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Abstract

This study investigates multiple-wake interactions and downstream power losses in a
heterogeneous tandem array comprising DTU 10-MW and NREL 5-MW offshore wind
turbines. TurbSim is used to generate turbulent inflow fields, and a three-turbine tandem
array is simulated in FAST. Farm using the Dynamic Wake Meandering model. Seven turbine
configurations and 57 simulation scenarios are considered to systematically examine the
effects of streamwise spacing, inflow turbulence intensity, turbine-type combination, and
turbine-type arrangement on power output and wake evolution. The results show that
increasing the streamwise spacing generally improves the power output and wake power
retention ratios of the intermediate and downstream turbines. Compared with uniform
inflow, turbulent inflow with a prescribed turbulence intensity of 15% generally enhances
momentum exchange across the wake shear layers, accelerates wake recovery, and reduces
downstream power losses, although its effect on total array power depends on the turbine
configuration. Turbine-type arrangement affects downstream performance by changing the
spatial extent of the wake generated by the intermediate turbine and its vertical overlap
with the rotor-swept area of the downstream turbine. At a streamwise spacing of 5D,
and a turbulence intensity of 15%, placing the NREL 5-MW turbine at the intermediate
position and the DTU 10-MW turbine downstream results in a downstream wake power
retention ratio of 53.2%. Reversing their positions reduces this ratio to 31.9%. Nevertheless,
the corresponding total array powers differ by only 0.3 MW because the power outputs
are redistributed between the intermediate and downstream turbines. These findings
demonstrate that streamwise spacing, inflow conditions, and turbine-type arrangement
should be considered jointly when evaluating the wake recovery and power performance
of heterogeneous offshore wind-turbine arrays.

Keywords: horizontal-axis wind turbine; heterogeneous wind turbines; tandem array;
turbine layout; wake recovery
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1. Introduction

Offshore wind capacity and turbine ratings have increased rapidly as countries pursue
decarbonization targets [1,2]. As wind farms become larger and more densely clustered,
wake interactions increasingly constrain energy production. The wake velocity deficit and
elevated turbulence generated by an upstream turbine reduce the effective inflow velocity
and produce nonuniform loading on downstream turbines [3].

Previous studies have shown that streamwise spacing affects wake development and
recovery, as well as the extent of multiple-wake superposition, thereby altering the effective
inflow velocity and power output of downstream turbines. Stevens et al. [4] conducted
theoretical analyses and numerical simulations and demonstrated that larger streamwise
spacing weakens wake effects on downstream turbines and increases their power output.
However, these benefits gradually diminish once the spacing exceeds a certain threshold.
Based on large-eddy simulations of the atmospheric boundary layer, Niayifar et al. [5]
reported a clear relationship between wake recovery and streamwise spacing, showing that
larger spacing promotes turbulent mixing and accelerates wake recovery.

Bastankhah et al. [6] developed a Gaussian analytical wake model based on the con-
servation of mass and momentum. The model predicts that wake width increases approxi-
mately linearly over a certain downstream range, while the centerline velocity deficit progres-
sively decreases. This provides a theoretical basis for evaluating the effects of streamwise
spacing on downstream inflow conditions. Baas et al. [7] employed atmospheric large-eddy
simulations to investigate multi-gigawatt offshore wind farms and showed that compact
layouts intensify wake overlap and increase overall wind-farm power losses, whereas larger
streamwise spacing mitigates these adverse effects. From the perspective of deep-array
effects, Bay et al. [8] similarly showed that small streamwise spacing exposes downstream
turbines to persistent multiple-wake effects, thereby limiting wake recovery and reducing
power output, while larger streamwise spacing improves downstream performance. Kirby
et al. [9] further noted that streamwise spacing affects not only local wake superposition
but also farm-scale momentum transport and, consequently, the spatial distribution of
power losses.

Inflow conditions, particularly turbulence intensity, are critical to wake recovery and
downstream power recovery. Recent studies have examined the mechanisms by which
inflow turbulence affects wind-turbine wake evolution. Wang et al. [10] investigated the
effects of different wind-farm layouts under turbulent inflow and showed that appropriate
spatial arrangement of turbines can mitigate wake shielding and improve downstream
power recovery. Vahidi et al. [11] proposed a physics-based wake-expansion model based
on atmospheric-boundary-layer turbulence and showed that higher inflow turbulence
intensity enhances momentum exchange in the wake shear layer, thereby accelerating wake
diffusion and recovery. Hodgson et al. [12] further examined the effect of inflow turbulence
time scales and found that different time scales can alter near-wake breakdown, wake
recovery, and the rotor-averaged inflow velocity of downstream turbines even at comparable
overall turbulence intensities. Gambuzza et al. [13] analyzed wake development under
free-stream turbulence and reported that high turbulence intensity combined with small
turbulence time scales promotes faster wake evolution, whereas larger turbulence scales
may delay recovery. In addition, Hu et al. [14] numerically investigated the aerodynamic
performance and wake evolution of a coaxial co-rotating dual-rotor wind turbine, focusing
on inter-rotor aerodynamic coupling, blade-motion parameters, and turbulent mixing.
Their work provides a useful reference for understanding wake mechanisms in complex
wind-turbine systems.

Variable hub-height designs bring benefits for wind farms. They reduce vertical wake
overlap. They optimize incoming-flow status for downstream turbines. Uniform hub-height
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layouts serve as a reference case. Multi-hub-height layouts create vertical misalignment for
rotor-swept areas. They lower risks. The risk means downstream rotors are fully wrapped by
upstream low-speed wake cores. Sun et al. [15,16] treated wind-farm planar layout and hub
height as coupled optimization variables and showed that hub-height optimization changes
wake coverage and downstream inflow distributions, thereby improving wind-farm power
output. Their joint optimization of turbine number, hub height, and offshore array layout
also demonstrated a clear coupling between hub height and planar position, indicating that
planar optimization alone may not fully reduce wake losses. Unlike these studies, which
focused mainly on engineering optimization and power enhancement, Ciavarra et al. [17]
applied a gradient-based optimization method to wind farms with multiple hub heights and
showed that multi-height configurations can expand the layout-design space and provide
additional degrees of freedom for reducing wake interference.

Heterogeneous wind farms have also been investigated through multi-type layout opti-
mization, coupled turbine-design and layout optimization, tandem-wake experiments, and
hybrid offshore wake optimization [18-21]. However, fewer studies have used a common
numerical case matrix to examine how streamwise spacing, prescribed inflow turbulence
intensity, upstream turbine type, rotor-size and hub-height differences, and turbine-type ar-
rangement jointly affect both turbine-level wakes and total power in a three-turbine tandem
array. This gap is especially relevant offshore, where low ambient turbulence can prolong
wakes and mixed-capacity deployment introduces differences in rotor diameter, hub height,
aerodynamics, and control.

To address this gap, the present study considers an offshore three-turbine tandem
array composed of two representative turbine types with different capacities, namely the
DTU 10-MW and NREL 5-MW wind turbines. The effects of streamwise spacing, turbine-
type combination and arrangement, and inflow conditions on aerodynamic performance
and wake evolution are systematically investigated. Section 2 describes the numerical
methods and validation, including momentum theory and the Betz limit, the Dynamic
Wake Meandering model, turbulent-wind-field validation, mesh-independence assessment,
and aerodynamic-performance validation. Section 3 presents the tandem-array model and
the simulation cases for different spacings, turbine configurations, and inflow conditions.
Section 4 investigates the effects of streamwise spacing, inflow conditions, and turbine-type
arrangements on the power performance and wake characteristics of the tandem wind
turbine array. Furthermore, the overall power performance of the entire array is evaluated
by considering the combined power outputs of all three turbines, followed by a discussion
of the scope and limitations of the present study. Section 5 summarizes the main findings
and their implications for heterogeneous offshore wind-farm layout design.

2. Numerical Methods and Validation
2.1. Momentum Theory and the Betz Limit

Classical axial momentum theory represents a turbine as an ideal, uniformly loaded
actuator disk in steady, incompressible, inviscid flow [22,23]. It relates induction, thrust
and power under the assumptions of one-dimensional flow and equal far-upstream and
far-wake static pressures. The following established relations provide background notation;
they are not a new numerical method.

