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Abstract
The limited space available for wind energy projects highlights the importance of improving the
efficiency of wind farms, like the exploitation of turbulent wakes. In this work, we analyze the available
energy associated with the turbulent wakes generated by offshore wind turbines at various downstream
distances using a computational fluid dynamics (CFD) program (Autodesk). Classical wind conditions
for offshore wind farms are established for the probability distribution of wind speed, applying the
Weibull distribution, and for the angular distribution of wind direction, using the Von Mises
distribution. This study allows determining the amount of recovered energy by the drag turbine at
different downstream distances, resulting in an efficiency increase up to 11.59% for a drag turbine with
a diameter of 80 m and an estimated power coefficient of C,=0.15 located at a downstream distance of
2.5 times the diameter of the conventional wind turbine.

Keywords: Turbulent fluid, wakes, CFD technique, modelling and simulation, offshore wind turbine,
efficiency improvement

INTRODUCTION

The rotational wakes’ analysis is critical for an efficient wind farm design because of the horizontal
axis wind turbine (HAWT) operational mode, depending on the lift force created by the interaction
between the wind and the wind turbine blade. Lift forces are optimal if the wind turbine operates under
a laminar flow regime, forcing it to separate two adjacent wind turbines at a minimum distance
equivalent to the one where the rotational wake vanishes; at this point, the turbulent kinetic energy
associated with the rotational wake becomes null [1-3].

The rotational wakes’ study derives from solving the Navier-Stokes equations because the system
operates under unsteady turbulent regime, where numerical solution does not apply. To do so, we use
the Computational Fluid Dynamic (CFD) technique through the turbulent k-¢ model, based on the
turbulent kinetic energy; in this way, we obtain a wind speed distribution along the rotational wake
development, and the turbulent kinetic energy evolution [4—7].
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Every wind park design requires a detailed study and analysis, including wind resource evaluation,
environmental and economic viability, visual impact, and onsite terrain geological prospection. All
these factors merge into a point before starting the wind farm building; therefore, it is critical for
efficient land use since the space is limited [16—18]. We distinguish two marine area types in offshore
wind farms: the priority use zone (PUZ) and the high potential use zone (PAZ). PUZ are for global
interests, requiring specific areas, while PAZ are for sectorial activities where the future possible use is
a priority; among the PAZ, we can mention the wind farms [19-24].

This research work studies the performance improvement in offshore wind farms by optimizing
marine space use. To do so, we analyze the turbulent wake evolution aiming to insert drag force wind
turbines. The consequence is an incrsease in the output power generation and global efficiency.

THEORETICAL FOUNDATIONS

Considering that the wind circulates through a virtual cylindrical tube (control volume) with no
interaction with the surrounding air, the wind flow is constant. The upstream control volume (CV) has
a cylindrical shape of identical diameter to the wind rotor. Nevertheless, due to the interaction between
incoming wind flow and rotor blades, the tube expands, increasing its diameter and reducing the speed
according to the Bernoulli’s equation (Figure 1); therefore [25]:

UD=Uw(1—a);UW=UOO(1—2a) 0

U is the wind speed, and subscripts D, oo, and W account for wind rotor position and upstream and
downstream flow. The parameter « is the fluent factor.

Using the classical expression for the wind power, the wind turbine efficiency, C,, is [25]:

C,=4a(1-a)’ o

Considering the air density constant throughout the Control Volume, applying the Bernoulli's
equation to a turbulent regime wind flow, we obtain the rotational wake surface factor, F, as in Eq. (3):

poiote 1 Un
4, U, (3)
Combining Egs. (1)—(3):
3
Cp:[1.5+%(1—F)—4(1—F)2+2(1—F)3} 4)
e'a
oo
oot

_____ \’f\;wa\ aisk

wind flow circulation.
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Figure 2. Wind turbine power coefficient evolution with rotational wake surface factor.

Cp

The F-factor depends on how much turbulent kinetic energy absorbs the air from the rotational wake;
a zero value for the F-factor means that air does not absorb turbulent kinetic energy, and the rotational
wake remains unchanged, generating a null value for the power coefficient Cp; as air absorbs turbulent
kinetic energy from the rotational wake, the F-factor raises, and the wind flow becomes less turbulent,
making the power coefficient increase. If we represent the power coefficient versus the F-factor, we
observe how Cp increases with F, achieving the optimum value for an F-factor equal to 0.3 (Figure 2).

