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Abstract.

The effects of atmospheric thermal stratification on the wake aerodynamics of an isolated unit of a regenerative wind
farm unit (RGWF), referred to as a multi-rotor system with lifting device (MRSL), are investigated using precursor-based
large-eddy simulations. MRSL is a wind-energy harvesting system designed to realize the concept of RGWF. The core
principle of RGWF is to generate large-scale streamwise vortices that enhance the vertical entrainment of kinetic energy,
thereby promoting wake recovery and mitigating wake-induced power losses in wind farms. The effectiveness of the RGWF
concept has previously been demonstrated under simplified inflow conditions. The present work extends the assessment to
realistic atmospheric boundary layers with different thermal stratifications. The results show that, although atmospheric thermal
stratification modifies wake dynamics, the beneficial effects of the RGWF concept remain significant under convective (CBL),
neutral (NBL), and stable (SBL) atmospheric boundary-layer conditions. In particular, MRSL’s wakes recover substantially
faster than those of conventional counterparts (i.e., those without lifting devices) across all investigated conditions, further

supporting the potential of this technology.

1 Introduction

Offshore wind is projected to become a major contributor to the future global energy portfolio despite its currently modest
share. Global offshore wind capacity is expected to increase from approximately 83 to 1800 GW between 2025 and 2050,
raising its contribution to global electricity generation from below 1% to around 10 % (note that the global electricity demand
is also projected to increase) (International Energy Agency, 2025; DNV, 2021; Global Wind Energy Council, 2025). Despite
its advantages, including sustainability, affordability (International Energy Agency, 2025), reduced land use (Kirkegaard et al.,
2023; Shiraishi et al., 2025), and strategic value for resource-constrained regions (Shiraishi et al., 2025), offshore wind faces a
fundamental limitation compared with other renewable technologies such as solar photovoltaics (PV), which is the wake losses
within wind farms (Ainslie, 1988). Unlike solar PV, whose individual units operate largely independently (Victoria et al., 2021),
wind turbines interact aerodynamically through their wakes, reducing the overall power output of wind farms. Consequently,
the marginal gain in energy production decreases as additional turbines are installed, fundamentally constraining the scalability

of wind energy systems.
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From a physical perspective, this limitation arises from the conservation of energy. Wind turbine wakes contain less available
aerodynamic power because part of the flow energy has already been extracted by upstream turbines (Manwell et al., 2010).
Consequently, downstream turbines operate in a flow with reduced energy content, leading to lower power output and reduced
annual energy production (AEP) (Stevens et al., 2016; Niayifar and Porté-Agel, 2016). Field measurements and numerical
studies reported that wake effects reduce the AEP of large offshore wind farms, such as Horns Rev I and Nysted, by approximately
10-25% (Barthelmie et al., 2009, 2010). Moreover, previous numerical studies suggest that, in the limit of very large wind
farms, wake-induced AEP losses may approach 60 % for turbine spacings of 5 to 7 rotor diameters, which these spacings are
typical of modern wind farms (Dupont et al., 2018; Bosch et al., 2019).

Recognizing this limitation, the wind energy community has long been actively pursuing strategies to mitigate wake losses,
including wind farm layout optimization (Meyers and Meneveau, 2012; Herbert-Acero et al., 2014), turbine up-scaling (Mehta
et al., 2024; Ferreira et al., 2026), induction control (Frederik et al., 2020b; Andersson et al., 2021), wake steering (Gebraad
etal., 2017; Bastankhah and Porté-Agel, 2019; Bossuyt et al., 2021; Qian and Ishihara, 2021), and other flow-control approaches

(Frederik et al., 2020a; Meyers et al., 2022; Duan and Porté-Agel, 2026). Although these methods provide measurable improvements,

the resulting gains in overall wind farm power output are typically limited to a few percent. This may be because these
approaches do not fundamentally alter the dominant wake recovery mechanism and still rely on turbulent mixing to replenish
flow energy. Consequently, further improvements in wind farm efficiency will likely require disruptive engineering concepts
that modify the underlying flow physics governing wake recovery (Veers et al., 2023).

To address these limitations, Ferreira et al. (2024) proposed an innovative wind farm concept, termed regenerative wind
farming (RGWF), aiming at mitigating wake-induced losses. The central idea of RGWF is to introduce large-scale vortical
structures that enhance flow interaction across low- and high-altitude flows, analogous to the function of vortex generators
(Zhao et al., 2022) used on modern aircraft wings and wind turbine blades, but at the scale of the atmospheric boundary layer
and wind farms (Ferreira et al., 2024). To generate these swirling motions, large lifting surfaces are integrated into wind energy
harvesting systems, for example, in the form of multi-rotor systems with lifting devices (MRSLs; see Figure 1).

Several recent studies have shown that units of RGWEF, for example, MRSLs, can substantially mitigate inter-turbine wake
losses and thereby enhance wind plant power density, achieving up to twice the power output per unit land area compared with
conventional wind farms (Broertjes et al., 2024; Avila Correia Martins et al., 2025; Li et al., 2025a, c, d, 2026b). However,
previous studies either relied on relatively low-fidelity numerical approaches or considered highly simplified inflow conditions.
In particular, none accounted for thermal stratification, a defining characteristic of marine atmospheric boundary layers (ABL)
(Stull, 2017). Previous studies have shown that thermal stratification strongly influences wind turbine wake dynamics and
vertical motions within the ABL (Chamorro and Porté-Agel, 2010; Stoll et al., 2020; Abkar and Porté-Agel, 2015; Xie and
Archer, 2017). Since the accelerated wake recovery within RGWFs is hypothesized to rely on enhanced vertical flow exchange,
atmospheric stratification is expected to play a critical role in RGWF aerodynamics and, consequently, their performance.

To further assess the potential of RGWF, large-eddy simulations are performed to characterize the wake recovery of isolated
MRSLs in realistic atmospheric boundary layers under convective, neutral, and stable conditions (CBL, NBL, and SBL,

respectively). The objective is to provide qualitative and quantitative insights into the influence of atmospheric stratification on
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Figure 1. Left: Schematic illustration of the regenerative wind farm unit, multi-rotor system with lifting device (MRSL). The envisioned wind
energy harvesting system consists of an assembly of sub-rotors and wings. The configuration shown corresponds to the down-washing (DW)
configuration. Right: Actuator-based representation of the MRSL. The rotor components are modeled as an actuator disk (blue surface),
while the lifting devices/wings are represented by actuator lines (red surfaces). Key dimensions are indicated, with D = 300m. Figure

adapted from Li et al. (2025d) and Li et al. (2025c).

MRSL wake behavior, thereby informing the future development of the RGWF concept. Also, to facilitate reproducibility, the
customized codes, simulation settings, and selected results are made publicly available in the corresponding data repository (Li

et al., 2026a).

2 Specifications of the conceptualized MRSL

The innovative wind energy harvesting system served as the unit of regenerative wind farms, termed the multi-rotor system
with lifting device, is illustrated in Figure 1. Following previous studies (Li et al., 2025d, a), the conceptualized MRSL
consists of several wind turbines acting as sub-rotors together with four wings. Depending on the wing orientation, the MRSL
configurations are classified as up-washing (UW), without-lifting (WL), and down-washing (DW). Configurations UW and DW
are designed to deflect their wakes upward and downward, respectively, whereas configuration WL, which does not include
lifting devices, serves as the reference case representing conventional wind energy harvesting systems.

The dimensions of the envisioned MRSL are shown in Figure 1. Following previous works (Li et al., 2025d, a), the MRSL
frontal area is set as a square with characteristic dimension D = 300.0m and a ground clearance of 32.5m (0.11D). The system
includes four straight wings, each with a span of D and a chord length of 37.5m (D/8). The wings are located at 25%, 50%,
75%, and 100% of the MRSL height measured from its bottom level.

3 Methodology

For brevity, only a summary of the numerical methodology is presented here. A detailed description of the numerical framework,

simulation setup, and actuator implementation is provided in Appendix A.
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This work employs the Simulator for Wind Farm Applications (SOWFA-6) (Churchfield et al., 2012; Lee et al., 2016;
Churchfield et al., 2024), a set of libraries developed within the OpenFOAM-6 framework (Weller et al., 1998; OpenFOAM
Foundation, 2018), an open-source finite-volume computational fluid dynamics (CFD) solver. Note that SOWFA-6 has been

80 extensively validated and widely applied in wind energy research (Churchfield et al., 2012; Fleming et al., 2014; Dangi et al.,
2025; Khan et al., 2025). In the present study, SOWFA-6 is used to perform precursor-based large-eddy simulations (LES)
to generate atmospheric boundary layer (ABL) inflow fields under convective, neutral, and stable thermal stratifications. The
desired thermal stratification is achieved by prescribing the surface heat flux at the ground boundary. The detailed simulation
procedure as well as computational domain are described in Appendix A3.

85 To reduce the computational cost, the multi-rotor system with lifting device is parameterized using actuator techniques
(Sorensen and Shen, 2002; Mikkelsen, 2004), as illustrated in Figure 1. The MRSL is modeled as a square actuator disk
(the term “disk” is retained for historical reasons) together with four actuator lines representing the lifting device. The body
forces exerted by both the actuator disk and actuator lines are computed from the locally sampled flow velocity. The target
rotor thrust coefficient is prescribed as Cpr = 0.70, while the lifting devices employ the S1223 airfoil polar (Selig et al.,

90 1995) following Li et al. (2025d). The actuator-based model for MRSL is implemented using a customized OpenFOAM
library termed flyingActuationDiskSource (Li et al.,, 2026a), developed based on actuationDiskSource (a
built-in library of OpenFOAM v2106 (OpenCFD Ltd., 2021)) and turbinesFoam (Bachant et al., 2019). The f1ying-
ActuationDiskSource framework has previously been applied to simulate MRSL wakes (Li et al., 2025d, c¢) and benchmarked
against experimental measurements, demonstrating good agreement (Li et al., 2025a). For further details on how MRSL is

95 modeled, see Appendix A4.

A Cartesian coordinate system is adopted in this work. The z-direction is aligned with the inflow, while the y- and z-
directions denote the lateral and vertical directions, respectively. The normal vector of the MRSL rotor plane is aligned with
the z-direction. The origin of the horizontal coordinate system is located at the center of the MRSL, such that z/D = 0.0 and
y/D = 0.0, while z/D = 0.0 is defined at the ground (see Figure A1). For clarity, subscripts 1, 2, and 3 denote the streamwise

100 (z), lateral (y), and vertical (z) components of vector quantities, respectively. Furthermore, (u1,us,us) = (u,v,w) is adopted

throughout this work for convenience.

