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a b s t r a c t

Understanding how blockage influences large wind farms is essential as the first row produces the
most energy and is often used as a reference for the subsequent rows. We use large-eddy simulations
to investigate wind farm blockage by comparing a stand-alone turbine, an infinite row of turbines,
and a wind farm with eight rows. We find that the blockage effect for dense turbine arrays is highly
dependent on the non-dimensional turbine spacing. Spanwise neighboring turbines appear to benefit
from deflected flow, while close downstream turbines enhance flow over the wind farm, reducing
productivity at the front. In agreement with the uniform inflow wind tunnel measurements by Segalini
and Dahlberg (2020), we find that the effect of downstream turbines follows a universal trend as a
function of the average inter-turbine spacing when the performance of the first wind farm row is
normalized with the corresponding isolated row case. However, we also demonstrate that the wind
farm layout strongly affects blockage as the results do not follow a universal trend when normalized
with the performance of a stand-alone turbine.

© 2022 The Author(s). Published by ElsevierMasson SAS. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Wind farms are becoming increasingly larger and turbines
re placed relatively close together for cost-reduction purposes.
owever, the relatively small distance between wind turbines
egatively impacts their performance. Therefore, it is important
o understand the flow physics in and around wind farms in order
o optimize the wind farm layout. While the negative down-
tream effects of wind turbine wakes are well-established [1,2],
ind farm blockage has only recently received attention from
he community. These blockage effects are not yet included in
any widely-used wind farm models, although first attempts in

his direction are made [3]. A better understanding of wind farm
lockage is crucial as it leads to a systematic deviation in power
roduction estimates.
Flow blockage is a phenomenon in which incoming wind

s deflected to avoid an obstruction. Wind turbines influence
he incoming flow by creating an induction region in front of
he turbine. Due to wind turbine blockage, the wind velocity in
he region preceding the turbine is reduced. Wind farm block-
ge is the velocity decrease in the presence of a wind farm
luster, which leads to a reduction of the first-row power produc-
ion. It is important to note that blockage effects due to closely
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4.0/).
spaced spanwise or downstream turbines are not accounted for
in the power curve provided by wind turbine manufacturers, and
therefore it is crucial to study wind farm blockage effects [4].

The induction zone preceding a single turbine is characterized
by a velocity deficit U along the symmetry axis, which is well
described by the following analytical expression obtained from
actuator disk theory [5,6] or symmetric vortex theory [7]

U
U∞

= 1 − a
[
1 +

x
(x2 + R2)1/2

]
, (1)

where U∞ is the undisturbed upstream velocity, x is the distance
upstream, R is the rotor radius, and a is the axial induction factor.
Medici et al. [8] confirmed this classical result in wind tunnel ex-
periments and found that the induction region of a single turbine
extends up to three diameters upstream. The above relationship
has also been confirmed in field measurements [9–11], while
Meyer Forsting et al. [12] validated Reynolds-averaged Navier–
Stokes (RANS) simulations for the induction region against lidar
measurements. Later, Meyer Forsting et al. [13] compared a sim-
ple induction zone model to large-eddy simulations (LES) using
the actuator line method and found good agreement between
these methods. Although placing turbines closer together in
either the spanwise or streamwise direction may influence the
incoming flow differently, there has been a limited amount of
research disentangling these effects.

This work defines spanwise blockage as the observed power
production increase due to closely spaced spanwise turbines.
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cTavish et al. [14] demonstrated this effect in wind tunnel
xperiments and showed that three laterally closely-spaced tur-
ines within a row can benefit from each other, observing that
he production of the central turbine can be up to 10% higher.
eyer Forsting et al. [15] studied spanwise blockage using RANS
imulations and a vortex model. Their results also showed that
aving nearby turbines in the spanwise direction increases the
verage turbine power output compared to a stand-alone turbine.
Some studies have addressed the streamwise blockage caused

y downstream turbines. Ebenhoch et al. [16] developed a lin-
arized model for wind farm flows and observed blockage effects
p to 30D in front of a wind farm. Bleeg et al. [17] performed
ANS simulations and observed that wind farm blockage causes
wind-speed reduction of 1.9% at 7 − 10D upstream and found

reasonable agreement between their model results and observa-
tions. Recently, Branlard and Meyer Forsting [18] and Branlard
et al. [19] used engineering-type models to account for wind
farm blockage. They showed that the flow velocity 2.5D upstream
f a 5 × 5 wind farm with 5D inter turbine spacing could be

reduced by 2%. With a different approach, Nygaard et al. [3] in-
troduced a wind farm blockage model based on the accumulation
of single-turbine induction effects which captures the blockage
trends observed in field measurement data but underestimates
the magnitude of the effect. Bleeg [20] suggested employing RANS
models in combination with a graph neural network approach
to model turbine interaction losses and blockage effects because
traditional wake models tend to ignore blockage effects.

