed at Reynolds number 𝑅𝑒 = 1000 using a second-order accurate finite volume,
pressure-implicit split-operator (PISO) method implemented in OpenFOAM [19]. A 2D unstructured mesh is utilized
and a full detailed mesh analysis is presented in Ribeiro et al. [15].

Both foils have an elliptical cross-section 10% thick and the prescribed kinematic motion of the foil is described as

ℎ(𝑡) = ℎ𝑜 cos(2𝜋 𝑓 𝑡 + 𝜓) (3)

and

𝜃 (𝑡) = 𝜃𝑜 cos(2𝜋 𝑓 𝑡 + 𝜋/2 + 𝜓) (4)

where ℎ(𝑡) and 𝜃 (𝑡) are the prescribed heave and pitch kinematics, respectively, with a pitching motion about the
midpoint of the chord. The frequency of oscillation 𝑓 , heave amplitude ℎ𝑜 and pitch amplitude 𝜃𝑜 are the parameters
that control the foil motion. Both foils have the same kinematics and the inter-foil phase, 𝜓, is zero for the leading foil.

The in-line two-foil array schematic in Figure 1 highlights the foil kinematics, the inter-foil spacing, 𝑆𝑥 and swept
area, 𝑌𝑝. Since the oncoming flow velocity is different for foil 1 (leading foil) and foil 2 (trailing foil) due to wake
deficit, a mean wake velocity, 𝑢𝑤 , is defined as

𝑢𝑤 = 1 − 1
2𝑌𝑝

∫ +𝑌𝑝

−𝑌𝑝

1 − 𝑢(1, 𝑦) 𝑑𝑦, (5)

where the bar (¯) represents a time-averaged quantity and 1 − 𝑢(1, 𝑦) corresponds to the streamwise wake deficit
calculated at 𝑥/𝑐 = 1 as highlighted by a dashed line in Figure 1. The quantity 2𝑌𝑝 corresponds to the wake width.

To establish the relationship between the trailing foil under different configurations and the wake, Dumas et al. [11]
defined a phase shift between the trailing foil motion and the wake from the leading foil assuming it is convecting with
the freestream velocity. Updating their definition using the mean wake velocity rather than 𝑈∞, the wake phase, Φ, is
defined by

Φ = 2𝜋
𝑆𝑥

𝑢̄𝑤
𝑓 ∗ + 𝜓, (6)

where 𝑓 ∗ = 𝑓 𝑐/𝑈∞. More details on the definitions of 𝑢𝑤 and Φ are found in Ribeiro et al. [15].
Since heave and pitch are updated simultaneously, a time-varying relative angle of attack with respect to the

oncoming flow velocity is generated, which for the leading foil is given by

𝛼𝑟𝑒𝑙 (𝑡) = tan−1
(
−¤ℎ(𝑡)
𝑈∞

)
+ 𝜃 (𝑡), (7)
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Fig. 1 In-line foil-array schematic highlighting foil kinematics, inter-foil spacing and swept area, 𝒀𝒑 .

with the heave velocity ¤ℎ(𝑡). A representative relative angle of attack is evaluated when the foil reaches mid-stroke
(𝑡/𝑇 = 0.25) and is labeled as 𝛼𝑇/4 (reported here in radians). This is the position where leading foil achieves maximum
heave velocity and maximum pitch (𝜃𝑜).

III. Foil Kinematics and Performance Metrics
To evaluate foil performance, the total extracted power is defined by the sum of heave and pitch power

𝑃(𝑡) = 𝐿 (𝑡) ¤ℎ(𝑡)︸    ︷︷    ︸
ℎ𝑒𝑎𝑣𝑒 𝑝𝑜𝑤𝑒𝑟

+ 𝑇 (𝑡) ¤𝜃 (𝑡)︸   ︷︷   ︸
𝑝𝑖𝑡𝑐ℎ 𝑝𝑜𝑤𝑒𝑟

, (8)

where 𝐿 and 𝑇 are the lift force and torque on the foil respectively.
To nondimensionalize 𝑃(𝑡), total power is divided by the energy of the oncoming flow normalized by foil’s chord

length. For foil 1, this quantity is 1
2 𝜌𝑈

3
∞𝑐. For foil 2, rather than 𝑈∞, the mean wake velocity is utilized ( 1

2 𝜌𝑢
3
𝑤𝑐).