The axial velocity at the rotor plane is:

ud = U, (1 - a) (1)

The far-wake velocity is:
Uw = U, (1 - 2a) (2)
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The ideal power extracted by the wind turbine is:
P = TUd = 20AdU3a (1 — a)? (3)

The dimensionless power coefficient C, is:

P

— =d4a(1 —a)? 4
%pAdugo @)

Cr =
where « is the axial induction factor; p is the air density (kg m‘3); A, Ay and A, are the
streamtube cross-sectional areas in the far-upstream region, at the rotor plane, and in the far
wake, respectively (m?);and U, U, and U,, are the corresponding axial velocities (m s1).

When the axial induction factor « = 1/3, the power coefficient reaches its maximum
value, with C, ., corresponding to the Betz limit.

2.2. Dynamic Wake Meandering (DWM) Model

The Dynamic Wake Meandering (DWM) model represents wake deflection, meander-
ing, deficit evolution and wake superposition [24]. For a non-yawed turbine in uniform
inflow, the mean wake is aligned with the wind direction. Large turbulent structures
displace the wake laterally and vertically, while smaller structures contribute to mixing
and deficit recovery. Under the approximately axisymmetric thin-shear-layer assumptions,
the radial deficit gradient dominates the axial gradient, and the pressure-gradient term is
neglected [25], giving the axial momentum equation:

v, W, v, PV, aotav,
erW + VV,,W = ot or + rvtﬁ + ryw (5)
v, IV,
Vr+1’7+1’ax =0 (6)

where V, and V, are the axial and radial mean velocity components (m s7!), x and r
are the axial and radial coordinates (m), and v, denotes the kinematic eddy viscosity
(m? s7!). Equations (5) and (6) express axial momentum transport and axisymmetric
continuity, respectively.

Under the assumption of axial symmetry, wake transport is solved transiently on a
polar wake plane using radial finite differences. A low-pass temporal filter separates the
turbulent eddies in the wind field into large-scale structures larger than approximately twice
the rotor diameter and small-scale structures smaller than this scale. Large-scale structures
govern the trajectory of the wake center and therefore its meandering, whereas small-scale
structures primarily influence wake-deficit evolution. Here, f, is the cutoff frequency of
the low-pass filter used in the wake-advection, deflection, and meandering calculations,
and f, must be greater than zero. The characteristic time scale and the corresponding cutoff
frequency are defined as follows [24]:

1.1
1 — 1.3 min(a,,, 0.5)

R
T = u— (7)

24

fe= (8)

T

where 7, is the characteristic time scale, 4,,, is the rotor-disk-averaged axial induction factor,
and R is the wind-turbine rotor radius (m).
For heterogeneous wind farms, wake scales and recovery rates differ because turbines

of different capacities can have different rotor diameters, hub heights, thrust coefficients,
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and operating characteristics. FAST.Farm solves for the wake evolution separately for
each turbine and evaluates multi-turbine interactions through local wake superposition,
providing a unified framework for analyzing wake coupling among heterogeneous turbines.

The axisymmetric approximation for wake-deficit evolution applies locally to the
wake of each individual turbine. Each wake is associated with the source turbine’s own
rotor position and hub height and is evaluated at the actual three-dimensional locations of
downstream rotors. The approximation therefore does not require all turbines in the array
to share a common global rotor axis.

In the following wake visualization results, the normalized streamwise velocity deficit

. . . . u-u,,
is used to characterize wake recovery. It is defined as A _

= 7, Where U denotes the time-
averaged local streamwise velocity, and U, denotes the axial velocity of the undisturbed

incoming flow, consistent with its definition in Section 2.1. The streamwise coordinate is

normalized by the reference rotor diameter, expressed as x/D,..

2.3. Numerical Validation
2.3.1. Turbulent Wind Field Validation

TurbSim is a numerical code used to generate stochastic full-field turbulent wind-speed
time histories and is widely employed to model atmospheric-boundary-layer inflow for
wind-turbine aeroelastic simulations. On a prescribed two-dimensional vertical grid, it
generates three-dimensional velocity time series consisting of streamwise (), cross-stream
(v), and vertical (w) components [26]. These spatially and temporally correlated wind
fields provide inflow boundary conditions for unsteady aerodynamic simulations at both
turbine and wind-farm scales.

TurbSim was used to generate a turbulent wind field 235 m high and 2000 m wide, with
a prescribed turbulence intensity of 15% and mean wind speed of 11.4 m/s. Figure 1 shows
a representative spatiotemporal distribution. Figure 2 compares the streamwise-velocity
spectrum at z = 119 m with the prescribed Kaimal spectrum. The TurbSim spectrum
agrees well with the Kaimal spectrum over the principal frequency range, and the overall
energy-distribution trends are consistent. The generated field therefore reproduces the
main spectral characteristics of atmospheric-boundary-layer turbulence and is suitable as
the inflow condition for the subsequent aerodynamic and wake analyses.
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Figure 1. Spatiotemporal distribution of the turbulent wind field.
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Figure 2. Comparison between the simulated wind-speed spectrum and the Kaimal spectrum at
U=114m/sand I = 15%.

2.3.2. Mesh-Independence Assessment

To reduce computational cost while maintaining adequate accuracy, FAST.Farm uses
a multiscale computational-domain discretization in which the wind-farm flow field is
represented by low-resolution and high-resolution domains [27]. The low-resolution do-
main covers the entire wind farm and resolves large-scale unsteady processes such as wake
advection, deflection, diffusion, and multi-wake interaction. A finer high-resolution domain
is defined around each turbine to resolve local inflow variation, near-rotor flow, and wake
structures relevant to aerodynamic loads and power output. Coupling the low-resolution
full-field domain with the high-resolution local domains substantially reduces the computa-
tional cost of wind-farm simulations while retaining the resolution required near individual
turbines. In this study, the time step was set to 0.0125 s [10,28].

The existing spatial-sensitivity comparison uses a single NREL 5-MW turbine under
uniform inflow at 11.4 m/s. To verify the grid independence of the numerical simulation
results, simulations were performed for both the NREL 5-MW and DTU 10-MW wind tur-
bines using different mesh sizes. The power outputs obtained from each mesh configuration
were compared with the corresponding reference values reported in the literature [29,30].
As shown in Table 1, for the NREL 5-MW wind turbine, the output powers obtained using
Meshes 1, 2, and 3 were 5.28 MW, 5.23 MW, and 5.22 MW, respectively, corresponding
to power ratios of 99.81%, 98.87%, and 98.68%. For the DTU 10-MW wind turbine, the
corresponding output powers were 9.94 MW, 9.92 MW, and 9.91 MW, with power ratios of
99.4%, 99.2%, and 99.1%, respectively. It can be observed that, for both wind turbines, the
results obtained using Mesh 1 are closest to the reference values and exhibit the highest
power ratios, indicating that this mesh configuration provides relatively high numerical
accuracy. Therefore, considering the mesh comparison results for both wind turbines, Mesh
1 was selected for all subsequent numerical simulations.

Table 1. Comparison of wind-turbine power output for different mesh sizes.

Low-Resolution High-Resolution Output Power . o
Mesh Mesh Size (m) Mesh Size (m) (MW) Power Ratio (%)
Mesh 1 5 5 5.28 99.81
Mesh 2 10 10 5.23 98.87
NRELSMW Mesh 3 20 10 5.22 98.68
Ref. [29] 5.29 100%
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Table 1. Cont.

Low-Resolution High-Resolution Output Power . o
Mesh Mesh Size (m) Mesh Size (m) (MW) Power Ratio (%)
Mesh 1 5 5 9.94 99.4
Mesh 2 10 10 9.92 99.2
DTUIO-MW  \esh 3 20 10 991 99.1
Ref. [30] 10.0 100%

Time-averaged power output (MW )

N

S

o

(=

S

S}

2.3.3. Validation of Single- and Multi-Turbine Aerodynamic Performance

Figure 3a compares the simulated power output of the DTU 10-MW turbine with
the corresponding design values under different operating conditions. Below the rated
wind speed and around the rated operating region, the simulated results agree well with
the design curve, indicating that the numerical model adequately reproduces the power-
response characteristics of the DTU 10-MW turbine under typical operating conditions.

L. T T 80%
® Present data Barthelmie et al.(2009)
—— Shaler et al.(2019) —4A— Lin and Porté-Agel(2022)
121 —e— Present data
i Error relative to Lin and Porté-Agel(2022) | 60%
0.9 Error relative to Barthelmie et al.(2009)
S 5
& o6t {40% £
& i3}
03
4 120%
0 28.51%
B 24.18%
17.59%
8.48%
1 -0.3 L L L 0%
14 16 1 2 3
Wind Speed (m/s) T

(a) DTU 10-MW single-turbine case

(b) NREL 5-MW multi-turbine case

Figure 3. Comparison between the present results and data reported in the literature [26,31,32].

