Energies 2014, 7, 7483-7498; doi:10.3390/en7117483

([ ]
energies
ISSN 1996-1073
www.mdpi.com/journal/energies

Article

CFD Study on Aerodynamic Power Qutput Changes with
Inter-Turbine Spacing Variation for a 6 MW Offshore
Wind Farm

Nak Joon Choi !, Sang Hyun Nam %, Jong Hyun Jeong ? and Kyung Chun Kim "*

I School of Mechanical Engineering, Pusan National University, San 30, Jangjeon-dong,

Geumjeong-Gu, Busan 609-735, Korea; E-Mail: njchoi@dnde.co.kr
2 DNDE Inc., Busan 612-020, Korea; E-Mails: shnam@dnde.co.kr (S.H.N.);
jhjeong@dnde.co.kr (J.H.J.)

* Author to whom correspondence should be addressed; E-Mail: kckim@pusan.ac.kr;
Tel.: +82-51-510-2324; Fax: +82-51-515-7866.

External Editor: Frede Blaabjerg

Received: I July 2014; in revised form: 10 November 2014 / Accepted: 11 November 2014 /
Published: 18 November 2014

Abstract: This study examined the aerodynamic power output change of wind turbines
with inter-turbine spacing variation for a 6 MW wind farm composed of three sets of 2 MW
wind turbines using computational fluid dynamics (CFD). The wind farm layout design is
becoming increasingly important as the use of wind energy is steadily increasing. Among
the many wind farm layout design parameters, the inter-turbine spacing is a key factor in
the initial investment cost, annual energy production and maintenance cost. The inter-turbine
spacing should be determined to maximize the annual energy production and minimize the
wake effect, turbulence effect and fatigue load during the service lifetime of wind turbines.
Therefore, some compromise between the aerodynamic power output of wind turbines and
the inter-turbine spacing is needed. An actuator disc model with the addition of a
momentum source was not used, and instead, a full 3-dimensional model with a tower and
nacelle was used for CFD analysis because of its great technical significance. The CFD
analysis results, such as the aerodynamic power output, axial direction wind speed change,
pressure drop across the rotor of wind turbine, and wind speed deficit due to the wake
effect with inter-turbine spacing variation, were studied. The results of this study can be
applied effectively to wind farm layout design and evaluation.
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1. Introduction

The increase in CO2 concentration in the atmosphere due to fossil fuel usage has resulted in global
warming and climate change, which poses a threat to society. To overcome these problems, a reduction
of COz emissions is using renewable energy essential [1]. Among the many renewable energy resources,
wind energy is the most competitive and its cost of production is reaching the same level as that of coal
fired and nuclear power plants. Therefore, the market for wind energy is expected to increase steadily.

Wind turbines are a kind of energy extractor or converter [2]. The kinetic energy of free stream air
is converted into mechanical rotational energy by a rotor and finally converted into electrical energy at
the generator. The recent technology trend in wind energy has been toward offshore wind farms
composed of multi-MW wind turbines. Offshore wind farms have several advantages over onshore or
inland wind farms, such as better wind conditions and more annual energy production but the initial
investment cost is much higher than that of onshore wind farms due to the high foundation and
erection costs [3].

The layout design of offshore wind farms is a key factor that affects the initial investment cost,
annual energy production, operation and maintenance cost during the service life time of wind
turbines [4]. If the inter-turbine spacing is too narrow, the downstream wind turbine is affected
seriously by the wake from the upstream wind turbine and the aerodynamic power output is reduced by
the wind speed deficit. The service life time of the downstream wind turbine is reduced by the fatigue
load but the cable laying cost is also reduced. Contradictory results are anticipated in the case of high
inter-turbine spacing. Therefore, some compromise between the inter-turbine spacing and aerodynamic
power output is needed [5].