The above simulation matches experimental values corresponding to wind turbines operating with
turbulent flows like the Savonius wind turbine, whose power coefficient is C,=0.15, on average, when
working under drag force mode [26, 27].

The turbulent flow mathematical analysis requires the Navier-Stokes application since no numerical
solution applies [28—-31]; therefore, the interaction between wind and blade due to drag forces results in
the following analytical expressions:

D 0 0 0
pFZZ:a(_p+7m)+5<fxy)+§(TXZ)+SM"
D 0 0 0
PF‘;:a(fxy)"'g(_p"'ryy)+§(Ty2)+SMy
Dw _ 0

(rxz)+g(ryz)+£(—p+rzz)+SMz

pE ox oy oz (5)

u, v, and w are the three wind speed Cartesian components, p is the air density, D is the material
derivative function, p is the air pressure, and 7 is the shear stress tensor due to viscous effects. Subscripts
x, ¥, and z correspond to the three space directions. The parameter S represents the mass force; if only
gravity applies, Six=Swu=0, and Sy==—pg.

For Newtonian fluids, the shear stress tensor becomes [32]:

xx

T,=T,= 8_u+@ 3T, =T, = {6—u+a—w}r =7, = @+6_w
Xy X lu ay ax > Yxz zx /“l 82 ax > Vyz zy :Ll 82 ay

Combining Egs. (5) and (6), and grouping terms:

rL=2u T =2u s =2
ox

(6)
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First term in Eq. (7) represents the convective change rate of momentum in the x direction. The term
describes how fluid motion develops along the wake generated by the turbine blades. Second term
represents the forces due to the pressure gradient in the x direction. In the case of rotating wakes, these
pressure gradients are fundamental for describing how the pressure varies around the wake and how
this variation influences the flow distribution. Third term describes the effects of viscosity and
momentum diffusion along the wake. Air viscosity plays a crucial role in the wake energy dissipation,
as it influences the smoothing of velocities and the distribution of turbulence in the rotational flow,
directly affecting the stability and structure of the wake, determining how it develops and diffuses as it
moves away from the rotor. Last term is a correction term representing an additional source like external
forces, compressibility effects, or interaction between phases.

The Jensen model
The Jensen model is a Gaussian speed profile based on the speed deficit coefficient U/U. [33-35].
This coefficient accounts for the rotational wake-to-free upstream wind speed ratio. Mathematically:

U r
U 1-C(x) exp[— 2Ui(x)}

o0

®)

C(x) is the normalized downstream wind speed, r is the distance to the rotor axis, and o.,(x) is the
Gaussian distribution standard deviation.

The Jensen model imposes the following premises:
e The inlet wind flow is incompressible, steady-state, and non-viscous.
e The wind rotor is thickness null; the wind force acts uniformly on every surface point.
e Any infinitesimal flow has the same pressure as the inlet flow.

Applying Bernoulli's equation, and imposing a linear rotational wake expansion (»,~2a,,), we obtain:

2
U 2 r
~ —1-4 - |
Uoo (-x) eXp (]oc/}/'a +1)2 (”' ] (9)

a
k is the rotational wake damping coefficient, r, is the rotor radius, and A(x) is a function depending
on the thrust coefficient, Cr, as in:

2(1-1-¢;)

A(x) =
) (k/r, +1)’

(10)
Wind Distribution

The analysis of the turbulent kinetic energy associated to the rotational wake implies the knowledge
of the wind distribution. In our study, we use a combination of the Weibull and Von Mises distribution
to evaluate the wind speed probability [36—41]. Figure 3 shows the Weibull and Von Mises probability
density function.

Weibull distribution responds to a mathematical function of the type:
x-1 K
k(U U
U)=—|—| exp|l—-|—
SrU)=> ( 1 J p ( 7 j
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A is the blade tip linear velocity.
For the Von Mises distribution:

;exp[lccos(ﬁ—,u)]

Vea »K)=
VACNTRS) 271 (%) "

6 is the wind direction, x is the average angular direction, representing the predominant wind
direction, « is the concentration parameter, equivalent to the inverse of the normal distribution variance,
and /,(x) is the modified Bessel function of the first type and order zero.