Considering that the present study further addresses wake interactions and power
prediction among multiple wind turbines within a wind farm, field measurements from the
Horns Rev wind farm [31] and large-eddy simulation (LES) results [32] were introduced as
reference benchmarks to evaluate the capability of the adopted model to reproduce power
attenuation characteristics under multi-turbine array conditions. The comparison of power
output among different turbines is shown in Figure 3b. Overall, the present numerical
results are slightly lower than the LES results reported in Ref. [32], while the LES results
are, in turn, lower than the field measurements reported in Ref. [31]. Nevertheless, all
three datasets exhibit a generally consistent downstream power attenuation trend across
the wind farm. Since the reference studies involve different turbine configurations and
operating conditions, Figure 3b mainly provides a cross-study comparison of normalized
power attenuation rather than a strict like-for-like quantitative validation.

As shown in Figure 3b, the maximum deviation occurs at turbine T3, where the present
numerical predictions differ from the LES results and field measurements by 17.59% and
28.51%, respectively. For T2, the deviations from the LES results and field measurements
are 8.48% and 24.18%, respectively, giving mean deviations of 13.04% and 26.35% across T2
and T3. Since T1 serves as the normalization reference, its zero deviation does not constitute
an independent accuracy assessment.

Turbine T3 shows relatively large prediction error. Multiple-wake overlap brings strong
flow non-uniformity and unsteadiness. These factors cause part of the error. Other factors
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also exert influences. They include simulation software setups. They include boundary con-
dition settings. They include wind-farm operational parameter gaps between this work and
reference papers. All these items lead to power-prediction bias. For the field measurements,
the results are additionally influenced by various environmental and operational factors,
including ambient temperature, humidity, atmospheric stability, terrain roughness, and the
actual operating status of the turbines, which are generally difficult to reproduce fully in
numerical simulations. These factors may partly contribute to the differences between the
numerical predictions and field measurements.

The wake velocity-deficit distributions presented in Section 4 provide complementary
information for interpreting the simulated power variations, rather than independent quan-
titative validation of the wake flow field. Despite these quantitative discrepancies, the model
captures the overall downstream power attenuation characteristics, supporting comparative
analyses of wake evolution and power distribution under consistent simulation conditions.

3. Simulation Setup
3.1. Wind-Farm Layout and Computational Domain

Numerical simulations of a tandem wind-farm configuration were conducted using
two horizontal-axis reference turbines with different rated capacities: the NREL 5-MW and
DTU 10-MW turbines. To balance computational efficiency and local flow-field resolution,
a two-level domain discretization was used. The outer low-resolution domain covers the
entire wind farm and represents the overall flow and wake development, whereas a high-
resolution domain surrounding each turbine improves resolution near the rotor and in the
near wake. For all cases, the outer domain was 4000 m x 2000 m x 230 m. An independent
high-resolution region of 200 m x 200 m x 225 m was defined around each turbine and
nested within the outer domain. The principal turbine parameters are listed in Table 2, the
tandem layout is shown in Figure 4, and the hub elevations of the four turbine configurations
are illustrated in Figure 5.

»
$
S 2
N T3 High-re§olution
- T (sm5m)
7 mx5m
£ T2
& | | Inflow Wind %
S % —
~
. / &
/ = Low-resolution grid
Z 1200m (10m x 10m)
Y=2000m

Figure 4. Three-dimensional schematic of the computational domain and tandem layout. Turbines
are aligned only in plan view; turbine-specific hub heights are given in Table 2 and Figure 5.

Table 2. Main parameters of the NREL 5-MW and DTU 10-MW wind turbines.

Parameter NREL 5-MW [29] DTU 10-MW [30]
Cut-in wind speed (m/s) 3 4
Cut-out wind speed (m/s) 25 25
Rated wind speed (m/s) 11.4 11.4
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Table 2. Cont.

Parameter NREL 5-MW [29] DTU 10-MW [30]

Rated power (MW) 5 10

Number of blades 3 3
Actual rotor diameter D, (m) 126 178.3

Hub diameter (m) 3 5.6

Hub height (m) 90 119

Rotor mass (t) 110 228

Nacelle mass (t) 240 446

Tower mass (t) 347 628

M M M M
DTU-10MW NREL-SMW NREL-SMW DTU-10MW NREL-SMW DTU-10MW

(a) Case 1

119m 119m / (‘ .
H |

M M M M
DTU-10MW DTU-10MW NREL-SMW DTU-10MW DTU-10MW DTU-10MW

(b) Case 2

(c) Case 3 (d) Case 4

Figure 5. Four turbine configurations with hub heights of 119 m for the DTU 10-MW turbine and
90 m for the NREL 5-MW turbine. Mixed-type configurations retain the 29 m vertical rotor-axis offset.

3.2. Simulation Cases and Operating Conditions

To further investigate the effects of different rated-power turbine-type arrangements on
the overall power generation performance of the turbine array, three additional comparison
cases were established under identical inflow wind speeds and streamwise spacing ratios.
These cases were Case 5 (NREL 5-MW-DTU 10-MW-NREL 5-MW), Case 6 (NREL 5-
MW-NREL 5-MW-DTU 10-MW), and Case 7 (NREL 5-MW-DTU 10-MW-DTU 10-MW).
These configurations were designed to investigate the effects of different turbine capacity
combinations and arrangement sequences on the array power output when an NREL 5-MW
turbine was placed in the first row.

Cases 5-7 were included to permit direct comparisons with Cases 1-3 at the same in-
stalled capacities and streamwise spacings. Their total array power performance is evaluated
together with that of Cases 1-4 in Section 4.4.

Cases 1-4 were simulated at 3D, 4D,,1, 5D,,f, and 8D, under uniform inflow and pre-
scribed turbulence intensities of 8% and 15%, giving 48 case—spacing-inflow combinations.
Cases 5-7 add nine uniform-inflow combinations at 3D,,~5D,, for a total of 57 combina-
tions. Figure 5 illustrates Cases 1-4, and Table 3 lists all seven configurations and their
operating conditions.
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Table 3. Simulation cases and operating conditions.

Case I',E?gfi:‘ Int;::;ﬁg;ate DO,;:; Ir\]:;eeam Streamwise Spacing, M Inflow Condition
Case 1 DTU 10-MW NREL 5-MW NREL 5-MW
Case 2 DTU 10-MW NREL 5-MW DTU 10-MW 3D, 4D, Uniform, I = 8%, or
Case 3 DTU 10-MW DTU 10-MW NREL 5-MW 5D,,5, 8D, [=15%
Case 4 DTU 10-MW DTU 10-MW DTU 10-MW
Case 5 NREL 5-MW DTU 10-MW NREL 5-MW 3D 4D
Case 6 NREL 5-MW NREL 5-MW DTU 10-MW 5fD ref? Uniform
Case7  NREL5-MW DTU 10-MW DTU 10-MW ref

Regarding the wind-farm layout, although the IEC standards do not prescribe manda-
tory streamwise-spacing requirements, representative streamwise spacings are gener-
ally selected within typical engineering ranges for wind-farm design, wake assessment,
and power-prediction studies. Accordingly, in the present study, the turbines were ar-
ranged sequentially along the incoming-flow direction, and the center-to-center spacing
between adjacent turbines in the x direction was denoted by (M). Four streamwise spacings,
M = 3D,,f, 4D, 5D, and 8D, ¢, were considered to systematically investigate the effects of
turbine spacing on wake superposition and downstream power recovery. In this study, the
rotor diameter of each turbine is denoted as D,. The NREL 5-MW and DTU 10-MW turbines
have rotor diameters of D, ygg, = 126 mand D, pry; = 178.3 m, respectively. Because different
turbine types are considered in the heterogeneous tandem array, a unified reference length
is required for spacing normalization. Therefore, the rotor diameter of the NREL 5-MW
turbine is selected as the reference diameter, defined as D,,; = 126 m.

Two inflow conditions were considered: ideal uniform inflow and turbulent inflow. The
incoming wind was aligned with the positive x direction and was normal to the rotor planes.
The selection of turbulence intensity is important for wind turbine wake simulations because
turbulence characteristics are influenced by wind speed, measurement height, atmospheric
stability, and surface roughness. Tiirk and Emeis [33] investigated the relationship between
turbulence intensity and wind speed using four years of measurements from the FINO1
observation platform. Emeis [34] further reported that, at a measurement height of 90 m,
the mean turbulence intensity reached a minimum of approximately 4.5% at a wind speed of
12 m/s, while the corresponding 90th-percentile values were approximately 7-8.5% within
the wind-speed range of 10-12 m/s. Furthermore, Serum et al. [35] conducted a statistical
analysis of 15 years of measurements at a height of 100 m, reporting mean values of the fitted
design turbulence-intensity distributions of approximately 9.20% and 8.82% for wind-speed
ranges of 8-10 m/s and 14-16 m/s, respectively.