Segalini et al. [21,22] studied wind farm blockage in wind
unnel experiments and showed that the front row of a wind farm
s negatively impacted by the presence of downstream turbines
uch that

U
Uref

= 1 − 0.097
(
SxSy
D2

)−0.9[
1 − exp(0.88 − 0.88Nrows)

]
, (2)

where D is the turbine diameter, Sx and Sy are the dimensional
streamwise and spanwise spacing, respectively, and Nrows is the
number of rows. The reference velocity Uref is the velocity of the
first row when all successive rows are placed 32D downstream.
Sebastiani et al. [23] evaluated wind farm blockage using field
measurements from Nysted and found the effect to be about
2%, which is consistent with the above expression. They also
assessed wind farm blockage using WindSim, OpenFOAM, and
ORFEUS and, depending on the used model and wind direction,
the estimated wind farm blockage is between 2% and 4%. Re-
cently, Segalini [4] introduced a linear model to account for wind
blockage, which provides predictions that agree excellently with
ORFEUS simulations [23]. However, Segalini [4] also noted that
the blockage induced by a single turbine row is not captured and
that more studies on the phenomena of wind farm blockage are
required to identify nonlinear effects.

More experiments and simulations are required to get a bet-
ter fundamental understanding of wind farm blockage. Previous
studies mostly considered idealized test cases, or a limited num-
ber of conditions. For example, the work by Segalini et al. [21,22]
considers uniform inflow, and therefore it is unclear to what de-
gree their findings are applicable to wind farms in an atmospheric
boundary layer (ABL). As limited field data is available to validate
these findings, we use high-fidelity LES to assess blockage effects
in various large-scale wind farm configurations in a neutral highly
turbulent ABL. We use LES to account for the effects of turbulent
mixing, which are not fully represented in RANS. We system-
atically study blockage by considering a stand-alone turbine, an
infinite row of turbines, and an eight-row wind farm. We mostly
use spanwise-infinite turbine arrays, but the role of the spanwise
extent of the turbine arrays is also briefly explored. Primarily,
304
we investigate the dependence of the blockage effect on the tur-
bine density, turbulence intensity at hub height, and turbine hub
height. For instance, we determine the effect of the streamwise
and spanwise turbine spacing on the performance of turbines in
the first wind farm row to assess the importance of the wind
farm layout. The remainder of this paper is organized as follows.
The LES framework and specific layout and characteristics of the
considered test cases are outlined in Section 2. The results for
these cases are then presented in Section 3 and further discussion
and conclusions are made in Section 4.

2. Numerical framework

2.1. Large eddy simulations

High-fidelity LES provide detailed time-dependent data suit-
able for analyzing flow blockage in large-scale wind turbine ar-
rays. In our LES, we solve the filtered incompressible Navier–
Stokes equations and continuity equation for a neutral pressure-
driven ABL with a single inflow direction, i.e.

∂t ũi + ∂j(ũiũj) = −∂ip̃∗
− ∂jτij − δi1∂1p∞/ρ + fi, (3)

∂iũi = 0, (4)

where ũi is the filtered velocity field and p̃∗ is the filtered modi-
fied pressure equal to p̃/ρ + τkk/3 − p∞/ρ, with τij the subgrid-
scale stress term. We model the deviatoric part (τij − δijτkk/3)
sing the Lagrangian scale-dependent eddy viscosity subgrid-
cale model developed by Bou-Zeid et al. [24]. The trace of this
erm is combined into the modified pressure, as is common prac-
ice in LES of incompressible flow [25,26]. The turbine forcing fi is
odeled using the actuator disk method which will be described

n more detail below. The governing equations are solved by using
second-order accurate Adams–Bashforth scheme. A second-

rder accurate finite difference discretization is applied in the
ertical direction while a stress-free boundary condition is used at
he top boundary. In the horizontal directions a pseudo-spectral
iscretization is applied.
As mentioned, the turbines are modeled as an actuator disk,

hich exerts a drag force FT on the flow

T = −
1
2
ρCTU2

∞
A, (5)

where ρ is the air density, A = πD2/4 is the rotor-swept area, and
CT is the thrust coefficient. As the undisturbed upstream velocity
U∞ is not readily available, we use actuator disk theory to replace
it with the disk-area-averaged velocity UD, substituting

C ′

T =
CT

(1 − a)2
, (6)

where a = (U∞ − UD)/U∞ is the axial induction factor, which
relates the velocity at the disk to the velocity upstream [25,27].
We determine the turbine power production using: P = −FTUD,
such that

P =
1
2
ρC ′

TUD
3 π

4
D2. (7)

The power is calculated every time step once the statistically sta-
tionary state of the simulations is reached (after approximately 48
flow-through times), time-averaging is performed over roughly
70 subsequent flow-through times. The results are normalized
with the horizontally-averaged incoming velocity at hub height
so that each simulation is comparable.

