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Abstract: The strut is a necessary support structure that connects the vertical axis wind turbine blade to the
rotating shaft and transfers the torque, and is one of the key factors affecting the acrodynamic performance of the
wind turbine. However, research on struts is limited and the appropriate strut design remain uncertain. Therefore,
in this paper, the struts of a straight-bladed vertical axis wind turbine are investigated by a three-dimensional
computational fluid dynamics approach, to find the appropriate strut design parameters that minimize the impact
on the aerodynamic performance. Thirty strut profiles with different chord lengths, thicknesses, areas, and
streamlined shapes were parametrically created and analyzed, including a novel strut-specific profile proposed in
this paper. Furthermore, all strut connecting parameters, such as spanwise and chordwise positions, connecting
angle and fairing were investigated. The results show that the power loss of a vertical axis wind turbine has a
relatively linear relationship with the dimensionless absolute thickness of the strut within a certain range. The strut
chord length is another important influencing factor. Equal chord lengths of the strut and the blade should be
avoided as much as possible. The proposed novel olivary strut profile has lower drag characteristics and more
favorable geometrical structural properties compared to the most used NACA airfoil. The influence of the spanwise
connecting position (within the range around the blade quarter span) is minor. But the chordwise position has a
significant effect, and special attention should be paid to avoid the strut maximum thickness position connecting
with the blade aerodynamic center, which will result in the greatest performance degradation. Analysis of the
connecting angles shows that inclined struts are suitable for small wind turbines. The fairing is effective when the
strut chord length is equal to or longer than the blade chord length. With these results, a set of recommended design
parameters for vertical axis wind turbine struts is presented.
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Nomenclature
Ap Cross-sectional Area of Blade [m? LE Leading Edge [-]
AC Aerodynamic Center [-] MTP Maximum Thickness Position [-]
ARC Asymptotic Range of Convergence [-] M, Bending Moment [N-m]
As Cross-sectional Area of Strut [m?] N Number of Blades [-]
c Chord Length [m] Ni Number of Grids [-]
CAD Computer Aided Design [-] P Power Output [W]
cp Chord Length of Blade [m] R Rotor Radius [m]
CFD Computational Fluid Dynamic [-] RANS Reynolds-Averaged Navier-Stokes [-]
COE Cost of Electricity [-] Re Reynolds Number [-]
Cp Power Coefficient [-] N Strut Position [-]
Cpre Pressure Coefficient [-] SIMPLE Semi-Implicit Method for Pressure Linked Equations [-]
Co Torque Coefficient [-] SST Shear Stress Transport [-]
cs Chord Length of Strut [m] t Time [s]
D Rotation Diameter [m] Tabs Strut Absolute Thickness [-]
dig Distance Between Strut LE and Blade LE [m] TCR Thickness-Chord Ratio [-]
dvitp Distance Between Strut MTP and Blade LE [m] TSR 4 Tip Speed Ratio [-]
Dr Tower Diamater [m] Ve Incoming Velocity [m/s]
Fp Drag Force [N] VAWTs Vertical Axis Wind Turbines [-]
F Lift Force [N] w Synthetic Velocity [m/s]
Fx Normal Force [N] o Angle of Attack [-]
Fr Tangential Force [N] g Fixed Pitch Angle [°]
GCI Grid Convergence Index [-] ¢ Strut Connecting Angle [°]
H Blade Height [m] % Azimuth Angle [°]
AC Aerodynamic Center [-] O Tangent Angle of Strut Profile Edge [°]
ARC Asymptotic Range of Convergence [-] u Dynamic Viscosity [Pas]
h Half Height of Blade [m] P Air Density [kg/m°]
HAWTs Horizontal Axis Wind Turbines [-] o Solidity of Rotor [-]
IDDES Improved Detached Eddy Simulation [-] os Stress [Pa]
1, Moment of Inertia [m*] Q Rotational Speed [rad/s]
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1. Introduction