4 Test matrix

This work investigates isolated MRSLs operating in atmospheric boundary layers (ABLs) across three stability regimes,
covering the conditions of convective, neutral, and stable. The corresponding ABL inflows are generated using the precursor
105 simulations described in Section Appendix A3. For each inflow condition, four scenarios are considered. Three scenarios
include an MRSL configured as up-washing (UW), without-lifting (WL), and down-washing (DW). The remaining scenario
corresponds to an empty domain without an MRSL, denoted as MT, serving as the benchmark case for evaluating flow-property

increments (e.g., TTaqq) and deficits (e.g., Upeficit)-
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The case labels and simulation setups for the successor simulations are summarized in Table 1. Each case is labeled according
to the ABL stability regime and the MRSL configuration. Across all stability regimes, the inflow velocity at the MRSL center
height is maintained at uo, = 10.0ms~*! through the precursors.

To further characterize the inflow conditions, the turbulence intensity and integral timescale at the MRSL center height z.
averaged over —0.5 < y/D < 0.5, denoted by (T1,) and (A), are also reported. These quantities are the averaged T1,, and
Ao of the measurements of the 30 probes within y/D = £0.5 at /D = 0.0 in the MT cases. TI, and A, are defined in
Equations (1) and (2), respectively. Here, R, (y) is the autocorrelation function of w; and + is the time separation. Note that
o is the first time separation -y at which R,,,, () crosses zero (for practical application, 0.1 is set instead of 0.0). Rather than
evaluating these quantities in the precursor simulations or over larger spatial regions, (TI..) and (A..) are measured in the
MT cases locally since they primarily affect the local aerodynamics of the MRSL.

Lastly, to avoid repetition, the integral performance metrics of the MRSL are given in Table 1 as well. These include the
performance coefficients, including the time-averaged thrust coefficient C'7- and power coefficient C'p defined in Equation (4),
as well as the normalized time-averaged quantities, covering rotor thrust TR, wing lift v, wing drag DV, and harvested
power PR defined in Equations (5) and (6). In this work, the operator = denotes normalization using the time-averaged rotor
thrust or power obtained from case NBL-WL, denoted by TﬁBL_WL and FﬁBL_WL, respectively. These quantities are discussed

further in Section 6.1.

NG TN
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Table 1. Test matrix of the cases tested with 12 successor simulations. The five leftmost columns are the case labels, the heating/cooling rate
of the ground (gwan), the configuration of the MRSL, the measured inflow turbulence intensity at the MRSL’s center height (T1), and the
measured integral timescale at the MRSL’s center height (Aw.). All cases share a roughness length zo of 10~ m. Note that the suffix MT
indicates that no MRSL is placed in the successor simulations. Then, the outcome of MRSL'’s integral performance is concatenated on the
right. Cr and C'p are the time-averaged thrust and power coefficients, defined in Equation (4). JA“R, EW, ﬁw, and P* are the normalized-
time-averaged rotor’s thrust, wings’ lift, wings’ drag, and rotor’s power, respectively, and their definitions are in Equations (5) and (6). The

normalization factors are based on the thrust and power of case NBL-WL.

Caselabel | guan [Kms™!] Config. | (Tl) (Ac)use/D | Cr Cp TR L™ DWW PR
CBL-MT - - - - - - -
CBL-UW Uw 0.76 0.64 | 113% 108% 16% 120%
0.02 4.67% 1.14
CBL-WL WL 0.71 0.57 | 104% - - 107%
CBL-DW DW 0.64 050 | 94% 110% 7%  93%
NBL-MT - - - - - - -
NBL-UW uw 0.73 0.60 | 108% 107% 16% 111%
0.00 3.46 % 1.58
NBL-WL WL 0.68 0.53 | 100% - - 100%
NBL-DW DW 0.62 047 | 91% 109% 7%  89%
SBL-MT - - - - - - -
SBL-UW Uw 0.66 051 | 97% 100% 14%  96%
—0.01 0.71% 1.37
SBL-WL WL 0.62 047 | 92% - - 89%
SBL-DW DW 0.57 043 | 84% 108% 12%  82%

5 Characteristics of the generated atmospheric inflows

This subsection examines the atmospheric boundary layers generated by the stage-2 precursor simulations. Vertical profiles of
selected time- and planner-averaged quantities are presented in Figure 2, where the operators = and (-) denote time and planar
averaging, respectively. The averaging period corresponds to the final hour of the simulations.

The quantities being surveyed include the streamwise velocity %, lateral velocity ¥, potential temperature 6, turbulence

intensity T1, vertical heat flux w’#’, and turbulent vertical momentum flux ww'. For TI, w'#’, and v/w’, both the resolved
and total contributions (resolved plus sub-filter-scale; see Equation (7)) are reported in Figure 2. Additionally, the time- and
planner averaged Obukhov lengths < L > (Equation (A16)) found in the precursors are —131.3m, near infinity, and 5.3m for
CBL, NBL, and SBL, respectively.

Tr*%! =TT 4 ZESFS/S, W =W -

total _
o E—u’w’—ngs @)

. . . ——total, . .. .
Figure 2 shows that the vertical gradients of the heat flux (w’6’ o ) in the lower ABL are positive, near zero, and negative for

the CBL, NBL, and SBL cases, respectively. These trends indicate surface heating in CBL, surface cooling in SBL, and nearly
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Figure 2. Time- and planar-averaged flow properties of the generated inflows. The quantities are sampled over the final 1h of the stage-2
precursor simulations (see Figure A2). From top left to bottom right, the vertical profiles of streamwise velocity w, lateral velocity v, potential
temperature 6, turbulence intensity T1, vertical heat flux w’6’, and turbulent vertical momentum flux w/w’ are shown. For TT, w’6’, and v/w’,
the resolved and total quantities (contributions combining both resolved and modeled) are plotted using solid and dotted lines, respectively.
The top and the bottom of MRSL are indicated with horizontal dashed lines. The initial upper and lower bounds of the inversion layer are

indicated by horizontal dotted-dashed lines.

neutral thermal conditions in NBL, which is as designed. Moreover, the values of (Wmtal> are consistent with the prescribed
surface heat fluxes gy of 0.02, 0.00, and —0.01 Kms~! for the CBL, NBL, and SBL cases, respectively. Together, these
outcomes indicate that the thermal characteristics of the generated ABLs are properly simulated.

In terms of streamwise velocity profiles across the MRSL’s projection height, the CBL exhibits the weakest vertical shear,
whereas the SBL shows the strongest, consistent with the general characteristics of atmospheric boundary layers reported in
the literature (Xie and Archer, 2017; Pefia, 2019; Dangi et al., 2025; Dar et al., 2026). Regarding turbulence intensity, the CBL
exhibits the highest turbulence level among the three cases, while the SBL shows the lowest, again consistent with previous

studies (Xie and Archer, 2017; Dar et al., 2026). In addition, the nearly linear profiles of (—u/w’ mtal>

observed in all three
cases align with those reported in earlier works (Allaerts and Meyers, 2017; Xie and Archer, 2017; Allaerts and Meyers, 2018;
Pefia, 2019). Moreover, since the Coriolis forces are set to zero, the lateral velocity ¥ remains close to zero in all cases, as

expected. As for the temperature profiles, they show that the inversion layers in the NBL and SBL cases largely remain at their
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initialized heights, whereas the inversion layer in the CBL is slightly displaced upward. These behaviors are consistent with
observations on (f) reported in previous studies (Allaerts and Meyers, 2018; Wurps et al., 2020).

Overall, the selected flow quantities demonstrate that the precursor simulations successfully delivered the characteristic
features of atmospheric boundary layers under convective, neutral, and stable conditions. The generated inflows are therefore

considered suitable for the subsequent successor simulations.

6 Results and discussions

This section presents the results of the successor simulations. First, the performance of the MRSL is evaluated through the time-
averaged thrust and power coefficients, C and Cp. The wake behavior is then analyzed using contours of the time-averaged
streamwise velocity deficit Upefcit, potential temperature 0, added turbulence intensity TIaqq, and streamwise vorticity w,,
sampled at several z-planes. The effects of different ABL stability conditions on the wakes of differently configured MRSLs
are examined and discussed. In addition to the time-averaged fields, movies of the instantaneous streamwise velocity v and
streamwise vorticity w,, are provided in the supplementary materials (Li et al., 2026a), illustrating the temporal dynamics of
MRSL wakes. Finally, the effectiveness of the MRSL'’s lifting device is further assessed quantitatively through several integral

flow properties, including the wake center positions, available flow power, and vertical kinetic-energy fluxes.
6.1 Power performance of MRSL

This subsection provides an overview of the MRSL performance metrics summarized in Table 1.

By examining the time-averaged thrust and power coefficients (Cr and C p), it can be seen that the values obtained for cases
CBL-WL and NBL-WL are close to the design points (see Section 3), namely 0.70 and 0.54. The lower values observed in
SBL-WL are attributed to the stronger inflow velocity shear across the heights of MRSL, as shown in Figure 2. The influence
of velocity shear also explains why the coefficients in NBL-WL are slightly lower than those in CBL-WL. Overall, these
observations support the validity of the current actuator-disk framework.

The normalized time-averaged rotor power PR s presented in the histogram shown in Figure 3. The normalization reference
is ﬁﬁ’BL_WL = 29.3MW. Similar to the WL cases, the UW and DW configurations achieve the highest PT under CBL inflow
conditions, followed by NBL and SBL. A notable observation, also reported in previous studies (Li et al., 2025a, c, d), is that
for identical rotor configurations and inflow conditions, the UW cases consistently produce higher PT than the corresponding
WL cases, whereas the DW cases yield the lowest values. This behavior is associated with the bound circulation generated
by the lifting devices. With the present design, the flow passing through the rotor region is generally accelerated in the UW
configuration and decelerated in the DW configuration, resulting in slight performance advantages for UW and disadvantages
for DW. Further discussion can be found in Li et al. (2025a).

The lift LW generated by the lifting devices in the UW and DW configurations is generally comparable to the corresponding
rotor thrust fR, which is one of the design objectives of the current MRSL. This criterion is chosen based on previous work

(Li et al., 20254, c, d), which shows that the concept works well under such conditions.
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Figure 3. MRSL power performance for the cases listed in Table 1. Here, ?I?BL_WL = 29.3MW, corresponding to a power coefficient of

C'p = 0.53. The values used to generate the histogram are summarized in Table 1.