Based on these measurement results, two turbulent inflow conditions with turbulence
intensities of 8% and 15% were selected in the present study [36]. The 8% turbulence
intensity was adopted as an intermediate turbulence condition to investigate the effects of
moderate turbulent disturbances on wake development and array power performance. The
15% turbulence intensity was retained as a relatively high turbulence sensitivity condition
to examine the changes in wake evolution and array power performance under stronger
turbulent mixing. Meanwhile, uniform inflow (0%) was retained as an idealized reference
condition to facilitate comparisons of wake characteristics and power output under different
turbulence intensities. It should be emphasized that the prescribed turbulence intensities are
intended for comparative numerical analyses rather than being calibrated to the long-term
statistical characteristics of a specific site. The principal TurbSim and FAST.Farm settings
required for reproducibility are reported in Appendix A, and the notation used throughout
the manuscript is summarized in Appendix B.
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All simulation cases were run for a total duration of 2000 s. During the initial stage of
each simulation, the turbine operating states and flow field had not yet reached statistically
stationary conditions. To eliminate the influence of the initial transient response on the
statistical results, the first 1000 s of simulation data were discarded, and only the final 1000
s were used for post-processing and statistical analysis, thereby ensuring the reliability and
stability of the reported results [37].

4. Results and Discussion
4.1. Effects of Streamwise Spacing on Turbine Power Output

Figure 6 illustrates the effects of streamwise spacing on the time-averaged power
output of the three-turbine tandem array under different turbine configurations and inflow
conditions. Overall, increasing the streamwise spacing has a negligible effect on the power
output of T1 but progressively improves the power generation of T2 and T3. Specifically, the
power output of T1 remains approximately 9.9 MW, 9.3 MW, and 9.4 MW under uniform
inflow, 8% turbulence intensity, and 15% turbulence intensity, respectively. This is because
T11is located upstream of the entire array and is therefore not affected by the wakes generated
by the downstream turbines. In contrast, T2 and T3 exhibit substantial power recovery as the
spacing increases from 3D, to 8D,,. For example, under uniform inflow, the power outputs
of T2 and T3 in Case 1 increase from 1.4 and 1.0 MW to 2.3 and 2.5 MW, respectively. Similar
increases are observed in the other three configurations, demonstrating that increasing
streamwise spacing consistently improves the power output of downstream turbines.

To facilitate comparisons between turbines with different rated capacities, the normal-
ized power output is defined as:

p* = zf = x100% (9)

r,i

where P; is the time-averaged power output of turbine 7 over the final 1000 s, and P is its
rated power, corresponding to 5 MW for the NREL turbine and 10 MW for the DTU turbine.
This parameter represents the fraction of rated power achieved by each turbine. However,
rated-power normalization alone cannot directly quantify the power loss induced by wake
interference because the two turbine types have different aerodynamic characteristics and
rated capacities. Therefore, a wake power retention ratio is introduced to provide a more
consistent evaluation of wake-induced power losses:

Hote = 2 1009% (10)
’ Py

where P, . denotes the time-averaged power output of turbine i under wake-affected
conditions, and P, represents the corresponding reference power output of the same
turbine operating independently without upstream wake interference under identical inflow
conditions. The reference power outputs of the NREL 5-MW turbine under uniform inflow,
8% turbulence intensity, and 15% turbulence intensity are 4.9, 4.6, and 4.7 MW, respectively.
The corresponding values for the DTU 10-MW turbine are 9.9, 9.3, and 9.4 MW. Based on
this definition, the wake-induced power loss ratio can be expressed as:

Li,wake =100% — Ui,wuke (11)

A higher wake power retention ratio indicates a smaller relative power loss caused by
wake interference.

Figures 7a and 7b show the wake power retention ratios of T2 and T3 in Cases 1 and
2, respectively. Under uniform inflow, the retention ratios of T2 and T3 in Case 1 increase
from 28.6% and 20.4% at 3D, to 46.9% and 51.0% at 8D,,, respectively. A similar trend is

https://doi.org/10.3390 /jmse14212079


https://doi.org/10.3390/jmse14212079

J. Mar. Sci. Eng. 2026, 14, 2079 12 of 27

observed in Case 2, where the corresponding values increase from 28.6% and 22.2% to 46.9%
and 54.5%. These results indicate that increasing streamwise spacing effectively reduces the
relative power losses of downstream turbines. In particular, T3 exhibits a more pronounced
improvement than T2 in both configurations, which can be attributed to its exposure to the
cumulative effects of upstream wakes. As the spacing increases, the interaction between
successive wakes becomes less severe, allowing the downstream turbine to recover a greater
proportion of its corresponding isolated-turbine power output.
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Figure 6. Time-averaged power output of the three-turbine tandem array under different streamwise

spacings and inflow conditions.
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Figure 7. Wake power retention ratios of T2 and T3 under different streamwise spacings and inflow
turbulence intensities: (a) Case 1; (b) Case 2; (c¢) Case 3; and (d) Case 4.

Figures 7c and 7d show the corresponding results for Cases 3 and 4. Under uniform
inflow, the wake power retention ratios of T2 and T3 in Case 3 increase from 27.3% and
22.4% at 3D, to 46.5% and 44.9% at 8D, respectively. In Case 4, the corresponding values
increase from 27.3% and 20.2% to 46.5% and 42.4%. The same increasing trend is observed
under both turbulent inflow conditions. For example, under 15% turbulence intensity, the
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retention ratios of T2 and T3 increase from 46.8% and 25.5% to 59.6% and 44.7% in Case 3,
while those in Case 4 increase from 46.8% and 28.7% to 59.6% and 53.2%, respectively. These
findings further confirm that increasing streamwise spacing improves the power retention
of downstream turbines regardless of the turbine combination. Moreover, the comparison
between Cases 1 and 2 and between Cases 3 and 4 highlights the influence of downstream
turbine type on the relative power response. Although the actual power outputs differ
because of the different rated capacities and aerodynamic characteristics, the wake power
retention ratio provides a more appropriate basis for evaluating their relative responses to
wake interference.

The influence of inflow turbulence intensity on wake power retention is also evident
in Figure 7. In general, the 15% turbulence cases exhibit higher retention ratios than the
corresponding uniform-inflow cases, particularly at relatively small spacing. For instance,
at 3D,,, the retention ratio of T3 in Case 2 increases from 22.2% under uniform inflow to
42.6% under 15% turbulence intensity. Similarly, the retention ratio of T2 in Case 3 increases
from 27.3% to 46.8%. This improvement can be associated with enhanced turbulent mixing
and momentum exchange across the wake shear layer, which promote the entrainment of
higher-momentum fluid into the wake region. However, the effect of 8% turbulence intensity
is less consistent. Depending on the turbine configuration and downstream position, the
corresponding retention ratios may be higher or lower than those under uniform inflow.
This indicates that the influence of ambient turbulence on wake recovery depends on both
turbulence intensity and turbine configuration rather than following a simple monotonic
relationship. Importantly, because the wake power retention ratio is calculated using
the corresponding isolated-turbine reference power under the same inflow condition, the
comparison accounts for the direct influence of inflow turbulence on the power generation
of each turbine.

To further evaluate the combined effects of streamwise spacing and turbine configura-
tion, the array-level wake power retention ratio is defined as:

3
Z, Pi,wake
i=1

Narray = ——3—— % 100% (12)
i=1p"’0
where the numerator represents the total power output of the three turbines operating in
the tandem array, and the denominator represents the sum of their corresponding isolated-
turbine reference power outputs under identical inflow conditions. This parameter provides
an overall assessment of wake-induced power losses while accounting for the different rated
capacities of the turbine combinations.

