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Abstract: Computational Fluid Dynamics (CFD) has become an essential tool for wind turbine placement in complex terrain, where
terrain-induced speed-up, flow separation, recirculation, turbulence, and vertical shear cannot be reliably captured by simple linear
extrapolation methods. This article presents a CFD-based methodology for wind resource assessment using digital terrain and
roughness data, Reynolds Averaged Navier-Stokes (RANS) simulations, and standard k-epsilon turbulence closure to model three-
dimensional wind fields across candidate wind farm sites. The simulated flow fields are scaled against local wind climates derived from
on-site measurements or reanalysis datasets to produce hub-height wind resource maps, turbine-specific wind speed distributions, and
inputs for Annual Energy Production (AEP) estimation. A representative complex-terrain user case demonstrates how CFD improves
turbine micro-siting by identifying attached-flow corridors, high-resource zones, and recirculation-prone areas that may increase
turbulence and structural loading. The article also explains the role of CFD across the wind resource assessment lifecycle, from pre-
feasibility screening and measurement campaign design to wind flow modeling, energy prognosis, structural suitability, and repowering
studies. The study emphasizes that CFD adds value not only by estimating wind speed, but by improving the quality and confidence of

turbine placement decisions in terrain where flow behavior is strongly non-linear.

Keywords: Wind Resource Assessment, CFD flow modeling, Wind turbine optimization, Recirculation zones, Structural suitability

1. Introduction

Wind turbines siting in complex terrain requires more than a
linear wind-flow extrapolation from a measurement mast.
Ridges, escarpments, valleys, slope breaks, forest
transitions, and local roughness changes can accelerate,
decelerate, shear, separate, and reattach the atmospheric
boundary layer over short distances. These effects directly
influence hub-height wind speed, turbulence intensity, wake
interaction, turbine loading, and ultimately the bankable
estimate of Annual Energy Production (AEP).

Computational Fluid Dynamics (CFD) provides a three-
dimensional, physics-based method for transferring wind
conditions from measurement points or long-term reanalysis
data to turbine positions. By solving the Reynolds Averaged
Navier-Stokes equations over a digital terrain model, CFD
captures the non-linear response of the flow to steep terrain
and heterogeneous roughness. The resulting wind fields can
be scaled to the local wind climate to generate high-
resolution wind resource maps, turbine-specific free-stream
distributions, air-density-adjusted energy estimates, wake-
loss-adjusted net production, and uncertainty inputs for
project decision making [1], [3].

Wind resource assessment is the technical bridge between a
promising landscape and a financeable wind project. In
simple terrain, where slopes are gentle and roughness is
spatially uniform, wind-flow transfer may be approximated
with linearized models. Complex terrain is different. Flow
speed-up over a ridge may be followed by separation on the
lee side; a turbine placed only a few rotor diameters away
from an apparently favorable crest can experience elevated
turbulence, directional shear, reduced energy capture, and
higher fatigue loading.

The purpose of CFD in this setting is not only to create
attractive wind maps. The value is decision quality. CFD
supports measurement campaign design, horizontal and
vertical extrapolation, turbine micro-siting, structural
suitability, wake assessment, and energy prognosis. A well-
configured CFD model allows engineers to ask sharper
questions: Where is the flow attached? Which sectors are
likely to show high turbulence? Which turbine locations are
exposed to speed-up without excessive separation risk?
Which areas should be avoided despite showing high mean
wind speed?

The CFD workflow described here follows a practical wind-
industry implementation: digital terrain and roughness data
are used to create a three-dimensional computational
domain; RANS simulations are run for directional sectors;
the resulting wind fields are scaled against measured or
reanalysis-derived local wind climate; turbine-level wind
distributions are combined with manufacturer power curves
and air-density corrections; and wake effects are calculated
to obtain potential annual energy production [3], [4].

This article presents a practical CFD methodology for wind
turbine placement in complex terrain, explains the
importance of identifying recirculation zones, introduces a
representative user case, and places CFD inside the full
lifecycle of wind resource assessment from pre-feasibility to
repowering.

