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Abstract.

dubbed-atmospherie-boundary-tayer-This study investigates the potential of regenerative wind farming using multirotor systems
equipped with paired multirotor-sized wings, termed Atmospheric Boundary Layer (ABL) -eontrol-devieesin-therotor’s-near

wake-region—The-control devices, positioned in the near-wake region of the multirotor. These ABL-control devices ereate
generate vortical flow structures that ean-aeeelerate-the-enhance vertical momentum flux from the flow above the wind farm

into the wind farm flow,

provides-thereby accelerating the wake recovery process. This work presents numerical assessments of a single multirotor
system aeeempamed—byehffefem%l:-eeﬂ&e}hﬂg—%emp%e uipped with various ABL-control configurations. The wind flow is

modeled via-using steady-state

are-medeled—using-Reynolds-Averaged Navier-Stokes (RANS) computations, with the multirotor and ABL-control devices
represented by three-dimensional actuator surface models based on the-Momentum theory. Inputforee-Force coefficient data for

the actuator surface modelsand-, as well as validation data for the numerical computationswere-measured-, were obtained from

a scaled model at TU Delft’s Open Jet facility. The performance of the ABL-controlling-devices-was-assessed-via-ABL-control
devices was evaluated by analyzing the net momentum entrained from the flow above the wind farm flew-and the total pressure

and power available in the wake.
that, when the ABL-control strategy is employed, vertical momentum flux beeomes-the primary-may become the dominant
mechanism for wake recoverysuch-that-for-, In configurations with two or four ABLE-eontroting-ABL-control wings, the total
wind power in the wake recovers to 95% of the free-stream value at teeations-positions as early as x/D ~ 6 dewnwind-of-a

e-The results indicate

downstream of the multirotor system, which-is-abeut-one-representing a recovery rate approximately an order of magnitude
faster than whatisseenfor-that observed in the baseline wake without ABEL-controling-eapabilities—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.
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1 Introduction

Our energy transition goals require a significant-substantial increase in installed wind power capacity, which is typically
achieved by expanding the number and size of wind farms. However, scaling up wind farms -beth-enshere-and-offshere—
presents— whether onshore or offshore — introduces various challenges, including technical, environmental, economic, and
social acceptance issues. For exampleinstance, large onshore wind farms can ereate-lead to conflicts with nearby residents
communities due to noise and visual peHutionimpact concerns (??). LikewiseSimilarly, large offshore wind farms often face
encounter high operational and energy transmission costs (?). To address the need-demand for larger wind farm areas, we
ean-it is crucial to improve the ratio of total power output per tare-unit of land or sea surface area by enhancing the wake-
recovery process. tn-this—study——we-evalaate-This study evaluates multiple configurations of a novel atmespheric-boundary
tayer-Atmospheric Boundary Layer (ABL) control strategy (?) that-beests-which enhances vertical momentum flux in-within a
wind farm, thereby increasing the total power output per tand-surface-unit area.

The need for larger wind farms is elosely-intrinsically linked to the spacing required foreffective-wakerecovery-between
eonseetttive-to ensure effective wind energy recovery between successive wind turbines (see-refer to the top diagram in Fig. 1).
With-Given that the characteristic height of the ABL areund-typically extends to approximately one kilometer, wind farms

eovering-a-surface-area—of-over 1020-km-spanning areas of 10-20 km or more can approach the asymptotic limit of “infi-

EERU

nite™

kinetie-energy-entrainment-oceurs-wherein the majority of kinetic energy must be entrained from above the farm (?). In-sueh

' wind farms. In this seenarioregime, the boundary layer flow may reach-achieve a fully developed state, where-mest

+As turbulent mixing under these conditions
is inefficient in transferring momentum from the flow above the farm to the wind farm flow, improved strategies for optimizin
wind farm power output are required. The most i soft i sprevalent

MMWMW i. wing-piteh-controlti—yaw-control-and-iii—torque

eontrolstrategiesthrust vectoring and ii. thrust magnitude control.
The-central-concept-of—wing-pitch-control-strategies—is—to—steer—the—wake-Thrust vectoring strategies aim to_introduce

Wmmwwg& away from downwind turblnes{l}—\&ﬁakefeeevefy—wa—bl—ade-pﬁeh

—examined-how-typieal-H—and-W-type-, Numerous studies have focused on improving wind farm power output through
yaw-control strategies for thrust vectoring (?). According 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 two decades, with significant
advancements in the last ten years, particularly for horizontal-axis wind turbines (HAWTs) (?). Various methods have been
explored to optimize yaw angle controllers (22). For instance, ? reported a 1.4% increase in energy yield in their simulations
compared to a baseline case, while ? found improvements of up to 3.24% using a variable yaw-control strategy. In vertical-
axis wind turbines-turbine (VAWT) generate-two-farms, wake deflection is typically achieved by modifying the rotor blade
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Figure 1. The figure shows-provides a schematic #ustration-representation of the wake behind-generated by a multirotor system, shown
before (top) and after (bottom) imptementingABl-controt-the implementation of ABL control systems. By-direeting-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 ean-to achieve higher power output per unit of land or sea area, aHowing-them-to-be-facilitating a more compact

configuration to introduce momentum transfer driven by vorticity into the wake. For example, ? reported a 13.1% increase in

ener ield compared to a baseline case when implementing active pitch control in their VAWT experiments.

Thrust vectoring can also be achieved via blade-pitch control strategies, which aim to manipulate a turbine’s induction
factor by dynamically adjusting its operating point to steer the wake (?). Wake recovery through blade-pitch control has

ained attention more recently. For example, ? explored how pitched H- and W-type VAWTs generate two counter-rotatlng tip

enhancing wake deflection compared to non-pitched blades (???). Similarly, ? examined the topologies of wakes deflected by
pitched VAWTs using actuator line models with unsteady Reynolds-averaged Navier-Stokes (RANS) simulations-—Fadeja-neted

that-the—, finding that wake-deflection strategy-strategies via VAWT blade pitching has-the-advantage-of-not-affectingthe
upstream-turbine’s-performanee-do not compromise the performance of upstream turbines, unlike yaw control strategiesused
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for-herizontal-axis—wind-turbines—. Additionally, ? measured wake deflections of an H-shaped VAWT at differentpitching

anglesand-observed-various pitching angles, demonstrating that blade-tip vortices could effectively 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 appreachreduees-strategy involves reducing the induction factor of upstream turbines

in-exchange-to increase the kinetic energy available forto downstream turbines (?).