The analysis for the simulation results in Figure 3 shows a predominant wind direction at 225° and a
most probable wind speed of 8 m/s.
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Figure 3. (a) Left: Weibull probability density for A=10 m/s and x=2.5; (b) Right: Von Mises

probability density for k=2.5 and p=225° [42].
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Figure 4. Schematic view of geometric distribution of conventional and drag force wind turbines.

TURBULENT KINETIC ENERGY

Since we intend to use the turbulent kinetic energy for power generation in drag force wind turbines,
it is necessary to evaluate the rotational wake turbulent kinetic energy recovery fraction [43—46]. To
this goal, we apply the Mean Kinetic Power (MKP) expression:

1

MKP =—pU* A4,
2 (13)
Ap is the wind rotor area.
Analogously, for the Turbulent Kinetic Power (TKP), we have:
TKP =TKEpUA, (14)

The term TKE expresses the turbulent kinetic energy.

If we insert a drag force wind turbine between two conventional turbines in a wind farm, the 6 angle
is limited by the layout geometry (Figure 4).

D, and D are the rotor diameter for the drag force and conventional wind turbine, and z is the distance
between them.

According to the Figure 3 drawing:

D,+D
HL:arctan[ at j

2z

(15)
The calculation considers that the rotational wake and the conventional wind turbine rotor have

equivalent diameter.

Beyond the 8, point the wind flow becomes laminar; therefore, the drag force wind turbine operates
with turbulent flow within the range u-0;<0<u+6;.

The collected annual energy is:
E i = 28760, [ (TKP),C, ,F, +(MKP),C, , (1-F,)]
1' (16)

fp is the Weibull probability function, defined in Eq. (11). Subscripts D and L for the power
coefficient, C,, correspond to wind turbine operation under drag and lift force. F), is the probability
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function that rotational wake arrives at the downstream wind turbine; therefore, the term (7/-F}) is the
probability that the downstream wind turbine operates under laminar flow. We define the F, function
as:

=, “+9Lfv(9 1 k) do (17)

Considering the lift and drag force power coefficient equal, and combining Egs. (11)—(17), we have:

)| 5 TR 1, (1o lexpli cos (6 — w]] d) +

+= pA U3C°( [2n10(x) :+9LL exp[k cos(0 — )] ]d@])
(18)

Egnnuar = i 8760 [% (%)K_1 exp [

Simulation

The simulation runs for a power coefficient of C,°=0.15 for the drag force wind turbine and C,=0.4
for the conventional one [47]. The latter value corresponds to the standard power coefficient for massive
power generation wind turbines; the former value derives from Figure 2 for F=0.28, corresponding to
the closest point to optimum operating conditions. The diameters for the lift and drag force wind
turbines are D=110 m, and D4,=80 m. The coefficients x, x, and 1 are the same as for the Weibull and
Von Mises distributions shown in Figure 3. The z value is variable depending on the selected distance
between lift and drag force wind turbines, expressed in terms of the conventional wind turbine rotor
diameter. We adopt the standard air density value for wind farm operation, p=1.225 kg/m°.

The first simulation develops for z=1D. Figure 5 shows the results for the TKP. The results analysis
from Figure 5 shows that for the maximum wind speed probability, according to the Weibull
distribution in Figure 3, the turbulent kinetic power (TKP) is 226 kW, corresponding to the turbulent
kinetic energy average value. On the other hand, Fp=0.78, representing 78% of the operating time the
rotational wake arrives at the downstream conventional wind turbine for DA=D/2=55 m. The Fp value
derives from the area covered by the Von Mises distribution within the angular operating range
(Figure 6). Repeating the simulation for z=1.5D (Figure 7).
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Figure 5. Simulated values for TKP at z=1D.
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Figure 6. Von mises distribution for angular range operation at z=1D.
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Figure 7. Simulated values for TKP at z=1.5D.

The maximum TKP value is 157.5 kW, representing a 30% reduction, regarding the previous case
(z=1D). Furthermore, the Fp value lowers to 0.64 (Figure 8), meaning that 36% of the operating time,
the drag force wind turbine operates under laminar flow.

Extending the simulation for z=2D, we have (Figure 9):
The maximum turbulent kinetic power for z=2D is 145.8 kW, 35% lower than for z=1D and 7% lower

than for z=1.5D. These values show that the TKP reduction smooths as we separate from the critical
distance (z=1D), where the wind turbine uses the turbulent kinetic energy at maximum efficiency.
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Figure 9. Simulated values for TKP at z=2D.

