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Abstract. This study investigates the interplay of terrain, blockage, and wake effects using Reynolds-Averaged
Navier—Stokes (RANS) simulations of 35 different combinations of terrain, wind farm layout, and atmospheric
conditions. The terrain includes two idealized solitary ridgelines, an idealized valley, and flat ground. The wind
farms comprise one or two rows of closely spaced turbines parallel to the terrain feature. We simulate these
idealized wind farms in conventionally neutral boundary layers of different heights. The set of simulations also
includes an existing onshore wind farm located along a ridgeline and run with stable and unstable surface condi-
tions. The horizontal variation of the ground elevation (i.e., terrain) has a large influence on wake and blockage
effects in this study. In addition, the predicted wind farm efficiency and turbine efficiency (power coefficient)
vary significantly depending upon the terrain in the simulation and the position of the wind farm relative to the
terrain. For single-row wind farms, the predicted effect of terrain on wind farm efficiency can exceed 4 % — for
the simulated conditions. The separate but correlated effect of terrain on individual turbine efficiency is of a
similar magnitude. Analysis of the results indicates that there are multiple physical drivers behind the efficiency
trends, including streamwise pressure gradients and inviscid effects related to buoyancy. Energy prediction meth-
ods that do not account for these drivers have an elevated risk of producing large errors — at least at wind farms

similar to those evaluated in the study.

1 Introduction

An energy yield analysis for a planned onshore wind farm
requires two types of flow simulations: freestream and wind
farm. Freestream simulations include terrain but not, by defi-
nition, wind turbines; wind farm simulations include turbines
but usually not terrain. The objective of a freestream flow
analysis is to translate processed wind measurements, typ-
ically taken at just a few on-site locations, to the expected
freestream wind conditions at each one of the planned tur-
bine locations. Together with a turbine power curve, these
wind conditions are used to estimate the energy yield for each
turbine were it to operate in isolation. The sum of the stan-
dalone turbine energy yields is called the gross energy of the
wind farm. A wind farm flow analysis calculates how wakes
and blockage modify the wind conditions experienced by the

turbines. More to the point, it quantifies for each turbine how
much the energy yield changes when the turbine is operat-
ing in the wind farm compared with isolated operation. This
change is known as a turbine interaction loss, which is usu-
ally the largest loss contributing to the difference between
the gross and net energy of a wind farm. While the effect of
terrain on freestream (i.e., turbine-free) flow is a major con-
sideration in energy yield assessments, the effect of terrain
on wind farm flow — on wakes and on blockage — receives
much less attention.

Several papers published over the last 15 years report re-
sults indicating that hills can substantially affect wind turbine
wake recovery. These include studies based on Reynolds-
Averaged Navier—Stokes (RANS) simulations (Politis et al.,
2012), large-eddy simulations (LESs) (Shamsoddin and
Porté-Agel, 2018a; Liu and Stevens, 2020; Patel et al., 2024),
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and wind tunnel measurements (Tian et al., 2013; Hyviri-
nen et al.,, 2018). The Shamsoddin and Porté-Agel (2018)
paper also validated a pressure-gradient-sensitive reduced-
order wake model against the hill LES results. Based on the
validation and a follow-on sensitivity study, the authors con-
cluded that hill-induced streamwise pressure gradients can
have a strong influence on wake recovery — with favorable
pressure gradients on the windward side of the hill promot-
ing wake recovery and adverse pressure gradients on the lee-
ward side slowing wake recovery. (A pressure gradient is fa-
vorable when pressure decreases in the direction of flow; it is
adverse when pressure increases in the direction of flow.) Dar
and Porté-Agel (2022a) further developed the reduced-order
model and validated it against wind tunnel measurements of
escarpment-affected wake flow. The results also pointed to
the significant influence of terrain-induced pressure gradients
on wake recovery.

Additional studies provide more direct evidence of stream-
wise pressure gradients influencing turbine wakes. Cai et al.
(2021) varied the inclination of the floor of a wind tunnel to
induce streamwise pressure gradients just downstream of a
model wind turbine. Measured streamwise pressure variation
was strongly correlated with and likely the cause of substan-
tial differences in wake recovery. Favorable pressure gradi-
ents (FPGs) promoted wake recovery, and adverse pressure
gradients (APGs) did the opposite. Bayron et al. (2023) in-
duced streamwise pressure variation by adjusting the wind
tunnel ceiling just downstream of the model turbine. The
wake recovery was much slower in the APG wind tunnel
configuration compared with the FPG configuration, with the
zero pressure gradient (ZPG) wake recovery rate in between.
In addition, the wake was vertically thicker and higher in the
APG case compared with the ZPG case. The opposite trend
was evident in the FPG case. Finally, Zhang et al. (2023) in-
duced streamwise pressure gradients in LES by inclining the
upper and lower walls to vary the cross-sectional areas of
the domain along a row of four turbines aligned with the on-
coming flow. They found that APGs made wakes deeper and
wider, and FPGs did the opposite.

Beyond pressure, terrain can also affect turbulence, which
influences wake recovery. Multiple papers have connected
complex terrain with increased turbulence and, in turn, faster
wake recovery (Politis et al., 2012; Dar and Porté-Agel,
2022b; Yang et al., 2015; Zhang et al., 2024).

Collectively, these studies show that terrain can substan-
tially influence wake recovery. By implication, terrain can
influence how much a turbine wake affects the wind speeds
experienced by turbines located downstream, which affects
wind farm efficiency. Other research, discussed below, sug-
gests that the influence of terrain on the wake from an indi-
vidual turbine also affects the wind conditions at the turbine
itself. In other words, terrain can change turbine induction
and thereby turbine power coefficient (i.e., individual turbine
efficiency).

Wind Energ. Sci., 11, 2695-2721, 2026

J. Bleeg and C. Montavon: The influence of terrain on wakes, blockage, and efficiency

Before proceeding, we offer a brief aside to define the
blockage-related terms used in this paper. Blockage is an ob-
struction to the otherwise free flow of air. In this paper, the
obstruction relates to either a single turbine or a group of tur-
bines. Blockage effects refer to the inviscid response of the
flow to the obstruction. Perhaps the most salient blockage ef-
fect is the partial diversion of the flow around the turbine or
turbines. The divergence of the streamlines starts upstream of
the obstruction and directly connects with an upstream wind
speed reduction via continuity. Further, the vertical deflec-
tion of the flow can perturb the stably stratified atmosphere
in such a way as to significantly modify the blockage-related
slowdown upstream of a wind farm (Lanzilao and Meyers,
2024). The terms “blockage” and “blockage effects” are of-
ten used interchangeably in the literature, and we will do the
same here. Wind farm blockage refers to blockage from an ar-
ray of wind turbines, and turbine blockage refers to blockage
from an individual turbine. Induction is the turbine-blockage-
related wind speed reduction upstream of the turbine; alterna-
tively stated, it is the upstream wind speed reduction induced
by the thrust force from an individual turbine. Induction fac-
tor is the fractional amount by which the wind speed at the
rotor face of an isolated turbine is lower than the freestream
wind speed. The definitions above reflect how the terms are
used in this paper and are not intended to imply a universally
accepted standard for blockage-related terminology. In the
broader literature, the term “induction”, to take one example,
is sometimes used to refer to a wind-farm-scale effect (e.g.,
Nishino and Dunstan, 2020); here, however, it refers exclu-
sively to the effect of an individual turbine on wind speed
upstream.

In LES results reported in Troldborg et al. (2022), the
power coefficient of a standalone turbine was found to be
sensitive to terrain-induced streamwise gradients. The tur-
bine in this study was at the top of a ridgeline, and dif-
ferent streamwise gradients were achieved by varying sur-
face roughness, which affected the separation downstream
of the ridge. In simulations where the hub-height freestream
wind speed downstream of the turbine location increased
with distance from the turbine, the efficiency of the turbine
was higher. When the simulated freestream wind speed de-
creased with distance downstream of the turbine, the effi-
ciency was lower. The findings were similar in Zengler et al.
(2024), a sensitivity study run with a RANS model, where
a single turbine was simulated atop various idealized hill
geometries with different surface roughnesses. In both of
these studies, streamwise variation in the freestream wind
speed downstream of the turbine was found to correlate with
changes in induction factor and in turn power coefficient.
Dar et al. (2023) used wind tunnel experiments to investi-
gate the effect of streamwise pressure gradients on wakes and
power performance. Fifteen different tunnel floor configura-
tions were tested. These configurations induced streamwise
pressure gradients, progressing from a strong APG case to a
ZPG case and through to a strong FPG case. Pressure was not
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directly measured in the experiments; rather, it was inferred
from the measured freestream wind speeds. In each config-
uration, the inferred freestream pressure gradient was nearly
constant over a distance covering the induction zone of the
model turbine through to the far wake. As the freestream
streamwise pressure gradient increased, from the strong FPG
case through the ZPG case and on to the strong APG case,
the wake deficits generally also increased, while power co-
efficient generally decreased. For a given pressure gradient
magnitude, an APG generally reduced turbine performance
more than an FPG increased it. In an LES-based sensitivity
study, Revaz and Porté-Agel (2024) simulated a standalone
turbine atop various idealized hills. APGs downstream of the
turbine increased wake deficits, which in turn increased tur-
bine induction factor, decreasing power coefficient.

The impact of terrain on wind farm and turbine efficiency
is still a relatively new field of study, with many opportunities
to broaden the scope of the literature. Most of the research to
date concerns wakes from a single turbine or a few aligned
turbines. The results imply an effect of terrain on turbine in-
teraction loss, but there is little in the literature directly mak-
ing this connection through the analysis of full wind farms.
In addition, the studies do not include the effect of buoyancy;
the simulated and/or measured flow is always neutrally strat-
ified. Yet wind farms are subjected to stably stratified flow all
the time — if not within the boundary layer, then above it. This
is significant because buoyancy effects profoundly modify
the response of flow to terrain (Baines, 2022; Vosper, 2004;
Bleeg et al., 2015b; Radiinz et al., 2025) and to wind farms
(Lanzilao and Meyers, 2024). Finally, the peer-reviewed lit-
erature does not address the potential impact of terrain on
wind farm blockage, which can have a material impact on
the wind speeds experienced by turbines in an array (Bleeg
et al., 2018).

This contribution takes aim at these gaps. Using a RANS
solver, we simulate full wind farms in different types of ide-
alized terrain. The simulated boundary layers are neutral but
with overlying stratification. From these simulations, we as-
sess the influence of terrain on both wake and blockage ef-
fects. In turn, we evaluate the impact of terrain on turbine in-
teraction loss across the wind farm. We also assess the impact
of terrain on individual turbine efficiency. Finally, to better
understand how the findings from these idealized simulations
might translate to the field, we run additional simulations of a
currently operating wind farm with inflow conditions derived
from a numerical weather prediction model.

