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Abstract: We present a numerical study of two utility-scale 5-MW turbines separated by seven rotor
diameters. The effects of the atmospheric boundary layer flow on the turbine performance were
assessed using large-eddy simulations. We found that the surface roughness and the atmospheric
stability states had a profound effect on the wake diffusion and the Reynolds stresses. In the
upstream turbine case, high surface roughness increased the wind shear, accelerating the decay of the
wake deficit and increasing the Reynolds stresses. Similarly, atmospheric instabilities significantly
expedited the wake decay and the Reynolds stress increase due to updrafts of the thermal plumes.
The turbulence from the upstream boundary layer flow combined with the turbine wake yielded
higher Reynolds stresses for the downwind turbine, especially in the streamwise component. For the
downstream turbine, diffusion of the wake deficits and the sharp peaks in the Reynolds stresses
showed faster decay than the upwind case due to higher levels of turbulence. This provides a
physical explanation for how turbine arrays or wind farms can operate more efficiently under
unstable atmospheric conditions, as it is based on measurements collected in the field.
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1. Introduction

Wind and solar electricity generation exceeded 10% of the total electricity generation in the US for
the first time in 2017 [1], with wind accounting for about 8%. Since then, wind-derived electricity has
grown by 29.3%, far outpacing the annualized total generation growth of 9.3%. These growth trends for
the US energy market are appreciably ahead of the global trends for renewable energy, despite the latter
being one of the two fastest growing energy sources globally [2]. Accordingly, there is a considerable
recent interest in realistic modeling of wind turbines and wind farms [3–5], considering such factors as
specific location, relative turbine placement, local weather conditions, and wake interactions.

Two important issues that remain in need of elucidation are the interaction between the
atmospheric boundary layer (ABL) and wind turbines, and their wake influence on the downwind
turbines. Accurate predictive methods are crucial for turbine-siting, optimizing power output,
and reducing fatigue loads. The latter subject is of high practical importance as turbulence leads
to repetitive stresses on the turbines that can lead to failure, and the cost of replacing prematurely
failed components can become prohibitive, especially for off-shore systems. Several key studies
have been conducted on the turbulent wakes from individual wind turbines [6–8] and recent efforts
have been focused on arrays of turbines. In particular, large-eddy simulations using actuator disks
(AD) [9] by Jimenez et al. [10] have shown good agreement with field data obtained by Cleijne [11].
A similar approach with an actuator line (AL) approach [12] coupled to large-eddy simulation (LES) by
Troldborg et al. [13] was studied to investigate the wake interaction between two turbines. It was found
that the ambient turbulence has a significant impact on the wake development and the subsequent
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influence on the downstream turbine. They observed improvements in the symmetry of the average
blade loadings on the downstream turbine by increasing ambient turbulence level. Similar findings
from wind tunnel experiments by Chamorro and Porte-Agel [14] have shown that the wake diffusions
were enhanced by increased levels of turbulence from the surface roughness. Their results are
consistent with a subsequent LES study using an improved method for actuator disks that accounts
for rotation [15]. The upstream turbulence enhances the breakup of the helical wake structure which
reduces the velocity deficit along downstream positions. It was found that the wind direction and the
turbine positions have a strong influence on the reduction of power generation and increased loadings
on the critical turbine components. Using the rotating AD, they conducted further studies with
aligned and staggered turbine positions and found the staggered case yielded higher aerodynamic
roughness [16]. However, these previous studies were conducted with idealized flow conditions
(e.g., neutrally stable ABL) akin to a canonical wall bounded turbulent flow. Several studies on the
impact of complex terrain have been reported. Astolfi et al. [17] compared supervisory control and
data acquisition (SCADA) data with a Reynolds Averaged Navier-Stokes (RANS) numerical study
for a wind farm consisting of four turbines deployed in a complex terrain. Using RANS, it was
found that the complexity in the terrain topology altered the local wind and thereby distorted the
turbine wake by increasing asymmetricity to the wake profile which ultimately contributed to the
wake recovery. Their SCADA analysis gave consistent results. In a study by Subramanian et al. [18],
the impact of flat and complex terrain on the turbine wake dynamics was reported using drone-based
measurement. They found that the near-wake region was reduced by 35% in complex terrain compared
to that of flat terrain. In addition, the degree of anisotropy significantly decreased downstream of
the turbine while the measured frictional velocity was consistently higher compared with the flat
terrain case. A single wind turbine wake was analyzed by Hansen et al. [19] using SCADA information
and a strong correlation was found between the wake movement and the vertical component of the
wind which typically reverses its direction during day and nighttime. However, depending on the
level of complexity in the terrain’s topology, the flow recirculation can dominate the wake trajectory.
Another recent study by Berg et al. [20] performed a LES study on turbine wakes in a complex
terrain environment and investigated its impact on the wake positions due to the presence of a strong
recirculation zone. A similar study by Castellani et al. [21] investigated the impact of complex terrain
on the wind farm performance. They also studied the atmospheric stability factor in the performance
of wind farms. The atmospheric stability effect on turbulence intensity and turbine power loss was
studied by Hansen et al. [22], in which it was found that the maximum power deficit and the turbulence
intensity had a linear relationship. A stable atmospheric condition was found to yield the largest
power deficits as the turbulence intensity was low compared to the other stability classes.