Figure 8 presents the array-level wake power retention ratios under uniform inflow,
8% turbulence intensity, and 15% turbulence intensity. A consistent increase is observed in
all four configurations as the spacing increases from 3D, to 8D,,. Under uniform inflow,
the array-level retention ratios increase from 62.4% to 74.6% in Case 1, from 54.7% to 71.3%
in Case 2, from 55.5% to 67.6% in Case 3, and from 49.2% to 63.0% in Case 4. Under 8%
turbulence intensity, the corresponding values increase from 62.7% to 73.5%, from 58.2% to
73.3%, from 57.8% to 69.8%, and from 52.3% to 66.7%, respectively. Similarly, under 15%
turbulence intensity, the retention ratios increase from 65.4% to 75.0% in Case 1, from 63.8%
t0 76.2% in Case 2, from 63.8% to 72.8% in Case 3, and from 58.5% to 70.9% in Case 4. These
results demonstrate that increasing streamwise spacing reduces the overall relative power
losses of the tandem array under all investigated inflow conditions.
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Figure 8. Array-level wake power retention ratios under different streamwise spacings and inflow
conditions: (a) Uniform inflow; (b) I = 8%; and (c) I = 15%.

A comparison among the four configurations further reveals that turbine-type arrange-
ment has a considerable influence on the overall wake-related power performance. Under
uniform inflow and 8% turbulence intensity, Case 1 generally exhibits a relatively high
array-level wake power retention ratio, whereas Case 4 consistently presents the lowest
values across the investigated spacings. Under 15% turbulence intensity, Case 2 achieves
the highest retention ratio at 8D, reaching 76.2%. This suggests that the combination
of turbine types and their associated aerodynamic characteristics affects the cumulative
wake interactions within the array. However, a higher absolute array power output does
not necessarily correspond to a higherarray-level wake power retention ratio. For example,
under uniform inflow at 8D,,;, Case 4 achieves the highest actual array power output of
18.7 MW, whereas its array-level retention ratio is only 63.0%, compared with 74.6% in
Case 1. This difference arises because the two configurations have different total rated
capacities and isolated-turbine reference power outputs. Therefore, absolute array power
and array-level wake power retention ratio should be considered together when evaluating
the performance of different turbine combinations.

4.2. Effects of Inflow Conditions on Wake Characteristics

To further investigate the influence of inflow conditions on wake development and
downstream aerodynamic performance, Cases 1 and 4 are selected for comparison at a
streamwise spacing of M = 5D, These two configurations represent different turbine-type
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combinations at the intermediate and downstream positions, allowing the effects of turbine
configuration and inflow turbulence on wake evolution to be examined. The analysis
combines the turbine power outputs in Figure 6, the individual wake power retention ratios
in Figure 7, the array-level wake power retention ratios in Figure 8, and the wake velocity-
deficit contours in Figure 9. The velocity-deficit contours are extracted from a common
horizontal XY plane at z = 119 m, corresponding to the hub height of the DTU 10-MW
turbine and 29 m above the hub height of the NREL 5-MW turbine. Therefore, this plane
provides a consistent horizontal reference for comparing the wake distributions, although
it does not pass through the hub center of every turbine type.
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Figure 9. Wake velocity-deficit contours on the horizontal XY plane at z = 119 m for Cases 1 and 4 at
M = 5D, under different inflow conditions: (a) Case 1 under uniform inflow; (b) Case 1 under 15%
turbulence intensity; (¢) Case 4 under uniform inflow; and (d) Case 4 under 15% turbulence intensity.

Under uniform inflow, both configurations exhibit relatively coherent and persistent
low-velocity wake regions, as shown in Figure 9a,c. The wake cores maintain pronounced
velocity deficits over considerable downstream distances, indicating relatively slow wake
recovery. In the absence of ambient turbulence, momentum exchange between the wake
and the surrounding flow is primarily driven by turbine-induced turbulence, tip-vortex
dissipation, and the natural development of the wake shear layer. Consequently, the entrain-
ment of high-momentum ambient fluid into the wake core is relatively limited, allowing
the velocity deficit to persist as the flow travels downstream. This behavior is particularly
important in tandem arrays because the downstream turbines are successively exposed to
the wakes generated by upstream turbines, resulting in cumulative wake interference.

A comparison between Cases 1 and 4 further reveals the influence of turbine configu-
ration on wake development. In Case 1, T2 is an NREL 5-MW turbine with a rotor diameter
of 126 m, whereas T2 in Case 4 is a DTU 10-MW turbine with a rotor diameter of 178.3 m.
The smaller rotor of the NREL turbine in Case 1 produces a relatively confined wake region,
whereas the larger DTU rotor in Case 4 is associated with a broader velocity-deficit distri-
bution. In Case 1, the wake generated by T2 interacts with the residual wake of T1, but the
combined wake exhibits partial spatial recovery before reaching T3. In contrast, the broader
wake generated by the DTU 10-MW turbine at T2 in Case 4 overlaps more extensively with
the residual wake of T1, forming a more persistent composite low-velocity region between
T2 and T3. As a result, T3 is exposed to stronger cumulative wake interference in Case 4
under uniform inflow. It should be noted that these differences reflect the combined effects
of rotor diameter, hub height, aerodynamic characteristics, and turbine operating conditions
rather than rotor size alone.

The influence of inflow turbulence becomes more pronounced when the turbulence
intensity increases to 15%, as illustrated in Figure 9b,d. Compared with uniform inflow, the
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wake boundaries become more diffuse, the coherence of the low-velocity cores is weakened,
and stronger lateral diffusion and wake meandering are observed. Ambient turbulence
enhances turbulent transport across the wake shear layer, promoting the entrainment of high-
momentum fluid from the surrounding flow into the low-velocity wake region. This process
accelerates the redistribution of momentum, reduces the persistence of the wake velocity
deficit, and improves the effective inflow conditions experienced by downstream turbines.
Although the overall wake region may become more spatially dispersed, the reduction in
the coherent velocity-deficit core indicates enhanced wake mixing and recovery. These
characteristics demonstrate that ambient turbulence plays an important role in modifying
wake development and reducing the persistence of multiple-wake interference.

The different responses of Cases 1 and 4 to inflow turbulence can also be identified
from the wake power retention ratios in Figure 7. At M = 5D,,;, under uniform inflow, the
wake power retention ratios of T2 and T3 in Case 1 are 32.7% and 34.7%, respectively. When
the turbulence intensity increases to 8%, the corresponding values are 32.6% and 34.8%,
indicating relatively limited changes in the relative power retention of the two downstream
turbines. At 15% turbulence intensity, these values increase to 42.6% and 38.3%, respectively.
A more pronounced response is observed in Case 4. Under uniform inflow, the retention
ratios of T2 and T3 are 33.3% and 26.3%, respectively. These values increase to 40.9% and
32.3% under 8% turbulence intensity and further increase to 55.3% and 37.2% under 15%
turbulence intensity. These results indicate that the improvement in downstream power
retention induced by ambient turbulence is configuration-dependent. In particular, T2 in
Case 4 exhibits a more substantial response to increasing turbulence intensity, suggesting
that the wake generated by the intermediate DTU 10-MW turbine is more sensitive to
changes in the inflow turbulence conditions under the investigated operating conditions.

The array-level results in Figure 8 further demonstrate the influence of inflow turbu-
lence on the overall wake-related performance. At M = 5D, the array-level wake power
retention ratio of Case 1 increases from 67.0% under uniform inflow to 70.2% under 15%
turbulence intensity, while the corresponding value under 8% turbulence intensity remains
approximately 67.0%. For Case 4, the array-level retention ratio increases from 53.2% under
uniform inflow to 57.7% and 64.2% under 8% and 15% turbulence intensities, respectively.
These results indicate that the overall benefit of increased inflow turbulence is more pro-
nounced in Case 4 than in Case 1. This difference is associated with the distinct wake
structures generated by the intermediate turbines and their subsequent interactions with
the downstream wakes. In particular, the broader and more persistent wake region in
Case 4 under uniform inflow provides greater scope for turbulence-enhanced momentum
exchange and wake recovery.

It is worth noting that the relationship between inflow turbulence intensity and local
wake velocity deficit is not necessarily monotonic at every downstream position. Although
higher ambient turbulence generally promotes wake mixing and reduces the persistence of
the coherent velocity-deficit core, stronger turbulent fluctuations and enhanced momentum
extraction can also produce pronounced local velocity deficits immediately downstream
of a rotor. Therefore, a local low-velocity region in the near wake does not necessarily
indicate poorer turbine performance. The spatial distribution of velocity deficits should be
interpreted together with the downstream power output and wake power retention ratios
to obtain a more comprehensive understanding of the aerodynamic response.