2. Wind Resource Assessment Lifecycle
The wind resource assessment lifecycle begins before the

first mast is installed. Early stages use mesoscale models,
online resource maps, constraint mapping, constructability

Volume 15 Issue 6, June 2026
Fully Refereed | Open Access | Double Blind Peer Reviewed Journal
www.ijsr.net

Paper |D: SR26624154227

DOI: https://dx.doi.org/10.21275/SR26624154227 1299


http://www.ijsr.net/

International Journal of Science and Research (IJSR)
ISSN: 2319-7064
Impact Factor 2025: 7.089

screening, preliminary turbine layout optimization, and
indicative energy estimates. At this stage, CFD may already
add value by identifying locations where complex-flow
behavior is likely to make linear modeling insufficient [3],

[5].

During mast planning and monitoring, CFD can support the
placement of measurement locations so that the campaign
captures the dominant flow regimes. In complex terrain, one
mast may not represent all turbine positions equally. A
lower-resolution preliminary CFD model can help determine
whether a mast should be installed on a ridge shoulder,
plateau, saddle, or wvalley transition to reduce
representativeness uncertainty.

After data monitoring, wind data analysis transforms raw
measurements into a long-term corrected wind climate. CFD
then plays its central role in wind flow modeling. The model
transfers measured wind statistics from mast position to
turbine positions, creates a three-dimensional resource map,
estimates vertical shear across hub heights, and identifies
regions of flow separation or high turbulence. The CFD
output feeds energy prognosis, wake modeling, losses and
uncertainty, structural suitability, and eventually operational
performance review or repowering studies.

Table 1: CFD contribution in WRA life cycle stage

Lifecycle stage | Technical activity CFD contribution
. Flags terrain-driven
Resource screening, .
S X . flow complexity and
Pre-feasibility | constraint mapping, |. .
., o [identifies whether non-
rough layout, feasibility [ . L
. linear modeling is
recommendation
recommended.
Assesses
. i f
Mast/LiDAR/SODAR representat‘weness 0
Measurement | .. o candidate
. siting and monitoring .
campaign measurement locations
strategy .
and supports campaign
design
Quality control, Provides consistency
Wind data calibration, long-term checks against
analysis correction, directional |measured vertical and
statistics horizontal gradients.
Solves 3D wind fields
Wind flow Transfer of wind climqte and capture speed-up,
modeling from mast or reanalysis | separation, roughness
grid to turbine locations [effects, and turbulence
patterns.
Supplies turbine-
ific free-
Gross and net AEP, specthic tree stream
Energy : . distributions and
. wake losses, air-density | . "
prognosis . inflow conditions for
correction
wake and energy
calculations.
Identifies high
turbulence sectors and
Turbulence, extreme . .
Structural . : recirculation-prone
. wind, effective TI, . . .
suitability locations requiring
sector management . .
further engineering
attention.
Compares modeled
Post- Operational energy yield| flow with operating
construction analysis and layout data and supports
and repowering redesign turbine replacement or
layout optimization.

3. CFD methodology for complex terrain

Numerical flow modeling based on Computational Fluid
Dynamics is used to transfer wind conditions from a
measurement point to turbine positions at hub height. The
method begins with a digital terrain model that defines
terrain elevation, surface roughness, and land-cover
transitions. The model domain is discretized into a three-
dimensional mesh where the Reynolds Averaged Navier-
Stokes equations are solved for a defined set of wind
directions.

The local wind climate can be obtained from on-site
measurements or, when measurement data are limited, from
reanalysis datasets. Reanalysis combines observational data
with Numerical Weather Prediction models over long
historical periods. In bankable assessments, on-site
measurements remain central where available, while
reanalysis datasets are commonly used for long-term
correction, gap filling, preliminary studies, and contextual
comparison [3], [5], [6].

3.1 Site specific Analysis

A complete CFD-based wind resource assessment normally

presents the following site-specific analysis:

e Location of the site and the surrounding terrain features
controlling the local wind regime.

o Expected average wind conditions at the site, including
long-term mean wind speed, wind rose, and directional
frequency.

e« Wind farm configuration, including candidate turbine
positions, hub heights, rotor diameters, and layout
constraints.

e Input terrain data, including elevation model resolution,
roughness map, land-cover classification, and data
preprocessing.

e Selected model configuration, including domain size,
mesh resolution, boundary conditions, turbulence model,
convergence criteria, and directional sectors.

e Modeled wind resource, including speed-up factors, hub-
height resource maps, directional flow fields, turbulence
indicators, and vertical profiles.

e Energy yield assessment, including gross AEP, wake
losses, air-density correction, net AEP, and uncertainty
inputs.