Therefore, the nondimensional power or power coefficient, 𝐶𝑝 (𝑡), is given by

𝐶𝑝 (𝑡) =
𝑃1 (𝑡)

1
2 𝜌𝑈

3
∞𝑐

= 𝐶ℎ,𝑜 (𝑡) + 𝐶ℎ,𝑣 (𝑡)︸                ︷︷                ︸
ℎ𝑒𝑎𝑣𝑒 𝑝𝑜𝑤𝑒𝑟

+𝐶𝜃,𝑜 (𝑡) + 𝐶𝜃,𝑣 (𝑡)︸                ︷︷                ︸
𝑝𝑖𝑡𝑐ℎ 𝑝𝑜𝑤𝑒𝑟

, (9)

for foil 1 and

𝐶 ′
𝑝 (Φ, 𝑡) = 𝑃2 (Φ, 𝑡)

1
2 𝜌𝑢

3
𝑤𝑐

= 𝐶 ′
ℎ,𝑜 (Φ, 𝑡) + 𝐶 ′

ℎ,𝑣 (Φ, 𝑡)︸                        ︷︷                        ︸
ℎ𝑒𝑎𝑣𝑒 𝑝𝑜𝑤𝑒𝑟

+𝐶 ′
𝜃,𝑜 (Φ, 𝑡) + 𝐶 ′

𝜃,𝑣 (Φ, 𝑡)︸                        ︷︷                        ︸
𝑝𝑖𝑡𝑐ℎ 𝑝𝑜𝑤𝑒𝑟

, (10)

for foil 2, where the subscripts ℎ and 𝜃 represent the heave and pitch power and 𝑜 and 𝑣 correspond to the pressure and
viscous components, respectively.

Normalizing power by incorporating mean wake velocity enables a more direct comparison between the energy
harvested by foil 1 and foil 2. This comparison can be quantified by the difference in performance between both foils

Δ𝐶𝑝 (Φ, 𝑡) = 𝐶 ′
𝑝 (Φ, 𝑡) − 𝐶𝑝 (𝑡), (11)

and its time-average over a cycle

Δ𝐶𝑝 (Φ) = 1
𝑇

∫ 𝑇

0
Δ𝐶𝑝 (Φ, 𝑡) 𝑑𝑡. (12)

A similar procedure is done for each component of the foil power. Thus, the time-averaged trailing foil performance can
be modeled by five terms

𝐶 ′
𝑝 (Φ) = 𝐶𝑝 + Δ𝐶ℎ,𝑜 (Φ) + Δ𝐶ℎ,𝑣 (Φ) + Δ𝐶ℎ𝜃,𝑜 (Φ) + Δ𝐶𝜃,𝑣 (Φ). (13)
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The re-normalization of the second foil’s power coefficient accounts for the reduced velocity available in the wake,
due to the presence of the first foil, in a mean sense. Thus, the difference between the two power curves, or the quantity
Δ𝐶𝑝, represents the effects on the trailing foil performance due to the unsteadiness within the wake between the two
foils. Due the timing of the unsteady wake-foil interactions, Δ𝐶𝑝 is strongly dependent on Φ, the wake phase parameter,
and can also be tracked throughout the cycle as a function of time, 𝑡.

The foil kinematics, the inter-foil spacing, and the mean wake velocities are outlined in Table 1. The 𝛼𝑇/4 values
correspond to the leading foil (Equation 7) and for simplicity, the same value is used for the trailing foil, although
the effective 𝛼𝑇/4 on the trailing foil is reduced due to the lower effective velocity. Each kinematics is explored at 12
inter-foil phases sampled at every 30◦ from 0◦ to 330◦. Frequency and heave amplitude are nondimensionalized by
𝑈∞ and 𝑐 in the following equations as 𝑓 ∗ = 𝑓 𝑐/𝑈∞ and ℎ∗𝑜 = ℎ𝑜/𝑐. Reduced frequency, pitch amplitude and heave
amplitude are varied from 𝑓 ∗ = 0.10 − 0.15, 𝜃𝑜 = 55◦ − 75◦, ℎ∗𝑜 = 0.75 − 1.50.

