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ABBREVIATIONS AND SYMBOLS

ABBREVIATIONS

ACM = Actuator Cylinder Model
AoA = Angle of attack
BEM = Blade Element Momentum theory
CACTUS = Code for Axial and Cross-flow TUrbine Simulation
CFD = Computational Fluid Dynamics
DBMS = Double-multiple streamtube model
HAWT = Horizontal axis wind turbine
LLM = Lifting line method
QMS = Quadruple Multiple Streamtube model
VAWT = Vertical axis wind turbine
VLM = Vortex Lattice Method

SYMBOLS

ARb = Main rotor blade aspect ratio [−], H 2

Sb

B = Number of blades [−]
Bs = Number of struts [−]
c = Chord [m]
CD = Drag coefficient, FD

0.5ρSeU 2 [−]

CL = Lift coefficient of element, FL
0.5ρSeU 2 [−]

CM = Pitching moment coefficient, M
0.5ρSe cU 2 [−]

CN = Normal force coefficient, FN
0.5ρSeU 2 [−]

CT = Tangential force coefficient, FT
0.5ρSeU 2 [−]

CP = Power coefficient, P
0.5ρSU 3∞

[−]

CQ = Torque coefficient, Q
0.5ρSRU 2∞

[−]

CX = Loading coefficient in freestream direction, FX

0.5ρSU 2∞
[−]

CY = Loading coefficient perpendicular to freestream direction and out of plane of rotation, FY

0.5ρSU 2∞
[−]

CZ = Loading coefficient perpendicular to freestream direction and in plane of rotation, FZ

0.5ρSU 2∞
[−]

d t = Time step [s]
D = Turbine diameter [m]
H = Blade span [m]
k = Reduced frequency, Ω·c2·U [−]
Ls = Strut length [m]
M = Mach number [−]
P = Generated power by turbine [W ]
Q = Turbine torque [N m]
R = Turbine radius, 1

2 D [m]

Re = Reynolds number, ρU∞R
µ [−]

S = Rotor frontal surface area, H ·D [m2]
Sb = Blade planform area [m2]
Se = Element planform area [m2]
Ss = Strut planform area [m2]
t = Time [s]
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U = Local flow velocity m2

U∞ = Freestream velocity [m/s]
α = Angle of attack [◦]
α̇ = rate of change of angle of attack [◦/s]
ε = Spanwise mounting point strut to blade as fraction of blade span [−]
λ = Tip speed ratio, ΩR

U∞ [−]
µ = Viscosity, [Pa · s]
ψ = Strut pitch angle [◦]
ρ = Air density [kg /m3]
δ = Blade pitching angle [◦]
φ = Strut inclination angle against the x-z plane [◦]
ξ = Gap between attachment point strut-blade and the strut as fraction of radius R [−]

σb = Rotor blade solidity, Bcb
2R [−]

σs = Rotor strut solidity, Bs cs
2H cosφ [−]

θ = Turbine azimuth angle [◦]
ω = Vorticity [1/s]
Γ = Circulation [m2/s]
Ω = Turbine angular velocity [r ad/s]
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SUMMARY

To combat climate change and with increased demand of energy, the wind energy sector becomes more im-
portant over time. The wind energy producing systems consists predominantly of horizontal axis wind tur-
bines (HAWT). Beside the HAWTs there are other types of wind turbines, one of them the vertical axis wind
turbines (VAWT) which distincts from the HAWTs by having their axis of rotation perpendicular to the flow.
This leads to the ability to catch wind from different directions without requiring yawing systems. These
type of systems are very promising for offshore deployment due to their inherent structure. This can lead to
cheaper wind energy systems and thus a more accessible source of alternative (green) energy.
This thesis is about the research on the modelling of H-shaped Darrieus vertical axis wind turbines with struts
using CACTUS, a 3D numerical lifting line method developed by Sandia National Laboratories. Struts are of-
ten required to connect the blades to the tower. But the presence of these structures affects the wake and
the performance of the turbine by blade-strut and blade-wake interactions. These effects are often described
using empirical relations but are not fully understood yet. Thus one of the main goals is to improve the un-
derstanding of the aerodynamics of struts in the VAWT. In this research, the turbine including the struts are
modelled and a parameter study is performed using CACTUS. This thesis consist of few objectives. The first
one is to define and model the VAWT and its struts with varying design parameters in CACTUS. The sec-
ond objective is to examine how the loadings of the struts can be modelled within CACTUS and thirdly to
determine its effects on the rotor performance and wake. The research in this thesis paper is furthermore
supported with a literature review on the theory of VAWTs aerodynamics, dynamic stall and similar studies
performed by other researchers.
The original CACTUS program only models the rotor blade with the lifting line method and the struts are cur-
rently described with empirical relations. Thus the second objective is to model the loadings on the struts.
CACTUS is extended to allow the application of its lifting line model on the struts as this gives a more physics
based approach. After the extension the full rotor with blades and struts are simulated in CACTUS. In the
study the inclination angle, the strut tip to blade attachment distance, the strut attachment point on the
blade and tip speed ratio of the turbine were varied for the different cases. A strutless reference model is also
simulated and used as for comparison with the cases.
The first check is to make sure that the blade-strut interference is present with the extended model as this
was formerly modelled with a empirical relation of Hoerner. A gap was introduced between the strut tip and
blade attachment point. It is found that by placing a strut tip near a blade will affect the blade due to the in-
duced velocities caused by the strut tip. By reducing the gap distance (positioning the strut tip closer towards
the blade) this downwash is stronger. Except the influence of the strut tip vortex on the blade, the reverse in-
fluence of the rotor blade tip vortex on the strut is also present. The strength varies based on the strut-blade
attachment position on the rotor blade, with the downwash on the strut being the strongest when the strut
is place towards the tip of the blade. Another parameter being varied is the tip speed ratio of the rotor. It
shows that the optimal tip speed ratio for this VAWT is in the lower range which is in agreement with other
studies on VAWTs. Finally, an inclination angle is introduced between the struts and blades. By doing so the
loadings on the blades and struts change. Compared to a horizontal and unpitched strut, the inclined strut
generate a load which in turn contribute to the torque in the rotor. The presence of the (inclined) struts in the
turbine distorts the flow field in the wake and deflects the wake laterally based on the strength of the vortex
strength on the struts. This relates to the inclination angle of the struts relative to the blades as this results
in a increased angle of attack of the struts and thus a stronger bound vortex. As consequence the lifting load
on the strut contributes to the torque generated by the turbine and the strut becomes an energy conversing
body. But whereas the struts start to generate more torque with increasing inclination angle the main rotor
blades’ torque generating capacity deteriorates. Ultimately the energy conversing capability of the blades is
transferred to the struts with increasing inclination angle of the struts. In this transfer a part of the rotor power
coefficient is lost thus the net result is that the inclination of struts will lead to a reduced power conversing
capability of the rotor.
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RESEARCH BACKGROUND

WHY WIND ENERGY?
Due to climate change, governments are committed to create a more sustainable environment[19]. As wind
turbines are becoming cheaper to implement, it becomes one of the alternatives for society to transit to a
more sustainable energy production capacity. The abundance of wind energy[1] and its easy accessibility
makes it a very promising candidate for reliable large scale power production. It could lead to a reduced de-
pendency on fossil fuels and thus reduce carbon emissions. Although wind as a resource is free and abundant,
it also has some other issues associated with. The first one is the higher upfront research and development
costs than conventional power plants. Secondly the power production rate of the turbines are time specific
instead of constant. Thirdly, public opinion does not always favour them in the neighbourhood due to the
nuisance caused by the turbines[1]. Wind turbines and conventional power plants also have their operational
costs. But once set up wind resources are free while fuel costs money. According to [20] wind energy produc-
tion costs are now similar to conventional fossil fuel based costs. With more financial and time investment in
wind turbines, its costs can be decreased severely due to the learning curve [20]. This makes wind energy as
one of the prominent alternatives to fossil fuels.

(a) Typical horizontal axis wind turbine [1]

(b) Darrieus vertical axis wind turbine [21]

Figure 1: The two modern wind turbine types

WIND TURBINES

There are two main wind turbine categories: the horizontal axis wind turbine (HAWT) shown in figure 1a
and the vertical axis wind turbine (VAWT) shown in figure 1b. Both categories have their own strengths and
weaknesses[5]. While the standard for wind energy production are the horizontal axis wind turbine (HAWT)
type, there is renewed interest in VAWTs. Specifically for applications in off-shore multi megawatt power
generation due to the inherent features of the VAWT[21][22][23]. On the other hand small sized VAWTs are
also mainly deployed in urban applications such as power generation on high-rise buildings[24]. But the
standard of wind energy production wind turbines are of the HAWT type and the VAWT is a topic for which
aerodynamic research has been lagging a bit behind compared to the HAWT[25]. Nowadays renewed interest
is shown in VAWTs and its potential.
Most VAWTs have structural elements connecting blades to tower called struts, and these elements have im-
pact on the performance of the VAWT. The goal is to create a better understanding of the aerodynamic effects
of struts in a VAWT and its impact on performance. Thus this research deals with the (numerical) modelling
of the struts in a vertical axis wind turbine using a 3D lifting line method and to assess the impact of strut
geometry. Knowing how the presence of the struts and its geometry and topology relates to its aerodynamic



3

performances can have practical use for optimizing strut designs in a VAWT. In the end this can increase the
efficiency of a VAWT and make it more feasible to produce them.

RESEARCH QUESTION, AIMS AND OBJECTIVES
This thesis report deals with the research on the aerodynamic effects of the struts in a vertical axis wind tur-
bine. Similar studies by other researchers have been performed on this subject. Delphine[16] have performed
a study on 2D VAWT rotor within another rotor using the actuator cylinder model. This inner rotor could rep-
resent a lift producing strut in 2D. Another study regarding struts is by Mendoza[14]. He has studied the wake
deflection due to pitched struts in a VAWT, also using the actuator cylinder model. Hara et al [26] have also
performed a study with CFD on pitched struts in the form of butterfly VAWTs, in which the struts are inte-
grated to form closed loop blades.
A different approach of modelling is used in this research. The 3D lifting line solver called CACTUS is used
in contrary to the above mentioned methods. In this research the main objective is to extend CACTUS to in-
clude the prediction of the effects of the struts on the aerodynamic performance of a H-Darrieus vertical axis
wind turbine. The solver is modified such that the lifting line model itself is applied on the struts as well as
this is not implemented by default. The original code only models the strut with minimal empirical relations.
Thus the strut modelling is expanded upon in this work and allows to simulate the turbine with blades and
struts in 3D.
The knowledge attained could be used to improve strut design in future VAWTs, leading to less losses. It is
specifically noted that the analysis focuses on the 3D aerodynamic effects. Other considerations like struc-
tural or control aspects are outside of the scope of this research. The research question How does the presence
of struts in 3D affect the aerodynamic performance of a H-Darrieus Vertical Axis Wind turbine? is a very broad
question, thus it will be divided into smaller subquestions or goals. By answering all the subquestions, the
main question will also be answered.
With the main research question and objective set, the next step is to consider which aspects must be taken
into account. A framework is first presented to sketch the outline of this project which can be then used to
solve this research problem. Based on the framework a set of subquestions can be made which is used to
finally answer the main question.

SUBQUESTIONS
As mentioned earlier the main research question is still to broad, therefore this project is divided into smaller
subproblems

1. How to define and model the strut geometry in CACTUS?

(a) How can we model our objective turbine into CACTUS?

(b) How can the loadings (lift and drag) at the blade-strut intersection be modelled?

(c) How can the loadings of the (inclined) struts be modelled?

2. How do the struts effect the VAWT performances?

(a) What are the physical phenomena causing losses?

(b) How and why does the sectional geometry of the strut affect the lift, drag, torque, power coefficient
and velocity field?

(c) How and why does the strut inclination angle affect the lift, drag, torque, power coefficient and
velocity field?

(d) How and why does topology of the struts relate to the performance of the VAWT?

(e) What are the 3D secondary flow effects?

(f) How and why do blade-wake interactions affect the struts?

3. How are the near and far wakes affected by the struts?

(a) How is the velocity field downstream affected by the struts?

(b) How is the shape of the wake affected by the struts?
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REPORT STRUCTURE
This report consists of two main parts. First part consists of the paper presenting the research and answering
the research questions in the last section. The paper is a separate part of this report and is a full standalone
document. The second part consists of supporting chapters which function as literature review on several
topics of VAWTs. This part is divided into several chapters. In chapter 1 the theoretical background is pre-
sented for VAWTs including regular aerodynamic models. Chapter 2 continues with literature on unsteady
aerodynamics common for VAWTs. Chapter 3 presents the literature related to modelling and research on
struts by other researchers. Finally the support chapters are closed with a conclusion on the literature review
and the research performed in the paper section. A few recommendations are also made in the concluding
section.
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This thesis paper presents research on the modelling of struts of a vertical axis wind turbine
and its effects on the wake and performance. The 3D non-linear lifting line solver CACTUS
is extended to include the struts in the rotor as lifting bodies. This leads to the application
of the lifting line theory on the struts and the vortices shed by the struts are considered. A
case study is performed for different strut configurations in the rotor, with the focus set on
the inclination angle of the struts. The results are studied and compared to the reference
turbine excluding struts. The original version has a limited drag-only modelling of struts with
empirical relations and assumes flat plate shape of the strut. The extended modelling of struts
uses a more physics based approach and takes into account the strut geometry and the angle
of attack of the strut with the flow. Limited aerodynamic interactions between strut and blade
is possible with this method. The tip vortex from the blade creates a downwash on the strut
and thus causes an increased bending load on the strut. On the other hand the effect of the
inclined strut interference on the main rotor blade will have a relatively big impact as it causes
deterioration in the blade loadings on the downwind pass. The consequence is that part of the
torque generation by the blades is transferred to the struts. Finally it is found that the inclusion
of the struts distorts the flow field in the wake, especially when the struts have a stronger bound
vortex due to its inclination angle. The wake tends to expand and deflect more downstream
then without the struts. The low velocity flow field as consequence deflects towards windward
side, becomes turbulent and thus the flow deficit is lower than in the reference case.

Keywords: Vertical Axis Wind Turbines, VAWT, wake, struts, vortex method, lifting line
method

Nomenclature

CACTUS = Code for Axial and Cross-flow TUrbine Simulation
CFD = Computational Fluid Dynamics
HAWT = Horizontal axis wind turbine
VAWT = Vertical axis wind turbine
ARb = Main rotor blade aspect ratio [−], H2

Sb

B = Number of blades [−]
Bs = Number of struts [−]
cb = Blade chord [m]
cs = Strut chord [m]
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CD = Drag coefficient, FD

0.5ρSeU2 [−]
CL = Lift coefficient of element, FL

0.5ρSeU2 [−]
CN = Normal force coefficient, FN

0.5ρSeU2 [−]
CT = Tangential force coefficient, FT

0.5ρSeU2 [−]
CP = Power coefficient, P

0.5ρSU3∞
[−]

CQ = Torque coefficient, Q

0.5ρSRU2∞
[−]

CX = Loading coefficient in freestream direction, FX

0.5ρSU2∞
[−]

CY = Loading coefficient perpendicular to freestream direction and out of plane of rotation, FY

0.5ρSU2∞
[−]

CZ = Loading coefficient perpendicular to freestream direction and in plane of rotation, FZ

0.5ρSU2∞
[−]

dt = Time step [s]
D = Turbine diameter [m]
H = Blade height [m]
k = Reduced frequency, Ω·c2·U [−]
Ls = Strut length [m]
P = Generated power by turbine [W]
Q = Turbine torque [Nm]
R = Turbine radius, 1

2 D [m]
Re = Reynolds number, ρU∞Rµ [−]
S = Rotor frontal surface area, H · D [m2]
Sb = Blade planform area [m2]
Se = Element planform area [m2]
Ss = Strut planform area [m2]
U = Local flow velocity m2

U∞ = Freestream velocity [m/s]
α = Angle of attack [◦]
ε = Spanwise mounting point strut to blade as fraction of blade span [−]
λ = Tip speed ratio, ΩRU∞ [−]
µ = Viscosity, [Pa · s]
ψ = Strut pitch angle [◦]
ρ = Air density [kg/m3]
δ = Blade pitching angle [◦]
φ = Strut inclination angle against the x-z plane [◦]
ξ = Gap between attachment point strut-blade and the strut as fraction of radius R [−]
σb = Rotor blade solidity, Bcb

2R [−]
σs = Rotor strut solidity, Bscs

2H cosφ [−]
θ = Turbine azimuth angle [◦]
ω = Vorticity [1/s]
Γ = Circulation [m2/s]
Ω = Turbine angular velocity [rad/s]

I. Introduction
This paper focuses on the lift-based VAWT, called Darrieus turbine. The lift-based VAWT uses lifting bodies, to

generate the required torque. The construction of the VAWT has a lower center of gravity and enhanced accessibility
for maintenance. Due to the VAWT’s independence of cylic gravitational loads[20][5], the VAWTs are more scalable
compared to HAWT and are thus very suited for offshore applications[5]. However, the VAWTs have cyclic aerodynamic
loads because of their continuously varying blade angle of attack and relative velocity, leading to increased susceptibility
to fatigue. The rotor also deals with unsteady flow effects like dynamic stall and blade wake interaction[2]. The
modelling of VAWTs introduces significant challenges as the blades uses carrying construction elements, struts, to carry
the blades. These struts are part of the rotor and need to be accounted for when trying to model the performance of the
full turbine.
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To predict these aerodynamic performances and loadings, there are many different ways ranging from simple low
fidelity momentum models like streamtube models to advanced CFD methods. Each method has their own benefits
and limitations. Goude et al[4] have performed a parametric study on the influence of struts in a VAWT using the
double-multiple streamtube method. They found out how the design parameters of struts are influencing the performance
of the turbine. De Tavernier and Ferreira[1] show the application of the more improved 2D actuator cylinder model for
use in an actuator-in-actuator concept. This could be used for the modelling of struts in their rotor in 2D or double
bladed turbine as they demonstrated in their paper. Another research on this subject is performed by Siddiqui et al[15]
in which they performed a 3D numerical study with CFD on a VAWT with and without struts and hub. It is concluded
in the study that the extra profile drag and vortices caused by the struts impact the performance, especially at higher
rotational speeds of the turbine. Marsh et al[10] have also performed a similar research but focused on the strut topology
and the strut-blade joints. Finally Mendoza and Goude[11] study the effects of pitched struts in a VAWT on the wake
deflection.
In all the previously mentioned studies the struts mainly served as structural elements in the rotor, and their inclusion
are only analyzed for the loss of performance. But when the struts are shaped and inclined such that they can generate
torque, the struts can become a power converting body. They could be integrated in such way that it could contribute to
the rotor’s power conversion. This research performed in this paper extends the previous studies by also including lift
effects on the struts and analyzes how this would change the rotor performance. To model the VAWT with struts, a
vortex-based method is used. This way a more extensive parameter study in 3D can be performed.

Goal of this research
The goal of this research is to a study the aerodynamic interactions between the struts and blades and its impact on

the performance of the turbine. A parametric study is performed in which several design parameters of the struts and its
topology are varied. Performing a parameter study with a high fidelity CFD code would take severe computational
resources. While the low fidelity momentum methods are less computational intensive, they might not be accurate
enough. The vortex method provides a mid-fidelity alternative. This method, sitting between CFD and momentum
method, has a more physics based approach than momentum method while using less computational resources than CFD
methods. Specifically the 3D lifting line code called Code for Axial and Cross-flow TUrbine Simulation (CACTUS)
will be used for this purpose. The main research question is thus: How does the presence of struts affect the flow and
aerodynamic performance of a H-shaped Vertical Axis Wind Turbine? The main goal with this thesis is to understand
the aerodynamic relations between strut designs and blades of a VAWT. Following the main research problem, the thesis
consists of the following research questions.