To study the aerodynamic power output of an offshore wind farm with 2 MW class wind turbines
according to the inter-turbine spacing, an experimental method is unrealistic because of the high cost
required and length of time involved. The computational fluid dynamics (CFD) approach can be
successfully applied with minimum cost and time compared to the experimental method [6]. Before
computer resources reached an adequate level, it was only possible to analyze a wind farm with an
actuator disk, momentum source, and rather coarse elements, as used in previous wind farm CFD study
results with various limitations [7]. Due to the rapid development of computer resources, it is now
possible to analyze an entire wind farm and evaluate sites with a full three-dimensional (3-D) wind
turbine model, as used in this wind farm CFD analysis. The tilted rotor, nacelle and tower must be
considered to simulate an actual wind turbine. To the best of knowledge, no research has been reported
in the literature that describes a CFD wind farm analysis using a full wind turbine model.

In this study, computational fluid dynamics (CFD) analysis of the aerodynamic power output of
6 MW offshore wind farms composed of three sets of 2 MW wind turbines according to the inter-
turbine spacing was performed. An actuator disc model with the addition of a momentum source was
not used, and instead, a full 3-D model was used for the precise aerodynamic power output calculations
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by CFD analysis. CFD analysis can be used to analyze large-scale problems, and the application of
CFD to the layout design of offshore wind farms is expected to proliferate rapidly as the offshore wind
farm market grows.

2. Inter-Turbine Spacing and Layout

Figure 1 shows various layout designs of wind farms depending on the site conditions, access
convenience and maintenance conditions. The layout design of wind farms will become increasingly
important as offshore wind farm with larger capacity are developed [8,9]. In the wake region, there is a
wind speed deficit, which affects the annual energy production. Far downstream, a merged wake from
the multiple wakes occurs, which makes it impossible to calculate the annual energy production
analytically. The level of the wake effect on a downstream wind turbine is connected directly to the
inter-turbine spacing. If the inter-turbine spacing is too narrow, the wake effect, such as the wind speed
deficit, becomes dominant. If the inter-turbine spacing is wide, the wake effect is weak and the
incoming wind speed to the rotor of the downstream wind turbine recovers. This results in a higher
aerodynamic power output.

Although there are many possible layouts for a wind farm as shown in Figure 1, the in-line
configuration turns out to be a canonical layout for an offshore wind farm. The power deficit of the
downstream wind turbines is mainly caused by wake flows from the upstream wind turbines, therefore,
only one flow direction which is parallel to the wind turbines is considered.

Figure 1. Various wind farm layout designs.
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3. Wind Turbine and Wind Farm Configuration

For this study, a 2 MW wind turbine was designed and modeled with a tilted rotor, nacelle and
tower. The electrical power output of the horizontal axis wind turbine can be expressed as:

2

P =lp(ﬂ:D—)U3nC (1)
gen 2 4 o p

where:
P,.,—e¢lectrical power output of wind turbine, W;

p —normal value of air density, kg/m>;

D —rotor diameter, m;

U, —wind speed, m/s;
n—overall efficiency;

C, —power coefficient [10].

The power coefficient can be written as:

C _ })aero
1D @)

where P —aerodynamic power output of wind turbine, W [11].

The blade is designed using blade element momentum theory, Equations (1) and (2). Wind turbine
blade design software called XD-BLADE, developed by Choi et al. [12], was used for the detailed
blade design. The main specifications of a 2 MW wind turbine are 84.2 m of rotor diameter, 11 m/s of
rated wind speed, 5° of tilt angle, 18.7 rpm of rotational speed, and 7.5 of tip speed ratio. The hub
height is 85.2 m.

Figure 2 shows the layout of a 6 MW offshore wind farm for CFD analysis including inter-turbine
spacing parameter and wind turbine identification. L1 means the distance from the inlet of the domain
to the wind turbine WT1, and L2 means the inter-turbine spacing varying from 3D to 7D. L3 means
the distance from wind turbine WT3 to the outlet of the domain.

Figure 2. 6 MW offshore wind farm layout and wind turbine identification.

WT1 WT2 WT3

L1 L2 L2 L3



Energies 2014, 7 7487

4. CFD Analysis

CFD analysis was carried out according to the inter-turbine spacing variation. Table 1 lists the
analysis cases according to the inter-turbine spacing based on the wind turbine rotor diameter D.
The distance from the inlet to the upstream wind turbine, L1 was 7D. L2 was changed from 3D to 7D.
The height and width of the wind farm flow field were 6D, 10D, respectively, and the distance from
the downstream wind turbine to the outlet was kept at 17D.

