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Abstract: : Morphing blades have shown an ability to improve performance in simulations. These
simulations show increased performance in Region 2 operating conditions. To improve morphing
structures for energy production, this study focuses on the effects of the wake for a flexible wind
turbine with actively variable twist angle distribution (TAD). These wake effects influence wind farm
performance for locally clustered turbines by extracting energy from the free stream. Hence, the
development of better wake models is critical for better turbine design and controls. This paper
provides an outline of some approaches available for wake modeling. FLORIS (FLow Redirection
and Induction Steady-State) is a program used to predict steady-state wake characteristics. Alongside
that section 4 shows different modeling environments and their possible integration into FLORIS. In
section 6, we look at the 20 kW wind turbine analysis with previously acquired data from the National
Renewable Energy Laboratory’s (NREL) AeroDyn software. The previous study used a genetic
algorithm to obtain 9 TAD shapes that maximized aerodynamic efficiency in region 2. In section 6 the
analysis compares these TAD shapes to the original blade design regarding the wake characteristics.
The project aims to enhance the understanding of FLORIS for studying wake characteristics for
morphing blades.

Keywords: wind energy; morphing blade; variable twist angle; wake model; NREL; FLORIS

1. Introduction
According to recent figures the global energy consumption has been increasing over the past

few years with current consumption at 2.93x1013 kWhs of energy consumed in USA annually [1].
With climate change and volatile fossil fuel prices there has been an increase in the attention towards
renewable energy. Wind energy shows potential to provide an alternative to fossil fuels but current
utility-scale wind energy infrastructure in the USA only has a capacity to provide 35% of the current
energy demand of 107 GW [2]. The International Energy Agency (IEA) has indicated an interest in
blade design and control techniques to complement current turbine performance to diversify and
optimize energy sources [3]. Current control schemes aim to improve wind capture through gearbox
designs and power conversion equipment for variable rotor speed. During partial (Region 2) or
full load (Region 3) conditions the aerodynamic efficiency can be affected by blade control through
adjusting generator torque and blade pitch [4]. While these efforts are fruitful there is a physical limit,
known as Betz limit, that restricts the ability to extract the kinetic energy of the air, regardless of the
blade design and control [5]. This limit, based on conservative estimates, caps the maximum efficiency
of a turbine to be 59.3%. This is often parameterized as the cp [5]. Industry standard turbine and blade
control attempt at maximizing power under isolated unobstructed flow. Turbines are often located in
clusters arranged in arrays of rows in close proximity. The rationale behind this is to concentrate them
geographically and increase profitability with regards to the wind resources available. The clustering
also reduces the maintenance and transportation cost by requiring material to be carried to single local
site. Due to an increase in energy demands more wind farms are being built in proximity (±40 km) to
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one another [6]. This leads to a substantial drawback in the aerodynamic performance of the wind
farm due to the induced wake effects. A 209 MW capacity Texas wind farm situated downstream to
another wind farm demonstrated power generation losses, due to wake effects, as 184,415±120,930
MWh between the years of 2011-2015, roughly corresponding to $730K±485K annually [7]. Since the
upwind farm extracts kinetic energy of the air and hence reduces the velocity and hence momentum
of the air the downstream farm will produce less power and revenue [6,8]. Similar concept can be
applied to turbines within a wind farm. When the incoming air flows through the upstream turbine it
produces a region of separated flow dominated by pressure drag and hence reduces the performance
of the downstream turbine. These deficits are quantified as a 20-30% reduction in power relative
to unimpeded turbines, increase of 5-10% in fatigue loading for the downstream blades due to an
increase in wake turbulence intensity (TI) , and an increase in noise emission from the downstream
turbine [6,8,9]. Therefore, it is critical to develop an understanding of the wake effects to extract
maximum power out of a wind turbine. Hence quantifying this phenomenon is seen as a motivating
factor for this project. The wake characteristics can be affected by techniques such as active wake
control by varying turbine characteristics such as tip-speed ratio (TSR), pitch angle and yaw angle.
In a previous work by Bingzhen et al. TSR and pitch angle were varied to quantify the performance
and the spatial wake evolution of a small-scale wind turbine. It was observed that the larges wind
velocity deficit and maximum power coefficient occurred at the optimal TSR value when the TSR was
varied. Alternatively, an increase in just the pitch angle did not lead to the largest wind velocity but
induced greater effects on wake velocity. Along with that large pitch angles yielded low wind velocity
deficit and weak wake TI. Hence the change of the blade’s pitch angle exhibits a greater effect on the
wind velocity when compared with controlling the TSR in both near and far wake regions. When
increasing the yaw angle, both the wake velocity and TI are reduced, generating an asymmetric wake
structure [10]. In another study the two-turbine case was examined to understand the effects on the
downstream turbine. Axial induction-based wake control was achieved by using torque control to
increase the blade pitch angle and/or reducing the TSR. This study showed an increase in wake velocity,
reduction in axial induction factor (AIF), rotor thrust and power production of the upstream turbine
while increasing the power production of the downstream turbine [11]. Yaw based wake control of the
upstream turbine reduces the wake overlap with the downstream turbine, through misalignment of the
incoming flow, thus increasing the power production of the downstream turbine in comparison to the
upstream turbine [12]. This technique is known as secondary steering, where turbines work together
to build larger vortex-structures, leading to the deformation and deflection of the downstream wake,
resulting in an increase in wind farm performance [13,14]. Advancement in blade design, materials
and control has led to the progress of turbine performance in a range of environmental conditions,
yet current fixed geometry blades, employing torque and blade pitch control, are not optimal across
all operational conditions. Current blade stiffness hinders the development of control approaches
that enhance wind capture, lessen fatigue loads and improve mechanical and electrical stability, these
shortcomings need to be overcome [15]. Variable blade geometry is a new frontier for achieving blade
control to improve operation and lifespan [16]. While not a new concept, recent improvements in
material and manufacturing technology position morphing blades as an avenue for growth for wind
turbine operation and lifespan [17]. A geometrical change in shape as a result of blade actuation or
smart materials is referred to as morphing. An example of morphing technology are the flaps on an
airplane wing [18]. These morphing blades have been influenced by the ability of birds to adapt to
changing environmental conditions to optimize flight path [17–19]. These abilities to adapt to changing
conditions are particularly suitable for wind turbines that would make them resilient to various forms
of forces encountered, making them suitable for a range of inflow conditions when compared to
standard fixed blade technology[20,21]. MacPhee and Beyene, validated higher torque, increased cp,
and broader operational wind speeds for flexible blade technology when compared to traditional fixed
blade counterparts [15]. Conventional control surfaces in wind turbines could exploit adaptability
through active twist, camber, chord, and stiffness variations in blade geometry, such as using active
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tendons [22–24]. Studies show that combining active twist and chord extension improves aerodynamic
performance by 11% [20]. Similarly, optimizing chord and twist angle distribution enhances the
annual energy production (AEP) in small wind turbines [23]. Loth et al. proposed tension cables
to distribute equivalent forces between cable and centrifugal loads passively [24]. Morphing blades
improve efficiency, reduce vibrations, resist stall, and increase the lift-to-drag ratio. A segmented
blade with adjustable pitch angles for each section was studied by Gili and Frulla, who used electric
motors and cables to vary twist and enhance lift [25]. Daynes and Weaver demonstrated a flexible
flap assembly on a turbine blade that increased lift, reduced drag and regulated power [26]. Wang
et al. demonstrated that modifying twist at blade tips and bases in a simplified morphing blades
boosts AEP over pitch/stall-regulated designs [16]. Morphing blades have primarily been tested in
wind tunnels using small prototypes, with limited fabrication for large-scale applications [21]. This
underscores the need for further research to support the IEA vision for advancing this technology [3].
Previous studies developed a design framework for blades with active twist angle distribution (TAD),
ensuring an optimal angle of attack along the rotor radius, where the twist angle varies with blade
length [27–30]. This framework, validated using NREL’s AeroDyn software, analyzed twist angles
at discrete blade points and identified TAD geometries that maximize operational efficiency. This
paper aims to consolidate knowledge on wake effects and integrate aerodynamic analysis of ideal TAD
shapes using NREL FLORIS software for wind speeds in Region 2, ranging from cut-in to rated speed
in 1 m/s increments. The mechanical design for implementing such blades is also explored. Blade
shapes were modeled as a function of wind speed and radial distance from the hub. Using data from
the NREL Unsteady Aerodynamics Experiment (UAE) Phase VI, a fixed-speed 20 kW turbine with
TAD blades was analyzed to study wake effects. Subsequent sections delve into wake physics (Section
2), wake models (Section 3), simulation software (Section 4), the flexible blade concept (Section 5), and
preliminary FLORIS results (Section 6).

