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Abstract. This study investigates the potential of regenerative wind farming using multirotor systems equipped
with paired multirotor-sized wings, termed atmospheric boundary layer control (ABL-control) devices, posi-
tioned in the near-wake region of the multirotor. These ABL-control devices generate vortical flow structures
that enhance vertical momentum flux from the flow above the wind farm into the wind farm flow, thereby ac-
celerating the wake recovery process. This work presents numerical assessments of a single multirotor system
equipped with various ABL-control configurations. The wind flow is modeled using steady-state Reynolds-
averaged Navier—Stokes (RANS) computations, with the multirotor and ABL-control devices represented by
three-dimensional actuator surface models based on momentum theory. Force coefficient data for the actuator
surface models, as well as validation data for the numerical computations, were obtained from a scaled model at
TU Delft’s Open Jet Facility. The performance of the ABL-control devices was evaluated by analyzing the net
momentum entrained from the flow above the wind farm and the total pressure and power available in the wake.
The results indicate that, when the ABL-control strategy is employed, vertical momentum flux may become the
dominant mechanism for wake recovery. In configurations with two or four ABL-control wings, the total wind
power in the wake recovers to 95 % of the free-stream value at positions as early as x/D = 6 downstream of
the multirotor system, representing a recovery rate that is approximately an order of magnitude faster than that
observed in the baseline wake without ABL-control capabilities. It should be noted, however, that this study
employs a simplified numerical setup to provide a proof of concept, and the current findings are not yet directly
applicable to real-world scenarios.

1 Introduction

Our energy transition goals require a substantial increase in
installed wind power capacity, which is typically achieved by
expanding the number and size of wind farms. However, scal-
ing up wind farms — whether onshore or offshore — introduces
various challenges, including technical, environmental, eco-
nomic, and social acceptance issues. For instance, large on-

shore wind farms can lead to conflicts with nearby com-
munities due to noise and visual-impact concerns (Zerrahn,
2017; McKenna et al., 2015). Similarly, large offshore wind
farms often encounter high operational and energy transmis-
sion costs (Sadorsky, 2021). To address the demand for larger
wind farm areas, it is crucial to improve the ratio of total
power output per unit of land or sea surface area by enhanc-
ing the wake recovery process. This study evaluates multiple
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configurations of a novel atmospheric boundary layer con-
trol (ABL-control) strategy (Ferreira et al., 2024) which en-
hances vertical momentum flux within a wind farm, thereby
increasing the total power output per unit area.

The need for larger wind farms is intrinsically linked to the
spacing required to ensure effective wind energy recovery
between successive wind turbines (refer to the top diagram
in Fig. 1). Given that the characteristic height of the ABL
typically extends to approximately 1 km, wind farms span-
ning areas of 10-20 km or more can approach the asymptotic
limit of “infinite” wind farms. In this regime, the boundary
layer flow may achieve a fully developed state, wherein the
majority of kinetic energy must be entrained from above the
farm (Abkar and Porté-Agel, 2013). As turbulent mixing un-
der these conditions is inefficient in transferring momentum
from the flow above the farm to the wind farm flow, im-
proved strategies for optimizing wind farm power output are
required. The most prevalent strategies for this purpose can
be broadly categorized into two strategies: (i) thrust vector-
ing and (ii) thrust magnitude control.

Thrust vectoring strategies aim to introduce cross-flow
momentum, steering the wake of upstream turbines away
from downwind turbines. Numerous studies have focused
on improving wind farm power output through yaw-control
strategies for thrust vectoring (Howland et al., 2019). Ac-
cording to Newton’s third law, the thrust exerted by a turbine
on the wind generates an equal and opposite reaction force.
Thus, if an upstream turbine is yawed positively, the wake
will skew negatively and vice versa. Research on yaw control
for wake steering has been ongoing for at least 2 decades,
with significant advancements in the last 10 years, partic-
ularly for horizontal-axis wind turbines (HAWTs) (Houck,
2022). Various methods have been explored to optimize yaw
angle controllers (Doekemeijer et al., 2020; Simley et al.,
2020). For instance, Doekemeijer et al. (2020) reported a
1.4 % increase in energy yield in their simulations compared
to a baseline case, while Simley et al. (2020) found improve-
ments of up to 3.24 % using a variable yaw-control strategy.
In vertical-axis wind turbine (VAWT) farms, wake deflection
is typically achieved by modifying the rotor blade config-
uration to introduce momentum transfer driven by vorticity
into the wake. For example, Huang et al. (2023) reported a
13.1 % increase in energy yield compared to a baseline case
when implementing active pitch control in their VAWT ex-
periments.

Thrust vectoring can also be achieved via blade-pitch con-
trol strategies, which aim to manipulate a turbine’s induc-
tion factor by dynamically adjusting its operating point to
steer the wake (Dilip and Porté-Agel, 2017). Wake recov-
ery through blade-pitch control has gained attention more re-
cently. For example, Ferreira (2009) explored how pitched
H- and W-type VAWTSs generate two counter-rotating tip
vortices at the blade ends, enhancing wake deflection com-
pared to non-pitched blades (Tescione et al., 2014; Ryan
et al., 2016; Wei et al., 2021). Similarly, Jadeja (2018)
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examined the topologies of wakes deflected by pitched
VAWTsS using actuator line models with unsteady Reynolds-
averaged Navier—Stokes (RANS) simulations, finding that
wake-deflection strategies via VAWT blade pitching do not
compromise the performance of upstream turbines, unlike
yaw-control strategies. Additionally, Huang (2023) measured
wake deflections of an H-shaped VAWT at various pitch-
ing angles, demonstrating that blade-tip vortices could ef-
fectively double the rate of lateral wake deflection through
active pitch control.

Thrust magnitude control strategies aim to mitigate power
losses by accelerating wake recovery. A common approach
within this framework is axial induction control, where the
goal is to modulate the wake strength of upstream turbines
to enhance overall wind farm power production. This strat-
egy involves reducing the induction factor of upstream tur-
bines to increase the kinetic energy available to downstream
turbines (Bartl and Setran, 2016). Most research on axial in-
duction control relies on low-fidelity simulations and analyt-
ical models that approximate wake—turbine and wake—wake
interactions, yielding promising results (Abbes and Allagui,
2016; Ahmad et al., 2019). However, as noted by Kheirabadi
and Nagamune (2019), power gains observed in experimen-
tal implementations of axial induction control have been rel-
atively modest.