The F, lowers to 0.52 (Figure 10), meaning than nearly 50% of the time the rotational wake strikes
the downstream conventional wind turbine.

Finally, the simulation runs for z=2.5D, obtaining the following results (Figure 11):

The maximum turbulent kinetic power for this case is 110.4 kW, and the F), value is 0.44.

Compiling data from the simulations and making a comparative analysis between TKP and F), data
for all cases, we have (Table 1):
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Figure 11. Simulated values for TKP at z=2.5D.

Table 1. Comparative analysis of TKP and F), values for variable distance between
conventional and drag force wind turbines.

z 1D 1.5D 2D 2.5D

TKP (kW) 226 157.5 145.8 110.4

Fp 0.78 0.64 0.52 0.44

Power reduction (%) regarding z=1D - 30 35 51

TKP ratio 1 0.70 0.65 0.49
© STM Journals 2025. All Rights Reserved 31
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Correlating the TKP ratio, Rrxp, and the relative distance, z/D, we obtain the following third degree
polynomial function with a regression coefficient R*=1, meaning that the correlation is fully accurate.

3 2
Rrxp = —04749 (2)" +2.6398 (%) — 4.9499 (%) + 3.785 (19)
This polynomial function shows that turbulent kinetic power reduces with third power of relative

distance, meaning that turbulent kinetic energy rapidly lowers as we move away from the conventional

wind turbine that generates the rotational wake.

Calculating the MKP values from the TKP simulated data, we obtain for conventional wind turbines
of 80 and 110 m diameter, operating at A=10 m/s and xk=2.5 (Figures 12 and 13):

RECOVERED ENERGY

Applying Eq. (18), and using data from Figure 13, for a conventional wind turbine of 110 m diameter
with a power coefficient C,=0.4, the available energy is:

&p = 8760C,MKP,, , = (8760)(0.4)(4610) = 16153440kWh = 16153.44MWh (20)

Repeating the calculation for a drag force wind turbine of 80 m diameter with a power coefficient
C,=0.15, placed at a variable distance from the primary wind turbine, we have (Table 2):

Table 2. Turbulent kinetic power (kW) and annual energy (MWh/year) for
variable distance between conventional and drag force wind turbine.

z 1D 1.5D 2D 2.5D
TKP (kW) 226.02 | 157.48 | 145.83 | 110.41
TKE (MWh/year) 232.90 | 132.10 98.86 63.24
Turbulent factor range (Fp) 0.78 0.64 0.52 0.44
MKE (MWh/year) 691.89 | 1159.35 | 1552.10 | 1808.59
Laminar factor range 0.22 0.36 0.48 0.56
Annual energy generation (MWh/year) | 924.79 | 1291.45 | 1650.96 | 1871.83
TKE use efficiency (%) 5.73 7.99 10.22 11.59
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Figure 12. Estimated values for MKP for a conventional wind turbine of 80 m diameter.
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Figure 13. Estimated values for MKP for a conventional wind turbine of 110 m diameter.

CONCLUSION

This research work studies the available energy from rotational wakes generated by conventional
wind turbines. The study deals with the specific case of a 110 m diameter rotor blade, representing a
regular size for massive electric generation wind turbines.

The study analyzes the rotational wake probability of reaching the next wind turbine in line on a wind
farm. The probability varies depending on the absorbed turbulent kinetic energy between two
consecutive wind turbines. The probability decreases if we insert a drag-force wind turbine in the free
space between conventional wind turbines since it absorbs a fraction of the turbulent kinetic energy the
rotational wake carries.

The probability decays with the distance between the first inline conventional turbine and the drag
force one, following a third-degree polynomial function with high accuracy (R2=1). Consequently,
inserting the drag force wind turbine as far away as possible without interfering with the current
operation of the second inline conventional wind turbine is more efficient. The simulation results show
that inserting the drag force wind turbine at a distance of 2.5 times the diameters from the traditional
wind turbine minimizes the rotational wake turbulent effects on the second-in-line wind turbine.

The study evaluates the efficiency improvement in the second-in-line conventional wind turbine as a
function of the distance between the traditional first-inline and the drag force wind turbine. The study
shows that the efficiency improves from a minimum of 5.73% for a distance equivalent to the diameter
of the conventional wind turbine to a maximum of 11.59% for two and a half times the diameter.
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