2. Wake Aerodynamics
Wake is defined as a region of recirculating flow immediately behind a bluff body or a wave

pattern in the downstream fluid generated by a moving object. These flow patterns can be attributed
to viscosity, resulting in flow separation, turbulence and density gradients [31]. A static turbine acting
as a bluff body creates velocity gradient and shear stress due to the no slip conditions as the fluid
moves over the surface. These effects of reduced flow velocity and non-zero shear stress are carried
away form the body due to viscous diffusion [32]. These effects of viscous diffusion are carried out at a
slow rate, but convection drives them faster creating a thin boundary layer. Which of these competing
effects of viscous diffusion and convection are dominant depends on the Reynolds number (Re). A
high Re results in a higher rate of downstream convection away from the surface, thus the vorticity
generated at the surface are swept back further. At moderate Re the flow separates when it interacts
with the body and hence the flow does not have sufficient momentum to go around the body [33].
After flow separation, an adverse pressure gradient develops due to the low velocity and momentum
within the boundary layer. When subjected to this adverse pressure gradient, the boundary layer
lacks sufficient momentum to overcome it, causing the flow to detach from the surface rather than
follow it. With high Re the region of flow separation is reduced due to turbulent mixing bringing
higher momentum flow closer to the surface [34]. High Re is also known to produce von Kármán
Street vortex a form of unstable flow. This appear in the form of vortex shedding that arises from
instabilities in attached eddies, when flow in the shear layers is slower than the surrounding flow,
hence rolling into vortices. The resulting oscillating forces, characterized by the Strouhal number
cause unsteady loading on structures [31,33]. A rotating propellor in uniform flow produces various
vortex structures by the hub, nacelle, tower and the blade tips due to the turning blades [35]. These
wake formations can be categorized into two regions the near-wake and the far-wake region. In the
far wake region, the geometry of the turbine no longer plays a significant role since the helical vortex
structure formed in the near wake structure breaks down due to instabilities. The geometry of the
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wind turbine dominates the vortex structures seen in the near wake regions since this is dependent
upon the rotor radius and the wake growth rate. As the blades rotate the vortices from the tip and the
root start shedding [34,36]. These tip vortices, rotating in the opposite direction to the rotor, are located
in the shear layers that form, between the near and far wake regions, due to the difference in velocities
between the inside and the outside air. This region increases in thickness as it moves downstream
ultimately reaching the wake axis. These highly turbulent shear layers lead to momentum transfers
due to turbulent mixing and hence the velocity deficit is reduced as the wake moves downstream.
Both velocity deficit and enhanced turbulence are used to characterize this turbine wake. Velocity
deficit leads to reduced power output from the downstream turbine while the enhanced turbulence
results in dynamic loading (fatigue) which reduces the blade lifespan. This velocity deficit recovers
downstream as the turbulence mixing occurs and has a Gaussian shaped profile[37]. Immediately
behind the wind turbine, tightly wound helical vortices form from the blade tips, roots, and nacelle,
with streamwise vortex structures concentrated at the center. Further downstream, wake instability
caused by expansion and vortex interactions destabilizes the helical structure. Tip vortices lose uniform
vorticity, and root vortices unwind, forming counter-rotating vortex pairs that drift away from the
turbine axis. These two vortex structures interact further downstream but do not alter the flow [38].
These vortices, along with turbulence from the nacelle, tower, and boundary layers, create a significant
velocity deficit immediately downstream, which recovers gradually in the far wake. High turbulence
intensity is concentrated in regions of strong vorticity, while areas outside this zone experience lower
turbulence intensity. However, unsteady loads on downstream turbine blades, caused by vortex
structures, reduce power output and induce fatigue, impacting turbine performance.

3. Wake Models
These models take the interplay between the upstream and downstream turbine when it comes

to wake. The upstream turbine is considered as an isolated system but the effect of wake from the
upstream turbine changes the initial conditions of the downstream turbine. FLORIS models are
classified by velocity deficit, wake combination, deflection and added turbulence [39]. Velocity deficit
models take the effect of reduced velocity from the upstream turbine into account. This reduced velocity
affects the power output of the downstream turbine. Wake deflection models address horizontal or
vertical displacement in the upstream turbine, due to free stream and turbine misalignment, based on
the model used [40]. The wake combination models demonstrate how resulting velocity profile are
combined with each other, addressing the wake super position concept. The added turbine models
compute the added turbulence from the turbine interaction with ambient turbulence. These numerical
models can involve differential equations solved from fluid, turbine dynamics governing equations,
analytical equations from mass or momentum conservation or data driven reduced order models
through CFD data [41]. The various models that are available for wake modelling alongside their key
features, limitations and their mathematical representation are seen in the section below.

