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Abstract. Atmospheric stability influences local flow dynamics in complex terrains and may therefore impact turbine pro-
duction across the wind farm area. Field measurements and wind farm production data gathered at the sited revealed a
systematic overperformance of the back row during stable conditions. This pattern is inverted during unstable conditions
and the same back rows underperform in comparison with the front rows. Here we employ a novel framework for the sim-
ulation of unsteady and stably-stratified wind flows in complex terrain areas that is based on the coupling of a microscale
computational fluid dynamics (CFD) model and a mesoscale numerical weather prediction (NWP) model is employed to
enhance our understanding of the flow patterns in the wind farm area. Simulations are not intended to reproduce the wind
conditions of the site in detail, but rather to perform a proof of concept: that the inversion in performance observed is
explainable by the wind patterns and their interplay with atmospheric stability. Indeed, wind flow patterns are largely
different between unstable and stable conditions and the numerical simulations are successful in emulating how the wind
farm operates.
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1. INTRODUCTION

The past few years have been marked by large-scale multi-disciplinary wind mapping project in complex terrain sites to
enhance our comprehension of the mesoscale and microscale physical processes in the atmospheric boundary-layer (Mann
et al., 2017; Fernando et al., 2019; Barthelmie and Pryor, 2019). Those dedicated campaigns typically deploy a dense
array of met masts and/or scanning lidars to observe wind patterns as they change according to atmospheric conditions
(Mann et al., 2017), therein providing observational evidence to foster the development of a new generation of model
chains (Sanz Rodrigo et al., 2017b). However, few kinds of research involved how such wind conditions influence the
performance of operational wind farms in complex terrain. Evidence of the interplay between factors such as atmospheric
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stability and topography on farm performance is fundamental in that the end product of novel wind resource assessment
techniques is an accurate representation of turbine power or energy yield. In that endeavor, SCADA and mast data provide
accurate information on this behavior. Their joint employment with computational fluid dynamics (CFD) may help to
shed light on this matter, as CFD provides a representation of the whole three-dimensional wind speed field. The usage
of CFD for wind resource mapping in complex terrain areas is a field of intensive research (Radiinz et al., 2020a), and the
ideally superior capabilities of the novel model chains in simulating the interplay between wind patterns, topography and
atmospheric stability may play a main role in improving wind farm projects soon.

Measurements at a wind farm built over a small plateau area in Northeast Brazil revealed a strong relationship between
atmospheric stability and farm power performance across the diurnal cycle. One of the hypotheses raise was that the inter-
play between topography and atmospheric stability produced significantly different flow patterns, which in turn impacted
the operation of the wind farm. In this context, our goal is to test this hypothesis via a proof of concept: employing a
novel wind flow simulation framework to assess whether the aforementioned performance patterns are explainable by the
proposed hypothesis.

Section 2 describes the wind farm site and the numerical model framework. Section 3 reports on the measured power
performance patterns and the outcomes from the numerical simulations. Section 4 summarizes the main outcomes of this
investigation.

2. METHODOLOGY
2.1 Site description

The Campo Formoso I (CF1) wind farm is composed of 15 turbines and belongs to a larger wind farm complex that
is known as Morrinhos. The latter is located roughly 360 km from the coast of the Atlantic Ocean, in Bahia, Northeast
Brazil. Fig. 1 shows the layout of the wind farm overlayed to the digital elevation map. Turbines are sited on top of a
plateau area to harness additional power from the topographic acceleration of the winds: the front row contains 8§ turbines
and the back row contains 7 turbines. These bear the same specifications, such as nameplate power of 2 MW and a hub
height of 78 m. There are additional turbines that belong to other wind farms immediately north of CF1, but those are out
of the scope of this investigation.
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Figure 1. Layout of the Campo Formoso I (CF1) wind farm that is located in the Morrinhos wind farm complex in Brazil.
The wind direction rose was measured with a wind vane installed at 76 m at the met mast.