The next section of this paper, Sect. 2, explains the nu-
merical approach used in this study. Section 3 presents the
results, highlighting the effect of terrain on wakes, blockage,
and energy conversion efficiency. The section also explores
the main physical drivers behind the trends with terrain. Sec-
tion 4 discusses the practical implications of the results and
the limitations of the study. And, lastly, Sect. 5 summarizes
the main findings.
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2 Numerical approach

This section describes the flow modeling used in the investi-
gation. It describes the flow equations, boundary conditions,
and domain, as well as how wind turbines are represented in
the simulations. It also includes information about the simu-
lated wind farms, atmospheric conditions, and terrain — and a
description of the mesh used to resolve these features. Lastly,
the section explains the types of simulations run and how
they are post-processed to assess whether and to what degree
turbine and wind farm performance are influenced by terrain.

There are two types of wind farms in this study: idealized
and real. The numerical analysis of idealized wind farms —
comprising 31 different combinations of turbine layout, ter-
rain, and inflow conditions — represents the heart of the study.
The one real wind farm in the investigation involves far fewer
simulations, the results of which are included here as a check
on the representativeness and real-world applicability of the
idealized wind farms results. This section applies to both
types of wind farms; however, the subsections covering ter-
rain (Sect. 2.2), wind farm layouts (Sect. 2.3), and atmo-
spheric conditions (Sect. 2.4) apply primarily to the idealized
wind farms. We address these three topics for the real wind
farm in results Sect. 3.4.

2.1 RANS model

We constructed and customized the numerical model in
STAR-CCM+, a general-purpose computational fluid dy-
namics code (Siemens PLM, 2022). The mass and momen-
tum equations are steady-state incompressible RANS equa-
tions. The energy equation is a transport equation for poten-
tial temperature, and the turbulence equations are standard
k- with modified coefficients. Buoyancy is included in the
vertical momentum equation via a shallow Boussinesq for-
mulation; the effect of buoyancy on turbulence is modeled
with production terms in the turbulence equations. The hor-
izontal momentum equations include the Coriolis force, and
the vertical momentum equation has a source term designed
to damp gravity waves near the lateral and top boundaries.
More details about the flow model may be found in Bleeg
et al. (2015a,b).

We represent the wind turbines with simple actuator disks.
The thrust and torque, applied as body forces at each disk,
are functions of the average axial velocity across the disk
(Udisk)- The derivation of these functions is discussed further
in Sect. 2.3.

This model for wind farm flows has been validated against
field observations related to wake and/or blockage effects at
17 wind farms, including those publicly reported in Bleeg
et al. (2018, 2024) and Montavon et al. (2021, 2023, 2024).
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Figure 1. Simulation domain with the ground surface colored by elevation (m).
2.2 Terrain definition and domain 1
There are two primary terrain types in this study: flat and hill. é
In flat simulations, the ground elevation is uniformly equal bt i
to O m. In hill simulations, the ground elevation is a stretched §
Witch of Agnesi function (Eq. 1) extruded north and south to 2067
create a quasi-2D hill in the 3D RANS simulation. The height §
of the hill, A, is 370 m, and the base of the hill is at z =0 m. S04t
The half-height, half-width of the hill, a, is 2100 m in all E
hill cases but one, where a is set to 1050 m. The maximum £ o2l
slopes of these two hills are 6.5 and 12.9°, respectively. The §
flow does not separate from the ground surface in any of the 3 | ‘ . i
simulations run with these hills. The study also includes a 0 5 10 15 20 25

valley terrain type, with the valley being a mirror image of
the quasi-2D hill (h; = —370m).

hea?

a’+x? )

The computational domain, depicted in Fig. 1, is large
compared to the scales of the wind farm and hill profile. The
length of the domain is 100 km, with the western boundary at
x = —60km and the eastern boundary at x =40 km; the cen-
ter of the quasi-2D terrain feature is at x = 0 km. The width of
the domain is 40 km with the northern boundary at y =20 km
and the southern boundary at y = —20km. The top boundary
is at z =17 km. The wind direction at hub height is approxi-
mately 270°, and the geostrophic wind is from the northwest.
Thus, the western and northern boundaries are inflow bound-
aries, where we specify velocity, turbulence quantities, and
potential temperature. The southern and eastern boundaries
are outflow boundaries, where we specify static pressure. The
top boundary is a slip wall set to a constant potential temper-
ature. The bottom, ground boundary is a no-slip wall with a
uniform aerodynamic roughness length of 0.028 m and a con-
stant potential temperature of 283 K. The ground elevation
is smoothed near the north and south boundaries, consistent
with the standard practice for simulating flow over terrain
with this RANS model.

Zground =

2.3 Wind farm and turbine definitions

The idealized wind farms are organized in rows. Each row
has 34 turbines, and the hub-to-hub spacing between neigh-
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Figure 2. Nominal power and thrust coefficient curves for the wind
turbine model simulated in the idealized wind farms.

boring turbines is two rotor diameters (2 D). The rows are
north to south, perpendicular to the flow, and located either
atop the hill crest, 15 D downstream of the crest, or 15 D up-
stream of the crest. The inter- and intra-row spacing is in-
tended to be representative of wind farms in places with one
dominant wind direction sector or two opposing dominant
sectors. At these wind farms, the spacing between turbines in
a row is typically 1.5 to 3.0 D; the distance between rows is
typically 10 to 20 D. Such wind farms are common in Brazil,
Chile, the US Southern Plains, the western US, and the Tai-
wan Strait. Tight spacing between turbines is also common
when a wind farm is located along a ridgeline.

The turbine model has a hub height of 115 m, a rotor di-
ameter of 160 m, and a rated power of 5.1 MW. The Ct and
Cp curves, depicted in Fig. 2, are from the IEA-3.4-130 on-
shore reference turbine (Bortolotti et al., 2019).

These curves, which are functions of hub-height
freestream wind speed, must be converted to functions of
Uliisk to be used in the wind farm simulations. We make the
conversion using a procedure similar to that described in van
der Laan et al. (2014). It involves running single-turbine sim-
ulations in flat terrain over a set of wind speeds spanning
the operating range of the wind turbine. In these simulations,
where hub-height freestream wind speed is known, the actu-
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ator disk forces are set according to the original performance
curves (Fig. 2). At the end of each simulation, we record
Ugisk.- The outcome of this procedure is a set of curves for
power, thrust, and rotor speed specified as functions of Ugigk.
These curves form a look-up table used to control the actu-
ator disks during wind farm simulations and to support the
post-processing of the results. We refer to this table as the
turbine performance look-up table. This procedure is used to
generate the turbine performance look-up tables for both the
idealized and the real wind farm simulations.

The table includes an additional column: effective wind
speed, Ue. For a given value of Ugisk and corresponding val-
ues of thrust and power, U, is the wind speed that yields
the same power and thrust when using the original Ct and
Cp curves. We use this quantity to help analyze the RANS
results in Sect. 3.1.

2.4 Atmospheric conditions

The atmospheric conditions in the idealized wind farm simu-
lations feature stable stratification overlying a neutral bound-
ary layer. The stratification starts with a capping inversion
approximately 600 m thick with a maximum potential tem-
perature lapse rate of 10 Kkm™'. The free atmosphere above
has a potential temperature lapse rate of 3.3 Kkm™'. Nearly
all the conventionally neutral boundary layers simulated in
this study use one of the two inflow potential temperature
profiles depicted in Fig. 3. The primary difference between
the profiles is z;, the altitude at which the inversion starts. In
one profile, z; is 640 m; in the other, z; is 960 m. We use a
single-column (one-dimensional) RANS model to generate
velocity and turbulence profiles that are in quasi-equilibrium
with the prescribed potential temperature profile, given in-
puts such as latitude (=43°), aerodynamic roughness length
(=0.028 m), and geostrophic wind speed. In each case, the
geostrophic wind speed is set such that all the turbines in the
simulated wind farm operate on the flat part of the Ct curve.
The inflow profiles of velocity and turbulence are uniform
above the inversion.

2.5 Mesh

The vertical spacing of the prismatic cells used to resolve
the boundary and inversion layers relaxes from a cell height
of 2 m at the ground to a cell height of 92 m or less at the top
of the inversion layer. Above the inversion, the mesh further
relaxes to isotropic cells with centroid spacings of approxi-
mately 200 m.

The horizontal mesh resolution is highest near the wind
farm. The cell spacing is no more than 0.1 D within 12 rotor
diameters of any turbine up to a height of 335 m. The cell
spacing in close proximity to the actuator disks is 0.05 D.

https://doi.org/10.5194/wes-11-2695-2026
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Figure 3. Inflow vertical profiles of potential temperature.

2.6 Wind farm and turbine performance metrics

The ultimate aim of this study is to better understand whether
and to what degree terrain influences wind farm and turbine
performance. The primary performance metric for the wind
farm is array efficiency, which is defined as follows:

Y Pwrk
lecvzl P

Here, Pwr is the power from turbine k when simulated
in the wind farm, and Pjy is the power from turbine k£ when
simulated in isolation. The terms array efficiency and wind
farm efficiency are used interchangeably in this paper. We
also refer to n as a turbine interaction loss factor. The percent
turbine interaction loss, L, is simply 100 % x (1 — n).

Reliably calculating the values in Eq. (2) requires results
from three types of simulations: wind farm (all actuator disks
on), freestream (all actuator disks off), and isolated turbine
(one actuator disk on). All three types are run for each com-
bination of simulated terrain, atmosphere, and turbine lay-
out — using the same domain, mesh, and boundary condi-
tions. The wind farm simulation yields the Pwg x values. To
get the Py values, we could run an isolated turbine simu-
lation at each turbine location in the wind farm layout, but
this is not necessary. Instead, we run a subset of the turbines
in isolation, typically four turbines — one simulation per tur-
bine. Using results from the freestream simulation together
with the isolated turbine results, we can determine the rela-
tionship between the freestream conditions and Uj;sk for the
isolated turbines. This enables reliable estimation of Ugsky ¢
and, in turn, P for every turbine. As will be discussed in
Sect. 3.3, the relationship between freestream conditions and
Udiskr « can be sensitive to the position of the turbine relative
to the hill profile, so when simulating two rows on a hill, two
sets of isolated turbine simulations are needed — one for each
row.

n ()
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Figure 4. Top view of the percent change in wind speed relative to freestream at hub height for the flat (a), hill windward (b), and hill
leeward case (c). Magenta lines are ground elevation contours; the hill crest is located between the two solid magenta lines.