3.1. Jensen Model

This model uses an actuator disc model with linear wake expansion and tunable wake decay
constant [42]. It is simple and computationally inexpensive, widely adopted in FLORIS. The computa-
tion time for this model in FLORIS is 0.0018 seconds [43]. However, it ignores added turbulence from
turbine operations [44].

u(x, r, a) = Uα[δu(x, r, a)] (1)

δu =

2α
( r

D+2x
)2, if r ≤ D+2xϵ

2

0, otherwise
(2)
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3.2. Multi-Zone Model

The Multizone model divides the wake into three zones (near-wake, far-wake, and mixing-
wake), each with its own linear expansion factors [45]. The model is computed in 0.0019 seconds in
FLORIS [43]. The wake zones of each upstream turbine, j, is combined to fine the effective velocity of
the downstream turbine i [44]. The tuned scaling factor (MU,q) causes the velocity of the outer zones
to recover faster than the inner zones. It accounts for partial wake overlap but is sensitive to tuning
parameters and ignores added turbulence effects.

ut = U∞

1 − 2

√√√√√∑
j

{
ajσ

3
q=1cjq

[
Xi min

(
Aol

j,i,q

Ai
, 1

)]}2
 (3)

ci,q(x) =
(

Di
Di + 2kemU,q(γi)|x − Xi|

)2
(4)

mU,q(γi) =
MU,q

cos(aU + bUγi)
(5)

3.3. Jimenez Model

Jimenez model simulates yaw-induced wake deflection with small angle approximations and
uniform wake velocity [46]. It effectively accounts for yaw effects but oversimplifies flow dynamics,
leading to errors in far-wake estimations. Using small angle approximations, the skew angle ζ (defined
as the angle between the wind direction and skew direction) is defined as.

ζ(x) ≈
ζ2

init
1 + 2kd

x
D

(6)

ζinit(a, γ) = 1/2cos2(γ)sin(γ)ct (7)

Using this skew angle and the Taylor series expansion the amount of deflection by yaw misalign-
ment in the spanwise (y-direction) is determined as [44].

δ(x) =
∫ x

0
tan(ζ(x)) dx (8)

ζ(x) ≈
ζinit

[
15
(

2kdx
D + 1

)4
+ ζ4

init

]
30kd

D

(
2kdx

D + 1
)5 −

ζinitD(15 + ζ2
init)

30kd
(9)

3.4. Bastankhah and Porté-Agel Model

The Bastankhah and Porté-Agel model is based on RANS equations, it separates wake sections
by streamwise position to account for wake deflection and steering [47]. FLORIS calculates the axial
induction factor in terms of ct, irrespective of the sub model chosen, defined below, where χ is the flow
skew angle in terms of the rotor axis [40]. It is accurate for wake steering but limited by simplified
RANS analysis assumptions.

ct ≈ 4a[a − acos(γ] (10)

a ≈ 1
2cos(γ)

[1 −
√

1 − ctcos(γ)] (11)

χ = ζ + γ ≈ (0.6a + 1)γ (12)
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ζ ≈ 0.3γ

cos(γ)
[1 −

√
1 − ctcos(γ)] (13)

The total deflection of the wake as a consequence of the wake steering is seen in the equations below,
where ζ is constant in terms of the potential core of uniform velocity uc, and the wake growth rate is
linearly proportional to the incoming TI.

δ = δ0 +
ζE0

5.2

√
σy0σz0

kykz M0
ln

 (1.6 +
√

M0)
(

1.6
√

σyσz
σy0σz0

−
√

M0

)
(1.6 −

√
M0)

(
1.6
√

σyσz
σy0σz0

+
√

M0

)
 (14)

δ0 = x0 tan(ζ) (15)

E0 = C2
0 − 3e

1
12 C0 + 3e

1
3 (16)

3.5. Gaussian Model

The model employs a Gaussian velocity deficit distribution based on self-similar shear flow
theory [47]. Due to its simplified NSE and free shear flow theory, the computational time is low at
0.0025 [43]. It is computationally efficient and models lateral/vertical wake meandering but is limited
by simplified Navier-Stokes assumptions. In the far-wake region, an analytical 3D velocity deficit
expression is presented

u(x, y, z)
U∞

= 1 − C exp

[
− (y − δ)2

2σ2
y

]
exp

[
− (z − zh)

2

2σ2
z

]
(17)

C = 1 −

√
1 −

(σy0σz0)M0

σyσz
(18)

M0 = C0(2 − C0) (19)

C0 = 1 −
√

1 − ct (20)

δ is the wake deflection and the subscript “0” refers to the initial values at the start of far-wake which
is dependent on the turbulence intensity I0. The velocity distribution, in the y and z direction, of the
lateral and vertical wake width (σ) are defined in the equations below.

σy

D
= ky

(x − x0)

D
+

σy0

D
(21)

σy0

D
=

σz0

D
cos(γ) (22)

σz

D
= kz

(x − x0)

D
+

σz0

D
(23)

σz0

D
=

1
2

√
uR

U∞ + u0
(24)

3.6. Curl Model

The model captures curled wake effects under yaw using elliptic vorticity distribution and
parabolic PDE solutions. Provides detailed modeling of wake deflection but at a higher computational
cost (1.6 seconds in FLORIS) and requires numerical methods [43]. The equations below describe
the downstream evolution of the wake deficit (u′ ). Here v′ and w′ are assumed to be zero, hence
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there is a single parabolic partial differential equation, that can be solved as a marching problem [48].
Martínez-Tossas et al suggested possible improvements to the model noting the differences between
the model and the LES simulations [49].

u
∂u′

∂x
+ v

∂u′

∂y
+ w

∂(u + u′)

∂z
= νeff

(
∂2u′

∂x2 +
∂2u′

∂y2 +
∂2u′

∂z2

)
(25)

3.7. Gauss-Curl Hybrid Model

As the name suggests the model combines Gaussian and Curl models to improve wake deficit and
deflection accuracy while maintaining low computational cost [48]. The model is effective especially
when it comes to addressing the discrepancies of Gaussian model’s ability to estimate downstream
power using field data. The GCH solves this by incorporating yaw-added recovery and secondary
steering for appropriate wake deficit and deflection to match field data [14].

3.8. Larsen Model

Exclusive to the MATLAB version of FLORIS the Larsen model assumes symmetric turbulent
wake and uses Prandtl’s turbulent boundary layer equations in cylindrical coordinates [40]. Accurate
for symmetric wakes but limited to specific turbulence assumptions like the first or second-order
approximations of RANS assuming steady and self-similar flow for velocity deficit profile [50].