Wind energy is clean and renewable, with considerable potential to alleviate the future fossil fuel scarcity and
price increase!'!. Through years of development, horizontal axis wind turbines (HAWTs) are the dominant wind
energy utilization devices on the market today!”!. However, recent studies reveal that it is difficult to further reduce
the cost of electricity (COE) by increasing the size of HAWTs!*~!. In addition, for the current global emphasis on
offshore wind energy, HAWTs have to invest more in the construction and subsequent operation and maintenance
of offshore floating platforms due to their high center of gravity!®. As these issues of HAWTs became more
prominent, attention is once again being focused on vertical axis wind turbines (VAWTs), especially the lift-type
VAWT with efficiency comparable to those of HAWTs!* 7). VAWTs have no yaw system, low center of gravity,
segmental blades, less deformation and edgewise loading, which is more favorable to design as floating type, and
their mooring system cost can be reduced by more than 20% compared with HAWTs!* ), These advantages make
VAWTs potentially more suitable than HAWTs as the future offshore wind energy. Many countries have made
VAWTS a research priority, leading to their commercialization!”.

However, as the development of VAWTs has lagged behind that of HAWTs in the last few decades, resulting
in the technological maturity of VAWTs still facing challenges!!”!. In particular, despite the evident advantages
of VAWTs, optimal aerodynamic design is still a prominent issue!''. As an example, Fig. 1 shows the design

parameters that affect the aerodynamic performance of a straight-bladed VAWT, including blade tip design!'> '*
16 18, 19 20

pitch angle!'¥), coning angle!'”, solidity!'®!, blade aspect ratio!'”, airfoill'® '), blade orientation*”’, wind turbine
height-to-radius ratio”!), tower!”? and strut'**!, etc. Many of these factors are also interrelated and thus affect the
overall power efficiency. A detailed review of these parameters is presented by Hand et al.**!. Fortunately, with
the rapid development of wind turbine technology, considerable studies on VAWTs are being carried out by
academics around the world in an endeavor to provide optimum design solutions for VAWTs. In addition, many
studies have attempted to improve the aerodynamic performance of the VAWT in terms of flow control methods,

such as the active flow control using suction>> 2

!, blowing?”, dynamics flap!*®! and variable pitch!*”), or the
passive flow control by means of adaptive flap"*", Gurney flap"*!!, deflector'*?!, leading edge serrations!**, slotted

airfoil bladesP*, or dual blades*> 31,
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Fig. 1. Design parameters affecting the aerodynamic performance of the VAWT!?4,

It is important to noted that most of the past VAWT performance studies are investigated through two-

28, 37, 38

dimensional (2D) models! I due to the limitations in computer technology and resources. When three-
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dimensional (3D) models are used, the aerodynamic performance of most optimally designed VAWTs will be
substantially lower than that of the 2D models. In addition to the blade tip loss effect!'?! of 3D blades, the strut
effect of VAWTs is another important factor. However, the current limited strut studies are not sufficient to provide
suitable design parameters, and further investigation is needed. This is the primary research objective of this paper.

1.1. Strut Effect of VAWTs

Currently, lift-type VAWTs that have been validated as efficient and feasible by extensive research include:
the straight-blade “Musgrove H-rotor”, the helical-blade “Gorlov” and the curved-blade “Darrieus ®-rotor’*”.,

The strut (also called support structures or arms) is an essential generic structure for a VAWT. For the helical
and straight blade VAWTs, the struts not only provide structural support to resist aerodynamic, gravitational, and
inertial loads on the blade, but are also responsible for transferring torque to the shaft for power generation and
strongly influence the natural frequency of the rotor!*™*!!. For the ®-type wind turbine, although the 34 m VAWT
first developed by Sandia Labs stabilized the curved blade by its tension without the need for struts, they
emphasized the necessity of using struts for reinforcement due to the increasing weight of the large-scale VAWT
blades!'!. Consequently, despite their different types, all three VAWTs invariably require struts to provide the
necessary structural connection and support, especially for large-scale VAWTs.