Winds at the site are predominantly east southeastern (ESE) with a mean wind direction of 108. This inflow direction
is roughly orthogonal to the turbine arrays and the plateau slopes, and the interplay between winds and topography can
lead to intricate flow patterns such as separation and recirculation, especially near the abrupt elevation loss of about 200 m
immediately downstream of the back rows. These flow patterns are usually sensitive to atmospheric stability conditions.
The latter was considered in this investigation via observations from a sonic anemometer that was installed in the met
mast at 10 m above ground. It measures the three components of wind speed, and temperature, at a sampling rate of 20
Hz. A thorough description of how the spatial variability of wind resources is affected by atmospheric stability conditions
may be found in (Radiinz et al., 2020b).
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2.2 Atmospheric stability classification

Atmospheric stability here is addressed and described based on the Monin-Obukhov similarity theory (MOST) frame-
work (Monin and Obukhov, 1954; Foken, 2006). A central parameter within this theoretical framework is the Obukhov
length (L), which is the length scale associated with the relative contribution of buoyancy, in contrast to mechanical shear,
in the production of turbulence kinetic energy (TKE). The Obukhov length is given by

u3

*
T E)
0. pCp
where u, is the friction velocity, H, is the sensible heat flux, « is the von Kdrmén constant (= 0.40), p stands for air
density, ¢y, is the specific heat of air, g is the gravity acceleration (=~ 9.81 m/s) and 8, is the surface potential temperature.
The Obukhov length is indirectly obtained via the computation of the friction velocity and the sensible heat flux,
which are in turn calculated via the well-consolidated eddy covariance technique (Lee et al., 2004). The computation
of the turbulent fluxes based on the high-frequency measurements from the sonic anemometer was performed with the

open-source software EddyPro v. 6.2.2 (LI-COR Biosciences, 2019). The u, and Hs were thus obtained via the following
expressions

uy = [(ww')? + ()], @)

H, = pc,0,w’, 3)

where u/w’ and v’w’ represent the turbulent momentum fluxes and 6/ w’ is the kinematic heat flux at the surface. The
u, and H variables are calculated as hourly averages, which is a timescale sufficiently long to include the contributions
of the motions of the largest eddies in the atmospheric boundary-layer (Lee et al., 2004). The dataset is subsequently
linearly resampled as 10-minute averages to synchronize with the turbine production data. Table 1 enables a qualitative
description of the stability conditions based on the L parameter (Wharton and Lundquist, 2012).

Table 1. Atmospheric stability classes segregated by L ranges based on (Wharton and Lundquist, 2012).

Class L ranges [m]
Very unstable —-50<L<0
Unstable —600 < L < —50
Neutral L < —600 or L > 600
Stable 100 < L < 600
Very stable 0< L <100

2.3 CFD modeling framework

The mesoscale-to-microscale modeling framework has been developed at the National Renewable Energy Centre
(CENER). The microscale model is built within the open-source CFD toolbox OpenFOAM, which implements the finite
volume method (FVM) to solve conservation equations (Weller et al., 2002).

More detailed information regarding the proof-of-concept of the coupling approach based on mesoscale tendencies
is found in (Sanz Rodrigo ef al., 2017a), and (Chavez Arroyo et al., 2018) provides an investigation focused on the
evaluation and processing of mesoscale tendencies. In (Sanz Rodrigo et al., 2017c), a more detailed validation of the
modeling framework is carried out using a single-column modeling approach — that is, the CFD domain is simplified as a
vertical column with several cells in the z direction, whereas in the x—y plane a single (or a couple) of cells are used. This
is to test the method whilst sparing computational resources.

Those studies assume a flat terrain area, which is certainly not the case for our investigation. Thus, this paper also
provides interesting testing of the framework at a complex terrain site.

2.3.1 Microscale model

To enable the solution of the diurnal cycle, the temporal derivative is retained within the equations and the problem is
modeled via an unsteady RANS (URANS) paradigm. The continuity, momentum and temperature URANS equations for
incompressible flows are given by the following expressions shown in index notation (i, j = 1, 2, 3):

opU;
L:O
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where U, is the mean wind speed, 6; the mean potential temperature, f. is the Coriolis parameter (f. = 2 Qsin)), eiTj L=
(-1,1,0), € is the rotation of the Earth (7.272 x 10~? rad/s), A denotes latitude, (1t is the dynamic viscosity. The terms Fy; ;
and Fj represent momentum and temperature source terms.