∂
∂x (uxr) + ∂

∂r (urr) = 0

(U∞ + ux)
∂ux
∂x + ur

∂ux
∂r

[
l2r( ∂ux

∂r )2
] (26)

3.9. Wake Combination Models

The model combines wakes using velocity or kinetic energy summation methods such as
Freestream Linear Superposition (FLS), Max Velocity Deficit, or Sum of Squares Freestream Super-
position (SOSFS). Not fully developed and sensitive to flow field assumptions. FLS simply adds the
upwind flow field and the wake flow field to generate the velocity caused by the interaction of these
flow fields.

UW = U f f + U f (27)

Maximum wake velocity deficit simply selects the maximum of the two points between the base
flow field and the wake field.

UW = max(U f f , Uw) (28)

SOSFS uses the Pythagorean equations to return the resulting sum of squares velocity of the two fields

UW =
√

U2
f f + U2

w (29)

3.10. Added Turbulence Models

These models, simulate turbulence from turbine operation and ambient conditions. Models like
the Gaussian model and the Crespo Hernandez model take ambient conditions into account factors
like the atmospheric shear, veer, changes in TI through field measurements and the anisotropy of the
wake and atmospheric flow.

3.10.1. Gaussian Model

The Gaussian model links ambient TI to wake expansion using empirical relations seen below [51,52].

ky = kz = 0.38371I + 0.003678 (30)
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The additional turbulence generated, and the ambient conditions are computed using the redefined
added turbulence equations seen below, where the number of turbines is represented by N, with. N
= 1 indicates the strongest wake effect on the turbine being evaluated [53]. This model relies on the
linear wake expansion model and the six tuning parameters (α,β, ka, ka, ab, bd).

I =

√√√√ N

∑
j=0

(I+j )2 + I2
0 (31)

I+ = Aol

[
0.8a0.73

i I0.35
0

(
x

Di

)−0.32
]

(32)

a ≈ 1
2 cos(γ)

[
1 −

√
1 − ct cos(γ)

]
(33)

3.10.2. Crespo Hernandez Model

This model computes the additional variability through least squares fitting to relate the turbu-
lence kinetic energy to the standard deviation of the wind direction assuming similarity between the
anisotropy of the wake to be similar to the atmospheric flow [54].

I = σu/U∞ = 1.026k0.5/U∞ (34)

With, x/D between 5 to 15, I0 between 0.07 and 0.14 and a between 0.1 and 0.4. The FLORISE software
only uses the added turbulence in the far wake region [40,54].

I+ = 0.73a0.8325 I0.0325
0

x
D

−0.32
(35)

4. Modeling Tools
This study was focused on the aerodynamic modelling of turbine blades. These models are

of varying accuracy, categorized as steady state, control oriented models, medium fidelity models
and high-fidelity models [55]. The steady state models predict time averaged properties and hence
temporal dynamics are ignored. These models are computationally inexpensive but only provide
quantities averaged over periods of 5-10 minutes. Control oriented models capture the dominant flow
characteristics on second scale. These tend to be computationally more expensive than the steady state
models. Medium fidelity models are less computationally expensive than the high fidelity LES models
and hence are suitable for controller testing while losing out on some of the finer spatial and temporal
resolution available with the high-fidelity simulations. In the following section we will see the various
modelling tools available for these simulations and their uses and limitations.

4.1. FLORIS

FLORIS is an open-source software designed to optimize wind farm energy production and simu-
late wake interactions using reduced-order engineering models. Developed originally in MATLAB as
FLORISSE by Delft University of Technology and later extended in Python through collaboration with
the National Renewable Energy Laboratory (NREL), it provides a low-fidelity yet computationally
efficient framework for analyzing wind farm performance [56,57]. This study focuses on the Python
version of FLORIS, although a comparison with the MATLAB version is presented later in Section 4.2.
FLORIS employs steady-state, nonlinear wake models to predict time-averaged flow fields and turbine
power outputs. These models optimize yaw misalignment to enhance wind farm performance while
maintaining low computational costs (≤1 second for 100 turbines) [43]. The software uses parame-
terized thrust and power coefficients, requiring consistent hub heights for turbines but not modeling
wake dynamics explicitly [41]. The framework necessitates user-defined inputs in a JSON format,
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including turbine specifications, wake model parameters, and farm-level flow conditions, such as
wind direction, velocity, turbulence intensity, and shear factor [39].

Figure 1. FLORIS architecture.

Key features of FLORIS include its object-oriented architecture, which facilitates easy customiza-
tion, integration with high-fidelity tools (e.g., SOWFA, OpenFAST), and compatibility with aerody-
namic codes such as CC-Blade and WISDEM [39,58]. For example, CC-Blade outputs turbine-specific
power and thrust coefficients, which FLORIS uses to simulate yaw-aligned and misaligned condi-
tions [44]. Although FLORIS performs well under steady-state assumptions, it lacks the ability to
capture transient dynamics or ground effects, and the accuracy depends on properly tuned wake
and turbulence parameters [47,58]. Integration with high-fidelity tools like SOWFA and OpenFAST
has been explored to address FLORIS’s limitations. SOWFA simulations, though computationally
intensive, provide tuning inputs for FLORIS, enabling better insights into wake physics under specific
scenarios, such as aligned turbines with and without yaw [59]. OpenFAST, on the other hand, can
supply turbine coefficients and axial induction factors derived from its AeroDyn module, allowing
FLORIS to model region-3 turbine operations [58]. Recent advancements include incorporating the
Gaussian Wake Model (GWM) into the OpenFAST framework, enhancing the description of wake
dynamics through real-time calculations of thrust coefficients and axial induction factors [59]. Despite
its advantages, FLORIS exhibits some limitations, such as discontinuities in wake velocity across the
rotor plane and inner wake zone derivatives, which are inherent to most steady-state models. However,
these issues minimally impact overall results [58,60]. Future updates aim to address these limitations
by incorporating local effects, advanced turbulence modeling, analytic gradients for optimization, and
deeper integration with tools like CC-Blade and WISDEM [43,48].

4.2. FLORISSE

Developed by the Delft University of Technology FLORISSE is a MATLAB version of FLORIS that
has a similar architecture [61]. While these two versions share many similarities they wont be capable
of converging onto a single solution given the same initial parameters due to the the errors common
amongst numerical models [40]. This MATLAB version has several inputs spread across different
input files. It is also noteworthy that FLORISSE does not have ability to implement dynamic control.