In the present study, the atmospheric variability was investigated for a two multi-megawatt wind
turbine case using LES. In particular, the aero-elastic response of the turbine blades was included by
coupling the actuator lines with FAST (Fatigue, Aerodynamics, Structures, and Turbulence) code [23].
Neutral and unstable ABLs with various surface roughness, representing land-based and offshore
conditions [24], were studied to characterize the turbine wakes, the turbulence production generated
by both upstream and downstream turbines. Furthermore, power production changes due to various
atmospheric conditions were discussed.

2. Methodology

2.1. LES Framework

Atmospheric boundary layers with various aerodynamic surface roughness and stability
conditions were studied using large-eddy simulation. An incompressible formulation of the continuity
equation (Equation (1)) and the momentum equation (Equation (2)) (which includes the Coriolis force,
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the buoyancy force, and the aerodynamic force at the actuator point), and the potential temperature
transport equations (Equation (3)) are shown in the following:
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ũjũi

)
= − ∂ p̂

∂xi
−

∂τD
ij

∂xj
− 1

ρ0

∂p0(x, y)
∂xi

− εi3k f3ũk + g
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The tilde on the velocity vector denotes the spatially resolved component. The modified pressure
is defined as p̂ = p̃′/ρ0 +

τkk
3 where p̃′(x, y, z, t) = p̃(x, y, z, t)− p0(x, y) + ρ0gz. The filtered static

pressure term is p̃ and ρ0 is the constant density. The mean pressure term is p0(x, y) whose spatial
gradient acts to drive the flow convection. The last term, ρ0gz, represents the hydrostatic pressure.
The deviatoric part of the fluid stress tensor is τD

ij = τij − τkkδij/3 where δij is the Kronecker delta.
The subgrid-scale (SGS) stresses are included in the τij term. The SGS flux was computed using the
Smagorinsky [25] model with the Smagorinsky constant of 0.13. Using the local cell dimensions,
∆x, ∆y and ∆z, the filter length scale was based on ∆ = (∆x∆y∆z)1/3. The latitude (φ) of 45◦ and
the planetary rotation rate (ω) of 7.27 × 10−5 rad/s served as inputs to the Coriolis force defined
as f = 2ω[0, cos(φ), sin(φ)]. The buoyancy effect was calculated using the Boussinesq approximation,
where g is the gravity, θ is the resolved potential temperature, θ0 is the reference temperature taken to be
300 K. The aerodynamic force computed by the actuator line method is denoted as Fi. The temperature
flux, qj, used in the transport equation for the resolved potential temperature equation (Equation (3)) is
defined as below:

qj = − υSGS
PrSGS

∂θ̃

∂xj
(4)

The SGS viscosity and the turbulent Prandtl number (based on Moeng’s [26] approach) are υSGS
and PrSGS, respectively. The governing equations were solved using the Simulator for Offshore Wind
Farm Application (SOWFA) [27] which employs the second-order central differencing scheme to
discretize the above equations on an unstructured collocated finite-volume formulation. The Rhie
and Chow [28] interpolation method was used to avoid checkerboard pressure-velocity decoupling.
The Pressure Implicit Splitting Operation (PISO) [29] method with three-step correction was employed
for second order temporal accuracy.