However; the wake-reeovery Most research on axial induction control relies on low-fidelity simulations and analytical models
that approximate wake-turbine and wake-wake interactions, yieldin
gains observed in experimental implementations of axial induction control have been relatively modest.
involves rapid, pulsating pitch adjustments to reduce load peaks and manage power output (2). Both Pulse and Helix methods
methods 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

Despite their potential, the wake recovery strategies mentioned above have-commen-shertcomings—Theyrequire-complex
changes-share common limitations. They necessitate complex modifications to wind farm control algorithms, which ean-may
conflict with reliability and safety-oriented controls. These strategies can also impose additional loading patterns on conven-
tional turbine designs, potentially leading to premature failures (?). Mostimportantly-they-usuatly-Moreover, they typically
penalize the performance of individual turbines to enhance wake reenergizing, hoping-the-downstream-turbines-power-gains
with the expectation that the downstream turbines’ power gains will outweigh the upstream *stosses-Consequenttylosses. As

a result, total power production ean-rarely-inerease-by-increases are rarely more than about 30% —(?)-in-the-bestlaberatory
eonditionsunder optimal laboratory conditions (?). For example, 2?-2 reported a 5% increase in annual energy production at

the Princess Amalia Wind Park in the Netherlands using a combined layout optimization and wwake-yaw steering control strat-
egy. ThusTherefore, these methodologies may netoffer-as-much-have limited potential for reducing wind farm size in real-life

romising results (??). However, as noted by 2,

real-world scenarios.

This study

resents a wake-steering strategy aimed

at_enhancing the energy potential of wind farms:

thereby enabling more compact wind farm layouts. We explore the use of multirotor systems equipped with rotor-sized
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wings, referred to as ABL-control devices, placed-in-the-near-wake-which are positioned in the near-wake region (see bottom
panelHnFig—BbFig. In—this—setup;—the-1, bottom panel). These rotor-sized wings ereate-generate vortical structures that
aeeelerate-enhance vertical momentum flux from above the ABL into the wind farm, inereasing-net-power production—Note
that ABL-eontrolting systems-are intended to-eonsist of thereby allowing for denser turbine configurations. While ABL-control

systems are envisioned as comprising multiple multirotor setups combined-with-ABL-controlling-mechanisms—Heoweverwith
integrated ABL-control mechanisms, this paper focuses on evaluating the performance of a single multirotor system equipped

with ABE-controlting-devices—Muttirotor-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 RANS-computations-performed-in-Reynolds-Averaged Navier-Stokes (RANS) simulations with a uniform,
laminar inlet are performed using OpenFOAM are-proposed-to-validate-to evaluate this proof-of-concept —Fhe-effects-of-the
regenerative wind energy system. It is important to highlight that the study utilizes a simplified numerical setup aimed at
demonstrating proof of concept, and thus the findings are not yet directly applicable to real-world scenarios. The impact
of induced drag by the ABL-control wings+ thvesti thg-wings is assessed by comparing
simulation models with and without induced drag, allowing for the isolation of additional wake induction effects resulting from
the wings’ induced-dragforeesdrag. The performance of the ABL-control devices is quaﬂ&ﬁed%y&w%ﬂd—ﬁafm&evaluated
based on the total pressure and verti
flux within the ABL across the wind farm. These numerical results are further supported by experimental data obtained from a
scaled multirotor system setup-ir-at TU Delft’s Open Jet facilitycomplement-the-present-numerical-results.

This paper is organized as follows. In § 2, it is presented the governing equations, numerical setup, and the description of

as-streamwise momentum

the assessed test cases. In § 3 results are discussed. § 3.2, delves into the main flow features of the ABL-controlled flows
via analyses of the velocity and vorticity fields for different possible ABL device configurations. § 3.3 concerns assessing the
performance of the different ABL-devices layouts via analyses of the momentum fluxes and 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 RANS-Reynolds-Averaged Navier-Stokes (RANS

equations for incompressible, turbulent flows (?), defined as follows:
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Figure 2. Panel (a) shows-details-provides an overview of the reference experimental setup, while Panel (ab) in-eomparison-with-presents

the corresponding numerical model based on momentum theoryin—Panelb). Fhe-experimentatty-measuared-multirotor-system’s—In the
experimental setup, the thrust force vector of the multirotor system, fr, and ABE-system’s-the effective aerodynamic force of the ABL-control

system, fy-, are homegeneousty-measured. In the numerical model, these forces are distributed homogeneously in a cell-weighted fashion in
to replicate the i xperimental conditions.
to replicate the rumericat-medelexperimental conditions.

1 1 1

In Egs. 1 and -2, u = u,? + uyi + u, k is-the-veloeityrepresents the velocity vector, p is the-pressure, p is the-density; fluid
density, and v s the kinematic viscosity;-. The term R = u'u’ is-the Reynolds-stress-tensor,-which-couplesrepresents the
Reynolds stress tensor, coupling the mean flow with MWWW%
(=), denote time-averaged components, while primes, (-)’, representfheme&&aﬁd{heﬂﬂema%mgeempemﬂ%&eﬂhefespeewe

In this model, fr medels—the-effective-thrust-denotes the homogeneously distributed effective thrust force of the mul-
tirotor system, whereas—while fy




els—represents the aerodynamic forces exerted
by the ABL-control wings. These forces are uniformly distributed across the cells of the numerical model, e-g--simulating
a steady-state flow condition. Due to the simplicity of the applied aerodynamic loads, unsteady models are deferred, and

higher-fidelity simulations, such as Large -Eddy simulations;are-also-deemedfutile-Simulations LES) are considered unnecessar
for this proof-of-concept in

150 mmmmmm § 3.1, the eurrent-steady
steady-state RANS model is sufficient for the-carried-analysisthis proof-of-concept investigation.
The-turbulent-wind-farmflow-Turbulent flow within the wind farm is modeled using the shear-stress-transport (SST) k& — w
model (?)based-on-an—uncertainty-assessment-condueted, selected based on uncertainty assessments by ?. The SST model
betongs—to-the tinear-eddy-viseosity-etass-offalls within the class of linear-eddy-viscosity RANS models, which-assumes—a
155 linearrelation-assuming a linear relationship between Reynolds stresses and the mean strain rateti-e-the-, following Boussi-
nesq’s hypothesisy:

— 2
R~ —21/,5S—|—§Ik, (3)

where v; is the eddy viscosity, S = (Vu + (Vﬁ)T) /2 +is the mean strain-rate tensor, I is the seeend-erderidentity tensor, and

F=t(R)/2-k = tr(R) /2 is the turbulent kinetic energy. The eddy viscosity is eomputed-from-the-turbulent-kinetic-energy;
160 calculated from k£ -and the specific dissipation rate, w, which-can-be-estimated-using-using the following relationships:

and-
k1/2
= —. ()
cy/*D

}mfh&expfesﬁmfs—abwer%%and Uoo are the far-field turbulence 1nten31ty and fefefeﬂee—ve}eer%yﬁrfhe

165 , respectively, with U,

The constant C), =0.09, and D is-represents the reference length scale—Here;—, which is the side length of the multirotor
system is-adopted-as-the reference lengthseale-{see(Fig. 2).