Table 1 Kinematics and array configurations with their respective 𝜶𝑻/4, inter-foil spacing, 𝑺𝒙, and mean wake
velocity, 𝒖𝒘 . Markers used in Figure 4 are shown.

Marker Kinematics 𝜶𝑻/4 𝑺𝒙 𝒖𝒘

𝑓 ∗ = 0.12; ℎ∗𝑜 = 1.50; 𝜃𝑜 = 55◦ 0.11 6 0.98

𝑓 ∗ = 0.17; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 55◦ 0.14 6 0.96

𝑓 ∗ = 0.16; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 55◦ 0.17 6 0.95

𝑓 ∗ = 0.15; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 55◦ 0.20 6 0.95

𝑓 ∗ = 0.15; ℎ∗𝑜 = 1.25; 𝜃𝑜 = 65◦ 0.27 6 0.93

𝑓 ∗ = 0.12; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 55◦ 0.31 6 0.92

𝑓 ∗ = 0.12; ℎ∗𝑜 = 1.25; 𝜃𝑜 = 65◦ 0.38 6 0.91

𝑓 ∗ = 0.15; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 65◦ 0.38 6 0.90

𝑓 ∗ = 0.10; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 55◦ 0.40 6 0.90

𝑓 ∗ = 0.14; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 65◦ 0.41 6 0.88

𝑓 ∗ = 0.13; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 65◦ 0.45 6 0.88

𝑓 ∗ = 0.10; ℎ∗𝑜 = 1.25; 𝜃𝑜 = 65◦ 0.47 6 0.88

𝑓 ∗ = 0.12; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 65◦ 0.49 4 0.87

𝑓 ∗ = 0.12; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 65◦ 0.49 5 0.87

𝑓 ∗ = 0.12; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 65◦ 0.49 6 0.87

𝑓 ∗ = 0.15; ℎ∗𝑜 = 0.75; 𝜃𝑜 = 65◦ 0.52 6 0.84

𝑓 ∗ = 0.11; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 65◦ 0.53 6 0.86

𝑓 ∗ = 0.15; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 75◦ 0.55 6 0.83

𝑓 ∗ = 0.10; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 65◦ 0.57 6 0.85

𝑓 ∗ = 0.12; ℎ∗𝑜 = 0.75; 𝜃𝑜 = 65◦ 0.62 6 0.81

𝑓 ∗ = 0.12; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 75◦ 0.66 6 0.81

𝑓 ∗ = 0.10; ℎ∗𝑜 = 0.75; 𝜃𝑜 = 65◦ 0.69 6 0.81

𝑓 ∗ = 0.10; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 75◦ 0.75 6 0.82

Three regimes of kinematics are explored, as defined by Ribeiro et al. [15]. Regime I groups the kinematics with
𝛼𝑇/4 = 0.11 − 0.20, while regimes II and III, groups kinematics with 𝛼𝑇/4 = 0.27 − 0.49 and 𝛼𝑇/4 = 0.52 − 0.75.
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Figure 2a has the time-averaged power coefficient of the leading foil as a function of 𝛼𝑇/4. Figure 2b displays the power
coefficient of the trailing foil. Since this is a function of the wake phase, Φ, the maximum and minimum values of the
time-averaged power coefficient are displayed. The maximum values are very similar to the leading foil performance
across 𝛼𝑇/4. A larger variation is found within regime III due to stronger flow separation at high 𝛼𝑇/4 values. For some
kinematics, the minimum power coefficient is below zero, indicating the second foil does not extract any energy from
the flow.

I II III

(a) Foil 1

I II III

(b) Foil 2

Fig. 2 Time-averaged power coefficient. For foil 2, the minimum and maximum values with respect to changing
wake phase, Φ, are shown.

IV. Contributions to Power Generation
To explore the difference in power between foils, the components of Δ𝐶𝑝 are analyzed for a representative set of

kinematics from each regime in Figure 3. For all regimes, the total Δ𝐶𝑝 values are almost always negative, indicating the
trailing foil has a lower performance compared with the leading foil. This is expected in the tandem configuration tested.
However, depending on the foil kinematics and wake phase, there are a few configurations where Δ𝐶𝑝 is approximately
zero, indicating that the normalized trailing foil power coefficient matches that of the leading foil.