2.2. Atmospheric Boundary Layer

Two atmospheric stabilities and two surface roughness cases were studied in the present
investigation (Table 1). Neutrally stable and unstable ABLs were the two stability classes in which
an adiabatic condition was used for the neutral case, while an average surface temperature flux
〈θ′ω′〉s was set to be 0.04 K·m/s for the unstable case. Neutral atmospheric conditions refer to zero
temperature gradient within the boundary layer due to lack of heat flux exchange at the ground by
the sun. This condition occurs from dawn to early morning times. Unstable atmospheric conditions
occur when the sunlight radiates the ground and raises the local air temperature, which causes the
vertical rise of air parcels. This phenomenon is typical during daylight times. Low and high surface
roughness were investigated with the two stability cases, where the roughness height was set at
0.001 m and 0.2 m, which are representative of offshore and land-based conditions [24], respectively.
The potential temperature profile starts at 300 K with a capping inversion occurring from 700 m to
800 m which increased the temperature by an additional 8 K. A lower rate in the temperature increase
occurred above the capping inversion at a constant rate of 0.003 K/m. The mid-point within the
capping inversion, Zi = 750 m, is defined as the boundary layer height. The horizontal average wind
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speed of 8 m/s was fixed at the hub-height, Z = 90 m. The streamwise mean velocity profiles from the
NLABL (Neutrally stable case, Low surface roughness Atmospheric Boundary Layer, Table 1) case
with 5 m and 10 m resolutions are shown in Figure 1a. For both resolutions, reasonable agreement with
the log-law can be seen. The large peaks at Z/Z0 ~7 × 105 were caused by the temperature capping
inversion in which the velocity profile inflected towards higher speeds above the boundary layer
height. The resolution effects on the boundary layer flow were more pronounced in the velocity spectra
as shown in Figure 1b. While the inertial range that matches the −5/3 power law curve was similar
in both cases, higher wave lengths were better resolved for the 5 m case before smaller turbulence
scales dissipate via the sub-grid scale closure. Therefore, the 5 m grid resolution was chosen for the
background mesh as well as the precursor inflow boundary condition. Total computational resources
of approximately one million computational hours were required for this study.

Table 1. Matrix of atmospheric boundary layer (ABL) test cases depending on surface roughness and
atmospheric stability.

Atmospheric Stability Surface Roughness

Low High

Neutral NLABL NHABL
Unstable ULABL UHABL
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Figure 1. (a) Mean streamwise velocity profile and (b) energy spectra for the NLABL (refer to
Table 1) conditions.

2.3. Computational Domain

The horizontal dimension of the computational domain in the present study, was 3 km by 3 km
with a vertical height of 1 km as shown in Figure 2. The mid-point of the two National Renewable
Energy Laboratory (NREL) 5-MW wind turbine positions, which were separated by seven rotor
diameters, aligned with the center of the domain. By limiting the present study to two turbines rather
than multiple turbines (akin to the interior of a wind farm), a fundamental understanding of the
upstream turbine wake impact on that of the downstream velocity deficit recovery, Reynolds stress,
power generation can be achieved. The angle of the line connecting the two turbines were rotated
30◦ counterclockwise to align with the mean wind direction. Two steps were involved in the mesh
generation process. Initially, the grid cell size was uniformly 5 m in all three primary axis directions
(Figure 2a) which was identical to the precursor domain. While maintaining the 5 m resolution for
the background mesh, a rectangular region shown in Figure 2b that includes the two turbines is
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refined to a 2.5 m cell which yields a total of approximately 92.1 million cells for the entire domain.
In this refinement process, the cell sizes are divided evenly in all three directions such that uniform
grid spacing is maintained within the refinement zones. The surface stress and the temperature flux
conditions are imposed at the surface boundary following Moeng’s approach [26]. The friction velocity
is approximated using the Monin-Obhukov similarity theory [30]. The west and the east boundaries
were imposed with inflow and the outflow conditions, while a free stress condition was imposed at
the top boundary. A periodic condition was used for the north and the south boundaries.Energies 2018, 11, x FOR PEER REVIEW  5 of 15 
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2.4. Wind Turbine Model