The primary turbine performance metric is power coeffi-
cient:

P
Cr=1 -7
2PAUL, gisk

o]

3

Here, P; is the power from a turbine simulated in isola-
tion, p is the density, and A is the swept area of the rotor.
Uxo.disk 1s the axial component of velocity averaged over the
disk in the freestream simulation. Cp values reported herein
correspond to an average of the isolated turbine simulations
run for any given terrain—atmosphere—turbine-row combina-
tion. Note that there are two types of power coefficient dis-
cussed in this paper: calculated and nominal. When referring
to calculated power coefficient values (i.e., those from Eq. 3),
Cp is italicized. When referring to a nominal power coeffi-
cient curve or a value from that curve, Cp is not italicized.

The power values used in Eqgs. (2) and (3) are not the dot
product of thrust and velocity at the actuator disk; the power
instead derives from Ujyjsx and the turbine performance look-
up table.

3 Results

Here we present the simulation results, dividing them into
four sections. Results from the idealized two-row wind farms
and idealized single-row wind farms are in Sect. 3.1 and 3.2,
respectively. These sections focus on the impact of terrain
on wakes, wind farm blockage, and turbine interaction loss.
The third section, Sect. 3.3, presents results from turbines
simulated in isolation and focuses on the impact of terrain on
the near wake, turbine blockage, and turbine efficiency (Cp).
Results from simulations of a real wind farm are in Sect. 3.4.

This Results section includes many plots of and references
to “wind speed” and “pressure”. Here, wind speed is the hor-
izontal component of velocity. Pressure is relative pressure.
This relative pressure is equal to the absolute pressure minus
the pressure field in balance with both the geostrophic Cori-
olis force and the inflow potential temperature profile. This
section also includes many references to height, which here
means the vertical distance above the local ground level. For
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example, a hub-height surface is one where all points on the
surface are 115 m directly above the local terrain.

3.1 Two-row wind farms

We simulate three different two-row wind farms: flat, hill
windward, and hill leeward. The turbines in each row are ar-
ranged south to north, with the second row directly to the east
of the first row. The x component of the distance between
the rows is 15 D. In the flat case, the wind farm operates in
flat terrain. In the hill windward case, the first row is on the
windward side of the hill and the second row is on the crest.
In the hill leeward case, the first row is on the crest and the
second row is on the leeward side of the hill. The hill wind-
ward and hill leeward cases are run with the same inflow con-
ditions. In the freestream simulations, the hub-height wind
speed is 9ms~! at the crest, 6.2ms™! 15 D upstream of the
crest, and 6.8 ms~! 15 D downstream of the crest. In the flat
case, the freestream hub-height wind speed is 9 m s~ ! across
all turbine locations. In all three cases, z; =960 m.

Terrain has a significant impact on wake recovery and up-
stream blockage effects in these simulations. This can be
seen in Fig. 4, which shows on hub-height surfaces the per-
cent change in wind speed due to the presence of the wind
farm (flow is from left to right, as is the case in all top-view
plots in this paper). The wakes downstream of the hill wind-
ward and hill leeward wind farms are clearly deeper than in
the flat case. In addition, the upstream slowdowns are more
pronounced and far-reaching in the hill cases, especially the
hill leeward case. Finally, a close look at Fig. 4 reveals that
the wakes in between the two rows are deeper in the hill lee-
ward case than in the hill windward case — with the flat case
in between. The case-to-case differences in the wakes from
the first row can be seen more clearly in Fig. 5, which shows
the percent change in wind speed relative to freestream on a
vertical plane 2.5 D upstream of the second row.

The wake and blockage trends in Fig. 4 are reflected in the
row-by-row performance. This can be seen in Fig. 6. The first
row in the hill leeward case is less efficient than the first row
in the hill windward case, which is less efficient than that first
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Figure 5. Percent change in wind speed relative to freestream on a vertical plane located 2.5 D upstream of the second row in the flat (a),
hill windward (b), and hill leeward cases (c). Dashed lines demark the rotor layer (heights of 35 and 195 m). The thin white lines indicate the
height of the maximum wind speed deficit for each constant-y gridline in the discretized solution.
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Figure 6. Turbine interaction loss factor, 7, by row (a); turbine interaction loss factor normalized by the turbine interaction loss factor for

the first row (b).

row in the flat case. This order is consistent with the apparent
strength of the upstream blockage effects in Fig. 4. The hill
leeward case also has the least efficient second row; the hill
windward case has the most efficient second row. The effi-
ciency of the second row relative to the first row is clearly
very sensitive to terrain, as highlighted in Fig. 6b. A sig-
nificant contributor to this efficiency trend is differences in
streamwise pressure variation.

The hill induces substantial streamwise pressure gradients
in the vicinity of the wind farm. Figure 7 shows how the
freestream pressure varies along the hill profile (flow is from
left to right, as is the case in all similar plots in this paper).
The pressure gradient is favorable on the windward side of
the hill and generally unfavorable (adverse) on the leeward
side. As discussed in the Introduction, FPGs promote wake
recovery; APGs do the opposite. The wakes from the first
row in the hill windward case travel through a favorable pres-
sure gradient before reaching the second row. The pressure
drop between these rows accelerates wake recovery, and as
a result, the second row experiences less turbine interaction
loss. The wakes from the first row in the hill leeward case
travel primarily through an APG, deepening the wakes and
increasing the turbine interaction loss in the second row. The
freestream streamwise pressure gradient in the flar case is
negligible, and the turbine interaction loss in the second row
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Figure 7. Freestream pressure coefficient along the hill profile at
hub height in the middle of the domain (y =0 m) for the hill wind-
ward (blue) and hill leeward (red) cases. The pressure coefficient
is relative to conditions at the hill crest. The thin black line is the
hill profile. Turbine icons matching the legend colors represent the
locations of the turbine rows for each case.

relative to the first naturally falls between the two other cases
(Fig. 6b).

Terrain can also affect the trajectory of a wake. In the hill
leeward case, the wakes from the first row are clearly higher
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than in the other two cases (see Fig. 5). The wakes from the
first row in the hill windward case are slightly lower than
those in the flat case. These differences must have some ef-
fect on the turbine interaction loss trends in Fig. 6, but the
effect is probably small compared with the effect of the wake
deficit differences evident in Fig. 5. The average deficit along
the maximum-deficit white lines in Fig. 5 is 12 % for the flat
case, 9.6 % for the hill windward case, and 19.5 % for the
hill leeward case. When these deficits are run through the tur-
bine power curve, they translate to power loss factors of 0.68,
0.74, and 0.52, respectively. These trends strongly resemble
the case-to-case variation in turbine interaction loss factor for
the second row, seen in Fig. 6a (0.74, 0.81, and 0.57, respec-
tively), suggesting that despite some differences in the ver-
tical positions of the wakes between the cases, differences
in the magnitudes of the wake deficits still appear to be the
main driver behind the power loss trends across these simu-
lations. The effect of terrain on wake trajectory may be more
important at wind farms located in more complex terrain.

Terrain can also affect turbulence, which influences wake
recovery. The mean freestream turbulence intensity (TI)
across the disk areas in the flar case is 8.6 %. For the hill
windward case, the freestream TI is 7.5 % at the first row
and 4.9 % at the second row. For the hill leeward case, the
freestream TI is 4.9 % at the first row and 8.6 % at the second
row. In an effort to better understand the relative contribu-
tions of turbulence and pressure to the recovery of the wake
between first and second row of turbines in these three cases,
we conducted a control volume analysis (CVA) of the RANS
solutions. The following is a brief summary of the analysis;
a more complete description is in the Appendix.

The control volume corresponds to the rotor layer with the
western surface 2.5 D downstream of the first row and the
eastern surface 2.5 D upstream of the second row. The tur-
bulent transport of momentum is the primary contributor to
wake recovery in the flat case (Fig. A2a). The wind-farm-
induced pressure field, in contrast, materially works against
wake recovery between the first and second row, consistent
with findings reported in Bastankhah et al. (2024). In the hill
windward case, the turbulent transport of momentum makes
a smaller contribution to wake recovery compared with the
flat case, yet there is more wake recovery in the hill windward
case (Fig. A2b). The stronger wake recovery in this case is
primarily due to the significant pressure drop between the
west and east surfaces. In the hill leeward case, the turbulent
transport of momentum makes a smaller contribution to wake
recovery than in the flar case, consistent with the larger wake
deficits evident in the hill leeward case (Fig. A2c). However,
the trend in turbulent diffusion is not sufficient to explain the
fact that the wakes are deeper just upstream of the second
row than just downstream of the first. The significant pres-
sure rise from the western surface to the eastern surface is the
primary reason for this. Lastly, the large differences in wake
recovery between the hill windward and hill leeward cases
are not due to hill-induced turbulence, as the contributions
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of turbulence to wake recovery in these two cases are about
the same; it is instead differences in the hill-induced pressure
fields that explains the differences in wake recovery. (The re-
sults in Fig. A2 suggest that the vertical advection of momen-
tum is also a substantial contributor to wake development in
the rotor layers across the three cases; however, as explained
in the Appendix, this contribution is linked with the contri-
butions of pressure and the turbulent transport of momen-
tum). Most of the commonly used engineering models for
wind farm flow include consideration of TI, and, depending
upon the quality and fullness of the site-specific ambient TI
input data, these models may capture some of the impact of
terrain-induced turbulence changes on wake recovery. How-
ever, none of the commonly used models account for terrain-
induced pressure, which can have a large influence on turbine
wakes.

We also calculate turbine interaction loss, 100 % x (1 —1n),
for the full wind farm. The turbine interaction loss is 14.6 %
in the flat case. It is 15.8 % in the hill windward case and
18.5 % in the hill leeward case. In a typical energy yield anal-
ysis, the turbine interaction loss for a wind farm in terrain
would be estimated using an engineering model that does not
directly include the effect of terrain on wakes and blockage.
If we were to neglect the influence of ground elevation varia-
tion in this RANS-based analysis and use the flat case result
(L =14.6 %) to predict the losses for the two hill cases, the
losses would be underestimated, especially for the hill lee-
ward case. That said, in a typical energy yield analysis, the
turbine interaction loss calculation would consider how the
freestream wind speed varies over the terrain.

There does not appear to be a standard approach for in-
corporating terrain-induced spatial wind speed variations in
a wind farm flow analysis run with a model that does not
include terrain. Brogna et al. (2020) add wake deficits to the
local background wind speed. Farrell et al. (2021) and Lanzi-
lao and Meyers (2022) multiply the local background wind
speed by wind speed loss factors. Here we explore both of
these hybrid approaches using the freestream RANS solution
for the quasi-2D hill in combination with the RANS solution
for the two-row wind farm in flat terrain.