1) How to define and model the strut geometry in CACTUS?
2) How do the struts affect the performance of a VAWT?
3) How are the near and far wakes affected by the struts?

II. Methodology
To model and compare the effects of different strut configurations and its design parameters on the flowfield, multiple

simulations are conducted with CACTUS. The reference VAWT is defined, modelled and simulated. Then several other
cases, each with one varying parameter of the struts within the VAWT, are simulated. The results for the different
configurations will be compared to each other with the goal to identify the effects of the design parameters.

A. Lifting line method: CACTUS
CACTUS is a 3D lifting line simulation tool originally developed and used for studying marine hydrokinetic turbine

systems and wind turbine systems[12]. The opensource software is based on the VDART3 code[17], which was
developed as a vortex method for Darrieus wind turbines[18]. The software is build for Linux systems and is published
by Sandia National Laboratory. CACTUS has the ability to model arbitrary blade geometries in 3D and allows very
limited strut modelling in the turbine. For the lifting surfaces, CACTUS uses the non-linear lifting line free vortex wake
model and is considered a mid-fidelity method[12] being more capable than momentum methods but computationally
cheaper than CFD methods.
This vortex method is based on the Weissinger Lifting line model[14]. A lifting body is modelled using blade elements
where each element of the lifting body is modelled with a bound vortex Γb . The strength of this vortex can be computed
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from the rewritten Kutta-Joukowski theorem given in equation 1.

Γb =
1
2

cUelementCL (1)

With Uelement being the local velocity of the blade element. To determine the CL in the nonlinear lifting line model,
the lift polar of an airfoil is used. The specific CL value of the blade element can be extracted from the known polar
if the local angle of attack α is known. This effective α can be determined by the local velocities on the airfoil. The
system of vortices consists of the bound vortex Γb , its trailing vortices Γt and shed vortex Γs for each blade element in
the lifting body. The trailing and shed vortices are the consequence of the varying vortex strength along the span of the
lifting body. This system of vortices induces a velocity field U and can be determined using the Biot-Savart law in
equation 2[21][8][14].

U = Γ
4π

r1 × r2

|r1 × r2 |2
r0 ·

(
r1
r2
− r2
r1

)
(2)

r1 and r2 are respectively the position vector from the start and end of the vortex line to an arbitrary point in the field.
r0 is the vector from start of the vortex line to its end. This can be done for every vortex line and their effects can be
superimposed on every arbitrary point in space, therefore creating a velocity field. This velocity field can be used to
calculate the angle of attack α on each element and this can be used again to determine the bound vortex strength Γb on
the element. Furthermore all the blade element loadings can be derived using the polars and the angle of attack. The
torque and power can then be derived from the loadings. Based on how the shed Γs and trailing Γt vortices are treated,
the wake model is either a free wake model or a fixed wake model[22]. In the fixed wake model, the advection of the
lattice points of the trailing and shed vortex points are prescribed. Thus the influence by the induced velocities from
other wake elements are ignored. As consequence the wake structure stays constant downstream. The free wake model
allows the mutual interference between the wake vortex elements downstream. Therefore the wake in a free wake model
can deform substantially over time[22]. While this is more realistic than the fixed wake model, it requires substantially
more computational resources.
In CACTUS, the nonlinear lifting line method has to be applied for every shift in azimuthal angle θ with the state of
the previous θ becoming the new initial assumptions for the current computations. This will be done until a certain
amount of rotations has been achieved or until the power coefficient CP is converged. The viscous flow modelling is
implied with the diverse set of airfoil polars for different Reynolds number Re. Furthermore, CACTUS contains a
variety of extra models. It has the possibility to model dynamic stall using either Gormont model[3] or the indicial
Leishman-Beddoes model[9] [12]. Other possibilities are the inclusion of blade pitch rate effects and corrections for
compressibility effects. Finally CACTUS also gives the user the abilities to specify a model for the vortex core, a wall
model for boundary conditions in a simulation, ground shear layer model and even a gust model[13].
As mentioned earlier, CACTUS has the possibility to include struts but this has its limitations. The original CACTUS
does not represents the struts as lifting lines. Instead it is assumed that the α of the struts remains small[12]. Thus only
the drag is modelled using empirical relations from Hoerner[7] based only on local Reynolds number and thickness to
chord ratio of the strut elements[12]. These empirical relations determine the profile drag and the interference drag
between the strut tip and blade. As consequence the strut elements do not contribute to the system of vortices and their
influence on the velocity field in the near and far wake will be absent. For an uninclined and unpitched strut this model
provides acceptable modelling as the assumption of the small α in [12] might be valid. But for struts with an inclination
angle this model is lacking when investigating how the velocity field induced by the strut will contribute to the blade
loadings and vice versa. Therefore an improved model is proposed where the struts will be modelled in the same way as
the blades, with lifting lines. An airfoil is assigned for each strut element. By doing so, the strut could contribute to the
rotor CP output by inclining the struts. The previously mentioned empirical interference drag modelling of Hoerner is
not used for the strut anymore in the extended CACTUS.

B. Reference turbine geometry
For this research a specific VAWT model (P ≈ 350kW) inspired by the Arkom VAWT model (from the company

Arkom Windpower) is used. The model, containing two main rotor blades, is a square shaped rotor with two struts
supporting each blade. The struts are inclined relative to its rotational plane. Not much literature is available for
standardized nomenclature of strut and rotor topology, thus an own definition is made partially extending the definitions
in CACTUS. Table 1 states the values used to define the reference VAWT and figure 1 shows the schematic overview
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of the turbine including the design parameters and topology. Note the three main directions given in the schematic
view: X is positive in the direction of the freestream, Y is positive in the height direction of the rotor and Z is the rotor
in-plane side direction. For the simulations the rotor will be rotating in clockwise direction. All turbines will start the
simulation such that the rotor struts are fully aligned with the Z-axis and the main rotor blade chords are fully aligned
with X-axis (freestream direction). The azimuthal angle at this position is the datum θ = 0◦. This is important due to
the determination of the blade position relative to the freestream flow when analyzing the results.

Fig. 1 Schematic view of turbine with design parameters

Table 1 Table containing design parameters of the reference turbine

Parameter Value
H 28 m
D 28 m
cb 1.19m
cs 1.19m
λ 4.5
S 784 m2

σb 0.085
Airfoil type NACA 0018

δ 0◦

The VAWT general geometry can be described by the variables stated in figure 1. Some of these variables are
dependent on other variables. To model the full VAWT in CACTUS most of the parameters are expressed relative to
rotor radius R. There are many variables required to model the full VAWT, but in this research it is specifically aimed at
the struts. Thus some of these parameters, not related directly to the struts, will be chosen to be constant. This way
a base model for the VAWT is created in which only the parameters for the strut can vary. Finally the aerodynamic
shape of the blade is modelled using blade elements along the span of the blade. The blade elements are modelled
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using airfoils which have known aerodynamic behaviour. Two airfoil types are used, the flat plate and the NACA0018
airfoil. The upper and lower struts can have different inclination angles but it is assumed that the strut inclination is
axi-symmetric. Although the geometry was described with struts, the reference configuration is strutless.

C. Simulation of test cases
With the reference configuration for the VAWT defined, table 2 shows the different test cases used in this parametric

study. All the test cases are an extension of the reference case including struts. In the table it can be seen that some of
the cases have subcases as two phenomena can actually influence each other. Based on an earlier grid convergence study
it was determined that one revolution will consist of 72 timesteps. Furthermore each blade and strut will be modelled
with 15 elements in a cosine distribution. All simulations in table 2 will run for 20 revolutions. These settings lead to a
simulation with acceptable results while still maintaining a reasonable simulation time.

Design vector X̄ will contain the following variables of interest:

X̄ = {λ φl,u ξ ψr ,t ε} (3)
In each of the cases in table 2, specific design variables from eq. 3 are varied to test its effect on the rest of the

configuration. Besides the given design vector there are some dependent variables, the surrogate variables. These
variables which are not needed in the design vector, but are derived from it. These are given in eq. 4. A Python script
is used to derive necessary information from the design vector and translate into a suitable input geometry file for
CACTUS. All of the cases will be simulated under nearly standard sea level conditions stated in table 3. No ground shear
layer model is used, so U∞ is constant along the height of the turbine. The default vortex core model in CACTUS is used
which gives a finite constant velocity in the core. All the simulations are performed on a high performance computer.

Ȳ = {σs ARstrut } (4)

Table 2 Test cases

case λ φl,u ξ ψr ,t ε

A 4.5 NA NA NA NA
B 4.5 0◦ 0R, 0.01R,

0.05R, 0.1R,
0.3R, 0.5R

±10◦ 0.0H; 1.0H

C 3:0.5:6 0◦ 0 ±10◦ 0.0H; 1.0H
D 4.5 0◦ 0 0◦ 0.5H : 0.1 : 1.0H

0.0H : 0.1 : 0.5H
E 4.5 0:5:45◦ 0 0◦ 0.5H : 0.1 : 1.0H

0.0H : 0.1 : 0.5H

Table 3 Simulation freestream and operational conditions

Symbol Description Values
ρ Air density 1.225 kg/m3

µ Viscosity 1.7902·10−5 Pa · s
T Temperature 293K
Ω Turbine angular velocity 3.87 rad/s (37 rev/min)

D. Performance parameters
The performance parameters are used to compare the different cases in table 2 to the reference case. These parameters

are primarily the blade elements loading coefficients CL(α), CD(α), CN (α) and CT (α) during a revolution (change in
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azimuthal angle θ) of the VAWT. Based on the loading coefficients the torque coefficient CQ can be determined by the
contributions of the tangential forces of each blade and strut. Finally as λ is known and CQ can be determined from the
loadings on the blades, CP = CQ · λ can be computed. Besides these parameters, the 3D wake of each case at the end of
their simulation are visualized together with the velocity field in the wake (U/U∞, V/U∞ and W/U∞). This can give
insight on how the wake has developed for each case. All rotors in the cases will have the same projected turbine surface
area S so all rotors can be compared to each other.

III. Results and discussion

A. Reference case

Rotor and blade analysis
As reference case this will be the baseline to which the other cases will be compared to. With the standard λ = 4.5

and Ω = 3.87rad/s (37RPM), freestream velocity U∞ = 12.05m/s. Furthermore a reduced frequency of k = 0.0425
was calculated. This indicates that the flow can still be described with quasi-steady aerodynamics. Directional loading
coefficients (CX , CY and CZ ) are referred using figure 1. The revolution averaged performance and loading data
are plotted in figure 2a and shows the convergence of the CP and CQ over time. Both plots adhere to CP = λ · CQ

and converges very quickly within 10 revolutions. Then figure 2b shows the revolution averaged directional loading
coefficients of the rotor. In the spanwise direction CY = 0, which is expected as the blades are symmetrically loaded.
The thrust coefficient CX and lateral loading coefficient CZ are converged at the end of the simulation. All the plots and
values discussed look reasonable for a typical 2 bladed VAWT without any struts although the power generated by the
turbine is a bit higher than expected for its typical size, around 400 kW which is around 80% of its theoretical limit. The
theoretical limit should be approximately 500 kW based on the Betz limit.
The plots in figure 3 show the instantaneous performance indicators throughout one full revolution by the rotor or per
blade which is averaged over span. Only the last revolution is taken for this time dependent plot as figure 2 shows that
the solution is converged sufficiently at the last revolution. Figure 3a shows the time dependent loading coefficients
along one full rotation. In addition figure 3b also shows the instantaneous rotor torque coefficient which is split up
into the contributions caused by each blade. Immediately it is seen that in the case with only two blades the torque
contribution of the blades are the same including its time dependent pattern meaning high rotor torque contribution
caused by the blade in the upwind and low torque in the downwind region. The torque contribution plots are shifted
with 180◦ relative to each other. This is expected as the blades are indeed spaced 180◦.
Going into detail analysis of the blade loadings itself, the plots of figure 3c show the net loadings in the three main
directions of each blade during a full revolution. Once again it can be seen that the blade loadings of each blade lags
half a revolution as expected with zero spanwise loadings detected. This means that the flow leads to a symmetric
distribution of forces on the blade. Furthermore the loadings of the blades individually create the rotor loading pattern
of figure 3a. These loadings contributes to the total rotor torque with the peak torque on the upwind part and low torque
on the downwind part.
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(a) The power CP and torque CQ coefficients as they are
converging during the simulation.

���

���

C X
�
�
�

�����

����

����

C Y
�
�
�

� �� �� ��
	����������
��

�����

�����

C Z
�
�
�

(b) Rotor loading coefficientsCX , CY andCZ averaged over
all blades.

Fig. 2 Revolution averaged results of the rotor for the reference case.
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(c) Instantaneous loading coefficient CX , CY and CZ of
blade 1 and 2.

Fig. 3 Plots showing instantaneous CX , CY , CZ and CQ values of last revolution (reference case).
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Diving deeper into the CQ generation by a blade, figure 4 plots the rotor CQ contribution along the blade. This
is done element specific and across the full blade span. The blade spanwise coordinate in CACTUS are normalized
such that the lower tip of the rotor blade is Y/H = −0.5, midspan Y/H = 0.0 and the upper tip Y/H = +0.5. As the
blade elements along the blade span are placed with a cosine distribution. The blade elements at the tips have a smaller
planform area Se than midspan. As CQ is normalized with reference to the frontal surface area S of the rotor instead
of each element, the highest CQ contribution is at midspan where the blade element is also the biggest. When going
towards the tips, the CQ contribution values drop.
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(a) The CQ contribution per specific element. (b) The CQ contribution along blade span.

Fig. 4 CQ contribution of the rotor blade along one revolution. Blade locations are defined such thatY/H = ±0.5
are the lower and upper tips and Y/H = 0.0 mid span. Note that the CQ contribution is normalized to rotor
frontal surface area instead of element surface area.

In figure 5, the loading coefficients on the span of the blade are specified in more detail. The CL , CD , CT and α
are shown. Note that the loading coefficients are normalized with respect to the blade element surface area. Typical
for VAWTs are its varying α and loading coefficients as the blade make one full revolution. As expected due to the
definition of α of the blade the loading coefficients and α are positive on the upwind part (θ = 0− 180◦) and negative on
the downwind part (θ = 180 − 360◦). In all plots of figure 5 the magnitude at the tips of the blade is larger than at
the root. This is most notable at the downwind pass. This is due to one of the effects in 3D, the tip vortices which
are generated at the tips. These vortices will lead to a higher absolute lift coefficient, but also causes induced drag
effects. When the shape of the plot in figure 5c is compared to the one in figure 4b, it is expected that the increased CT

value at the tips would also lead to a larger CQ at the tips. But this is not the case due to the way CT and CQ is defined.
Although relatively seen, the CQ should be larger at the tips but with the smaller size of the element at the tips, the total
rotor CQ value contribution by that element is small in absolute sense. If the CQ contribution would be normalized with
respect to the planform area of the element Se instead of the frontal rotor surface S, the shape of figure 4b would match
the one of figure 5c.
One remarkable effect to mention is the very slightly negative drag coefficient at the downwind pass of the blade. This
would imply that instead of being a drag force, it becomes a small assisting force on the blade in the rotating direction,
thus implying a slightly increased torque. While it is not expected, it is possible due to unsteady flow phenomena like
dynamic stall as the drag force could become a small propulsive force when certain conditions are met[9]. Leishman
and Beddoes discovered similar phenomena due to unsteady pressure drag with a helicopter rotor at the downstroke of
their blade, when the angle of attack decreases quickly. The Mach number is similar to the turbine at the lower range.
Similar events happen at the VAWT as in figure 5d the gradient on α is very high on the transition from upwind to
downwind path. When using a flat plate airfoil (cl = 2π sinα and CD = 0) with all unsteady effects turned off, CD = 0
as expected with a flat plate airfoil in potential flow. One noticable effect is that the lift induced drag is not directly
modelled by CACTUS. Even with CD0 = 0, one would expect a CDi , 0 especially at the tips but this is not the case
and can also not been found in the code. The drag seems to be fully dependent on the prescribed drag of a airfoil section
and on effects due to unsteadiness.
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(a) CL distribution. (b) CD distribution.

(c) CT distribution. (d) α distribution at quarter chord of blade.

Fig. 5 Blade spanwise CL , CD , CT and α distribution along azimuthal position θ. Blade locations are defined
such that Y/H = ±0.5 are the lower and upper tips and Y/H = 0.0 mid span.

Wake and velocity field
For this simulation the free wake has developed to 25 rotor radii downstream in the X-direction, but only part

of the wake is shown for visibility reasons. Figure 6 shows the wake development from the blades with the black
dashed lines marking the projected area of the rotor. As can be seen from figure 6a the rotor blade tips are at a
position of Y/R = 0 and Y/R = 2 with midspan position being at Y/R = 1. From the topview perspective of figure
6b the tower is positioned at (X/R, Z/R) = (0,0). Finally a front view looking downstream is also shown in figure
6c. The wake is in 3D, but for the sake of clarity only the wake of one blade is plotted in different 2D perspectives.
The plots from figure 6 show that the near wake is only symmetric in the Y -axis direction. The trajectories of the
shed vortices in the wake are marked with different colors. The vortices formed at the tip of the blades (indicated
with blue and orange) do not stay planar but expand in Y and Z directions. This causes the whole wake to expand
downstream, becoming twice as large as the initial stage. Further downstream the shed vortices from the other elements
start to interfere and mix with it, thus becoming fully turbulent. The tip vortices on the retreating side of the rotor
are dispersed more than at the advancing side. These vortices at the tips cause the increased loading coefficients at
the blade tips as found in figure 5. The wake trajectories of the midspan elements behave two dimensional and stay
planar, expanding only laterally in the Z direction. When considering only the midspan wake trajectory in figure
7, the shape is comparable to the midspan wake simulated with the vortex method in the thesis of Tescione[19].
The midspan wake bends towards the advancing side of the rotor after several rotor radii meaning that the thrust of
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the rotor is not fully aligned with the X-axis. Finally from figures 6b and 7 it is seen that the blades intersect its ownwakes.

(a) Side view (X-Y plane). (b) Topdown view (X-Z plane). (c) Front view (Y-Z plane).

Fig. 6 Plot of the wake development by main rotor blade (reference case). All blade elements are indicated
with different colors.

Fig. 7 Shed vortex trajectoriesmid span of both blades.