The National Renewable Energy Laboratory (NREL) 5-MW reference turbine model [31] was used
in the present study. It is an upwind horizontal-axis turbine with three-blades with a swept diameter of
126 m installed at a hub-height of 90 m. The rated power of 5 MW occurs at a wind speed of 11.4 m/s
with a rotor speed of 12.1 revolutions per minute (RPM). At a hub-height-average flow speed of 8 m/s,
the turbine rotor spun at approximately 9 RPM generating 2 MW of power. The dynamic response of
the NREL 5-MW turbine was computed using FAST which is an aero-elastic simulation tool developed
by NREL. The aerodynamic forces from the blades which are represented by Fi in Equation (2) in
the atmospheric flow solver, were fully coupled with FAST which employed a combined modal and
multi-body dynamics formulation for the flexible blades and the tower, assuming small deflections.
A typical blade tip deflection in the present work is shown in Figure 3 where the maximum deflection
of 3.5 m was observed, which corresponds to 2.8% of the rotor diameter. This length would only
incur, at most, 1.6◦ deflection angle at the blade root. The time step size was restricted for the blade
tip to traverse no more than a grid cell per time-step (∆t = 0.02 s). The actuator line representation
consisted of a two-way coupling in which the flow information was used as an input to compute the
aerodynamic forces which fed back to the flow with new positions. The peak magnitude of the forces
at the actuator points and the projection width was controlled by the Gaussian width [12] which was
set as equal to twice the grid cell length. The resolution of 5 m used in the precursor domain (Figure 1b)
to generate the turbulent inflow conditions captured a wider inertial range that enabled us to resolve
higher wave lengths in comparison to the precursor domain with a 10 m resolution used in a previous
study by Churchfield et al. [32]. His work demonstrated that the power predictions for individual
turbines, using a similar grid nesting procedure and Gaussian width, yielded good agreement with
the field measurements. In the present study, the turbulent kinetic energy (TKE) was measured at
various locations downstream of the turbine using a coarse test grid (2∆x, 2∆y, 2∆z) and a maximum
of 2.3% difference was observed when compared with the TKE results obtained from the original



Energies 2018, 11, 1442 6 of 15

high-resolution grid (Figure 2b). Therefore, no further grid independence study was performed in
this investigation.Energies 2018, 11, x FOR PEER REVIEW  6 of 15 
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3. Results

In this section, the dependency of the atmospheric conditions on instantaneous and time-averaged

velocity contours, profiles of turbulent kinetic energy (TKE =
(

u′2 + v′2 + w′2
)

/2, where u′, v′,

and w′ are fluctuating velocity components), and Reynolds shear stresses, and the power production
are discussed.

3.1. Velocity and Turbulent Kinetic Energy

Instantaneous and time-averaged streamwise velocity contours at the hub-height (Z = 90 m)
are shown in Figure 4. The wake from the upwind turbine for the NLABL (Figure 4a) case was
in line with the general wind direction. The size of the wake structures increased approximately
1D~2D downstream of the turbines as their coherency became unstable. The downstream turbine,
being exposed to higher levels of turbulence, yielded large-scale unsteady motions in the wake
structures. The time-averaged NLABL, shown in Figure 4b, reveals that the velocity deficit is
pronounced in the wake of the downstream turbine due to the upstream wake. As the surface
roughness was increased in the NHABL (Figure 4c) case, the coherency was further disturbed such
that meandering wake structures can be observed. This enhanced the recovery of the boundary layer
flow as the lengths of the wakes were shorter than that of NLABL, as shown in the time-averaged
case (Figure 4b,d). The meandering wakes were further exacerbated in the unstable atmosphere cases,
ULABL (Figure 4e) and UHABL (Figure 4g), primarily due to the updrafts of the thermal plumes.
Hence, the recovery of the wake deficit was expedited relative to the neutral cases as shown by the
time-averaged flow fields (Figure 4f,h). The updrafts of the thermal plumes can be seen in Figure 5
which is indicated by the large red streaks extending up on a kilometer scale (Figure 5e,g). Note that
the rotating wake structures indicated by the alternating patterns of red and blue wings, shown in the
NLABL (Figure 5a) case, were disrupted by the surface roughness (NHABL, Figure 5c) and further
disorganized by the updrafts shown in ULABL (Figure 5e) and UHABL (Figure 5g). The lengths of the
wakes shown in the time-averaged vertical velocity contours were significantly shorter in the unstable
cases than that of the neutral cases due to the enhanced mixing in the boundary layer.