Each regime shows different Δ𝐶𝑝 trends with respect to wake phase. Regime I does not show strong variations of
Δ𝐶𝑝 across wake phases as seen by the roughly constant values between Φ = 180◦ − 350◦. In contrast, for the case in
regime II, there is a clear minimum and maximum located at approximately Φ = 0◦ and Φ = 120◦, respectively. The
kinematics analyzed in regime III has a much stronger Δ𝐶𝑝 variation for a small change in wake phase as seen at phases
Φ > 310◦ and Φ < 70◦ and it shows Δ𝐶𝑝 close to zero in phase range Φ = 220◦ − 280◦.

Each Δ𝐶𝑝 can be broken into components based on heave, pitch, viscous and pressure contributions. The heave
power from pressure forces, Δ𝐶ℎ,𝑜 is the strongest contribution in each of the kinematics tested, accounted for an
average of 74% of Δ𝐶𝑝, with a standard deviation of 10%. In contrast, the pitch power from pressure forces, Δ𝐶𝜃,𝑜,
corresponds to roughly 19% on average, with same standard deviation. The viscous terms are close to zero across all
regimes, thus contributing equally to foils 1 and 2. This indicates that the unsteady effects captured by this analysis are
primarily due to pressure, and likely a consequence of the low pressure region imposed by vortices in the wake.

Therefore, in the following analysis the 𝐶ℎ,𝑜 term is considered to examine the unsteady wake effects on the trailing
foil performance.
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(a) 𝜶𝑻/4 = 0.14 (Regime I) (b) 𝜶𝑻/4 = 0.38 (Regime II)

(c) 𝜶𝑻/4 = 0.62 (Regime III)

Fig. 3 Power components of a representative foil kinematics from each regime. For 𝜶𝑻/4 = 0.38, the kinematics
𝒇 ∗ = 0.15; 𝒉∗𝒐 = 1.00; 𝜽𝒐 = 65◦ is utilized.

In Figure 4, the heave power from pressure, Δ𝐶ℎ,𝑜, is computed for all configurations. In all three regimes, most
trailing foil kinematics display a performance similar to that of the leading foil (Δ𝐶ℎ,𝑜 ≈ 0) when oscillating out-of-phase
from the leading foil wake (Φ ≈ 180◦). As 𝛼𝑇/4 increases, there is a stronger dependency on the wake phase as
demonstrated by the difference between the maximum and minimum of Δ𝐶ℎ,𝑜 increasing from 0.2 in regime I, to
0.6 in regime III. The trends found in the representative kinematics within each regime are maintained as there is a
larger variation of Δ𝐶ℎ,𝑜 in regime III compared with lower 𝛼𝑇/4 regimes, especially at phases Φ > 330◦ and Φ < 40◦.
Regime III is thus more dependent on foil kinematics compared to regimes I and II and all foil kinematics simulated in
the latter regimes collapse into the same trend.
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(a) Regime I (b) Regime II

(c) Regime III

Fig. 4 Heave power from pressure force, 𝚫𝑪𝒉,𝒐 .

To investigate the variation of 𝐶ℎ,𝑜 throughout time and how it is affected by the foil kinematics, the power from
each foil with kinematics 𝑓 ∗ = 0.12; ℎ∗𝑜 = 1.00; 𝜃𝑜 = 55◦ (𝛼𝑇/4 = 0.31) at three different wake phases are analyzed in
Figure 5. The selected wake phases cover cases where the trailing foil performed similarly to the leading foil on average
(Φ = 150◦) to where the largest performance difference between foils is found (Φ = 0◦). Green areas represent the times
when the power performance of the trailing foil is higher than the leading foil and yellow regions correspond to the
opposite. Although the Δ𝐶ℎ,𝑜 value for the phase Φ = 150◦ is approximately zero, the 𝐶ℎ,𝑜 profile of the foil 2 does not
follow foil 1. This means that the green and yellow areas are approximately the same, and thus the integral of the power
difference with respect to time is close to zero.

