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Abstract: The actuator disc model (ADM) incorporated into the k-ε turbulence model of EI Kasmi is
able to simulate the wind farm wakes with high fidelity, which is essential for layout optimization
and the evaluation of power production in modern wind farms. However, the effects of the parameter
C4ε in the k-ε model of EI Kasmi on turbulent kinetic energy (TKE) in the superposition areas and the
recovery of wind farm wake velocity have rarely been studied. To this end, the k-ε model of EI Kasmi
is coupled with the advanced ADM in PHOENICS to investigate the influence of the parameter
C4ε on the wake simulation of wind farms (e.g., two offshore wind farms, one onshore wind farm).
It is concluded that a decreased parameter C4ε makes the generation range of TKE in the vicinity
of the rotor smaller, but the TKE near the rotor becomes larger, and the wake recovery rate of the
downstream turbine is less affected by the near wake. As the interwind turbine spacing increases,
the influence area of TKE in the wake region of each downstream machine gradually reduces, and
atmospheric turbulence plays a dominant role in wake recovery. A decreased parameter C4ε can
effectively promote the inflow wind velocity and power output of downstream turbines. The power
output simulated compares well with the measured power value when the parameter C4ε = 0.15.

Keywords: turbulence model; actuator disc; wind farm wakes; turbulent kinetic energy; power output

1. Introduction

For a modern wind farm, wind turbines operating downwind may be located in the
interaction of multiple wakes, which can bring about annual power deficits of 10% to
20% [1]. In addition, the complex turbulence interaction from more than two turbines
endangers the lifespan of wind turbines, due to the limited spacing between the adjacent
rotors. Hence, research on wake prediction modeling of wind farms is critical in the design
phase for layout optimization [2] and micro-siting [3] in wind farms.

Wind farm wake modeling methodologies are mainly divided into analytical wind
farm models and computational fluid dynamic (CFD) methods, as shown in Table 1. To
balance the calculation accuracy and efficiency, the high-level turbulence model within the
RANS framework coupled with ADM is used, which is considered as a promising numerical
simulation technology for wind farm wake effects. Previous works have demonstrated
that the standard k-ε turbulence model within the RANS framework is widely utilized in
several industrial flow issues [4]. However, the k-ε model overpredicts the turbulent eddy
viscosity in the vicinity of the wind rotor [5] due to the isotropic assumption, which in turn
leads to an underestimation of the velocity deficits in the wake region of wind farms.
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Table 1. Main methodologies of wind farm wake modelling.

Approach
Description

Analytical Wind
Farm Model LES + ADM RANS + ADM

Brief introduction

Simple physical
principles combined
with experiments or

high-fidelity
CFD data

Directly resolving the
large-scale turbulence

well, and effects of
the small-scale
turbulence on

large-scale turbulence
solved by the filter

eddy viscosity model

Using the filter
approach of

time-average to
model turbulent flow
based on the isotropic

hypothesis

Accuracy Not always
guaranteed High

Between the two
methods mention
above, but close to

LES + ADM

Computational cost
(the case of five

inline WTs)
Very fast

Approximately
1000-fold higher than

RANS simulations

2 h, two E5 2690
with 28 cores

Scope of engineering
applications

Micro-sitting, layout
optimization, power

assessment and
operation control

Great challenges to
engineering
applications

Micro-sitting
optimization and
power assessment

References [3,6–9] [1,5,10–12] [13–17]

Some researchers [18,19] added additional source terms to the k-ε model to indirectly
limit the turbulent eddy viscosity, to improve the simulation accuracy of wind turbine
wakes. Among them, an additional source term Sε has been added into the ε equation
to enhance the precision in wind turbine wake by EI Kasmi and Mason. The parame-
ter C4ε associated with the extra source term Sε determines the predictive performance
of the model.

However, the thorough calibration of parameter C4ε did not appear in the work
from EI Kasmi and Mason. In references [20,21], linear and parabolic equations were
employed to parametrically model parameter C4ε to investigate the wake distribution of a
single wind turbine. However, there is a lack of detailed experimental measurements or
numerical simulations in the above literature to address the problem of how to establish
the parameterized equation C4ε. In terms of wind farm modeling, scholars [22,23] adopted
different C4ε values to simulate the power output of downstream rotors in different wind
directions. Their work indicated that the parameter C4ε is not a general value and needs to
be adjusted in combination with different cases. However, the reason for the above results
may be that the choice of ADM is sensitive to the parameter C4ε in the k-ε model of EI
Kasmi during the flow field simulation. Therefore, the k-ε turbulence model of EI Kasmi
still needs to be further validated in the wake simulation of wind farms. In addition, the
variation of the TKE in the vicinity of the rotor is adjusted due to the additional source term
involved in the parameter C4ε. The TKE is of great concern for wake recovery. In previous
studies, the effects of parameter C4ε on the TKE in the multi-wake superposition region
and the velocity recovery of wind farm wakes were not revealed.