Vertical cuts of the streamwise velocity contours shown in Figure 6 display the evolution of the
instantaneous wake structures in further detail. Low momentum fluid near the wall, indicated by the
blue regions in Figure 6c (NHABL) and Figure 6g (UHABL), were caused by the increased viscous layer
induced by the surface roughness. As shown in the previous figures, the large scale unsteady motion of
the turbulent wake can be observed by the second turbine shedding off wake parcels. Furthermore, the
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increase in the boundary layer height downstream of the turbines can be observed for the neutral cases
shown in the time-averaged NLABL (Figure 6b) and NHABL (Figure 6d) cases. Due to the expeditious
recovery of the wake boundary layer for ULABL (Figure 6f) and UHABL (Figure 6h), the wakes of
the second turbine were approximately as short as that of the upstream, which implied that increased
power generation can be expected compared to the neutral cases.
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In addition, streaks of intense TKE extending from the blade tip at the top can be seen in all cases 
where the unstable cases yielded premature decay consistent with the velocity contours shown in 
Figure 6. Note that the TKE is higher for the top rotor tip as strong shear layers developed from the 
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Figure 6. Streamwise view of the instantaneous and time-averaged streamwise velocities for NLABL
(a,b), NHABL (c,d), ULABL (e,f), and UHABL (g,h) along the centerline. Refer to Table 1 for acronyms.

The contours of TKE based on the resolved velocity fluctuations are shown in Figure 7. Note that
the effect of the local refinement of the grid, shown in Figure 2b, are reflected in the TKE contours
where discontinuous lines can be clearly seen towards the exit of the domain due to the abrupt changes
in the grid resolution. Higher levels of TKE are observed near the ground upstream of the first turbines
for NHABL (Figure 7b) and UHABL (Figure 7d) due to the increase in the viscous layer. In addition,
streaks of intense TKE extending from the blade tip at the top can be seen in all cases where the unstable
cases yielded premature decay consistent with the velocity contours shown in Figure 6. Note that
the TKE is higher for the top rotor tip as strong shear layers developed from the boundary layer flow
interacting with the rotating turbines. The TKE at the top rotor tip was intense and persisted for a long
distance downstream in the NHABL (Figure 7b) case. In contrast, the length of the intense TKE were
approximately 3D~4D for the unstable cases (Figure 7c,d).
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The horizontal profiles of TKE were taken at hub-height (Z = 90), while the vertical profiles were
extracted at the line connecting the turbine towers which are shown in Figure 8. The inflow conditions
(X = −1D) exhibited higher levels of turbulence with increasing surface roughness and instability
of the atmosphere. As the flow traversed the first wind turbine, large peaks of TKE near the blade
tips were found approximately 1D downstream of the turbine due to the breakup of the tip vortices,
as shown in Figure 8a. The TKE peaks shown in vertical profiles (Figure 8b) were larger in intensity at
the blade tip at its maximum height (Z/D = 1.21) for both the upstream and the downstream turbine
positions, which was due to the shear layer that forms with the rotational plane and the incoming
boundary layer. The TKE peaks were of significant sizes in the unstable ABL cases, but decayed
quickly and redistributed their energy to the neighboring regions, thus yielding a flatter profile along
the downstream distance. The wake turbulence impinged upon the downstream turbine, yielding
even higher TKE peaks, which suggests that the load stresses induced by turbulence can be significant
for turbines exposed to upstream wakes.
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The turbulence intensity along the blade tip at its top (Z/D = 1.21) is shown in Figure 9 which
indicates that the TKE profiles exhibited two cycles of rapid rise followed by gradual decay downstream
of the turbines. The second TKE peaks which occurred approximately 1D downstream from the second
turbine have higher magnitudes for the NHABL and UHABL cases. The incoming TKEs at X = 6D were
consistently larger for the high surface roughness cases and the combination of wake turbulence from
the upstream turbines and surface-induced turbulence contributed to the large peaks. The direction
of the momentum transport due to turbulence can be seen in the Reynolds shear stress profiles in
Figure 10. The correlation between the fluctuating components of u and v (Figure 10a) shows a negative
peak at Y/D = 0.5.
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The strong shear layer at the wake’s edge pulled the low momentum fluid (u′ < 0) from the wake
deficit region to the outer-wake region with positive flux in the y-axis direction (v′ > 0). The high
momentum fluid (u′ > 0) from the outer-wake region was transported to the wake deficit region via
negative spanwise velocity fluctuation (v′ < 0). The combined effect yielded negative correlation for
u′ with v′ at the wake edge position at Y/D = 0.5. Positive correlation occurred at Y/D = −0.5 due
to the symmetry in the shear layer in which the sign of the velocity fluctuations was the opposite
sign of those at Y/D = 0.5. The peaks shown in the vertical profiles for <u′w′> in Figure 10b were
generated based on the same mechanism. However, the magnitudes of the positive peaks near the
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ground were smaller compared to those at the blade tip at its top (Z/D = 1.21) due to the viscous layer
which mitigates the fluctuations. Two rotor diameters downstream of the first turbine exhibited the
largest peaks which decay with further distances. Larger peaks and spatial variations were observed
downstream of the second turbine due to the added wake turbulence. The remaining component of
the Reynolds shear stress, <v′w′>, did not show any pronounced peaks indicating that v′ and w′ were
weakly correlated.