The velocity fields are presented for several planes
of the 3D wake in figures 8 to 10. Each of the figures
consists of three fields with velocities in the X , Y and Z
directions indicated respectively by U, V and W . Figure
8 shows a slice in the X − Y plane of the wake velocity
field at Z/R = −0.1 near the center of the turbine, figure
9 shows the X − Z plane at Y/R = 0.89 which is almost
midplane of the rotor and 10 shows the X − Z plane at
Y/R = 1.95 which is at the tip of the rotor.
It can be clearly seen that the wake has a lower U veloc-
ity downstream of the turbine as the kinetic energy has
been extracted from the flow. Figure 8 shows that the V
and W velocities are not significantly affected until near
X/R = 7.5 at which the V and W velocities will start
to become significant while the low U area will start to
contract. This indicates that the flow from the tips have
mixed with the flow from the center of the rotor. Based
on the positive and negative velocity patterns adjacent to
each other it seems the far wake is fully turbulent from X/R = 12.
The velocity field in figure 9 showing the V component (velocity in Y direction) in the midplane is zero m/s. In the near
wake at the rotor there are only significant U and W components. Thus there should be no spanwise flow in the mid span
of the blades, therefore the flow behaves two dimensional in the midplane. From figure 10 the induced velocities caused
by the tip vortices can be readily identified. To compare to figure 9, the blades’ tips in figure 10 show a C-shaped area in
the rotor where the V velocity component is positive in the outer part of the C-shape and negative in the inner part of the
C-shape. This is the tip vortex generated by the blade as it is rotating. The velocity field W in direction Z shows that the
wake expands laterally and is in accordance which what was observed in figure 6. Based on figure 9 the low velocity
wake zone although expanding due to the decrease in velocity, do seem to pull towards right side based on freestream
direction in accordance with what is found in figure 7. This is especially notable when looking at the tips of the rotor
in figure 10 as the wake is recovering it deflects to the advancing side (Z/R ≤ 0). This could be the characteristic
of a clockwise rotating VAWT where the thrust vector is not fully aligned with the freestream. This is explained via
figure 3a where the rotor CZ is only zero at θ = 90◦ or every multiple of it. This indicates that there will be a non-zero
force vector inY direction and as consequence the resultant loading direction will not be fully aligned with the freestream.
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Fig. 8 2D plot in X − Y plane of the U, V and W velocity fields at Z/R = −0.1. Velocities are normalized with
respect to U∞.

Fig. 9 2D plot in X − Z plane of theV andW velocity fields atY/R = 0.89 (mid plane). Velocities are normalized
with respect to U∞.
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Fig. 10 2D plot in th X − Z plane of the V and W velocity fields at Y/R = 1.95 (upper rotor tip). Velocities are
normalized with respect to U∞.

B. Effect of the strut tip vortex due to strut-blade gap distance
In the last section, tip vortices from the blade are seen in the results. This is a 3D effect and with the extended

strut modelling, the struts should also shed tip vortices. These tip vortices can interfere with the main rotor blades
and function as strut-blade junction interference. Therefore it is of interest to see if and how the tip vortices of the
struts interfere with the rotor blades in their vicinity and how they affect the performances of the blades. The strut
tip vortices should have the strongest effect when placed in the direct vicinity of the blades and vice versa. The same
rotor of the reference case and its operating parameters were used again. But this time the struts are included with
a gap ξ introduced between the tip of the strut and the attachment points at the lower and upper tips (ε = 0.0H and
ε = 1.0H) on the main rotor blade. By decreasing the distance between the strut’s tip and blade, it can be seen what
happens when the tip vortex generated by the strut is brought closer to the blade. It is expected that the induced vortex
from the strut’s tip interferes with flow on parts of the blade. The struts attachment point to the blade will be on the tips
of the blade, therefore an influence of the blade’s tip vortex is to be expected on the strut. The struts are uninclined and
have a constant pitching angle ψ of ±10◦ depending on whether the struts are on the top or bottom of the rotor. This is
to artificially increase the bound vortex strength of the strut and thus it becomes easier to analyse the variations in ξ.
Figure 11 shows the relative distance of this gap and consequently the decrease in rotor CQ, CX , CY and CZ with
decreasing ξ. Note that these values are normalized to the (strutless) reference case and that the gap is indicated as
fraction of the rotor radius R. Remarkable observation is that CQ/CQ,re f > 1.0 at ξ ≥ 0.38R and this is not expected as
this means that a small unattached strut body near the vicinity of the tower would improve the performance compared to
a strutless turbine. Figure 11b indicates that this could be due to the increase in thrust coefficient CX . Note furthermore
that at ξ = 0.0R the CQ/CQ,re f = 0.85 implying that the attached struts are causing a loss of 15%. But this value
is in reality lower because the struts’ pitching angles are artificially increased with 10◦. With unpitched struts, the
bound vortex strengths of the struts were to small to notice anything. The rotor components are split up into struts
and blades for which the CX , CZ and CQ are plotted in figure 12. The plots in the figure show that strut CQ becomes
more negative with smaller ξ or higher strut aspect ratio, stating basically that the strut is just a drag body deteriorating
power generating capacity of the rotor. It is interesting to see though that at ξ = 0.5R the CQ ≈ 0 and that this
decrease is non-linear towards ξ = 0. This could either mean that the aspect ratio affects this non-linear decrease in CQ
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or it is the blades’ tip vortices interaction with the strut. Amore in-depth analysis will be conducted to determine the cause.
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Fig. 11 Rotor CX , CY , CZ and CQ comparison for varying ξ
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Fig. 12 Loading coefficient contributions by strut and blade for varying ξ
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(b) ξ = 0R

Fig. 13 Blade or strut loadings of last revolution at ξ = 0.5R and ξ = 0.0R

(a) CT at ξ = 0.5R (b) CT at ξ = 0R

(c) CQ at ξ = 0.5R (d) CQ at ξ = 0R

Fig. 14 CT and CQ distribution along blade span against θ. Blade locations are defined such that Y/H = ±0.5
are the lower and upper tips and Y/H = 0.0 mid span.
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For the main rotor blades it is clear that the cause of variations in CX , CZ and CQ must be due to the struts’ tip
vortices interfering with the blade. No other design or operational parameter of the blade changes, only the strut length
is varying. As the gap ξ closes, the blades’ CX , CZ and CQ decrease slowly between ξ = 0.5R and ξ = 0.1R. But
between ξ = 0.1R and ξ = 0R the drop rate increases. The induced velocity field from the tip of the strut starts to
interfere more with the blade as expected. Only once the gap ξ is smaller than 10% of the turbine radius the interference
becomes noticeable. These blade strut interference as consequence lead to lower CX , CY and thus lower CQ for the
blade. The struts’ CX and CY increase due to the increased aspect ratio of the strut, but in the net impact is negative on
its CQ. These variations in all kind of loadings besides the CD indicate that the application of the lifting line model on
the struts functions as the original model of struts in CACTUS should not be able to shed vortices.
The blade and strut CX , CY , CZ along one revolution are plotted in figure 13 for few ξ values. The blades’ CX and CZ

drops from figure 12 are too small to be visible on this scale as the drop in CX amount to approximately 4 − 5% between
ξ = 0R and ξ = 0.5R. Only the variation of CY can clearly be seen, but this is only non-zero for the struts. Figure 14
shows the blade’s CT and CQ distributions. The struts interference with the blade is mainly in the downwind pass at the
tips. Note that the CT variations at the tips is still mainly due to its own blade induced tip vortex. With the strut closing
in at the blade, the area affected in the plots expands. While the trends are visible, the CT and CQ values do not change
much. This can be due to the strut’s configuration, but the main point is that blade strut interaction with the method
functions.

C. 3D effects with varying tip speed ratio λ
In the last section it was found that the strut can be effectively modelled using the same lifting line method already

applied to the main rotor blades. In this section the full rotor is modelled with the struts spanning the full radius of the
rotor and with a pitching angle of ψ = 10◦ introduced for the struts. The full rotor will be subjected to varying tip speed
ratios λ beside its default λ = 4.5. As the angular velocity is kept constant to 37 RPM, this means that the freestream
velocity and Reynolds number will change up to factor 2 for varying λ. For clarity these operational parameters are
given in table 4.

Table 4 Operational parameters

λ 3.0 3.5 4.0 4.5 5.0 5.5 6.0
U∞ 18.08 m/s 15.50 m/s 13.56 m/s 12.05 m/s 10.84 m/s 9.86 m/s 9.04 m/s
Re 17.3E6 15.0E6 13.0E6 11.5E6 10.4E6 9.4E6 8.7E6
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Fig. 15 Average performance data comparison between all subcases of case C.

In figure 15 the performance indicators are compared for different λ. Notice at figure 15a the typical λ − CP curve
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of an VAWT with the plot normalized to the reference case at λ = 4.5. It seems that the CQ drop is large at higher λ.
The lowest CP loss compared to the reference case would be at a tip speed ratio of λ = 4.0 with a loss of around 12%
from figure 15a. Thus the optimal tip speed ratios for cases including struts would still be at lower λ values. The CX

and CY contributions of the struts are negligbly small throughout the whole simulated λ range with only the side loading
CZ increasing, and this coincides with the eventual decrease in CQ by the struts based on figures 16b and 16d. The
wake can also be expected to be more skewed at higher λ.
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Fig. 16 Separated blade and strut CX , CY , CZ and CQ contributions for varying λ.

Higher tip speed ratio also makes the simulation more unstable to converge on CP . Figure 17 shows the instantaneous
CQ of one blade and one strut for different λ values. The other blade and struts have the same trend but with a phase
shift of 180◦. A lower λ will give a more slender CQ peak in the upwind phase (0◦-180◦) for the blade but also a
moderate CQ peak along the whole downwind phase (180◦-360◦). As the λ increases, the maximum CQ peak value in
the upwind phase decreases and the CQ peak widens along the whole upwind phase. In the downwind phase the overall
torque generating capacity will be lower and in the strut’s case becoming more negative. Most of the torque generated
will then be focused in the upwind part. Torque generation will also become (more) negative at the transition points
between upwind and downwind and vice versa.
For the struts the instantaneous CQ will be slightly negative along the whole revolution for low λ but with the increments
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in λ the downwind phase of the struts starts to generate more negative torque in the downwind pass. The shape of the
CQ cycle remains similar along all λ values, but the difference in CQ can be a factor 3.75 between λ = 3.0 and λ = 6.0
in the downwind phase. Coupled with lower CQ values at the downwind phase for a blade, the strut design can become
very dominant for the performance of the full rotor. The CQ value of the strut is initially very low relative to the blade
CQ but at higher tip speed ratios the CQ contribution from the strut can be as high as 25% of the blade. Thus at higher λ
the struts cannot be neglected in the design of a VAWT.
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Fig. 17 Instantaneous blade and strut CQ contributions for varying λ.

D. Effects due to varying strut-blade interconnections
In the fourth case the focus will be put on the position of the strut. From case B it was inconclusive how the blade’s

tip vortices would affect the struts. Thus in this case the focus would be put on the consequences of interference effects
on the strut. Until now the struts were always attached at the tip of the blades. But it is of interest to understand what
will happen when the strut will be positioned more towards the root of the main rotor blade. As such the strut attachment
position to the blade ε will be varied between ε = 0.5H (root) and 0H or 1.0H (lower or upper tips) based on whether
its the lower or upper struts. The struts are neither inclined or pitched, thus the bound vortex strength on the strut should
be very low. But it is expected that if the struts are shifted towards from the root to the tip of the blade, the induced
velocities from the blade’s tips will actually create a down or upwash on the strut and thus a change in its angle of attack
α therefore some loadings should be detected on the struts.
From figure 18 it can be shown that the contribution to the rotor CQ by the struts is marginal, which was expected.
But nonetheless it does show based on figure 18 that the shift of the struts towards the tip does something to the struts
performance although the effects are not significant. The strut’s tip vortex strength should be very small thus any change
to the struts loading should be caused by the blades. The strut’s CX , CY and CZ are analyzed for different ε values in
figure 19. The CX and CZ do not change but with the decrease in ε (shift of the struts towards blade tips), the induced
velocites from the blade tip vortex causes a loading in the Y direction. Thus the downwash should be causing an induced
angle of attack on the struts. Please note that the plots, especially at higher ε , show numerical errors as the values are
really small. This can be seen by the strange unexpected peaks for example at ε = 0.5H the CY is expected to be zero
but some numerical errors can be seen in the peaks. Furthermore note that with the subcase of ε = 0.5H, the upper and
lower struts of each blade is replaced by a single strut midspan of the blade. Thus struts 3 and 4 from figure 19a are the
only struts in the rotor.
The effects of the downwash on the struts by the blades can be seen by the angle of attack α distribution on the struts for
varying ε . In figure 20 these α distributions of r/R ≥ 0.3 are plotted for the same four situations of figure 19. Note that
the Y/H position of the strut matters as the angle of attack is different for every ε . As expected at ε = 0.5 in the center
between the two tips, the α on the strut is zero. As the strut are positioned towards the tips, the downwash starts to cause
an induced angle of attack on the strut. At ε = 0.1 the angle of attack is on the order of ±1◦ and at will be at a maximum
at ε = 0.0. The angle of attack is not uniformly distributed along the blade but varies along the full span and also for
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each azimuthal angle θ.
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Fig. 18 Instantaneous blade and strut CQ contribution for varying ε .
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(d) ε = 0.1

Fig. 19 Strut CX , CY and CZ values against θ for different ε .
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In general it can be observed that this angle is the highest upwind and lowest or even slightly negative downwind.
The main rotor blades’ vortex strength is the highest upwind and thus induces the strongest downwash at that phase.
This is also supported by observations from figure 19 where the CY is positive upwind and near zero downwind. All the
lift generated from the strut is not used effectively for power generation this way as the lift vector is pointed towards
the blade’s spanwise direction Y . Therefore the low CX and CZ of the struts do not really benefit the rotor’s torque
generating capacity. But for the application of the lifting line model on the struts these plots show that CACTUS can
model the interference of the main rotor blades on the struts.

(a) ε = 0.5H (b) ε = 0.4H

(c) ε = 0.2H (d) ε = 0.1H

Fig. 20 α distribution along strut span against θ for different ε . Strut locations are defined such that r/R = 0.0
is at the root of the strut and r/R = 1.0 at the tip.
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E. Varying the inclination angle φ

Rotor and blade analysis
This section has the goal to gain understanding in how struts contribute to the rotor performance as they are placed
under an inclination relative to the blades. In theory this leads to an increased α of the struts and generate meaningful
lift, which can lead to positive torque contributions by the struts. It is therefore of interest to compare the average
performance values of VAWT with different (symmetrical) inclination angles settings described in table 2 and is shown
in figure 21. All the simulations have been performed at U∞ = 12.05m/s and λ = 4.5. The Reynolds number of
the turbine is approximately Re = 11E6 for all cases. The set of simulations with varying φ was ended after twenty
revolutions and the dynamic stall model was based on the Leishman-Beddoes model. Another set of simulation was
made without the use of dynamic stall modelling and using flat plate airfoil in a inviscid flow. In earlier trials it could be
seen that all simulations tend to converge in 10 to 12 revolutions. The average rotor loadings also takes into account
the loadings caused by the struts as seen in figure 21b. It seems that with a higher inclination, the torque and power
coefficients drop while the rotor loadings increase. This drop is at first low for small angles but at higher φ the drop in
torque and performance becomes non-linear with φ shown in figure 21a. In the viscous case, an odd anomaly is found at
and around φ = 15◦ where the CP suddenly drops before recovering. Furthermore the thrust coefficient CX seems to not
increase at that same point. This anomaly disappears again at higher φ. In the same figure the same comparison is made
but with a flat plate blade profile and without any dynamic stall modelling. Here the CP also drops with greater φ but
the decline is smaller, due to the exclusion of any form of drag. Also the anomaly found at specific angles is not present
anymore. Compared to results seen in the paper of Siddiqui et al[16], the drop in performance in the case of using
the NACA0018 airfoil is low when the struts are uninclined. Of course the situation here is different as the airfoil is
thinner than the one used in [16] and the solidity is also lower. Also in their research, the simulation method is has a
higher fidelity and includes more flow effects than the vortex method would do. This could explain why their com-
parison between the inclusion and exclusion of struts leads to a difference of 6% inCP while in this paper it is less than 1%.

(a) CP coefficients with varying φ: version using Leishman-
Beddoes Dynamic stall and using NACA0018 (above) and in-
viscid case without dynamic stall (below). Normalized to ref-
erence case 0.
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(b) Rotor loading coefficients in X,Y and Z direction (version
using dynamic stall and NACA0018 airfoil).

Fig. 21 Average CP , CX , CY and CZ comparison with varying φ.

Figure 22 shows the CX ,CZ and CQ coefficients against varying φ. The plots’ total CX , CZ and CQ contributions by
all struts and blades should have the same shape as in figure 21. Please note that the coefficients are not normalized
in the figure, so the values are the absolute values. The total loading coefficients (CX , CZ or CQ) are split up in the
contribution by the blades only and contribution by the struts only. For the case in figure 22a which uses a NACA0018
airfoil, with φ = 0◦ the CQ contributions of the struts are slightly negative due to the profile drag of the struts. This is
expected as these struts are just drag bodies counteracting the torque generating rotor blades. With increasing φ the
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struts are actually producing positive torque contribution but at the same time the CQ contribution by blades falls by a
similar margin, thus counteracting the benefits of the inclined struts. Eventually the gain in CQ contribution by the struts
with inclination is lower than the loss by the blades. As consequence the total CQ contribution (and thus CP) by all
blades and struts just drop slightly with increasing φ. The increase in strut CQ contribution must be caused by the small
extra angle of attack α of the strut introduced by the inclination. The strut has a lift vector inclined by φ relative to the
rotational plane of the struts. Only a part of this lift vector is aligned with the lift vector of the main rotor blade. This
part will positively contribute to the extra torque for power generation. Figures 22c and 22d indicate that the increase in
rotor CX and CZ is fully caused by the struts. The CX and CZ contribution by the main rotor blade actually drops up to
0.13 respectively 0.015 at an φ of 45◦. This while the total rotor CX and CZ still increase because the contributions by
the struts increases severely by 0.21 and 0.058. Based on these values the conclusion would be that the thrust vector of
the rotor would be less aligned with the freestream due to the presence of the struts. This will result in a more deflected
wake and less effective power producing struts.
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(a) CQ with varying φ using NACA0018 airfoil.
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(b) CQ with varying φ using flat plate airfoil.
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(c) CX with varying φ using NACA0018 airfoil.
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(d) CZ with varying φ using NACA0018 airfoil.

Fig. 22 CX , CY or CQ contribution by parts with varying φ.

The instantaneous loadings of the last 360 degrees are plotted in figure 23 as this can show exactly where the
decrease or increase in torque (and thus power) occurs. As seen in the figure, the increase in the amplitude of the
loadings are mainly at the peaks where the instantaneous power coefficient is also on its highest point. How all these
changes affects the torque and the power can be concluded from figure 24. In the same figure it can be seen that the
increase in strut inclination, which leads to the increase in strut CQ contribution, is only visible in the upwind phase of
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the rotation. Only the first blade and the adjoint upper and lower struts are shown here for clarity purposes. On the
downwind side the CQ due to the strut is negligibly small. What also happens due to the interference of struts is the
drop in CQ by the blade in the upwind and downwind phase. Especially in the downwind phase the second torque peak
of the rotor blade collapses and the shape of the plot changes severely compared to the upwind part. This explains the
lower CP peaks of figure 23b and also why the rotor blades itself will have lower CQ at higher φ (figure 22).
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(a) Rotor loading coefficients CX , CY and CZ .
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(b) Instantaneous Cp by rotor

Fig. 23 Instantaneous CX , CY , CZ and CP plot for varying φ.
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(a) φl,u = 0◦

� �� ��� ��� ��� ��� ��� ���
θ�[∘∘

����

����

����

����

����

C Q
���


������CQ
CQ�	������
CQ�
������
CQ�
������

(b) φl,u = 15◦
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(c) φl,u = 30◦
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(d) φl,u = 45◦

Fig. 24 Blade and struts contributions to instantaneous rotor CQ of case A. Note that the upper and lower
struts CQ (cyan and blue lines) overlap each other.