Therefore, to address the issues in the above research, the ADM in commercial CFD
software PHOENICS [24] incorporated into the k-ε model of EI Kasmi for the first time is
applied to investigate the effects of parameter C4ε on the wind farm wake simulation in
this paper. PHOENICS is the kernel code deployed within the wind resource assessment
software Windsim, where ADM has become the optimal choice to simulate wind turbine
flow problems. The ADM in PHOENICS is enabled to accurately simulate the actual power
and thrust outputs of eight different rotors [24]. In addition, it outperformed old ADM [25]
for wind farm power production assessment [16].
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The remainder of the paper is mainly structured as follows. The ADM in PHOENICS
and flow governing equations are mainly introduced in Section 2. Subsequently, the k-ε
model of EI Kasmi coupling with ADM in PHOENICS is used to investigate the effects of
the parameter C4ε on the wind farm wake simulation under different scenarios (e.g., two
offshore wind farms, one onshore wind farm) in Section 3. Finally, the influence of the
parameter C4ε in the proposed coupling simulation model on wind farm wake simulation
is summarized, as well as the advanced and superiority of the coupling model.

2. Numerical Simulation of Wind Farm Wakes

The numerical simulation methodology for wind farm wakes presented is mainly
employed based on several cases from two offshore wind farms and an onshore wind
farm. Initially, RANS-based flow governing equations are briefly introduced, followed by
the k-ε model of EI Kasmi. After that, the principle of ADM in PHOENICS is described.
Subsequently, the grid points and boundary condition settings in the computational domain
are briefly explained using the measured power of Horns Rev offshore wind farm with a
wind direction of 312 ± 1◦ as an example. Finally, the grids refinement study of the above
case is verified, and the optimal number of grid points is selected for the subsequent cases.

2.1. RANS-Based Flow Governing Equations and Turbulence Model

In engineering, the steady-state incompressible N-S equations are applied in numerical
solutions when simulating multi-wake inside wind farms. These equations principally
include the mass conservation Equation (1) and the momentum conservation Equation (2).

∂ui
∂xi

= 0 (1)

ρuj
∂ui
∂xj

= − ∂P
∂xi

+
∂

∂xj

(
µ

∂ui
∂xj
− ρu′iu

′
j

)
+ f (2)

where ρu′iu
′
j represents the Reynolds stress and f represents the body force sink terms

acting on the calculated area, which consists of the ADM source term of the simplified
wind rotor.

The standard k-ε turbulence model, as empirical closure equations of Reynolds stress,
is extensively applied in industrial numerical simulation [4]. However, it is argued that
the standard k-ε model can easily overpredict turbulence viscosity near the rotor, resulting
in the serious underestimation of wake deficits [11]. Hence, the k-ε model of EI Kasmi
was proposed for the numerical modeling of wind turbine wake by EI Kasmi et al. [18],
which achieved better results against those from the k-ε turbulence model. It was based
on the energy transfer rate equation from large-scale turbulence to small-scale turbulence
defined by Chen [26]. Equations (3)–(8) were utilized to construct the above modified k-ε
turbulence model.
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Sε = C4ε
P2

k
ρk

(8)

where Pk is the production term of turbulent kinetic energy, Sij indicates the mean rate-of-
strain tensor, ε represents the term of turbulent energy dissipation rate, and C4ε depicts the
transfer rate coefficient of large-scale turbulence to small-scale turbulence. µt represents
the turbulent eddy viscosity coefficient, and Sε indicates the source term of the turbulent
dissipation rate. For the neutral atmospheric boundary layer, the model parameters σk, σε,
Cµ, C1ε, C2ε, and C4ε are all constants. The specific values [21] are shown in Table 2.

Table 2. Turbulence model parameters.

σk σε Cµ C1ε C2ε C4ε

1.0 1.3 0.033 1.176 1.92 0.37

2.2. ADM in PHOENICS

ADM is a reduced-order wind turbine model to replace the actual geometry of a
full-scale turbine. It does not need to consider the complicated mesh generation and more
grid points, which saves computing resources to a large extent. ADM is derived from the
one-dimensional momentum theory. It is assumed that the pressure drops acting on the
disc are equivalent to the thrust acting on the rotor. In PHOENICS, the thrust coefficient
determines the magnitude of the ADM body force and affects the variation of the flow
field. The inflow wind velocity that determines the thrust coefficient is no longer the
reference wind speed vref_inflow,i [22], but is replaced by the wind speed vdisc,i on the disc
surface, during wind farm wake simulation. Hence, the ADM in PHOENICS is shown in
Equations (9)–(11):

vre f _inflow,i =
vdisc,i

1− ax,i
(9)

Ct(vdisc,i) = 4ax,i·(1− ax,i) (10)

Sdisc,i = −ρ
Ct(vdisc,i)

2∆x
v2

re f _inflow,i = −ρ
Ct(vdisc,i)

2∆x·(1− ax,i)
2 v2

disc,i (11)

where vdisc,i denotes the AD wind velocity of downwind located rotor i, ax,i denotes the axial
induction factor at the downstream machine i, vref_inflow,i represents the reference inflow
velocity of the machine located in the wake of another wind turbine, and Ct (vref_inflow,i)
is the thrust coefficient based on the reference wind velocity of downstream different
located turbine i. Sdisc_,i is the body force sink acting on the rear rotor i and ∆x indicates the
thickness of AD, ∆x = 0.1D [27]—here, D indicates the diameter of AD.