Table 1. Analysis cases according to inter-turbine spacing.

No. of analysis case L1 L2 L3 Remark
Case 1 7D 3D 17D
Case 2 7D 4D 17D
Case 3 7D 5D 17D D=842m
Case 4 7D 6D 17D
Case 5 7D 7D 17D

Table 2 presents the mesh system information for a 6 MW offshore wind farm for analysis case 3. The
real scale of computational domain for case 3 is 842 m (width) x 505.2 m (height) x 2441.8 m (length).
This CFD analysis is a large-scale computational problem because the number of elements reaches
approximately 14.3 million. Grid tests were performed only for case 3 and there was no variation in power
coefficients when the number of grid elements was over 14 million. The frozen-rotor interface scheme is
used for the analysis. It supports steady-state prediction in the local frame of reference on each side of the
interface. The mesh system is divided into two parts; the rotational and stationary region. The relative
position of the rotational region to the stationary region is frozen in time. Figure 3 shows the rotational
region mesh system including the rotor with blades. Hexahedral mesh is used for the convergence and
precise aerodynamic power output calculations. The mesh density of the rotational region is much higher
than that of the stationary region for a more precise power output calculation. Y™ value of the blade is about
4, except for the root region of the blade as shown in Figure 3. The rotational direction of the rotor is
clockwise and the rotational phase of each wind turbine is synchronized.

Figure 4a shows the total mesh system, including the rotational and stationary regions for the
representative example of case 3. The tetrahedral and prism mesh were used for the stationary region
mesh system. Figure 4b shows the regions of the boundary conditions for the inlet, outlet, top, bottom and
two sides. The tilting angle of the 2 MW class wind turbine was set to 5°. For tilted rotor, the application
of a periodic boundary condition is impossible. Table 3 lists the detailed boundary conditions.

The atmospheric boundary layer velocity profile at sea level was applied to the inlet region in order
to taking account of the wind shear effect. The inlet turbulence intensity was 18%. The wind shear
obeying the power law can be expressed as:

Z

U=U

) 3)

ref

where:

U —wind speed according to the height, m/s;

Usg —wind speed at the reference height, m/s;
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Z —height, m;
Z, ,—reference height, m;

a—power law exponent [13].

In this study, the reference height was the hub height and the power law exponent o was 0.1.
A relative (gage) pressure of 0 Pa based on the atmospheric pressure was applied to the outlet.
Free-slip condition was applied to the top surface. This means that there is no wind speed gradient
vertically and no flow across the top surface. The free-slip condition can be expressed as:

oU
=0
oz “4)

The bottom is considered as sea surface and the no-slip condition is applied. An air density of
1.225 kg/m* was applied based on IEC 61400-1 [14].

Steady state analysis was carried out. The rotational region had a rated rotational speed of 18.7 rpm,
so the interface was considered to change the coordinate system between the rotational region and
the stationary region. A commercial multi-purpose CFD solver ANSYS CFX (ver. 12.1) was used for
the wind farm simulation. RANS-based shear stress transport with a transition model (SST model) was
selected for turbulence model [15]. The SST model is based on the k-® model near the wall. So, the
SST model turns out powerful to predict turbulent frequency in the boundary layer. The CFD analysis
was carried out with a parallel computer using Linux cluster with 48 processing cores (Intel Xeon
X5650, 2.66 GHz). The solution was iterated until the residues for each equation was less than 107>,
In general, the residues for the momentum equations was below 107>, which for the turbulent kinetic
energy was well below 107* and that for the turbulent energy dissipation rate was well below 107,

Table 2. Mesh information for analysis domain of 6 MW wind farm (case 3).

Item No. of nodes No. of elements
Rotational region 12,089,106 11,618,532
Stationary region 563,712 2,692,118

Figure 3. Rotational region and blade surface mesh system.
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Figure 4. (a) Stationary region mesh system; and (b) Boundary conditions.

Outlet
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Table 3. Boundary conditions.