Innovative thrust magnitude control strategies such as
pulse (Munters and Meyers, 2018) and helix (Frederik et al.,
2020) have also been investigated. The pulse method in-
volves rapid pulsating pitch adjustments to reduce load peaks
and manage power output (van den Berg et al., 2023). Both
pulse and helix methods disturb the wake through dynamic
blade pitching, initiating natural mixing processes closer to
the turbines. In the pulse method, the pitch angle of all ro-
tor blades is varied collectively in a sinusoidal pattern. Con-
versely, the helix strategy controls the blade-pitch angle in-
dividually, with sinusoidal variations and phase offsets be-
tween the blades. Simulation studies indicate that these meth-
ods can increase the power output of a two-turbine wind farm
by up to 5% with the pulse method and up to 7.5 % with
the helix method under turbulent inflow conditions (Frederik
et al., 2020).

Despite their potential, the wake recovery strategies men-
tioned above share common limitations. They necessitate
complex modifications to wind farm control algorithms,
which may conflict with reliability and safety-oriented con-
trols. These strategies can also impose additional loading
patterns on conventional turbine designs, potentially lead-
ing to premature failures (Wang et al., 2020). Moreover, they
typically penalize the performance of individual turbines to
enhance wake re-energizing, with the expectation that the
downstream turbines’ power gains will outweigh the up-
stream losses. As a result, total power production increases
are rarely more than about 30 % under optimal laboratory
conditions (Bader et al., 2018). For example, Gebraad et al.
(2017) reported a 5 % increase in annual energy production
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Figure 1. The figure provides a schematic representation of the wake generated by a multirotor system, shown before (a) and after (b) the
implementation of ABL-control systems. The ABL control directs the wake upward into the atmosphere, enhancing vertical momentum flux
and accelerating wake recovery. This mechanism allows ABL-controlled wind farms to achieve higher power output per unit of land or sea

area, facilitating a more compact wind farm design.

at the Princess Amalia Wind Farm in the Netherlands using a
combined layout optimization and yaw steering control strat-
egy. Therefore, these methodologies may have limited poten-
tial for reducing wind farm size in real-world scenarios.

This study presents a wake-steering strategy aimed at en-
hancing the energy potential of wind farms, thereby enabling
more compact wind farm layouts. We explore the use of mul-
tirotor systems equipped with rotor-sized wings, referred to
as ABL-control devices, which are positioned in the near-
wake region (see Fig. 1b). These rotor-sized wings gener-
ate vortical structures that enhance vertical momentum flux
from above the ABL into the wind farm, thereby allowing
for denser turbine configurations. While ABL-control sys-
tems are envisioned as comprising multiple multirotor setups
with integrated ABL-control mechanisms, this paper focuses
on evaluating the performance of a single multirotor system
equipped with ABL-control devices. Both the multirotor and
ABL-control devices are modeled using three-dimensional
actuator surface models based on momentum theory (see
Fig. 2).

Steady-state Reynolds-averaged Navier—Stokes (RANS)
simulations with a uniform, laminar inlet are performed us-
ing OpenFOAM to evaluate this proof-of-concept regenera-
tive wind energy system. It is important to highlight that the
study utilizes a simplified numerical setup aimed at demon-
strating proof of concept, and thus the findings are not yet
directly applicable to real-world scenarios. The impact of in-
duced drag by the ABL-control wings is assessed by com-
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paring simulation models with and without induced drag, al-
lowing for the isolation of additional wake induction effects
resulting from the wings’ drag. The performance of the ABL-
control devices is evaluated based on the total pressure and
streamwise momentum flux within the ABL across the wind
farm. These numerical results are further supported by exper-
imental data obtained from a scaled multirotor system at TU
Delft’s Open Jet Facility.

This paper is organized as follows. In Sect. 2, the gov-
erning equations, numerical setup, and description of the as-
sessed test cases are presented. In Sect. 3, results are dis-
cussed. Section 3.2 delves into the main flow features of the
ABL-controlled flows via analyses of the velocity and vor-
ticity fields for different possible ABL device configurations.
Section 3.3 is concerned with assessing the performance of
the different ABL device layouts via analyses of the momen-
tum fluxes and with quantifying the total pressure and power
available in the wake.

2 Methodology

2.1 The numerical model
We model the flow around the actuator surfaces using

the steady-state Reynolds-averaged Navier—Stokes (RANS)
equations for incompressible, turbulent flows (Darwish and

Wind Energ. Sci., 10, 41-58, 2025
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Figure 2. Panel (a) provides an overview of the reference experimental setup, while panel (b) presents the corresponding numerical model
based on momentum theory. In the experimental setup, the thrust force vector of the multirotor system, f1, and the effective aerodynamic
force of the ABL-control system, fvy, are measured. In the numerical model, these forces are distributed homogeneously in a cell-weighted

fashion to replicate the experimental conditions.

Moukalled, 2016), defined as follows:

V.u=0, (1)
(ﬂ-V)ﬂ:—%Vﬁ—i—V-(vVﬂ)—V-R—I—%fT
1
+—fw- 2
P

In Egs. (1) and (2), u = uxi+uyi+uZI€ represents the
velocity vector, p is pressure, p is fluid density, and v is
the kinematic viscosity. The term R = u'u’ represents the
Reynolds stress tensor, coupling the mean flow with turbu-
lence. Here, overbars, ﬁ, denote time-averaged components,
while primes, {-)’, represent fluctuations.

In this model, f denotes the homogeneously distributed
effective thrust force of the multirotor system, while fy rep-
resents the aerodynamic forces exerted by the ABL-control
wings. These forces are uniformly distributed across the cells
of the numerical model, simulating a steady-state flow con-
dition. Due to the simplicity of the aerodynamic loads ap-
plied, unsteady models are deferred, and higher-fidelity sim-
ulations, such as large-eddy simulations (LESs), are consid-
ered unnecessary for this proof-of-concept study, which aims
to maximize the number of analyzed configurations. As dis-
cussed in Sect. 3.1, the steady-state RANS model is sufficient
for this proof-of-concept investigation.