The wing drag DV, consisting primarily of induced drag, is also reported in Table 1. Its magnitude is substantially smaller
than the corresponding fR, indicating that the velocity deficit is dominated by the wind energy harvesting components of the

MRSL rather than the lifting devices.
6.2 Velocity and the development of velocity deficit

This subsection examines the development of the time-averaged streamwise velocity deficit, Upefcit, for the cases listed in
Table 1, where upescit is defined in Equation (8). The velocity deficit is adopted as it provides a clearer representation of the
wake structure and facilitates the identification of MRSL-induced flow modifications, particularly under SBL conditions where
vertical velocity shear is strong. Contours of Upefcit at the selected z-planes are presented in Figures 4 to 6. In each figure,
cases with identical MRSL configurations but different ABL stability are grouped to highlight the influence of atmospheric
stratification on wake development. For completeness, contours of the time-averaged velocity components, u, v, and w, are

provided in Appendix B since Upefcir does not convey the absolute streamwise velocity magnitude or the in-plane velocity

components.
— , MT
UDeficit = U —u (8)
In addition to the contour plots, the maximum time-averaged velocity deficit T .. , the lateral wake-center position |y|WVC,
WwC —Max

and the vertical wake-center position z "™ are evaluated quantitatively. In this work, upZ;;, is defined as the maximum Upeficit
found within —2.5 < y/D < 2.5and 0.0 < z/D < 3.0. The wake-center positions are defined as the Upefcit-weighted average
locations in the lateral and vertical directions, respectively, as given in Equation (9). The streamwise evolutions of H%/[:g‘dt,

ly|W€, and W for the nine successor cases are presented in Figure 7.

3.0D r2.5D 3.0D p2.5D

| |Wc: o.00 Jo5p Yl UDeficit dy dz _we _ Joop 5 5p #UDeficit dy dz ©
= 7 3.0D (25D _ dvds = T3.0D (25D _ dvd
0.0D J—2.5D UDeficit Ay 4z 0.0D J—2.5D UDeficit Ay Az
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Figure 4. Contours of the time-averaged streamwise velocity deficit Upescis at selected z-planes for the UW cases. The definition of Upeficit

is given in Equation (8). The ABL inflow condition is indicated at the top of each column, while the streamwise location of each plane is

labeled on the right side of each row. The in-plane velocity components (v and w) are represented by arrows, with the corresponding vector

scale shown at the bottom right of the figure. The projected perimeter of the MRSL is outlined by the black square. The initial upper and

lower bounds of the inversion layer are indicated by horizontal dashed lines.
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Figure 7. Maximum velocity deficit, upcga.i, (left), and wake-center positions, y|WC (middle) and 2V (right), as functions of streamwise

position for the successor cases with an MRSL. Here, TM2% .. denotes the maximum Tpeseit found within the range of —2.5 <y/D < 2.5

|WC

and 0.0 < z/D < 3.0 at a given streamwise location. The quantities |y and zWC denote the Tpegcis-weighted average lateral and vertical

wake-center positions, respectively, as defined in Equation (9). The gray horizontal dashed lines for the right-most panel (z"©) mark the

heights of the MRSL’s top and bottom.

The contours of the velocity deficit Upegcit (Figures 4 to 6) show that the lifting-device configuration strongly influences
the time-averaged wake characteristics of the MRSL. In the UW cases, the velocity deficit is deflected upward, whereas in
the DW cases, it is directed downward and laterally outward. In contrast, the wake deficit of the WL configuration remains
largely confined within the projected perimeter of the MRSL, resembling the wake behavior of conventional wind turbines
(Bastankhah and Porté-Agel, 2014). These observations are further confirmed by the evolution of |y|"V¢ and 2"V shown in
Figure 7.

For a given ABL inflow condition and at larger streamwise distances (/D > 6.0), the contours show that the maximum
velocity deficits found in the WL cases are generally larger than those in the UW and DW cases across all three stability regimes
(see also wM2X .. in Figure 7), indicating substantially faster wake recovery in the UW and DW cases. Notably, significant
portions of the velocity deficit are transported to altitudes above the MRSL top in the UW cases, a feature absent in the other
configurations. This vertical redistribution of the velocity deficit is particularly relevant for wind-energy applications because it
indicates enhanced vertical transports of momentum and kinetic energy. The relatively weak vertical entrainment of momentum
is widely recognized as a key factor limiting the efficiency of large wind farms (Calaf et al., 2010; Ferreira et al., 2026). As
this mechanism is central to the RGWF concept, a more detailed quantitative analysis of vertical energy transport is presented
in Section 6.7.

The observations discussed above are consistent with previous studies (Li et al., 2025a, c, d), in which MRSLs with different
configurations were extensively investigated under neutral stratification using both numerical simulations and wind tunnel

experiments. Since the influence of MRSL configuration on the overall wake behavior has already been thoroughly analyzed
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in those works, the discussion here is kept brief. Readers are referred to the aforementioned studies for more comprehensive
discussions (Li et al., 20254, c, d).

Regarding the influence of ABL thermal stratification, Figures 4 to 6 show that the tested stability conditions have only
moderate impacts on the overall wake characteristics of the different MRSL configurations. In particular, the strong vertical
motions generated by the UW and DW configurations persist across the range of surface-heating and cooling rates. For
example, despite stabilizing buoyancy forces, the upward-deflected flow immediately downstream of the MRSL (z/D < 4.0)
remains pronounced in case SBL-UW. These observations suggest that the RGWF concept remains effective across the range of
thermal stratifications representing the atmospheric boundary layer in typical marine environments (see Appendix A3), further
supporting its potential.

Although the overall wake characteristics of a given MRSL configuration remain similar across the three ABL inflows,
noticeable differences are still observed. Among the inflow-dependent features, the maximum velocity deficit, Ty, and
the wake-center displacement, represented by |y|W¢ and zW©, exhibit the most pronounced variations. Their streamwise
evolutions are shown in Figure 7 and are discussed below.

Figure 7 shows that, for a given MRSL configuration, 72 .. is largest under SBL conditions at a given streamwise location,
followed by NBL and CBL conditions. This indicates that wake recovery is fastest in the CBL and slowest in the SBL. However,
this trend is likely driven primarily by differences in the background turbulence level rather than by thermal stratification itself.
This interpretation is supported by the LES study of Li et al. (2025¢), which showed that increasing the ambient turbulence
intensity under neutral conditions reduces the maximum velocity deficit in MRSL wakes (see Figure C1). The present results
are consistent with this finding, as the lowest and highest values of TI, occur in the SBL and CBL cases, respectively (Table 1).
The results of Li et al. (2025c) also demonstrated that wake-center displacement is relatively insensitive to variations in T,
(see Appendix C). On the other hand, the present results show that the thermal stratification appears to affect |y|W® and zW¢,
as discussed below.

For the WL cases, ABL stability has only a limited effect on the wake-center position, as indicated by Figures 5 and 7.

For the UW cases, the contours (Figure 4) show that the wake behavior in the CBL and NBL cases is considerably more
similar than in the SBL case. In particular, the upward-deflected flow behind the MRSL is substantially stronger in CBL-
UW and NBL-UW (see Figure B3), enabling the velocity deficit to penetrate to higher altitudes than in SBL-UW. This
behavior is also reflected in the streamwise-vorticity contours presented later in Figure 13. Although the wake in SBL-UW
remains upward-deflected, both the penetration height of the velocity deficit and the updraft strength are noticeably reduced,
as evidenced by the weaker vertical velocity at x/D = 8.0 indicated by the vectors in Figure 4.

Despite the lower penetration height of the velocity deficit in SBL-UW compared with CBL-UW and NBL-UW indicated
by the contours, Figure 7 shows that the corresponding values of 2" for SBL-UW are comparable to those of CBL-UW. This
apparent inconsistency arises for two reasons. First, the velocity-deficit region in CBL-UW is distributed over a larger vertical
extent, such that a substantial portion of the high-deficit region is located at lower elevations than in SBL-UW. Second, the
negative values of Upefcis present in SBL-UW influence the weighted-average definition of "¢ in Equation (9), effectively

shifting the wake center upward. These negative values result from the interaction between the MRSL wake and the strong
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velocity shear in the SBL. Therefore, the conclusion that stable stratification suppresses the updraft induced by the UW-MRSL
remains supported by the present results. On the other hand, NBL-UW exhibits the largest values of z"VC. This behavior can be
attributed to the fact that the high-velocity-deficit region in NBL-UW is more concentrated at higher altitudes than in CBL-UW,
as well as to the absence of the stabilizing buoyancy forces present in SBL-UW.

For the DW cases, the CBL and NBL cases again exhibit similar wake structures, whereas the SBL case differs markedly.
This distinction is also reflected in the streamwise evolution of M4 .., |y|"V©, and 2WC in Figure 7. Unlike SBL-UW, however,
the mean vertical and lateral motions in SBL-DW remain strong beyond x/D = 8.0, with magnitudes even exceeding those
in CBL-DW and NBL-DW (see Figures 4 and 6). Moreover, SBL-DW produces the strongest modification of the background
ABL among all simulated cases relative to its corresponding MT case (see Figures 4 to 6). In particular, the low-velocity layer
near the ground is substantially displaced laterally, causing the local values of u to exceed those of the corresponding SBL-MT
case in some regions and resulting in the negative velocity deficits (see Figure 6).

It is worth noting that the findings and discussions regarding Upefcit in this subsection, particularly those presented in the
previous paragraph, are closely connected to the behaviors of other flow quantities such as temperature 6, turbulence intensity
T1T, and streamwise vorticity w,,, which are examined later in Sections 6.3 to 6.5. Therefore, these results should be interpreted
collectively to obtain a comprehensive understanding of the MRSL wake dynamics within stratified ABLs.

Lastly, a movie of the instantaneous streamwise velocity field v sampled at /D = 6.0 is provided in the supplementary
materials (Li et al., 2026a). The animation presents the temporal evolution of the MRSL wakes, which cannot be achieved by
the time-averaged contours shown in this subsection. In general, the wakes are most dynamic under CBL inflow conditions and
least dynamic under SBL conditions, consistent with the fact that the CBL and SBL cases exhibit the highest and lowest values
of T1,, respectively.

6.3 Temperature fields

This subsection examines the contours of the time-averaged potential temperature field, §. The temperature field is of particular
interest as it directly reflects the thermal stratifications. Furthermore, it also helps explain important features of the streamwise
velocity deficit upeficit discussed previously. Contours of fatz /D = 6.0 for all cases listed in Table 1 are presented in Figure 8.
In addition, contours for the SBL cases at multiple z-planes are shown in Figure 9 to further illustrate the influence of the MRSL
on the SBL structures.