4.3. OpenFAST

Fatigue, Aerodynamics, Structures, and Turbulence (FAST) is a multi-physics tool developed by
NREL to predict wind turbine power performance and structural loads. OpenFAST, its supported
version, incorporates additional physics to simulate wind farm wakes and turbine dynamics, providing
high-fidelity wake modeling and medium-fidelity turbine-level analysis [62]. It achieves computational
efficiency, making it suitable for iterative and probabilistic design [55]. When comparing OpenFAST
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with FLORIS, notable differences emerge. FLORIS produces smooth wake velocity profiles due to its
steady-state models, while OpenFAST results are influenced by turbulent wind conditions. A study by
CL-Windcon demonstrated these differences, showing FLORIS predicts minimum velocity at the wake
center, increasing outward, whereas OpenFAST’s velocity results depend on axial induction factors
across the blade sections ][41]. OpenFAST reveals no blade effects at the hub, and its wake velocity
aligns more closely with incoming wind.
Additionally, OpenFAST provides smoother transitions in velocity profiles across the rotor diameter,
whereas FLORIS exhibits abrupt changes at wake boundaries. This discrepancy highlights FLORIS’s
limitations, including discontinuities. While advanced wake models like Porté-Agel’s could address
these issues, the Jensen wake model used in FLORIS restricts wake shape adjustments and recovery
factor accuracy.

4.4. SOFWA

SOWFA, developed by NREL, is a high-fidelity simulation tool for modeling time-dependent
turbulent atmospheric flows and turbine-wake interactions. Built on OpenFOAM and OpenFAST,
it integrates ABL dynamics, turbine aerodynamics, and flow control systems [63]. SOWFA requires
both OpenFAST and OpenFOAM for operation, with turbine wakes modeled via the actuator line
method. The LES model samples velocities along actuator lines and returns them to OpenFAST,
where BEM theory computes aerodynamic forces. These forces are fed back to the LES solver and
applied as body forces in the momentum equation, resolving rotor wakes and vortices. OpenFOAM
simulates the ABL, driven by pressure gradients calculated through momentum balance. Unlike
FLORIS, SOWFA can potentially incorporate pressure gradient analysis, which is critical for wake
modeling [55]. SOWFA configurations include OpenFOAM and AeroDyn input files, enabling precise
aerodynamic modeling suited for this study [62,63]. In conjunction with this XFOIL and QBlade,
developed by Mark Drela at MIT, can be used to design custom airfoil shapes [64]. These Output files
can be used with AeroDyn/FAST for analysis which can then be used as input for FLORIS later [65].

5. Flexible Blade Concept
The concept for the flexible wind turbine blade has been seen in the author’s previous work and

in Figure 2 [27–30]. This design includes a rigid spar, surrounded by blade segments mounted in a
series and a nonstructural flexible skin. The pitch motor rotates the spar to change the blade angle and
multiple actuators provide finer adjustments.

Figure 2. Flexible twist blade concept [27–30].

Unlike the rigid blade design, where the twist angle varies along the blade, in the proposed design
the twist angle (φ) is a function of the radius (r) and wind speed (u).

φ = f (r, u) (36)
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Since the blade root moves, the absolute local twist angle is found by summing the spar angle (φp),
and the local twist angle (φb) seen in figure 3.

φ(r) = φp + φb(r) (37)

Figure 3. Definitions of pitch and local twist angles [27–30]

The Applications to the design and control of the above-mentioned concepts were done in the
author’s previous work. The analysis employed the Aerodyne software and an iterative search
algorithm to obtain a set of ideal TAD shapes for the steady shape operation in Region 2 wind speeds.
The power coefficient seen in eq. 38 below is optimized at each cross section of the blade. A mechanical
design also establishes the techniques to get these TAD shapes and the required optimal actuator
positions.

cp = f (β, φ, u) (38)

This procedure to find the optimal TAD shapes for each rated wind speed can be seen in the Figure 4
below.

Figure 4. Framework for the Active Blade Twist Angle Distribution.

6. Results and Discussion
The previously mentioned TAD design framework was focused on maximizing efficiency in

region 2. The results in this section expand upon the former framework by implementing AeroDyn
and FLORS wake models to demonstrate effects of wake. For this study a 20 kW wind turbine similar
to the one used in the NREL UAE Phase VI turbine study is used. The characteristics for this turbine
are listed in Table 1, this performance data has been certified by the NREL [66]. This simple system is
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suitable for studying the blade twist angle. Along with that this turbine model has been used in other
studies, providing us with suitable benchmarks [16,66].

Table 1. NREL UAE Phase VI Turbine Characteristics.

Rating 20 kW
Rotor Orientation, Configuration Upwind, 2 Blades

Blade Airfoils S809
Control Fixed-Speed

Rotational Speed 72 rpm synchronous speed
Cut-in, Rated, Cut-out Wind Speed [m/s] 3.0, 13.5, 25.0

Rotor, Hub Diameter [m] 4.6, 0.429
Hub Height [m] 12.192
Blade Pitch [◦] 2-14

Tilt, Yaw Angle [◦] 0.0

The FLORIS simulations seen require the cp and ct values for the specific TAD shapes found
previously. The AeroDyn was used to study the aerodynamic response of the blades and extract the
necessary data. AeroDyn implements a quasi-steady BEM theory [67]. Due to its reliability and fast
computational speed BEM is a common method for evaluating these parameters [68]. While reliable
BEM breaks down at high values of AIF and does not take the effects of vortex shedding for blade tip
and hub into account. AeroDyn implements Prandtl’s tip loss and hub loss, Glauert, and skew wake
to tackle these short comings. The AeroDyn model simulates each unique TAD between the speeds of
5 m/s to 10 m/s to obtain the blade performance parameters. Once all the TAD shapes were simulated
using pitch control to find the maximum cp as a function of the pitch angle with a constant rotor speed
of 72 rpm for each wind speed. These cp and ct values for different wind speeds are seen in Table 2
below. These will be used as input data for FLORIS.

Table 2. FLORIS Input Table.

U∞ [m/s] Original TAD #1 TAD #2 TAD #3 TAD #4 TAD #5 TAD #6 TAD #7 TAD #8 TAD #9
cp0 ct0 cp1 ct1 cp2 ct2 cp3 ct3 cp4 ct4 cp5 ct5 cp6 ct6 cp7 ct7 cp8 ct8 cp9 ct9