Wind Energ. Sci., 10, 41-58, 2025

Turbulent flow within the wind farm is modeled using the
shear-stress-transport (SST) k—w model (Menter et al., 2003),
selected based on uncertainty assessments by Hornshgj-
Mgller et al. (2021). The SST model falls within the class of
linear-eddy-viscosity RANS models, assuming a linear rela-
tionship between Reynolds stresses and the mean strain rate,
following Boussinesq’s hypothesis:

R~ -2uS+ %Ik, 3)
where v is the eddy viscosity, S = (Vu + (Vﬁ)T)/Z is the
mean strain-rate tensor, I is the identity tensor, and k =
tr(R)/2 is the turbulent kinetic energy. The eddy viscosity is
calculated from k and the specific dissipation rate, w, using
the following relationships:

3
k= §<Tk,oouoo>2, 4)
k2
c,/"D

Here, T o and U are the far-field turbulence intensity
and velocity, respectively, with Uy, := || ||. The constant
C, is 0.09, and D represents the reference length scale,
which is the side length of the multirotor system (Fig. 2).

The effects of the multirotor system and ABL-control
wings are modeled as body forces (Wu and Porté-Agel,
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Figure 3. Panel (a) shows details of the numerical model based on momentum theory; panel (b) shows details of the computational domain
with the actuator forces modeled as momentum sources. The computational domain is highlighted at the top.

2011), distributed uniformly across the finite-volume cells
corresponding to the multirotor and wing regions. The thrust
force, fr, is incorporated into the momentum equation
(Eq. 2) and calculated as

1 R
fr= (EpDngo> Cri, (6)

where Cr is the experimentally measured thrust coefficient
and D? is the projected area of the multirotor system. Sim-
ilarly, the force exerted by the ABL-control wings, f, is
represented as

1 . .
fw= <§pAU020> (Cx,wi+ Cywi), @)

where Cw = Cy wi+C, wl is the wing’s effective force
coefficient. These force coefficients, Ct and Cw, are de-
termined from experimental data obtained from TU Delft’s
Open Jet Facility (Lignarolo et al., 2014). Further details on
the experimental facility can be found in the corresponding
reference.

2.2 Numerical setup

In this study, all numerical simulations were performed using
OpenFOAM v9 (Greenshields, 2023; Weller et al., 1998),
incorporating momentum sources fyw and fr and calcu-
lated via a momentum-theory-based code developed by the
authors (Martins, 2024). These momentum sources were
distributed across the computational grid in a cell-volume-
weighted manner, centered on the finite-volume cells repre-
senting the multirotor systems and the ABL-control wings.
The multirotor region was modeled as a single finite-volume
cell in the streamwise direction, extending 1D in the span-
wise (z) direction. The height of the multirotor region is
also 1D, with the base located at a distance of y/D = 0.10
above the ground. The ABL-control wings were similarly
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represented as regions that were 1 finite-volume cell thick
with a span of 1D. The computational domain measured
50D x 20D x 10D in the streamwise (x), spanwise (z), and
vertical (y) directions, respectively, with the multirotor ar-
ray positioned 10D downstream of the inlet. These domain
dimensions satisfy the minimum requirements necessary to
mitigate boundary effects on turbine performance, as out-
lined by Rezaeiha et al. (2017) and Gargallo-Peir6 et al.
(2018). A schematic of the numerical setup is provided in
Fig. 3.

A steady-state, incompressible solver, simpleFoam, was
used for the simulations, utilizing the SIMPLE algorithm
for pressure—velocity coupling. Gaussian integration was ap-
plied with different interpolation schemes for spatial dis-
cretization. Specifically, second-order linear interpolation
was employed for gradient terms, second-order bounded up-
wind interpolation was employed for divergence terms, and
second-order linearly corrected interpolation was employed
for Laplacian terms. The pressure field was solved using a
geometric agglomerated algebraic multigrid (V-cycle) solver
with a Gauss—Seidel preconditioner, while its symmetric ver-
sion was used for velocity and turbulence variables. An error
tolerance of 1 x 10~® was adopted for all smooth solvers.

Typically, modeling a neutral ABL involves prescrib-
ing inlet boundary conditions that provide log-law profiles
for velocity and turbulence relative to the ground (Parekh
and Verstappen, 2023). However, for this proof-of-concept
study, a simplified approach was adopted, applying uniform
(Dirichlet) profiles for both velocity and turbulence quanti-
ties at the inlet, with a zero-gradient (Neumann) boundary
condition for pressure. This simplification helps generalize
the results by removing complexities associated with ground-
normal velocity profiles. The top and side boundaries of the
domain were assigned no-slip (Dirichlet) boundary condi-
tions for velocity, pressure, and turbulence variables, while
the outlet boundary was modeled as a free-stream condition

Wind Energ. Sci., 10, 41-58, 2025
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Table 1. The table provides a summary of the relevant operational
parameters for the analyzed wind regenerative system configura-
tions. The nomenclature is defined as follows: “n'W” represents a
configuration with n ABL-control wings, and “ND” (i.e., “no drag”)
indicates the absence of induced drag from the wings.

Case name ABL device force  Number of ABL-
coefficients control wings
(Cx,WlA7 Cy,WZ)
Baseline 0, 0) 0
1w (0.17, 0.88) 1
2W (0.17, 0.88) 2
4w (0.17, 0.88) 4
1W-ND (0, 0.88) 1
2W-ND (0, 0.88) 2
4W-ND (0, 0.88) 4

with zero-gradient pressure. The bottom boundary employed
a slip (Neumann) condition for velocity and turbulence quan-
tities, with a zero-gradient condition for pressure.

The free-stream velocity, U, corresponds to a Reynolds
number based on the multirotor side length, Rep = DUy /v,
of approximately 4 x 108. Turbulence quantities were com-
puted assuming a baseline free-stream turbulence intensity
of Tk.0o =1 %. Although this turbulence intensity does not
fully replicate typical atmospheric conditions, it is consistent
with experimental data obtained from tests conducted at TU
Delft’s Open Jet Facility. This selection ensures that the mul-
tirotor system is evaluated in an idealized environment where
blade-tip vortices are minimally influenced by turbulence. It
is important to note that if higher turbulence intensity levels
were adopted, wake recovery due to turbulent mixing would
be more pronounced than in the cases examined in this study.