Though the actuator disk model is not an exact represen-
tation of the turbines, it is widely used and provides valuable
insight when the thrust coefficient is lower than the Betz limit
(C = 8/9; a = 1/3; C ′

= 2) [1,2,25]. We selected this
T T
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Fig. 1. (a) Time-averaged and normalized streamwise inflow velocity as function of height for onshore (z0/H = 10−4) and offshore (z0/H = 10−6) conditions. (b)
orresponding wall-normal turbulence intensity (TI) profiles.
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pproach as it allows us to study wind farm blockage in LES.
hese simulations are computationally demanding due to the
ery long time-averaging required. Therefore, it is worth men-
ioning that the presented computations would not be feasible
sing an actuator line model [1,28,29] or an advanced actuator
isk model [30,31] as these models require a higher resolution
o capture the turbine-specific features accurately. It is impor-
ant to emphasize that the employed actuator disk approach is
ppropriate to study wind farm blockage. For example, Troldborg
nd Meyer Forsting [32] showed that actuator disk and actuator
ine model simulations capture the induction region in front of
turbine with similar accuracy because the signature of indi-
idual blades is lost after time averaging. Besides, Branlard and
eyer Forsting [18] showed that the velocity predictions in the

nduction region obtained using an actuator disk model and a
ortex cylinder model agree very well when lower CT values are
sed. Later, we show that our simulations capture the theoretical
nduction profile in front of an isolated turbine (Eq. (1)).

.2. Onshore and offshore atmospheric inflow conditions

We use the concurrent precursor method to achieve realistic
tmospheric inflow conditions [33]. In this method, two simula-
ion domains are considered simultaneously. A pressure-driven
BL simulation is performed in the first domain, and the wind
urbines are placed in a second target domain. Each time step,
he velocity sampled from the ABL domain is introduced in the
ringe region of the target domain. We use this fringe region
n combination with a shifting technique [34] and long time-
veraging to limit the effect of high-velocity wind speed streaks
s much as possible. For further details, we refer the reader
o Ref. [33]. Nevertheless, some statistical uncertainty remains.
n Fig. 2, the statistical uncertainty is visible by variations in
he wind speed at various spanwise locations; however, as we
onsider spanwise periodic cases, these variations do not affect
he presented findings. This claim is confirmed by the uncertainty
n the obtained power production data, which is indicated by the
rror bars.
In this study, we consider onshore and offshore atmospheric

onditions, which are modeled by changing the roughness height
t the lower boundary using the standard Monin–Obukhov simi-
arity approach [35]. This procedure is common practice in wall-
odeled LES of ABLs. According to the updated Davenport rough-
ess clarification, see table 1 of Ref. [36], a roughness height
f 0.1 m is typical for onshore conditions, while a roughness
eight of z0 = 0.001 m is considered representative for offshore

onditions. Assuming typical values for the turbine hub height
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T = 100 m and the neutral ABL height H = 1000 m, the
onshore and offshore cases are modeled by setting z0/H = 10−4

nd z0/H = 10−6, respectively. Fig. 1(a) shows the vertical profile
f the streamwise velocity, normalized with the hub height ve-
ocity uinflow, for the onshore and offshore cases. Fig. 1(b) shows
he corresponding vertical profiles of the streamwise turbulence
ntensity. The figure shows that the turbulence intensity is higher
n onshore conditions than offshore. Furthermore, Fig. 1(a) shows
hat the shear in the normalized streamwise velocity profile is
tronger for onshore than offshore conditions.

.3. Simulation parameters

This study compares a stand-alone turbine, an infinite row of
urbines, and a wind farm with eight rows, as depicted in Fig. 2.
ost importantly, we are interested in how wind farm blockage
epends on the average inter-turbine spacing and wind farm lay-
ut. Therefore, we consider multiple turbine array configurations
arying the streamwise (Sx) and spanwise (Sy) spacing, which are
ade non-dimensional using the turbine diameter D, i.e. sx =

x/D and sy = Sy/D. For the row cases, the spanwise spacing is
aried between sy = 1.26 and sy = 7.85, which covers the range
onsidered in previous work [14,37]. We also note that wind
urbine arrays built alongside major roads can have a relatively
mall spanwise turbine spacing; see, for example, the Brazilian
Delta 5 I’’ wind farm near Paulino Neves and the wind farm near
‘Sao Bento do Norte’’ in which the spanwise turbine spacing is
bout 2.5D. In addition, to compare with the findings of Segalini
nd Dahlberg [22], we consider wind farm cases with sy in the
ange ∼ [1.57, 3.93] and sx in the range ∼ [1.96, 7.85]. For an
overview of all considered cases we refer the reader to Table A.1
in the appendix.