Starting with Figure 8, which provides an overview of @ for all 12 successor cases, it can be seen that the temperature
fields remain very similar between the cases with and without MRSL under CBL and NBL inflow conditions. This is expected
because the vertical profiles of 6 in both CBL-MT and NBL-MT are relatively uniform, limiting the influence of thermal
stratification on the wake aerodynamics of the MRSL across all three configurations. Nevertheless, closer inspection reveals
subtle modifications induced by the MRSL. In cases CBL-UW and NBL-UW, the inversion layers are displaced slightly
upward, whereas the opposite trend is observed in the DW cases. Although such inversion-layer displacements may have
implications for gravity-wave generation in farm-scale applications (Allaerts and Meyers, 2017, 2018), these effects are not

investigated further in the present work and are left for future study.
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For the cases subjected to SBL, the influence of the MRSL becomes much more pronounced. To further investigate the
interaction between stable thermal stratification and MRSL wake dynamics, contours of @ at additional z-positions are presented
in Figure 9.

In SBL-UW, the upward-deflected flow transports cooler near-ground air to higher altitudes, locally reversing the temperature
gradient 99 /0z from positive to negative, changing the thermal stratification from stable to convective. This reversal requires
the updraft generated by the lifting devices to work against the stabilizing buoyancy force associated with the stable thermal
stratification, leading to substantial attenuation of the upward flow (see Equation (A2)). As the updraft weakens, the temperature-
gradient inversion progressively diminishes in the downstream direction as the buoyancy force acts to restore the ambient
thermal stratification, as clearly shown in Figure 9.

In contrast, the temperature field in SBL-DW becomes relatively uniform right behind the MRSL because the cooler near-
ground air is displaced downward and laterally by the downdraft. Notably, this process does not involve substantial vertical
transport of fluid parcels across the thermal gradient, as occurs in SBL-UW. Consequently, the stabilizing buoyancy effect
is less restrictive in SBL-DW than in SBL-UW, allowing the downdraft to remain strong even in the far wake (x/D > 8.0).
Furthermore, unlike SBL-UW, where 6 varies substantially along the streamwise direction, the temperature field in SBL-DW
remains relatively similar across streamwise locations because the thermal stratification remains generally stable despite being
affected by the MRSL.

A final remark of this subsection is that large-scale wind farms employing MRSLs may substantially modify ABL properties
under stable stratification, as both w (Figures 4 and 6) and 0 (Figure 9) are strongly affected, especially for the cases when
MRSLs are configured in DW. In particular, characteristic features of the SBL, such as strong velocity shear and positive
temperature gradients (06/0z > 0), are largely weakened by the presence of the lifting devices even in the far wake regions
(x/D > 8.0). These effects may help mitigate the general unfavorable conditions associated with stable stratification in terms
of overall wind farm performance (Allaerts and Meyers, 2018). Consequently, wind farms employing UW-MRSLs and DW-

MRSLs under SBL conditions represent an interesting direction for future investigation.
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Figure 8. Contours of time-averaged potential temperature 6 at plane x/D = 6.0 for all the cases in Table 1. The ABL inflow condition

is indicated at the top of each column, while the configuration of MRSL is labeled on the right side of each row. The in-plane velocity
components (v and w) are represented by arrows, with the corresponding vector scale shown at the bottom right of the figure. The projected
perimeter of the MRSL is outlined by the black square. The initial upper and lower bounds of the inversion layer are indicated by horizontal

dashed lines.
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perimeter of the MRSL is outlined by the black square. The initial upper and lower bounds of the inversion layer are indicated by horizontal

dashed lines.

18



315

320

325

330

335

340

https://doi.org/10.5194/wes-2026-116 WIND

\
Preprint. Discussion started: 8 July 2026 ENERGY
Author(s) 2026. CC BY 4.0 License. w \
© Author(s € € SCIENCE

® european academy of wind energy
m

6.4 Turbulence intensity and the development of added turbulence

This subsection examines the turbulence fields in the wakes of the MRSLs. Rather than presenting the turbulence intensity fields
directly, Figures 10 to 12 show the added turbulence intensity, TIxq4, defined in Equation (11). Similar to Upeficit, L1add 1S
preferred over the absolute turbulence intensity T1 (defined in Equation (1)) since it more clearly isolates the influence of
MRSL on the flow field. For completeness, contours of the absolute turbulence intensity TT are provided in Appendix D.

In general, the regions of elevated TIp 44 generated by the UW and DW configurations are consistently broader than those
of the WL configuration in both the lateral and vertical directions under all stratification conditions. These observations further
indicate that the inclusion of lifting devices enhances the mixing between the wake and the surrounding flow across different
ABL stability regimes, which higher T is generally considered beneficial for wake recovery (Stevens and Meneveau, 2017,

Porté-Agel et al., 2020; Bastankhah et al., 2024).

TKE = 5 x TI2 (10)
2

\/2 ITKE — TKEMT| /3 /uoo x 100%, when TKE > TKEM™ .
(

TIAdd =

_\/2 ITKE — TKEMT| /3 /uoo % 100%, when TKE < TKEMT

A closer examination of the UW cases (Figure 10) shows that the regions of elevated TInqq extend to higher altitudes
and spread more widely in the lateral direction than in the corresponding WL cases (Figure 11). However, the vertical extent
of the high-TTqq region is smaller in SBL-UW than that in CBL-UW and NBL-UW, consistent with the trends observed
in the contours of Upegcit. In terms of magnitude, TIxqq exceeds 10% over large regions between the MRSL center height
and z/D = 2.0 in both CBL-UW and NBL-UW), likely contributing to the enhanced wake recovery observed in Figure 4. In
contrast, for SBL-UW, regions with TIxq4q > 8 % remain largely confined below z/D = 1.5, suggesting less extent of turbulent
mixing between the wake and the surrounding flow. Nevertheless, it is important to note that the ambient turbulence level in
SBL-MT above z/D = 0.5 is very low (TT ~ 0.7 %). Therefore, the relative impact of the added turbulence generated by the
MRSL may be more significant in SBL-UW than in CBL-UW and NBL-UW, since wind-turbine wake recovery is known to
be sensitive to variations in TI., at low ambient turbulence levels (Li et al., 2024, 2025b, c; Yen et al., 2025).

Turning to the DW cases, whose T1a 44 contours are shown in Figure 12, the patterns observed in CBL-DW and NBL-DW
are again relatively similar, whereas SBL-DW exhibits distinct features not found in the other two cases. In particular, the
regions of elevated TIs4q9 in CBL-DW and NBL-DW extend continuously to the ground over a wide lateral range. In contrast,
the high-TIp 44 region in SBL-DW reaches the lowest altitudes only within a comparatively narrow region. Comparing these
results with the § contours in Figure 9 reveals a strong correlation between the two fields. Specifically, regions with high T 4q
tend to avoid areas where 96/0z > 0K /m. This observation is consistent with the established understanding of atmospheric

dynamics that stable thermal stratification suppresses turbulence development (Allaerts and Meyers, 2018; Dar et al., 2026). In
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Figure 10. Contours of the added turbulence intensity TIaqq at selected xz-planes for the UW cases. The definition of TIaq4q is given in
Equation (11). The ABL inflow condition is indicated at the top of each column, while the streamwise location of each plane is labeled on
the right side of each row. The in-plane velocity components (v and w) are represented by arrows, with the corresponding vector scale shown
at the bottom right of the figure. The projected perimeter of the MRSL is outlined by the black square. The initial upper and lower bounds of

the inversion layer are indicated by horizontal dashed lines.

terms of magnitude, unlike the UW cases, SBL-DW appears to exhibit larger values of TIa 44 than the other DW cases. The

345 underlying mechanism remains unclear at present.
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perimeter of the MRSL is outlined by the black square. The initial upper and lower bounds of the inversion layer are indicated by horizontal

dashed lines.

6.5 Streamwise vorticity fields

This subsection examines the time-averaged streamwise vorticity, @,.. For brevity, only the contours at /D = 6.0 are presented
here in Figure 13. Additional contours illustrating the streamwise development of w,, are provided in Appendix E. The primary
purpose of this subsection is to leverage w, to highlight the locations and strengths of the swirling motions generated by the
lifting devices of MRSLs.

As expected, the magnitudes of w, are generally close to zero in the MT and WL cases, indicating the absence of significant
in-plane swirling motions. In contrast, strong regions of w, are observed in both the UW and DW cases. These vortical

structures are directly associated with the in-plane velocity fields ¥ and w (see Figures B2 and B3).
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Similar to the other flow properties discussed previously, the w, fields are more similar between the CBL and NBL cases
for a given MRSL configuration, whereas the SBL cases exhibit distinct characteristics. In particular, instead of the relatively
circular regions of high @, observed in CBL-UW and NBL-UW, SBL-UW exhibits elongated lateral strips of elevated w,.
Moreover, the area occupied by these strips is substantially smaller than the corresponding high-vorticity regions in CBL-UW
and NBL-UW. Comparison of the t, contours with the in-plane velocities (see Figures B2 and B3) reveals the root cause of
this difference. In CBL-UW and NBL-UW, the regions of high w, arise from strong gradients in both v and w, indicating
pronounced swirling motion. In contrast, the elevated w, in SBL-UW is primarily associated with strong gradients in v, while
w is substantially attenuated by the stabilizing buoyancy forces.

In addition, significant values of tw, are observed near the ground in both SBL-UW and SBL-DW, a feature absent in the
corresponding CBL and NBL cases. These elevated values of w, are again solely associated with strong gradients in v rather
than both ¥ and w. This observation again suggests that the interactions between the MRSL wake and SBL are relatively more
complex than those between CBL or NBL and SBL.