2.3 Case descriptions

This study explores seven distinct configurations of wind re-
generative systems, each comprising multirotor setups com-
bined with four, two, one, or no ABL-control wings. To as-
sess the impact of induced drag from the ABL-system wings
on overall performance, the numerical models are divided
into two categories: those accounting for induced drag and
those without it. This distinction is critical, as the induced
drag of the wings may intensify the multirotor’s wake, po-
tentially outweighing the wake regeneration benefits of the
system.

The thrust coefficient Ct used in the simulations is based
on experimental measurements of a scaled multirotor sys-
tem operating at a tip-speed ratio of 3.1, yielding an ef-
fective thrust coefficient of approximately Ct=0.72. The
ABL-control system is characterized by an effective lift co-
efficient of Cy w =0.82 and an induced-drag coefficient of
Cy,w=0.17. In all test cases, the momentum sources f
and f are kept constant and uniformly distributed among
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the wings in a cell-volume-weighted fashion (refer to the
lower panel of Fig. 2). A detailed summary of the cases in-
vestigated, along with their respective nomenclature, is pre-
sented in Table 1. Additional test cases are discussed in detail
in Martins et al. (2024).

3 Results

3.1 Grid convergence and computational model
validation

The cell sizing was optimized to minimize the effect of grid
resolution on total pressure, p, defined as p, = p+p|lu||>/2.
Grid convergence was deemed achieved when the total pres-
sure, measured at various planes downstream of the multi-
rotor, exhibited consistency (within 1 %) despite further grid
refinements. Successive grid refinements were implemented
by halving the cell size, Al.

Through the grid convergence study, the following cell
sizes were found to be sufficient: Al/D =~ 0.03 in the near-
wake region (defined as a4 D x 2D x 2D box centered on the
turbine), Al/D =~ 0.06 along the wake, and Al/D =~ 0.27 in
the far-field region. This grid configuration produced a com-
putational mesh of approximately 2.4 x 10° cells, ensuring
each blade-tip vortex was resolved by approximately eight
finite-volume cells at formation. A schematic representation
of the computational grid is provided in Fig. 3.

The grid convergence analysis results are summarized in
Table 2, where the “Fine” mesh configuration was adopted
for this study. The relative error between consecutive grid
refinements was calculated as the normalized error in total
wake pressure, p.

Following the grid convergence analysis, the present nu-
merical model was validated by comparing its results to
experimental data obtained at TU Delft’s Open Jet Facil-
ity, with a Reynolds number of Rep ~ 3.8 x 10°. Figures 4
and 5 present the wake profiles, color-coded by the normal-
ized streamwise velocity (u#y/Us) at x/D =1 (one multi-
rotor side length downstream of the multirotor system), for
both the numerical and the experimental setups. The refer-
ence velocity was derived from time-averaged particle im-
age velocimetry (PIV) data. Detailed descriptions of the ex-
perimental setup are available in Bensason et al. (2024) and
Broertjes et al. (2024).

Figure 4 displays a comparison of (u,/U) fields at
x/D =1 without ABL-control devices. The numerical re-
sults demonstrate a uniform induction field, defined as a :=
(Uso —ux(x = 0))/Uso, within the region behind the multiro-
tor (represented by the hatched white area), consistent with
the homogeneously distributed thrust coefficient. In contrast,
the experimental results reveal local velocity fluctuations re-
sulting from the discrete nature of the scaled multirotor ar-
ray, consisting of a 4 x 4 vertical-axis rotor configuration.
Despite these differences, the figure demonstrates a strong
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Table 2. Results of the grid convergence analysis. The “Fine” mesh was selected for the final simulations. The relative error denotes the

normalized difference between two consecutive grid refinements.

Mesh Size of smallest Number of finite- Relative error in total
grid element Al/D volume cells  total wake pressure, pt (%)
Coarse 0.07 1.9 x 10° -
Medium 0.05 5.4x10° 0.06
Fine 0.03 2.4 x 100 0.03
Dense 0.02 7.6 x 100 0.03
2.00 4 Simulated flow Measured flow 1.00 2.00 4 1.0
1.75 0.90 1.75 4 0.9
1.50 4 0.80 1.50 0.8
21257 00 S Q1257 VaVAVVA W, W s
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Figure 4. Comparison of simulated (left) and experimental (right)
flow fields behind a disk actuator model and the multirotor setup,
respectively. The hatched white region denotes the multirotor’s pro-
jected area. The figure presents u -velocity colored fields at x /D =
1, with no ABL control applied. The experimental velocity field was
reconstructed from time-averaged particle image velocimetry (PIV)
data (see Bensason et al., 2024, and Broertjes et al., 2024), while
the numerical results were obtained in this study using RANS com-
putations.

correlation between the numerical and experimental results,
underscoring the validity of the numerical model.

In Fig. 5, the validation is extended to include the effects
of ABL-control wings. The setup consists of a multirotor sys-
tem coupled with a dual ABL-control system. In this con-
figuration, one ABL-control wing is positioned at y/D =
1.25 and the other at y/D = 0.75. The u,-velocity fields at
x/D =1 are presented for both experimental and numerical
results. The core of the measured blade-tip vortex is located
at y/D ~ 1.46, while the simulated vortex core is found at
y/D ~ 1.48, resulting in a positional error of approximately
1.7 %. At x/D = 2, PIV measurements from Bensason et al.
(2024) place the vortex core at y/D = 1.54, whereas the
numerical model predicts a position of y/D =~ 1.59, corre-
sponding to a 3.2 % error.
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z/D

Figure 5. Comparison between simulated flows (left) and experi-
mental flows (right) behind the ABL-controlled setups. The hatched
white region denotes the multirotor’s projected area. The ABL-
control devices are depicted by the dotted line segments. The fig-
ure shows u,-velocity color fields at x/D = 1. The experimental
velocity field was reconstructed from time-averaged PIV data (see
Bensason et al., 2024), while the numerical results were obtained
in this study using RANS computations. A visual inspection reveals
a strong correlation between the numerical and experimental refer-
ence results.