We start with the multiplicative approach used in Farrell
et al. (2021) and Lanzilao and Meyers (2022). From the flat
case analysis, we can determine the effective wind speed
experienced by each turbine relative to the effective wind
speed each turbine would experience operating in isolation
(Ue/Ue,Dfiar- We determine U, 1y, for each turbine from the
freestream and isolated turbine simulations run with the hill
terrain, as described in Sect. 2.6. Multiplying the two sets of
values yields Uepjli estimate fOr €ach turbine. As explained in
Sect. 2.3, the U, values can be used to look up power. These
power values yield hybrid hill-flat turbine interaction loss
predictions of 20.3 % for the hill windward case and 9.6 %
for the hill leeward case. These hybrid predictions are sig-
nificantly different from the loss values derived from simu-
lations of the wind farms with the terrain included. Not only
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are the errors large but the windward-to-leeward loss trend is
also dramatically reversed. Lanzilao and Meyers (2022) cau-
tioned that the multiplicative approach may not work well
when there are large variations in the background velocity,
which is the case here.

If we instead add the deficits to the local background
wind speed (Uepilt estimate = Ue,1pi; + (Ue — Ue,Dfiat), the re-
sults improve. This add-deficits hybrid approach predicts a
15.7 % loss for the hill windward case, nearly matching the
result from the actual hill windward case. The add-deficits
prediction for the hill leeward case, however, is still too low:
10.1 % vs. 18.5 % for the actual case.

These results indicate that there are pitfalls in simple hy-
brid approaches that can lead to large prediction errors; hav-
ing said that, the above examples miss an important part of
how the hybrid approach would likely work in practice. Most
engineering models for wind farm flows take in local TT as an
input, whereas in the above example, the RANS simulation
providing the wind farm flow result is run with freestream TI
that is higher than the freestream T1 levels at the turbine loca-
tions in the hill windward and hill leeward cases. Accounting
for the hill-induced spatial variation of TI would probably
improve the hybrid results — though again, the benefit would
likely be limited by the fact that hill-induced pressure gradi-
ents, which are unaccounted for in most engineering models,
have a larger influence on the case-to-case wake trends.

3.2 Single-row wind farms

We ran 28 single-row RANS-based wind farm flow analy-
ses, varying row location, terrain, and inflow conditions. Ta-
ble 1 lists the high-level results for these cases. The turbine
interaction loss, L, varies a great deal across these single-row
wind farms, from —1.8 % to 4+15.6 %. The following pages
and figures explore the RANS results in more detail in or-
der to better understand this variation and how it relates to
wakes, blockage, and terrain.

We first look at cases A—D, which are all simulated with
a z; of 960m. Differences in wake and blockage effects
across these cases can be seen in Fig. 8, which shows
top views of the percent change in wind speed relative to
freestream conditions at hub height (i.e., on hub-height sur-
faces). The wake recovery and upstream blockage effects are
much different in the cases with the hill compared with the
flat-terrain case. When the turbine row is on the crest or on
the leeward side of the hill (Fig. 8a, c), the upstream block-
age effects are much more pronounced than in the flat case
(Fig. 8d), and the wind farm wake downstream is deeper. In
contrast, when the turbine row is on the windward side of
the hill (Fig. 8b), the wind farm wake deficit is smaller than
in the flat case, and the upstream blockage effect is less pro-
nounced.

The Case A results relative to Case D are consistent with
the RANS results in the master’s thesis of Kashyap (2022),
which found that the upstream blockage effect of an infinitely
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long row of wind turbines can be stronger when the row is lo-
cated along the crest of a quasi-2D hill as compared to when
located in flat terrain.

The hub-height plots in Fig. 8 are intended to show the ef-
fect of terrain on blockage and wakes. In this section, there
are 11 of these top-view hub-height plots, which correspond
to the first 11 cases in Table 1. To supplement these plots, and
in consideration of the expected effect of terrain on wake tra-
jectory, Fig. A3 (at the end of the Appendix), shows the wake
deficits on constant-x vertical planes 8 D downstream of the
turbine row for each of the 11 cases. These plots confirm that
terrain affects the vertical trajectory of the turbine wakes, but
they also indicate that the top-view hub-height plots in this
section provide a reasonable representation of how the wake
deficits vary from case to case through the rotor layer, at least
close to the wind farm.

Figure 9 shows the percent change in wind speed rel-
ative to freestream for cases E—H; these cases are simi-
lar to cases A-D but with z; =640 m. Compared with the
z; =960 m results in Fig. 8, the case-to-case trends in wake
and blockage effects in Fig. 9 are similar but more pro-
nounced — as are the case-to-case loss trends (compare
cases E-H with cases A—-D in Table 1). The effect of grav-
ity waves is also more clearly evident in Fig. 9, especially for
the case with the row on the leeward side of the hill (Case G).
Figure 10 shows the vertical component of velocity in a side
view of the freestream solution for this case. Hill-induced
gravity waves can be seen in the figure. Despite the large
amplitude of these waves, there is no indication of gravity
waves reflecting off a boundary and polluting the results in
this case or in any of the other cases in this study.

The wind farm also induces gravity waves, a finding con-
sistent with Allaerts and Meyers (2019). Figure 11a is a
reproduction of Fig. 10 but zoomed in; Fig. 11b is from
the same case but shows the wind farm solution minus the
freestream solution, revealing the effect of the wind farm on
the vertical component of velocity. The gravity waves in-
duced by the wind farm have similar characteristics to the
gravity waves induced by the hill but with a lower amplitude
and, because the wind farm is 15 D downstream of the crest,
a different initiation point and phase.

Differences in the upstream blockage effects evident in
Figs. 8 and 9 are consistent with the differences in turbine
interaction loss across the same eight cases in Table 1. The
upstream blockage effects are, of course, the cause of turbine
interaction loss in single-row wind farms. The rest of this
subsection focuses on how terrain modulates these upstream
effects.

We begin this effort with an analysis featuring a hill that
is narrower than the baseline hill. Case I is similar to Case A
(z; =960 m with the turbines on the hill crest), but it has a
hill profile that is half as wide. Figure 12a shows the percent
change in wind speed relative to freestream for Case I, and
Fig. 12b shows the streamwise freestream pressure variation
for both the narrow hill case (Case I) and the similar baseline
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Figure 8. Top view of the percent change in wind speed relative to freestream at hub height for Case A (a), Case B (b), Case C (c¢), and
Case D (d), as defined in Table 1. Magenta lines are ground elevation contours; the hill crest is located between the two solid magenta lines.

hill case (Case A). Compared with the baseline hill, there is
a sharper pressure rise downstream of the crest of the narrow
hill case. This deepens and expands the wake downstream,
increasing the wake blockage, which appears to contribute to
an increase in the upstream blockage effect and, in turn, a
larger loss for the narrow hill case.

The concept of wake blockage is well known among those
who conduct wind tunnel experiments, but it is seldom dis-
cussed in the wind energy community. Blockage is an ob-
struction causing oncoming flow to diverge from the path it
would otherwise take. The obstruction need not be solid — a
local region of relatively slow-moving flow can have a sim-
ilar effect. In this discussion, the slow-moving flow feature
is the wind farm wake. According to the continuity equation,
the presence of the wind farm wake means that flow must di-
verge and slow upstream. Because hill-induced streamwise
pressure gradients affect the wind speed in the wake and
the size of the wake, it also affects how much oncoming
flow is deflected relative to freestream conditions. This de-
flection cannot happen discontinuously. It happens over a
distance, a distance that could include locations upstream
of the wind farm. In other words, according to this theory,
wake blockage, which can be modified by streamwise pres-
sure gradients, influences the blockage-related slowdown up-
stream of the wind farm. These slowdowns in turn affect the
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wind speeds experienced by the turbines and the turbine in-
teraction loss. A similar theory was put forward in Revaz
and Porté-Agel (2024) to explain the effect of streamwise
pressure gradients on the induction of an individual turbine;
however, to our knowledge, the theory has not, until now,
been applied to wind farm blockage in terrain. This theory
is not a complete explanation: there are likely other terrain-
induced influences on upstream blockage effects. Neverthe-
less, it does appear to explain some of the terrain-related
blockage trends in the single-row results.

We also analyzed two valley cases: Case J and Case L. The
valley is a mirror image of the baseline hill, and the row is
on the leeward side of the valley, 15 D downstream of the
minimum elevation of —370m. The altitude where the in-
version starts, z;, is 640 m. The main difference between the
two cases is the prescribed geostrophic wind speed, which
is 13.4ms~! for Case J and 16.2ms~! for Case L. Fig-
ure 13a shows the percent change in wind speed relative to
freestream for Case J, and Fig. 13b shows the streamwise
variation of freestream pressure at hub height along the ter-
rain profiles for the two valley cases as well as for the hill
case with the same z; and turbine row location (Case G).
The background streamwise pressure gradient near the tur-
bine locations in Case J is clearly favorable, in sharp con-
trast to the hill case. This contributes to a huge difference in
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Table 1. Case descriptions and performance values from the 28 single-row wind farm analyses. Uj, is the hub-height wind speed at the
inflow boundary; Wy is the geostrophic wind speed; and Cp wr is the wind farm power coefficient.