The effects of the multirotor system and ABEL-centrolling-ABL-control wings are modeled as body fereeforces (?), such-that
the-effectiveforees-are-uniformly-distributed-distributed uniformly across the finite-volume cells eomprising-corresponding to



170

175

180

185

190

195

the multirotor and AB

wing regions. The thrust force, fr,
is represented-as-a-source-term-in-i Wthe momentum equation in-(Eq. 2;-and-itis-estimated-using) and calculated

as:

fr = (; pD2U30> Cri, (6)

where Cr is the €

‘ i i sinsexperimentally measured thrust coefficient, and D? is the projected area of the
multirotor system. Similarly, the force exerted by the ABL-control wings, fyi, is represented as:

1
fyr = <2pAU§O> (Cowi+Cywi), (7

where €1 Cy = Cp wi+ Cy gl is the wing’s effective force coefficient. The-foree—coefficientsThese force coefficients,
Cr and Cy, are determined from experimental ebservations-of-a-sealed-medel-at-data obtained from TU Delft’s Open Jet
Facility (?). Further details on the experimental facility can be found on -(?)the corresponding reference.

2.2 Numerical setup

In this werkstudy, all numerical eomputations-are-performed-using-simulations were performed using OpenFOAM 9—(22)-
Joitntly—with—the momentum—soureces——i+e——v9 (??), incorporating momentum sources fy- and f7, computed
ustﬂg%Mefneﬂfum-fheefy-basee}eedeWtﬁefr calculated via a Momentum-Theory-based code developed by the authors (?).

systems-and-These momentum sources were distributed across the computational grid in a cell-volume-weighted manner,
centered on the finite-volume cells representing the multirotor systems and the ABL-controlling wings. The multirotor extends
one-region was modeled as a single finite-volume cell in the streamwise direction(i-e-one-eet-thiek)-and-is-, extending 1D
-teng-in the spanwise ;(z-direetion) direction. The height of the multirotor system-region-is-region is also 1D, with its-base
M@%MWWWMWMMM The ABL-controlling

were similarly represented as one finite-volume
cell thick in-the-vertical,—-directionsregions with a span of 1D. The computational domain extends-50-<20D<10D-in

the-downwind;-measured 50D x 20D x 10D in the streamwise (z-spawises-), spanwise (2), and vertical 5—(ys-) directions,
respectively—Fhe-multirotor-array-istocated+0D-downwind-, with the multirotor array positioned 10D downstream of the
inlet. These domain dimensions satisfy alt-mintmum-domain-sizing requirements-to-minimize-the-the minimum requirements

necessary to mitigate boundary effects on the-performance-of-the-turbine—(??)-DPetails-turbine performance, as outlined by ?
and ?. A schematic of the numerical setup are-shewn-is provided in Fig. 3.

wings are
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Numerical model

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.

A steady-statesteady-state, incompressible solver(i-e:, s impleF oamyisseleeted, was used for the simulations-The-SIMPLEE

method-is-employed—, utilizing the SIMPLE algorithm for pressure-velocity coupling. The-Gaussian integration was used

applied with different interpolation schemes for the-spatial-diseretizationof-differential-operators—Fhe-spatial discretization,
Specifically, second-order linear interpolation was employed for gradient terms, the-second-order bounded upwind interpo-

lation for divergence terms, and the-second-order linear corrected interpolation was-employed-for-the-for Laplacian terms.

The Geemetrie—pressure field was solved using a geometric agglomerated algebraic multigrid (-e—a—V-cycletype)selver

was-adopted—with-the-) solver with a Gauss-Seidel preconditionermethodfor-pressure-and-its-symmetrical-version—, while
its symmetric version was used for velocity and turbulence variables. An error tolerance of +><+6=51 x 10~5 was adopted for

all smooth solvers.

Meodeling-Typically, modeling a neutral ABL involves prescribing inlet boundary conditions previding-that provide log-
law type-ground-nermal-inflow—boundary—cenditions—fer-wind-profiles for velocity and turbulence guantitiesrelative to the
ground (?). However, for this proof-of-concept w i i it i
study, a simplified approach was adopted, applying uniform (Dirichlet) profile-for-veloetty-and-turbultence-model-quantities-and

rofiles for both velocity and turbulence quantities at the inlet, with a zero-gradient (Neumann) boundary condition for pressure.
This simplification assumption-allowsfor-generalizingthe-currentresults-by-eliminating-ambigueusness-helps generalize the

results by removing complexities associated with ground-normal velocity profiles. The sides-of-the-domain-are-meodeled-as

conditionforpressure—The-domain’s-inlettop~-top and side boundaries are-modeled-with-of the domain were assigned no-sli
(Dirichlet) inletboundary conditions for velocity, pressure, and turbulence-model-quantities—The-bottom-surface-of the-demain
is-turbulence variables, while the outlet boundary was modeled as a free-stream condition with zero-gradient pressure. The
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bottom boundary employed a slip (Neumann) bemﬂafyeeﬂdfﬁeﬁfe%cmm velocity and turbulence variables-and

quantities, with a zero-gradient condition

for pressure.

The free-stream win

corresponds to a Reynolds number based on the multirotor side length, Rep = DU, /v, of approximately 4 x 10%. Turbu-
lence quantities WWM%WWa baseline free-stream turbulence intensity levelref—%lﬁ%
WMN
conducted at TU Delft’s Open Jet Facility. This selection ensures that the multirotor 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

2.3 Cases descriptions

This study explores seven
distinct configurations of wind regenerative systems, each comprising multirotor setups combined with either four, two, one, or
no ABL-controlling wings. To iselate-the-effeets-of-the-assess the impact of induced drag from the ABL-system wing’s-indueced
W%Wm%%w@pgﬁm@ numerical models are subdivided-inte
those without it. This distinction is critical, as the induced drag of the wings may intensify the multirotor’s wake, potentially

outweighing the wake regeneration benefits of the system.
The thrust coefficient i

based on experimental measurements of a scaled multirotor system operating at a tip-speed ratio of 3.1, resulting-in-yielding
an effective thrust coefficient of approximately &r—=06-72—TFhe-effective-liftforee-coefficient-of-the-C'r = 0.72. The ABL-
controlling system-amounts-to-Cy——0-82-The-effective-indueed-drag-system is characterized by an effective lift coefficient
of the-ABL-eentrolling-system-is-Cr—"0-15C, w = 0.82 and an induced drag coefficient of (', yw = 0.15. In all test cases,
&%d#wtm@@v%are kept constant and are-hemegeneously—distributed-ameng-atuniformly
distributed among the wings in a :
csllvolume:welehted fshion (rfer (2 he lower panel of Fig, ). A detaled summary of the cases contemplated-n-he-curren
investigated, along with their respective nomenclature, is presented in
Table lfmwﬁat&eﬂumef%pfm%tdeéemnp}emeﬂf&fyﬁe%ea%eﬁﬂ—%} . Additional test cases are discussed in detail in ?.