3.2 ABL-controlled wake characteristics

Figure 6 illustrates the normalized streamwise velocity fields,
uy /U, at various planes downstream of the multirotor sys-
tem (with the coordinate origin, x/D = 0, at the location of
the multirotor system). In all panels, the hatched white region
denotes the multirotor’s projected area, whereas the ABL-
control devices are indicated by dotted line segments. The
top panels represent the wake for the baseline case, without
ABL-control features, while the subsequent rows show re-
sults for increasing numbers of ABL-control devices. These
cases are labeled 1W-ND (one wing, no induced drag), 2W-
ND (two wings, no induced drag), and 4W-ND (four wings,
no induced drag). The induced-drag effects of the wings are
neglected in these simulations.

Wind Energ. Sci., 10, 41-58, 2025
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Figure 6. Streamwise velocity contours at various downstream locations, x /D, behind the multirotor system (with the rotor’s projected area
shown as the hatched white region). The top row shows the baseline case without ABL-control devices, while the subsequent rows present
cases with 1, 2, and 4 wings, respectively (wings indicated by dotted white lines). The effects of the wings’ induced drag are excluded from

these simulations.

In the ABL-controlled cases, the wakes exhibit, in gen-
eral, an upward motion with lateral expansion, driven by
the counter-rotating wing-tip vortices. For the 1W-ND case,
wake flow parcels near the midplane (z/D = 0) ascend faster
than those near the wing-tip vortices (z/D = #£0.5), which
reach the region above the turbine (y/D > 1.10) at lower
velocities. In the absence of ABL control (baseline case),
wake recovery depends primarily on momentum exchange
through velocity fluctuations at the wake’s outer shear layers,
a process significantly less efficient than the wake-steering
technique employed in this study. This can be seen in the
larger volume of high-induction flow that remains below
y/D =1.10 in the baseline case compared to the ABL-
controlled configurations. These conclusions are expected to
hold for flows with higher free-stream turbulence intensities,
provided large-scale vortical structures are not dissipated by
flow instabilities.

The velocity fields in Fig. 6 demonstrate that the advection
of high-induction fluid parcels into the flow above the wake
region is significantly enhanced when using two or more
wings, as observed in Cases 2W-ND and 4W-ND, compared
to the single-wing configuration (1W-ND). This increased ef-
ficiency is evidenced by the narrower velocity-deficit region
in the wake for x /D > 5 in Cases 2W-ND and 4W-ND, rela-
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tive to 1W-ND. However, despite the more effective upward
advection of the wake enabled by the additional wings in
Cases 2W-ND and 4W-ND, the maximum height of the high-
induction flow in these configurations is lower than that ob-
served in Case 1W-ND. For example, at x/D =7, the maxi-
mum height of the wake reaches y/D ~ 2.6 in Case 1W-ND,
whereas in Cases 2W-ND and 4W-ND, the wake height is
limited to y/D = 2.2. It is important to note that the total
vertical force exerted is identical across all ABL-controlled
cases.

Figure 7 extends the results shown in Fig. 6 to account for
the blade’s induced drag (see Table 1). The comparison of the
setups without induced drag (i.e., Cases 1W-ND, 2W-ND,
and 4W-ND, shown in Fig. 6) to the results with induced drag
(i.e., Cases 1W, 2W, and 4W, shown in Fig. 7) reveals that the
main flow features of the ABL-controlled systems, such as
the vortices’ formation, shedding, and advection, are not sig-
nificantly affected by the induced drag. This last conclusion
is especially true for the cases with more wings, where the
effective drag force is distributed over a larger flow region.
For Case 1W, for which results are shown in the second row
of Fig. 7, the concentrated drag force induced on the flow
by the single ABL-control wing breaks up instabilities over
the outer shear layers of the wake. Such instabilities, which
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Figure 7. This figure extends the results shown in Fig. 6, accounting for the effects of the wing’s induced drag. Each panel shows the
streamwise-colored wake behind the multirotor system (the rotor’s projected area represented by the hatched white region) at different
downwind locations, x/D. Underneath the top baseline row, each row shows, from top to bottom, results for the ABL-controlled system
with 1, 2, and 4 wings, respectively (represented by dotted white line segments).

originated due to the local curvatures in the induction field
behind the drag-inducing wing, are more pronounced in the
near-wake region, i.e., at x /D <~ 4, and are quickly diffused
under the action of viscosity.

Wake flows incorporating ABL-control devices exhibit en-
hanced momentum exchange between the wake flow region
and the flow above, primarily facilitated by wing-tip vortices.
Note that we refer to the region below y/D = 1.10 as the
“wake flow region”. To fully understand the mechanisms re-
sponsible for the upward motion of the wake, particularly
why momentum-deficit fluid parcels are advected at varying
rates depending on the number and positioning of the wings
across different z/D planes, visual analysis of the velocity
fields alone is insufficient. Instead, a more comprehensive
understanding is gained through an examination of the vor-
ticity fields.

Figure 8 presents the normalized streamwise vorticity
fields, wyD/U, at various cross-sectional planes down-
stream of the ABL-controlled multirotor system, showing
the influence of an increasing number of wings. Figure 8
compares the vorticity-colored wakes at x/D =1, 2, 4, 5,
and 7 for cases involving varying numbers of ABL-control
wings. To facilitate analysis, cases both with and without the
effect of wing-induced drag are displayed, while the base-
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line case without wings is omitted. The hatched dark-gray re-
gion denotes the projected area of the multirotor, and dotted
black lines represent the wings. In Case 1 W-ND (fourth row),
the vorticity fields reveal two counter-rotating wing-tip vor-
tices, which are advected upward. This causes upward dis-
placement of the wake toward the symmetry plane (z/D = 0)
while inducing downwash in the high-momentum flow above
the wake flow region at |z/D| > 0.5. For Cases 2W-ND and
4W-ND, a similar upward displacement of the wake is ob-
served, though the driving mechanisms behind this advec-
tion differ significantly from Case 1W-ND, warranting fur-
ther analysis.

To further dissect the ABL-controlled flow dynamics in
Cases 2W-ND and 4W-ND, the wake advection process is
subdivided into three distinct stages: (i) vortex formation
(x/D ~[0,2]), (ii) vortex coalescence (x/D ~ [2,5]), and
(iii) vortex advection (x/D ~ [5, 00)). These stages capture
the progressive mechanisms of wake displacement.