Figures 25a to 25d show the loadings of the different blades and struts in different configurations of case A. Only
blade one and the connected upper and lower struts are shown. Notice that the upper and lower struts always show
opposite loadings in the Y direction as the struts are inclined. With the main rotor blade loading in Y direction also
being zero, the net loading in rotor spanwise Y direction should be near zero. For the struts in general, the loadings are
small compared to the main rotor blades. But the in-rotor plane loadings like CX and CZ do increase by a large margin
with rise in inclination θ during the upwind pass. This means that the struts are contributing to power generation in the
upwind pass. For the main rotor blade, the loading curves seem very typical for a ’strutless’ rotor. But the influence of
the struts becomes noticeable at the downwind part of the revolution, while in the upwind part the rotor blades does not
seem to be affected in a way it is notable. The thrust coefficient CX starts to collapse at the apex of the downwind pass
between θ = 250◦ and θ = 300◦, especially at higher inclination angles. The same occurs for the other blade but shifted
180◦, and thus the rotor performance as whole is affected during the full revolution as was seen in figure 23.
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(a) φl,u = 0◦
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(b) φl,u = 15◦
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(c) φl,u = 30◦
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(d) φl,u = 45◦

Fig. 25 Blade or strut loadings of last revolution for varying φl,u .

Until now only the rotor or blade specific performances and loadings are shown. Taking a more in depth look at
the rotor blade loadings, the full spanwise blade CT along a full revolution is plotted in figure 26 for different φ. The
plots show how the blade’s aerodynamic performances is influenced due to interference with the strut. Only CT is
shown but this is of course based on CL , CD and α. Note that the CT in CACTUS is defined such that a negative CT

means a positive contribution to torque and a positive means a negative contribution. It seems that the decrease in
absolute CT values on the blade starts getting affected in the region 15% of its span from the tips of the blade and only
in the downwind pass. With further increments in φ the region on the blade in which absolute CL deteriorates, expands
towards the root of the blade. It is also remarkable that the deterioration zone starts when the main rotor blade reaches
the θ = 270◦ but with increase in φ it expands to the rest of the blade. Thus severely hampering the CP capacity as
implied in figure 24. This observation confirms what was found in the CFD simulation of Hara et al[6] on double bladed
VAWT which they called ’torque dip’. In their case the presence of a tower did shift the torque dip. In the reference case
no similar effect is found in figure 3b, thus the dip cannot be caused by the vortices shed from the main rotor blades with
the given operational parameters. Also figure 24 shows that uninclined strut bodies do not cause the dip in the torque as
the struts lack the generation of lift and thus the vortex shedding. Only with a higher inclination when the struts shed the
vortices, then the dip in CQ can be seen in the downwind pass. It seems that the main rotor blade passes the vortices
discharged from the strut in the downwind pass as these vortices are convected downstream. In the upwind pass this
should not be possible as these vortices get convected downsteam, away from the rotor blade. These phenomena are
also observed in the paper of Hara et al[6].
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(a) φl,u = 0◦ (b) φl,u = 15◦

(c) φl,u = 30◦ (d) φl,u = 45◦

Fig. 26 Comparing CT distribution along span for every azimuthal position (blade 1). Blade locations are
defined such that Y/H = ±0.5 are the lower and upper tips and Y/H = 0.0 mid span.

Figure 27 show the blade CQ distribution for φl,u = 0◦ and φl,u = 45◦ of the struts. For an improved view on
the surface from the side, an elementwise CQ contribution plot have been placed beside the related surface plot. As
expected the blade’s spanwise contribution is similar to that of the reference case. So the midspan of the blade has
a larger contribution to the total CQ of the rotor than the blade’s tips. The pattern at the downwind is similar to that
of what is happening to figure 26, the decrease in CT on certain parts of the blade causes the same effects in the CQ

distribution. On the upwind part the CQ contribution is still higher at the midspan than at the tips, but the values in
general will be a bit lower with increasing φ as shown in figures 27b and 27d.

Strut analysis
Compared to the blades, the strut acts a bit different as it functions like an rotorcraft rotor with constant angular

velocity but with different rotational speeds along its radius. With a constant inclination angle one can compare it to the
introduction of an extra partial inner turbine[6][1]. Figure 28 shows the distribution of the tangential force coefficient CT

along the strut. Although there are four struts in this case, only one is shown as the upper and lower strut of one blade are
symmetrical. The strut loadings of the other blade are shifted 180◦ relative to the analyzed blade. As can be seen in the
figures, only the loading distribution is plotted from r/R ≥ 0.3 where r/R = 0 is the root of the strut and r/R = 1 being
the tip. At the root of the strut, the angle of attack is very large and as such the tangential loadings are very high at small
regions near root. For plotting purposes the high loading coefficient at the root are too dominant such that distribution
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along the mid span and tip of the strut cannot be seen any more. While the loadings are high at root, the contribution to
the total torque of the strut are an order of magnitude smaller then at mid span or tip due to the near zero velocity at the root.

(a) Blade distribution φl,u = 0◦
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(c) Blade distribution φl,u = 45◦
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Fig. 27 Blade spanwise CQ contribution for φl,u = 0◦ and φl,u = 45◦. Blade locations are defined such that
Y/H = ±0.5 are the lower and upper tips and Y/H = 0.0 mid span. Note that the CQ contribution is normalized
to rotor frontal surface area instead of element surface area.

Figures 28 shows different CT distributions along the strut span for varying φ. An uninclined strut shows a positive
albeit very small CT along the whole strut with the exception of the root. Towards the root of the strut, CT can become
very large but its contribution to torque is negligible thus the contribution to torque of the strut are almost purely viscous
effect (Re is in the order of millions) of the strut profile which correlates to the profile drag coefficient of the NACA0018
airfoil. The strut is now a streamlined drag body which reduces drag as much as possible. With increasing φl,u the
CT distribution in the upwind part of the rotation becomes negative and contributes to the torque generation of the
turbine, although in the downwind part the CT is not really affected by inclination except at the root and tip of the struts.
The CT values at high inclination angles are pretty high and combined with the fact that each side has two struts one
should expect that inclined struts would be beneficial for the power coefficient of a turbine. Somehow this is not the
case, as figure 21 shows that the increase of φl,u actually leads to a lower turbine CP . Note that interference effect at the
junction between the strut and blade are not accounted for. This could be a extra drag effect and as consequence affects
the torque contribution negatively.
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(a) φl,u = 0◦ (b) φl,u = 15◦

(c) φl,u = 30◦ (d) φl,u = 45◦

Fig. 28 Strut CT distribution for varying φl,u . Strut locations are defined such that r/R = 0.0 is at the root of
the strut and r/R = 1.0 at the tip.

Figure 29 shows the spanwise CQ contribution of the strut CQ seen in figure 24. Note that the struts are also
modelled with a cosine distribution for the elements like the blades. At φ = 0◦ the torque is very slightly negative
throughout the up- and downwind phase. With increasing φ the increasing torque generated by the struts are focused in
the upwind phase as already known from figure 24. As the CQ contribution is normalized to the rotor frontal surface
rather than the element specific surface, it indicates that the CQ generation towards the tips of the struts is relatively
large compared to mid span. It also shows that the torque generated is mostly focused on the sections between mid span
and the tips. Especially at higher φ this becomes more concentrated on that specific section in the upwind phase.
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(a) φl,u = 0◦ (b) φl,u = 15◦

(c) φl,u = 30◦ (d) φl,u = 45◦

Fig. 29 Strut CQ distribution for several subcases. Strut locations are defined such that r/R = 0.0 is at the root
of the strut and r/R = 1.0 at the tip. Note that the CQ contribution is normalized to rotor frontal surface area
instead of element surface area.

Wake and velocity field
An interesting issue is to compare the wake field of the inclined strut cases with the reference case. So multiple

wake trajectory plots of the main rotor have been made. Figure 30 shows that as the inclination angle φ increases, the
vortex structure in the near wake alters. The increased inclination angle leads to a higher angle of attack and thus to the
increased strength of the vortices shed by the strut. The vortices shed by the strut interact with the vortices shed by the
blades and causes the wake to deflect. The far wake tends to deflect upward with higher inclination similar to [11],
although it was expected that the wake would just expand as there is no net loading in Y direction. Compared to the
reference case where the rotor wake expands vertically and horizontally, with the addition of the struts the wake does
not necessarily expand vertically. The wake will instead, as it is observed from figure 30, also contract or make an
sweeping motion. However the more inclined strut causes a higher rotor CZ and this is seen in the wake it expands more
laterally in the far wake of figure 30f.
When the wake trajectory of a strut is added into the figure, one can see from figure 31 that a secondary wake is created.
The shed vortices from the strut are not strong so the effect of the main rotor blade wake will probably be dominant.
The wake trajectories of the strut indicate that the wake merges with the wake of the main rotor blade after 2 rotor radii.
Furthermore it seems that downstream the strut wake will bend towards the advancing side of the rotor. With φ = 45◦ a
triangular shaped wake enveloped by the wake of the outer rotor but merged with a significant part of it. For φ = 0◦ The
wake structure is fully mixed and turbulent at X/R ≤ 7.5 while at φ = 45◦ the wake structure directly outside the rotor
periphery is fully turbulent. Another observation based on the strut wake trajectory of figure 31b is that the main rotor
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blade crosses the wake caused by the struts downstream. Which is expected as in the last section blade loadings were
affected with varying φ.

(a) X − Y view, φ = 0◦ (b) X − Y view, φ = 15◦ (c) X − Y view, φ = 45◦

(d) X − Z view, φ = 0◦ (e) X − Z view, φ = 15◦ (f) X − Z view, φ = 45◦

Fig. 30 Wake of the rotor blade 1, all blade elements are indicated with different colors.

(a) X − Y view, φ = 0◦ (b) X − Z view, φ = 0◦ (c) X − Y view, φ = 45◦

(d) X − Z view, φ = 45◦

Fig. 31 Wake trajectory of the rotor blade 1 (green) and upper adjacent strut (blue). Color distinction used
for clear differentiation between vortex trajectories of blade and strut.
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The following plots in figures 32 to 37 show the velocity fields of the wake for the different subcases. The mid plane
of the rotor and the upper tip plane are taken for comparison as the mid plane act as a 2D version of the rotor while at
the tip it will show any 3D effects as well. As φ = 0◦ the velocity field is pretty similar to the reference case although at
the tips in figure 34 the velocity deficits due to the strut’s wake are noticable.

Fig. 32 φ = 0◦, 2D plot in X-Y plane of the velocity field at Z/R=-0.1. Velocities are normalized to U∞.

Fig. 33 φ = 0◦, 2D plot in X-Z plane of the velocity field at Y/R=0.89 (mid plane). Velocities are normalized to
U∞.
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Fig. 34 φ = 0◦, 2D plot in X-Z plane of the velocity field at Y/R=1.95 (upper rotor tip). Velocities are normalized
to U∞.

Then with inclined struts from figures 35 to 37 the flow just becomes fully mixed and turbulent as mentioned earlier.
This is clearly seen in the velocity fields as the U, V and W velocities are very unsteady.

Fig. 35 φ = 45◦, 2D plot in X-Y plane of the velocity field at Z/R=-0.1. Velocities are normalized to U∞.
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Fig. 36 φ = 45◦, 2D plot in X-Z plane of the velocity field at Y/R=0.89 (mid plane). Velocities are normalized
to U∞.

Fig. 37 φ = 45◦, 2D plot in X-Z plane of the velocity field at Y/R=1.95 (upper rotor tip). Velocities are
normalized to U∞.
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IV. Conclusion
In this paper the CACTUS software is extended to allow the application of non-linear lifting line free vortex wake

model on the struts. This extension makes it possible to model different geometries of the struts in a rotor and to model
it in a more fundamental way than using empirical relations only. With the extended model, the struts are now able to
produce lift and shed vortices which can interfere with the main rotor blades. This model was then used for a case study
for varying parameters of a strut in the rotor. The variations in inclination angle, strut-blade attachment positions, tip
speed ratio and the strut tip to blade gap are studied for their effects on the rotor performance and its wake. With the tip
of the struts closing in on the strut-blade interjunction point, the tip vortex of the strut functions as part of the strut-blade
interference effects. This can cause a drop up to 15% of the CP relative to a strutless turbine. With varying tip speed
ratio λ it was shown that the optimal λ was relatively low at around λ = 3.5. At low tip speed ratios the CQ contribution
by the strut was negative but small. At higher λ this negative torque contribution by the strut could add up to a decent
proportion of 25% the torque contribution by blade. Most of it caused by the downwind phase of the strut.
It was shown that the position of the strut blade interjunction has significant effect on the strut itself due to the downwash
induced from the tip vortices of the main rotor blade. This downwash will cause a loading in Y direction (spanwise of
rotor blades). As consequence a small induced angle can be detected on the struts. While in this case its effect on the
loading generated by the strut is small, but it can be expected that this can have a more significant effect with inclined
struts.
Finally the lifting line model on the struts was applied in combination with an inclined strut. This way the strut can
produce actual torque and contribute to the power conversion of the rotor. But doing so has an negative effect on the
main rotor blade due to the shed vortices from the struts which interferes with the blades downwind. By inclining the
struts, the torque is redistributed from the blades to the struts. However, there is still a net loss of power. This loss can
be up to 5% depending on the inclination and approximately up to 7% relative to a strutless rotor. Furthermore the
inclination of the struts deflects the wake and also causes it to become turbulent in after a few rotor radii as the wake
from the struts and blades start to mix. The applied model for struts shows it is able to model the extra effects caused by
the struts which would not have been possible in the original version of CACTUS.

V. Recommendations
The main goal to model the struts with a lifting line method and to perform a study with was achieved. However

there were some issues which were not treated in this research. The modification of CACTUS to allow the struts to be
modelled using the non-linear lifting line theory is a first step. But by doing so, the model of Hoerner[7] for strut-blade
interference drag was not used any more as it was not compatible with the current implementation. Therefore the
interconnection between strut and blade could not be modelled, but instead are just placed together with a zero gap
between the strut’s tip and the blade attachment point. While this does give some interactions between the strut and blade,
some of the interference effects are not accounted for. Also the model of Hoerner was not completely implemented in
the original CACTUS version, thus the original drag only strut bodies were always hardcoded to be uninclined. It is
therefore advised to revise and reimplement this model again for future research.
While CACTUS itself has been validated with higher fidelity method[12], and shows good agreement with experiments.
It is still advised to repeat this research with a higher fidelity method like CFD to verify the current results or compare it
to results from other aerodynamic models. Finally the original plan was to also include a three-bladed version of the
rotor and asymmetrical positioned struts, but due to time constraints this could not be done any more. It is recommended
to test for these cases as well to get an even better overview.
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Appendix: Grid convergence study
This section discusses the convergence study for CACTUS simulations. As with all numerical methods, it is important to
evaluate how the solver and geometry discretization affects the simulation results and to make sure that the error becomes
independent of the grid used. Therefore the main goal with these tests is to find the settings of the CACTUS simulation
for which the simulation results are not affected significantly to variations in spatial (blade elements) and temporal grid
(timesteps). It is furthermore important to keep the numerical resources used for the simulations manageable. Of course
the grid could use an extreme high number of blade elements or timesteps, but with increasing the amount of elements
or timesteps the computation time increases non-linearly. An optimum is reached when a grid size is found for which
the error of the results becomes sufficiently low while maintaining a reasonable simulation time. What reasonable errors
and simulation times are depends on the type of simulation.

Convergence on timesteps
The turbine in the simulation will not rotate continuously but in discrete steps. These are called timesteps N and
are spaced evenly. They can be related to a discrete shift of azimuthal angle ∆θ during rotation and is defined as
∆θ = 360/N . The two bladed H-shaped rotor without struts is simulated up to 20 revolutions or until a CP convergence
of 0.001 is reached. The design parameters of this turbine are given in table 5. This turbine also represents the turbine
modelled in the paper. 20 blade elements were used to model each blade during the convergence test with timesteps.

Table 5 Main design and operating parameters of the turbine

Design parameters
Number of blades B 2
Turbine radius R 14 m
Turbine height H 28 m
Blade chord c 1.2 m
Airfoil type NACA0018

Tip speed ratio λ 4.5
Dynamic Stall model Leishman-Beddoes

(a) Plots showing the convergence of CP value with dif-
ferent timesteps. The simulations in the plot converges
when the error inCP isminimized or if a certain number
of revolutions has been reached.
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(b) Comparison of CP values at revolution 10 for cases
with different timesteps N . Note that small increments
in the lower timestep range leads to drop in CP value.

Fig. 38 Results of convergence test with varying timesteps N of the VAWT described in table 5.

Different situations of the turbine are tested in which the amount of timesteps varies exclusively. In theory a greater
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amount of timesteps could capture effects which are missed with insufficient timesteps. The trade-off is that the increase
in timesteps leads to more computations and thus increase in simulation time. The timesteps value N is varied between
50 and 300, translating to a ∆θ between 7.2◦ and 1.2◦. The convergence of the CP value will be compared for different
N values. The results of the increments in timesteps on the power CP coefficients can be found in figure 38. From figure
38a it can be concluded that the simulations follow the same trend. When increasing the timesteps, the CP converges on
a smaller value while maintaining the trend. This indicates that the simulation results indeed depend on the timestep
size. At a number of 200 timesteps or greater the error becomes less than 1% with the error between 200 and 300
timesteps being 0.2%. Another point is while figure 38a shows the trend of the plots with different timesteps, it can
be deduced that after 10 revolutions or so the average CP value of the 200 and 300 timesteps cases fluctuate less than
0.4% and after 16 revolutions this fluctuation becomes less than 0.1%. The reduction in error above 100 timesteps
is negligible but leads to unacceptable computation time. Although not shown in the plots, the time to finish each
simulation varied between few hours and more than a full week. As computational time increases non-linearly it is only
feasible when keeping N small. For the simulations in the paper a N = 72 is used which amounts to a phase angle of
∆θ = 5◦. While N = 100 would be more optimal, time wise it becomes impractical for N ≥ 72.

Convergence on blade elements

(a) Comparison of the Revolutions − CP with different
amount of blade elements.
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(b) CP − elements at revolution 19.

Fig. 39 Convergence test with blade elements of a two bladed VAWT.

The study was performed with 25 to 120 elements per blade distributed linearly and used 30 timesteps for all simulations.
Figure 39a shows the CP against its revolutions plots for all cases. Figure 39b shows the convergence of the CP from 70
elements per blade on. Increasing the number of elements further does not seem to have effect anymore. The variation
in CP between the use of 70 and 100 elements is only approximately 0.03%. It can be concluded that the use of 70
elements per blade should lead to sufficiently accurate simulation results based on a linear blade element distribution
along the blade.
In reality the flow field around the tip is more complex than mid span of the blade thus the number of elements used can
be reduced by refining the element density locally instead of globally. Also note that the difference between 25 elements
per blade and 70 elements per blade is approximately 2.7%. Also the effects of timesteps on the CP seems to be more
influential than the amount of blade elements, while they both increase the simulation time non-linearly. Thus by using
a non-linear blade element distribution where the density of elements is focused on the tip area, this difference can be
made much smaller and as such the amounts of elements can be lowered. This can easily reduce the simulation time by
a large margin while still maintaining sufficient accuracy. As such, a cosine distribution is applied on the blade and only
a number of 15 elements per blade is used. Unfortunately no extra convergence study could be conducted anymore, but
the results from the (similar) reference case in the paper indicate that the cosine distribution leads to a similar CP value
of what was achieved here with less elements.
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1
THEORETICAL BACKGROUND FOR VERTICAL

AXIS WIND TURBINES

1.1. WIND TURBINE AERODYNAMICS AND POWER
To produce power, wind turbines turn the momentum of the flow into electricity. The power contained in the
flow crossing a specific section S with freestream velocity U∞ is described as P f low = 1

2ρU 3∞S. The efficiency

of a wind turbine can be defined with the power coefficient CP = P
P f low

= P
0.5ρU 3∞S

. This is one of the perfor-

mance indicators of a wind turbine. The power P generated from the flow itself is based on the torque and
rotational speed P = Qtot alΩ of the turbine or non-dimensionalized as CP = CQλ. The total torque Qtot al

generated by the turbine are the torque contributions by blade Qbl ade , struts Qstr ut and possible other sec-
ondary effects Qi influencing the torque Qtot al =Qbl ade +Qstr ut +Qi [23]. Qbl ade and Qstr ut , are determined
from integration of all the tangential loading on each blade and strut if applicable. Thus from Mendoza[27]
and [23] the revolution averaged torque of a blade in one revolution should can be given as equation 1.1. Ba-
sically the tangential loading distribution should be integrated along the blade span and then averaged over
one revolution. Similar equation can be given for the struts in equation 1.2, but this time the term for the
interference (or interjunction) drag between strut and blade has to be taken into account as well if there is
a connection between strut and blade (there should be one). Besides the tangential loading there is also a
normal loading on the blade perpendicular to the direction of the tangential loading and chord. This loading
does not contribute to the rotor torque. In numerical methods the blade is modelled at discrete points, thus
the loading distribution will not be integrated but instead it is summed over the amount of elements used to
model a blade or strut.