Same as the streamwise velocity field u, a movie of the instantaneous streamwise vorticity field w,, is also provided in the

supplementary materials (Li et al., 2026a) to illustrate the spatiotemporal characteristics of the vortical structures.
6.6 Available flow power

Since the primary objective of the RGWF concept is to increase the available flow energy for downstream machines by
mitigating the impacts of wake, it is desired to have a quantitative metric to evaluate its effectiveness from this perspective. In
the present work, the available flow power within the streamwise planes bounded by —2.5D <y <2.5D and 2, < z < z; is
selected to serve the purpose, which is denoted by = and defined in Equation (12) (2, and z; denote the heights of the bottom

and top of an MRSL, respectively). For clarity, the region used to evaluate = is outlined in Figure 14.

z, 2.5D
Z(z) = / / 0.5p [W} ? dydz (12)
2y —2.5D
The selected lateral extent used to evaluate = follows the RGWF layouts investigated by Li et al. (2025d), in which a lateral
spacing of 5D was adopted. Instead of restricting the analysis to the area projected by an MRSL (—0.5D <y <0.5D), a
larger lateral range is considered since wind direction in practical wind farms varies substantially over time. Therefore, this
choice provides a more general and representative assessment across a broader range of operating conditions. Although 5D
is somewhat smaller than that commonly used in present-day wind farms (Bosch et al., 2019), the accelerated wake recovery
expected from MRSLs suggests that denser turbine packing may become economically favorable.
Figure 15 presents the streamwise evolution of = for the nine successors with MRSL. Since the objective of the RGWF
concept is to maximize =, the UW configuration demonstrates the best performance across all three ABL conditions. Although
the DW configuration also outperforms WL, its enhancement is less impressive than that of UW. This difference is primarily due

to the wake-displacing mechanism, which can be clearly elucidated with the profiles of z"VC presented in Figure 7. Particularly,
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Figure 14. Visual representation of the region for the analysis on available power = and perimeter for the vertical kinetic energy flux ¢%,.
The rectangular area enclosed by the solid and dashed lines is the region where = is integrated. The horizontal solid line at z = z; represents

the plane on which ¢%, is assessed (discussed in Section 6.7). The projection area of MRSL is indicated by a light gray square.
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Figure 15. Available power = as a function of streamwise position. = is defined in Equation (12). Note that, in this plot, = is normalized
MT

against the available power of the corresponding MT cases, denoted as =
in the UW cases, a substantial portion of the wake deficit is transported above z = z; (see Figure 4), reaching beyond the region
used to evaluate =, thereby reducing the impact of the wake on =. In contrast, although the DW cases entrain high-energy flow
from above z = z;, the velocity deficit generated by the MRSL largely remains within the evaluation region of =. Consequently,
the adverse effect of the wake on the available flow power persists to a greater extent than that in the UW cases.

It is worth noting that the values of = for both SBL-UW and NBL-UW turn out to exceed those measured in the corresponding
MT cases beyond xz/D = 10.0. Although this may appear to be counterintuitive, closer inspection of the flow fields (see
Figure B1) reveals that the swirling motions induced by the lifting devices transport high-velocity flow from higher altitudes
downward. These high-energy flows not only replace the wake region with strong velocity deficits but also replace the low-
velocity boundary flow near the ground (see Figure B1). Consequently, =/=M7T > 1.0 can occur despite the presence of the

low-energy wake discharged by MRSL.
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Table 2. Normalized available power Z/ZMT at 2/D = 6.0. Z is defined in Equation (12), and ZMT denotes the = measured in the

corresponding MT cases.

| ow  wL pw
CBL | 90.7% 84.8% 86.9%
NBL | 95.2% 84.9% 87.2%
SBL | 948% 85.6% 90.3%

To provide a more focused quantitative comparison, the values of = evaluated at z/D = 6.0 are summarized in Table 2.
The location /D = 6.0 is selected following the streamwise spacing adopted in the RGWF layouts investigated by Li et al.
(2025d).

Comparing cases with different MRSL configurations under the same ABL inflow condition, the values in Tables 2 clearly
show that the UW configuration delivers the best performance. This advantage is particularly pronounced under neutral and
stable conditions. Although the improvement in CBL-UW is less impressive than that of its counterparts subjected to NBL and
SBL, its = remains substantially higher than that of CBL-WL.

For the DW configuration, the values of = at 2/ D = 6.0 are consistently higher than those of the corresponding WL cases
across all three ABL conditions. However, CBL-DW and NBL-DW provide only a moderate increase in =, primarily because
most of the wake deficit remains confined within the lower-altitude region where = is evaluated (see Figure 6). In contrast,
SBL-DW exhibits a substantially higher =. This behavior is likely associated with the lateral displacement of the low-energy
near-ground flow away from the evaluation region, while higher-energy flow from upper altitudes is entrained downward (see
Figure 6). Nevertheless, it remains unclear whether such an increase in = would persist under wind-farm scenarios, since
neighboring MRSL columns could restrict the lateral displacement of the boundary-layer flow. This effect may warrant further

investigation in future work.
6.7 Vertical Kinetic energy flux analysis

The analysis of the integral available power = demonstrates that the MRSL concept retains its potential to mitigate wake losses
under all three investigated ABL conditions, particularly for the UW configuration. To further elucidate the governing physics,
this subsection investigates the vertical kinetic-energy flux across the horizontal plane located at the top of the MRSL (z = z;)
through a term-by-term analysis on the kinetic-energy fluxes.

Vertical kinetic-energy flux is of particular interest because vertical entrainment is considered the key limiting factor for
wind-farm efficiency, as it replenishes the flow energy extracted by turbines (Calaf et al., 2010; Stevens and Meneveau, 2017,
Porté-Agel et al., 2020; Ferreira et al., 2026). Moreover, the central objective of RGWF is to enhance this vertical energy
entrainment by modifying the underlying transport mechanism. Through introducing mean vertical flows, previous studies have
demonstrated that MRSLs can shift vertical energy transport from a turbulence-dominated process to a mean advective process

(Li et al., 2025a, c, d), potentially increasing entrainment rates by multiple factors. Accordingly, a term-by-term analysis
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of vertical kinetic-energy flux is performed here to clarify the governing mechanisms and further assess the hypothesized
advantages of the MRSL concept.

The vertical kinetic-energy flux across the plane z = z; within the region —2.5D <y <2.5D (illustrated by the solid
horizontal line in Figure 14) per unit streamwise distance is defined in Equation (13), where nn denotes the unit surface-normal
vector, which is equal to (0,0, 1) for the present plane. Note that the subscripts ¢ and j in Equation (13) represent directional

indices and they are summed over when repeated. Also, note that ug = w

2.5D 2.5D 2.5D
¢z (2) = / —u; (0.5pu u;)n;dy = / —0.5pT; uyu; g dy = / —0.5pww;u; dy (13)
—2.5D =z  _25D z=z  _2.5D z=z

Using Reynolds decomposition (Equation (3)), where @ and u’ denote the mean and fluctuating velocity components,
respectively, the term u;u;; in Equation (13) can be further decomposed into four contributors, as expressed in Equation (14)
and labeled as terms I, II, III, and IV. Based on their physical interpretations, these terms represent the advection of mean
kinetic energy (I), the advection of turbulent kinetic energy (II), the interaction between mean and turbulent motions (II), and

the third-order Reynolds-stress transport (IV), respectively.

T = () + ) + () )

= W;u;U; + 2u; uju +7; u uf +uj (u;u; + 2u;u] —l—ujuj) U U5 + U ulul + 2uupu’ Hugulul o (14)

I il 111 v
To quantitatively evaluate the contribution of each term, ¢, (z) is further decomposed into four components following the
formulation given in Equation (15). In this equation, the superscript ¢ denotes the corresponding contribution term, while the

subscript ¢ represents the directional indexing.

2.5D
1 (z)= / —0.5p Term{ n; dy

Zt

. g€l 1L I, or IV (15)

Z=2z¢

—2.5D

To facilitate a more intuitive interpretation of the entrained vertical kinetic-energy flux, ¢, () is further integrated along the
streamwise direction starting from /D = —4.0 to obtain its cumulative value, denoted by ®¢ () and defined in Equation (16).
Furthermore, to isolate the influence of the MRSL from that of the background flow, the corrected quantity ®¢* is introduced.

This quantity is defined by subtracting ®%; MT

, .., the corresponding cumulative flux obtained from the MT case, from the
measured 7 , as expressed in Equation (17). Through this correction, the influence due to the quasi-steady background flow

is minimized as much as possible (Allaerts and Meyers, 2018).

1 (z) = / ¢? (z')dz’, qel, II, I, or IV (16)

—4D
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Figure 16. Cumulative corrected vertical kinetic-energy flux across the plane z = z; within the region —2.5 < y/D < 2.5, denoted by %",

as a function of streamwise position. See Equations (13) to (17) and the accompanying text for the detailed definitions of ®Z;*.
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Figure 17. Corrected vertical kinetic-energy flux across the plane z = z; within the region —2.5 <y /D < 2.5, denoted by ¢Z;*, as a function

of streamwise position. See Equations (13) to (17) and the accompanying text for the detailed definitions of ¢Z;*.

a.* — +q _ 4q¢,MT a.* — 4 _ $I-MT
zZy T Pzg (bzt ’ (bzt —(bzt (I)zt (17)

Figure 16 presents both <I>Iz>t* and <I>£It17* for the nine successor cases with MRSL. For completeness, the corresponding local
fluxes, ¢2:* and ¢4 , are also shown in Figures 17 and 18, respectively. Note that ®I-* and ®1V-* are omitted from Figure 16
since their contributions are essentially negligible, as evidenced by the profiles of ¢Z:* shown in Figure 17.

In general, the trends of ®%* for each of the different MRSL configurations (Figure 16) are qualitatively similar across the
three investigated ABL inflow conditions. It is worth noting that, from the perspective of local energy entrainment, the local

flux ¢2:*, which is the streamwise gradient of ®%*, is more physically relevant than the absolute value of the cumulative flux.
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Figure 18. Vertical kinetic-energy flux across the plane z = z; within the region —2.5 <y/D < 2.5, denoted by ¢%,, as a function of

streamwise position. See Equations (13) to (15) and the accompanying text for the detailed definitions of ¢, .

Nevertheless, smaller values of % still indicate a lower total amount of entrained energy. Finally, the negative values of <I>£’t *
observed around to the MRSL location (x/D = 0.0) are primarily associated with the blockage effect (i.e., wake expansion).

First, under all three stability regimes, the UW configuration exhibits the largest total vertical kinetic-energy flux across the
plane at the MRSL top (z = z;), with the dominant contribution arising from (DZ‘. These observations further demonstrate that
UW produces the most favorable outcome among the tested configurations, since the primary objective of the MRSL concept
is to maximize vertical energy entrainment. In particular, compared with the WL cases, the slopes of @IZ’:‘ in the UW cases
become positive almost immediately downstream of the MRSL, whereas positive slopes in the WL cases do not appear until
approximately z/D = 4.0, indicating a delayed wake recovery. Moreover, the values of <I>Iz=t* in the UW cases continue to
increase along the streamwise direction at a substantially faster rate than those in the WL cases.

Next, the values of <I>£7t* for CBL-DW and NBL-DW exhibit noticeably smaller streamwise growth rates than those of the
corresponding UW cases, indicating weaker vertical kinetic-energy entrainment. In contrast, the slope of (I)Izvt* in SBL-DW
remains relatively significant. However, as discussed previously in relation to =, the comparatively high values of <I>Iz*t* in
SBL-DW are likely associated with the stronger lateral displacement of the low-velocity boundary flow, and therefore allow
the replenishment of higher energy flow from the top. Consequently, it remains uncertain whether such elevated values of <I>£’t *
could be sustained under wind-farm scenarios, where the lateral displacement of low-energy flow would likely be constrained
by neighboring MRSL columns.