Case Terrain Row Z; Uin Wg  Usodisk Tloo,disk L Cp Cp,wF

location [m] [ms™!] [ms~!] [ms™ 1] [%] [%] (=nCp)
A Hill Crest 960 5.7 6.6 9.0 4.9 6.94 0.446 0.415
B Hill Windward 960 7.9 9.4 8.1 79 =027 0456 0.458
C Hill Leeward 960 6.8 8.0 9.0 6.8 9.31 0421 0.382
D Flat n/a 960 9.0 10.8 8.9 8.6 146 0444 0.438
E Hill Crest 640 5.4 6.2 9.0 42 10.75 0.445 0.397
F Hill Windward 640 8.0 9.4 7.7 8.1 —0.01 0456 0.456
G Hill Leeward 640 6.1 7.0 8.6 6.3 1561 0.408 0.345
H Flat n/a 640 9.1 10.9 9.0 8.4 323 0442 0.428
I Narrow hill ~ Crest 960 5.7 6.6 9.4 5.1 8.97 0.437 0.397
J Valley Leeward 640 11.0 13.4 6.3 17.5 —1.80 0.477 0.485
K Hill Leeward 960 5.7 6.6 6.5 8.9 3.57 0421 0.406
L Valley Leeward 640 12.9 16.2 8.0 15.9 1.38 0.461 0.455
Flat590 Flat n/a 590 8.9 10.7 8.7 8.3 3.82 0442 0.425
Flat270 Flat n/a 270 8.9 11.3 8.7 7.7 8.42 0434 0.397
A** Hill Crest 960 5.7 6.6 7.0 6.6 1.29 0443 0.437
D** Flat n/a 960 9.0 10.8 8.9 86 —036 0447 0.448
Grp A, 1 Hill 55.0D 640 8.0 94 8.3 12.6 5.34  0.450 0.426
Grp A,2 Hill 58.8 D 640 8.0 9.4 8.0 12.4 746 0445 0.412
Grp A,3 Hill 62.5D 640 8.0 9.4 7.4 13.1 7.18 0.441 0.411
Grp A, 4 Hill 73.8D 640 8.0 94 6.1 144 0.19  0.460 0.458
Grp A,5 Hill 783D 640 8.0 94 6.6 132 —0.74 0.464 0.467
Grp A,6 Hill 82.8D 640 8.0 9.4 7.2 11.8  —0.02 0.461 0.461
GrpB,1 Hill 110.0D 640 8.0 94 7.1 10.9 1.64 0455 0.448
GrpB,2 Hill 117.5D 640 8.0 94 7.6 9.9 2.01 0454 0.445
GrpB,3 Hill 125.0D 640 8.0 9.4 7.6 9.7 3.77  0.450 0.433
GrpB,4 Hill 147.5D 640 8.0 9.4 7.6 9.2 2.00 0453 0.444
GrpB,5 Hill 156.6 D 640 8.0 94 7.9 8.6 3.84 0447 0.430
GrpB,6 Hill 165.6 D 640 8.0 9.4 7.4 9.1 376 0.445 0.429

n/a: not applicable.

the wind farm wake (compare Fig. 13a with Fig. 9c). Again,
we believe this difference in the wakes feeds back and con-
tributes to significant differences in the effect of blockage
upstream. This simple narrative is incomplete. In this in-
stance, for example, other contributors to the differences in
the wind farm wakes between the two cases include large
differences in background turbulence levels as well as dif-
ferences in blockage itself. Fully isolating causes and ef-
fects in such a fluid dynamic system is often not straight-
forward. Nevertheless, we can definitively state that the dif-
ference in blockage-related upstream slowdowns causes the
large difference in the turbine interaction loss between the
two cases: 15.6 % for the hill case and —1.8 % for this val-
ley case, a turbine interaction gain. The faster flow in Case L
responds differently to the terrain compared with Case J, re-
sulting in a mild adverse pressure gradient in the background
flow near the turbines (Fig. 13b) and a higher turbine interac-
tion loss (+1.4 % vs. —1.8 %). The difference in freestream
streamwise pressure gradients across the three cases also
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contributes to differences in the turbine efficiency (Cp), as
discussed in Sect. 3.3.

The effect of inflow wind speed on turbine interaction
loss is also evident in the hill simulations. Case K is simi-
lar to Case C but runs with a lower geostrophic wind speed
of 6.6ms~! compared with 8.0ms~! in Case C. This dif-
ference in wind speed results in a very different predicted
loss (see Table 1). Figure 14a shows percent change in wind
speed relative to freestream for Case K, and Fig. 14b shows
the streamwise variation of freestream pressure along the hill
for Case K and Case C. The phase and wavelength of the
freestream gravity waves in the lee of the hill are clearly dif-
ferent between these two cases, with the lower wind speed
case exhibiting hill-induced gravity waves with shorter wave-
lengths. The differences in the gravity waves contribute to
differences in the streamwise variation of pressure in the lee
of the hill. The streamwise pressure gradient at the turbine
row is about the same between the two cases, but there is a
greater pressure rise further downstream in Case C. This will
contribute to a deeper wake. The fact that the wind farm wake
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Figure 9. Top view of the percent change in wind speed relative to freestream at hub height for Case E (a), Case F (b), Case G (c), and
Case H (d), as defined in Table 1. Magenta lines are ground elevation contours; the hill crest is located between the two solid magenta lines.
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Figure 10. Case G, side view of the vertical component of freestream velocity [m s~ ! near the middle of the domain (y = 160 m).

in Case K is not as deep or thick compared to Case C may
contribute to differences in the upstream blockage effect. In
this way, hill-induced gravity waves indirectly contribute to
upstream slowdowns. Gravity waves, and more generally the
response of stratified flow to the hill and the turbines, may
also affect these slowdowns more directly — as will be dis-
cussed later in this section.

We ran additional simulations in order to further explore
the various influences on turbine interaction loss in single-
row wind farms. Twelve of the additional single-row anal-
yses were run using the Case F inflow conditions and ter-
rain. Gravity waves in this case induce significant stream-
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wise pressure variations, even on the relatively flat terrain
downstream of the hill. This can be seen in Fig. 15, which
also shows the locations of the 12 additional single-row wind
farms. The Group A wind farms correspond to locations
where there are large local variations in the background pres-
sure. The Group B wind farms are further downstream and
generally correspond to locations where the local variations
in pressure are smaller.

Also, two additional analyses were run on flat terrain, each
with a lower inversion height (z; =590 m and z; =270 m).
Finally, Case A and Case D were rerun with the buoyancy
term in the vertical momentum equation zeroed out.
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to conditions at the hill crest, where the wind turbines in the corresponding wind farm simulations are located. The thin black lines depict the

two hill profiles.

Plotting array efficiency vs. freestream pressure coefficient
for all these cases provides insight into the physical influ-
ences on blockage-related upstream slowdowns. The pres-
sure coefficient in Fig. 16 is equal to the pressure difference
between the turbine row location and 8 D downstream, nor-
malized by the dynamic pressure at the row location — with
all values coming from the freestream simulation. There is a
correlation between the freestream pressure coefficient and
the array efficiency in Fig. 16. The correlation coefficient
is —0.74, which translates to an r? of 0.54 for a linear re-
gression of the data (2 is 0.61 when the two results without
buoyancy are removed). The correlation does not materially
improve when using different locations to calculate the pres-
sure coefficient.

The trend across the flat-terrain cases (black symbols) is
different from the overall trend in that there is significant
variation in loss across the flat cases despite hardly any vari-
ation in the freestream pressure coefficient. As the inver-
sion gets lower in the flat cases, the slowdown upstream
of the single row becomes more pronounced and the array
efficiency decreases, a trend consistent with the results re-
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ported in Bleeg and Montavon (2022). This finding suggests
that there may be more influencing upstream slowdowns in
single-row wind farms than just streamwise pressure varia-
tion in the background flow and its impact on wakes.

The trend across the flat cases may partially explain the
trend across the crest cases (light blue), which also deviates
from the overall trend. For example, in Case E, where the row
is on the crest and z; is 640 m, the freestream pressure drop
between the row location and 8 D downstream is negligible,
yet the upstream blockage effect is very strong (Fig. 9a), and
the array efficiency is lower than the efficiencies in all but
one of the other cases. Note that in this case the height of the
inversion above the ground at the hill crest is comparable to
the height of the inversion in the flat case with z; =270 m.
The physical processes that contribute to the large upstream
blockage effects in the flat case with z; =270 m may also
contribute to the large blockage effects in Case E. These pro-
cesses probably influence the blockage effects in the other
cases too.

These physical processes likely relate to the response of
stratified flow to an obstacle, which in this study is a row
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of turbines. A non-dimensional number relevant to upstream
blockage effects is the local Froude number, which we define
as follows:

UBL

v & hiny ’

where hipy is the vertical distance between the ground and
the altitude where the vertical gradient of the potential tem-
perature is at a maximum. ugy, is the average of the x compo-
nent of velocity below hiyy. Finally, g’ is the reduced gravity
defined as g’ = gA6/6y, where g is the acceleration due to
gravity (9.81 ms™2), A@ is the change in potential tempera-
ture across the inversion (5 K), and 6y is the reference poten-
tial temperature (286 K). The inputs to Eq. (4) come from the
freestream simulations.

Fr

“
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The Froude number as defined above represents the ra-
tio of the local wind speed to the wave speed along the in-
version. As the freestream local Froude number increases
and approaches 1.0 in these simulations, the upstream ef-
fect of a turbine row introduced to the flow generally in-
creases, causing the efficiency of the row to decrease. This
can be seen in Fig. 17, which shows array efficiency vs. lo-
cal Froude number for all the cases except for the two cases
with buoyancy zeroed out of the vertical momentum equa-
tion. There is a strong correlation between Froude number
and single-row efficiency for the flat cases (black symbols).
Across the other cases, a correlation is still present, but it is
not as strong. The correlation coefficient, r, across all cases
is —0.68. A multi-variable linear regression of the wind farm
efficiency data with local Froude number and pressure coef-
ficient as independent variables yields an r2 value of 0.76,
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which is significantly higher than the r> values from sepa-
rate single-variable linear regressions of the efficiency data
(r? is 0.47 when using local Froude number and 0.61 when
using pressure coefficient). The efficiency trends may corre-
late better with different or additional independent variables.
For example, vertical shear likely influences 7 as it did in
Bleeg and Montavon (2022). Turbulence might also affect
blockage and 7 via its influence on wake recovery: the cor-
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relation coefficient between freestream turbulence intensity
and 7 for these cases is +0.58, with r2=0.33 (if the two
zero-buoyancy cases are included, the correlation coefficient
is 40.51, with 2 =0.26). In any case, the inviscid response
of the stratified flow to terrain and the turbine row appears to
have a significant influence on the upstream blockage effect
in these simulations. Underlining this point, if we turn off the
buoyancy in the vertical momentum equation (diamond sym-

Wind Energ. Sci., 11, 2695-2721, 2026




2710

J. Bleeg and C. Montavon: The influence of terrain on wakes, blockage, and efficiency

<|x

A

Group A
Group B
Case A, crest zi=960m

<0

Case E, crest zi=640m
Case |, crest zi=960m
Case C, leeward zi=960m
0.9 A casek, leeward 2=960m
Case G, leeward zi=640m

-+

Case B, windward zi=960m
Case F, windward zi=640m
Case D, flat zi:960m

Case H, flat zi=640m

flat zi=590m

flat zi=270m

Case J, valley zi=640

Array efficiency (turbine interaction loss factor)
X

» 0O+ x

Case L, valley zi:640

0.8 I I | |
0.5 0.55 0.6 0.65 0.7

0.75 0.8 0.85 0.9 0.95 1

Freestream Froude number at row location

Figure 17. Array efficiency vs. local freestream Froude number for all single-row cases with buoyancy in the momentum equation.

bols in Fig. 16), the upstream blockage effect decreases and
the row efficiency increases, especially for Case A, where
the row is on the hill crest. That said, even with the buoy-
ancy turned off, blockage effects and array efficiency are still
sensitive to terrain (the n difference between the two zero-
buoyancy cases is 1.65 %). So while buoyancy is a primary
contributor to the effect of terrain on blockage in this study,
it clearly is not the only contributor.