Item Description

Inlet 11 m/s at the reference height with wind shear
Outlet Atmospheric pressure

Side Symmetry

Top Free-slip condition

Bottom No-slip condition
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5. Results and Discussion

Table 4 lists the CFD analysis results for a 6 MW offshore wind farm. The aerodynamic power
output of wind turbine WT1 was increased slightly with increasing inter-turbine spacing L2.
The power increase in case 5 was 3.7% compared to that of case 1. The downstream wind turbines,
WT2 and WT3, were considered to be the flow resistance [16]. If the inter-turbine spacing L2
increases, the flow resistance is located away from the wind turbine WT1 and the back pressure is
reduced. For this reason, the flow to wind turbine WT1 and downstream direction is less resistive and
the aerodynamic power output of wind turbine WT1 increases slightly in turn.

The aerodynamic power output of wind turbines WT2 and WT3 was surprisingly lower than that
of wind turbine WTI. In case of L2 = 3D, 2 MW turbines WT2 and WT3 produce only 309 kW and
74 kW, respectively. However, the powers recovered to 56% and 44% of the power of WT1 when L2
increases from 3D to 7D. In theory, complete recovery of the power output of a downstream wind
turbine requires an infinite separation distance between wind turbines. If enough separation distance is
secured for the enhancement of the power output of a downstream wind turbine, more transmission
cable is required and the cable laying cost rises. The aerodynamic power output of wind turbine WT2
is affected by the wake from wind turbine WT1 while the aerodynamic power output of wind turbine
WT3 is affected by the wake from wind turbines WT1 and WT2. Therefore, the incoming wind speed
deficit is higher for wind turbine WT3 than for wind turbine WT2. This is why the aerodynamic power
output of wind turbine WT3 is much smaller than that of wind turbine WT2. More detail discussions
about power deficits with respect to inter-turbine distance will be addressed with velocity and pressure
profiles later.

As the inter-turbine distance L2 increased, the wake effect decreased; then, the axial direction wind
speed recovered and power output finally increased. The increasing ratio of aerodynamic power output
was higher for the inter-turbine spacing from 3D to 5D than that for the inter-turbine spacing from 5D
to 7D. As the inter-turbine spacing was increased from 3D to 5D, the wake effect weakened rapidly
and the wind speed recovered higher. Consequently, the aerodynamic power output of wind turbines
WT2 and WT3 increased rapidly. For the range L2 from 5D to 7D, the power output change of the
downstream wind turbine was not significant. This behavior suggests that a relatively small increase in
the power output of the downstream wind turbine can be expected even though the inter-turbine
distance L2 increased beyond 7D.

Figure 5 shows the aerodynamic power output of wind turbines WT2 and WT3 according to the
inter-turbine distance variation. The curve shows a nonlinear relationship with respect to the
inter-turbine distance between wind turbines. The slope of power increase is different between the
regions of L2 is 3D to 5D and 5D to 7D. The slope difference is very important because it affects
significantly to the annual energy production and income of electricity sales for larger wind farms. The
slope changes significantly at the inter-turbine distance of 5D. This point can be chosen as a criterion
to divide the strong wake region from the weak wake region.
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Table 4. CFD analysis results for 6 MW offshore wind farm.

7491

No. of analysis case Wind turbine ID. Aerodynamic Power ratio Power ratio
power output (kW) (WT2/WT1) (WT3/WT1)
WT1 2030
Case 1 WT2 309 15% 3.6%
WT3 74
WT1 2052
Case 2 WT2 611 30% 18%
WT3 364
WTI 2065
Case 3 WT2 838 41% 29%
WT3 607
WT1 2068
Case 4 WT2 1007 49% 35%
WT3 718
WT1 2106
Case 5 WT2 1185 56% 44%
WT3 917