Lastly, both <I>Iz’t* and d)lz;* (i.e., the streamwise gradient of <I>£’t *) are consistently smaller in the WL cases than in their UW
and DW counterparts. Moreover, positive values of qbi’t* in the WL cases appear only after approximately =/ D = 4.0, whereas
they emerge shortly downstream of the MRSL (/D > 1.0) in the UW and DW cases. These observations indicate that, when
the MRSL is configured in WL, vertical energy entrainment through the advection of mean kinetic energy is weaker and the
wake recovery process begins farther downstream compared with those of UW and DW. Furthermore, the relative contribution

of term III (mean-turbulence interaction) is most significant in the WL cases. As shown in Figure 17, which presents the
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475  distributions of ¢Z* for all four terms, the relation ¢1-* > ¢!'* generally holds for UW and DW, particularly for UW. In
contrast, values of d)i’t* and QSLEI’* are much more similar in the WL cases. These findings further support the hypothesis that
the inclusion of lifting devices fundamentally alters the physical mechanism governing wake recovery. Compared with the WL
configuration, wake recovery in MRSLs equipped with lifting devices relies more strongly on the advection of mean kinetic

energy, while the relative contribution from turbulent-mean interaction becomes less important.

480 7 Conclusion

Previous studies have preliminarily demonstrated that multi-rotor systems with lifting devices (MRSLs), a novel wind-energy-

harvesting machine serving as a unit of regenerative wind farms (RGWFs), achieve substantially faster wake recovery than

conventional configurations. Building on those findings, the present work further investigated the wake aerodynamics of

MRSLs operating under different atmospheric boundary-layer (ABL) stratifications. Using precursor-based large-eddy simulations,
485 conditions of convective (CBL), neutral (NBL), and stable (SBL) were covered. For each ABL condition, MRSLs configured

in up-washing (UW) and down-washing (DW) modes were investigated and benchmarked against the reference without-lifting

(WL) configuration, in which no lifting devices were included in the wind energy harvester.

The flow-field contours qualitatively showed that the inclusion of lifting devices substantially enhanced wake recovery

and vertical momentum transfer across all investigated ABL conditions. This enhancement was evident from the reduced

490 maximum wake deficits and the displacement of the wake centers. Nevertheless, atmospheric stratification still influenced the
wake aerodynamics of MRSLs. In particular, the upward flow induced by the UW configuration was more attenuated under
SBL conditions than under CBL and NBL. This behavior occurred because the induced updraft acted against the stabilizing
buoyancy associated with the stable temperature gradient.

The integral analyses further quantitatively demonstrated that MRSLs substantially improve the replenishment of available

495 flow power in the wake region. In particular, the UW configuration significantly enhanced the downward transport of kinetic
energy from higher altitudes, resulting in markedly higher downstream available flow power than the WL configuration.
Specifically, at six characteristic dimensions downstream of the MRSL (z/D = 6.0), the available-power of the UW cases
were increased from 85 %, 85 %, and 86 % to 91 %, 95 %, and 95 % compared to those of the corresponding WL cases under
CBL, NBL, and SBL conditions, respectively. These findings supported the hypothesis that the large-scale vortical structures

500 generated by lifting devices can facilitate faster wake recovery across the representative marine ABL conditions. Consequently,
RGWEF concept showed strong potential in mitigating wake-induced power losses in wind-farm applications.

Overall, the present results further support the potential of regenerative wind farming as a disruptive technology for increasing
wind-farm power density, providing important guidance for the future design, optimization, and deployment of RGWF. More
broadly, the findings presented here may facilitate the development of next-generation wind energy technologies that improve

505 the utilization of offshore wind resources. However, substantial research is still required before RGWF can become commercially
viable. Future work should include wind-farm-scale simulations/experiments to investigate the aerodynamic interactions among

multiple MRSLs across a wide range of operating conditions, including but not limited to different wind directions, wind
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speeds, and atmospheric stability conditions. In addition, the aerodynamic, structural, and economic trade-offs associated with

practical implementations should be systematically assessed to establish the feasibility of RGWF for large-scale deployment.

Appendix A: Detailed description of the numerical implementation

This appendix provides additional details of the numerical methodology and its implementation, complementing the description

given in Section 3.
A1l Numerical framework

Equations (A1) to (A3) are the governing equations implemented in SOWFA-6 (Churchfield et al., 2024). They represent the
spatially filtered conservation equations for mass, momentum, and heat transport of an incompressible flow in a Cartesian
coordinate system, where u and 6 denote the velocity and potential temperature, respectively. The Boussinesq approximation
is applied to account for buoyancy effects induced by temperature variations. In these equations, - denotes the spatial filtering
operation. Subscripts 1, 2, and 3 correspond to the streamwise (x), lateral (y), and vertical (z) directions, respectively, and

(u1,us,u3) = (u,v,w) is adopted throughout this work for convenience. Notice that repeated indices are summed over.

ou;
= Al
81 ~ 5? ]. 8~* ]. 8~Oo 8TiS‘FS,D 5_ 9 Fvsourcc 7
u +Uj u __1 D 77277737792_ 0 +f ) (A2)
ot Oz pOx; p Ox; O0x; 0o P
Pt ~7 SFS
90 o  Og (A3)

a + 8:& - &rl
In the momentum transport equation (Equation (A2)), p denotes the fluid density and is set to 1.225kgm 3. The modified
pressure p* represents the static pressure deviation from the background pressure field combined with the trace of the SFS (sub-

filter scale) stress tensor, as defined in Equation (A4). p is the background driving pressure imposed by SOWFA to maintain

. . . . FS,D
the desired inflow velocity oo, and phydrostatic is the hydrostatic pressure. 755 and TZ-SJ- S,

and its deviatoric component, respectively, as defined in Equation (A5), while J;; is the Kronecker delta. The gravitational

denote the SFS stress tensor

acceleration is given by g = (0,0,—9.81) ms~2, and the reference potential temperature is set to o = 300K for all cases.
F source represents the momentum source term introduced through the actuator method. Lastly, molecular viscosity effects are

neglected as the high Reynolds number is high (> O(107)) (Abkar and Porté-Agel, 2015), and the Coriolis force vector is set

to zero in the present study.

p* = P — Phydrostatic — Poo + T]?]SS (A4)
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In the heat transport equation (Equation (A3)), ¢5¥S denotes the SFS heat flux, defined in Equation (A6).

67" = uif — 6

In this work, the frameworks of Deardorff (1980) and Moeng (1984) are employed to model TZSjFS and ¢;

7
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(A5)

(A6)

SFS ysing the

Boussinesq hypothesis, as expressed in Equations (A7) and (A9). Here, »°FS and Pr; denote the SFS viscosity and turbulent

Prandtl number, respectively. These quantities are obtained by iteratively solving the transport equation for the SFS turbulent

kinetic energy k575, as detailed in Equations (A7) to (A13).

SFS,D SFS & i j
T = =2 Si iy S?, = —+
* v ’ 72 ((‘hj Bxi)

VSFS = CLIVESFS, C), = 0.0873

sps _ V"5 90
& n PI‘t 83:1

A i
Pr; = Agida Agrid = \3/ AQ:A'L/AQ:
grid +21

6kJSFS 31LI€SFS _ a ) SFSakSFS SFS.D S giqZ_SFS Ce(kSFS)3/2
o o, on \*U om

axi B Tij Sij B 00 B l

Agria ,if 96/02 < 0.0
I= o og\ /2
min (Agrid, 0.76V kSFS (%—013 %) ) ,otherwise.

o 3.9 , for the bottom boundary (z = 0.0)
0.19+ % , otherwise.
grid

(AT)

(A8)

(A9)

(A10)

(Al1)

(A12)

(A13)

The pressure-implicit with splitting of operators (PISO) algorithm is employed for pressure-velocity coupling. Spatial and

temporal discretizations are performed using second-order central differencing (Gauss linear) and the backward Euler

scheme (backward), respectively. All simulations are conducted on the Dutch National Supercomputer Snellius (SURF)

550 using computational resources granted by the Dutch Research Council (NWO) (Dutch Research Council, 2025).

Note that, except in this part and Appendix A2, the filtering notation ™ is omitted for simplicity of presentation.
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A2 Boundary conditions for the momentum equations at the lower surface

This part describes the bottom boundary conditions for the momentum transport equation (Equation (A2)). The wall stress is
modeled using the Schumann-Grétzbach approach (Schumann, 1975), in which the surface shear stress is computed from the
resolved velocity at the first grid level. A stability-corrected logarithmic velocity profile based on Monin-Obukhov similarity
theory (MOST) (Monin and Obukhov, 1954; Paulson, 1970; Lalas and Ratto, 1996) is employed. Detailed implementation
procedures can be found in the case setup files (Li et al., 2026a) and the SOWFA source code (Churchfield et al., 2024).
Equation (A14) describes the velocity profile based on MOST (Monin and Obukhov, 1954), where u.,. and TZ»S?)];:‘S&H denote the

friction velocity and the modeled wall-normal shear stress, respectively. The relationship between u, and T%Fsan is given in

Equation (A15). Note that the superscript SE'S is introduced for TZ-%F‘S&H and qgfvsau to maintain consistency with Equations (A2)

and (A3). Also, except for wall quantities (e.g., ux, 20, TZ%IT‘SB‘“, and qg}ivill), all height-dependent variables (e.g., u; and V)

are planar-averaged at the first grid level (z = A, /2). Throughout this work, the operator (-) denotes planar averaging at a

given height, unless otherwise specified.

O VAl S (Al4)
In (7) (W)

(uy) = <T183F,vsvan>2 + <7—283F,§ra11>2 (A15)

U (€) is a stability-dependent function of the non-dimensional parameter ¢, defined in Equation (A16), where L denotes
the Obukhov length and qgivsau is the wall-normal heat flux. In this work, the values of qgﬁgu are prescribed as a boundary

condition, and those values are summarized later in Table 1.

3
Gou*

z

- L T *x
’ SFS

L gqu,wallK

¢

(A16)

Under neutral conditions (qgf;vin =0.0 Km/s, { = 0), ¥ — 0, reducing Equation (A14) to the classical law of the wall

(Pope, 2000). Under stable conditions (qg};%u < 0.0 Km/s, ¢ > 0), ¥y, is evaluated using Equation (A17) following Monin-
Obukhov similarity theory (Monin and Obukhov, 1954). The constant 7y, is set to 5.0, consistent with values commonly used
in previous studies (Abkar and Porté-Agel, 2015; Xie and Archer, 2017). Under convective conditions (qg}ivsan > 0.0 Km/s,

¢ <0), U, is computed using the Businger—Dyer formulation given in Equation (A18) (Paulson, 1970). The constant 3, is
set to 16.0, following the work of Paulson (1970).