2.3. Computational Domain and Boundary Conditions Settings

With the increase in the number of wind turbines inside wind farms, the computational
cost by CFD methods is continuing to grow with the huge grid points in the computational
domain. Choosing an appropriate computational domain and boundary conditions is
critical for the precision of simulated power production. The measured power output of
wind direction (e.g., 312± 1◦) [28,29] in Horns Rev offshore wind farm selected as a specific
case is utilized to describe the computational domain and boundary conditions settings.
The computational domain of an aligned case with a wind direction of 312◦ at Horns Rev
offshore wind farm established is a cuboid with a length of 35D, a width of 8D and a height
of 8D, as shown in Figure 1. The spacing from the inlet to the center of upstream first AD is
4D. In addition, the distance from the hub center of AD to both lateral symmetry faces is
4D and to the distance of the top boundary is more than 7D. The following computational
domain and inflow boundary conditions are adopted as the prerequisites for simulations
in this case and subsequent cases in this paper, as shown in Figure 1. The logarithmic shear
wind profile in the neutral atmospheric turbulent boundary layer [30] can be used as the
velocity inlet, as shown in Equation (12).
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v0 =
v∗
κ

ln
(

z
z0

)
(12)

where v∗ denotes the freedom inflow friction velocity of the wall surface, and κ denotes the
von Kármán constant, generally taken as 0.4187 [31]. z is the height in the vertical direction
and z0 signifies the aerodynamic roughness length.
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2.4. Grid Refinement Study

The coupling model, in which ADM is incorporated into the k-ε model of EI Kasmi,
requires local mesh refinement near ADM when carrying out a numerical simulation of
wind turbine wakes. According to the previous study on the grid independent of standalone
turbine wakes [27], it was demonstrated that the rotor vicinity region of 0.5 D needs
15–30 grid points to be arranged as a prerequisite to guarantee the simulation precision for
individual wind turbine wakes. However, grid refinement study remains essential for the
numerical simulation of multiple wind turbine wakes to save computational cost, especially
for the number of cells in the flow domain. The grid distributions in the crosswind direction
and streamwise plane are shown in Figure 2. Five cases are set out in this paper to determine
the optimal distribution of grid points in the computational domain for multiple wakes, as
shown in Table 3. Additionally, the corresponding power production simulated with the
above five different distributed grid points is presented in Figure 3.
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Table 3. Grid refinement study.

Case Setting Flow Domain Cells/Per
Rotor Diameter Total Number of Grid Points

Case 1 4 1,677,546
Case 2 6 2,414,160
Case 3 10 3,897,894
Case 4 16 5,687,682
Case 5 32 10,540,530
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It can be found that the normalized power results simulated by the proposed method
gradually stabilized with the increase in the number of cells in the flow domain. It is
further demonstrated in Figure 3 that the normalized power results are not sensitive to the
grid distributions from case 2 to case 5, combined with the local scaling results. Hence, to
maximize the saving of computational cost, the settings related to the number of cells for
multiple aligned wind turbines inside a wind farm can be referred to as case 2.

3. Test Cases

Five test cases from two offshore wind farms (e.g., Horns Rev offshore wind farm,
Nysted offshore wind farm) and one case from Wieringermeer onshore wind farm are used
to validate the performance of AD coupling numerical model in this paper. The six test
cases used for numerical calculation and the corresponding inflow parameters are shown
in Table 4. The details of each case are described below.

Table 4. Test cases and corresponding input operating parameters.

Case Description Measured Data UH,∞
[m/s]

IH,∞
[%]

D
[m]

z0
[m]

Spacing
[m/D]

Offshore wind farm
1 Horns Rev wd = 270 ± 1◦ 8 7.7 80 0.0002 7
2 Horns Rev wd = 222 ± 1◦ 8 7.7 80 0.0002 9.4
3 Horns Rev wd = 312 ± 1◦ 8 7.7 80 0.0002 10.4
4 Nysted wd = 278◦ 8 6.3 82.4 0.0002 10.5
5 Nysted wd = 278◦ 10 6.3 82.4 0.0002 10.5

Onshore wind farm
6 Wieringermeer wd = 275 ± 3◦ 6.59 2.4 80 0.05 3.8

3.1. Horns Rev Offshore Wind Farm Case

The Horns Rev offshore wind farm, located in the Danish waters of the North Sea, is
the world’s first large-scale offshore wind farm. It was built in 2002 and occupies an area of
20 square kilometers. The layout of the wind farm is shown in Figure 4. The wind farm
has 80 2 MW wind turbines produced by Vestas. The diameter of the Vestas-V80 wind
turbine is 80 m, and the hub height is 70 m. The power curve and thrust coefficient curve
are shown in Figure 5. Three test cases [28,29] and corresponding input parameters [29,32]
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are shown in Table 4. It should be noted here that the data collected by the supervisory
control and data acquisition (SCADA) system are processed after 10 min of time averaging.
Variables such as wind speed and power output are finally sorted according to the data [28]
measured by the surrounding meteorological masts.
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3.2. Nysted Offshore Wind Farm Case