Figure 5. Aerodynamic power output of wind turbine WT2 and WT3 according to

inter-turbine distance variation.
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Figure 6a—c show the contours of the axial direction wind speed in the horizontal plane at the
reference height for the analysis case 1, 3 and 5, respectively. These figures are meaningful to
understand overall wake flow regions with respect to the inter-turbine distance. As the inter-turbine

spacing increased, the interaction between wind turbines became weak and the aerodynamic power out
of the wind turbines increased [17]. In case 1, both WT2 and WT3 are located in strong wake region.
In case 2, WT2 is located in weak wake region while WT3 is located in strong wake region. In case 3,
both WT2 and WT3 are located in weak wake region. Note that the span-wise width of the wake
region becomes narrower when the inter-turbine distance increases. Owing to the axial direction wind

speed deficit by axial flow induction factor, the tangential wind speed increased with decreasing axial

direction wind speed. This explains why the stream-tube expands.
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Figure 7 shows the profile of axial direction wind speed along the centerline at the reference height
location for analysis case 3 (L2 = 5D). In theory, the aerodynamic power output was proportional to
the cube of the wind speed. This means that the aerodynamic power output changes dramatically with
slight changes in wind speed. The axial direction wind speed decreased across the rotor of wind turbine
WT1, recovered slightly and then decreased across the rotor of wind turbine WT2. The same
phenomenon was observed for the wind turbine WT3. The axial wind speed past the rotor of wind
turbine WT3 recovered gradually and close to the incoming reference wind speed at far downstream.

Figure 6. Axial direction wind speed contours in horizontal plane at the reference height.
(a) L2 =3D; (b) L2 = 5D; (¢) L2 = 7D.
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Figure 7. Axial direction wind speed profile along the center line at the reference height in
case 3 (L2 =5D).
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The decrease in the axial direction wind speed was caused by energy extraction by the wind turbine

rotor. If the wind undergoes a greater energy extraction process, the aerodynamic power output of the

downstream wind turbine is much smaller. An increase in the wind inter-turbine spacing contributes to

the axial direction wind speed recovery and higher aerodynamic power output. The maximum axial
direction wind speeds in front of WT1, WT2, and WT3 are 11.0 m/s, 7.7 m/s, and 6.5 m/s,
respectively. The ratio of the cube of maximum wind speed for WT2/WT1 is 0.343 while the ratio for

WT3/WTI is 0.206. The corresponding power ratio is 41% and 29%, respectively. The decreasing
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tendency is similar but not exact because the wind turbines are facing non-uniform wake profiles due to
incoming atmospheric boundary layer.

Figure 8 presents the axial direction wind speed profiles along vertical direction at various axial
positions in the center plane for case 3 (L2 = 5D). The reference position, 0D is the location of wind
turbine WT1. The position of —2.5D is away ahead from wind turbine WT1 and the position of 2.5D
is the center between wind turbines WT1 and WT2. The position of 7.5D is the center between wind
turbines WT2 and WT3, and the position of 12.5D is the rear position from wind turbine WT3 by 2.5D.
The wind speed profile changes with the positions due to the wind speed deficit and power extraction
by the rotor [6]. At the position of 12.5D, the wind speed recovers, as expressed in Figure 7.

The maximum velocity deficit is occurred at the reference height which is the center of rotor. After
the last wind turbine, wake profile is recovered to the atmospheric boundary layer, however, the profile
is not symmetric with respect to wake centerline because of shear layer and the tilting of the rotor.
It should be noted that the velocity profile assumed to be a uniform profile mostly adopted for a wind
farm design is invalid [4].

Figure 8. Axial direction wind speed profiles along vertical direction at various axial
positions in the center plane for the case 3 (L2 = 5D).
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Figure 9 shows gage pressure profile along the centerline in streamwise direction at the reference
height for case 3 (L2 = 5D). A high pressure drop occurs across wind turbine rotors. The magnitude of
the pressure drop decreases through wind turbines WT2 and WT3. The amount of energy extraction is
proportional to the pressure drop, which explains why the aerodynamic power output of wind turbine
WT3 is the smallest. The maximum pressure in front of turbine rotors WT1, WT2, and WT3 is
decreasing from 24 Pa, 12 Pa, and 7 Pa, respectively, while the minimum pressure remains constant,
—12.5 Pa. It can be explained that the maximum pressure depends on the square of incoming velocity,
while the minimum pressure occurs at the dead water zone of wake flows. The maximum pressure
ratio based on the peak pressure in front of WT1 for WT2 and WT3 are 0.50 and 0.29, which are quite
close to the corresponding power ratio, 0.41 and 0.29.
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The pressure behind the rotor of wind turbine WT3 recovers to the atmospheric pressure in
downstream direction due to the weakened wake [18]. During wind turbine operation, it is important to
minimize exposing the wind turbine to turbulence. In real situation, strong tip vortices are formed at
the blade tips then moves to downstream with spiral trajectory. In this study, only steady simulation
was carried out. Unsteady simulation is needed for future research to understand the evolution of tip
vortices and its interaction with downstream wind turbines.