The potential temperature equation is coupled with the momentum equations through the buoyancy force term g;(p —
po) (where po = 1.225 kg/m?3). The Boussinesq approximation is employed, and as such, variations in p neglect the
influence of pressure variations and the flow may be treated as incompressible. Therein, density does not depend on
pressure and obeys the following relationship based on the ideal gas law:

_ Mpo

RT (N

here, M is the molar mass of air (29 g mol '), py is the standard atmospheric pressure at mean sea level (10° Pa) and R is
the universal gas constant (8.313 J K mol~1). In Eq. (8), temperature is replaced by the potential temperature as follows,

R/cp
0=T (”) : ®)
p

here, the specific heat capacity for dry air is taken as ¢, ~ 1 kJ kg~ 'K ~! and the modified pressure term p’ is the
total pressure assuming hydrostatic equilibrium (p’ = p + pogz).

2.3.2 Turbulence model

The eddy viscosity term present in Eq. (5) and (6) is computed via a modified version of the standard k-¢ model
(Launder and Spalding, 1974) that includes additional source terms at the right-hand side of the turbulence kinetic energy
(TKE, k) and its dissipation rate (¢) to account for buoyancy that was originally proposed by (Sogachev et al., 2012)
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where the shear turbulent production term (P) is positive and always increases k, whereas the buoyant term (B) leads to
either production or dissipation of k£ depending on its sign,
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Thus, under unstable stability conditions the vertical gradient is negative (% < 0) and produces positive B (upward

buoyancy), whereas under stable stability conditions the vertical gradient is positive (% > () and produces negative B
(downward buoyancy). Ultimately, the eddy viscosity is computed as

2
v = Cuk? = CM k21, (13)

where the characteristic length scale associated with turbulent eddies is obtained as follows

3/2
1=t (14)

€

It is well known that the standard k-e¢ model is overly diffusive, which produces an exaggerated length scale (1),
especially farther from the terrain surface. Therefore, as length scale limiter was proposed to account for changes in the
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maximum size of turbulent eddies that are naturally caused either by the ABL height or thermal stratification, which is
expressed as

Ce*l = Cel + (062 - Cel) (15)

l7n,(]..’£

Therefore, when the mixing length () reaches the upper limit (/,;,42), it leads to C¥ = C<2. This means production

and dissipation terms in Eq. (10) are in equilibrium. Conversely, when [ is sufficiently smaller than ,,4,, C¥; ~ C<'.

This is usually the case near ground where dissipation is expressive, and as such the model retains the traditional log-law
shape there. The maximum length scale ({,,,.) is computed as (Sogachev et al., 2012)

l fooo 2Vkdz
max — O 57—
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where o = 0.075, thus complying with the vertically constant [ associated with neutral stability conditions (l;4z =

(16)

0.00026 Gf. 1, where G = /U, g2 + Vg2 is the geostrophic wind). The following expression ensures overall model

consistency near ground
k2
Oe= —q - a7
CM (062 - Cel)

Additional modifications proposed by (Sogachev et al., 2012) enabled the model to become self-consistent while
establishing a relationship with other existing models constants

Ce3 = (Ce2 — Car)ap + 1, (18)

Ultimately, the friction velocity and sensible heat flux are computed as

ou;  oU;
2 _ 2 7
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2.4 Power performance

Power performance (e p) is here defined as the relative difference in mean power (P) between the two rows of turbines.

It is expressed in percentage as follows:
P — Pyac
€p = ( front back) 100. (21)
P back

Here, Py,cr denotes the mean power of the cluster of turbines located downstream of the first row in the prevailing
wind direction, whereas Pj,,y; refers to the mean power of the front row. As for the €p value obtained from the CFD
simulations, it is computed based on the cube of the horizontal wind speeds (U?) as an analogy with the wind power
density concept (Radiinz et al., 2020a).

3. RESULTS AND DISCUSSION

The goal here is to emulate the characteristics of the morning and the evening transition periods rather than reproduce
those in detail by tuning initial conditions and parameters to match observations.

The morning transition is the development of a new layer near the ground because of the onset of thermal convection
because of the surface heating by the sun. So, the formerly neutral or stable layer becomes either unstable or very
unstable. Conversely, near sunset, the surface loses heat via radiational cooling very rapidly and becomes colder than
the surrounding air. This initiates a process by which heat is removed from the overlying air and transferred toward the
ground surface, and thus air near the surface is colder than aloft. In these situations the formerly unstable or very unstable
layer transitions toward a stable or very stable layer.