During the vortex formation stage, wing-tip vortices are
carried downstream by the mean flow. Simultaneously, vor-
tices above the barycenter of the vortical system (the hori-
zontal line equally dividing the vortices) are pushed outward
from the symmetry plane, while those below are drawn in-

Wind Energ. Sci., 10, 41-58, 2025




50 F. Avila Correia Martins et al.: Regenerative wind energy with vortex-generating modes

z/D =1 z/D =2 z/D =4 z/D =5 z/D =17
21 PR | S |
I *
S * 0 e o A
> - I oo tetetel B TeTee 4
0
2_
Q “ O
> P o . . E
14 } . 02920290 X 9|
£33 | 35 s R £ L
0 94 [Y674%%s'
2_
°1 . :
71 Mﬁ‘ MW RRRX 55295 B,
0 -0 -~
Q
8
3
24 = U ;
P Nl e e u =
% « o e o . " 5
' || i S
o L XXX
2_
Q L) L J o o
kzl_ "_"r’_'? W .W .—.—.—._, .,p-—.—.—,
0 ‘ ! ‘
2—.
) —4
= v »
14 D 1 H g o %) faTeTe% A BRRXZE
0 T |\7 T T ‘77[7 T T ‘77|77 T 77|77‘ T T 77|77‘ T

Figure 8. Streamwise vorticity contours highlighting the wing-tip vortices generated by different ABL-control configurations. From top
to bottom, rows represent results for 1, 2, and 4 ABL-control wings with (first—third rows) and without (fourth—sixth rows) induced drag

(depicted as dotted black line segments), respectively.

ward toward it. This lateral self-induced motion is visible at
x/D =2 in Cases 2W-ND and 4W-ND (Fig. 8).

In the vortex coalescence stage, the low-pressure cores of
the wing-tip vortices serve as attractors, leading to the merg-
ing of vortices into two skewed counter-rotating structures, as
observed at x/D = 4. Finally, in the vortex advection stage
(x/D > 5), the mutual induction fields of these vortices pro-
pel the paired structures upward into the atmosphere. No-
tably, in Case 1W-ND, vortex advection occurs concurrently
with vortex formation, which explains the more rapid upward
advection of the vortex pair compared to the other cases, as
previously seen in Fig. 7.

Additionally, Fig. 8 presents the vorticity fields for cases
including the effects of wing-induced drag (1W, 2W, and

Wind Energ. Sci., 10, 41-58, 2025

4W). A comparison between setups with and without in-
duced drag shows that, despite the substantial contribution
of Cy w, the overall dynamics of the wing-tip vortices re-
main largely unaffected. However, drag forces introduce flow
instabilities into the upper regions of the wake, which are
associated with increased turbulent mixing. These three-
dimensional instabilities may enhance interactions between
the wake flow region and the flow above.

Given that wing-tip vortices serve as the primary mech-
anism for transporting low-momentum wake flow upward
while simultaneously drawing high-momentum ABL flow
downward, a simplified analysis of these vortices using the
Kutta—Joukowski theorem is deemed relevant. Denoting the
circulation around a closed contour in an arbitrary cross-
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flow plane (yz) by I'y and assuming a conservative flow, the
Kutta—Joukowski theorem allows us to approximate the cir-
culation associated with the wing-tip vortices in Case 1W (or
1W-ND) as
D

Iy =—CyUOOE. ®)

From potential flow theory, it is known that the tangential
velocity uy induced by a point vortex at a distance » from
the vortex center is given by ug = —I'yx/27rr. Under the as-
sumption of a conservative flow, it follows that the vertical
velocity uy, induced at the symmetry plane z/D = 0 by the
two wing-tip vortices of a single ABL-control wing, is ap-
proximately
CyUx .

L. ®

uy(z =0)~2ug ~

This result indicates that the upward advection of fluid
parcels scales with Uy near the z/D = 0 plane due to the
action of the wing-tip vortices. By contrast, the vertical ve-
locity induced by one wing-tip vortex on another, scaled by
the distance D, is u,(z = +D/2) ~ CyUx /4, leading to
the following ratio:

uy(z =0) N (10)
uy(z==xD/2)

The result in Eq. (10) explains why wake flow parcels
near z/D = 0 are advected upward more rapidly than those
closer to the vortical structures themselves. This behavior is
confirmed in Fig. 9, which shows u-colored velocity fields
at x/D =7 for various ABL-controlled wakes. The figure
presents results for Cases 1W, 2W, and 4W (left to right),
while results for the non-drag cases (1W-ND, 2W-ND, and
4W-ND) are omitted for brevity, as they exhibit similar be-
havior.

As previously mentioned, the visual inspection of the ve-
locity and vorticity fields (Figs. 7 and 8) suggests that setups
with more wings enhance the advection of low-momentum
fluid parcels compared to the setup with a single wing. Re-
examining this in light of potential flow theory, the circula-
tion associated with each wing-tip vortex, I'yx, causes vor-
tices generated by wings at lower heights to push those at
higher locations outward. Simultaneously, vortices at higher
y/D locations exert an inward influence on those below. This
phenomenon is evident from the relative positions of the vor-
tex cores along the y axis in the x /D = 2 panels of Cases 2W
and 4W (Fig. 8).

During the vortex coalescence stage, the low-pressure
cores of the wing-tip vortices act as centers of attraction,
promoting the merging of multiple vortices into two counter-
rotating structures. The induced velocity fields generated by
the circulation of the topmost vortices aid the upward advec-
tion of the lower vortices, driven by the pressure field. This
coalescence, followed by upward advection, occurs around
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x/D = 4 (Fig. 8). Consequently, at approximately x/D = 4,
the low-momentum fluid parcels trapped within the vortices
encounter favorable conditions for upward movement into
the higher regions of the ABL. The requirement for vortex
formation and coalescence before efficient wake advection
explains why systems with more wings are slower at ele-
vating the wing-tip vortices, despite being more efficient at
transporting low-momentum flow upward.

From this analysis, the most significant distinction among
the ABL-control configurations examined emerges when cat-
egorizing them into two groups: single-wing setups and those
with multiple wings. Figure 10 presents a schematic dia-
gram illustrating the momentum transfer mechanisms ob-
served in these two types of configurations. In the diagram,
arrow thickness represents velocity field intensity, while vor-
tex cores are depicted as spirals. Flow evolution is illustrated
in three stages, progressing from left to right for both config-
uration types.