Qbl ade =
1

2π

∫ 2π

0

∫ H

0
BR(s)FT (θ, s)d sdθ (1.1)

Qstr ut = 1

2π

∫ 2π

0

∫ Rstr ut

0
Bs R(r )FT (θ,r )dr dθ+ 1

2π

∫ 2π

0
Bs RFi nter f er ence (θ)dθ (1.2)

The tangential loading of the blades and struts have to be determined to compute the torque contribu-
tions. This loading depends on the lift and drag of the bodies, which are then related to the flow conditions
and geometry of the lifting body.

1.2. VERTICAL AXIS WIND TURBINES
As this thesis is about vertical axis wind turbines (VAWTs), a small introduction about them will be given in
this section. These wind turbines are defined by having the axis of rotation perpendicular to the freestream
direction instead of being aligned like the horizontal axis wind turbines (HAWTs). The lifting or drag bodies
of a VAWT are connected to the tower by supporting structure or struts and with a different axis of rotation
changes the dynamics of the turbine in many ways. The VAWTs consist of two subcategories, the drag based
Savonius turbines and the lift based Darrieus turbines. The thesis will solely focus on the lift based turbines.
Due to the different alignment of the axis of rotation this will give some benefits of the VAWTs compared to
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its horizontal variants. First one is the omnidirectionality of the turbine, thus no need for yawing mechanism
to align the turbine to the freestream direction. Secondly, the drive train and generator can be placed at the
base of the tower instead of on top. This will lead to a lower center of gravity which leads to better stability
of the turbine, and is one of the reasons why VAWTs are considered as a great alternative for offshore wind
turbines[5]. With lower tip speed ratio λ in general compared to the regular HAWTs, the noise of the turbine
can be reduced compared to the horizontal axis types[28]. In some cases a VAWT can also be easier and
cheaper to manufacture, having only simple straight blades without different airfoil section distribution along
its span due to aerodynamic requirements[28].
On the other hand VAWTs also have some inherent traits which are less beneficial like its inherent cyclic blade
loadings due to the way the turbine spins. This means that the torque and power generation of the turbine
are not constant along its azimuthal rotation in contrary to a HAWT. Also the cyclic loadings means these
kind of turbines can be more prone to fatigue than HAWTs. Another issue of the VAWT is the poor self starting
capability[15][2]. One challenge that VAWTs creates is the different aerodynamic situation due to how the
turbine rotates. As the blades and struts passes the wake generated earlier upwind, they will interact with the
wake and cause all kinds of unsteady phenomena.
The 2D view projected view of a vertical axis wind turbine is seen in figure 1.1a and the cross sectional view
of this turbine is shown in figure 1.1b. The tangential (or chordal) velocity of the turbine blades in this case
can be described by Vt =ΩR +Va cosθ and the normal component Vn = Va sinθ, with Va being the induced
velocity. An important parameter, the tip speed ratio can then be defined as the ratio of blade tangential
velocity and freestream velocity λ= ΩR

V∞ . Given the above information, the relative inflow velocity at the blade

is then described by W =V∞
√

sin2θ+ (λ+cosθ)2. The angle of attack α used to determine the aerodynamic
loading on the airfoil section is dependent on the azimuthal angle θ and λ. In contrary to a more constant α
on a HAWT, the VAWT describes α as equation 1.3.

α= t an−1
(

sinθ

λ+cosθ

)
(1.3)

The azimuthal range of the turbine’s upwind part is from 0◦ ≤ θ ≤ 180◦ while the downwind part is be-
tween 180◦ < θ ≤ 360◦. This definition will be kept for all subsequent sections in this report. The angle of
attack for the blade of a VAWT is dynamic and dependent on the azimuthal position and the tip speed ra-
tio. As consequence the loadings on the blade are dynamic and the instantaneous torque is not constant but
fluctuating.

(a) 2D schematic view from the side[29] (b) 2D cross sectional view of the VAWT[23]

Figure 1.1: A vertical axis wind turbine
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1.3. NUMERICAL METHODS FOR WIND TURBINES
To design and optimize a VAWT as good as possible it is essential that the behavior of the VAWT can be pre-
dicted. There are multiple numerical methods available, but each of them have different degrees of accuracy
and their own strengths and weaknesses. They vary widely in accuracy and required (computational) re-
sources. Not all of them are equally useful for design of an wind turbine due to its long computation time. In
the preliminary stage of design the numerical methods are the most accessible. Some important characteris-
tics concerning the numerical methods are that they should be as accurate as possible, while also maintaining
a short computation time. These two are often contradicting. The following points are important character-
istics which the computational methods should have according to Islam et al[2]:

1. Calculations of local relative velocities and angle of attacks at different tip speed ratios and azimuthal
positions.

2. Calculation of ratio of induced to freestream velocity considering the blade-wake interaction.

3. Mathematical expressions based on different approaches (Momentum, Vortex or Cascade principles)
to calculate normal and tangential forces.

4. Airfoil characteristics at different Reynolds numbers;

5. Post-stall models for stall development and fully stalled flow.

6. Finite aspect ratio consideration due to tip vortices.

7. Models to account for dynamic stall.

8. Flow curvature model for the circular blade motion.

Some popular methods in use are the momentum models (Single streamtube model, Double-Multiple
Streamtube model, Actuator Cylinder model) and vortex models[2]. CFD is also available but for preliminary
design purposes this might not be the most practical form of numerical study yet. In the following sections
some of the mentioned models will be discussed.

1.4. BLADE ELEMENT THEORY
The blade element theory describes a lifting body (a blade) by dividing it into a segments called blade ele-
ments. These elements can then be modelled using known airfoil polar data and its forces can be determined
based on the flow conditions and its angle of attack α. Figure 1.2 shows an example of the (induced) velocity
components and the loadings on one blade element.

Figure 1.2: The blade element showing on the left side the relative velocity W , freestream velocity U∞ and rotational speed Ωr . The
induced velocity factor a is also given. On the right picture the lift component L and drag component D of the element are shown. [1]

The velocity components based on the rotation of the blade element and the freestream determines the
relative velocity W =

√
U∞(1−a)+ (Ωr )2(1+a′)2 on the blade element. This relative velocity W has a certain

inflow angle Φ and together with the pitching angle β are used to determine the angle of attack α = φ−β.
Finally with this angle of attack known, the lift and drag forces of this blade element can be determined
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using equations 1.4 and 1.5. The tangential load on the blade element is then dFT = dL sinφ− dD cosφ
and the normal load dFN = dL cosφ+dD sinφ. This must be repeated for each element and when all the
blade elements are computed it can be integrated along the blade span to determine the full blade loading
FT and FN . These loads can then be used in equations 1.1 or 1.2 to determine the torque of the rotor. The
blade element theory can be combined with the momentum models or the vortex models to determine the
induction coefficient a in an iterative process.

dL = cl
1

2
ρW 2cdr (1.4)

dD = cd
1

2
ρW 2cdr (1.5)

(a) Single streamtube with V∞, Va and Vw (b) Velocities on blade in a VAWT

Figure 1.3: schematic overview single streamtube momentum model [2]

1.5. MOMENTUM MODELS
The momentum theory is based on the calculation of stream velocity through turbine by equating the aerody-
namic forces on the blades (calculated with the blade element theory) with the rate of change of momentum
of the flow. The aerodynamic forces are calculated using the blade element theory and then multiple itera-
tions are performed for the induced velocity calculations until it converges to one consistent solution. This
combination of the blade element theory and the momentum theory is the blade element momentum theory
(BEM). In the following sections this will be referred as momentum models and some variants of the momen-
tum models will be discussed, each extending the previous one. The main assumption in all momentum
models is that the loadings on a blade element is solely responsible for the change of momentum of a steady
flow which passes through a certain actuator surface[1]. While this is a simple method, the drawback of the
momentum models is that it does not capture all the effects like blade tip losses or unsteady effects without
additional modelling.

1.5.1. SINGLE STREAMTUBE MODEL
The most basic version of the momentum model is a single streamtube passing through a actuator disk. In
the original blade element momentum theory (BEM), the disk represented a propeller or the rotor of the
horizontal axis wind turbine. Templin modified and applied this model for VAWTs[5]. Figure 1.3 shows a
schematic overview of the the single streamtube model and the kinematics of the VAWT. The rotor in the
figure rotates in counter-clockwise direction, and α will be positive in the upwind part of the streamtube and
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negative in the downwind part. The actuator disk is positioned in the center of the turbine. Most applications
use this technique as it is quick and rather accurate in specific range. As this model uses only one actuator
disk for the whole rotor, the induction factor a for the upstream and downstream parts of the rotor stay
constant. The mass flow rate is constant along the whole streamtube[1]. This model can become inaccurate
or even invalid for large tip speed ratios or high solidities [2] and can overpredict the power coefficient due to
inaccurate stall modelling [5]. Based on figure 1.3, with freestream velocity V∞ the wake velocity is derived as
Vw = (1−2a)V∞ and the velocity at the actuator disk is Va = 1

2 (V∞+Va) or Va = (1−a)V∞. The drag D can be
given as D = 2ρSVa(V∞−Va) with S being the surface area of the disk. Then the disk drag coefficient CDD is
given as

CDD = D

0.5ρV 2
a S

(1.6)

and substituting D into CDD gives CDD = 4( V∞
Va

−1) or V∞
Va

= 1+ 1
4CDD . This disk drag coefficient can then

be converted to a normal drag coefficient via CD = D
0.5ρV 2∞S

and equation 1.6. Substituting and rewriting gives

equation 1.7, and relates the CDD to CD .

CD = D

0.5ρV 2∞S
=CDD

V 2
a

V 2∞
= CDD

(1+ 1
4CDD )

2 (1.7)

1.5.2. MULTIPLE STREAMTUBE MODEL

The multiple streamtube model extends the single streamtube model from the last section. In contrary to
use of one main streamtube, this streamtube is now split into several independent smaller streamtubes. Fig-
ure 1.4 shows how one of these streamtubes is modelled. For each of the streamtube the momentum theory
will be applied on like with the single streamtube model. That is for each streamtube, the momentum ex-
change equals the forces on the blade passing through that specific streamtube [5]. Due to the use of mul-
tiple streamtubes the variation of the wind velocity field can be accounted for[3]. Although this model uses
multiple streamtubes, there is still one actuator plane at which the induced velocity is calculated and treats
the rotor like it is a flat actuator disk. There are two main implementations of the multiple streamtube model
besides the several small modified versions. First one is by Wilson and Lissaman and the second one is by
Strickland which is an improved model of the first one and also includes more effects like windshear.

Figure 1.4: Schematic overview of the multiple streamtube model from Strickland [3]

According to Islam et al[2] the main difference between the Wilson and Strickland aerodynamic models
is that Wilson used the theoretical lift force only in the calculation of induced velocity while Strickland added
the effect of drag force as well for the similar calculation. This means that the model of Wilson is fast and the
model of Strickland is more accurate but will lead to an increase in computation time.
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1.5.3. DOUBLE-MULTIPLE STREAMTUBE MODEL

The idea of using two actuator discs in tandem is first developed by Lapin but is refined by Paraschivoiu[5][30].
It was introduced as the double-multiple streamtube model which expands the multiple streamtube model
by using two actuator disks in tandem for each streamtube to model the upstream and downstream halves
of the rotor separately. The single and multiple streamtube models assume one constant induced velocity
throughout the rotor with one actuator disk. With the extension of using two actuator disks this method al-
lows the calculation of two different induced velocities along each streamtube. This variation of the induced
velocities can account for larger loadings on the upstream part of the rotor and smaller loadings in the down-
stream part. In the double-multiple streamtube method the downstream induction velocity is dependent on
the upstream induction velocity. The velocities in a streamtube at can be computed with equations 1.8a to
1.8d. The equations state that the induced velocities keep decreasing along the streamtube in downstream
direction. a1 and a2 are the induction factors of the actuator disk at upstream side respectively the down-
stream side of the rotor. V∞i is the inflow velocity at a streamtube, Vau is the induced velocity upstream, Vad

is the induced velocity downstream, Vw is the wake velocity downstream and Ve is the induced equilibrium
velocity at the center between the up- and downstream phases.

Vau = a1V∞i (1.8a)

Ve = (2a1 −1)V∞i (1.8b)

Vad = a2Ve = a2(2a1 −1)V∞i (1.8c)

Vw = (2a2 −1)(2a1 −1)V∞i (1.8d)

Figure 1.5: schematic overview double-multiple streamtube model [2]

Although this method models upwind and downwind regions separately, any induction effects from the
downwind region to upwind region are still neglected. Paraschivoiu has made several based on the double-
multiple streamtube model like the CARDAA, CARDAAV and CARDAAX codes. But in the research of Ferreira
et al[31] the double-multiple streamtube model is proven to have fundamental flaws as it is not internally
consistent with other models they are compared to. It is advised by them[31] to correct the model by empirical
means.
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1.5.4. ACTUATOR CYLINDER MODEL
Developed by Madsen[32], the actuator cylinder model (ACM) is a modification of the regular actuator disk
model. Instead of modelling the VAWT rotor as a disk, the whole swept surface is instead used as actuator sur-
face [32]. This swept surface has the circular or cylinderical shape, hence the actuator cylinder. The model is
quasi-steady Eulerian and its implementation by Madsen is in 2D only to limit complexity[32]. The velocity
induced by the normal loading Qn(θ) and tangential loading Qt (θ) can be computed analytically with this
method[22]. θ is the azimuthal angle of the blade relative to the tower. Figure 1.6a shows a representation of
the AC model with figure 1.6b the blade element form used by Madsen.

(a) 2D Actuator Cylinder Flow model[22] (b) Blade element formulation of the AC method[32]

The loadings Qn(θ) and Qt (θ) can be given in the following equations 1.9 and 1.10 based on the derivations
of Madsen[32]:

Qt (θ) =−B
Ft (θ)cosφ+Fn(θ)cosφ

2πR
(1.9)

Qn(θ) = B
Fn(θ)cosφ−Ft (φ)sinφ

2πR
(1.10)

With B the number of blades, R the turbine radius, φ the blade pitch angle, Fn and Ft are the blade forces
per unit blade length in perpendicular direction respectively parallel direction of the swept surface. The
mentioned parameters can be seen in figure 1.6b. To calculate the power generated by an ideal rotor, the
ideal power generation Pi is given in equation 1.11 [32].

Pi =
∫ 2π

0
vn(θ)Qn(θ)Rdθ (1.11)

With vn(θ) the velocity component perpendicular to the swept surface. Then using the definition of the
power coefficient:

Cpi = Pi
1
2ρV 3∞2R

=
∫ 2π

0 vn(θ)Qn(θ)Rdθ

ρV 3∞
(1.12)

The real power is then derived by Madsen[32] as

P = 1

2π

∫ 2π

0
B(Ft (θ)cosφ+Fn(θ)sinφ)RΩdθ (1.13)

With power coefficient Cp and thrust coefficient CT

Cp = P
1
2ρV 3∞2R

=
1

2π

∫ 2π
0 B(Ft (θ)cosφ+Fn(θ)sinφ)Ωdθ

ρV 3∞
(1.14)
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CT =
∫ 2π

0 (Qn(θ)sinθ+Qt (θ)cosθ)dθ

ρV 2∞
(1.15)

Madsen describes the flow around an actuator cylinder in 2D using Euler equations. The velocities can be
described with equations 1.16a and 1.16b [32][22]. The equations have been non-dimensionalized with ρ, R
and V∞.

vx = 1+ vy (1.16a)

vy = wy (1.16b)

The continuity equation δwx
δx + δwy

δy = 0 and Euler equations

δwx

δx
+wx

δwx

δx
+wy

δwx

δy
=−δp

δx
+ fx (1.17a)

δwy

δx
+wx

δwy

δx
+wy

δwy

δy
=−δp

δy
+ fy (1.17b)

Madsen [32] then defines that

gx =−(wx
δwx

δx
+wy

δwx

δy
) (1.18a)

g y =−(wx
δwy

δx
+wy

δwy

δy
) (1.18b)

With all the above derived or defined the equation for pressure is then given by [32] as

δ2p

δx2 + δ2p

δy2 = (
δ fx

δx
+ δ fy

δy
)+ (

δgx

δx
+ δg y

δy
) (1.19)

When the pressure field is found equations 1.17a and 1.17b can be used to determine the velocity field.
The solution then consist of a linear part and a non-linear part wx = wx ( f )+wx (g ) which can be summed[32].
Madsen found a solution for the linear part which is given in the equations below.

wx ( f ) =− 1

2π

∫ 2π

0
Qn(θ)

−(x + sinθ)sinθ+ (y −cosθ)cosθ

(x + sinθ)2 + (y −cosθ)2 dθ

− 1

2π

∫ 2π

0
Qt (θ)

−(x + sinθ)cosθ+ (y −cosθ)sinθ

(x + sinθ)2 + (y −cosθ)2 dθ

− (Qn(arccos y))∗+ (Qn(−arccos y))∗∗

− (Qt (arccos y)
y√

1− y2
)∗− (Qt (−arccos y)

y√
1− y2

)∗∗

(1.20)

wy ( f ) =− 1

2π

∫ 2π

0
Qn(θ)

−(x + sinθ)cosθ− (y −cosθ)sinθ

(x + sinθ)2 + (y −cosθ)2 dθ

− 1

2π

∫ 2π

0
Qt (θ)

−(x + sinθ)sinθ+ (y −cosθ)cosθ

(x + sinθ)2 + (y −cosθ)2 dθ

(1.21)

In the above equations 1.20 and 1.21, some terms are starred * or **. The terms marked as * shall be added
inside the cylinder and the terms marked with * and ** shall be added behind the cylinder.
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1.6. CASCADE MODEL
A different method for the analysis of VAWTs is the application of the cascade model first proposed by Hirsch
and Mandal[33][2]. It is based on a analysis method used for turbomachinery which consists of stages of ro-
tating blades and static vanes. In this method the blade sections of each blade are placed in a plane called
the cascade. The blades are spaced evenly according to its circumferential spacing. A schematic overview of
the cascade method can be found in figure 1.7. The flow conditions at each blade varies continuously as they
rotate and differ from each other. The loadings can be calculated for each blade separately and the computa-
tions continue until a revolution has been made. Then the revolution averaged power can be determined[33].