5 0.447 0.817 0.464 0.851 0.460 0.841 0.458 0.833 0.451 0.829 0.447 0.822 0.442 0.816 0.435 0.803 0.424 0.787 0.423 0.786
6 0.484 0.793 0.486 0.814 0.489 0.811 0.487 0.803 0.482 0.798 0.483 0.795 0.481 0.789 0.478 0.777 0.471 0.770 0.470 0.765
7 0.435 0.617 0.432 0.627 0.437 0.627 0.440 0.626 0.436 0.624 0.434 0.622 0.433 0.617 0.431 0.609 0.427 0.601 0.427 0.599
8 0.370 0.490 0.361 0.496 0.368 0.494 0.371 0.494 0.377 0.512 0.371 0.494 0.370 0.491 0.369 0.486 0.366 0.482 0.365 0.479
9 0.314 0.401 0.300 0.409 0.303 0.403 0.312 0.402 0.314 0.405 0.315 0.407 0.315 0.403 0.314 0.397 0.312 0.395 0.312 0.393
10 0.268 0.336 0.253 0.342 0.258 0.339 0.261 0.332 0.267 0.336 0.268 0.338 0.270 0.338 0.269 0.334 0.268 0.331 0.268 0.330
11 0.231 0.286 0.216 0.291 0.221 0.292 0.220 0.279 0.228 0.284 0.229 0.289 0.231 0.286 0.233 0.286 0.233 0.284 0.232 0.282
12 0.200 0.245 0.187 0.255 0.193 0.253 0.188 0.248 0.196 0.240 0.199 0.248 0.200 0.248 0.203 0.246 0.204 0.247 0.204 0.246
13 0.174 0.212 0.164 0.223 0.170 0.222 0.165 0.216 0.169 0.208 0.173 0.216 0.175 0.216 0.178 0.215 0.180 0.216 0.180 0.215

Table 3. Percentage Change in cp and ct for Different TAD Configurations.

U∞ [m/s] TAD #1 TAD #2 TAD #3 TAD #4 TAD #5 TAD #6 TAD #7 TAD #8 TAD #9
%cp1 %ct1 %cp2 %ct2 %cp3 %ct3 %cp4 %ct4 %cp5 %ct5 %cp6 %ct6 %cp7 %ct7 %cp8 %ct8 %cp9 %ct9

5 3.83 4.11 3.09 2.85 2.53 2.48 1.05 1.38 0.00 0.50 -1.01 -0.17 -2.53 -1.81 -4.99 -3.78 -5.26 -3.82
6 0.35 2.70 1.05 2.33 0.60 1.27 -0.37 0.64 -0.19 0.34 -0.68 -0.40 -1.24 -1.91 -2.58 -2.83 -2.89 -3.52
7 -0.53 1.59 0.64 1.62 1.13 1.36 0.21 1.04 -0.18 0.70 -0.41 -0.02 -0.81 -1.38 -1.75 -2.64 -1.86 -2.95
8 -2.62 1.20 -0.62 0.92 0.24 0.90 1.76 4.45 0.08 0.73 0.00 0.29 -0.46 -0.90 -1.24 -1.67 -1.40 -2.22
9 -4.52 1.89 -3.63 0.35 -0.76 0.27 -0.22 0.82 0.13 1.30 0.03 0.45 -0.10 -1.00 -0.64 -1.47 -0.86 -1.97
10 -5.71 1.90 -3.92 0.92 -2.46 -1.10 -0.52 0.12 -0.04 0.65 0.63 0.62 0.37 -0.57 0.11 -1.58 -0.07 -1.90
11 -6.29 1.96 -4.29 2.31 -4.85 -2.21 -1.08 -0.46 -0.74 1.16 0.30 0.28 1.08 0.11 0.87 -0.39 0.69 -1.09
12 -6.44 4.04 -3.50 3.35 -5.89 -1.02 -2.30 -1.96 -0.70 1.10 -0.35 1.14 1.40 0.37 1.90 0.69 1.70 0.29
13 -5.68 4.99 -2.53 4.76 -5.45 1.93 -3.21 -2.26 -0.46 1.60 0.34 1.74 1.95 1.22 3.04 1.79 3.27 1.46

Once this input from the AeroDyn software was extracted the FLORIS simulations were generated
with the previously mentioned python version of FLORIS 2.2.0. The Gaussian wake model was used
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for these simulations, the parameters ka and kb of the model determine the linear relationship between
the TI and the Gaussian wake shape. A common assumption is to assume a constant growth rate for
simplification. A decimal percent measure was used to define the TI, noting that FLORIS is not suitable
for TIs over 0.14. The wind shear is used to define the vertical velocity profile with a shear factor of
0.12. the blade pitch of the turbine can also be specified per the FLORIS reference manual but has not
been incorporated in the current study but is being planned in future use [60]. These simulations were
constructed for all 9 TAD shapes and the original blade design. For a single turbine the velocity deficit
is evaluated by measuring the horizontal cut-plane of the flow at the hub height. Since the different
blade profiles contain significant overlap making it hard to separate the distance at which the velocity
recovers 99% of the inlet velocity is observed. These distances, in meter, are seen in Table 4 below.

Table 4. Distances for Full Velocity Recovery.

U∞ [m/s] 5 6 7 8 9 10 11 12 13

Original 1994 1971 1888 1804 1735 1676 1626 1575 1527
TAD #1 1994 1997 1903 1814 1751 1692 1634 1599 1558
TAD #2 1994 1993 1903 1812 1738 1684 1637 1594 1556
TAD #3 1994 1983 1901 1812 1737 1667 1601 1576 1535
TAD #4 1994 1977 1898 1843 1742 1677 1615 1553 1503
TAD #5 1994 1974 1895 1810 1746 1682 1628 1577 1532
TAD #6 1994 1967 1888 1806 1739 1681 1621 1577 1533
TAD #7 1994 1952 1875 1795 1726 1671 1619 1571 1529
TAD #8 1994 1943 1863 1788 1722 1663 1615 1573 1534
TAD #9 1994 1936 1860 1783 1718 1660 1610 1570 1531

The percentage change relative to the baseline is quantified and seen below in Table 5. Only the
profiles that showed a decrease in velocity recovery distance is seen below as a negative percentage
value. Only TAD #7-9 are seen to have a better velocity recovery.

Table 5. Percentage Change in Recovered Distances.

U∞ [m/s] 5 6 7 8 9 10 11 12 13

TAD #7 0.00% -0.96% -0.69% -0.50% -0.52% -0.30% -0.43% -0.25% 0.13%
TAD #8 0.00% -1.42% -1.32% -0.89% -0.75% -0.78% -0.68% -0.13% 0.46%
TAD #9 0.00% -1.78% -1.48% -1.16% -0.98% -0.95% -0.98% -0.32% 0.26%

The wake interactions between the upstream and downstream turbine were also simulated
together to understand the effect on the power production. Figure 5 shows the wind farm layout with
the turbines spaced at 5D since this is a common minimum distance for turbines.

Figure 5. 1x3 Wind Farm Layout.
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The power generated from this upstream and downstream turbine can be seen in Tables 6–8.
When simulating these turbines negative power output is seen due to hysteresis, where the turbine
properties lag behind its changes. This can be seen at the cut in and cut-off speed. From these results
the TAD #1 is the most efficient at start up with the lowest cut-in value but is not optimal for other
wind speeds. TAD #9 is better for rated speed due to its higher power performance. This data suggests
that the flexible blades are most useful near the cut-in and rated speed proven by the evidence that the
power coefficient increased by 3.38% and 3.27% for TAD #1 and 9 respectively.