4.3. Effects of Turbine-Type Arrangement on Wake Characteristics

To further investigate the influence of turbine-type arrangement on wake development
and downstream aerodynamic performance, Cases 2 and 3 are selected for comparison.
These two configurations contain the same turbine composition, consisting of two DTU
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10-MW turbines and one NREL 5-MW turbine, but differ in the arrangement of the inter-
mediate and downstream turbines. Specifically, Case 2 places the NREL 5-MW turbine
at T2 and the DTU 10-MW turbine at T3, whereas Case 3 reverses their positions. Both
configurations have an identical total rated capacity of 25 MW. The comparison is conducted
at a representative streamwise spacing of M = 5D,,. Figures 10 and 11 present the wake
velocity-deficit distributions on vertical YZ planes at six streamwise locations under uniform
and turbulent inflow with a turbulence intensity of 15%. The same color scale is used in both
figures, allowing the spatial distributions and relative magnitudes of the velocity deficits to
be compared directly. The analysis is further supported by the turbine-specific wake power
retention ratios in Figure 7 and the array-level results in Figure 8.
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Figure 10. Wake velocity-deficit distributions at different streamwise locations for Case 2 under
(a) uniform inflow and (b) turbulent inflow (I = 15%).
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Figure 11. Wake velocity-deficit distributions at different streamwise locations for Case 3 under
(a) uniform inflow and (b) turbulent inflow (I = 15%).

As shown in Figures 10 and 11, the wake distributions behind the upstream turbine
T1 are generally consistent between the two configurations. This is expected because T1
is the same DTU 10-MW turbine in both cases, with identical geometric and operating
characteristics. At x/D,,s = 1, a pronounced velocity-deficit core develops immediately
downstream of T1. As the wake propagates to x/D,, = 4, the low-velocity region gradually
expands and becomes less concentrated. Under turbulent inflow with a turbulence inten-
sity of 15%, the wake boundaries become more diffuse, indicating enhanced momentum
exchange between the wake shear layer and the surrounding flow. The similarity of the
upstream wake distributions provides a consistent reference for examining the subsequent
differences caused by the turbine-type arrangement at T2 and T3.

More pronounced differences emerge in the wake region behind the intermediate
turbine T2. In Case 2, T2 is the NREL 5-MW turbine, with a rotor diameter of 126 m and
a hub height of 90 m. As shown in Figure 10, the velocity-deficit region at x/D,,; = 6 is
relatively concentrated, corresponding to the smaller rotor-swept area of the intermediate
turbine. Further downstream, at x/ D,E,f =9, the wake becomes more diffuse and the central
velocity deficit is reduced, indicating partial momentum recovery before the flow reaches
T3. In contrast, T2 in Case 3 is the DTU 10-MW turbine, with a larger rotor diameter of
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178.3 m and a higher hub height of 119 m. Figure 11 shows a broader velocity-deficit
distribution behind this turbine, particularly at x/D,,c = 6. Although the wake gradually
develops and recovers as it propagates toward x/D,,; = 9, a relatively extensive low-velocity
region remains. The comparison therefore indicates that replacing the intermediate NREL
5-MW turbine with the DTU 10-MW turbine changes both the spatial extent and vertical
distribution of the wake. These differences reflect the combined effects of rotor dimensions,
hub height, aerodynamic loading, and turbine operation rather than rotor diameter alone.

The differences in the intermediate wake further influence the effective inflow condi-
tions experienced by T3. The cross-section at x/D,,r = 9 is particularly important because
it represents the flow immediately upstream of the downstream turbine. In Case 2, the
relatively confined wake generated by the intermediate NREL 5-MW turbine affects a com-
paratively limited region of the incoming flow to T3. Moreover, the hub height of T2 is 90 m,
whereas that of the downstream DTU 10-MW turbine is 119 m, resulting in a vertical offset
of 29 m between the rotor axes. Consequently, the residual wake from T2 does not neces-
sarily affect the entire swept area of T3 uniformly, and portions of the downstream rotor
may receive relatively higher-momentum inflow. In Case 3, the intermediate DTU 10-MW
turbine generates a wake with a larger spatial extent, while the downstream NREL 5-MW
turbine has a lower hub height of 90 m. Although the two turbines also have a 29-m hub-
height difference, their rotor-swept areas exhibit substantial vertical overlap. The broader
wake generated by T2 therefore affects a considerable portion of the downstream flow field,
resulting in more pronounced wake exposure for T3. This comparison demonstrates that
the interaction between wake extent and rotor-swept-area overlap is an important factor
governing the aerodynamic response of heterogeneous tandem turbine arrays.

The wake distributions downstream of T3 provide additional evidence of the influ-
ence of turbine-type arrangement on the spatial evolution of the flow. At x/D,,r =11, a
pronounced low-velocity region is observed behind T3 in both configurations. This feature
primarily represents the near wake generated by the downstream turbine itself as a con-
sequence of momentum extraction, rather than the incoming velocity deficit experienced
by T3. At x/D,,s = 14, the low-velocity regions become more diffuse, indicating further
wake expansion and momentum recovery. A notable distinction is observed in the vertical
position of the wake core. In Case 2, T3 is a DTU 10-MW turbine with a hub height of 119
m, whereas in Case 3, T3 is an NREL 5-MW turbine with a hub height of 90 m. Accordingly,
the wake generated by T3 in Case 3 exhibits a lower vertical position than that in Case 2,
consistent with the 29-m difference in their hub heights. This observation confirms that
turbine-type arrangement affects not only the magnitude and spatial extent of the wake but
also its vertical distribution. Therefore, the vertical position of the wake relative to the down-
stream rotor should be considered when evaluating wake interactions in heterogeneous
turbine arrays.

The influence of inflow turbulence is also evident in both configurations. Compared
with uniform inflow, the 15% turbulence condition produces more diffuse wake boundaries
and weakens the coherence of the low-velocity cores, particularly at the downstream sections
behind T1 and T2. The enhanced ambient turbulence promotes momentum transport across
the wake shear layers and facilitates the entrainment of high-momentum fluid into the wake
regions. Consequently, the velocity deficits become less spatially concentrated as the flow
develops downstream. Nevertheless, pronounced low-velocity regions remain immediately
behind T3 at x/D,,s = 11 because of the momentum extracted by the downstream turbine.
Their subsequent diffusion at x/D,,; = 14 demonstrates the continuing development and
recovery of the newly generated wake. These observations indicate that ambient turbulence
modifies wake evolution in both arrangements, while the spatial distribution of the velocity
deficit remains dependent on the turbine type and its position within the array.
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The power results in Figure 7 further quantify the aerodynamic differences between
the two arrangements. Under uniform inflow at M = 5D,,;, the wake power retention ratios
of T2 and T3 in Case 2 are 32.7% and 34.3%, respectively. In Case 3, the corresponding
values are 33.3% and 28.6%. When the turbulence intensity increases to 8%, the retention
ratios in Case 2 become 32.6% for T2 and 46.2% for T3, whereas those in Case 3 reach 40.9%
and 28.3%, respectively. Under 15% turbulence intensity, Case 2 exhibits retention ratios of
42.6% and 53.2% for T2 and T3, respectively. The corresponding values in Case 3 are 55.3%
and 31.9%. These results reveal a clear redistribution of power generation between the
intermediate and downstream turbines. In particular, placing the DTU 10-MW turbine at
T3 in Case 2 results in a substantially higher downstream power retention ratio than placing
the NREL 5-MW turbine at T3 in Case 3 under the investigated conditions. This difference
is consistent with the distinct wake distributions and rotor-height relationships observed
in Figures 10 and 11. It should be noted that the retention ratios are calculated relative
to the corresponding isolated-turbine reference powers under matched inflow conditions
and therefore represent turbine-specific relative power performance rather than absolute
power differences.

The array-level results in Figure 8 provide a more comprehensive assessment of the
two turbine-type arrangements. At M = 5D,,, the total power outputs of Cases 2 and 3 are
14.9 and 14.6 MW under uniform inflow, respectively. Under 8% turbulence intensity, the
corresponding outputs are 15.1 and 14.4 MW, while under 15% turbulence intensity they
increase to 16.4 and 16.1 MW, respectively. Although the downstream turbine in Case 2
exhibits a substantially higher power output than that in Case 3, the differences in total
array power remain relatively small. For example, under 15% turbulence intensity, T3
produces 5.0 MW in Case 2 and 1.5 MW in Case 3, corresponding to a difference of 3.5 MW.
However, the total array power differs by only 0.3 MW. This is because the intermediate DTU
10-MW turbine in Case 3 produces 5.2 MW, compared with 2.0 MW from the intermediate
NREL 5-MW turbine in Case 2. Thus, the increased power generation at T2 in Case 3
largely compensates for the reduction in T3 output. These results demonstrate that turbine-
type arrangement can substantially affect the distribution of power generation among
individual turbines without necessarily producing an equally pronounced change in the
total array output.