Figure 9. Gage pressure distribution along the center line in streamwise direction at the
reference height for case 3 (L2 = 5D).
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Figure 10a—c show the pressure coefficient distributions on the pressure side and suction side of
turbine blade at p = 0.8 for WT1, WT2, and WT3, respectively. Here, p = /R is a non-dimensional
position of the radius of the rotor. The detail specifications of blade at u = 0.8 of the designed 2 MW wind
turbine are 2221 mm of chord length, 2.77° of twist angle and the airfoil series is NACA 63-418 [12].
The pressure coefficient of the wind turbine WT1 blade was relatively unaffected by an increase in
inter-turbine spacing. This is because of the undisturbed incoming free stream wind speed, which is
relatively constant. On the other hand, as the inter-turbine spacing is decreased, the pressure coefficient
of the wind turbine WT2 blade and the wind turbine WT3 blade departed more from the pressure
coefficient of the wind turbine WT1 blade. The differences in the pressure side are more pronounced
compared to those in the suction side. In addition, the differences at the leading edge section are more
obvious compared to those in the trailing edge section. The amount of the difference in the pressure
coefficient between the pressure side and the suction side is proportional to the aerodynamic power
output. Therefore, the aerodynamic power output of wind turbines WT2 and WT3 can be increased
when the inter-turbine distance is increased.

Regarding to the criterion to select an adequate inter-turbine distance in an offshore wind farm,
L2 = 5D is a possible candidate based on the slope of power increases in WT2 and WT3 as shown in
Figure 5.
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Figure 10. Pressure coefficient distributions at p = 0.8 on the wind turbine blade

(NACA 63-418). (a) L2 = 3D; (b) L2 = 5D; (¢) L2 = 7D.
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The hypothesis can be confirmed by comparison of the pressure coefficient distributions with
respect to the inter-turbine distance. The distribution of pressure coefficients in case 1 (L2 = 3D) is
quite different with that of case 3 (L2 = 5D). However, the difference is relatively small between case

3 (L2 =5D) and case 5 (L2 = 7D).
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6. Conclusions

A CFD study of the power output of a tandem arrangement of three sets of 2 MW class wind
turbines as an offshore wind farm was performed using a full 3-D wind turbine model with an
incoming atmospheric boundary layer. The effect of inter-turbine distance between three turbines was
found to be crucial for the conceptual design of a wind farm layout. Surprisingly, the power outputs of
the downstream wind turbines, WT2 and WT3 were decreased from 15% and 3.6% to 56% and 44%
compared to that of the upstream wind turbine, WT1, as the inter-turbine distance was changed from
3D to 7D. There was a nonlinear relationship between the power ratio and the inter-turbine distance.
As the inter-turbine distance increased, the power output of the downstream wind turbines increased
because the wake effect became weaker. Beyond the inter-turbine distance of 5D, the rate of increase
in power output of the downstream wind turbine decreased since the downstream wind turbine was
placed outside the strong wake region of the upstream turbine. The distributions of pressure
coefficients on wind turbine blades confirm the results. Hence, 5D can be a design criterion for the inter-
turbine distance of an offshore wind farm for the compromise between the aerodynamic power output
and inter-turbine spacing. The results of this study can be effectively applied to offshore wind farm
layout design, site evaluation, and power output prediction. CFD analyses of the wind farm with staggered
wind turbines, different rotor rotational phases, and elevation differences should be carried out in the
future. These results will show the quantitative characteristics of the different wind farm layouts.
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