The Nysted offshore wind farm is a Danish offshore wind farm. It is located in the
Baltic Sea, north of the German coastline and 10 km from the coastline of the island of
Lolland in southeastern Denmark. It was built in 2003 and has a total installed capacity of
165.6 MW, consisting of 72 Bonus 2.3 MW wind turbines manufactured by Siemens Wind
Power. The 72 wind turbines are arranged in a parallelogram grid with nine rows and eight
columns, as shown in Figure 6. Each turbine is a Bonus 2.3 MW wind turbine, with the
diameter of 82.4 m and a height of 68.8 m. The data of power and thrust coefficient are
from reference [33], thus the power curve and thrust coefficient curve of the Bonus 2.3 MW
wind turbine can be shown in Figure 7.
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In this paper, two flow test cases with an inlet wind direction of 278◦ and two wind
speeds (e.g., 8 m/s and 10 m/s) at the Nysted offshore wind farm [34] are available to carry
out the wind farm wake simulation based on the proposed AD coupling numerical model.
The two cases based on the two undisturbed inflow wind velocities and corresponding
settings of input parameters are represented in Table 4.

To realize the numerical simulation of the wake flow field for the corresponding cases,
the computational domain of the Nysted offshore wind farm with an inlet wind direction of
278◦ is carried out here in combination with the grid refinement study in Section 2.4. Grids
of the computational domain is shown in Figure 8. The entire computational domain adopts
hexahedral grid elements, and the total number of cells is about 5.4 million. Additionally,
the number of cells in the streamwise direction is 708, 80 grid points are distributed along
the vertical direction and spanwise direction, respectively.
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3.3. Wieringermeer Onshore Wind Farm Case

An experimental wind farm consisting of five Nordex 2.5 MW wind turbines is located
in Wieringermeer. The wind farm is operated and maintained by the Energy Research
Centre of the Netherlands (ECN). The wind farm is located on relatively flat farmland in
the northwest of the Netherlands. The specific layout is shown in Figure 9. The diameter of
the rotor and the hub height of the Nordex 2.5 MW wind turbine are both 80 m. The data of
power output and thrust coefficient are from references [14,35], and thus the power curve
and thrust coefficient curve can be presented in Figure 10. In this wind farm, the spacing
between adjacent turbines in the prevailing wind direction, 275◦, is 3.8 D. In addition,
a met mast in Figure 9 can be utilized to measure undisturbed inflow wind conditions.
Almost five years of measurements on the wind farm and the measurement power data
after ten-minute averaging can be used for numerical model validation, according to the
published results from Schepers et al. [36]. A power output case with a wind direction
of 275 ± 3◦ is selected to simulate the wind farm wake using the proposed AD coupling
numerical model in this paper.
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Different from the layout types of the previous two wind farms, the ECN test wind
farm is an onshore wind farm with a tight spacing arrangement. The downstream-located
wind turbines are fully or partially covered by the wake of the upstream machines when
the angle of the wind direction is measured within a deviation angle of ±3◦. Hence,
grids distribution of the computational domain with the inflow wind direction of 275 ± 3◦

(presented in Figure 11) can be divided into two grid distributions with a wind direction of
275◦ and 278◦, based on the grid independence study in Section 2.4. Since the computational
domain grid with the inflow wind direction of 272◦ is symmetrical to that with the wind
direction of 278◦, it is no longer shown here. The upper part is the grid of the computational
domain with a wind direction of 275◦, and the total number of cells is 2,150,148. The number
of cells in the streamwise direction is 369; 80 nodes are distributed vertically, and the number
of nodes in the spanwise direction is also 80. The lower part is the grid distribution of the
computational domain with a wind direction of 278◦. Its total number of cells is 2,443,584.
The number of grid nodes in the flow direction is 363, the number of nodes in the vertical
distribution is 80, and the number of cells in the spanwise direction is 92.
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3.4. Effects of Parameter C4ε on Wind Farm Wake Simulation Considering Six Test Cases

As mentioned above, few scholars have further studied how the parameter C4ε in
the k-ε turbulence model of Kasmi affects the turbulent kinetic energy (TKE) in the wake
superposition areas, and the influence of TKE on the recovery of the wake velocity of wind
farms. A reasonable calibration of the parameter C4ε in the improved k-ε turbulence model
is crucial to accurately simulate the power deficits caused by the effects of multiple wakes.