3.3 Turbine performance

Not only can terrain influence wind farm efficiency, but it can
also affect turbine efficiency. The nominal Cp level for the
simulated turbine is 0.445 when the hub-height freestream
wind speed is between 6.1 and 9.6ms~! (Fig. 2). Even
though the simulated turbines in this study operate within
this wind speed range, the Cp values derived from the results
using Eq. (3) can depart significantly from 0.445. In Table 1,
the Cp values vary between 0.408 and 0.477.

Turbine power is traditionally seen as a function of
freestream conditions, but in fact it is more directly a func-
tion of the wind conditions at the rotor face during turbine
operation. It is the conditions at the rotor face that determine
the loads on the blades and in turn the rotor thrust and torque.
The actuator disks in this study behave similarly: thrust and
torque are functions of wind conditions at the disk when the
actuator disk is on. The power coefficient, Cp, is the ratio be-
tween the power of a solitary turbine and the flux of kinetic
energy passing through the rotor area when the turbine is not
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there. Cp varies substantially across the different cases in
this study, implying that terrain can change the relationship
between the freestream conditions and the conditions at the
rotor disk. More specifically, it can affect induction factor. If
terrain leads to an increase in the induction factor, the wind
speed at the turbine rotor face decreases, decreasing power
relative to the freestream kinetic energy flux. In other words,
for a given turbine model, an increase in induction factor re-
duces Cp.

Variations in induction factor and power coefficient are
perhaps more commonly associated with wind turbine de-
sign changes. Here, rather, we claim that for a given tur-
bine design, external factors such as terrain-induced stream-
wise pressure variations can affect induction factor and
thereby Cp. Figure 18 plots Cp against freestream pres-
sure coefficient for the cases in this study. This time the
pressure coefficient is between the turbine row locations
and locations 3 D downstream (instead of 8 D). There is a
correlation between Cp and the freestream pressure coef-
ficient (r = —0.78), suggesting that streamwise variation in
the background freestream pressure across the near wake
may influence Cp. We believe the mechanism is similar
to that described in the previous section and in Revaz and
Porté-Agel (2024): streamwise variations in the background
pressure affects the depth and size of the near wake and
in turn the amount by which oncoming flow deflects rela-
tive to freestream conditions. The amount by which the on-
coming flow deflects directly connects with induction and
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thereby Cp. As discussed in the Introduction, many other re-
searchers have identified a connection between streamwise
variation in the background (freestream) flow and turbine ef-
ficiency, using both simulations (Troldborg et al., 2022; Zen-
gler et al., 2024; Revaz and Porté-Agel, 2024) and wind tun-
nel experiments (Dar et al., 2023).

The factors influencing Cp in this study do not appear to
be limited to terrain-induced streamwise pressure variations.
Within narrow bands of freestream pressure coefficient there
are significant differences in Cp in Fig. 18. Across the flat
cases, where pressure coefficient deviates little from zero,
turbine efficiency decreases as z; decreases, though not as
dramatically as the wind farm efficiency in Fig. 16. It is
possible that stratification above the boundary layer affects
turbine blockage and contributes to the Cp trend in the flat
cases and other cases. But there are likely other contributors:
Dar et al. (2023) and Revaz and Porté-Agel (2024) also show
clear but imperfect correlations between Cp and streamwise
pressure variation, but in these studies, the other contributors
to Cp variation cannot be related to stable stratification, as
the flows are purely neutral, with no buoyancy.

3.4 Areal wind farm

The results presented so far have been from simulations of
notional wind farms in conventionally neutral boundary lay-
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ers on idealized terrain. The results in this subsection are
from simulations of a real wind farm with inflow atmospheric
conditions derived from the output of a mesoscale model.
The subject wind farm has 94 modern wind turbines orga-
nized in rows atop ridgelines, as depicted in the elevation
map in Fig. 19. The spacing between turbines is tight, with
hub-to-hub distances as low as 1.5 D. The north, south, east,
and west domain boundaries are at least 16 km from the tur-
bines, and the top boundary is 17 km above the maximum
ground elevation in the simulation.

Results from the Weather Research and Forecasting
(WRF) model run with the Mellor—Yamada—Jancic (MYJ)
boundary layer scheme over a full year were used to inform
the RANS inflow boundary conditions. We started with a
time series of vertical profiles extracted from the WRF output
at a location approximately coincident with the east bound-
ary of the RANS model. We then filtered the time series of
profiles for eastern flows and divided the remaining records
into two batches — one corresponding to unstable surface con-
ditions and the other corresponding to stable surface con-
ditions. For each batch of records, we derived a single set
of profiles (potential temperature, velocity, and turbulence
quantities) intended to represent the average conditions in
the batch. The inflow potential temperature profiles for the
RANS simulations are shown in Fig. 19b and c. The profiles
in Fig. 19b were used in the simulations of the wind farm on

Wind Energ. Sci., 11, 2695-2721, 2026




2712

1500

1400

- 1300

1200

1100

1000

700

600

J. Bleeg and C. Montavon: The influence of terrain on wakes, blockage, and efficiency

3000

stable
== = unstable

2500

2000

E 1500
N

1000

500
(b)
0

275 280 285 290 295
potential temperature [K]

3000

stable
== = unstable

2500

2000

E. 1500
N

1000

500

0
275 280 285 290 295

potential temperature [K]

Figure 19. Elevation map and turbine layout (a), inflow potential temperature profiles for the real-terrain simulations (b), and inflow potential
temperature profiles for the flat-terrain simulations (c). Light-blue dots on the map represent turbines that were also simulated in isolation in

both unstable and stable conditions.

real terrain. The profiles in Fig. 19c were used in the sim-
ulations of the wind farm layout on flat terrain. The inflow
wind speed levels were set such that the turbines across all
the cases experience similar wind speeds. This can be done
while maintaining the same potential temperature profiles for
the flat and real terrain cases when the simulated bound-
ary layer is unstable; however, in our approach to simulating
stable boundary layers (Bleeg et al., 2015a), the differences
in the inflow wind speeds between the flat and real terrain
cases necessitate somewhat different potential temperature
profiles.

The unstable potential temperature profile does not include
a superadiabatic lapse rate in the surface layer. We do this to
avoid the occurrence of thermal convections in the solution,
as convective structures resolved by a RANS model would
likely be spurious. We instead simulate the unstable bound-
ary layer as a conventionally neutral boundary layer but with
additional turbulence source terms designed to represent the
impact of convections on turbulence, and in turn the mean
flow. The source terms are based on similarity theory (Vulf-
son and Nikolaev, 2022), with the main inputs being ground
heat flux and the height of the boundary layer (158 Wm™2
and 1000 m in this case). Bleeg et al. (2023) provide more
information on this approach to simulating unstable bound-
ary layers in RANS.

Wind Energ. Sci., 11, 2695-2721, 2026

The average freestream hub-height wind speed across the
turbines in all these simulations is approximately 8 ms~!.
The average wind direction is 80°. Figure 20 depicts the re-
sults from these simulations.

In the real-terrain results (Fig. 20a, c), the wakes down-
stream of the wind farm are generally deeper at hub height
than the wakes in the flat terrain results (Fig. 20b, d). The
blockage-related upstream slowdowns in real terrain are also
more pronounced, with the slowdowns greater in the simula-
tions of the stable boundary layer than the unstable boundary
layer for both real and flat terrain. The loss trends between
the cases reflect the difference in upstream blockage effects.
In both unstable and stable conditions, the turbine interac-
tion loss is about 4 % greater in real terrain than in flat terrain
for the simulated conditions. In unstable conditions, the pre-
dicted loss is 5.3 % in real terrain and 0.9 % in flat terrain. In
stable conditions, the loss is 16.5 % in real terrain and 12.4 %
in flat terrain. Note that the loss predictions in this paper cor-
respond to the simulated conditions only; if the turbine inter-
action analysis considered the full range of atmospheric con-
ditions at this wind farm, particularly the wind speed distri-
bution, the predicted blockage-related losses would be much
lower.

It is somewhat less straightforward to assess the effect of
terrain on turbine efficiency in this case compared with the
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idealized cases. This is due to the variability of the terrain in
combination with the fact that, unlike the Cp curve in Fig. 2,
the Cp curve of a real wind turbine is not constant over a
wide range of wind speeds. That said, the maximum varia-
tion along the nominal Cp curve between 7 and 9ms~! is
just 1 %. In the following discussion, this operating range is
labeled the “nearly flat” part of the nominal Cp curve (again,
the nominal Cp curve informs the Ugjsk-based turbine per-
formance look-up tables used in the simulations). We simu-
lated 8 of the 94 turbines in isolation; these turbines, which
are spread across the wind farm, are highlighted with light-
blue dots in Fig. 19a. When simulated on the real terrain,
whether in the stable or unstable conditions, 6 of the 8 soli-
tary turbines end up on the nearly flat part of the nominal
Cp curve. In stable conditions, the two northernmost isolated
turbines are outside the nearly flat range, and in unstable con-
ditions, the northernmost isolated turbine in each of the two
rows is outside this range. When simulated on flat terrain,
all the isolated turbines operate on the nearly flat part of the
nominal Cp curve. If we calculate Cp from the isolated and
freestream simulations using Eq. (3) and limit the calculation
to turbines operating on the nearly flat part of the nominal
Cp curve, the average Cp for the turbines simulated in real
terrain is more than 4 % lower than the average Cp of the
turbines simulated on flat ground — specifically, 4.4 % lower
in unstable conditions and 4.5 % lower in stable conditions.
As with wind farm efficiency, the average effect of terrain on
turbine efficiency will be much lower when aggregated over
the full range of wind speeds.

In this subsection, simulations of a real wind farm
with characteristics similar to the idealized wind farms in
Sect. 3.2 — but using site-specific inflow conditions instead of
conventionally neutral boundary layers — yield results consis-
tent with the findings derived from the idealized wind farms
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with respect to the effect of terrain on wakes, blockage, and
efficiency. It is not known from these results the extent to
which the findings apply to onshore wind farms in general.
To understand this better, future work could involve simulat-
ing other types of terrain and wind farm layouts.

4 Discussion

Terrain influences wake and blockage effects at wind farm
scale and turbine scale according to the RANS results pre-
sented in Sect. 3. In this section, we discuss the practical im-
plications of these findings as well as how much weight one
should place on the findings given limitations in the modeling
and the scope of the investigation. We also discuss the types
of field observations that could improve our understanding of
the effect of terrain on wakes and blockage.