10
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Table 1. Summary—The table provides a summary of the relevant operational parameters for the analyzed wind regenerative system

configurations. The nomenclature is defined as follows: "zW" represents a configuration with x ABL-controlling wings, and “ND" (i

“no drag") indicates the absence of induced drag from the anatysed-systemswings.

ABL-devices force coefficients Number of ABL-

Case name (Cewi, Cywi) controlling wings
Baseline (0, 0) 0
1w (0.15, 0.72) 1
2W (0.15, 0.72) 2
4w (0.15, 0.72) 4
IW-ND (0, 0.72) 1
2W-ND (0, 0.72) 2
4W-ND (0, 0.72) 4
3 Results
3.1 Grid-independenee-analysis-Grid convergence and computational model validation

The %ﬂg@#&h&ee}ke}aﬁeﬁf&was—%mwmo minimize the grid-sizing-inflaence-on-the-effect of grid

resolution on total pressure, i defined as

convergence was deemed achieved when the total pressuresampled-at-different-planes-downwind-of-the-turbinesis-insensitive
{ess-than-, measured at various planes downstream of the multirotor, exhibited consistency (within 1%different)-te-) despite
further grid refinements. Grid—refinements—were—performed-Successive grid refinements were implemented by halving the

found-that-a-grid-with-cell-sizings-of Al/D-~-0-03cell size, Al.

Through the grid convergence study, the following cell sizes were found to be sufficient: AL/D = 0,03 in the near-wake re-
gion (4D2D-2D-wide-defined as a 4D x 2D x 2D box centered on the turbine):-Al/D-~-0:06-, Al/D ~ 0.06 along
the wakeand;—Al/D=-0-27-, and Al/D ~ 0.27 in the far-field was—sufficient-for—grid-independentresults—Theresulting
computationat-grid—eonsisting-of &+ 2:4-x10% eells;is-sehematieatty iHustrated-region. This grid configuration produced a
computational mesh of approximately 2.4 x 10° cells, ensuring each blade-tip yortex 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,
Di._

Subsequent-to-the-grid-independenee-Following the grid convergence analysis, the present numerical model is-was validated
by comparing the-modekts results to experimental data eeteeted-obtained at TU Delft’s Open Jet faeitity-at-Rep—~-3-8-x10
n-Figs-Facility, with a Reynolds number of Rep ~ 3.8 x 10°, Figures 4 and 5 - the numerieat-and-meastred-—colored-wake
profilesate/-D-—1-(-e-onediameterpresent the wake profiles, color-coded by the normalized streamwise velocity (u,/Us) at

2 /D = 1 (one multirotor side length downstream of the multirotor system)are-shown—the-eurrent, for both the numerical and

11
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Table 2. Results of the grid-independenee-grid convergence analysis. The “Fine” mesh is-adopted-in-thisstudywas selected for the final

simulations. The relative error refers-to-denotes the normalized error-difference between two consecutive grid refinements.

Mesh Size of smallest Number of finite- Relative error in
grid element Al/D volume cells total wake pressure, p;
Coarse 0.07 1.9 x 10° -
Medium 0.05 5.4 x 10° 0.06%
Fine 0.03 2.4 x 108 0.03%
Dense 0.02 7.6 x 106 0.03%

experimental setups

&Py%B—l—Qﬂ—Mmea&ﬂqﬁeeeﬁdﬂH%y%D—G% The reference velocity mmlme averaged data

obtained-through-Particle Image Velocimetry —Further-details(PIV) data. Detailed descriptions of the experimental setup ean
befeadrgrvgg\v@lg/@g in (?) and (?).

numerical results demonstrate —ug(x=0))/U
within the region behind the multirotor ﬂegteﬁ&e’feﬁpﬂajeetedﬂfe&(represented by the white-hashed regiomdue-to-area),
consistent with the homogeneously distributed thrust coefficientbased-on-Momentum-theory—The-experimental-results-show;
in-eontrastveloeity fields with-local-fluetnations-due-to-, In contrast, the experimental results reveal local velocity fluctuations
resulting from the discrete nature of the scaled multirotor array—Fhe-experimental-setup-comprises—a—multirotorsystem
with-a—4-4-, consisting of a 4 x 4 vertical-axis rotors-array—Nonetheless;—the-resultsshown-in-the-figure-uphold-the-rotor
configuration. Despite these differences, the figure demonstrates a strong correlation between the eurrent-numerical-and-the
reference-experimental-datanumerical and experimental results, underscoring the validity of the numerical model.

InFig.

lel\:,lg}lvr? 5, the validation exereise-is extended to aceountfor-include the effects of fhe—ABL-eeﬁ&e}hﬂg@\ngggtvrgl wings.

at /D =1 are presented for both experimental and numerical results;-evidentfrom-the-induetionfield-behind-the-multiretor
ey%eﬁkmd—theﬂze—aﬂd*hapeﬂ#ﬁwﬂwmg-ﬁp*emee%—a%y@w%% The core of the measured blade-tip vortex is located

12
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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 white-hashed region denotes the multirotor’s projected area. The figure presents ug-velocity colored fields at z/D = 1,
with no ABL control applied. The experimental velocity field was reconstructed from time-averaged PIV data (see (?) and (2)), while the
numerical results were obtained in this study using RANS computations.

At z/D = 2, PIV measurements from (?) place the vortex core at y/D = 1.54, whereas the numerical model predicts a position

of y/D = 1.59, corresponding to a 3.2% error.

3.2 ABL-controlled wake characteristics

Figure 6 presen syt Ussillustrates the normalized
streamwise velocity fields, u, /Uy, at various planes downstream of-the multirotor system (with the erigin-of-the-coordinate
systemytew/5-==0coordinate origin, /D = 0, at the multiretor’stocation-location of the multirotor system). In all panels,
the sithouette-of-the-multirotorsystem-is-overlaid-in—whiteforreferenee—The-white-hashed region denotes the multirotor’s
projected area, whereas the ABL-controlling devices are represented-by-the-indicated by dotted line segments. The top row
ittastrates-the-wake-of-panels represents the wake for the Baseline casewithout-ABL-controlling-features—The-subsequentrows

depiet-, without ABL-control features, while the subsequent rows show results for increasing numbers of ABL-controlling
devices;—. These cases are labeled as 1W-ND *~(one wing, no induced drag)fer-ene-wing, 2W-ND Hfor(two wings, and-—no

13
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Figure 5. Comparison between simulated flows (on-theteft-hand-sideleft) and experimental flows (en-theright-hand-sideright) behind the
ABL-controlled setupstrotor-projected-arearepresented-by-the-, The white-hashed region )denotes the multirotor’s projected area. The ABL-
controlling devices are represented-depicted by the dotted line segments. The figure displays—tzshows u,-velocity eetored-color fields at
#/4H—==+x/D = 1. The experimental velocity field was reconstructed from time-averaged PIV data (refer-tosee (?)), while the numerical
results were obtained in this study threugh-using RANS computations. Vistuat-A visual inspection ef-the-figure-highlightsreveals a strong
correlation between the numerical and refereree-experimental reference results.

induced drag), and 4W-ND *for-four-wings-—The-(four wings, no induced drag). The induced drag effects of the wing’s-indueced
dfagafeﬂefeeﬁs&defeém{heseeaseswm s are neglected in these simulations.