Hence, two offshore scenarios cases including Horns Rev and Nysted and an onshore
wind farm case from Wieringermeer were adopted in Section 3, aiming to quantitatively
investigate the effects of the parameter C4ε on the power out loss of wind farms. The six test
cases based on different parameters C4ε and the corresponding inflow parameters are shown
in Table 5. The wind farm power measurement values mentioned above are compared
with the results of the proposed AD coupling numerical model, and the parameter C4ε is
calibrated. In addition, the mean absolute percentage error (MAPE) and root mean square
error (RMSE) are used to quantify the prediction accuracy of power production and the
deviation between the simulation results and the measured values, respectively.

ePower_MAPE =
1
M

M

∑
i=1

∣∣∣∣Pw(i)− Pw(i)
Pw(i)

∣∣∣∣× 100% (13)

ePower_RMSE =

√√√√ 1
M

M

∑
i=1

(
Pw(i)− Pw(i)

)2 × 100% (14)

where Pw(i) denotes the normalized power simulation values of downstream different
located turbines and Pw(i) denotes observed power values.



J. Mar. Sci. Eng. 2022, 10, 544 11 of 22

Table 5. Six case settings considering different parameter C4ε values.

Case Description C4ε
UH,∞
[m/s]

IH,∞
[%]

D
[m]

z0
[m]

Spacing
[m/D]

1 Horns Rev (wd = 270 ± 1◦) 0.37, 0.25,
0.15, 0.10 8 7.7 80 0.0002 7

2 Horns Rev (wd = 222 ± 1◦) 0.37, 0.25,
0.15, 0.10 8 7.7 80 0.0002 9.4

3 Horns Rev (wd = 312 ± 1◦) 0.37, 0.25,
0.15, 0.10 8 7.7 80 0.0002 10.4

4 Nysted (wd = 278◦) 0.37, 0.25,
0.15, 0.10 8 6.3 82.4 0.0002 10.5

5 Nysted (wd = 278◦) 0.37, 0.25,
0.15, 0.10 10 6.3 82.4 0.0002 10.5

6 Wieringermeer(wd = 275 ± 3◦) 0.37, 0.25,
0.15, 0.10 6.59 2.4 80 0.05 3.8

Table 6 shows the error effects of different parameter C4ε values on the power output
of wind turbines under six cases. It can be found that the average ePower_MAPE of the
proposed actuating disc coupling numerical model is only 5.07%, and the corresponding
average ePower_RMSE drops to 3.56% compared with the measured power output, when
C4ε is 0.15. As the parameter C4ε reduces, the mean ePower_MAPE and mean ePower_RMSE
show a decreasing and then upward tendency. In the first three cases of the Horns Rev
offshore wind farm, the model corresponding to the reduced parameter C4ε significantly
improves the accuracy of the turbines’ power output simulation as the distance between
adjacent rotors increases. Combining with the three wind direction cases, it can be seen
that the average power prediction error ePower_MAPE with the given wind directions is only
3.83%, and the mean ePower_RMSE is only 2.73%, when C4ε = 0.15. Similar to the Horns Rev
offshore wind farm, the Nysted offshore wind farm also adopts a widely spaced wind farm
layout, but the difference is that the Nysted wind farm uses a Bonus 2.3 MW wind turbine
with a larger installed capacity. In cases 4 and 5, the simulation accuracy of power output
corresponding to the parameter C4ε is gradually improved with the increase in the inflow
wind speed. As the parameter C4ε changes from 0.37 to 0.15, the simulated results of the
power output gradually approach the measured values. The simulated power outputs
compare well with the measured results when C4ε = 0.15, with an average ePower_MAPE of
only 4.33% and an average ePower_RMSE of 4.35%. Differing from the above two cases of
offshore wind farms, case 6 is an onshore wind farm case. The lower inflow turbulence
intensity and the narrow spacing of rotors within the farm bring about serious power loss
in the downwind machines. Nevertheless, the model built in this paper can still effectively
simulate the measured power output of different turbines in a given wind direction. When
the parameter C4ε is 0.15, the numerical simulation result is the closest to the measured
power value, the ePower_MAPE is 10.27%, and the ePower_RMSE is only 3.51%.

Table 6. Error analysis of power simulation of six cases with different parameter C4ε values.

C4ε = 0.37 C4ε = 0.25 C4ε = 0.15 C4ε = 0.10

Case 1

(ePower_MAPE/[%]) 14.35 10.04 5.74 5.16

(ePower_RMSE/[%]) 9.16 6.54 3.58 4.25

Case 2

(ePower_MAPE/[%]) 10.11 6.51 3.77 2.73

(ePower_RMSE/[%]) 7.72 5.31 2.85 3.29
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Table 6. Cont.

C4ε = 0.37 C4ε = 0.25 C4ε = 0.15 C4ε = 0.10

Case 3

(ePower_MAPE/[%]) 8.81 5.45 1.99 2.86

(ePower_RMSE/[%]) 7.88 5.40 2.73 3.43

Case 4

(ePower_MAPE/[%]) 8.69 5.77 4.59 8.11

(ePower_RMSE/[%]) 5.47 4.13 4.52 6.44

Case 5

(ePower_MAPE/[%]) 7.37 5.77 4.06 8.53

(ePower_RMSE/[%]) 4.86 3.41 4.18 6.36

Case 6

(ePower_MAPE/[%]) 15.37 12.70 10.27 16.89

(ePower_RMSE/[%]) 5.83 3.91 3.51 5.34

Average Error

(ePower_MAPE/[%]) 10.78 7.71 5.07 7.38

(ePower_RMSE/[%]) 6.82 4.78 3.56 4.85

4. Results and Discussion

The results of six cases from two offshore wind farms and one onshore wind farm are
discussed separately in the following sections. In addition, the influence of parameter C4ε

on the power output of wind turbines in all cases is discussed further.