Table 6. Upstream Turbine Power Output in kW.

U∞ [m/s] Original TAD #1 TAD #2 TAD #3 TAD #4 TAD #5 TAD #6 TAD #7 TAD #8 TAD #9

5 2.68 2.79 2.77 2.75 2.71 2.68 2.66 2.61 2.55 2.54
6 5.03 5.05 5.09 5.07 5.02 5.02 5.00 4.97 4.90 4.89
7 7.20 7.15 7.23 7.27 7.22 7.18 7.17 7.14 7.07 7.06
8 9.18 8.93 9.10 9.20 9.30 9.18 9.17 9.14 9.06 9.05
9 11.10 10.61 10.73 11.00 11.10 11.11 11.11 11.09 11.03 11.01
10 12.99 12.26 12.48 12.66 12.92 12.98 13.06 13.05 13.01 12.98
11 14.88 13.96 14.27 14.19 14.71 14.79 14.92 15.04 15.02
12 16.76 15.70 16.18 15.81 16.38 16.65 16.74 17.00 17.08 17.06
13 17.96 16.89 17.44 16.95 17.44 17.86 17.97 18.27 18.43 18.44

Table 7. Downstream Turbine Power Output in kW.

U∞ [m/s] Original TAD #1 TAD #2 TAD #3 TAD #4 TAD #5 TAD #6 TAD #7 TAD #8 TAD #9

5 -1.99 -1.72 -1.85 -1.85 -1.87 -1.98 -2.01 -2.07 -2.14 -2.13
6 -0.50 -0.35 -0.43 -0.41 -0.43 -0.50 -0.51 -0.53 -0.57 -0.54
7 2.17 2.22 2.18 2.18 2.16 2.14 2.14 2.17 2.16 2.17
8 4.87 4.85 4.90 4.88 4.69 4.84 4.83 4.85 4.81 4.82
9 7.25 7.14 7.27 7.31 7.25 7.20 7.21 7.23 7.17 7.18
10 9.38 9.06 9.25 9.42 9.49 9.36 9.36 9.36 9.32 9.31
11 11.43 10.84 10.97 11.35 11.42 11.41 11.44 11.43 11.39 11.38
12 13.44 12.57 12.82 13.01 13.40 13.38 13.48 13.51 13.47 13.45
13 15.46 14.37 14.72 14.63 15.28 15.32 15.43 15.61 15.60 15.58

Table 8. 2nd Downstream Turbine Power Output in kW.

U∞ [m/s] Original TAD #1 TAD #2 TAD #3 TAD #4 TAD #5 TAD #6 TAD #7 TAD #8 TAD #9

5 -0.94 -0.70 -0.81 -0.81 -0.84 -0.93 -0.96 -1.02 -1.08 -1.08
6 0.13 0.36 0.28 0.26 0.22 0.15 0.11 0.03 -0.04 -0.05
7 1.42 1.58 1.53 1.52 1.48 1.43 1.39 1.33 1.26 1.25
8 2.88 2.91 2.91 2.92 2.91 2.88 2.87 2.87 2.83 2.84
9 5.25 5.14 5.20 5.20 5.16 5.17 5.20 5.28 5.29 5.30
10 7.92 7.74 7.88 7.96 7.81 7.87 7.88 7.91 7.88 7.90
11 10.19 9.74 9.93 10.18 10.24 10.15 10.17 10.20 10.15 10.16
12 12.34 11.60 11.80 12.13 12.31 12.31 12.36 12.38 12.36 12.35
13 14.45 13.46 13.74 13.86 14.35 14.32 14.47 14.56 14.54 14.53

To better understand these effects the percentage change of in the power output is seen in Tables 9–
11. These tables show the blades that or of most significance. Therefore TAD #3 and #6-8 have the
highest increase in upstream power for a broad range of region 2 conditions. TAD #3 improves
performance in the startup speeds. TAD #6-8 perform better at higher speeds. In the downstream
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turbines TAD #1-4 outweigh the power generation of the fixed blade design in early start up, and TAD
#6-9 have better function closer to the rated speeds.

Table 9. Percent Change in the Upstream Turbine Power Generation.

U∞ [m/s] 5 6 7 8 9 10 11 12 13

TAD #3 2.58% 0.75% 0.99% 0.21% -0.87% -2.58% -4.66% -5.65% -5.61%
TAD #6 -1.02% -0.67% -0.39% -0.04% 0.11% 0.51% 0.25% -0.13% 0.10%
TAD #7 -2.58% -1.26% -0.80% -0.45% -0.07% 0.41% 1.03% 1.44% 1.76%
TAD #8 -5.06% -2.61% -1.76% -1.22% -0.61% 0.12% 0.92% 1.92% 2.64%

Table 10. Percent Change in the 1st Downstream Turbine Power Generation.

U∞ [m/s] 5 6 7 8 9 10 11 12 13

TAD #2 7.23% 13.50% 0.51% 0.42% 0.32% -1.40% -4.01% -4.64% -4.78%
TAD #3 7.26% 17.61% 0.53% 0.07% 0.82% 0.42% -0.65% -3.26% -5.38%
TAD #6 -0.64% -1.40% -1.13% -0.91% -0.58% -0.22% 0.11% 0.27% -0.20%
TAD #7 -4.01% -5.06% -0.08% -0.56% -0.33% -0.22% -0.02% 0.49% 0.95%
TAD #8 -7.23% -12.76% -0.34% -1.31% -1.06% -0.64% -0.37% 0.16% 0.88%

Table 11. Percent Change in the 2nd Downstream Turbine Power Generation.

U∞ [m/s] 5 6 7 8 9 10 11 12 13

TAD #1 25.19% 175.35% 11.56% 1.04% -2.09% -2.25% -4.40% -6.02% -6.88%
TAD #3 13.58% 95.81% 7.10% 1.13% -0.77% 0.53% -0.09% -1.73% -4.11%
TAD #4 10.83% 67.03% 4.43% 1.00% -1.70% -1.39% 0.49% -0.26% -0.69%
TAD #6 -1.71% -18.39% -1.66% -0.53% -0.79% -0.50% -0.17% 0.16% 0.14%
TAD #7 -8.24% -74.15% -5.86% -0.59% 0.63% -0.12% 0.04% 0.30% 0.77%
TAD #8 -15.12% -132.05% -11.24% -2.01% 0.80% -0.46% -0.37% 0.15% 0.61%

Wind direction is an important factor is assessing wake effects. The Win direction can affect the
placement and the orientation of the wake cones. To assess this a new layout with turbines arranged
synchronously in a row are seen in Figure 6. A reference turbine is included that is unaffected by
nearby turbines while the control and test turbines are present to assess the downstream effects of
wake. The energy wake loss module in FLORIS was used to calculate the balanced wake loss. This is
the total difference in energy production when compared to the reference turbine [69,70]. The formula
for this can be seen below in Eq. 38.
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Figure 6. 2x1 Wind Farm Layout.