In the ABL-controlled cases, the wakes exhibit in general an upward motion with lateral expansion, driven by the counter-
rotating --wing-tip VortlceseﬁGase&JW-NB—ZMLND—aﬂdréWND—Addt&eﬂa}}y—fGFGas& For the 1W-ND faid-case, wake

faster than those near the twe-wing-tip vortices (afeﬁﬁd—t-heﬁ@%f@%ﬁ]r&nesz D = £0.5), which aseend-to-the-flow-reach
the region above the turbine (#/D—=>3+20y/D > 1.10) at lower speedsvelocities. In the absence of ABE-controlling-deviees
{ie—the-ABL-control (Baseline case), wake re-energizing relies—solely-recovery depends primarily on momentum exchange

via-veloeityfluetuations—on-the-through velocity fluctuations at the wake’s outer shear layersof-the-wake;—which-is-netably
., a process significantly less efficient than the wake-steering technique evaluated-employed in this study. This ebservation

14
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Figure 6. Streamwise velocity contours at various downstream locations, x /D, behind the multirotor system (with the rotor projected area
shown as the white-hashed region). The top row shows the baseline case without ABL-controlling devices, while the subsequent rows present
cases with 1, 2, and 4 wings, respectively (wings indicated by white-dotted lines). The effects of the wings’ induced drag are excluded from

is-evident-from—a-visual-examination-ofthe-volume-of-thecan be seen in the larger volume of high-induction flow regien
case compared to the ABL-controlled configurations. These conclusions are expected to hold for flows with higher free-stream
turbulence intensity-levels;provided-thatlarge-intensities, provided large-scale vortical structures are not dissipated er-depleted
due-to-by flow instabilities.

The velocity fields in Fig. 6 indicate-demonstrate that the advection of the-high-induction fluid parcels behind-the-multirotor
system-to-into_the flow above the wind-farmflow-is-considerably-improved-when-designs-with-wake region is significantly
enhanced when using two or more wingsa i i i i i i i
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of- m‘m&i& Cases 2W-ND and 4W- NDeempafed%&Gas& compared to the single-wing configuration (1W-NDean
a-). This increased efficiency is evidenced by the narrower
velocity-deficit region in the wake for /D > 5 in Cases 2W-ND and 4W-ND, fheﬁe}eetty-deﬁetﬁegmtﬁeﬁﬂmgfheﬂv\fake

NenethelessHowever, despite the everall-mere-efficientupwards-more effective upward advection of the wake promoted-by-the
e*tpa—wmg&ef—enabled by the additional wings in Cases 2W-ND and 4W-ND, the velocity-deficitflow-is;-on-average; towerin

the maximum height of the wake fs—y%B%%(%—ﬁeFGasereaches ~ 2.6 in the IW-ND ‘whefeaﬁeib@ases%—cw
in Cases 2W-ND and 4W-ND, the maxi 2

limited to y/D =~ 2.2. It is important to note that the total vertical force is-the-same-tnexerted 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 (i.e., Cases IW-ND, 2W-ND and 4W-ND, shown in Fig. 6) against the results with (i.e., Cases 1W, 2W, and 4W,

shown in Fig. 7) induced drag reveal that the main flow features of the ABL-controlled systems, such as the vortexes formation,
shedding and advection, are not significantly 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 the Case 1W, for which results
are shown on the second row of Fig. 7, the concentrated drag force induced on the flow by the single ABL-controlling wing
breaks up instabilities over the outer shear layers of the wake. Such instabilities, which originated due to the local curvatures in
the induction field behind the drag-inducing wing, are more pronounced on the near-wake region, i.e., at /D <~ 4, and are
quickly diffused under the action of viscosity.

Wind-farms-with-Wake flows incorporating ABL-controlling devices feature-exhibit enhanced momentum exchange between
the Wdﬁfmﬂwwm&and the flow abovethrough-, primarily facilitated by wing-tip vortices. Thus;to-Note that
we refer to the region below = 1.10 as the “wake flow region". To fully understand the flow-mechanisms-prometing-the
upwards-mechanisms responsible for the upward motion of the wake, and-morespecifically,to-understand-why-the-particularly
wmomentum—deﬁcn fluid parcels are advected ﬂpWﬂde—&thfkfeﬂ%m rates depending on the number of-wings

ies-and positioning of the wings across different z/D
planes, visual analysis of the velocity fields are-alone is insufficient. Instead, assessing-the-flow-through-a more comprehensive
understanding is gained through an examination of the vorticity fieldsis-essential—,
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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 (rotor projected area represented by the white-hashed region) at different downwind
locations, z/D. Each row shows, from top-to-bottom, results for the ABL-controlled system with 1, 2, and 4 wings, respectively (represented
by white-dotted line segments).

Figure 8

resents the normalized streamwise vorticit
365 fields, w, D /U, at various cross-sectional planes ef-theflew—fer-downstream of the ABL-controlled multirotor system
showing the influence of an increasing number of ABE-eontroHing-wings—

G&SHW—ND%&WWWMNVOHICIW -colored fields;—shown—in-the—top—row—of Fig—8;reveal-the-two
cases involving varying numbers of ABL-controlling WMMMMMWWMM

370
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denotes the projected area of the multirotor, and black-dotted lines represent the wings. In the IW-ND case (top row), the
vorticity fields reveal two counter-rotating wing-tip vortices, which are advected upwardsand-cause-the-upward-motion-of
375 Wﬂw%%wmm%\mmhe symmetry plane of-the-flow;
He-si i i (z/D = 0) while inducing downwash in the high-momentum
flow above the mﬂw%%mm@mzw ND and 4W-ND s-an
Mﬁgeﬁpwmemﬂ%cwmmﬁof the wake is also-ebserved—However-the-mechanisms-of

warranting further analysis.
To betterunderstand-

To further dissect the ABL-controlled flow efCases-dynamics in the 2W-ND and 4W-ND Hetus-first subdivide the-adveetion

scases, the wake

385 advection process is subdivided into three distinct stages vortex formation (z/D ~ [0,2 a:%BGw—PQ,—Er}

vortex coalescence (/D ~ |2,5]), and iii. Mﬁa@eemep%tmﬁgﬁﬁeﬁeﬁfefm&&mmep%h&m

x/D ~ [5,00]). These stages capture the progressive mechanisms of wake displacement.
During the vortex formation stage, wing-tip vortex-is-adveeted-vortices are carried downstream by the mean flow. Cencomitantly;