4.1. Horns Rev Offshore Wind Farm

Initially, we discuss the influence of parameters C4ε on the turbulent kinetic energy
and the wake velocity of the flow field under different wind directions from the perspective
of numerical simulation contours. Subsequently, the inflow wind speed and power output
of downstream-located rotors are calculated with the AD and curves of power and thrust
coefficient. Finally, the power output simulation results of different parameters C4ε are
compared with the measured power values.

Contours of TKE and streamwise velocity in the vertical direction for different C4ε val-
ues under shear inflow conditions when the wind direction is 270◦ are shown in Figure 12.
As can be seen from Figure 12, the shear effect accelerates the wake turbulent dissipation of
the first rotor, and the TKE on the lower parts of AD is lower than that generated on the
upper part of AD. In addition, the TKE presents an obvious asymmetrical distribution at
the near wake region of the first AD. The main reason for this is that the logarithmic shear
inflow has a high-velocity gradient on the upper parts of the wind rotor. Furthermore,
the generation of wake TKE on the upper parts of the rotor is further increased due to the
blockage effects. The logarithmic shear induces a small velocity gradient on the lower parts
of the turbine, where it makes a limited contribution to the wake TKE. As the turbulence
develops downstream, the TKE from the environment and the wake region accelerates the
mixing intensity, thereby causing the wake velocity deficits to gradually decrease with the
downstream distance. Affected by the upstream rotor wake, the velocity loss in the wake
region of the second turbine further increases. Additionally, the TKE shows an upward
trend. The flow interaction between the adjacent turbines further increases the TKE in
the near-wake region of the downwind machines located in the superposition area of
two or more upstream rotors. The wake deficits further aggravate, resulting in a further
decrease in the inflow wind speed from the downstream rotors. The additional source term
(Equation (8)) in this paper is active in the vicinity of wind turbines. It can control the rela-
tionship between turbulence generation and dissipation when the multiple wind turbine
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wakes interact, thereby affecting the wake recovery degree of each downstream-located
turbine. With the decrease in the parameter C4ε in the source term, the impact range of
TKE in the wake region of each rotor under a given wind direction gradually decreases. In
addition, the extreme point of TKE is close to the rotor, and the wake recovery rate of the
corresponding turbine is accelerated. This indicates that the reduction in parameter C4ε in
the dissipative source term contributes significantly to the generation of TKE caused by the
interaction of multiple rotors.
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Figure 13 presents the comparison of TKE and wake distribution in the vertical plane
with different C4ε under shear inflow conditions when the wind direction is 222◦. As the
spacing between adjacent rotors increases from 7 D to 9.4 D, the influence area of TKE in
the wake region of each turbine gradually decreases, and atmospheric turbulence plays a
dominant role in wake recovery. In addition to the first rotor, the TKE in the wake region
of each downstream turbine still maintains a non-uniform distribution on the upper and
lower part of the rotor. Furthermore, the TKE in the wake area upon the upper part of the
rotor is relatively large. The main reason for this is that the larger the velocity gradient that
appears over the upper part of the rotor, the more obvious the velocity loss is. The existence
of the additional dissipative source term dominates the amount of TKE generated near each
rotor for a given wind direction. With the decrease in the parameter C4ε, the generation
range of TKE in the vicinity of the control rotor becomes smaller, but the TKE near the
rotor becomes larger, and the wake recovery rate of the downstream-located machines is
less affected by the near-wake. In addition, the increased interwind turbine spacing can
promote the wake recovery of each downstream rotor effectively.
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Contours of TKE and wake distribution on the vertical plane with different parameters
C4ε under shear inflow conditions when the wind direction is 312◦ are presented in Figure 14.
With the further increase in the spacing between adjacent turbines from 9.4 D to 10.4 D,
the effects of atmospheric turbulence on wake recovery are further enhanced. Similar to
Figure 13, the extreme point of TKE in the wake region of each downstream-located rotor
goes up and the scope of influence gradually approaches the wind rotor, with the reduction
in parameter C4ε. The increased interwind turbine spacing can effectively slow down the
generation of TKE from the wake of each downstream rotor and promote wake recovery.

To sum up, the values of the different parameters C4ε for the above three inflow wind
directions have obvious control effects on the generation of wake TKE and the recovery
of wake velocity. The decrease in the parameter C4ε is beneficial to the forward shift of
the extreme value point and influences the range of TKE in the wake region of the wind
rotor and gradually approaching the wind rotor. Additionally, the atmospheric turbulence
gradually mixes into the wake region, which decelerates the generation rate of TKE in the
wake region and accelerates the recovery degree of wind turbine wake, with the increase in
the downstream distance.