These situations are produced here departing from a fully neutral initial condition for which the potential temperature
everywhere, including the initial surface potential temperature, is set to 300 K. Next the surface temperature will change
over two hours (which are the total simulation time) based on a specified temporal gradient (AT'/At).

Thus, this section first reports on the observational evidence of the power performance patterns at the wind farm; the
focus is on the interplay between the performance metric € p, atmospheric stability conditions and the diurnal cycle. Then,
the latter is compared with the CFD simulations.
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3.1 Field observations

The field observations and turbine production data employed here are associated with the period between November
2018 to July 2019. A thorough description of wind resources and atmospheric stability conditions at the site may be found
in (Radiinz er al., 2020b). Fig. 2a shows the typical frequency of occurrence of certain atmospheric stability classes as
the diurnal cycle evolves. The daytime period from sunrise (06:00) to sunset (18:00) is mostly unstable and very unstable
because of the ground surface heating by the sun, whereas the nighttime period (19:00 to 05:00) consists of a combination
of neutral, stable and very stable conditions. The aforementioned morning (06:00 to 08:00) and evening (17:00 to 19:00)
transition periods are clearly illustrated as rapid changes in atmospheric stability conditions over periods of roughly two

hours.
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Figure 2. Mean power segregated by turbine clusters at CF1 reveals that a front-back row configuration produces a
performance inversion associated with different degrees of atmospheric stability based on the hour of the day.

The diurnal cycle of atmospheric stability conditions appears to have paramount influence in the way the wind farm
typically performs (Fig. 2b). Here, the mean power of the front and back rows is separately represented as red and blue
lines, respectively. The shaded envelopes represent one standard deviation of the intra-row variability. The mean values
were calculated based on 10-minute production data obtained from a Supervisory Control and Data Acquisition (SCADA)
system at the wind farm. Nighttime production is overall larger than daytime production owing to the typically strong
nocturnal winds at the site. The performance metric appears as a black line.

The mean performance patterns change throughout the day, with an underperformance (of the back row relative to
the front row) between 09:00 and 18:00, and with an overperformance between 19:00 and 08:00. During the day, the
underperformance can reach close to -10%, whereas during the night the overperformance can be, on average, greater
than 20%. Because the diurnal cycle contains a combination of different stability classes (such as neutral, stable and
very stable conditions during the nighttime), their influence on performance is diluted. That is, stable and very stable
conditions alone should cause a larger overperformance than when neutral conditions are also considered.

At the onset of unstable conditions between 06:00 and 08:00, ep rapidly decreases toward negative values. At the
onset of stable conditions between 17:00 and 19:00, ep increases toward larger and positive values. Thus, our goal
with the CFD simulations is to represent those two-hour periods departing from identical initial conditions at which the
atmospheric boundary layer is neutrally stratified, and in which the ground surface either starts to heat-up or cool-down,
causing the onset of unstable or stable conditions, respectively.

3.2 Numerical simulations

Because the modeling paradigm involves the forcing of flow using mesoscale tendencies (which resembles a pressure
gradient in a wind tunnel) and not inflow-outflow-type boundary conditions, cyclic boundary conditions are specified for
all calculated fields at the four domain sides shown in Fig. 3a. The flow near the ground was modeled by wall-functions
and surface roughness (29 = 0.23 m) was adopted based on (Radiinz et al., 2020b). We used adjustable timestep to limit
the maximum Courant number to 0.75, single wind direction (westerly wind, or 90 inflow direction) and the Coriolis
effect is neglected — f. = 0 in Eq. 5 because we are assuming the location is sufficiently close to the Equator (A = 0). As
a matter of fact, the location is 10 south of the Equator.

The computational domain consists of a 10.4 km x 11 km x 2 km box (Fig. 3a), in which the digital elevation model
of the terrain is found at the bottom (Fig. 3b). The latter has been smoothed and flattened to flat horizons farther from the
region of interest because the usage of cyclic conditions requires identical boundary patches on the sides. The grid was
generated using OpenFOAM’s native tool for unstructured meshes snappyHexMesh. It is mostly constituted of hexagons
with three different refinement levels. At the coarsest level near the top of the domain, the hexagons are composed of 50
m edges. These are halved across different refinement levels, ultimately reaching 12.5 m close to ground level. There,
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an additional layer has three prisms of 5-m-height to improve the computation of gradients and wall-functions near the
ground. The overall mesh cell count is 785,098.