Positioning the NREL 5-MW turbine at T2 and the DTU 10-MW turbine at T3 resultsin a
relatively confined intermediate wake and higher relative power retention at the downstream
turbine under the investigated conditions. Conversely, placing the DTU 10-MW turbine
at T2 produces a broader wake that affects a larger portion of the downstream flow field,
resulting in a lower relative power retention at T3. However, the resulting changes in
individual turbine outputs are partially compensated within the array, and the differences
in total power between the two arrangements remain comparatively small. Therefore, the
selection of turbine-type arrangements for heterogeneous tandem wind turbine arrays
should consider both the local wake characteristics and the overall power distribution across
the entire array rather than evaluating downstream turbine performance in isolation.

4.4. Overall Power Performance of the Tandem Array

To evaluate the overall power performance of the tandem array, the total time-averaged
power output is calculated as the sum of the mean power outputs of the three turbines:

Pioyg =Py + Py + Py (13)
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To account for differences in installed rated capacity among the seven configurations,
the rated-capacity-normalized array power output is defined as:

p total

Ripar = P +P,,+D,, x 100% (14)
where Py, P,, and P; denote the time-averaged power outputs of T1, T2, and T3 over the final
1000 s, respectively; P, ; represents the rated power of turbine 7; and R,,,; is the ratio of the
total time-averaged array power output to the total installed rated capacity, expressed as a
percentage. Unlike the array-level wake power retention ratio defined in Section 4.1, which
is normalized by the sum of the corresponding isolated-turbine reference powers under
identical inflow conditions, R, characterizes the utilization of installed rated capacity
rather than wake-induced power losses. Table 4 summarizes the total time-averaged power
output and rated-capacity-normalized output for all simulated configurations.

Table 4. Total time-averaged power output and rated-capacity-normalized array power output of the
tandem array under all simulated configurations.

Rated Capacit Ptotal Rtotal Ptotal Rtotal Ptotal Rtotal
Case (wa) Y M/D,, (MW) (%) (MW) (%) (MW) (%)
I=0% I=0% I1=8% I=8% I=15% I=15%

Case 1 20 3 12.3 61.5 11.6 58.0 12.3 61.5
Case 1 20 4 12.8 64.0 12.0 60.0 12.8 64.0
Case 1 20 5 13.2 66.0 124 62.0 13.2 66.0
Case 1 20 8 14.7 73.5 13.6 68.0 14.1 70.5
Case 2 25 3 13.5 54.0 13.5 54.0 15.0 60.0
Case 2 25 4 14.2 56.8 14.3 57.2 15.7 62.8
Case 2 25 5 14.9 59.6 15.1 60.4 16.4 65.6
Case 2 25 8 17.6 70.4 17.0 68.0 17.9 71.6
Case 3 25 3 13.7 54.8 13.4 53.6 15.0 60.0
Case 3 25 4 14.1 56.4 13.8 55.2 15.6 62.4
Case 3 25 5 14.6 58.4 144 57.6 16.1 64.4
Case 3 25 8 16.7 66.8 16.2 64.8 17.1 68.4
Case 4 30 3 14.6 48.7 14.6 48.7 16.5 55.0
Case 4 30 4 15.1 50.3 15.3 51.0 17.3 57.7
Case 4 30 5 15.8 52.7 16.1 53.7 18.1 60.3
Case 4 30 8 18.7 62.3 18.6 62.0 20.0 66.7
Case 5 20 3 10.1 50.5
Case 5 20 4 10.5 52.5
Case 5 20 5 10.9 545
Case 6 20 3 10.7 53.3
Case 6 20 4 11.2 56.0 -
Case 6 20 5 11.6 58.0
Case 7 25 3 11.6 46.4
Case 7 25 4 12.2 48.8
Case 7 25 5 12.8 51.2

Note: I = 0% denotes uniform inflow. Cases 1-4 include I = 0%, 8%, and 15% at M = 3,4, 5, and 8Dmf.
Cases 5-7 include uniform inflow only at M = 3, 4, and 5D,,L,f. Total powers are rounded to 0.1 MW;
normalized percentages are retained from the underlying mean values.

Under identical total rated capacities and inter-turbine spacing ratios, the configura-
tions with a DTU 10-MW turbine in the first row consistently achieved higher total average
power outputs. For arrays with a total rated capacity of 20 MW, the power outputs of Case 1
were 21.1-21.9% and 13.8-15.0% higher than those of Cases 5 and 6, respectively. For arrays
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with a total rated capacity of 25 MW, the power outputs of Cases 2 and 3 were 16.4% and
14.1-18.1% higher than that of Case 7, respectively. These results demonstrate that placing a
DTU 10-MW turbine in the first row provides better overall power generation performance
across different total rated capacities and inter-turbine spacing conditions. Therefore, the
DTU 10-MW turbine was selected as the first-row turbine in this study.

For Cases 14, the total array power increases consistently with streamwise spacing
under all three inflow conditions. Under uniform inflow, the total power of Case 1 increases
from 12.3 MW at 3D, to 14.7 MW at 8D,,;, while that of Case 4 increases from 14.6 to
18.7 MW. Similar trends are observed in Cases 2 and 3. The continued increase in total
power from 5D, ¢ to 8D, s indicates that array-level power recovery has not reached saturation
within the investigated spacing range.

The effect of inflow turbulence on total array power is configuration-dependent. Under
15% turbulence intensity, Cases 2—4 consistently produce higher total power than under
uniform inflow at all four spacings. In contrast, Case 1 exhibits nearly identical outputs under
the two conditions at 3D,,5D,,;, but a decrease from 14.7 to 14.1 MW at 8D,,. The response
to 8% turbulence intensity is also non-uniform, depending on turbine configuration and
spacing. These results indicate that the array-level response is governed by the combined
power outputs of all three turbines, and that improvements in downstream power generation
do not necessarily compensate for changes in upstream turbine output.

Comparisons among configurations with identical turbine compositions and rated
capacities further demonstrate the influence of turbine-type arrangement. In the 20-MW
group (Cases 1, 5, and 6), Case 1 consistently achieves the highest total power under uniform
inflow at all three common spacings, followed by Case 6 and Case 5. In the 25-MW group
(Cases 2, 3, and 7), Case 3 produces the highest output at 3D, (13.7 MW), whereas Case 2
leads at 4D,,r and 5D,,, with outputs of 14.2 and 14.9 MW, respectively. Case 7 exhibits the
lowest output throughout. These comparisons demonstrate that the effect of turbine-type
arrangement is coupled with streamwise spacing, and that the relative performance of
different arrangements can vary with spacing.

The comparison between Cases 2 and 3 further illustrates the redistribution of power
within the array. At 5D, under 15% turbulence intensity, their total power outputs are
16.4 and 16.1 MW, respectively, differing by only 0.3 MW. However, the individual outputs
of T2 and T3 differ substantially: T2 produces 2.0 MW in Case 2 and 5.2 MW in Case 3,
whereas T3 produces 5.0 and 1.5 MW, respectively. The higher output of T2 in Case 3 largely
compensates for its lower T3 output, resulting in a relatively small difference in total array
power. This finding highlights the importance of evaluating turbine-type arrangement at
both individual and array levels.

Case 4 produces the highest absolute total power among Cases 1-4 under correspond-
ing spacing and inflow conditions. For example, at 8D, under uniform inflow, its output
reaches 18.7 MW, compared with 14.7, 17.6, and 16.7 MW for Cases 1, 2, and 3, respectively.
However, Case 4 also has the largest installed rated capacity (30 MW). After rated-capacity
normalization, it exhibits the lowest output among these four configurations under the cor-
responding conditions. At 8D, under uniform inflow, its rated-capacity-normalized power
output is 62.3%, compared with 73.5%, 70.4%, and 66.8% for Cases 1, 2, and 3, respectively.
Therefore, the highest absolute power output does not necessarily indicate the highest uti-
lization of installed capacity. Both absolute power generation and rated-capacity-normalized
array power output should be considered when evaluating heterogeneous turbine arrays.