3.2 Digital terrain model and computational domain

The digital terrain model is the geometric foundation of the
CFD assessment. Terrain elevation determines slope,
curvature, ridge exposure, valley sheltering, and the pressure
gradients that drive local acceleration or deceleration.
Roughness data represent the surface drag imposed by
forests, crops, bare ground, settlements, water bodies, and
transitional land cover. The model must preserve the terrain
features that matter to hub-height flow without creating
mesh distortion or numerical instability.

In practice, the computational domain should extend
sufficiently upstream and downstream so that boundary
effects do not contaminate the wind farm area. Vertical
domain height should allow the atmospheric boundary layer
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to develop without artificial confinement. Mesh refinement
should concentrate around turbine locations, ridge lines,
steep slopes, and measurement masts. The final mesh is a
compromise between topographic fidelity, numerical
stability, convergence behavior, and project schedule.
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Figure 1: Horizontal CFD mesh grid resolution

Figure 2: Example of a WindSim CFD terrain and flow
visualization over complex terrain

3.3 Governing equations and turbulence closure

For an incompressible, steady RANS formulation, the mean
momentum equation used in the CFD flow field solution can
be expressed in tensor notation as [1], [2]:
Bu; 1 8p a ( [iiu.- ﬁuj]
uj — —— e 1% }
dz; p Ozx; az;

1
- - uiuj | + — (51 + Sa,
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Equation 1: Reynolds Averaged Navier-Stokes momentum
equation used for the CFD flow solution.

In this form, ui represents the mean velocity component, p is
pressure, p is air density, nu (v) is the kinematic viscosity,
and the Reynolds stress term -ui' uj' represents the influence
of turbulence on the mean flow. The final source terms
account for external or model-specific forcing where
applicable. The turbulent viscosity and turbulence transport
are closed through the standard k-epsilon model [2].

The solved flow variables include pressure p, the three
velocity components (u, v, w), turbulent kinetic energy k,
and turbulent dissipation rate epsilon. Because the equations
are non-linear, the solution is obtained iteratively. Starting
from estimated initial conditions, the solver progressively

updates the flow variables until the residuals and
engineering indicators show a converged solution.

The standard k-epsilon model is widely used in wind
resource  CFD because it provides a computationally
efficient closure for turbulent atmospheric boundary layer
flow [2]. While no closure model is perfect, the approach is
robust for practical wind farm studies when terrain
preparation, mesh quality, roughness definition, boundary
conditions, and convergence checks are handled carefully

[7].
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Figure 3: Example of sector wise convergence of the wind
field simulations

3.4 Scaling CFD results to the local wind climate

CFD simulations provide directional flow fields and
relative transfer relationships across the domain. These
simulations are scaled by the expected average wind
conditions at the site. When a mast is available, the
measured and long-term corrected wind climate at the mast
is used as the reference. The model transfers this wind
climate to each turbine location, producing turbine-specific
wind speed distributions at hub height. The scaling step is
critical because CFD does not replace the local wind
climate; it distributes it through the terrain-aware flow field.
Wind measurements at different heights or positions provide
an important quality check. Agreement between measured
and modeled vertical shear, horizontal speed-up, and
turbulence trends increases confidence in the resulting
resource map and energy yield assessment.

4. Energy Yield Assessment

Gross energy production is calculated from the predicted
free-stream wind speed distribution at hub height for each
turbine location and the turbine power curve provided by the
manufacturer. The turbine power curve is adjusted for the
difference between the predicted long-term annual on-site
air density and the air density stated in the manufacturer's
power curve. In complex terrain, turbine-to-turbine
differences in elevation and temperature exposure can make
air-density correction more than a formality [4].

Wake effects are then applied because wind turbines extract
energy from the flow. Downstream wind speed is reduced,
the wake expands, and the flow gradually recovers toward
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free-stream conditions. Analytical wake models are
commonly used to estimate wake losses after the free-stream
inflow has been established through CFD. The resulting
potential annual energy production accounts for both the
terrain-driven resource and the turbine-array interaction.