Figures 15–17 quantitatively present the effects of different parameter C4ε values on
TKE, inflow wind speed and power output under three wind directions (e.g., 270 ± 1◦,
222 ± 1◦, and 312 ± 1◦), respectively. As can be seen from Figure 17, as the TKE at the
hub height of each downwind-located turbine gradually increases, the inflow wind speed
and power output tend to reduce and finally stabilize due to the turbulence interaction
from adjacent turbines, when the wind direction is 270 ± 1◦. With the decrease in the
parameter C4ε, the TKE at the hub height of other downstream rotors gradually descends,
and the inflow wind speed and power output gradually go up. As mentioned above, the
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decrease in the parameter C4ε can efficiently promote the increase in TKE in the vicinity of
each downwind rotor and facilitate the rise in inflow wind speed and power generation.
The final stabilization of the power output is attributed to the dominant role of ambient
turbulence in the atmosphere, and the mixing of wake turbulence with ambient turbulence
is no longer intense.
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It can be concluded from the power simulation results that the second rotor is affected
by the wake effect of the upstream machine, resulting in a serious deficit of power genera-
tion in Figure 15. The parameters C4ε = 0.37 and C4ε = 0.25 in the built model correspond to
the power output calculated by the proposed AD coupling numerical model which is the
closest to the measured power of the second turbine. However, the power output generated
by the other rotors in the streamwise direction tends to be stable, due to the combined effect
of wake superposition and atmospheric turbulence. The power output simulation results
under the above two parameters (e.g., C4ε = 0.37, C4ε = 0.25) have a large deviation from the
measured power. From the overall simulation effect of power output, the calculated power
output based on the parameter C4ε = 0.15 is in the best agreement with the measured power,
except for the second rotor. However, it is undeniable that the power output simulation
results of the second unit have a large deviation from the measured values when C4ε is
0.15, and the ePower_MAPE reaches 11.13%. The main reason for this is that the dissipation
source term corresponding to the smaller parameter C4ε leads to the accelerated dissipation
of turbulent kinetic energy in the wake region, which in turn promotes the accelerated
wake recovery. Due to the limited spacing between the second turbine located in the
wake region and the upstream one, it is difficult for the first rotor to obtain enough energy
from the atmospheric environment to promote its wake recovery, resulting in lower inflow
wind velocity and reduced power generation at the second turbine. Eventually, the power
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simulation results corresponding to the smaller parameter C4ε have a large deviation from
the measured power.
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As the interwind turbine spacing increases from 7 D to 9.4 D, the simulated values
of TKE at hub height of each downwind rotor gradually decrease, the influence area of
ambient turbulence increases, and the level of wake recovery is further improved. In
addition, the power simulation results also increase. Combined with Table 6 and Figure 16,
it can be found that as the distribution of parameter C4ε decreases from 0.37 to 0.10, the
ePower_MAPE decreases gradually and the ePower_RMSE reduces first and then ascends. The
comprehensive analysis demonstrates that when C4ε = 0.15, the power simulation results
compare well with the actual measurement results, with prediction error ePower_MAPE of
only 3.77% and ePower_RMSE of 2.85%. Of course, similar to the case with wind direction of
270 ± 1◦, the simulated power corresponding to a C4ε of 0.15 overpredicts the measured
power of the second rotor, but the prediction error gradually decreases. It shows that the
increased spacing causes the ambient turbulence play a role in promoting wake recovery.

The further increased spacing between adjacent turbines drives the ambient turbulence-
dominated range to be further expanded and the vicinity range affected by parameter C4ε

is further compressed when the wind direction is 312 ± 1◦ and the spacing is 10.4 D. In
addition, the value of TKE at hub height from each downstream machine is further reduced.
In terms of power output verification, it can also be found that the power simulation results
have the smallest deviation from the measured values when C4ε = 0.15, the ePower_MAPE is
less than 2% and ePower_RMSE is only 1.76%. The simulation results of the power output of
the second machine corresponding to C4ε of 0.15 gradually match with the measured power
data as the spacing between the adjacent turbines increases in Figure 17. This indicates
that the reduction in the parameter C4ε can effectively control the mixing intensity of wake
turbulence and ambient turbulence, and the accurate prediction effect of the power output
from the rear row rotors is obvious.

4.2. Nysted Offshore Wind Farm

Figure 18 reveals the effect of parameter C4ε on TKE, inflow wind speed, and power
output when the inflow wind direction is 278◦ and the undisturbed inflow wind speed is
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8 m/s. The Nysted offshore wind farm is similar to the Horns Rev offshore wind farm in
that it is a widely spaced, large-scale offshore wind farm. However, Nysted Offshore Wind
Farm employs the Bonus 2.3 MW wind turbine with a larger installed capacity under similar
input conditions to those of the Horns Rev Offshore Wind Farm. This results in a larger
TKE and power deficits, and lower inflow wind speed at the hub height of the streamwise
located rotors. However, the TKE, inflow velocity, and power output all increase at the
hub height of the downstream-located machines, with the decrease in the parameter C4ε.
As the incoming wind speed increases from 8 m/s to 10 m/s, the TKE, inflow wind speed,
and power generation at the hub height of the downwind turbines further increase, as
presented in Figure 19.