We use turbines with a hub height HT and diameter D of
00 m. We assume a constant thrust coefficient, which is rep-
esentative for turbine operation in region 2 in which turbines
perate most of the time [38]. The thrust coefficient CT = 3/4 is
elected as the work originated from previous research in which
his value was used [39]. We note that modern commercial tur-
ines have slightly higher CT , and have previously shown that the
hrust coefficient does not significantly affect the nature of the
bserved blockage effect, but only its magnitude [40]. We select
ight rows for the wind farm case because, as per the empirical
esults of Segalini and Dahlberg [22], the blockage should be
nsensitive to changing the number of rows past three, which we
lso confirmed by comparing simulations with 2, 4, and 8 rows.
The turbines are placed in a sufficiently large domain with

imensionless lengths Lx, Ly, Lz = (4π, π, 1.0) discretized uni-
ormly by N ,N ,N = (512, 128, 128) nodes in the streamwise,
x y z
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Fig. 2. Time-averaged streamwise velocity normalized by the inflow velocity at hub height for (a) a stand-alone turbine, (b) an infinite row of turbines (sy = 3.93),
nd (c) a wind farm with eight rows in the downstream direction (sy = 3.93, sx = 5.24).
3

a
a
i
t
b
f
r
a

3

i
o
o
t
s
o
b
i
a
p

panwise, and vertical direction, respectively. The domain lengths
re made dimensional by multiplying by the domain height H . We
ssume H = 1000 m to be representative for a neutral ABL [25],
nd note we have previously observed that although increasing
he domain height reduces blockage, it does not eliminate it [40].
urthermore, we follow the recommendations set by Wu and
orté-Agel [41], who showed that one needs 8 points along the
urbine diameter in the vertical direction and 5 points along the
urbine diameter in the spanwise direction. The (first) row of
urbines is consistently placed at x/H = 5 (x/D = 50) to ensure
hat the induction region is adequately captured. This choice is
ased on our observation that induction effects are negligible
smaller than 0.1% of the inflow velocity) beyond 13D in front
f the first row for all cases considered (see Figs. 4 and 10).
he fringe region at the end of the domain covers 9% of the
treamwise domain length Lx. Therefore, the distance between
he wind farm and the fringe region depends on the considered
ind farm layout. To verify that the domain is long enough, we
erformed the case with sy = 1.57, sx = 1.96 in a Lx = 8π
omain. We find that the performance of the first row in the large
omain simulation agrees within 0.01% to the result obtained
n the Lx = 4π domain, thus confirming that the downstream
omain length is sufficient.
 s
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. Results

We analyze flow blockage by comparing variations in the rel-
tive power output and the induction region for various turbine
rrays. First, we investigate spanwise blockage effects by compar-
ng the performance of an infinite row of turbines to a stand-alone
urbine. Next, we examine streamwise blockage caused by tur-
ines placed downstream by comparing the performance of the
irst wind farm row to a stand-alone turbine and a solitary infinite
ow. Finally, we study the effect of the array’s spanwise extent
nd the turbine hub height.

.1. Spanwise blockage effects in an infinite row

Fig. 3 shows the average power output of a turbine in an
nfinite row relative to that of a stand-alone turbine as a function
f spanwise spacing for onshore and offshore conditions. We
bserve that the turbine power output in an infinite row is higher
han for a stand-alone turbine when the spanwise spacing is
mall. When turbines are close together, the flow deflected by
ne turbine, passes through the rotor-swept area of the neigh-
oring turbines, causing them to be more productive than in
solation. The relative benefit of the blockage effect diminishes
s the spacing increases, and at large spacing (sy = 7.85) the
ower production of turbines within the row approaches that of a
tand-alone turbine. Interestingly, the results are only marginally
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Fig. 3. The average power output of a wind turbine in an infinite row relative to
he average power output of a stand-alone turbine as a function of dimensionless
panwise spacing sy . Data is plotted for onshore (z0/H = 10−4) and offshore
z0/H = 10−6) surface friction conditions. The error bars are based on the
tandard deviation of the temporal power variation. Results from experiments
y McTavish et al. (2013, 2014) [14,37] and simulations by Meyer Forsting et al.
2017) [15] are shown for comparison.

nfluenced by onshore and offshore surface friction conditions.
urthermore, the figure shows that our LES results agree with
he wind tunnel measurements by McTavish et al. [14,37] and
ANS results by Meyer Forsting et al. [15]. We note that the the
panwise blockage effect observed by Meyer Forsting et al. [15]
ay be smaller as they considered finite rows. In Section 3.3 we

ndeed find that the magnitude of the spanwise blockage effect
epends on the spanwise row extent.
Decreasing the spanwise spacing within an infinite row is

xpected to enhance the induction preceding the turbines. The
elocity deficit preceding a stand-alone turbine is depicted in
ig. 4(a) and (b), which shows the time-averaged streamwise
elocity deficit at hub height and along the centerline of a turbine
ormalized by the velocity at the entrance. We observe that
he result for the single turbine case agrees excellently with the
heoretical prediction (Eq. (1)), confirming that our simulations
apture the induction effect accurately and that the induction
s not influenced much by the atmospheric turbulence intensity.
ig. 4(a) also shows that for the infinite row cases, where the
esults are averaged over all turbines, the induction is more
ronounced than for the stand-alone turbine case. Furthermore,
he induction region is more pronounced and extends farther
pstream when the spanwise spacing decreases. In fact, for sy =