3.3 Momentum entrainment

In the previous subsection, the wake topology of ABL-
controlled systems was analyzed using velocity and vorticity
fields. This subsection focuses on the momentum and energy
balances within the ABL-controlled flows for the different
design strategies considered in Cases 1W, 2W, 4W, 1W-ND,
2W-ND, and 4W-ND.

In the RANS framework, the momentum flux across a dif-
ferential surface element dS enclosing the wake behind the
multirotor system is given by (pu -dS)u. In the finite-volume
approach, this expression is approximated as (pu; - S;)u;,
where j denotes the index of the finite-volume cells that
form the surface S in the computational fluid dynamics
(CFD) mesh and S represents the surface area vector of
the cell. Considering that the computational mesh is com-
posed of planes with uniform cell sizes, Al, and the cells
are represented by cubic finite-volume elements, the surface
area vector can be expressed as S; = Ali + Alf + Alk. Un-
der this assumption, the momentum transferred across the
Jjthcell is (o Al)uy ju; for the y-normal (horizontal) plane
and (o Al)u;, ju; for the z-normal (vertical) plane. Therefore,
the streamwise momentum transferred across these planes is
(pADuy, juy, j for the horizontal plane and (o Al)u;, ju,,; for
the vertical plane.

To evaluate the streamwise momentum exchanged be-
tween the wake flow and the surrounding fluid, we pro-
pose using the normalized velocity products u,u, / Ugo and
Uiy / Ugo across the horizontal and vertical planes, respec-
tively.

Figure 11 presents the velocity products on a horizontal
plane at y/D = 1.1, offering a qualitative assessment of the
impact of ABL control on streamwise momentum flux. Pos-
itive values of the product uyu, indicate momentum transfer
from below the plane to above, while negative values signify
the entrainment of high-momentum ABL flow into the wake,

Wind Energ. Sci., 10, 41-58, 2025
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Figure 9. Vertical velocity uy/Us in ABL-controlled setups. The hatched white region represents the rotor’s projected area, and the dotted
white lines depict the ABL-control devices. This figure confirms the behavior described by Eq. (10), showing maximum uy, at the z/D =0
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Figure 10. Schematic diagram illustrating the mechanisms driving upward advection in the wake. Setups with a single wing (represented
by orange line segments) move wing-tip vortices farther up into the atmosphere. In contrast, setups with multiple wings elevate the wing-tip
vortices more slowly but more efficiently transport low-momentum flow upward.

which is most prevalent at |z/D| > 0.5. The results shown in
Fig. 11 corroborate previous findings from the velocity field
analysis discussed in Sect. 3.2. They confirm that all ABL-
controlled configurations significantly enhance vertical mo-
mentum exchange between the flow above and the wake flow,
consistent with the higher-vertical-velocity components ob-
served in these setups. Furthermore, the uyu, fields demon-
strate a notable performance improvement when employing
the two- and four-wing designs compared to the single-wing
configuration in Case 1W. This improvement is attributed
to a more uniform distribution of circulation I', across the
wake, which reduces the average distance between the vor-
tex core and the low-momentum flow regions within the

Wind Energ. Sci., 10, 41-58, 2025

wake, thereby increasing momentum flux across the y/D =
1.0 plane.

Figure 12 shows the velocity product u u, from a side-
plane view at z/D = 0.5. Positive values indicate momentum
transfer in the z direction (out of the plane), while negative
values represent momentum transfer in the opposite direc-
tion. In configurations with a single wing, such as Cases 1W
and 1W-ND, momentum exchange is predominantly concen-
trated in the near-wake region, driven largely by the tip vor-
tices generated by the ABL-control device. In contrast, con-
figurations with multiple wings exhibit a more evenly dis-
tributed momentum exchange between the wake and the sur-
rounding flow across the various ABL-control devices. The
velocity products also demonstrate that regions of positive

https://doi.org/10.5194/wes-10-41-2025
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Figure 11. Products of vertical and streamwise velocities at the top of the disk actuator model (represented as a white box) plane, with

y/D =1.1.

momentum entrainment (represented by red-shifted colors)
remain aligned behind the disk actuator further downstream
in multi-wing setups. This suggests that although configura-
tions with additional wings may be less effective at rapidly
advecting wing-tip vortices upward, they are more efficient
at introducing high-momentum flow into the wake from the
sides.

Comparing the momentum fluxes between the wake and
the surrounding flow for models with and without induced
drag from ABL-control wings reveals that the distribution
of induced drag significantly influences the dynamics of the
ABL-controlled flows. The results in Figs. 11 and 12 indi-
cate that higher-momentum fluxes occur when induced drag
is concentrated on a single wing, as seen in Case 1W. For
cases where induced drag is concentrated on the top wing ele-
ment (at y/D = 1.1), there are larger velocity gradients in the
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near-wake region. These gradients, combined with the shear-
ing processes in the outer layers of the wake flow, result in in-
creased vorticity production and, consequently, more vigor-
ous turbulent mixing. In configurations with multiple wings,
this effect is distributed over a larger portion of the wake,
resulting in a less pronounced impact on the wake dynamics.
The efficiency of the ABL-control strategy is further eval-
uated through the total pressure, p; & p(x), defined as

1 3
P = pe)+5p Y T (1)

i=1
This total pressure is integrated within a flow vol-

ume corresponding to the projected cross-sectional area
of the actuator disk surface, defined as x € [0, +00);y €

Wind Energ. Sci., 10, 41-58, 2025




54 F. Avila Correia Martins et al.: Regenerative wind energy with vortex-generating modes

0.8
9
Q
~
> 1 A
0 T T T T T T T T 0.6
o ?]
e f —
O T T T T T T T
9 -
2 -
=1 4 - 0.2
s 2W
0 T T T T T T T
2 A 28
2 0.0 3
=N 14 §u
| s
0 T T T T T T T T
21 L
Q — — —0.2
~ %-
= 1
1W-ND
O T T T T T T T T
21 F—04
S -
IS 1 - |
— 2W-ND
0 T T T T T T T
—0.6
9 -
Q
I
SN 14 -
5 4W-ND
0 T T T T T T T —0.8
0 2 4 6 8 10 12 14 16

z/D

Figure 12. Crosswind and streamwise velocity products at a plane on the left-hand side of the disk actuator model (represented as a white

box) at z/D =0.5.