(a) (b)

Figure 3. Computational grid of 785,098 cells of the wind farm area (a) and a digital elevation map of the terrain (b).

The synthetic wind speed and temperature fields are illustrated in Figs. 4a-b, respectively. Wind speeds are negative
because the westerlies (90 direction) flows opposite to the x-axis. The fields related to turbulence, such as k and ¢, have
been initialized based on the GABLS experiment (Sanz Rodrigo et al., 2017a), which is available as an option within
the CFDWind3 framework. Anyhow, the focus is on how the flow evolves and these idealized initializations should be
sufficient for this purpose.
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Figure 4. Initial wind speed (a), potential temperature (b) and x-component of the mesoscale momentum forcing (c)
values prescribed within the computational domain.

The instantaneous wind patters occurring after 2 hours of simulation are represented by the streamlines (Fig. 5a-b)
and wind speed maps (Fig. 5c-d). For the unstable case (Fig. 5a), streamlines fluctuate vertically across the simulation
domain as a consequence of the upward buoyancy. The latter significantly enhanced the unsteadiness, turbulent mixing and
gustiness of the wind. An interesting feature appears during stable conditions (Fig. 5b), which is the dividing streamline
concept Silver er al. (2018). That is, in stable conditions the denser air near the ground may flow around obstacles instead
of flowing over them. This feature creates a river-like behavior in which the streamlines gently flow in three separate
regions. Two of those flow around the plateau area, whereas a third one flows over the topography. Wind patterns at a
constant height of 80 m above ground illustrate the enhanced gustiness of unstable flows (Fig. 5c) and the more gentle
character of stable flows (Fig. 5d).

The x component of the wind speed (U,), the potential temperature (1) and the TKE (k) fields have been sliced along
the x-direction at the center of the domain and averaged over two hours. These are shown both for unstable (Figs. 6a,c,e)
and stable (Figs. 6b,d,f) conditions.

Wind speed magnitudes are rather comparable between unstable (Fig. 6a) and stable (Fig. 6b) conditions (|U,| =~
8.7-9.0 m/s), which is somewhat expected because we employed the same initial conditions and mesoscale forcings for
both. The difference lies in the wind shear, that is, the vertical change of U, with height. The well-mixed unstable layer
produces a flatter U, profile, whereas the less mixed stable layer is associated with a large vertical gradient. This appears
as the lighter blue color near the ground in Fig. 6b. An inspection of the color bar of the unstable case (Fig. 6a) reveals, on
average, a positive value of 1 m/s near the ground. For stable conditions, this value is much smaller (= 0.19 m/s), which
suggests flow recirculation is enhanced during unstable conditions and is in agreement with the literature (Menke et al.,
2019).

The average potential temperature fields appear consistent with the simulation set-up and physical intuition. Temper-
atures near ground increase in the range between 300K and 305K for unstable conditions, rapidly decreasing with height
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() (d)
Figure 5. Streamlines passing through a horizontal line 10 m above ground level at the inlet for unstable (a) and stable (b)
conditions reveal highly distinct wind patterns after 2 hours of simulation. The same patterns also appear in wind speed
maps at 80 m above ground level as the formation of gusts in unstable conditions (c), whereas winds are gently-behaving
in stable conditions (d).

toward the 300 K in the winds aloft (Fig. 6¢). Conversely, temperatures near the ground cool down to a minimum of 296K
and even more rapidly reach the 300K above ground. This is because vertical mixing in stable conditions is less effective
than in unstable conditions. This fact is well illustrated in Figs. 6e-f as the enhancement in k& (0-2.8 m? s~2) for unstable
conditions, in comparison with that of stable conditions (0-1.3 m? s=?2).

Figs. 7a-b show the mean power computed for the front and back rows based on 30-second wind speeds based on
the CFD simulations for unstable conditions at the heights of 13 m and 82 m, respectively. The performance metric
(ep) is computed as 10 min (twenty 30 s wind speeds) moving averages to mitigate the effects on unsteadiness on the
interpretation of results. Even though the 13 m height is too low to be considered as hub height, we merely wish to
compare to which extent the proximity to ground affects e p. The gusty nature of unstable winds presented in Figs. 5a and
5c appears here as violent fluctuations in the mean power at both rows. The latter gradually grow over time because of
the positive synthetic mesoscale forcings.