.26, the velocity deficit is 0.1% of the incoming wind speed at
2D in front of the turbines. This enhanced velocity deficit should
e considered when interpreting field data from the induction
egion. At first glance, the stronger induction region for smaller
y seems to contradict the power production trends discussed
bove. Therefore, we show a zoom-in of panel 4(a) in Fig. 4(b),
hich reveals that the wind speed at the turbine location in-
reases with decreasing sy. We believe this behavior is caused by
he flow acceleration very close to the turbine, which is created
ue to spanwise flow deflection by closely spaced turbines that
orce the flow into the rotor swept area of neighboring turbines.

Additionally, we investigate the spanwise velocity deficit pro-
ile in the induction region of the turbines. For the analysis, we
gain use the spanwise periodicity to obtain better convergence.
ig. 5 presents the spanwise velocity deficit profile at three up-
tream locations. Panel (a) shows that 1D in front of the turbine
he velocity deficit has a Gaussian shape. However, at 2D and
D upstream of the turbine row, the velocity deficit is nearly
307
niform as the induction originates from the different turbines
as merged. In agreement with the streamwise profiles presented
n Fig. 4 we find that the velocity deficit along the centerline of
he turbine is slightly stronger than the theoretical prediction for
n isolated turbine (Eq. (1)), and this effect increases when the
panwise spacing between the turbines is decreased.

.2. Wind farm blockage effects

We investigate flow blockage caused by downstream turbines
y analyzing the performance of the first wind farm row. Though
lockage can affect all rows of the wind farm, the effect is most
vident in the first row. Fig. 6(a) shows the average power output
f a turbine in the first wind farm row compared to a stand-
lone turbine as a function of the spanwise spacing sy. We observe

that for large streamwise spacing sx the trend is similar to the
corresponding solitary row case (see Fig. 3). However, when the
downstream turbines are closer (sx = 1.96), the trend differs and
the power output of turbines in the first row is lower than for a
stand-alone turbine. This means that closely spaced downstream
turbines can negatively impact the performance of upstream tur-
bines. Fig. 6(b) confirms that the first row production decreases
when the streamwise spacing in the wind farm is decreased.
However, the data does not collapse as a function of the sx.

Clearly, both the spanwise and streamwise blockage impact
he turbine performance differently. The findings of Segalini and
ahlberg [22] suggest that wind farm blockage depends on the
ind turbine density. Therefore, in Fig. 7(a), we compare the
verage power output of a turbine in the wind farm row to that
f a stand-alone turbine as a function of the non-dimensional
eometrical mean turbine spacing s =

√
sxsy. However, we do not

bserve a universal trend, asserting that wind farm blockage is a
ore complicated phenomenon and that the specific combination
f sx and sy (i.e. the wind farm layout) determines the magnitude
f the observed blockage effect.
However, it should be emphasized that Segalini and Dahlberg

22] used the performance of a relatively solitary turbine row to
ormalize their results. Therefore, in Fig. 7(b), we show the data
ormalized by the corresponding solitary row. The first wind farm
ow has a lower power production for each layout than a turbine
n the corresponding solitary row. In agreement with Segalini
nd Dahlberg [22] (Eq. (2)), our results collapse when normalized
y the performance of the corresponding isolated row case and
ecome independent of the wind farm layout as spanwise block-
ge effects are normalized out. Additionally, these simulations
ere executed for both onshore and offshore conditions, and
e observe that blockage is not significantly dependent on the
urface roughness conditions. Furthermore, because we observe
similar trend as Segalini and Dahlberg [22] which was obtained
sing uniform inflow, we conclude that atmospheric turbulence
ntensity has a marginal effect, suggesting that blockage is mainly
aused by mass conservation and pressure effects.
The wind is deflected over the wind farm, as previously dis-

ussed by Refs. [42–44], and this results in lower power pro-
uction for the first wind farm row than for the corresponding
solated row. To demonstrate this, we analyze the vertical ve-
ocity w for three different wind farm layouts in Fig. 8. The left
anels are the horizontally-averaged vertical cross-section (x–
) which show that the flow is deflected around the turbine
nd accelerates above and below the actuator disk. The right
anels display the vertical velocity in the spanwise-vertical plane
t the location of the first turbine row. This view of Fig. 8(a)
eveals that the flow deflection is observed directly above the
urbines, while the vertical velocity in between the turbines is
arginal. Comparing Fig. 8(a) and 8(b), where only the spanwise
pacing is reduced (from s = 3.93 to 1.57), we observe that
y
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Fig. 4. (a) The time-averaged streamwise velocity at hub height along the centerline preceding each turbine normalized by the incoming velocity for a stand-alone
urbine and selected infinite row cases for offshore conditions. (b) The same but zoomed in. The dashed line represents the theoretical prediction for induction in
ront of a single turbine (Eq. (1)), which agrees well with the stand-alone turbine result.
Fig. 5. The time-averaged streamwise velocity at hub height normalized by the incoming velocity at hub height as a function of the spanwise position for different
upstream locations and offshore conditions. The dashed horizontal line represents the theoretical prediction for induction in front of a single turbine and along the
centerline of the turbine, see Eq. (1). The dashed vertical lines indicate the spanwise turbine location, i.e. y/D = 0 indicates the center of the turbine row.
Fig. 6. The average power output of a turbine in the first wind farm row relative to the average power output of a stand-alone turbine as a function of the
non-dimensional (a) spanwise turbine spacing sy and (b) streamwise turbine spacing sx for offshore conditions.
2
t
o
t
f