Figure 1.7: schematic overview of the cascade method [2]

The wake velocity and incoming freestream velocity in the cascade method is determined using Bernoulli’s
equation while the induced velocity is related to the wake velocity through a semi-empirical relations [2].
These relations for both the upwind and downwind part are given in the article of Islam et al as equations
1.22 and 1.23.

Vau

V∞
=

(
Ve

V∞

)ki

(1.22)

Vad

Ve
=

(
Vw

Ve

)ki

(1.23)

or

Vad

V∞
= Vad

Ve

Ve

V∞
= Ve

V∞

(
Vw

Ve

)ki

(1.24)

Similar to the double multiple streamtube model Vau and Vad are the induced velocities and Ve and Vw

are the induced equilibrium velocity respectively wake velocity downwind. The factor ki can be determined
by experiments, and given in article [2] as ki = 0.425+0.332σ with σ the solidity. With the velocities known,
the loadings of each blade can be determined with the blade element theory. Finally the torque and power
coefficients can be calculated based on the loadings. The full derivation can be found in reference [33]. Ac-
cording to [33] and [2] the cascade model can predict the overall values of both low and high solidity turbines
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quite well with reasonable computation time and accuracy. Furthermore it does not have convergence prob-
lems at high tip speed ratios and high solidities[33]. The instantaneous blade forces calculated by this model
show improved correlation in comparison to those calculated by the conventional momentum models, but it
is recommended by Hirsch to improve this model by adding a dynamic stall model.

1.7. VORTEX MODEL
The vortex model uses vortex singularities to solve the flows fields and is considered a medium fidelity com-
pared to the momentum models. To understand how the vortex model works, a few fundamental theorems
will be treated. This can be used for the application of the lifting line method. For the research in this report
the lifting line solver CACTUS will be used.

1.7.1. KELVIN’S THEOREM

Kelvin’s theorem describes that the circulation ΓC around a closed curve C stays constant in time ( dΓC
d t = 0).

Consider figure 1.8 where an airfoil is positioned in a freestream U∞ and this airfoil could be enclosed by a
curve C (not shown in the drawing). To fulfill this theorem any change in bound vortex strength, indicated as
Γai r f oi l (also known as bound vortex Γb in figure 1.8, must be followed by a shed vortex with equal strength

but opposite in sign at the trailing edge of an airfoil. Mathematically described as DΓ
Dt = Γai r f oi l+Γw ake

∆t = 0[4].
This shed vortex by the airfoil is the so called starting vortex and forms the wake as can be seen in figure 1.8.

Figure 1.8: Wake vortex shed due to Kelvin’s theorem [4]

1.7.2. KUTTA-JOUWKOWSKI THEOREM
In the section about Kelvin’s theorem, the idea of constant circulation around a closed curve C was already
discussed. This circulation Γ can also be related to lift on a lifting body via the Kutta-Jouwkowski theorem[34].
The theorem in equation 1.25 states that the lift per unit span L′ is:

L′ = ρU∞Γ (1.25)

Depending on how it is defined, sometimes there is a minus sign in equation 1.25. The direction of the
vortex is just defined clockwise or counter clockwise. For numerical methods it is more interesting to com-
pute the bound vortex strength (circulation) on an element. If the Kutta-Jouwkowski theorem is applied on a
blade element with chord c and span b then equation 1.25 can be rewritten to Γ= 1

2CLUc.

1.7.3. HELMHOLTZ THEOREMS
The Helmholtz theorems state that a vortex filament in inviscid and incompressible flow contains the follow-
ing characteristics[4][34]:

1. The vortex strength Γ is constant along the filament.

2. A vortex filament cannot end in a fluid, but must either form a closed loop, extend to the boundaries of
the fluid or extend indefinitely.

The theorems lead to some implications when applying the Helmholtz theorem to a blade element. Sup-
pose a bound vortex placed on the quarter chord line of a blade element in figure 1.10. Then the vortex
filaments at the tips of the blade elements extend downstream, and continue as trailing vortices which might
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be closed by a shed vortex from the blade element. This shed vortex is parallel to the bound vortex. It is also
possible to form a so called horseshoe vortex at which the trailing vortices from the tips extend to infinity. Fur-
thermore the strength of the full vortex filament is constant throughout its length. All the above mentioned
theorems are applied in the lifting line method.

1.7.4. BIOT-SAVART LAW
The final important concept for the vortex model is the Biot-Savart law. Given a vortex filament with a certain
strength Γ a velocity is induced at a certain point P in space. The Biot-Savart law relates that vortex strength
to the induced velocity at the specific point using equation 1.26, see figure 1.9. This can be done for any
arbitrary point in a space and thus a induced velocity field can be computed given a filament with known Γ.

U = Γ

4π

r1 × r2

|r1 × r2|2
r0 ·

(
r1

r2
− r2

r1

)
(1.26)

r1 and r2 are respectively the position vector from the start and end of the vortex filament to the arbitrary
point P in the field. r0 is the vector from start of the filament to its end. Note that in this case it is assumed the
vortex filament is straight, but it can be applied to filaments with arbitrary shapes. By assuming infinitesimal
vortex filament lengths to describe any curve, the vortex strengths can be integrated along the whole filament.
These vortex strengths together induce a velocity on any arbitrary point in the field. Therefore a relation is
found between the induced velocity and the geometry of a lifting body.

Figure 1.9: Induced velocity by the Biot-Savart law [5]

1.7.5. LIFTING LINE MODEL
Vortex models allow to solve the downwash velocity on a lifting body using the vortex distributions on the
body. There are multiple ways to model the lifting body, for example the use of surfaces or lines. This section
will focus only on the lifting line model (also called vortex line method or vortex lattice method) as this is of
interest for the use of CACTUS. The other methods are out of scope for this thesis.

Figure 1.10: Schematic view of a vortex lattice element [5]

In the lifting line model the system of vortex singularities, common for more advanced methods, is re-
placed by a bound vortex line along the quarter chord line. The bound vortex strength for each element ΓB
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will be calculated using the Kutta-Jouwkowski theorem ΓB = 1
2 cCLU∞. For the use of this method, the lift

and drag polars must be known in advance. In order to use the correct values from the lift and drag polars,
the element’s angle of attack α must be calculated using the downwash and freestream velocities. All loading
coefficients on the element are then determined using α and the polars. The newly determined lift coeffi-
cient can be used again to determine the new bound vortex strength ΓB ,new . The newly computed and old
ΓB ,ol d are compared and possibly updated for further computations. Once convergence of the ΓB value is
reached, the process is completed. Sometimes filtering can be applied to ease the convergence in the next
iteration. A filtering equation ΓB ,upd ated = (1−D)ΓB ,ol d +DΓB ,new can be applied to update the ΓB for every
blade element[35]. D is a damping factor which determines how smooth the update of the new ΓB will be,
but as consequence the computation time will increase. For the application of the lifting line method on a
wing in steady state conditions this process would then be finished. The general flowchart of the non-linear
lifting line method can be found in figure 1.11. All other coefficients like the blade tangential coefficient
CT = CL sinα−CD cosα and normal coefficient CN = CD sinα−CL cosα can be derived from the basic lift
and drag coefficients. The tangential coefficient can then be used to determine the torque coefficient CQ and
from there follows the power coefficient CP of the rotor[6]. For a wind turbine the lifting line method is re-
peated for every timestep in a revolution until a certain amount of revolutions has been reached, or until the
(revolution averaged) power coefficient CP value is converged.
Based on the Helmholtz theorem discussed earlier, the bound vortex will convert into a trailing vortex at the
tips of each element and the element also contains a shed vortex. The system of trailing and shed vortices will
form the wake of the blade element. Figure 1.12 shows the lattices and points containing the bound vortex of
several elements and its trailing and shed vortices in a numerical method developed by Strickland[6]. These
vortex lattice points are the points connecting the vortex filaments and are convected in time. The trailing ΓT

and shed ΓS vortex strength is related to the bound vortex strength ΓB change. Numerically this can be given
as equations 1.27a and 1.27b.

Figure 1.11: Flowchart for the (Weissinger) non-linear lifting line method
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1.7.6. WAKE MODELS
In the last section the rotor wake which consists of the shed and trailing vortices were mentioned. Based
on how these shed or trailing vortices are treated, the lifting line method either contains a free wake vortex
model or a fixed wake vortex model[36]. In the fixed vortex wake, the advection of the lattice points of the
trailing and shed vortex points are prescribed. Thus the influence by the induced velocities from other wake
elements are ignored. As consequence the wake structure stays constant downstream. This method has lower
fidelity as in reality there should be interference between the vortex elements in the wake. But it requires less
intensive computational resources. In contrary to the fixed wake model, the free wake vortex model allows the
mutual interference between wake vortex elements to advect its element downstream. Therefore the wake
in a free vortex model can deform substantially over time[36]. While this is more realistic than and higher
fidelity than the fixed vortex wake, this will also require more computational resources. The vortex lattice
points of the wake will translate a certain distance per time interval. This distance ∆s(i , j ) in 3D space can
numerically be described by ∆s(i , j ) = [U(i , j )+U∞i]∆t . For more successive timesteps Strickland used an
improved integration scheme ∆s(i , j ) = [ 3

2 U(i , j )t=N T − 1
2 U(i , j )t=N T−1 +U∞i]∆t to determine the convected

distance of the lattice points. With all the above mentioned techniques, the fundamentals for the application
of the lifting line method for VAWTs is set here. Important note is that with the vortex method no pressure field
is directly calculated, only the velocity field. Finally the regular vortex method is still a potential flow model
and does not include thickness or displacement effects[37]. It also does not intrinsically model dynamic stall
effects. Thus these effects must be determined via engineering models or taken into account via airfoil test
data.

ΓS (I , N T −1) = ΓB (I , N T −1)−ΓB (I , N T ) (1.27a)

ΓT (I , N T −1) = ΓB (I , N T )−ΓB (I −1, N T ) (1.27b)

Figure 1.12: Numerical modelling of vortex lattices and nodes [6]

1.7.7. LIFTING LINE CODE: CACTUS
In this section CACTUS will be introduced, and its implementation and usage will be discussed. Code for Ax-
ial and Cross-flow TUrbine Simulation (CACTUS) is an open source 3D lifting line tool developed in Fortran
by Sandia National Laboratories [17]. It is used to predict the aerodynamic performances of a HAWT, VAWT or
a hydrokinetic turbine (an underwater VAWT). To model the wake, CACTUS uses the free wake vortex model
and also contains many options for unsteady, viscous and compressible flow. CACTUS is originally based
and extended on the VDART3 solver by Strickland et al[17][18]. It is one of the few tools available which can
model struts in case of a VAWT, although it is limited to flat and fixed strut shape without the possibility to edit
the strut parameters. It is considered a mid-fidelity method being more accurate than standard momentum
models but computationally more efficient than CFD. It could be a very potential code for optimizing design
of VAWT. As this is the program of interest for the thesis, we go more in depth in this part.
CACTUS uses blade elements and each of the sections can use specific aerodynamic characteristics[17]. Basic
parametrization of these elements consists of the chords, position and orientation values. The aerodynamic
loads of the blade element sections can be determined by known lift, drag and moment polar data of the
airfoils representing the blade element sections[17]. CACTUS furthermore has the possibility to include strut
elements which only accounts for drag and no lift.
CACTUS models the wake using freestream elements, trailing and spanwise wake vortices. The blade ele-
ments are modelled using a bound vortex attached at quarter chord position[17]. The bound vortex of each
blade element Γi can be related to the lift coefficient via the Kutta-Jouwkowski theorem Γi = 1

2 cUCL . Due to
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Helmholtz theorem the trailing and spanwise wake vorticity can be equated to the change of bound vortic-
ity. Furthermore the velocity field of the wake can be determined using the Biot-Savart law and the velocity
field can be used again to determine the local inflow velocity for each blade element. All the blade elements
together can then form a system of equations at every time step which can then be solved by CACTUS. The
system of equations are represented by equations 1.28a and 1.28b solved implicitly via single fixed-point
iteration[17]. Finally with the results of the iterations, the torque and power coefficients can be calculated.
This process is repeated for all timesteps[17]. The amount of timesteps is user defined[18].

αel ement ,Vel ement = f (Γbound ,Γtr ai l i ng ,Γspanwi se , f r eestr eam, g eometr y) (1.28a)

ΓB = f (CL,el ement ,Vel ement , g eometr y) (1.28b)

For the advancement of the wake node positions CACTUS uses second order predictor explicit time ad-
vancement scheme. This is based on the midpoint rule where the wake node velocities at time t + ∆t

2 are
predicted using previous and current time steps[17]. For dynamic stall prediction, CACTUS is able to use, the
Boeing-Vertol model, a modified version of the Gormont model. It can also use the more extensive Leishman-
Beddoes model.

1.8. CFD
Although out of the scope of this thesis, a mention will be made for Computational Fluid Dynamics (CFD).
CFD is the application of Navier-Stokes equations with possible additional models. The use of CFD consists
of defining the VAWT geometry in 2D or 3D and the discretization of (fluid) volume of the simulation. Then
the velocities, pressures and are directly solved. The application of CFD is a high-fidelity method but is also
computationally expensive. Therefore it is not really used for practical engineering analysis[38]. Although the
Navier-Stokes equations can be applied directly called Direct Numerical Simulation (DNS), it is impractical
to do so due to the computational resources required for a simulation of this type. The reason is the turbu-
lence phenomena for which the full range of length and time scales of the turbulence must be resolved. The
resource requirements for this scales non-linearly with the Reynolds number of the flow. As such for high
Reynold number flow these simulations are impractical to run.
As consequence several methods to model turbulence have been developed. One of the two main model
is the Reynolds-Averaged Navier-Stokes (RANS) where the Navier-Stokes are time averaged [39] or the Large
Eddy Simulation (LES). Many studies have been performed on VAWTs using CFD. Further readings about the
applications of CFD in VAWT research can be found in [40], [41], [42], [39] and [13].



2
UNSTEADY AERODYNAMICS

This chapter discusses the topic of unsteady aerodynamics. The wake shed by the VAWT rotor consists of
many unsteady flow phenomena as the blades and struts rotate perpendicular to the flow. Figure 2.1 shows
some of these possible phenomena. These phenomena will have an impact on the performance of the turbine
and on the near wake structure downstream.

Figure 2.1: Unsteady effects encountered in the wake of a VAWT[7]

2.1. DYNAMIC STALL
Dynamic stall is an unsteady flow phenomenon that occurs when the blade’s airfoil angle of attack α varies
rapidly with time and also exceeds the normal static stall angle of attack. The blades and struts of a VAWT
rotate in such a way that the α of the blades changes continuously along the azimuthal angle θ. Whether a
dynamic stall process is initiated depends on several mechanisms like the breakdown of a (laminar) separa-
tion bubble or interaction between boundary layer and shock wave[8]. The phenomena is thus dependent on
the Reynolds number and Mach number. The stall process then consists of several stages described in figure
2.2.
The first phase of the dynamic stall process is initiated when the angle of attack exceeds the static stall angle
of the airfoil. This stall onset is indicated with number ’2’ in figure 2.2. Instead of the regular loss in lift due
to static stall, the lift continues increasing with α. The next phase is characterized by the development of a
dynamic stall vortex on the airfoil surface[8]. This vortex will advect downstream over the airfoil surface in-
creasing the lift even more, but also leading to a pitching moment and increased drag of the airfoil as shown
in phase ’3’ in figure 2.2. Finally the lift is fully lost when the dynamic stall vortex convects off the airfoil and
the flow is fully separated and reattaches only below a certain α. They are given as phase ’4’ and ’5’ in figure

59
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2.2. How the flow reattaches after separation and the α at which the flow reattaches again can be lower than
the static stall angle. This effect is called hysteresis. Dynamic stall can lead to unsteady blade loads and thus
blade fatigue[43][5].

Figure 2.2: The typical airfoil Cl , Cd and Cm polars. Compared to the regular steady case, the hysteresis effect can be seen during
dynamic stall[8].

2.2. DYNAMIC STALL MODELS
The dynamic stall process is complex as shown by [8], but nonetheless very important in VAWT analysis.
To predict the dynamic stall phenomenon, different engineering models have been created. According to
Borg[44] there are three main categories of dynamic stall models:

1. The modelling of the actual kinematics of dynamic stall known as indicial method[5]. It is a more fun-
damental approach where the vortex formation and shedding are modelled directly. The Leishman-
Beddoes dynamic stall model[45] is an example of the indicial method.

2. Models that neglect the kinematics of the process and only model the characteristics of the aerody-
namic loads. The ONERA model for dynamic stall[46] is a good example. The ONERA model does not
try to directly model the effects of dynamic stall, but does directly simulate the aerodynamic responses
in the time domain[46]. According to [46] this method give less accurate prediction of rotor blade load-
ing compared to the other methods, but the main advantage of this model is that the governing system
of equations can be linearized. As consequence the model is really suited for inclusion in analyses of
rotor stability.

3. Models that use empirical equations to determine the effective angle of attack under dynamic condi-
tions. This effective angle of attack is then used to determine a reference angle of attack for which the
aerodynamic loading is determined[44][5]. A widely used model of this category[44] is the Gormont
model[47]. There are also many derivatives based on the Gormont model like the Berg modification or
Boeing-Vertol modification.

The indicial and Boeing-Vertol (Gormont) model will be discussed in the next sections as these are the two
more known models and also used in the CACTUS software.

2.3. BOEING-VERTOL MODEL
The Boeing-Vertol model is a modification of the Gormont dynamic stall model[47] made by Strickland which
is more suited for VAWTs[5]. The model is based on the observation that an airfoil appears to have stall onset
at a higher α, when the stall condition is initiated at a significant angle of attack rate α̇[17]. In the Boeing-
Vertol model the flow is assumed to be incompressible[5]. Another assumption is that the lift curve slope and
zero lift angle of the airfoil does not change compared to the static stall situation. So the dynamic effects only
change the stall angle of attack[5]. Finally the Boeing-Vertol model will be applied when α exceeds the static
stall angle. The dynamic stall effect is modelled as modifications in lift, drag and moment on the airfoil using
a modified reference angle of attack αm . This lagged αm can then be given as a function of the rate of angle
of attack α̇ according to equation 2.1[17]. The lift, drag and moment coefficients are then given by 2.2a, 2.2b
and 2.2c.
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αm =α−K1γ

√(
| cα̇

2V
|
)
Sα̇ (2.1)

CL = α

αm −α0
CL(αm) (2.2a)

CD =CD (αm) (2.2b)

CM =Cm(αm) (2.2c)

α is the blade’s angle of attack, α0 the blade’s angle of attack at zero lift, Sα̇ the sign of α̇ ,K1 and γ are
empirical functions determined by experiments. γ is a function which depends on blade thickness and local
Mach number[5]. Typical values of K1 and γ are given in equations 2.3a, 2.3b, 2.3c and 2.3d.

γL = 1.4−6(0.06− t

c
) (2.3a)

γD = 1−2.5(0.06− t

c
) (2.3b)

γM = γD (2.3c)

K1 = 0.75+0.25SSα̇ (2.3d)

The sign and magnitude of K1 depends on α̇ via Sα̇. Note that the term | cα̇
2V∞ | in equation 2.1 looks very

similar to the reduced frequency k often encountered in literature about unsteady flow behavior where α̇
relates to the angular frequency of the unsteady behavior.