4.1 Practical implications

The influence of terrain on wakes and blockage may have sig-
nificant implications for wind farm energy yield. According
to the results of this RANS-based study, terrain can influence
not only array efficiency (1) but also turbine efficiency (Cp).
Further, there might be a correlation between the effect of
terrain on 1 and the effect of terrain on Cp. In the single-row
wind farms in this study, the correlation coefficient between n
and Cp is 0.81 (ignoring the two cases without buoyancy).
Take for example Case C, a single row on the leeward side
of the hill with z; =960 m. In this case, the turbines collec-
tively produce 9.31 % less power than they would if each one
were simulated in isolation. By comparison, the turbine in-
teraction loss, L, in the corresponding flat-terrain analysis,
Case D, is 1.46 %. Thus, the wind farm turbines in Case C
are 7.85 % less efficient relative to isolated operation than
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the turbines in Case D. On top of that, the isolated turbines in
Case C are also less efficient, with a C p of 0.421 compared to
0.444 in Case D, a difference of 5.81 %. As a result, the over-
all energy conversion efficiency of the wind farm, Cp wr, is
12.8 % less in Case C (0.382) than in Case D (0.438).

Current industry practices for estimating the energy yield
of a planned wind farm largely neglect the effect of terrain
on wakes and blockage, as well as the related effect terrain
has on wind farm efficiency and individual turbine efficiency.
This could lead to material prediction errors, which would
contribute to uncertainty in energy yield predictions. These
errors may also result in wind farms that are less productive
than they otherwise would be if terrain effects were more
fully accounted for during the design of the wind farm.

Mitigating this risk requires flow modeling that captures
the key fluid dynamic elements contributing to the influence
of terrain on wakes and blockage. Most commonly used en-
gineering models are able to partially account for terrain-
induced turbulence and its impact on wakes; however, at
present these models are not able to simulate terrain-induced
inviscid effects, which can substantially affect turbine inter-
action loss. Terrain-induced streamwise pressure gradients
can have a large impact on wake development, which in turn
influences upstream blockage effects. The inviscid response
of stratified flow to the terrain and wind farm further modi-
fies blockage effects. Completing the interlinkage, blockage
effects influence wake development (Lanzilao and Meyers,
2024; Ndindayino et al., 2025). In other words, terrain affects
wakes, which affect blockage; terrain also directly influences
blockage, which affects wakes. It is a tightly coupled fluid
dynamic system, and the approach used to model it should
aim to reflect this overarching aspect of the flow.

4.2 Limitations

How seriously one should take these conclusions depends in
no small part on the reliability and the representativeness of
the simulations behind them. With respect to real-world rep-
resentativeness, the effect of terrain on wakes and blockage
may be generally larger in idealized quasi-2D terrain than in
real terrain. The effect may also be larger, or at least different,
for wind farms organized in rows with tight spacing as com-
pared to other types of turbine layouts. The simulated atmo-
spheric conditions also raise questions of representativeness:
the effect of terrain on stratified flow is very sensitive to the
simulated atmospheric conditions, particularly the potential
temperature profile; if the atmospheric conditions simulated
in an analysis of a particular wind farm are not representa-
tive of the actual site conditions, it could result in substantial
errors in the prediction of the impact of terrain on wake and
blockage effects.

With respect to the reliability of the simulations, the
RANS model used in this study has shown good agreement
with field observations related to blockage and wakes at
many wind farms, including three with elevation variation
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on the order of what is simulated in this study (these three
are internal validations not reported in the references pro-
vided in Sect. 2.1). Even so, there are reasons to question
the near-wake predictions. Simulations with actuator disks
cannot capture some of the important flow features in a near
wake, like hub and tip vortices, and internal validation indi-
cates that the near wakes simulated with this RANS model
generally diffuse too rapidly relative to field observations.
The effect of terrain-induced streamwise pressure gradients
on the near wake of an individual turbine is proposed to be
central to the impact of terrain on turbine efficiency. Given
these facts, there is enhanced risk that the predicted turbine
efficiency trends are inconsistent with what would occur in
the field. That said, several other recent studies cited herein,
including a wind tunnel experiment, have yielded similar
trends.

4.3 Field observations wanted

Relevant field observations could improve our understand-
ing of the impact of terrain on wakes and blockage as well
as our understanding of the reliability of related flow mod-
eling. Wind speed measurements taken just upstream of a
wind farm for sufficiently long periods before and after the
wind farm starts operating could help in assessing the effect
of terrain on wind farm blockage. As described in Bleeg et al.
(2018), an analysis of the data can reveal the degree to which
the wind speed upstream of the wind farm changes relative
to a reference wind speed time series due to the presence of
the wind farm. Separately, turbine power data from a wind
farm located in terrain where there are marked streamwise
variation in the background wind speed could help in the as-
sessment of the effect of terrain on wakes.

However, it is difficult to isolate the impact of terrain on
field observations related to blockage and wakes. Unlike in
a wind tunnel or a simulation, it is not reasonably possible
in the field to obtain back-to-back measurements of a similar
wind farm in flat terrain. A way forward could be to compare
the measurements with simulations of the wind farm layout
on the real terrain and on flat terrain. The comparison could
provide insight into both the reliability of the simulations and
the degree to which terrain is affecting blockage and wake
effects at the subject wind farm.

As for the effect of terrain on turbine efficiency, a type of
measurement commonly used in the wind industry may be
relevant. The theory promoted here, and elsewhere, is that
terrain can affect induction and in turn Cp. This terrain ef-
fect, if real, is likely reflected in standard turbine power per-
formance measurements (PPMs), which involve concurrent
measurements of turbine power and upstream wind speed.
The IEC standard for turbine PPM, IEC 61400-12 (2022),
requires that the wind speed measurement take place 2 to
4 rotor diameters upstream of the test turbine, where the ef-
fect of turbine induction is small (Medici et al., 2011). Thus,
any impact of terrain on induction should have less of an im-
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pact on the measured wind speed than on the wind speed at
the rotor face. Therefore, if terrain has an impact on Cp, it
should be at least partly captured in the PPM. That said, even
if the effect of terrain is captured in the measurements, it will
not be straightforward to isolate the effect. An assessment
of many measured Cp curves from a single turbine model
across a variety of topographies may help — especially if done
in conjunction with simulations with and without the real ter-
rain. Still, there are many confounding factors that can di-
rectly influence turbine power performance — including flow
inclination, shear, and turbulence, all of which are sensitive
to terrain — and it may be difficult to truly isolate from the
measurements the effect of terrain on induction and in turn
turbine efficiency.

5 Conclusions

We simulated 35 different combinations of wind farm layout,
terrain, and inflow atmospheric conditions using RANS. The
wind farms were organized in one or two rows of closely
spaced turbines. The terrain in nearly all cases was ideal-
ized, either quasi-2D or flat, and the inflow boundary layers
in these cases were neutral, with overlying thermal stratifi-
cation. The few remaining cases correspond to a real wind
farm with characteristics similar to some of the idealized
wind farms but simulated in a stable or an unstable boundary
layer. Terrain had a pronounced influence on wake and block-
age effects in the simulation results. Further, the RANS-
predicted wind farm efficiencies and turbine efficiencies in
terrain, whether idealized or real, departed markedly from
back-to-back RANS predictions on flat ground.

Hill-induced streamwise pressure gradients can have a
large influence on wake development, and we propose, based
on the results of this study, that this effect can feed back
to influence upstream slowdowns related to blockage. Fur-
ther analysis of the results, including an assessment of local
Froude number, suggests that the inviscid response of strat-
ified flow to a wind farm in terrain can additionally affect
wind farm blockage — in a way related to but distinct from its
effect on blockage via terrain-induced pressure gradients as
they pertain to wake recovery.

This work differs in a few ways from earlier studies on
the combination of terrain and wind turbines. Perhaps most
notably, we consider the effect of terrain on both wakes
and blockage. And whereas previous studies were limited to
purely neutral flows, with no buoyancy, this study includes
the effects of thermal stratification, which can significantly
modify flow over terrain and its response to the presence of
a wind farm. Finally, by virtue of simulating full wind farms,
we directly connect the impact of terrain to wind farm effi-
ciency.

That said, this study is not without its own limitations.
From the terrain and the wind farm layouts to the atmo-
sphere, the simulated conditions are mostly idealized. The
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simulations of an existing wind farm mitigate this concern
somewhat in that the results are reasonably consistent with
the findings from the idealized wind farms. Nevertheless, the
general applicability of some of these findings can be fairly
questioned due to the limited range of layout types and ter-
rain types investigated. An analysis of a broader range of
wind farms could help provide a more comprehensive un-
derstanding of the impact of terrain on wakes and blockage.
Further, relevant, publicly available field observations could
help improve confidence in the model and the study findings.

In the meantime, between this study and those that came
before, there appears to be enough evidence to make the fol-
lowing claim: at proposed wind farm sites where terrain in-
duces significant streamwise variation in wind speed, energy
yield prediction approaches that do not capture the effect of
terrain on wakes and blockage are at increased risk of ele-
vated prediction errors. This could materially increase uncer-
tainty in the energy yield predictions and perhaps even lead
to less efficient wind farm layout designs.

Appendix A

We conducted control volume analyses (CVAs) to parse and
better understand the various contributors to wake recov-
ery between the first and second rows in the flat, hill wind-
ward, and hill leeward RANS results discussed in Sect. 3.1.
The control volume for the hill leeward case is depicted in
Fig. Al. In each of the cases, the control volume coincides
with the rotor layer, from 35 ma.g.l. (above ground level)
to 195ma.g.l. The western surface of the control volume is
2.5 D downstream of the first row, and the eastern surface is
2.5 D upstream of the second row. These x locations were
chosen to avoid, largely, the strong pressure variations in the
near wakes and induction zones of the turbines. The northern
surface is 3.0 D north of the hub of the northernmost turbine
in the wind farm, and the southern surface is 3.0 D south of
the wind farm.