To physically explain the power difference between foils, the bottom row of Figure 5 displays the vorticity flow fields
at different wake phases when the trailing foil is at 𝑡/𝑇 = 0.20 (see black circles in Figure 5). At Φ = 150◦, foil 2 avoids
strong interactions with the oncoming wake structures as it is oscillating out-of-phase and thus the wake unsteadiness
does not significantly impact trailing foil performance. For cases where foil 2 is more closely following the leading foil
wake (Φ ≈ 0◦), stronger wake-foil interactions are expected as there is a direct impingement of the oncoming vortices
on the trailing foil as illustrated by the sharp drop of 𝐶ℎ,𝑜 for foil 2 at 𝑡/𝑇 = 0.40.

For foil kinematics with higher 𝛼𝑇/4 (𝛼𝑇/4 = 0.66), the same analysis is displayed in Figure 6. At Φ = 250◦, although
there is a large power difference between foils with respect to time, the Δ𝐶ℎ,𝑜 is approximately zero, emphasizing
that a negligible power difference does not necessarily correspond to the absence of unsteady wake effects on trailing
foil performance. For the phase Φ = 100◦, the direct impingement of the leading edge vortex from the leading foil
onto the trailing foil diminishes its performance as shown by the Δ𝐶ℎ,𝑜 ≈ 0.6 between foils. Similarly from the foil
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Fig. 5 Power component 𝑪𝒉,𝒐 and 𝑪 ′
𝒉,𝒐 for the foil kinematics 𝒇 ∗ = 0.12; 𝒉∗𝒐 = 1.00; 𝜽𝒐 = 55◦(𝜶𝑻/4 = 0.31) at

three different wake phases. The bottom row displays the instantaneous vorticity flow fields at times represented
by the black circles (𝒕/𝑻 = 0.20).

Fig. 6 Power component 𝑪𝒉,𝒐 and 𝑪 ′
𝒉,𝒐 for the foil kinematics 𝒇 ∗ = 0.12; 𝒉∗𝒐 = 1.00; 𝜽𝒐 = 75◦(𝜶𝑻/4 = 0.66) at

three different wake phases. The bottom row displays the instantaneous vorticity flow fields at times represented
by the black circles (𝒕/𝑻 = 0.20).
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kinematics with lower 𝛼𝑇/4, when the trailing foil motion is more closely synchronized with the leading foil’s wake, the
largest performance gap between foils is found. In contrast, for phase Φ = 10◦ at 𝑡/𝑇 = 0.20, the wake-foil interaction
momentarily increases trailing foil performance. The interaction of opposite sign vortices close to the trailing edge
of the trailing foil increases the pressure at the bottom surface, which then increases the pressure gradient and power
generation. For later times than 𝑡/𝑇 = 0.20, the trailing foil performance is greatly affected by the wake structures as
seen by the higher power variation throughout time compared with other wake phases and lower 𝛼𝑇/4 values.

V. Conclusion
This paper quantifies the contributions to power generation of an oscillating foil when it is operating within the

unsteady wake of another foil. This tandem configuration is governed by the spacing between the two foils, but also its
inter-foil phase angle, and assumes that both foils have the same kinematic stroke.

The mean streamwise velocity between the two foils is utilized to normalize the power extraction of the second
foil, and provide a direct comparison with the power extraction of the lead foil. In this manner, the difference between
the two power curves represents the unsteady contributions to the power extraction. For most scenarios in the tandem
configuration, the power extraction difference, Δ𝐶𝑝 is negative, meaning that the unsteady wake interactions lower the
relative power extraction with respect to the lead foil.

However, there are some scenarios when the trailing foil has similar performance to the leading foil, or a Δ𝐶𝑝 ≈ 0.
This is when the oscillation is out-of-phase with the wake, and the trailing foil avoids direct interactions with wake
vortices.

The difference in power is split into components in terms of heave/pitch contributions, and pressure/viscous
contributions. The heave power from pressure forces is the most dominant term as it follows the same trends and
approximately same magnitude as the total power difference.

Finally, the difference in power follows a different trend for three regimes of power extraction. Regime I, for low
relative angles of attack, has little variation with respect to wake phase angle. Regime II, a moderate angle of attack,
demonstrates a strong sinusoidal collapse with respect to wake phase. In Regime III, a higher power variation is
observed for due to the high relative angles of attack (𝛼𝑇/4 > 0.49). This is evidence of stronger vortex-foil interactions
compared with lower angles of attack.
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