4.5. Scope and Limitations

This study investigates the wake characteristics and power performance of hetero-
geneous three-turbine tandem arrays composed of NREL 5-MW and DTU 10-MW wind
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turbines. A total of 57 configurations are examined to evaluate the effects of streamwise spac-
ing, inflow turbulence intensity, and turbine-type arrangement on individual turbine power
output and overall array performance. The results provide insights into wake interactions
and power redistribution in heterogeneous tandem arrays.

Several limitations should be acknowledged. First, the investigation is restricted to two
turbine models and three-turbine tandem configurations, with inflow conditions limited to
uniform inflow and turbulence intensities of 8% and 15%. Atmospheric stability, vertical
wind shear, wind direction variations, and yaw misalignment are not considered. Second,
detailed wake-field comparisons are conducted only for selected configurations and inflow
conditions, rather than all 57 simulated cases. In addition, the performance evaluation is
primarily based on time-averaged power over the final 1000 s, without explicitly quantifying
statistical uncertainty from independent turbulent realizations or assessing structural loads.
The investigated spacing range also does not establish the distance at which wake recovery
reaches saturation. The quantitative discrepancies discussed in Section 2.3.3 should also be
considered when interpreting absolute wake-induced power losses and small differences in
power output between turbine configurations.

Future work will extend the investigation to more diverse turbine combinations and
larger array configurations, incorporating broader atmospheric conditions and wind di-
rections. Further studies will also consider larger streamwise spacings, three-dimensional
time-resolved wake analyses, multiple turbulent realizations, and structural load assess-
ments to improve the understanding of wake interactions and the long-term performance
of heterogeneous offshore wind turbine arrays.

5. Conclusions

This study examines an offshore three-turbine tandem array composed of DTU
10-MW and NREL 5-MW wind turbines. Numerical simulations are performed for different
streamwise spacings, inflow conditions, and turbine-type combinations and arrangements to
characterize turbine power output and wake evolution. The main conclusions are as follows:

(1) Increasing streamwise spacing effectively reduces wake interference and improves
downstream turbine power output. As the spacing increases from 3D, to 8D,.y, the
power outputs and wake power retention ratios of T2 and T3 increase consistently
across all four configurations, while T1 remains nearly unchanged. The array-level wake
power retention ratio also increases under all investigated inflow conditions, indicating
that wake recovery has not reached saturation within the tested spacing range.

(2) Inflow turbulence promotes wake diffusion and momentum exchange, thereby gener-
ally improving downstream power recovery, particularly at 15% turbulence intensity.
However, the effect of 8% turbulence intensity is configuration-dependent. Moreover,
improved downstream power generation does not necessarily increase total array
power, as changes in upstream turbine output may offset the downstream gains.

(3) Turbine-type arrangement significantly affects wake development and power redistri-
bution. Comparisons between Cases 2 and 3 demonstrate that changing the positions
of the NREL 5-MW and DTU 10-MW turbines modifies wake expansion, vertical distri-
bution, and downstream rotor exposure. At 5D, under 15% turbulence intensity, the
wake power retention ratios of T3 are 53.2% and 31.9% in Cases 2 and 3, respectively.
Nevertheless, their total array power outputs differ by only 0.3 MW, demonstrating that
substantial differences in individual turbine performance can be partially compensated
within the array.

(4) The overall power performance is governed by the combined effects of turbine compo-
sition, arrangement, and streamwise spacing. Comparisons among configurations with
identical turbine compositions and rated capacities show that turbine positioning sub-
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stantially influences total power generation. Furthermore, the highest absolute array
power does not necessarily correspond to the highest rated-capacity-normalized array
power output. Therefore, both total power generation and normalized performance
indicators should be considered when evaluating heterogeneous wind turbine arrays.

Overall, these findings highlight the importance of jointly optimizing turbine-type
arrangement and streamwise spacing to mitigate cumulative wake interference and improve
the power performance of heterogeneous offshore wind turbine arrays.
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Appendix A. Reproducibility Parameters

Tables A1-A3 summarize the key TurbSim and FAST.Farm settings used in the numer-
ical experiments, including the inflow-generation, computational-domain, turbine-layout,
DWM, and wake-superposition parameters. Output-only options and inactive model set-
tings are omitted for clarity.

Table A1. Key TurbSim inflow-generation parameters.

Parameter Value Used Definition or Implementation Note
TurbSim version v2.00. * Full-field stochastic inflow generator.
RandSeed1; RandSeed? 123456; 789012 Fixed seeds for reproducible turbulence realization.
Turby e IECKAI IEC Kaimal spectra for the u, v, and w components.
IECstandard; IECWindType 3; NTM IEC 61400-3 normal-turbulence condition.
IEC,, . 8% or 15% Target inflow turbulence-intensity cases considered in
the study.
ScalelEC 0 No post-generation resc.ah'ng to an exact
standard deviation.
WindProfileType default > IEC Power-law profile over the rotor d}sk and logarithmic
profile outside it.
PLExp; Z, 0.14; 0.03 m Resolved IEC offshore power-law exponent and
surface roughness.

RefHt; URef 119m; 114 ms™! Reference height and mean streamwise velocity.
NumGrid,; NumGridy 47,400 Vertical and lateral grid-point counts.
GridHeight; GridWidth 235 m; 2000 m Vertical and lateral full-field dimensions.

TimeStep 0.1s TurbSim output time increment.
AnalysisTime; UsableTime 2100s; ALL Analyzed record length and usable output duration.

Note: * denotes the TurbSim v2.00 executable used to generate all turbulent inflow fields in this study.

https://doi.org/10.3390 /jmse14212079


https://doi.org/10.3390/jmse14212079

J. Mar. Sci. Eng. 2026, 14, 2079

25 of 27
Table A2. Key FAST.Farm domain and turbine-layout parameters.
Parameter Value Used Definition or Implementation Note
TMax 2000 s FAST.Farm simulation duration.
Mod 4, wind 2 One InflowWind instance supplies the ambient full-field wind.
DT} 0w DThign 1.0s;0.1s Low- and high-resolution interpolation time steps.
NX 0w NY 10w NZj o 801; 401; 47 Low-resolution wind-domain node counts.
X010 Y0105 Z01 40 0; —1000; 1.5 m Low-resolution domain origin.
AX1 0w AY Lows AZ 10w 5;5,5m Low-resolution spatial increments.
NXnigh; NYpigns NZjgn 41;41; 46 High-resolution node counts around each turbine.
AXtign AY High; AZrign 5,5;5m High-resolution spatial increments.
Table A3. Key FAST.Farm DWM and wake-superposition parameters.
Parameter Value Used Definition or Implementation Note
Mod g, 1 Polar dynamic-wake-meandering formulation.
Radial increment, radial-node count, and maximum
Ay NutRagi; NUM pianes 5 m; 56; 2000 downstream wake-plane count.
£ 017 Hz Low-pass cutoff for wake adyectlon, deflection,
and meandering.
Crearwake; MOAwakeDiam: 18:1:0 Near-wake correction; rotor-diameter wake width;
Y wake-added-turbulence box disabled.
ko amp [0.05,1.0,0.0, 1.0, 0.01] Ambient-turbulence eddy-viscosity coefficients.
Kospr [0.016, 0.2, 3.0, 25.0, 0.1] Shear-layer eddy-viscosity coefficients.
Modyteanders Chteander 3,19 Windowed-jinc meandering filter and calibration coefficient.
Appendix B. Nomenclature
Table A4. Symbols and units used in the manuscript.
Symbol Meaning Unit or Convention
D, Actual rotor diameter of a specified turbine m; NREL 126, DTU 178.3
D, Common reference rotor diameter 126 m
M Streamwise centt'er—to—centelz‘ spacing between m; 378, 504, 630, 1008
adjacent turbines
X, r Axial and radial coordinates, respectively m
L . . Dimensionless; reported as % at a
I Streamwise inflow turbulence intensity o /U, reference height of 119 m
u., u, U, Upstream, rotor-plane and far-wake velocities in m s
momentum theory
V., V. Axial and radial mean velocities in wake equations ms™!
v, Kinematic eddy viscosity m? s~

Axial induction factor; rotor-disk-averaged axial

0 Agg induction factor Dimensionless; Dimensionless
0; Ay Air density; rotor-disk area kg m~%; m?
) Characteristic time scale; cutoff frequency as defined in .
T fe E . d s; Hz
quations (7) and (8)
Time-averaged power output of turbine 7; Rated power of
P;; P i; Progar turbine 7; Total time-averaged power output of the MW
three-turbine array
Cp ;Cr Power and thrust coefficients Dimensionless
R Ratio of total time-averaged array power output to total
total

installed rated capacity Dimensionless; reported in percent
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