he upward movement of the air at the entrance of the wind
arm becomes more pronounced when the spanwise spacing is
educed. Fig. 8(c) shows that the upward flow deflection at the
ind farm entrance increases with increasing turbine density.
his observation supports the conclusion that the flow over the
ind farm increases when the inter-turbine spacing decreases.
 t

308
In Fig. 9 we show ⟨u · u′w′⟩ for the cases analyzed in Fig. 8 [1,
,25]. The figure reveals that the turbulent fluxes are small at
he wind farm entrance. This result is in agreement with the
bservation that wind farm blockage does not depend on the
urbulence intensity at hub height, i.e. the results are very similar
or the onshore and offshore conditions and reveal the same
rends as laminar flow experiments by Segalini and Dahlberg [22],
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Fig. 7. The average power output of a turbine in the wind farm row compared to the power production of (a) a stand-alone turbine and (b) the corresponding
solitary row as a function of the non-dimensional geometrical mean turbine spacing s =

√
sxsy . In panel (b) our results are compared with the experimental results

f Segalini and Dahlberg [22] as represented by Eq. (2).
Fig. 8. The left panels indicate the time and spanwise averaged vertical velocity and the right panels the time-averaged values at x = 5 km for three different wind
arm configurations in offshore conditions.
c
H
p
b
f
v
u
v

ee Fig. 7(b). An analysis of ⟨u · u′v′⟩, not shown here for brevity,
reveals that the turbulent transport in spanwise direction is min-
imal and does not show any particular pattern at the entrance
of the wind farm, while further downstream in the wind farm, a
transport pattern corresponding to expanding wakes is observed.

In Fig. 10 we compare the normalized centerline streamwise
velocity at hub height for two wind farms and the corresponding
solitary, infinite row with the same spanwise spacing. The figure
reveals that the wind farm cases induce a more pronounced ve-
locity deficit in the induction region than the row case. When the
streamwise spacing is set to a commonly-employed separation
 H
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(sx = 7.85), the induction is similar but slightly stronger than the
orresponding infinite row case without downstream turbines.
owever, when sy = 1.57, sx = 1.96, the induction region
receding the first turbine row extends up to 13D upstream
efore reaching 0.1% of the incoming velocity compared to 11D
or the corresponding row case. In Fig. 11 we show the spanwise
elocity deficit profiles for the cases considered in Fig. 8 at various
pstream positions. The figure reveals that there is a Gaussian
elocity deficit in front of each turbine 1D upstream of the farm.
owever, already at 2D upstream the signature of individual wind
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Fig. 9. The left panels indicate the time and spanwise averaged ⟨u · u′w′⟩ and the right panels the time-averaged values at x = 5 km for three different wind farm
configurations in offshore conditions.
Fig. 10. (a) The time-averaged streamwise velocity at hub height along the centerline preceding each turbine normalized by the incoming velocity as a function of
he position upstream of two selected wind farm cases and an infinite row case for offshore conditions. (b) The same but zoomed in. The dashed line represents
he theoretical prediction for induction in front of a single turbine (Eq. (1)).
urbines is less distinguishable, and the velocity deficit profile is
pproximately uniform.
More wind is deflected over the wind farm and induction

s enhanced when the turbines are placed closer together. The
umulative induction effects caused by closely spaced turbines
re the result of a stronger adverse pressure gradient in front of
310
the farm. This effect is demonstrated in Fig. 12, which shows the
spanwise-averaged pressure field for three different wind farm
layouts as a function of the position upstream. First, the figure
reveals the inherent adverse pressure gradient preceding a wind
farm that characterizes the induction zone. In addition, the figure
confirms that the streamwise pressure gradient becomes stronger
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t

Fig. 11. The time-averaged streamwise velocity at hub height normalized by the inflow velocity at hub height as a function of the spanwise position for different
streamwise locations for the offshore cases considered in Fig. 8. The dashed vertical lines indicate the spanwise turbine location, i.e. y/D = 0 indicates the center of
he turbine row.
Fig. 12. The time- and spanwise-averaged pressure perturbation at hub height
normalized by the inlet value for three wind farm layouts and offshore
conditions.

when the inter-turbine spacing decreases. This enhanced adverse
pressure gradient exacerbates the velocity deficit and flow deflec-
tion over the wind farm observed in the induction region of the
wind farm, see Figs. 4 and 10. Furthermore, our results clearly
show that both the streamwise and spanwise turbine spacing
affect the flow in the induction region in front of the wind farm.