390 the-vertices—that-are-Simultaneously, vortices above the barycenter of the vortical system (i-e-the horizontal line equally
&pper&e&mg%hew%ee&abmﬁkwﬁhﬂwﬁeeﬁbdewﬁggm) are pushed outwards-outward from the sym-

inward toward it. This lateral self-induced —During-the-vortex-coaleseing-proeessmotion is visible at /D = 2 in the 2W-ND
395  and 4W-ND cases (Fig. 8).
In the vortex coalescence stage, the low-pressure regions-correspondent-to-the-core—cores of the wing-tip vortices aet-as
W%GHWMW%WWMMWMO
two skewed ;-counter-rotating v
ie—structures, Mﬁ%mmmmwwmwmn-
400 duction fields of s-these vortices propel the paired
Wlnto the atmosphere Netiee-thatfor-Notably, in Case 1W-ND, this—third-step-co-oceurs—with-the—vortex
tor-yortex advection occurs concurrently with vortex formation,
Mwmof the vortex paired-in-Case 1 W-ND-takes-signifieantlylesstime-to-move-to
WMWWWWMW Fig. 7.
JM@%&@WM@&M 2W, and 4W4heeeﬂm&fwewﬁf
the-streamwise—vorticityfieldsfor-the-eases—). A comparison between setups with and without the-effects-of-induced-drag

405
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Figure 8. Streamwise vorticity contours highlighting the wing-tip vortices generated by different ABL-controlling configurations.
Top-to-bottom rows represent results for 1, 2, and 4 ABL-controlling wings (depicted as black-dotted line segments), respectively.

reveals-induced drag shows that, despite the considerable-magnitade-of- C5yy--the-substantial contribution of C, -, the overall
dynamics of the wing-tip vortices arerelatively-unaltered-in-the-presence-of-the-induced-drag-effeetsNonethelessitis-eviden
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unaffected. However, drag forces introduce flow instabilities in the upper regions of the wake—Such-three-dimenstonalities-are
i , which

are associated with increased turbulent mixing. These three-dimensional instabilities may enhance interactions between the
wake-flow region and the flow abovethe-wind-farm.

Given that the-wing-tip vortices are-serve as the primary mechanism for meving-the-transporting low-momentum flow-of
the-wake-upwards in-exhange for-moving the wake flow upward while simultaneously drawing high-momentum ABL flow
downwardsdownward, a simplified analysis of the-flow-in-the-view-of-these vortices using the Kutta-Joukowski theorem is
deemed relevant. Eet-us-denete-Denoting the circulation around a closed contour in an arbitrary crossflow plane s-zby-+5-

H-the-conservative-flow-assumption-is—adopted(yz) by I',, and assuming a conservative flow, the Kutta-Joukowski theorem
expresses-thatallows us to approximate the circulation associated with the wing-tip vortices ofin Case IW (or IW-ND) ean-be

approximated-byas:

D
Ly = —CyUny ()

Mefeeveflf@w/gm% it is al%e%mew—frmwete&ﬁa%#w%wknown that the tangential veloc1ty U
induced by a pein
approximate-the-eurrent-flows—te—-point vortex at a distance r from the vortex center is given by uyg = —I',. /2. Under the
assumption of a conservative flowidealization—it-is-straightforward-, it follows that the vertical velocity ity {=/D) 1wy,
induced at the symmetry plane =/B=-0-ofthe-flowwu;{=/D=0)-duetoz/D = ( by the two wing-tip vortices for-of a single
ABL-controlling wingis-, is approximately:

i )

This result indicates that the upward advection

of fluid parcels %eﬁe—wﬂ%%expee&&m%&e%—@yhﬁe—eeﬂ&%&ng}yscales with Uy, near the z/D =
lane due to the action of the wing-tip vortices. By contrast, the vertical velocity induced en-by one wing-tip vortex by
i-e;on another, scaled by the distance

R

D,isu,(z=+D/2) ~ C,U,, /47t, leading to the ratio:

R}

uy(z/D =0) uy(z=0)
(/D= 51/3 1= 3D])

~ 4. (10)
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The resultsresult in Eq. 10

the-flow-pareelsin-close-proximity-explains why wake flow parcels near z /D = ( are advected upward more rapidly than those
closer to the vortical structures themselves. FigureThis behavior is confirmed in Fig. 9, shewing-the-t-veloeitycolored-flows
past-which shows u,,-colored velocity fields at /D = 7 for various ABL-controlled wakesat—= =7 i

- 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-NDare-similar

respeetively—Resultsfor-Cases

and-) are omitted for eoneisenessbrevity, as they exhibit similar behayior.

=
o
Uy /Uso

—-0.1

—0.2

—-0.3

Figure 9. Wakes-of-Vertical velocity u, /Us in ABL-controlled setups;-eelored-b-;/E=— The white-hatched region represents the ro-
tor’s projected arearepresented-by-the-white-hashedregion, and the white-dotted lines depict the ABL-controlling devicesrepresented-by
white-dotted-tinesegments). This figure iHustrates-confirms the euteomes-behavior described by Eq. 10, wherett;-ts-atits-showing maxi-

mum u, at the 2/B==06-2/D = 0 plane.

mentioned, the visual inspection of the velocity and vorticity fields abeve-{see-(Figs. 7 and 8) s-it-was-concluded-that-suggests
that setups with more wings enhance the advection of low-momentum fluid parcels is-more-efficient-in-setups-with-a-greater
number-of-wings—This-assertion-isrevisited-compared to the setup with a single wing. Re-examining this in light of potential

flow theory:—, the circulation associated with each wing-tip vortex, Fz—eauses-the-1';, causes vortices generated by wings

at lower helghts to push those fefmedrby—me%tgheﬁvmg&at higher locations outward. Simultaneously, vortices at higher

D locations exert an inward

influence on those below. This phenomenon is evident from the relative positions of the vortex cores refative-to-the4along the
y-axis en-the-s/D-=2panelsforin the /D = 2 panels of Cases 2W and 4W in-(Fig. 8- DPuring-the-vortex-coalesecencestep;
the).