2.4. INDICIAL MODEL
Another method for dynamic stall modelling is the indicial model which is more fundamental than the Boeing-
Vertol model as it takes into account the kinematics of the whole process[44]. The effects are modelled sepa-
rately and the indicial responses are then summed[5]. The indicial model uses a set of first order differential
equations to model the dynamics and has three parts which are modelled[5][17]:

1. Unsteady attached flow.

2. Separated flow solution for nonlinear flow.

3. Deep stall for vortex induced loads.

2.4.1. ATTACHED FLOW
The attached flow part is first formulated with superposition of the indicial terms[45]. These terms consist of
the circulatory and impulsive responses, which is represented by CN (t ) = CN ,ci r cul ator y (t )+CN ,i mpul si ve (t ).
CN is the total normal force coefficient, CN ,ci r cul ator y the circulatory part and CN ,i mpul si ve the impulsive part
of the normal force coefficient. The circulatory part CN ,ci r cul ator y (t ) =CLααE cosαE models the response due
to the change in angle of attackα and includes a lagging behaviour[5]. αE is the effective angle of attack. This
effective angle of attack can then be modelled using indicial function φc (t ), and angles of attack at a certain
timestep n αn and αn−1. The indicial function contains a reduced time s which depends on the flow and
thickness of the blade profile. Equations 2.4a-2.4d shows these relations.

αE =αn−1 +φc (t )∆α (2.4a)

∆α=αn −αn−1 (2.4b)

φc (t ) = A0 − A1e−b1s − A2e−b2s (2.4c)

s = (1−M 2)2V
t

c
(2.4d)

φc (t ) also contains the constants A0, A1, A2,b1,b2 which must be determined using experiments[5]. The
second part of the response is the non-circulatory part and is described in equations 2.5a and 2.5b. T1 is
characteristic time parameter.

CN ,i mpul si ve =
φI (t )∆α

M
(2.5a)
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φI (t ) = e
−t
T1 (2.5b)

Finally tangential force coefficient Ct ang enti al = CLααE sinαE and the total drag can be approximated
with CD (t ) =CN (t )sinα−Ct ang enti al (t )cosα+CD0

2.4.2. NONLINEAR FLOW
The nonlinear flow solution for trailing edge separation is based on the theory of Kirchhoff[45][5]. To account
for the nonlinear effect, an empirical function is used to describe the nonlinear part of the normal force
CN ,nonli near = 1

4CN ,ci r cul ator y (1+√
f )2, with f being the non-dimensional separation point[5]. This f is

dependent on the angle of attack α and some empirical parameters.
To account for transient effects, which influences the separation point, the indicial method introduces two
first order differential equations to model these effects. They can be found in equations 2.6a-2.6d. Tp and T f

are non-dimensional parameters depending on Mach number. C ′
N models the pressure response while C ′

N F
models the boundary layer response[5].

C ′
N =φp (t )CN ,nonli near (2.6a)

φp (t ) = 1−e
−2V t
cTp (2.6b)

C ′
N F =φF (t )CN (2.6c)

φ f (t ) = 1−e
−2V t
cT f (2.6d)

2.4.3. DEEP STALL
The last part to model is when a vortex is generated at the leading edge of the blade profile which then con-
vects downstream. This event leads to vortex lift, see figure 2.3 and is modelled as CL,vor tex =CN ,ci r cul ator y (t )(1−
K ) with K = 1

4 (1+√
f )2. According to Paraschivoiu the effect created by the vortex will lead to a delay in

reattachment[5].

Figure 2.3: Vortex lift contribution due to deep stall [5]

2.4.4. LEISHMAN-BEDDOES MODEL
The Leishman-Beddoes model[45] is also an advanced model based on indicial formulation but is modified
to give it more semi-empirical approach for representation of lift, drag and moment loadings under dynamic
stall. This model is originally developed by Leishman and Beddoes for rotorcraft applications. This is done as
a more accurate model was needed while keeping the computational costs practical[45]. According to [45] the
model extends upon the indicial model and still uses the superposition of indicial responses for the attached
flow behaviour. Furthermore it contains compressibility corrections to accurately model the unsteady aero-
dynamic response. Under attached flow conditions the Leishman-Beddoes model behaves like the indicial
formulation[45]. Then the different phases of dynamic stall are represented in different ways. The onset of
vortex shedding during dynamic stall will be represented according to Leishman using "a criterion for lead-
ing edge or shock induced separation based on the attainment of a critical leading edge pressure"[45]. The
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induced vortex lift is modelled empirically and all other non-linearities regarding trailing edge separation will
be modelled using the Kirchoff flow model. As can be read, this makes the Leishman-Beddoes model a very
complex method. Nonetheless, they managed to implement this and validate their method.

2.5. MODEL COMPARISON
The performance between the Gormont and Leishman-Beddoes models were assessed by Dyachuk and Goude[25].
They implemented these models within a double multiple streamtube analysis of a 2D VAWT. The Leishman-
Beddoes model showed better agreement with experimental data compared to the Gormont model in all
conditions[25]. Another observation made by them was that the Leishman-Beddoes model is more stable.
So with more accurate results and more stable simulation they concluded that the Leishman-Beddoes model
outperforms the Gormont model[25]. This is also what the CACTUS manual suggests[18], but in addition it
also mentions that the amount of time steps required to converge will increase when using the Leishman-
Beddoes model[18]. Unfortunately the research of Dyachuk and Goude does not mention any simulation
time of the assessed models.

2.6. TOWER SHADOW EFFECT
Borg et al[44] mention the effects of the support tower on the performance of the VAWT. The main cause is due
to the blades crossing the low velocity wake created by the tower. This can contribute to periodic fluctuations
in the power output of the VAWT[44]. Rezaeiha et al[48] studied these effects and concluded that based on the
tower-to-rotor diameter ratio of 0.16, the reduction on Cp can be as high as 5.5%. With greater thickness the
loss is larger due to the larger low velocity wake downstream of the tower[48]. Furthermore they concluded
that for tower-to-rotor ratio bigger than 0.4 will cause blade-wake interactions between the vortices shed
from the tower and the blades[48]. Finally the roughness effect of the tower was also studied. Roughness was
added to the tower and this shifted the flow condition of the tower from subcritical to critical, resulting in
a delay of flow separation. As result the tower wake width decreased and the blade was less affected by the
wake. This led to an increase of VAWT performance[48].

2.7. BLADE-WAKE INTERACTIONS
Another unsteady phenomenon to consider for VAWTs are the non-linear interactions between the vortices
in the wake and the blades. These vortices are for example generated by the blade tip in the upwind direction
and are then convected downwind[40]. As consequence of these interactions there could be vibrations or un-
steady loading on the blade[9]. Another issue could be aero-acoustic consequences due to vortex interacting,
therefore generating unwanted sounds[9]. According to Ferrer and Willden blade-wake interactions are usu-
ally not modelled in lower fidelity models like the momentum models, but by understanding the blade-wake
interactions these models can be improved to account for these effects[9].
Ferrer defined two physical processes causing blade-wake interactions. First this is the vortex shedding of
the blade in the upwind side of the rotor and the convection of this vortex. Secondly is the rotation of the
blades[9]. The type of interaction depends on the wake convection speed and the blade rotational speed.
Ferrer and Willden expected three different types of blade-wake interaction with its limiting cases, and these
limiting cases depend on the tip speed ratio λ and wake convection velocity Ui . The limiting cases for one
blade are given in figure 2.4. The wake convection velocity is regarded as the induced velocity Ui = a ·U∞.
So Ferrer and Willden derived that the time required for the wake to reach the downwind section can be ap-
proximated as tw ake = D

a·U∞ and the time required for the blade to go from the most upwind position to the

most downwind position (therefore turning 180◦) is then given as tbl ade = πR
Rω [9]. This leads the observation

that when tw ake < tbl ade the wake will not interact with the blade, as the blade only passes the downwind
section when the wake has already convected downwind (figure 2.4a). But when tw ake ≥ tbl ade then the wake
passes the downwind area while the blade also passes the downwind area, thus there could be blade-wake
interaction[9]. Ferrer and Willden then makes the assumption for the limiting case tw ake

tbl ade
= 2R

aU∞ / πR
ωR ≈ 1. This

equation can be rewritten and thus the first limiting tip speed ratio for blade-wake interaction is λ ≥ aπ
2 [9].

However according to the same authors there could still be blade-wake interactions for λ≤ aπ
2 , but they only

occur at the lower rear quadrant due to the proximity of the blade to the shed wake in the lower circular half
of the rotor (positions based on figure 2.4)[9]. Further derivations can be found in the paper[9]. The authors
provided a summary for the limiting cases for 1-bladed VAWTs and 3-blade VAWTs, this can be found in table
2.1.
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Figure 2.4: Schematic overview of the types of blade-wake interaction and its limiting condition by tip speed ratio λ. Situation a is
the initial vortex shedding in the upwind region. λ in situation b.1 is sufficiently small and causes no blade-wake interaction. In the
situations b.2 and b.3 the tip speed ratio is such that the wakes causes by the blade interacts with itself[9]

1-bladed
Limits λ< a a <λ< aπ

2
aπ
2 <λ< 3aπ

2
3aπ

2 <λ
Type of interaction No interactions Limited interac-

tion
One wake Two wakes or

more
Force effect with azimuth θ N/A 180◦ < θ < 270◦ 180◦ < θ < 270◦ 180◦ < θ < 360◦

3-bladed
Limits λ< aπ

6
aπ
6 <λ< aπ

2
aπ
2 <λ< 5aπ

2
5aπ

2 <λ
Type of interaction Limited interac-

tion
One wake Two wakes Three wakes or

more
Force effect with azimuth 180◦ < θ < 270◦ 180◦ < θ < 360◦ Everywhere Everywhere

Table 2.1: Summary of the limiting cases for blade-wake interactions by Ferrer and Willden[9]

To validate their analysis of the bounds and the effects they employed Discontinuous Galerkin solver, a
snapshot of the simulation can be found in figure 2.5. Figure 2.4 also shows where the blade and wake interact
and at which tip speed ratio. Ferrer and Willden concluded that their analysis of the limits agrees well with
the simulated results of the Discontinuous Galerkin (DG) solver. They also have checked the dependency on
Reynolds number and came to the conclusion that the blade-wake interactions are similar on all Reynolds
numbers[9].

Figure 2.5: Result of DG simulation: Velocity magnitudes contours and streamlines for different λ. [9]



3
STRUT AERODYNAMIC MODELLING

The modelling of a strut in a VAWT is the point of interest for the thesis. This chapter will evaluate previous
studies performed on this subject. The strut can under certain conditions produce lift, with aerodynamical
mechanisms treated in the other chapter. Another interesting point of strut modelling is the drag caused by a
strut. The strut drag consist of three main drag components: profile drag, friction drag and lift induced drag.
An extra component can be added at the intersection between strut and blade, the interference drag.

3.1. STRUT-BLADE INTERFERENCE

The drag of intersecting bodies or with two bodies nearby each other is usually a bit higher than the combina-
tion of the drag components of the bodies isolated. This phenomena is called interference[10]. Interference
drag is the extra drag component that occurs at intersections between two bodies [10]. The VAWT can con-
tain struts which are connected to the blade, thus the interference drag at the joint between the strut and the
blade should be taken into account.
This interference effect happens because the boundary layers of the bodies join together. The boundary layer
is further retarded and in addition the pressure drag arises[10]. Interference drag is independent of the span
but instead is only based on the dimensions of the blade section. In a study of Hoerner[10] it is mentioned
that lift and inclination angle of the body will influence the amount of interference drag. In case of a lifting
body, the increase of lift coefficient will lead to an increase in pressure gradient on the upper side of the lift-
ing body near the intersection while decreasing the pressure gradient on the lower side of that intersection.
Interference drag also increases approximately as square of the lift coefficient[10].
As specified earlier, inclined struts can lead to extra or less interference drag. There are two ways to incline
a strut, longitudinally (sweep) and laterally (canting/inclination) relative to the freestream direction. For this
research the interest is specifically in the laterally inclined strut. By laterally inclining the strut one of the
corners become more narrow and thus increases separation which leads to increased interference drag[10].
Figure 3.1 shows the relation between the lateral inclination angle β and the increase in drag as consequence
of the inclination. It can be seen in the figure that at higher inclination angles this drag increment becomes
substantial.
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Figure 3.1: Increase in interference drag due to lateral inclination angle β [10]

Hoerner models these effects using data from experiments of the different possible situations[10]. For the
case of a strut-blade T-shaped intersection without inclination this is approximated with equation 3.1 and
figure 3.2. The interference drag in a T-shaped intersection is modelled as a function of only the thickness
ratio of the strut. It can also be concluded from figure 3.2 that the application of fillets leads to a more linear
relation between the strut’s thickness ratio and interference drag. The filleting can thus lead to lower the
interference drag, especially at higher thickness ratios.

CDc = ∆D

qc2 = (17(
t

c
)2 −0.05)(

t

c
)2 (3.1)

Figure 3.2: Interference drag coefficient of strut intersections against the thickness t
c [10]

The tips of the blade and the intersection between blade and strut generate vortices. These shed vortices
could lead to a reduction in lift and extra drag[44][10]. The extra drag component caused by lift is the so called
lift-induced drag and is an important component of the drag caused by struts or blades.
One of the studies about struts as lifting bodies can be found in the research of Shires[11]. Shires developed
the concept of a V-rotor VAWT, which functions similar to H-Darrieus with inclined struts. This NOVA V-
VAWT can be seen in figure 3.3a. Shires attempts to predict the performance of the V-VAWT using modified
version of Paraschivoiu’s double-multiple streamtube method[11][5]. This modified model is able to evaluate
lateral and vertical streamtubes through the rotor, and can predict the induced velocity field in 3D[11]. In
addition the model also takes into account dynamic stall considerations, tower losses, tip losses and inter-
ference losses. To account for the aerodynamic losses due to vortex generation at the blade tips, a correction
factor for induced lift is applied. This correction factor is based on the Prandtl lift correction factor used with
blade element models for propellers and is given in equations 3.2a - 3.2c. The k value in equation 3.2c is the
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loading efficiency factor.

CL,3D =CL,2D
2

π
cos−1(e− f ) (3.2a)

f = N

2
(

1−η
ηsin |αG |

) (3.2b)

CD,i nduced =
C 2

L,3D

eπAR
(3.2c)

To model the horseshoe vortex at the intersection between the blade and strut, Shires uses the empiri-
cal relation given in equation 3.3 [11]. h is in this case the strut length and δ∗ the end-wall boundary layer
thickness. Finally the effect of the tower wake was also modelled with an extra correction factor fT = 1− DT

DR
applied to the induced velocity[11].
Shires compares the predictions from the model to measured data of different existing VAWTs and the mea-
sured data from the NOVA V-VAWT, and finds that the trends of the model and measurements agree well
at higher wind speeds. But the model overpredicts the power generation at lower wind speeds[11]. Shires
concludes that by adding some corrections to the double-multiple streamtubes method, it can lead to fairly
acceptable performance predictions of a V-VAWT with struts.

CD,i nter sect i on = 1.9δ∗

h · t
c

(3.3)

(a) The NOVA V-VAWT (b) The measured and predicted power of the NOVA V-VAWT

Figure 3.3: Research of Shires on the NOVA V-VAWT[11]
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3.2. PRESENCE OF STRUTS IN A VAWT
Siddiqui et al study the aerodynamic effects due to the presence of struts[12]. In this study a 3-bladed VAWT,
including and excluding struts and tower, is modelled and the cases compared. The struts are placed and
kept fully horizontal (thus zero inclination angle) thus it will not contribute to the production of lift. Their
simulations are carried out for seven cycles and with seven different tip speed ratios λ for the case with only
blades. This was once again repeated for the case with blades, struts and tower. The most important results
can be found in figure 3.4c which shows theλ−Cp curve with and without struts. It can be seen that the inclu-
sion of struts elements decreases the Cp . The relative decrease of the Cp between the situations of excluding
and including struts and hub increase at higher λ. According to Siddiqui et al this extra relative decrease of
Cp is due to the decrease in torque produced by the VAWT when reaching higher tip speed ratios λ. Figures
3.4a and 3.4b shows the torque of the turbine during four revolutions for respectively λ= 3.5 and λ= 4.5. The
difference between the two tip speed ratios is that the mean torque of the rotor drops at higher λ. It can also
be concluded from the figure that the torque peak values in the plots decreases with the inclusion of strut and
hub, therefore leading to the conclusion of torque decrease stated earlier[12].

(a) Torque curve for four revolutions of the VAWT with and without
struts and hub at λ = 3.5. The upper plot is for the case using one
blade and the lower plot for the case using three blades.

(b) Torque curve four revolutions of the VAWT with and without struts
and hub at λ= 4.5. The upper plot is for the case using one blade and
the lower plot for the case using three blades.

(c) The λ−Cp curves for including and excluding struts and hub. The
VAWT rotor contains three blades.

Figure 3.4: CFD simulation on a 3D VAWT with and without struts by Siddiqui et al[12]

Marsh et al.[13] delved deeper into the effects of struts on the vertical axis tidal turbine performances
when applying different strut section geometries, different strut-blade joints and strut locations. The power
curves and the torque fluctuation levels of three different strut configurations are determined. The configu-
rations which are simulated can be found in figure 3.5a. They differ in strut section geometry by using either
a NACA 0012 profile or a machined flat bar. Furthermore the locations of the strut can be positioned either
at the end of the blade span or at quarter span position. Finally the connection type between the strut and
blade is a faired joint or connection tab. All the simulation are performed using 3D CFD and validated with
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experiments in a towing tank[13]. The turbulence model used for the simulation was the κ−ω SST due to
the improved prediction of flow separation, adverse pressure gradient by including transport effects into the
eddy-viscosity formulation[13]. Figure 3.5b shows the CP −λ curves based on the CFD simulations done by
Marsh et al. The inflow velocity was U∞ = 1.5 m

s . The indications used for the configurations in figure 3.5a
coincides with the indications for the curves in figure 3.5b. It can be seen that the strut location have an
effect on the CP curve and this effect can be seen in figure 3.5b when looking at the CP curves for turbine A
and turbine C. As turbine A and C are the same with the exception of strut placement, it can be said that the
difference in CP is caused by strut positions. It seems that the CP decreases along the whole λ range when
the struts are placed at quarter span of the blades. The decrements of CP becomes larger at higher tip speed
ratio as can be seen from figure 3.5b. The difference can become as high as 12.4% found by the simulation
of Marsh et al[13]. According to [13] the increase in CP when placing the struts at the end of the blade is due
to the increase of effective blade length. The effect can be visualized and explained using figure 3.5c. There
the differences in the vortex structures between turbine A and turbine C (same profiles) can clearly be seen.
Turbine C generates vortices at the blade tip and the blade strut junction while turbine A generates vortices
due blade tip and blade strut junction combined. The combined vortices at the blade tip minimizes flow
disturbance over the blade and thus a higher CP can be achieved[13].

(a) The three different strut configurations which were simulated

(b) CP −λ curves for the three configurations as described in figure 3.5a (c) Strut and tip vortex effects for different configurations

Figure 3.5: Research on strut configurations in a VAWT by Marsh et al [13]
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Another study on VAWTs with (inclined) struts is performed by Mendoza and Goude[14]. The goal of this
study is to improve the VAWT wind farm efficiency by deflecting the wake via pitched struts. By deflecting
the wake in the upwind turbines, it is expected to improve the performance of the downwind turbines as the
low velocity (low kinetic energy) wake from the upwind turbine would else cause lesser power generation on
the downwind turbine[14][27]. Therefore in the study the actuator line model was used in combination with
a dynamic stall model, similar to the actuator cylinder model of Madsen[32]. Figure 3.6a shows the proposed
turbine by Mendoza[14]. These models were coupled with a CFD simulation.