3.3. Effects of spanwise row extent

Here, we briefly address the effect of the row length Lr on
wind farm blockage. The results are presented as a function of
the ratio Lr/Ly, see Fig. 13(a), where the domain length remains
constant (Ly = π ). In particular, we compare the infinite row
cases (Lr/Ly = 1.0) to various finite row cases. The spanwise
spacing remains constant (sy = 1.57) while the row is shortened
by decreasing the number of turbines such that Lr/Ly = 0.8, 0.5,
and 0.2, corresponding to NT = 16, 10, and 4, respectively. In
Fig. 13(b) the average power output of a turbine in each row
is compared to that of a stand-alone turbine. We find that the
normalized power production decreases with the row length
because air is permitted to flow around the array, reducing the
spanwise blockage effect. We verified that the spanwise blockage
effect remains the same within 0.02% for Lr/Ly = 0.5 when the
spanwise spacing is doubled from Ly = π to Ly = 2π . This test
case further supports that the selected domain is sufficient and
311
that the parameter of interest is the spanwise extent of the row
within the domain. Additionally, we performed simulations with
sy = 1.26 and NT = 25 turbines in a Ly = π and Ly = 2π
domain and we find that this reduces the wind farm blockage
effect from 1.067 to 1.039. Essentially, the spanwise blockage
effect is reduced by a factor less than 2 when the domain size is
doubled, confirming that spanwise blockage can also be observed
in spanwise-finite wind farms.

Fig. 13(c) shows that the average production of a turbine in the
first row of the spanwise-infinite wind farm produces less power
than a stand-alone turbine and that this effect increases with de-
creasing spanwise wind farm extent. However, most importantly,
Fig. 13(d) shows that the results on wind farm blockage become
independent of the spanwise wind farm extent by normalizing
the performance of the first wind farm row by the performance
of the corresponding solitary row. This result confirms our earlier
agreement with the results of Segalini and Dahlberg [22] on wind
farm blockage in Fig. 7. However, as previously stated, it is crucial
to acknowledge that our results reveal that wind farm blockage
depends on the wind farm layout as the universal trend is only
recovered when normalizing with the corresponding row case.
We emphasize that the results do not show a universal trend
when normalized with the performance of a stand-alone turbine.

3.4. Effect of turbine hub height

We expect the turbine hub height to influence wind farm
blockage by affecting airflow under the turbines. Therefore, in
Fig. 14, we consider the average power output of a turbine in the
first wind farm row relative to the corresponding row case for
four different hub heights: HT = 75 m, 100 m, 125 m, 150 m,
while the rotor diameter (D = 100 m) remains constant. We
investigate the influence of the hub height for our densest wind
farm configuration to maximize any observable effect. Fig. 14
shows that wind farm blockage is reduced when the turbine hub
height is increased as more air can flow underneath the turbines.
We note that this effect seems to be nonlinear as the influence of
the hub height decreases with increasing hub height. Moreover,
continuously increasing the turbine hub-height will not eliminate
blockage effects.

4. Conclusions

We used high-fidelity LES to study blockage effects in large-
scale wind farms. We determined that blockage impacts the
power production of turbines when they are placed close together

by exploring an encompassing set of wind farm configurations,
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Fig. 13. (a) Schematic depicting the spanwise domain length Ly and the turbine row length Lr where the blue lines are individual turbines. (b) The average power
utput of a turbine in a row (sy = 1.57) relative to a stand-alone turbine, (c) the average power output of a turbine in the first wind farm row (sy = 1.57, sx = 1.96)
elative to a stand-alone turbine, and (d) the average power output of a turbine in the first wind farm row (sy = 1.57, sx = 1.96) relative to a solitary row (sy = 1.57),
s a function of the row length Lr , see panel (a). These results are generated for Ly = π using offshore conditions. The dashed line in (d) is the average value.
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Fig. 14. The average power output of a turbine in the first wind farm row
(sy = 1.57, sx = 1.96) compared to the power production of the corresponding
olitary row (sy = 1.57) as a function of the dimensionless hub height HT /D.