[0.1D,1.1D];z € [-0.5D,0.5D]. The variation in total
pressure along the wake, p((x), is presented in Fig. 13.
According to momentum theory, the total pressure behind
an actuator disk can be expressed as
pi(x =0) = poo + %p((l —2a)Us)’, (12)
where a is the induction factor, with a := (Uso —uy(x =
0))/Uso. Momentum theory further relates the induction fac-
tor a to the thrust coefficient Ct of the actuator disk through
Ct =4a(1 — a). For the system analyzed here, momentum
theory predicts the total pressure in the wake to be approx-
imately p/p:.co(x/D > 0) =~ 0.28. However, in the current
viscous wake model, momentum recovery is driven by turbu-
lent velocity fluctuations within the streamtube (as observed
in the baseline case). Nonetheless, when an ABL-control
strategy is implemented, wake recovery is significantly accel-

Wind Energ. Sci., 10, 41-58, 2025

erated due to wake steering, making turbulent velocity fluc-
tuations a secondary mechanism for momentum entrainment
and wake recovery.

Consistent with the results depicted in Figs. 11 and 12, the
total pressure integrated along the wake demonstrates that
design strategies incorporating multiple wings expedite wake
recovery. Specifically, in Cases 2W and 4W, the total pres-
sure reaches 95 % of the free-stream value at approximately
x/D =5and x/D = 6, respectively. By contrast, in the base-
line case, where no ABL-control devices are present, wake
recovery is significantly slower, and this degree of recovery
is not observed within the current computational domain ex-
tending to x /D = 50.

In addition to total pressure, the analysis is extended to
the cubed velocity, 3", u3(x), shown in Fig. 14. While total
pressure reflects the energy available within the wake, the

https://doi.org/10.5194/wes-10-41-2025
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indicating the 0.95 recovery plateau for reference.

cubed velocity is a more suitable metric for evaluating the
wind power available for extraction in the wake region. The
cubed-velocity profiles in Fig. 14 show a marked improve-
ment in power recovery when ABL-control strategies are ap-
plied. This improvement is particularly evident when com-
paring the baseline case to Cases 1W and 1W-ND. A similar
enhancement is observed when comparing the two-wing con-
figuration to the single-wing setup. Notably, the four-wing
system demonstrates the fastest wake recovery among the

https://doi.org/10.5194/wes-10-41-2025

configurations examined, reaching 95 % of the free-stream
velocity at x/D = 6 downstream of the multirotor system.
These findings highlight the potential of ABL-control tech-
nology in comparison to current systems lacking such fea-
tures.

The power coefficients for the multirotor systems in-
vestigated in this study are estimated by computing the
lumped streamwise force—velocity product within the multi-
rotor finite-volume cell region. Specifically, in this numerical

Wind Energ. Sci., 10, 41-58, 2025
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analysis, the power P extracted from the flow by the force
field fr is estimated using the following cell-weighted ex-
pression:

A A Al
P=(fr-D) @ H—73,
J

where Al; represents the x-projected area of the jth finite-
volume cell in the multirotor flow region. From this expres-
sion, the power coefficient C, =2P/p Ugo D? for the base-
line configuration is numerically estimated to be 0.58. For
Cases 1W, 2W, and 4W, the power coefficients are found to
be 0.65, 0.64, and 0.65, respectively. In the baseline con-
figuration, where no ABL control is applied, the wake be-
havior aligns closely with the one-dimensional momentum
theory, resulting in a C, value that closely approximates
Cp=Cr(1 —a(x =0)) = 0.56, as expected.

Notice also that the enhanced power extraction observed in
wake-steered configurations is expected, as lower induction
values at x/D = 0 are achieved in the near-wake region for
a fixed Ct. In these cases, the reduction in induction with-
out compromising Ct is driven by the ABL-control wings,
which accelerate the streamwise flow in the near-wake re-
gion. Figure 15 shows the induction factor curves in the wake
of the assessed systems, with the a = 1/3 plateau included
for reference. However, while the ABL-control wings con-
tribute to enhanced energy extraction within the parameter
space of this CFD study and the corresponding experimental
dataset, they may not necessarily enhance mechanical power
conversion under different operational conditions.

Lastly, it is important to acknowledge that the present
study employs a simplified numerical model intended pri-
marily as a proof of concept. Consequently, the results pre-
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sented here are not yet directly applicable to real-world sce-
narios. Additional research is required to comprehensively
evaluate the potential benefits of wake recovery under atmo-
spheric inflow conditions.

4 Conclusions

This study introduces and evaluates a novel concept for
regenerative wind energy, utilizing paired multirotor and
multirotor-sized wings — termed atmospheric boundary layer
control (ABL-control) devices — positioned in the near-wake
region. These ABL-control devices generate vortical struc-
tures within the wake flow, enhancing the vertical momen-
tum flux from the flow above the wake flow into the wake
flow region, thereby facilitating wake recovery and poten-
tially increasing power generation per land or sea area. The
multirotor system and ABL-control devices are modeled us-
ing three-dimensional actuator surface models based on mo-
mentum theory. The analysis of velocity and vorticity fields
reveals that large wing-tip vortices advect low-momentum
fluid parcels upward from the wake flow while drawing high-
momentum flow from above downward. Additionally, it was
observed that the induced drag of the large wings within the
ABL-control system could slightly enhance the mixing pro-
cess at the outer shear layers of the wake, particularly in se-
tups with significant and concentrated induced-drag forces.
These findings suggest that the induced drag may be bene-
ficial for the ABL-control strategy. Furthermore, the exam-
ination of momentum flux and total pressure indicates that
with the adoption of ABL-control strategies, vertical momen-
tum flux becomes the primary mechanism for wake recovery,
while velocity fluctuations play a secondary role under the
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assessed flow conditions. Notably, in the four-winged ABL-
control strategy, the total pressure and power in the wake
recovered to 95 % of the free-stream values at downstream
positions of approximately x/D =~ 5 and x/D ~ 6, respec-
tively. These results underscore the potential of this technol-
ogy to reduce the land or sea area required for wind farms.
However, further research is needed to assess the effective-
ness of this regenerative strategy under atmospheric inflow
conditions, as the current findings are not yet directly appli-
cable to real-world scenarios.

Code availability. The primary code base which enables the
multirotor system simulations with vortex-generating modes is
hosted on GitHub. You can access it via the following link:
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