Table 2: Energy prognosis inputs and corresponding CFD
outputs
Input

CFD wind fields scaled
by long-term mast or

Assessment Output
Turbine-specific wind

speed and directional

Free stream

resource s . distributions at hub
reanalysis wind climate .
height.
Manufacturer power Gross AEP before
Power . .
. curve and turbine wake and project
conversion o :
availability assumptions losses.
. . Adjust i
. . Predicted long-term site djusted turbine
Air density . . power performance for
. air density and reference .
correction . local atmospheric
curve density o
conditions.
Wake Layout, rotor diameter, Wake loss and net
. thrust behavior, wind | energy estimate after
calculation

direction distribution

Measurement quality,
model representativeness,
Uncertainity | terrain complexity, long-
term correction, wake

model sensitivity

array effects.

Risk-informed AEP
levels for project
decisions.

5. User case: mountain ridge wind farm

Consider a proposed wind farm located in a mountainous
area with a dominant southwesterly wind regime. The layout
includes a main ridge running northwest to southeast, a
forested valley to the west, a steep lee slope on the northeast
side, and a saddle connecting two high-elevation plateaus.
The initial development layout placed turbines along the
ridge crest to maximize apparent exposure based on a
mesoscale wind map and a single 100 m mast located on the
southwestern plateau.

A preliminary linear model indicated that the ridge crest had
the highest wind speed. However, field reconnaissance and
slope analysis suggested that the northeastern lee slope could
experience flow separation for several energetic wind
sectors. The project team therefore performed a WindSim
CFD study using elevation and roughness data, the long-
term corrected mast wind climate, and directional RANS
simulations.

5.1 Findings from CFD

e The windward ridge shoulder showed consistent speed-
up with attached flow for the dominant southwesterly
sectors.

e The immediate lee side of the ridge showed zones of low
mean velocity, reversed near-surface flow, and elevated
turbulence indicators.

e The saddle between plateaus produced channeling for
westerly and west-southwesterly sectors, creating a
localized high-resource corridor.

e Several original turbine positions had high mean wind
speed but were exposed to recirculation and strong
vertical shear in key production sectors.

e A modest relocation of three turbines from the lee crest
to the windward shoulder reduced turbulence exposure
with limited loss of gross wind speed.

e The mast-to-turbine transfer factors varied significantly
across the site, confirming that a single linear
extrapolation would understate spatial uncertainty.

5.2 Technical value added to wind resource assessment

The CFD study changed the project interpretation. Instead of
ranking turbine positions only by mean wind speed, the team
evaluated inflow quality. This distinction matters in complex
terrain because the highest-speed point is not always the best
turbine point. By identifying attached-flow corridors,
recirculation-prone zones, and terrain-induced directional
shear, CFD supported a layout that was more robust for
energy yield, turbine loading, and operational sector
management.

The final layout reduced the number of turbines exposed to
separated-flow sectors, improved the confidence of mast-to-
turbine transfer, and provided stronger technical justification
for wake modeling and structural suitability analysis. The
study also identified a need for targeted measurement
validation in the saddle corridor, where channeling created a
resource opportunity that was not fully captured by the
original mast.

6. Why Recirculation zones matter in complex
terrain

Recirculation zones are regions where the flow separates
from the terrain surface and forms a zone of reversed or
highly disturbed flow. In atmospheric boundary layer
applications, they commonly occur downstream of steep
ridges, escarpments, abrupt slope breaks, and roughness
transitions. A turbine placed near a recirculation zone may
experience large changes in inflow angle, reduced
recoverable wind speed, high turbulence, strong vertical
shear, and rapid directional variability [1], [8].

Identifying recirculation is important for four reasons. First,
recirculation can bias energy estimates if high terrain
exposure is mistaken for clean free-stream acceleration.
Second, separated flow can increase fatigue loading and
reduce structural suitability. Third, wake modeling
assumptions become less reliable when the inflow is already
highly disturbed. Fourth, sector management may be
required if specific wind directions create persistent high-
turbulence exposure.

7. Model Configuration and Quality Checks

CFD value depends on configuration discipline. The selected
model configuration should be transparent and reproducible.
Important settings include terrain smoothing strategy,
domain extents, mesh density, vertical resolution near the
ground, roughness classification, boundary conditions,
directional  sector  resolution, turbulence closure,
convergence criteria, and post-processing assumptions. In
complex terrain, sensitivity checks are often as important as
the base result [3], [7], [9].
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1) Check terrain and roughness inputs for gaps, unrealistic
steps,  georeferencing  issues, and land-cover
misclassification.