ocusing on spanwise and streamwise blockage effects. Specif-
cally, we compared the performance of a stand-alone turbine,
n infinite row of turbines, and a wind farm with eight rows.
312
e established that wind farm blockage in a neutral ABL follows
similar trend as observed in the experiments by Segalini and
ahlberg [22], in which uniform inflow conditions were used.
urthermore, we demonstrated that wind farm blockage effects
re similar in onshore and offshore conditions, which in our wall-
odeled LES, are obtained by adjusting the surface roughness
eight.
We observed that closely-spaced spanwise turbines are more

roductive due to spanwise blockage as the average power pro-
uction of a turbine in an infinite row is higher than a stand-alone
urbine. Instead of deflecting around the turbine, the flow is
orced into the rotor-swept area of neighboring turbines. This
ffect increases as the spanwise spacing decreases. Moreover, at
ore commonly employed spanwise spacings, spanwise block-
ge is minimal, but at small spanwise spacing, our results are
onsistent with the available literature [14,15,37]. The observed
panwise blockage effect is enhanced because we use spanwise-
nfinite rows; however, we also showed that the effect is still
resent when the rows are finite.
A comparison of the performance of the first wind farm row

ith a stand-alone turbine revealed that streamwise and span-
ise blockage have competing effects. We observed that down-
tream turbines hinder upstream turbines as the average power
roduction of a turbine in the first wind farm row is lower
han that in a corresponding solitary row. Essentially, the flow
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referentially passes over the dense array instead of through it.
e also showed that more air flows below the wind farm when

he turbine hub height is increased, reducing the blockage effect.
owever, the influence of the turbine hub height was small and
onlinear. In agreement with the wind tunnel experiments by Se-
alini and Dahlberg [22], we observed that the performance of the
irst wind farm row normalized by the corresponding solitary row
hows a universal curve when plotted as a function of the average
nter-turbine spacing. However, we did not find a universal trend
hen the performance of the first wind farm row is compared to
he performance of a stand-alone turbine. Therefore, we conclude
hat the specific wind farm layout influences wind farm blockage,
hich requires further investigation.
We also established how wind farms could affect the flow in

he induction region preceding the array. We observed that a
losely-spaced infinite row induces a more prominent, farther-
eaching velocity deficit than a stand-alone turbine. Likewise,
nduction is even more pronounced for a wind farm, which has
lso been observed for other wind farm configurations [3,17,18].
he induction region becomes more pronounced as the spacing
etween the turbines is decreased, and in the most extreme case
e considered (sx = 1.96, sy = 1.57), is detectable (0.1% of the

nflow velocity) up to 13D in front of the first row. Furthermore,
e demonstrate that the adverse pressure gradient, which slows
he wind in the induction region, is exacerbated when the turbine
ensity increases. This enhanced adverse pressure gradient leads
o increased wind farm blockage when the turbine spacing in
he farm is decreased. Understanding these upstream effects is
elevant for interpreting flow field measurements performed in
he induction region.

We showed that wind farm blockage depends on the farm
ayout, and more studies are required to address how this could
e modeled. In this work we demonstrated that wind farm block-
ge in a simplified ABL configuration is comparable to what
s observed in uniform inflow configurations by Segalini and
ahlberg [21,22]. However, even more realistic boundary layer
onditions, which involve the Coriolis force and thermal stratifi-
ation, still need to be considered. Flow blockage is expected to
ncrease in a stable boundary layer and may interact with other
hysical phenomena such as gravity waves [12,45,46]. Regardless,
e show that it is important to be aware of wind farm blockage
nd that the performance of the first wind farm row is far from
perfect reference.
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ppendix. Table with considered cases

See Table A.1.
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Table A.1
Summary of the wind turbine array simulations considered in this study.
The columns from left to right indicate the non-dimensional spanwise sy and
streamwise sx spacing, the roughness height, and the performance of turbines
in the first row normalized with the corresponding performance of an isolated
turbine (Prow=1/Ps) for onshore (z0/H = 10−4) and offshore (z0/H = 10−6)
conditions.
sy sx z0/H Prow=1/Ps sy sx z0/H Prow=1/Ps
1.26 – 10−6 1.067 1.26 – 10−4 1.059
1.57 – 10−6 1.054 1.57 – 10−4 1.049
1.57 1.96 10−6 0.974 1.57 1.96 10−4 0.965
1.57 3.93 10−6 1.022 1.57 3.93 10−4 1.014
1.57 5.24 10−6 1.033
1.57 7.85 10−6 1.045 1.57 7.85 10−4 1.040
1.96 – 10−6 1.041 1.96 – 10−4 1.038
1.96 1.96 10−6 0.975 1.96 1.96 10−4 0.968
1.96 3.93 10−6 1.013 1.96 3.93 10−4 1.009
1.96 7.85 10−6 1.032 1.96 7.85 10−4 1.027
2.62 – 10−6 1.035 2.62 – 10−4 1.030
2.62 7.85 10−6 1.028 2.62 7.85 10−4 1.023
3.93 – 10−6 1.018 3.93 – 10−4 1.016
3.93 1.96 10−6 0.977 3.93 1.96 10−4 0.972
3.93 3.93 10−6 1.004 3.93 3.93 10−4 0.998
3.93 5.24 10−6 1.010
3.93 7.85 10−6 1.013 3.93 7.85 10−4 1.012
7.85 – 10−6 1.004 7.85 – 10−4 1.009
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