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 resultingfrom-generated
by the circulation of the fep-mes&vef&ee&faethfat&tmwgvrgggsvgluhe upward advection of the bettom-mest-vortices:
This-proeess-is-lower vortices, driven by the un




coalesecence-and-adveetion-occuraround-/H—=4inpressure field. This coalescence, followed by upward advection, occurs

around z/D = 4 (Fig. 8). Consequently, only-around-/D-=-4-do-at approximately /D = 4, the low-momentum fluid parcels
460 sswirling-trapped within the vortices s-encounter favorable conditions W@WM higher regions

of the ABL. The requirement for thef

formation and coalescence before efficient wake advection explains why systems with more wings are slower at elevatin

the wing-tip vortices, despite being more efficient at transporting low-momentum flow upwards;-while-simultaneousty-being

465

From this analysis, the most significant distinction among the examined ABL-control configurations emerges when categorizin

470 them into two groups: single-wing setups and those with multiple wings. Figure 10 ineludes-presents a schematic diagram of
illustrating the momentum transfer mecha-

classified-into-these-two-categoriesobserved in these two types of configurations. In the diagram, arrow thickness indicates-the

475 intenstty-(re-magnitude)-of the-underlying-veloeityfieldrepresents velocity field intensity, while vortex cores are depicted as
spirals. The-flow-evolution-isrepresented-Flow evolution is illustrated in three stagesfor-both-cases, progressing from left to
right for both configuration types.

3.3 Momentum entrainment

In the previous subsection, the topetogy-of-the-wakes-of-the-wake topology of ABL-controlled systems was analysed-using
480 the-analyzed using velocity and vorticity fields. This subsection focuses on the momentum and energy balances of-within the

ABL-controlled flows for the different design strategies ef-considered in Cases 1W, 2W, 4W, 1W-ND, 2W-ND, and 4W-ND.

In the RANS framework, the momentum flux across a differential surface element dS enclosing the wake behind the

multirotor system is roach, this expression is a

where j denotes the index of the finite-volume cells that form the surface S in the computational fluid dynamics (CFD
485 mesh, and S represents the surface area vector of the cell. Considering that the computational mesh is composed of planes

with uniform cell sizes, Al, and the cells are represented by cubic finite-volume elements, the surface area vector can be
i-th cell is

for the y-normal (horizontal) plane, and (pAl)u. ;u; for the z-normal (vertical) plane. Therefore, the streamwise momentum

transferred across these planes is (pAl)u,. u, ; for the horizontal plane and (pAl)u. ;u,. ; for the vertical plane.

u - dS)u. In the finite volume a;

expressed as S = Ali + Alj + Alk. Under this assumption, the momentum transferred across the
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Figure 10. Schematic diagram illustrating the mechanisms driving upward advection in the wake. Setups with a single wing (represented
by green line segments) move wing-tip vortices farther up into the atmosphere. In contrast, setups with multiple wings elevate the wing-ti
vortices more slowly but more efficiently transport low-momentum flow upwards.

To evaluate the streamwise momentum exchanged between the wake flow and the surrounding fluid, we propose using the

normalized velocity products u 1, /U2 and u.u, /U2 across the horizontal and vertical planes, respectively.

Figure 11 presents the velocity products at-on a horizontal plane at y%B—l—k%eqaa%ﬁaﬂve}yﬂssess—meﬁ%BL-eeﬂtfe}}mg
D =1.1, offering a qualitative

assessment of the impact of ABL control on streamwise momentum flux. Positive values of the product —tt#tz-u,u,, indicate
he-the plane

momentum transfer from below
to above, while negative values signify the entrainment of hich-momentum ABL flow into the wake, which is most prevalent
at |z/D| > 0.5. The results shown in Fig. 11 align-with-previeus-ebservations-corroborate previous findings from the veloc-

ity fields-in§-3-2,showingfield analysis discussed in Section 3.2. They confirm that all ABL-controlled setups-significantly
inerease-configurations significantly enhance vertical momentum exchange between the ABE-flow above and the wake —TFhis

mefeaser&expeeted—gwe&ﬂgv&%mumhe higher vertical velocity eempeﬂeﬁkebsefved—nhéd%b-eeﬂ&e}}eeksefupr
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using-components observed in these setups. Furthermore, the u,u, fields demonstrate a notable performance improvement
when employing the 2- er-and 4-wing design-designs compared to the single-wing design-of-configuration in Case 1W. This
improvement arises—from-is attributed to a more uniform distribution of circulation £5-I'; across the wake—This-tniformity
. which reduces the average distance between the rotation-center-of-the-wing-tip-vortex-vortex core and the low-momentum
flow pareelsinregions within the wake, thereby enhaneing-mementum-fluxes-aeross-the+/H—=-1-0-increasing momentum flux
across the y/D = 1.0 plane.

Figure 12

shows the velocity product u, u, from a side-plane view at =/D-=0-5z/D = 0.5.
Positive values indicate momentum transfer towards-the—z-direetion-in the z-direction (out of the page-plane), while nega-

'

tive values indieate-the-opposite—tn-setups-represent momentum transfer in the opposite direction. In configurations with a
single wing, such as Cases 1W and 1W-ND, momentum exchange is predominant-in-the-near-wakeregionand-is—primarty
influenced predominantly concentrated in the near-wake region, driven largely by the tip vortices of the single-ABL-generated
by the ABL-controlling device. In eonfigurations-with-mere-wings—-the-contrast, configurations with multiple wings exhibit
a more evenly distributed momentum exchange between the wake and surroundingflows-is-distributed-among-the-multiple
the surrounding flow across the various ABL-controlling devices. The 4zt;—plots—alse—reveal-that-regions—with-velocity
products also demonstrate that regions of positive momentum entrainment (brightly-ecotouredregions)—are-represented by
red-shifted colors) remain aligned behind the disk actuator m—semps—wﬁh—mefe—wmgsmmnwm

This suggests that whi yv-although configurations with

additional wings may be less effective at rapidly advecting wing-tip vortices upwardsupward, they are more efficient at pushing
introducing high-momentum flow into the wind-farm-flow-wake from the sides.

The-comparison-of-Comparing the momentum fluxes between the wake and the surrounding flews-flow for models with and
without the-induced drag from ABL- controllmg wings reveals that the mpaem of induced drag depends-on-how

te-significantly influences the dynamics of

the ABL-controlled flows. The results in Figures 11 and 12 demenstrate-indicate that higher momentum fluxes occur when
induced drag is concentrated on a single wingg, as seen in Cases-Case IWaﬂd—l%V-NB)—}frsefups—wﬁ}rmﬂmp}ewmgs—whefe

When-the-. For cases where induced drag is concentrated at-on the top wing element (at y/D=-+1yy/D = 1.1), there are
larger velocity gradients in the near-wake regionef-that-wing. These gradients, combined with the shearing processes in the
outer layers of the wake flow, lead-te-mere-intense-result in increased vorticity production and, consequently, more vigorous
turbulent mixing. In configurations with mere-multiple wings, this effect is spread-distributed over a larger region-portion of

the wake, making-the-impactlessproneuneedresulting in a less pronounced impact on the wake dynamics.
Lastly;the The efficiency of the eurrent-ABL-controlling strategy is alse-assessed-further evaluated through the total pressure,

presprie)p & pu(x), defined as:
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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,

yP=tty/D = L1
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Figure 12. Produets-of-erosswind-Crosswind and streamwise veloeities-velocity products at a plane at-on the left-hand-left-hand side of the
disk actuator model (represented as a white box) plane;=/D—=-0-5at z/D = 0.5.

avattable-in-the-wake-—The This total pressure is integrated inside-within a flow volume defined-by-corresponding to the projected
5 =4

cross-sectional area of the actuator disk surface, i-€-
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540 defined as {z € [0, +o0;y €]0.1D,1.1D];z € [-0.5D,0.5D]}. The variation of total pressure along the wake, pr{z=};—are
shown-py (), is presented in Fig. 13.