2) Confirm that the wind farm area is sufficiently far from
inlet, outlet, and lateral boundaries for all simulated
sectors.

3) Review mesh quality around steep slopes, turbine
positions, and measurement locations.

4) Inspect convergence using both residual trends and
physical outputs such as speed-up stability at turbine
and mast points.

5) Compare modeled and measured wind speed ratios
where multiple measurement heights or positions are
available.

6) Review turbulence, recirculation, and directional shear
indicators before accepting a layout based on mean
speed alone.

7) Document model limitations and include them in the
uncertainty assessment.

Table 3: Risk assessment
Risk CFD diagnostic Engineering response
Add measurement
validation, adjust
layout confidence, or
include higher
uncertainty.
Avoid turbine
placement, consider
sector management,
or perform additional
sensitivity analysis.
Unphysical acceleration | Clean elevation data,

Large spatial variation

Unrepresentative in transfer factors
mast between mast and

turbine positions

Negative or very low

velocity zones, high

turbulence, unstable
streamlines

Separated flow

Terrain-data near data revisit smoothing, and
artifact discontinuities or over- rerun affected
smoothed ridges directions.
Modeled shear Review land-cover
Roughness . . . classification and
. inconsistent with
mismatch roughness length
measured profiles .
assumptions.
Optimize turbine
. spacing, test
Wake model | Strong layout losses in pacing, tes
e . alternative wake
sensitivity dominant sectors

settings, and review
deep-array effects.

8. Best Practice Recommendations

e Use CFD early enough that it can influence measurement
planning and not only confirm a late-stage layout.

e Treat terrain and roughness preparation as engineering
work, not clerical preprocessing.

o Validate CFD transfer factors
measurements wherever possible.

e Review flow quality, turbulence,
together with mean wind speed.

e Use CFD outputs as inputs to energy yield, wake,
structural suitability, uncertainty, and operational sector-
management studies.

e Document assumptions clearly so that
stakeholders understand both
limitations of the model.

with  independent

and recirculation

project

the wvalue and the

For complex terrain, the most useful CFD study is not
necessarily the one with the most detailed visualization. It is

the one that provides traceable, decision-ready evidence for
turbine placement, measurement representativeness, energy
prognosis, and risk reduction.

9. Conclusion

Computational Fluid Dynamics is a critical component of
wind resource assessment in complex terrain because it
resolves terrain-induced flow behavior that linear methods
cannot reliably capture. By solving the RANS equations
over a digital terrain model and scaling the resulting wind
fields to the local wind climate, CFD supports high-
resolution wind resource mapping, turbine-level energy
estimates, wake-loss calculations, and structural suitability
screening [1], [3], [9].

The main engineering lesson is that wind turbine placement
should account for both wind quantity and wind quality.
High mean wind speed has limited value if it is accompanied
by persistent recirculation, excessive turbulence, or unstable
inflow. CFD helps identify locations where the resource is
energetic, attached, and operationally suitable. In the
lifecycle of wind resource assessment, this makes CFD a
central tool for reducing uncertainty and improving the
technical basis of wind farm design.

Appendix A. Key CFD outputs for wind farm design

. Use in project
tput Int tat .
Outpu nterpretation decision
Hub-height | Spatial distribution of long- | Turbine micro-siting
wind resource | term mean wind speed and and layout
map directional resource optimization.
Relative acceleration or Mast-to-turbine
Speed-up )
deceleration from reference transfer and
factors . . . . .
location to turbine locations | uncertainty review.
. . Hub-height
Vertical Wind speed and shear ub-heig
rofiles variation with height extrapolation and
P turbine class checks.
Regions or sectors with o
Lo Structural suitabilit
Turbulence | elevated turbulent kinetic ructural sut Yy
L : and sector-
indicators energy or effective .
. management analysis.
turbulence risk
. . Flow separation, reverse- | Avoidance zones or
Recirculation . .
flow areas, or unstable low- | trigger for higher-
markers . .
speed zones fidelity review.
Wake modeling,
Directional | Terrain response by wind | operational strategy,
flow fields sector and validation
planning.
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