Uy =—-vm¢ ym =50 (A17)

1 142
Uy =2In <;X) +ln< 4‘2’( >2arctanx+7r/2 (A18)
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After iteratively solving for (u.) using Equations (A14) to (A19), the planar-averaged wall-normal shear stresses (713 wall)

and (723 wan) are computed from Equation (A20) and applied to the flow field (Equation (A2)).

@) ) () (a20)

<7—13,wall> = — 5 — —
(uf +1u3) (uf +u3)

A3 Simulation setup and procedure

This work employs a precursor-based approach to generate atmospheric inflow conditions, in which the flow is developed in
a domain with periodic boundary conditions. The computational domain is shown in Figure A1, and the grids are hexahedral.
To prevent large streamwise structures from becoming artificially locked at fixed lateral positions under periodic boundary
conditions, the inflow direction is oriented obliquely to the grid, following the recommendation of previous studies (Churchfield
et al., 2012). Specifically, the angle between €,. and the streamwise direction €, is set to 45°, as illustrated in Figure A1. Note
that quantities with and without the superscript . are defined with respect to the grid-aligned and inflow-aligned coordinate
systems, respectively.

The computational domain spans 5340m (17.8D), 5000m (16.7D), and 6700m (22.3D) in the z"--, y--, and z"--directions,
respectively. Uniform grid spacing is used in the horizontal directions, with A,. = A, =10m = D/30. In the vertical
direction, A,. = 5m is prescribed between z = 0m and 850 m. Previous studies have shown that this resolution is sufficient to
capture ABL flow structures across different stability regimes (Allaerts, 2016; Allaerts and Meyers, 2018; Wurps et al., 2020).
Above 850m, A,. expands with a growth ratio of 1.1. The precursor simulations contain a total of 58.7 million cells. The time
step is set to Ay = 0.365, resulting in mean and maximum Courant-Friedrichs-Lewy (CFL) numbers below 0.75 and 0.90,
respectively, for all precursor simulations.

Two sets of boundaries are linked to form the periodic bases, which are Plane-z% together with Plane-z- and Plane-y.
together with Plane-y“-, respectively, as indicated in Figure Al. With this setup, the flow field is periodic in both x-- and
y*--directions. The bottom boundary conditions follow the wall-shear stress model based on MOST (see Appendix A2), where
the roughness length 2 is set to 10~%m, matching the typical values found in the marine environments (Manwell et al., 2010;
Stull, 2017). At the top boundary, zero-flux boundary conditions are applied.

To initialize the precursor simulations, the velocity field is prescribed as u /s, = (1.0,0.0,0.0) + €, where o, = 10.0ms ™}
and e denotes small perturbations confined below z = 200m to trigger the development of turbulence. For the thermal field,
0 =60y = 300.0K is imposed below z = 700m. A 3K temperature inversion is then prescribed between z = 700m and 800 m,
resulting in an inversion height of 2y, = 750m. Above the inversion layer, a free-atmospheric lapse rate of 0.003Km™" is
imposed. These values are representative of offshore atmospheric conditions (Lanzilao and Meyers, 2024).

During the precursor simulations, SOWFA applies a momentum source term (9p~,/Ox; in Equation (A2)) to maintain the

planar-averaged streamwise velocity u; at the rotor-center height (z = z. = 182.5m) at 10.0ms™!.
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Figure Al. Diagram of the computational domain and coordinate systems used in the simulations. Boundary labels are indicated. The
precursor and successor simulations share the same domain dimensions, indicated by curly brackets, with D = 300m. The grid-based
coordinate system is represented by the cyan arrows (z- and y“), with its origin located at the bottom-left corner of the domain, marked by
the cyan dot. The inflow direction, illustrated by the orange arrow, points from the bottom left to the top right. The origin of the inflow-aligned
coordinate system is located at the center of MRSL in the successor simulations, indicated by the green dot and the black stripe centered at

(z-,y") = (5D,5D). The z- and y-directions are defined as parallel and perpendicular to the inflow direction, respectively.

To represent the three canonical atmospheric stability regimes, covering convective, neutral, and stable boundary layers
(abbreviated as CBL, NBL, and SBL), the surface heat flux gy is adjusted during the precursor simulations following the
procedure of Allaerts and Meyers (2018) (note that g1 is equivalent to Q:?Evsan in Equation (A16), which the superscript SF'S
and subscript 3 are omitted for brevity). Specifically, gy is initially set to 0.00 Kms™ for the first 6.0h to establish quasi-
steady turbulent flow conditions for all cases (Xie and Archer, 2017; Dangi et al., 2025). The simulations are then continued
for an additional 5.5h with gy = 0.02, 0.00, and —0.01 Kms~! for the CBL, NBL, and SBL cases, respectively, which the
duration is sufficient for the ABL stratification to be developed (Xie and Archer, 2017; Dangi et al., 2025; Allaerts and Meyers,
2018). During the final 1.5h, u, 6, and k5 are sampled and recorded at Plane-z- and Plane-y- to provide inflow conditions
for the successor simulations. Note that the selected gy,,11 Values fall within the range of sensible heat fluxes typically observed
in marine environments (Yu and Weller, 2007; Tang et al., 2024).

After generating the inflow time-series data, the successor simulations are performed. Most simulation settings remain
identical to those of the precursor runs, except for the following modifications. First, the region with A,. = 5m is extended
from z =850m to z = 1000m to accommodate potential inversion-layer displacement induced by the MRSL, resulting in a
total cell count of 66.8 million. Second, the time step size is reduced from A; = 0.36s to 0.24s to maintain the maximum

Courant-Friedrichs-Lewy (CFL) number below 1.0, even under local flow acceleration caused by the MRSL.
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Figure A2. Diagram illustrating the simulation procedure. For all three ABL inflows, the stage-1 precursor simulations are first run for 6.0h
with zero surface heat flux to develop turbulence. The surface heat flux gwan is then adjusted to generate the target thermal stratification. The
stage-2 precursor simulations continue for an additional 5.5h, during which the boundary data at Plane-z- and Plane-y- (see Figure A1)
are recorded over the final 1.5h for use in the successor simulations. The successor simulations are run for 1.5h. In particular, the initial

0.5h is discarded to avoid transient behavior, and statistics are collected over the final 1.0 h.

ESFS are prescribed using the time-series

The boundary conditions are also modified. At Plane-z- and Plane-y- , u, 8, and
data recorded from the precursor simulations, with both temporal and spatial interpolation applied to account for the modified
mesh and time step. As for the modified pressure p* at these boundaries, it is set to a uniform fixed value. At Plane-z5
and Plane-y4 , zero-flux Neumann boundary conditions are imposed for all transported variables (inletOutlet for u and

kSFS and p*).

zeroGradient for 6,

In the successor simulations, an isolated MRSL is placed with its center located at (z-/D,y-/D, z- /D) = (5.00,5.00,0.61)
in the grid-based reference frame. As shown in Figure A1, the rotor-plane normal is aligned with the inflow direction. The origin
of the inflow-aligned reference frame is set at the MRSL center in the horizontal directions (the green dot in Figure A1), while

z/D = 0.00 corresponds to the ground level.
A4 Modeling multi-rotor system with lifting device

The multi-rotor system with lifting device (MRSL) is parameterized as a square actuator “disk” (the term “disk” is retained for
historical reasons) together with four actuator lines. In these actuator-based approaches, the effects of the MRSL geometry are

represented through body force fields (term f in Equation (A2)), thereby avoiding the prohibitively high computational

cost associated with resolving the boundary layers around the complex geometry (Sorensen and Shen, 2002; Mikkelsen, 2004;

Troldborg, 2009).
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Although actuator techniques enable computationally efficient simulations, they do not capture all aspects of the MRSL.
For example, the supporting structures and the swirl generated by the rotating sub-rotors are neglected. Nevertheless, actuator-
based CFD results have previously been validated against experiments on scaled MRSLs that include rotating sub-rotors and
supporting frames (Avila Correia Martins et al., 2025; Broertjes et al., 2024). The results showed that actuator techniques
accurately capture the integral wake characteristics of MRSLs. Therefore, because the present study focuses on integral wake
behavior rather than detailed wake aerodynamics, actuator techniques are considered adequate and appropriate for the current

investigation.
A4.1 General framework of actuator technique

The central idea of actuator techniques is to represent the effects of solid objects on the flow through momentum source terms,

expressed by f in Equation (A2). In the present work, f.,.ce 1S Obtained by summing the contributions from all actuator

source
ele

5 denotes the force vector exerted by the jth actuator element, and fele (x)

elements, as given in Equation (A21). Here, f J source

ele

represents the corresponding body-force field projected onto the cell centered at . £°° is the position vector of the actuator

element.

fsource (CL‘) = Z f?}:ource ((B) = Z f;le(w) 776(”33 - 5616) H) (AZI)

The force projection is performed using a Gaussian regularization kernel 7). (||d||) to improve numerical robustness (Sorensen
and Shen, 2002; Mikkelsen, 2004). Unlike the conventional isotropic kernel (Sorensen and Shen, 2002), the present study
employs a non-isotropic formulation to achieve a better balance between numerical stability and accuracy (Li et al., 2025c;

Gao et al., 2021). The kernel is defined in Equation (A22), where d denotes the vector from the actuator element to the target

grid point.
d 1 d? di d?
UE(H :(dzvdyvdz)H) :mexp —g—%—g (A22)

A4.2 Modeling the wind energy harvesting part of MRSL

The wind energy harvesting components (i.e., the rotors) of the MRSL are modeled collectively as a single actuator disk
consisting of 30 x 30 uniformly distributed actuator elements. The element spacing A°'® = D /30 is equal to A, (grid spacing
in the z--direction). All actuator elements lie within the same x-plane. Each element independently samples the local velocity

and applies body forces to the CFD grid, as described in Equations (A23) to (A26).

T = 0.5p (ufle)? AcleCgle (A23)
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(A24)
(A25)

(A26)

In these equations, A°'® denotes the frontal area represented by an actuator element, which is D?/900 for the present
actuator disk. uf® is the estimated undisturbed inflow velocity perceived by the actuator element. In Equation (A23), 7' and
C%le denote the thrust force exerted by the actuator element and its corresponding thrust coefficient, respectively. The target
value of C$'° is set to 0.70 for all elements.

Directly computing 7°'® from Equation (A23) is challenging because there is no universal definition for the sampling location
of the undisturbed inflow velocity u$l®. To avoid this ambiguity, 7°!° is instead evaluated using the locally sampled velocity

ele and the corrected thrust coefficient C’ jele , as expressed in Equation (A24) (Allaerts and Meyers, 2018; Calaf et al., 2010).

ele ;

Here, uy;

is sampled directly at the actuator-element location and is therefore unambiguous.