In terms of the quantitative evaluation of power output, it can be seen in Table 6
and Figure 18 that when the parameter C4ε is 0.15 in case 4, the simulation result of the
generated power output is the closest to the measured power value, the ePower_MAPE is
4.59%, and the ePower_RMSE reaches 4.52%. Different from the Horns Rev offshore wind
farm case, the power deficit of the second rotor affected by the wake increases significantly
due to the lower ambient turbulence in the Nysted offshore wind farm test case. The power
simulation results corresponding to the parameter C4ε = 0.15 overestimate the actual power
output results, and the ePower_MAPE is as high as approximately 20%. However, the power
simulation results calculated by other turbines in the downwind direction are in good
agreement with the measured power values, and the ePower_MAPE does not exceed 3%.
As the inflow wind speed increases from 8 m/s to 10 m/s, the power simulation error
of the power output from the second machine further decreases. In particular, when
the parameter C4ε is 0.15, the power prediction error ePower_MAPE drops to about 17%.
Combining cases 4 and 5, the reduction in the ambient turbulence intensity is likely to
slow down the speed recovery of the far wake, resulting in an increase in the power loss
of the downstream turbines. However, with the increase in the inflow wind speed, the
environmental average velocity accelerates the recovery of the wake, and the power loss of
the downstream rotors is further reduced, and the simulated result of the power output
gradually approaches the measured value.
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4.3. Wieringermeer Onshore Wind Farm

The effects of the parameter C4ε on TKE, inflow wind speed and power output when
the inflow wind direction of is 275 ± 3◦ at the ECN onshore wind farm are presented
in Figure 20. The ECN onshore wind farm has a flat terrain and low inflow turbulence
intensity, which makes it difficult to promote the upstream wind turbines to generate
higher power output. The relatively narrow spacing between adjacent turbines results in
a strong wake superposition effect on the downstream turbines. The power loss is even
more serious.

In terms of power output evaluation, differing from the previous offshore wind power
output cases, the actual power output of the second turbine is more serious due to the
lower ambient inflow turbulence intensity and narrow spacing between adjacent turbines
on the Wieringermeer onshore wind farm. The simulated power results corresponding to
different parameter C4ε values are compared with the measured power, and it is found that
as the parameter C4ε decreases, the corresponding simulated power shows an increasing
trend. However, the simulated power value corresponding to a C4ε of 0.15 significantly
overestimates the measured power results of the second machine, and the prediction error
ePower_MAPE is as high as 41.27%. This shows that the decrease in the parameter C4ε is not
conducive to the accurate evaluation of the power output from the turbine that is in the
wake region. Nevertheless, except for the second unit, the power output prediction error
ePower_MAPE corresponding to C4ε = 0.15 is only 3.36%. In general, when C4ε is 0.15, the
model built in this paper can still precisely simulate the measured power of different units
in given wind directions.
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5. Conclusions

The k-ε turbulence model of EI Kasmi coupling with ADM within the RANS framework
can be applied in layout optimization, micro-sitting, and power generation assessment
during the design stage of modern wind farms. However, few researchers have further
studied how the parameter C4ε in the k-ε model of EI Kasmi affects TKE in the superposition
areas and the recovery of wind farm wake velocity. To this end, this paper adopts advanced
ADM in PHOENICS combined with the k-ε model of EI Kasmi to investigate the influence
of parameter C4ε on the wake simulation of wind farms under different scenarios (e.g., two
offshore wind farms, one onshore wind farm). The following main conclusions are drawn:

(1) The decreased parameter C4ε makes the generation scope of TKE in the vicinity of the
turbine smaller, but the TKE near the rotor becomes larger, and the wake recovery rate
of the downstream turbine is less affected by the near wake. As the interwind turbine
spacing increases, the influence area of TKE in the wake region of each downstream
machine gradually reduces, and atmospheric turbulence plays a dominant role in
wake recovery.

(2) The decrease in parameter C4ε can efficiently promote the increase in TKE in the
vicinity of each downwind rotor and facilitate the rise of inflow wind speed and
power generation. The final stabilization of the power output is attributed to the
dominant role of ambient turbulence in the atmosphere, and the mixing of wake
turbulence with ambient turbulence is no longer intense. In addition, the increase in
the ambient undisturbed inflow wind velocity can promote the further improvement
of TKE, inflow wind speed, and power generation at the hub height of downstream-
located rotors. Furthermore, an increase in TKE at the hub height of downwind rotors
thereby causes inflow wind speed reduction, and the power deficits increase when the
ambient undisturbed inflow wind speed passes through a larger-scale wind turbine.

(3) The coupling numerical model in this paper is validated by six sets of measured
power data from three wind farms. It has been found that when the parameter C4ε
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equals 0.15, the simulated power results are compared well with the measured power
outputs. The proposed coupling numerical model and the further calibration of the
parameter C4ε can provide essential technical support for micro-siting, operation
control, and power output prediction on wind farms.
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