The term cwake is used to measure this effect of wake, and these calculations are done by averaging
the wake loss for each wind speed and wind direction.

cwake =
totaloutputwithwakee f f ect

totaloutputwithoutwakee f f ect
(39)

Table 12 below demonstrates the percentage loss for each TAD and the original design. Green
indicates the wake loss percentage that is higher across the defined wind direction bin. TAD #3 and #7
are the most promising followed by TAD #1,4,6, and 8

Table 12. Wake loss percentage.

The difference in wake loss percentage is also calculated to show the increase or decrease to the
original blade design. Table 13 shows the maximum gain and loss with respect to each TAD.

Table 13. Summary of Change in Wake Loss Percent.

TAD #1 TAD #2 TAD #3 TAD #4 TAD #5 TAD #6 TAD #7 TAD #8 TAD #9

max In cwake 5.7% 7.7% 8.9% 6.2% 7.6% 7.3% 7.1% 4.8% 6.7%
max Red cwake -2.8% -5.9% -5.0% -3.2% -2.5% -1.1% -9.9% -4.8% -4.7%

∆ 8.4% 13.6% 13.9% 9.4% 10.1% 8.3% 17.0% 9.6% 11.4%
|∆| 2.9% 1.8% 3.9% 3.1% 5.0% 6.2% -2.8% 0.1% 2.0%

TAD #3 appears to be well suited for wind direction, though the maximum decrease should be
concerning. Hence TAD #2, 3, and 7 show the highest percentage range in wake loss at 13.6%, 13.9%
and 17.0% respectively. The absolute range of percent changes is used when evaluating the TAD
geometries as the decrease in wake loss may be misleading. Hence TAD #6 was considered optimal as
it had a relatively high increase in gain while minimizing the decrease in loss. Figure 7 Highlights the
distribution of TAD #6 that produces the least amount of wake loss.
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Figure 7. Minimum Wake Loss Blade.

6.1. Optimal Blade Design

Out of the 9 TAD shapes the process of selecting the the twist distribution with the lowest actuation
energy was carried out. This optimum free blade shape is represented by the diagonal elements of the
of Table 2. The diagonal elements show the optimal TAD producing the highest increase in power in
the diagonal elements shown in Table 6. Tables 14 and 15 show the aerodynamic characteristics of the
optimum blade used as input data in FLORIS. The subscripts “0” and “t” represent the characteristics
obtained using the conventional method and theoretical TAD respectively.

Table 14. Power coefficients for the Original and Optimum TAD.

U∞ [m/s] 5 6 7 8 9 10 11 12 13

cp0 0.447 0.484 0.435 0.370 0.314 0.268 0.231 0.200 0.174
cpt 0.464 0.489 0.440 0.377 0.315 0.270 0.233 0.204 0.180

ln [%] 3.83 1.05 1.13 1.76 0.13 0.63 1.08 1.90 3.27

Table 15. Thrust coefficients for the Original and Optimum TAD.

U∞ [m/s] 5 6 7 8 9 10 11 12 13

ct0 0.817 0.793 0.617 0.490 0.401 0.336 0.286 0.245 0.212
ctt 0.851 0.811 0.626 0.512 0.407 0.338 0.286 0.247 0.215

ln [%] 4.11 2.33 1.36 4.45 1.30 0.62 0.11 0.69 1.46

These results match the results obtained in the previous work, showing once again that the
variable twist blade provides the greatest advantage in the cut-in and rated speeds. The increase in
performance also becomes less significant as the speeds approach 9 m/s indicating that this speed is
the optimal speed for the original blade. A defined set of points through a single row at hub height
was collected for a single turbine layout to capture the velocity deficit. Figure 7 shows how the optimal
TAD compares to the original blade when optimized for 9 m/s.

This shows that even at optimum operating speed the TAD blades show faster recovery. This
indicates that there is sharp discontinuity in the wake velocity across the rotor. A smooth velocity
recovery is no observed as a x-distance of 75m. This may be caused due to the transition from near
to far wake. To look at this closely a comparison between the energy ratio against wind speed and
direction was carried out for both TAD shapes and it can be seen in Figure 8. The TAD blade shows a
higher energy ratio for a broader range of wind speeds with an exception of 270◦.This indicates that
a TAD blade can improve the turbine operation in region 2 with these differences becoming more
significant when scaling to a larger turbine.
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Figure 8. Comparison of Wake Velocity Deficit Profile.

Figure 9. Balanced Energy Ratio Against Wind Speed and Direction.

7. Conclusions
The turbine blades generate complex vortex structures form the blade tip, root and hub. Destabi-

lization of the tip vortices due to the inflow eddies, opposite rotating vortexes stemming from the tips,
the hub vortex with intense vorticity all interact with each other to generate these complex wake effects.
The literature review familiarized the reader with various characteristics of wake dynamics like the
immediate velocity deficit, reduction in operation lifespan due to unstable loading from TI as well as
increased noise levels from these uneven loads on the downstream turbines. The scope of this projects
was to get a better understanding of the wake dynamics and how the TAD blade shapes could affect
these wake characteristics. FLORIS, a parametric wake modeling tool, was used to analyze steady-state
wake characteristics. While transient effects due to wind speed variations are outside this scope, future
work will address these phenomena. Nine TAD blade shapes were developed based on prior research,
each optimized for specific wind speeds between cut-in and rated speeds. Results demonstrate that
TAD blades improve wake recovery (Table 4) and reduce wake losses compared to fixed blade designs,
as shown in Tables 2 and 3. For instance, TAD #1 and TAD #9 enhance operation at cut-in and rated
speeds, increasing the power coefficient by 3.83% and 3.27%, respectively. The optimal blade integrates
these TAD designs, further improving efficiency across all wind speeds (Tables 14 and 15). Validation
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for the optimal blade can be seen in figure 8 showing comparable results. This study was a part of a
larger body of work that looks to combine OpenFAST and FLORIS coupling, since OpenFAST could
enhance the modelling capabilities especially for modelling the aero-hydro-elastic dynamics in wind
turbines. This could kelpd with studying TAD shapes and their capabilities in controlling wake and a
better understanding of optimal TAD shapes balancing efficiency and wake control. More work also
be done using a larger scale model like the DTU 10 MW model. Validation of the work done could also
be done using Fluid Structure Interactions in numerical solvers and experimental methods in wind
tunnel to further the knowledge of vortex structures for TAD blades.
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