At 13 m (Fig. 7a), ep oscillates between positive and negative values ultimately reaching an overall mean value of
-10%. Closer to the actual turbine hub height (78 m) at 82 m (Fig. 7b) the mean power is considerably larger than in the
former case because wind speeds increase with height. The fluctuations of ep are smoother and lead to a lower overall
mean (ep = -3%). This lower |ep| at 82 m suggests that the influence of thermal circulations is higher near the ground, as
these are ultimately responsible for the wind patterns that cause the performance differences. This is in accordance with
the theoretical background (Hunt ez al., 2003) and observational evidence from wind tunnels (Monti et al., 2002) and field
experiments (Fernando et al., 2019; Menke et al., 2019; Mason, 2007).

Figs. 8a-b show the mean power computed for the front and back rows based on 30-second wind speeds based on
the CFD simulations for stable conditions at the heights of 13 m and 82 m, respectively. The wind patterns during stable
conditions produce performance patterns that largely differ from those shown in Figs 7a-b. Here, the mean power of the
two rows steadily grows over time with little oscillations. This is a consequence of statically stable flows suppressing
turbulent motion and producing the smooth streamlines reported herein (Figs. 5b).

In both Figs. 8a-b there are small-amplitude and high-frequency oscillations in the mean power of the back rows,
which could arise owing to flow unsteadiness near the lee. At 13 m (Fig. 8a), ep is positive at all times and increases
quickly to more than 50%. This produces an overall mean performance of 77%. At 82 m, ep grows with very little
oscillation from about zero up to about 35% after 2 hours (Fig. 8b). Thus, the computed performance differences are
larger near the ground than above, akin to the case of unstable conditions.

The initial conditions and mesoscale forcings are identical for the unstable and stable cases, the only difference lies
in the heating or cooling of the ground surface. However, one can observe the significantly larger mean power during
unstable conditions in comparison with stable conditions, at both heights. This is a probable consequence of the enhanced
capability of unstable flows drawing in momentum from the top of the boundary layer, thus accelerating winds near the
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Figure 6. Average U, (a-b), T (c-d) and k (e-f) fields plotted on a vertical slice along the x-direction and centered at the
domain origin were computed for the two-hour periods for the unstable and stable cases, respectively.
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Figure 7. Moving averages (10 min) of the power performance metric for unstable conditions at 13 m (a) and 82 m (b)
above ground level computed based on 30 s wind speeds produce mean ep of -10% and -3%, respectively.
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4. CONCLUSIONS

We assessed the employment of a novel simulation framework for wind energy application in complex terrain as a tool
for evaluating the performance of an operational wind farm that was built over a small plateau area. Field measurements
and wind farm production data gathered at the sited revealed a systematic overperformance of the back row during stable
conditions. This pattern is inverted during unstable conditions and the same back rows underperform in comparison
with the front rows. With this intent, two scenarios have been simulated with CFD. An unstably-stratified boundary-
layer case that departs from an initially neutral condition (same potential temperature everywhere), the ground surface of
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Figure 8. Moving averages (10 min) of the power performance metric for stable conditions at 13 m (a) and 82 m (b) above
ground level computed based on 30 s wind speeds produce mean ep of 77% and 19%, respectively.
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which is heated up during a two-hour simulation run; and a stably-stratified boundary-layer case that also departs from
neutral conditions, but where the ground surface is cooled down instead. Both simulations employed synthetic initial
conditions and mesoscale forcings that are not intended to reproduce the wind conditions of the site accurately and in
detail, but rather to perform a proof of concept: that the inversion in performance observed is explainable by the wind
patterns and their interplay with atmospheric stability. Indeed, wind flow patterns are largely different between unstable
and stable conditions and the numerical simulations are successful in emulating how the wind farm operates. Thus, these
outcomes are encouraging in terms of the usage of mesoscale-to-microscale modeling frameworks that incorporate the
effects of atmospheric stability for wind farm performance assessments and perhaps, in a near future, wind farm projects
and resource assessment.
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