(a) The pictured VAWT using pitched/inclined struts in the study of Mendoza
[14]

(b) Power coefficients of upwind turbine Cp1 and downwind turbine Cp2 for
different offset in alignment of downwind turbine[14]

Figure 3.6: Simulation results and turbine of the research of Mendoza [14]

In his research he found that the introduction of a strut pitch angle in the upwind turbine will cause
the wake to deflect. By doing so, the power coefficient of the upwind turbine drops by a few percent[14].
But for the downwind turbine the effects depends on how much the downwind turbine is aligned with the
upwind turbine in freestream direction. Figure 3.6b shows the results on the power coefficients CP of the
up- and downwind turbine. When the downwind turbine is fully aligned with the upwind turbine, the result
of wake deflection due to the pitched struts improves the power coefficient of the downwind turbine. This
improvement relates to the strut pitch angle and thus the severity of the wake deflection as shown in figure
3.7. A positive pitch angle will deflect the wake vertically up and a negative angle will deflect the wake down.
On the other hand the increased pitching angle can lead to minor reduced performance of the downwind
turbine if the downwind turbine is at an certain offset relative to the upwind turbine. At an alignment offset
of 1 rotor diameter of the downwind turbine, the strut pitch angle will have a negative impact on the CP of the
downwind turbine. In the study it is also shown that the wake from the upwind turbine behaves asymmetrical
downstream due to the differences of velocity between the incoming flow and blade. The thrust loading
vector is therefore not fully aligned in the downstream direction but is lightly skewed. This research shows
that the struts of a VAWT can be used to control the wake to improve the performance of the downwind
turbine with a minor loss of performance in the upwind turbine.
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Figure 3.7: Normalized velocity field at the vertical middle plane for varying strut pitch angles. In the left figure the up- and downwind
turbines are aligned, in the middle figure there is an offset of 0.5D and in the right figure there is an offset of 1D[14]
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3.3. MODELS FOR INCLINED STRUT AND DOUBLE BLADED VAWTS

3.3.1. QUADRUPLE MULTIPLE STREAMTUBE METHOD
Hara et al.[15] studies the application of double bladed VAWT. The VAWT has two blades stacked next to each
other to improve the self starting performance of the VAWT, as the double blades can produce a higher start-
ing torque than the regular single blade VAWT[15][26]. This leads to the conclusion that double bladed VAWT
has improved self starting performance at low tip speed ratio[15].
By inclining the struts against the horizontal plane, they can produce some lift[15]. This lift can then be used
to increase the torque. The inclined strut can be related to research on double bladed VAWT, because looking
at an inclined strut from a 2D top view perspective seems like a double bladed rotor. The research of Hara
et al shows how to predict performances when taking into account the inclined struts as this can partially be
considered a double bladed VAWT rotor[15][26]. The standard double blade VAWT and the inclined struts
VAWT (butterfly VAWT) can be seen in figure 3.9.
To predict the performance of the double blade VAWT or the inclined struts of the butterfly VAWT, Hara et al
used an extended method of the double multiple streamtube method called the quadruple multiple stream-
tube method (QMS)[15]. Instead of two rotor planes there would be four rotor planes, hence quadruple.
Details about QMS itself can be found in their paper. The QMS model was validated using 2D CFD and it was
found that their QMS model required some modifications. The effects of the inner rotor on the decrease of
velocity upstream must be accounted for, and therefore they included a correction factor[15]. Although the
results from QMS and CFD agree in general they noticed a discrepancy in the blade torque between QMS and
CFD at the upwind side of the rotor. They could not find an explanation for the difference[15]. In general this
QMS model have some potential for the performance prediction of double blade VAWT.
One of the point of interest is the research on inclined struts in VAWT. Hara et al have been doing research
on butterfy wind turbines (BWT) which could already be seen in figure 3.9b [26]. In this kind of turbine the
struts are inclined. Due to how the strut and blade are connected, the blades do not contain tips but instead
the struts are seen as extensions[26].
Hara et al considered the effects of blade shapes, specifically the effects of symmetrical blades and cambered
blades. The tests were done in the wind tunnel and CFD. It is concluded that cambered blade shapes are
more suited at higher tip speed ratios while symmetrical blades provide better self starting performance of a
VAWT. Their experimental results showed that using symmetrical blades at the inner rotor (struts) gives better
torque improvement than cambered blade shape at low tip speed ratio[26].

Figure 3.8: Quadruple multiple streamtube model by Hara et al[15]
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Figure 3.9: (a) the double blade VAWT (DB-VAWT) and (b) the butterfly VAWT (BWT)[15]

3.3.2. ACTUATOR CYLINDER SQUARED MODEL

De Tavernier[16] presents a paper where she extended the regular actuator cylinder model of Madsen[32].
Another actuator cylinder is introduced concentric within the main actuator cylinder. A turbine in another
turbine in 2D as schematically shown in figure 3.10. The application of this model could be for example the
earlier mentioned double blade VAWT or the butterfly VAWT in 2D of Hara et al. It could thus be used for struts
which are inclined in a rotor. Compared to the original actuator cylinder model as explained in section 1.5.4,
the induced velocity field in this case is the result of the influence by the inner and outer actuators[16]. This
is possible because the solution model, Mod-lin, used is linear, while the non-linear parts are corrected for
using a specific correction factor. But the induced velocity calculation does depend on the location, especially
when these points are in or near the actuator cylinder. De Tavernier has modified the original code to include
additional terms for these calculations when the locations are inside specific regions[16].

Figure 3.10: Schematic view of the proposed extension of the actuator model by De Tavernier[16]

In the study[16] the model is verified with a CFD simulation using OpenFOAM and compared with the
original actuator cylinder model. The results were also compared to another 2D vortex model solver called
U2DiVA. The wake trajectory by the inner and outer rotor and the velocity field of the simulation can be found
in figure 3.11.
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Figure 3.11: Simulation of the actuator model by De Tavernier[16]. On the left plot the wake of the inner and outer rotor is plotted. On
the right side the velocity field is shown.

In her paper the results between the modified actuator-in-actuator cylinder and the regular actuator
cylinder model are compared. This is shown in figure 3.12. The influence with a rotor in a rotor is that the
tangential loadings of the modified actuator model is reduced in upwind but mainly in the downwind phase
of the rotor. Thus the rotors will affect each other. In the comparison of U2DiVA with the model, it is shown
in her paper that both models agree with each other at lower loaded case. At higher loaded cases the error
between both models increase[16]. An explanation given by the author[16] is that wake expansions are not
captured by the actuator cylinder model. As such their effects are not accounted for. Another observation
made by the author is that the prediction of the model at the upwind part is more accurate than downwind
due to the blade operating in the wake during the downwind phase[16]. But the extended actuator cylinder
model is shown to have much potential by the author.

Figure 3.12: Comparison of the actuator model by De Tavernier[16] to the original (single) actuator version. Note the difference in the
upstream part around θ = 90◦ and especially in the downstream part between θ = 200◦ and θ = 320◦ of the simulation.



4
CONCLUSION

The literature on the aerodynamics of VAWTs and the research performed by several researchers have been
reviewed in this report. Most of the theory have been developed from blade element momentum theory and
have been extended upon on, employing the use of multiple streamtubes and actuator disks. Some methods
improve on this by taking the swept area of the VAWT as an actuator cylinder. This leads to low fidelity but fast
and practical simulations. On the other hand there are the high fidelity simulations like CFD. But the down-
side is the high computational cost of these methods. Vortex methods are suitable in between mid-fidelity
solutions. While these methods model more fundamental physics than regular momentum methods they are
less computational intensive than CFD.
Due to the way the VAWTs operate, its blades intersect its own wake. The flow in which the blades operate
contains many unsteady flow phenomena. As these phenomena will influence the performance of a rotor,
researchers have tried to model and predict these phenomena. One of these of these effect commonly re-
searched is dynamic stall. Multiple models based on different assumptions have been developed to predict
dynamic stall. Gormont models are more based on empirical relations while the more complex Leishman-
Beddoes models use a more fundamental approach.
Further research on VAWT have been performed by many scholars. A few of these studies which focused
on struts were reviewed. Many researchers have developed or improved models to account for the struts.
One of the most simple drag model is based on empirical means. Later on models are based on extension
of momentum models. One example is the extension of the regular double-multiple streamtube method to
quadruple-multiple streamtube model for the use on a VAWT with two rotors. Another model modified is the
actuator cylinder model which is very suited for a VAWT. Limitation of these models is that they only work in
the 2D case. For more advanced modelling studies, some of the researchers used CFD methods in combina-
tion with a momentum model. This way the wake effects can be studied. Based on these studies, it can be
expected that the topology of the struts will cause different drag effects in the turbine. Most prominent are
the strut-blade interference drag. Another effect related to blade-wake interactions are strut-wake interac-
tions as the strut, like the blade, crosses its own wake. The phenomenon depends on the tip speed ratio of the
rotor and the wake convection velocity. The consequences of these interactions can lead to unwanted aero-
elastic and aero-acoustic behaviour. On the other hand, by introducing a pitching angle to the strut, it can
also be used to beneficially deflect the wake to improve the behaviour of downwind turbines in windfarms.
But whether the wake deflection by strut is beneficial or not depends on the wind farm setup.
In the second part of this report consists of the research on the effects of the presence of struts in a 3D VAWT
with the lifting line solver CACTUS. The goal is to gain understanding of the influence struts will have on the
rotor and the wake. Therefore the strut geometry must first be defined and modelled in CACTUS. Secondly,
this study emphasizes on how struts affect VAWT performances with regard to loadings and power. The third
point is the emphasis on the near and far wake generated by the rotor. The CACTUS software is first extended
to allow the application of non-linear lifting line free vortex wake model on the struts. This extension makes
it possible to model different geometries of the struts in a rotor and to model it in a more fundamental way
than using empirical relations only. With the extended model, the struts are now able to produce lift and shed
vortices which can interfere with the main rotor blades. This model was then used for a case study for varying
parameters of a strut in the rotor. The variations in inclination angle, strut-blade attachment positions, tip
speed ratio and the strut tip to blade gap are studied for their effects on the rotor performance and its wake.
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With the tip of the struts closing in on the strut-blade interjunction point, the tip vortex of the strut functions
as part of the strut-blade interference effects. This can cause a drop up to 15% of the CP relative to a strutless
turbine. With varying tip speed ratio λ it was shown that the optimal λwas relatively low at around λ= 3.5. At
low tip speed ratios the CQ contribution by the strut was negative but small. At higher λ this negative torque
contribution by the strut could add up to a decent proportion of 25% the torque contribution by blade. Most
of it caused by the downwind phase of the strut.
It was shown that the position of the strut blade interjunction has significant effect on the strut itself due to
the downwash induced from the tip vortices of the main rotor blade. This downwash will cause a loading in
Y direction (spanwise of rotor blades). As consequence a small induced angle can be detected on the struts.
While in this case its effect on the loading generated by the strut is small, but it can be expected that this can
have a more significant effect with inclined struts.
Finally the lifting line model on the struts was applied in combination with an inclined strut. This way the
strut can produce actual torque and contribute to the power generation of the rotor. But doing so has an neg-
ative effect on the main rotor blade due to the shed vortices from the struts which interferes with the blades
downwind. By inclining the struts, the torque is redistributed from the blades to the struts. However, there is
still a net loss of power. This loss can be up to 5% depending on the inclination and approximately up to 7%
relative to a strutless rotor. Furthermore the inclination of the struts deflects the wake and also causes it to
become turbulent in after a few rotor radii as the wake from the struts and blades start to mix. The applied
model for struts shows it is able to model the extra effects caused by the struts which would not have been
possible in the original version of CACTUS.

4.1. RECOMMENDATIONS
The main goal to model the struts with a lifting line method and to perform a study with was achieved. How-
ever there were some issues which were not treated in this research. The modification of CACTUS to allow
the struts to be modelled using the non-linear lifting line theory is a first step. But by doing so, the model of
Hoerner[10] for strut-blade interference drag was not used any more as it was not compatible with the current
implementation. Therefore the interconnection between strut and blade could not be modelled, but instead
are just placed together with a zero gap between the strut’s tip and the blade attachment point. While this
does give some interactions between the strut and blade, some of the interference effects are not accounted
for. Also the model of Hoerner was not completely implemented in the original CACTUS version, thus the
original drag only strut bodies were always hardcoded to be uninclined. It is therefore advised to revise and
reimplement this model again for future research.
While CACTUS itself has been validated with higher fidelity method[17], and shows good agreement with ex-
periments. It is still advised to repeat this research with a higher fidelity method like CFD to verify the current
results or compare it to results from other aerodynamic models. Finally the original plan was to include a
three-bladed version of the rotor and asymmetrical positioned struts, but due to time constraints this could
not be done any more. It is recommended to test for these cases as well to and compare it with the two bladed
VAWT.
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A.1. HOW TO USE CACTUS
This section describes the use of CACTUS based on the manual of Murray and Barone[18]. CACTUS is based
on VDART3 as mentioned earlier and has a Fortran codebase. The code will only run from the command line
on Linux based system and will need some input files. These input files consist of the geometry file which
describes the wind turbine’s geometry in 3D according to a set of rules and the regular namelist input file
which describes the general configuration and the case specifics. Furthermore a set of airfoil data is also
required to supplement the geometry input file. CACTUS does not use a GUI for pre- or postprocessing, but
for post processing external software like Paraview can be used for visualization. The general flow chart of
CACTUS can be found in the next section.

GEOMETRY

CACTUS comes with a module to generate the turbine geometry file based on user input. This module is build
in MATLAB/GNU Octave though, so this software is required to use the module. Alternatively it is possible to
manually create the geometry file using only a notepad. But due to the expansive possibilities and complex-
ity to model the geometry it is easier to use the module. Important to note is that the geometry module only
contains possibility to generate standard HAWT or VAWT (H-Darrieus and normal Darrieus) constructions.
For custom VAWT configurations either the MATLAB geometry module must be modified to suit this or the
input file must be manually made.
CACTUS geometry only describes two different constructs: blades and struts. The blades are considered the
lift generating body while the struts do only account for drag. In CACTUS this specifically means that only the
blade can shed a free vortex wake while the strut constructs will only use empirical models. The blades and
struts are decomposed into smaller elements. The amounts of elements can be defined by the user and will
to a certain degree effect the accuracy of the simulation results, but also the calculation time. The positive
flow direction is in the +x direction and the tower of the wind turbine point in the +y direction. Any ground
planes or free surface will have their normal vectors pointing in +y direction [18].
The geometry file will consist of a header section with general information like turbine reference area, amount
of blades and turbine rotation origin point. Furthermore each blade and strut construct will have to be de-
scribed by its own section. Each section will contain the details of the element decomposition. Table A.1
consists of the file format for the CACTUS geometry file for a blade construct. For each blade header a list of
numbers must be provided equal to the length of the amount of elements defined. In some cases the length
of this list is equal to the amount of elements plus one. The required length is also indicated in table A.1 be-
tween the braces. For a strut construct it is in general similar except for few points. More details can be found
in the CACTUS manual [18].

AIRFOIL DATA

When assigning blade constructs, airfoil data must be provided. Each element in a blade construct can be
assigned to a specific airfoil. CACTUS imposes some requirements on the airfoil data. So first the foil co-
efficients specified are the lift, drag and pitching moment coefficients around the quarter chord point. The
coefficients must be specified from an angle of attack of -180◦ to +180◦ for different Reynolds numbers. A
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Header Description
N Bl ade Number of blades
N Str ut Number of struts

Rot N Turbine rotation axis normal vector (x y z)
RotP Turbine rotation origin point (x y z)
Re f R Reference radius of the turbine in ft

Re f AR Ratio of turbine reference area and reference radius squared
Blade
Blade i Blade index (not used by CACTUS)
N El em Number of elements for blade i
F li pN Flips element’s normal direction

QC x x coordinates quarter chord line at element ends divided by reference radius. (NElem + 1)
QC y y coordinates quarter chord line at element ends divided by reference radius. (NElem + 1)
QC z z coordinates quarter chord line at element ends divided by reference radius. (NElem + 1)

t x Blade unit tangent vector (rearward chord line direction) x component at element ends. (NElem
+ 1)

t y Blade unit tangent vector (rearward chord line direction) y component at element ends. (NElem
+ 1)

t z Blade unit tangent vector (rearward chord line direction) z component at element ends. (NElem
+ 1)

C toR Blade chord to turbine reference radius ratio at element ends. (NElem + 1)
PE x Element center x coordinated divided by reference radius. (NElem)
PE y Element center y coordinated divided by reference radius. (NElem)
PE z Element center z coordinated divided by reference radius. (NElem)
nE x Element unit normal vector x component. (NElem)
nE y Element unit normal vector y component. (NElem)
nE z Element unit normal vector z component. (NElem)
sE x Element spanwise vector x component. (NElem)
sE y Element spanwise vector y component. (NElem)
sE z Element spanwise vector z component. (NElem)

EC toR Element chord to turbine reference ratio. (NElem)
E Ar eaR Element area divided by turbine reference radius squared (NElem)

i Sect Index of the foil section data to be applied to each element. This index corresponds to the order
in which the foil section data table files are supplied in the namelist input file. (NElem)

Table A.1: CACTUS input file format for blade construct as defined by [18]
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maximum of 20 different Reynolds numbers is allowed for each airfoil with each case a maximum of 1000
entries for the angle of attacks. The sign convention in CACTUS is such that positive relative flow velocity in
positive normal direction of the element will generate a positive angle of attack[18]. CACTUS software already
contains some airfoil data files which can directly be used.

NAMELIST

The namelist input file consists of two parts, the configuration inputs and the case inputs. The configura-
tion inputs specify solver settings like inclusion of compressibility effects or the model used for dynamic stall
calculations. With case specific inputs operational parameters like freestream velocity, air density, rotor rota-
tional speed, etc. It also directs which geometry to be used for the simulation. Therefore to run CACTUS, this
file is the first input file accepted by CACTUS.

OUTPUTS

CACTUS returns several output files in CSV (comma separated values) format. Four different CSV files are
generated containing the average performance data, temporal performance data, elements loading data and
wall model data. Depending on the user inputs an extra file can be returned for the wake velocities deficits.
These files can then be used for post processing.

A.1.1. VALIDATION OF CACTUS
CACTUS is validated in [17] and [31]. Ferreira et al compared multiple aerodynamic models with each other
and concluded that models which explicitly models the wake showed good agreements between them[31].
Barone and Murray validated CACTUS using experimental data from the SANDIA 5m VAWT, SANDIA 34m
VAWT and VAWT850. These data were compared against the results from simulations run in CACTUS. Only
the results of the VAWT850 are shown here and can be found in figure A.1. To model the VAWT850 16 blade
elements were used for each blade (two blades in total). 20 timesteps was used for each revolutions with
in total 15 revolutions. Furthermore the Boeing-Vertol dynamic stall model was used in the simulation[17].
The Barone and Murray state that they carefully added excresence drag to the model to increase accuracy of
the simulations. Excresence drag was chosen such that at high tip speed ratio the simulations and measure-
ments would agree[17]. It can be seen in figure A.1b that the results of the measurements and simulations by
CACTUS do agree very well except for higher wind speed were there is a significant difference between the
simulation and measurement.

Figure A.1: Comparison measurement VAWT850 turbine with CACTUS results at 13.62 RPM[17]

A.2. FLOW CHART OF CACTUS
The flowchart of CACTUS consists of two different sections. On the next page, first a general overview is given,
but to keep clarity the lifting line computation mechanisms, in the general overview shown as the part within
the dashed lines, are written in a simplified way. In the page thereafter a more detailed flowchart is given for
the part within the dashed lines. This part is the core of the CACTUS software in which the vortex method is
executed.
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