Using the relationship between C2 ©le and Cs derived from classical actuator-disk theory (Manwell et al., 2010), C$®

can be expressed as Equation (A25). Combining Equations (A23), (A24), and (A25) yields the express1on for C3 °le given
in Equation (A26). For the selected value C’CIC = (.70, the corresponding axial induction factor is a®'® = 0.23, resulting in
Cr =1.17.

After computing T°!® from Equation (A24), the corresponding force is projected onto the CFD grid using Equation (A21).
For the rotor actuator elements of the MRSL, the applied force is given by fele = —T*°"¢,, where &, is the unit vector in the
streamwise direction of the inflow-aligned reference frame (z-direction).

The rotor thrust and power, denoted by 7% and P, are evaluated after projecting the body-force fields f

source uSIHg

Equations (A27) and (A28). Here, ¢ and j denote the indices of grid cells and actuator elements, respectively, and Agmd

represents the volume of a computational cell.

TR = Z Z .fjﬁource Agrid (A27)

- Z Z u(wl) ! -f;,lgource(wi) Agrid (A28)
(2]

For the rotor actuator elements, the smearing factors in Equation (A22) are set as {:‘R = R = 25é2 = 2/A,.. These values
provide a balance between reducing numerical singularities and maintaining a sufficiently concentrated force distribution (Li

et al., 2025¢; Gao et al., 2021; Martinez-Tossas et al., 2015).
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A4.3 Modeling the lifting device of MRSL

As described previously, the lifting devices of the MRSL are parameterized using four actuator lines, each consisting of 30
equally spaced actuator elements aligned in the lateral direction (y-direction). These actuator elements lie in the same plane as
the rotor actuator elements.

The projected forces are evaluated using a blade-element approach, in which force vector fAL is computed from the sampled
velocity and airfoil polar data, as expressed in Equation (A29). Here, u*" denotes the sampled flow velocity at an actuator-line
element, while ffL and f (‘?L are the lift and drag forces with corresponding coefficients C; and Cy, respectively. In this work,
C; and Cy are obtained from the S1223 airfoil (Selig et al., 1995) polar data shown in Figure 5(b) of Li et al. (2025d).

AAL denotes the spanwise length represented by an actuator element and is set to D/30. The unit vectors &, &;, and
é4 correspond to the spanwise, lift, and drag directions, respectively. Here, &, || £é, depending on the lifting direction, and

er || (uhl x éy).

PR = (M FAY) = 05p () e AN (Cil(a)en, Cala)ea) = 1 e+ T &, (A29)

In this work, 4" is obtained by averaging 20 velocity samples distributed along a circular path centered at the actuator
element (line averaging). Single-point sampling is avoided to improve numerical robustness (Melani et al., 2021; Zormpa

et al., 2025). The sampling points are equally spaced, and the normal vector of the enclosed circular surface is aligned with the

spanwise direction. The circle radius is set to AL =1.5eW (see Equation (A30) for e™).

To control the lift generated by the lifting devices, the wing pitch angle 8, is dynamically adjusted during the simulations

such that the mid-span angle of attack, auyiq, tracks the target value ai"i’gg“ = 8.5°. This target angle corresponds to a lift

coefficient of C; = 2.2 for the S1223 airfoil (Li et al., 2025d; Selig et al., 1995). Since the inflow conditions differ among the

wings, 0, is adjusted independently for each wing. To avoid excessive or overly rapid pitching motions, a one-sided exponential

Target

time filter with a 30s window is applied to the discrepancy between amiq and o, ;4

t0 0.5°s~ L.

, and the maximum pitching rate is limited

After determining the force vectors of the actuator elements representing the lifting devices, the Gaussian regularization
kernel in Equation (A22) is again employed to project the forces onto the CFD grid, where f?L corresponds to f?le in
Equation (A21).

Unlike the rotor actuator elements, which use constant smearing factors, the smearing factor for the actuator lines, denoted
by ", varies along the wing span according to the relative wing position, as defined in Equation (A30), where /D = 0.0
corresponds to the mid span. This approach was introduced by Jha et al. (2014). Previous studies comparing finite-wing loads
with experimental measurements have shown that this variable distribution of ¢V performs better than using a constant value
(Jha et al., 2014; Jha and Schmitz, 2018). In the present work, the resulting spanwise distribution of "' is shown in Figure 7

of Li et al. (2025d).
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w = w = w = w = L — | — el < =
€ €x =€, =& =30,4/1 <D> , 55555 (A30)

Using a procedure analogous to that used to compute 7% in Equation (A27), the total lift L' (vertical force) and total
drag D" (streamwise force) generated by the four wings of an MRSL are evaluated using Equations (A31) and (A32). For

clarity, note that the directions of L" and D" are defined in the inflow-aligned reference frame, whereas fL and ff?L in

Equation (A29) are defined relative to the direction of the local flow uAL.

LW = ZZ fﬁ:&ource(wi) "€ Agrid (A31)
i g

DW = Z Z fﬁsLourcc (wl) : ém Agrid (ASZ)
i g

Appendix B: Contours of flow velocities

This appendix presents contours of the time-averaged streamwise, lateral, and vertical velocity components (u, v, and w) in
Figure B1 to B3. These contours provide a more direct visualization of the velocity field and complement the velocity-deficit

Upeficit presented in Section 6.2.
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Figure B1. Contours of time-averaged streamwise velocity @ at plane /D = 6.0 for all the cases in Table 1. The ABL inflow condition

is indicated at the top of each column, while the configuration of MRSL is labeled on the right side of each row. The in-plane velocity
components (v and w) are represented by arrows, with the corresponding vector scale shown at the bottom right of the figure. The projected

perimeter of the MRSL is outlined by the black square. The initial upper and lower bounds of the inversion layer are indicated by horizontal

dashed lines.
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42

IIN

MN

TM

Md

' VE? +7 Juse = 0.2

WIND
ENERGY
SCIENCE



https://doi.org/10.5194/wes-2026-116
Preprint. Discussion started: 8 July 2026
(© Author(s) 2026. CC BY 4.0 License.

3.0
2.0
1.0

0.0
3.0

2.0
1.0

0.0
3.0

z/D

2.0

1.0

0.0
3.0

2.0

1.0

0.0

-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00

W/ Uso
0.05

eawe)

european academy of wind energy

IIN

MN

TM

Md

CBL NBL SBL
I T T 1 T 1 T T T
| | | | | | | | | |
[ OO NS NP SNSRI | (N9 [N I O (R | (S =N R
Loyt TN [rs NN v N N N
r ) o ar g P ar \ J 7
h N L ‘. =< - . - -
| | | | | | | | | |
L o R R o ]
| | | | | | | | | |
T T T T T 1 T T T 1
- N - S y N
L - u S I P N BN . . |
| ! ! | | | | \‘ ’{ |
-20 -1.0 0.0 10 20 -20 -1.0 0.0 10 20 -20 -1.0 0.0 1.0 20
y/D ' VE? +7 Juse = 0.2

Figure B3. Same as Figure B1, but for the time-averaged vertical velocity w.
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Figure C1. Contours of the time-averaged streamwise velocity deficit Upeficit at /D = 5.0 of the LES results from Li et al. (2025c¢). Note
that u™MT = w., for these cases because vertical velocity shear is absent. The ambient turbulence conditions imposed through the synthetic
turbulent inlet are indicated at the top of each column, while the MRSL configurations are labeled on the right of each row. The in-plane
velocity components (v and w) are represented by arrows, with their scale shown at the bottom-right corner of the figure. The projected

perimeter of the MRSL is indicated by the black square.

Appendix C: Sensitivity study of turbulence intensity without vertical velocity shear

Figure C1 presents contours of the time-averaged velocity deficit Upencis based on the LES results of Li et al. (2025c). The
MRSL parameters used in their study are identical to those employed in the present work. However, their inflow conditions
differ. Specifically, the major differences include that the inflow does not include vertical velocity shear, the turbulence is
generated using a synthetic turbulence method, thermal effects are neglected, and slip-wall boundary conditions are applied
at the ground. The presented contours are sampled at z/D = 5.0. In their simulations, the ambient turbulence intensity is
controlled by adjusting the synthetic turbulent inflow conditions. Readers are referred to Li et al. (2025c¢) for further details.
Figure C1 shows that the maximum streamwise velocity deficit decreases as the ambient turbulence intensity increases.

However, despite the variation in ambient T1, the vertical and lateral positions of the velocity-deficit regions remain largely

44



745

https://doi.org/10.5194/wes-2026-116 WIND
Preprint. Discussion started: 8 July 2026

~
© Author(s) 2026. CC BY 4.0 License. e We \ EZ:EEIT\I%YE

unchanged. Combined with the observations from Figures 4 to 6, these results suggest that the vertical and lateral displacements
of Upescit 1S primarily governed by thermal stratification, whereas the reduction of the maximum velocity deficit can be strongly
influenced by the ambient turbulence intensity T1.,. Nevertheless, it should be noted that the influence of thermal stratification
on the magnitude of the maximum Upefcit has only been briefly overviewed but not systematically investigated in the present

work and may warrant further study in future research.
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Figure D1. Contours of turbulence intensity T1T at plane /D = 6.0 for all the cases in Table 1. The ABL inflow condition is indicated at the

top of each column, while the configuration of MRSL is labeled on the right side of each row. The in-plane velocity components (v and w)
are represented by arrows, with the corresponding vector scale shown at the bottom right of the figure. The projected perimeter of the MRSL

is outlined by the black square. The initial upper and lower bounds of the inversion layer are indicated by horizontal dashed lines.

Appendix D: Contours of turbulence intensity

Contours of turbulence intensity T1 are presented in Figure D1. They provide additional context for interpreting the added

turbulence intensity TTaqq discussed in Section 6.4.
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Figure E1. Contours of time-averaged streamwise vorticity w, at selected x-planes for the UW cases. The ABL inflow condition is indicated

at the top of each column, while the streamwise location of each plane is labeled on the right side of each row. The in-plane velocity

components (U and w) are represented by arrows, with the corresponding vector scale shown at the bottom right of the figure. The projected

perimeter of the MRSL is outlined by the black square. The initial upper and lower bounds of the inversion layer are indicated by horizontal

dashed lines.

Appendix E: Contours depicting the streamwise development of streamwise vorticity

Contours showing the streamwise evolution of the time-averaged streamwise vorticity, w,. These figures provide a more

comprehensive set of contours than those presented in Sect. 6.5.
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Figure E2. Same as Figure E1 but for the WL cases.
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Figure E3. Same as Figure E1 but for the DW cases.
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