Aceording-to-the Momentum-
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Figure 13. Total pressure distribution in the wake as a function of the streamwise coordinate, /D, for all cases examined in this study.

The total pressure is integrated within a box-shaped volume corresponding to the rotor’s projected area. Dashed and solid curves represent

ABL-controlled setups with and without wing-induced drag, respectively. The dotted line represents the results for the system without
ABL-control.

According to momentum theory, the total pressure behind an actuator disk is-given-bycan be expressed as:

1
pe(e=0)=poc + 5p((1 - 20)Us)?, (12)

545 where ¢-q is the induction factor,

Momentum theory further relates the induction factor «—relates—to-the-actuator-disk’s—thrust-ceefficient-Cr—bythe-equation
Wﬂa to the thrust coefficient C'r of the actuator disk through Cr = 4a(1 — a). For the presentsystemMomentum

stem analyzed here, momentum theory predicts the total pressure in the wake to be appr0x1mately W{-ﬂﬁ%—@}—%ﬂ%
However, in the current viscous wake modelean

~ momentum
550 recovery is driven by turbulent velocity fluctuations within the streamtube (as seer-observed in the Baseline case). When-the
Nonetheless, when an ABL-controlling strategy is appliedimplemented, wake recovery is significantly faster-accelerated due
to wake-steering, and-making turbulent velocity fluctuations beeome-a secondary mechanism for momentum entrainment and

wake recovery.

27



555

560

565

570

575

580

585

Consistent with the results shewn-depicted in Figs. 11 and —12, the total pressure integrated along the wake indicates

demonstrates that design strategies with-more-incorporating multiple wings expedite wake recovery. For-instanceSpecifically,
in Cases 2W or-and 4W, the total pressure ii-the-wakereaches 95% of the free-stream value at «/D-=-5-and-6approximately
/D =5 and x/D = 6, respectively. In-contrastfor By contrast, in the Baseline case, which-lacks-where no ABL-controlling
devices are present, wake recovery is substantially-significantly slower, and this fevel-degree of recovery is not observed within

the current computational domain extending to #/5-=-58z/D = 50.

In addition to total pressure, the analysis is
extended to the cubed velocity, %ﬁ—éﬂ%}%ﬁesukﬁf—ﬂﬂs—aﬂa}yﬁs—afﬁmmown in Fig. 14. While total pres-

sure quantifies—reflects the energy available in—within the wake, the cubed velocity is a more apprepriate—parameter—for
measuring-suitable metric for evaluating the wind power available for extraction in the wind—farm—flowwake region. The

cubed velocity plots—profiles in Fig. 14 reveal-a-significant_show a marked improvement in power recovery when the-ABL-
controlling system-is-tsed-—Comparing-strategies are applied. This improvement is particularly evident when comparing the
Baseline case to Cases 1W and 1W-NDshews-this-enhaneement-clearly. A similar imprevement-enhancement is observed
when comparing the setup-with-two—wings-two-wing configuration to the single-wing setup. Finally;—the-system—with-feur
wings—whiehNotably, the four-wing system demonstrates the fastest wake recovery among the setups—analyzed—recovers
to—configurations examined, reaching 95% of the free-stream velocity at #/D=+6-z/D =6 downstream of the multirotor
system. This-underseore-These findings highlight the potential of the-technology-compared-to-current-technologies—witheut
ABL-controtling devieesABL-control technology in comparison to current systems lacking such features.

It is important to note, however, that the present study employs a simplified numerical model to provide a proof of concept.
The results presented here are not yet directly transferable to real-world scenarios. Further research is necessary to fully assess
the benefits of wake recovery under atmospheric inflow conditions.

4 Conclusions

The-eurrent-This study introduces and evaluates a novel concept of-multirotor-wind-farmlayouts,incorperating paired-rotor
or regenerative wind energy, utilizing paired

Layer (ABL) control devices —

multirotor and multirotor-sized wings — termed Atmospheric Bound: ositioned in the

near-wake region. These rotor-sized-wings-ABL-control devices generate vortical structures within the wind-farm-wake flow,
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Figure 14. Cubed velocity for all cases examined in this study. Dashed lines represent systems without wing-induced drag, while solid lines
represent systems with wing-induced drag. The dotted line corresponds to the system without ABL-control, with the dashed line indicatin,
the 0.95 recovery plateau for reference.

enhancing the vertical momentum flux from the flow above the ABL-inte-the-windfarm-flew—This-augmentationfacilitates-the
wake-recovery process; feading to-possible inereased-wake flow into the wake flow region, thereby facilitating wake recovery.
and potentially increasing power generation per land area—Multirotor-and-ABL-controling-deviees-arecharacterized-or sea
area. The multirotor system and ABL-control devices are modeled using three-dimensional actuator surface models based on
Momentum-theory—Anatysis momentum theory. The analysis of velocity and vorticity fields reveals that large wing-tip vortices
areresponstble-foradveeting-advect low-momentum fluid parcels upward from the wake flow upwards-in-exchange formoving
while drawing high-momentum flow from the-ABL-downwardsabove downward. Additionally, it was observed that the induced

drag of the large wings eemprising-the-ABL-controllingsystems-within the ABL-control system could slightly enhance the
mixing process at the outer shear layers of the wakefor-, particularly in setups with significant and concentrated induced drag

forces. Henee;the-eurrent-These findings suggest that the induced drag of-the-wings-mayfavor-the ABL-controting-may be

beneficial for the ABL-control strategy. Furthermore, the examination of momentum flux and total pressure indicates that 5
with the adoption of ABL-controllingstrategies;the-ABL-control strategies, vertical momentum flux becomes the primary
mechanism for wake recovery, while velocity fluctuations assume-play a secondary role fer-under the assessed flow conditions.
For-Notably, in the four-winged ABE-controling-ABL-control strategy, the total pressure and power in the wake recovered
to 95% of the free-stream value at downstream positions of approximately #/D-~-5-and-=/D~6x/D ~5 and 2/D ~ 6,

respectively. These results underscore the technology’s—potential-potential of this technology to reduce the land or sea area
required for wind farms.
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However, further research is needed to assess the effectiveness of this regenerative strategy under atmospheric inflow
605 conditions, as the current findings are not yet directly applicable to real-world scenarios.

Code availability. The primary codebase which enables the multi-rotor system simulations with vortex-generating modes, is hosted on
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and example scripts to facilitate replication and extension of our work.
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