3.2. Power Generation

The atmospheric and the wake turbulence affected the power production of the turbines shown
by the large fluctuations in the power signal in Figure 11. The increasing trend of the fluctuation
magnitude can be observed alongside the surface roughness and the atmospheric instability. In the
low roughness cases (NLABL and ULABL), the signal patterns of the downstream turbine power
generation roughly followed the upstream turbine power output. Conversely, the signal patterns
significantly differed from that of upstream turbines for the high roughness cases (NHABL and
UHABL) due to the meandering of the upstream wakes. The undulatory movement of the wake
(velocity deficit) trajectory resulted in power increases when the wake meandered away from the
downstream turbine. This allowed the high-speed flow to enter the downstream rotor and the torque
controller responded with a faster spinning rotor. However, the repeated meandering motion of the
wake can also contribute to cyclic loads on essential components of the blades, which can lead to
fatigue damage. The power root mean square (RMS), shown in Figure 12a, is largest in the NHABL case
for the downstream turbine. As expected, the generator power output is lower from the downwind
turbine, especially in the NLABL case where an approximately 60% reduction was seen. However,
with the increasing surface roughness and atmospheric instability, the recuperation of the power loss
for the downwind turbine was improved, which is consistent with the quickly decaying wake deficits
seen in the time-averaged velocity contours (Figures 4–6). Field measurements have shown that wind
farms generate more electricity in an unstable atmosphere [33,34].
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4. Conclusions

Large-eddy simulations of two utility scale 5-MW turbines were performed to assess the effects of
four representative atmospheric boundary layer flow cases for typical land and ocean conditions at
different operation times. These cases were separated into neutrally stable and unstable groups. Each of
these groups were further divided into low and high surface roughness cases. Increases in the surface
roughness and atmospheric instabilities contributed to the wake recovery and the increase in the
turbulence stresses. For cases involving the unstable atmospheric boundary layers, thermal updrafts
from the surface increased the turbulence mixing. This led to an accelerated decay in the velocity
deficit. Notable concentrations of turbulent kinetic energy were observed near the blade tip positions
due to the breakup of the tip vortices approximately one rotor-diameter downstream of the turbine.
The turbulent kinetic energy was observed to increase near the downstream turbine, mostly due to the
addition of the upstream wake turbulence. The TKE peaks were of significant sizes in the unstable
ABL cases, although these decayed quickly and redistributed their energy to the neighboring regions
due to the mixing of ambient turbulence present in the unstable ABL. Similar results were obtained for
the decay of Reynolds shear stresses with respect to the instability of the ABL. This expedited wake
recovery mechanism was essential to improving the energy capture by the downstream turbines. For
the neutrally stable cases, the power generation loss was as high as 53%. In contrast, the unstable and
high surface roughness case was characterized by an energy loss of 25% for the downstream turbine.
In summary, our study strongly suggests that wind farms can operate more efficiently under unstable
atmospheric conditions, which is consistent with field observations. These findings are important
both for realistic modeling of wind farms and for determining optimal wind farm locations. Future
studies will include the interaction of wind turbines with night time ABL flows and investigate both
horizontally and vertically staggered arrangements to obtain an optimal wind turbine layout for
various ABL conditions.
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