The CVA focuses on the conservation of the x component
of momentum. Since the wind direction through the control
volume is very close to 270°, consideration of the y com-
ponent of momentum in the CVA is not expected to sig-
nificantly affect this assessment of the contributors to wake
recovery. The contributors to the x component of momen-
tum in the control volume are depicted in Fig. Al and are
as follows. M, ; refers to the advection of the x component
of momentum through surface i, where i is either W, E, N,
S, B, or T (west, east, north, south, bottom, or top). Fp; is
the x component of the pressure force on surface i. Fp,T and
Fp B are zero in the flat case. Fc is the x component of the
Coriolis force acting on the control volume. In this CVA, the
geostrophic pressure field is included in the pressure forces,
not the Coriolis force. Finally, Fs; is the x component of
the resultant force due to Reynolds stresses (turbulent fluxes)
acting on surface i; these terms represent the turbulent trans-
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port of momentum, also referred to as the turbulent diffusion
of momentum. The equation for the conservation of momen-
tum in the control volume (V) is as follows:

3(pu)
/ DOGV = (M = M)+ (M s = M)

+ (Mx,B - Mx,T) + FP + FC
+(Fs,w+ Fsg+Fss+ Fsn

+ Fs B+ Fs,1). (A1)

Here, Fp is the x component of the of the resultant sum of
the pressure forces on the control volume, p is the density,
and u is the x component of velocity. Since the simulations
are steady state, the time rate of change of momentum is zero:

0= (Mx,W - Mx,E) + (Mx,S - Mx,N) + (Mx,B - Mx,T)
+ Fp+ Fc
+(Fsw+Fsg+Fss+FsN

+ Fsg + Fs 1) (A2)

Moving the first bracketed term over to the left-hand side,
we get an equation for the increase in the advection of the
x component of momentum from the west surface to the east
surface — from 2.5 D downstream of the first row of turbines
to 2.5 D upstream of the second row of turbines:

Mx,E - Mx,W = (Mx,S - MX,N) + (Mx,B - Mx,T)
+ Fp+ Fc+ (Fsw+ Fs g+ Fs.s

+ FsN+ Fsp+ Fs1). (A3)

We can combine some of the advection terms to sim-
plify the presentation of the results: M, s_N=M,s—
MiN; Myp-T=Myp—MyT1; and My g w=M,Eg—
M, w. M, s—n is the net lateral advection of the x compo-
nent of momentum into the control volume. M, g_t is the
net advection of the x component of momentum through the
bottom and top surfaces. And again, M, g—w is the increase
in the advection of the x component of momentum from the
west to the east surface.

My g-w=M,s N+ Mp_1+ Fp+ Fc+(Fsw

+Fsg+ Fss+ Fsn+ Fsp+ Fs 1) (A4)

Table A1 shows how the terms in Eq. (A4) can be deter-
mined from the state variables of the RANS solutions. In
these equations, u is the velocity vector, v is the y compo-
nent of velocity, w is the z component of velocity, p is the
pressure, u is the turbulent viscosity, f; is the Coriolis pa-
rameter, and n is the local surface normal pointing into the
control volume.

The terms in Eq. (A4) were computed for each wind farm
and freestream simulation. Figure A2 contains bar charts
showing the values of these terms for the flat, hill windward,
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and hill leeward cases. The blue bars correspond to the wind
farm simulations. The red bars correspond to the freestream
simulations. All values are normalized by the M, w value
for the corresponding simulation. The momentum account-
ing in Eq. (A4) should balance, but likely due to interpolation
and discretization errors incurred during the post-processing
of the RANS data, there is a small residual needed to bal-
ance the equation. The absolute value of the residual is less
than 1 % of M, w in all cases (0.1 % for both flat simulations,
0.4 %-0.5 % for the hill windward simulations, and 0.5 %—
0.6 % for the hill leeward simulations).

Note that in the following discussion on the contributors to
M, g—w, we refer exclusively to the values in Fig. A2, which
are normalized. When we write, for example, that the contri-
bution of pressure is X % higher in the wind farm simulation
compared with the freestream simulation for a given case, it
means that Fp normalized by M, w in the wind farm simu-
lation is X percentage points higher than Fp normalized by
M, w in the freestream simulation.

The freestream solution for the flat case is nearly hori-
zontally homogeneous (see Fig. A2a). Turbulent transport of
momentum through the top and bottom surfaces are together
in balance with a west-to-east pressure drop, such that the
advection of momentum through the east surface is almost
the same as that through the west surface. In the flar wind
farm simulation, the advection of the x component of mo-
mentum is 3.7 % higher through the east surface than through
the west surface. The primary contributor to this increase is
the turbulent diffusion of momentum through the top surface
(Fs,1). This normalized shear force, which is in the posi-
tive x direction, is much higher in the wind farm case than
in the freestream case. The shear force on the bottom sur-
face, which is in the negative x direction, is about the same
in the wind farm case compared to the freestream case. The
net effect is a positive contribution of turbulent diffusion to
M, g—w — enough to offset the negative contribution from
the wind-farm-induced pressure field.

Wind-farm-induced pressure is generally higher just up-
stream of a wind farm than downstream of the wind farm;
however, within a wind farm, material streamwise pressure
increases induced by the wind farm itself can occur, which
can affect wake recovery within the farm — as it does in the
flat case. This effect is highlighted as a substantial negative
influence on wake recovery between turbine rows in a simu-
lated wind farm in Bastankhah et al. (2024).

The net advection of momentum through the top, bottom,
and side surfaces in the flat case could be said to contribute
to a positive My g—w, although in this instance the contribu-
tion of vertical and lateral advection of momentum is closely
linked with the turbulent diffusion of momentum. Turbulent
diffusion in the flat case drives an increase in the advection
of momentum through the east surface compared with the
west surface. Mass conservation in turn requires a net inflow
collectively from the other four surfaces (top, bottom, north,
and south), which entails a net positive advection of x mo-
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FC
FP,W FPE
MX,W MxE
FS,W FSE

L,
X I\t’:s,s

-------------- Control volume surface

Ground

Turbine rotor

Control volume dimensions

Xw | 2.5 D downstream of the first row

Xg | 2.5 D upstream of the second row

Ys 3.0 D south of the wind farm

N 3.0 D north of the wind farm

hg | 0.5D below hub height (35 m a.g.l.)
hr 0.5 D above hub height (195 m a.g.l.)
Ax | 10D

Ay | 72D

Az | 1D atany given x-location

Figure A1. Diagram of the control volume analysis for the two-row cases in Sect. 3.1. The side view, on an xz plane, is from the hill leeward

case.

Table A1. Definitions for the terms in Eq. (A4).

Advection My g_w = f,ousz‘E — f,ousz’W

My s_N= [puvdA|g— [puvdA|,
Myg_t= [pun-u)dA|g+ [ pun-u)dA|,

Pressure force Fp=[pm-%)dA

Coriolis force Fc = [pvfedV

Turbulent transport ~ Fg w = — ZfMT%dA‘W; Fsp=2f ,U,T%dA‘E

of momentum

Fs,s=—fMT<%+gx—“)dA

s FsN =
g FsN

d i)
[t (f + ﬁ)dA‘N

Fsp=

— ot (B + 5) oA =2 prf-da|

Fst=

~Sur (e + 52 @ 2da| 2 ur - Daal

mentum collectively through these surfaces. One can then
reasonably argue that the turbulent diffusion of momentum
is the ultimate driver of wake recovery rather than the verti-
cal advection of momentum. Of course, all the contributors
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to the momentum budget are coupled through the governing
equations of the fluid flow. This fact can confound efforts
to construct narratives of cause and effect. Nevertheless, we
push forward with the control volume analysis with the goal
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Figure A2. Budget for the x component of momentum from the CVA described in Fig. A1 for the flat case (a), the hill windward case (b),
and the hill leeward case (c). The x axis labels correspond to the terms in Eq. (A4), normalized by My w for each simulation.

of providing insight into the impact of terrain on wind farm
flows and wake recovery — while bearing in mind that we
will not be able to fully isolate the physical drivers behind
this impact.

In the CVA of the wind farm simulation of the hill wind-
ward case (Fig. A2b), the advection of the x component of
momentum through the east surface is nearly twice that of the
momentum entering through the west surface. A significant
pressure drop from west to east is a primary contributor to the
increase in momentum. (The vertical advection of momen-
tum is also a contributor; however, some of this contribution
is very likely connected to the pressure drop, by continuity, as
described just above.) The CVA of the freestream simulation
also shows a large pressure drop from west to east as well as
a large increase in the advection of the x component of mo-
mentum from west to east — though not as large as in the wind
farm simulation. Turbulent transport of momentum through
the top and bottom boundaries makes a net positive contribu-
tion to M, g—w in the wind farm simulation (2.3 %), while

Wind Energ. Sci., 11, 2695-2721, 2026

the net contribution is slightly negative in the freestream case
(—0.7 %). A comparison with the CVA for the flat case sheds
light on why the wake recovery is greater between the first
row and second row in the hill windward case. The improved
wake recovery does not appear to be driven by turbulence,
as the net contribution of turbulent diffusion to M, g_w rela-
tive to freestream is smaller in the hill windward case (3.0 %)
compared with the flat case (4.0 %). In contrast, the effect
of terrain on pressure clearly increases wake recovery in the
hill windward case compared with the flat case. In the hill
windward case, the contribution of pressure to M, gy in the
wind farm simulation is 2.2 % higher than in the freestream
simulation; it is 2.7 % lower than freestream in the flat case.
The deflection of the wake downward toward the ground in
the hill windward case compared to the flat case also likely
contributes to the increase in My g—w, an effect that is in-
cluded in M, g_.

In the CVA of the wind farm simulation of the hill leeward
case (Fig. A2c), the advection of the x component of momen-
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Figure A3. Percent change in wind speed relative to freestream on a vertical plane located 8 D downstream of the row of turbines for the
11 single-row cases for which top views of the percent change in wind speed are shown in Sect. 3.2. Dashed lines demark the rotor layer

(heights of 35 and 195 m).

tum through the east surface is 43.1 % lower than through the
west surface — which is 4.0 % lower than in the freestream
simulation. There is no wake recovery between the west and
east surfaces; the wake deficits instead become larger — the
mean wind speed is 16.1 % lower than freestream at the west
surface and 18.3 % lower than freestream at the east sur-
face. The turbulent diffusion of momentum makes a net posi-
tive contribution to the M, g_w budget relative to freestream
(+2.8 %). This contribution is less than the net positive con-
tribution of turbulent diffusion relative to freestream in the
flat case (+4.0 %). Thus, differences in turbulent diffusion
explain some of the difference in wake recovery between the
flat and hill leeward cases; however, it cannot cause the neg-
ative wake recovery evident in the hill leeward case, where
the wind speeds relative to freestream are lower at the east
surface than the west. This is the result of a significant pres-
sure rise from west to east. Relative to freestream condi-
tions, the x component of the pressure force on the control
volume in the wind farm simulation contributes —4.8 % to
M, g—w. The deflection of the wake upwards in the hill lee-
ward case relative to the flat case may also contribute to low-
ering My g—w, although, as discussed in Sect. 3.1, the effect
appears to be comparatively small.

Note that the turbulent transport of momentum contributes
about the same amount to wake recovery in the hill windward
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case (3.0 %) as in the hill leeward case (2.8 %). The large dif-
ference in wake recovery between these two cases appears to
have more to do with the substantial differences in the con-
tributions of pressure.
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