However, the presence of struts generates two types of drag during the turbine rotation: the direct profile drag
caused by the struts cross-sectional shape and the induced drag due to the interference at the strut-blade connecting
interface!''!**], Many studies have demonstrated that both types of drag significantly reduce the VAWT power
output. Tests by SANDIA showed that the struts reduced the maximum power output of the VAWT by 26%!**!. An
experimental study by Li et al..*) showed that the output power of the VAWT with struts measured with a torque
meter and a six-component balance was significantly lower than the power measured with the pressure taps on the
blade surface. Recent numerical simulations by Aya et al.** ** also showed that at high tip-speed-ratio (TSR), the
struts reduced the power of their 12 kW H-type VAWT by 43%. This significant degradation in aerodynamic
performance is due to the faster rotor speed at high TSR, resulting in an exponential increase in the strut effect!'*).
Therefore, due to the pronounced influence of the strut, any attempt to model the VAWT without modelling struts

will lead to inaccurate solutions.

1.2. Influences of Strut Parameters

It is clear that a reasonable strut design is essential to reduce the power loss of VAWT. However, the design
parameters of the strut are numerous, and the related research is still limited. The following four sections involve
the overview of different strut parameters.

1.2.1. Strut Profiles

According to fundamental aerodynamic principles, it is known that the cross-sectional profile shape plays a
dominant role in the drag characteristics of the strut. Early VAWTs use cylindrical strut profiles, considering only
the support function!'¥, The drag effect of cylinder struts proved to be extremely significant. Peter et al. [*°]
compared the drag of a NACA 0021 airfoil and a cylinder strut using a hydraulic tow tank. They rotated the struts
individually to measure their drag characteristics and found that the high drag produced by the cylinder strut
prevented the turbine from producing power output, while the power losses of the NACA airfoil strut were much
lower. Apparently, the streamlined cross section reduces the profile drag of the strut itself. For this reason,
Mazharul et al.!*!1,*”] designed a special profile for the strut named MI-Structl, and they confirmed through their
in house code that the profile drag of MI-Structl is lower than that of the E862 airfoil.

However, it is not enough to only focus on the strut profile drag. The strut-to-blade connection type also
affects the aerodynamic performance of the blade itself, known as the induced drag. Philip et al. [** experimentally
evaluated the effect of two types of strut-to-blade connections on the power efficiency of a vertical axis tidal
turbine bolted flat strut and a fused NACAO0012 profiles strut. Their results showed a 50% decrease in efficiency
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for the turbine with flat struts. Unfortunately, it is difficult to isolate in the experiment whether profile or induced
drag has a stronger effect. But at least their combined effect on the turbine performance is significant. Yutaka et al.
4] compared the effect of three strut profiles, NACA 0018 airfoil, rectangular and circular, of the same thickness
on the resistance torque (the direct drag) and the tangential torque (the induced drag). They decomposed these two
types of torque to the differential pressure and frictional drags, and found that the effect of struts on the blade
frictional drag was much smaller. Another interesting finding was that the profile drag was higher than the induced
drag for the rectangular and circular struts, while the opposite was true for NACA airfoil. Unfortunately, they did
not further investigate the flow mechanism responsible for this phenomenon.

These previous studies analyzed the effect of different strut profiles with the same chord length or the same
thickness, but another important factor was not sufficiently considered. That is, the structural strength of these
struts is different, which leads to unfair comparisons in many studies. The design of struts involves a compromise

>0 401 considered this factor and

between aerodynamic performance and structural strength®”’. Mojtabadeng et al.l
compared different strut profiles such as airfoil, cylinder, circular, rectangular and diamond with the same cross-
sectional area. The total power loss and structural stresses of different struts were analyzed by their in-house
program. The results show that the drag of rectangular and diamond profiles is greater than that of circular profile,
and the streamlined airfoil profile is obviously the best choice. Unfortunately, however, their analysis is unable to

identify the effect of strut profile on the blade aerodynamic performance (the induced drag).

1.2.2. Strut Connecting Position

The connecting position of the strut could be discussed in two aspects, the spanwise and the chordwise.
(i) The Spanwise Position

To balance the rotor, all types of struts generally installed symmetrically to the central height position of the
blade. Depending on the spanwise connecting position, the VAWT struts are classified into the three types
illustrated in Fig. 2, the middle span, the quarter span, and the end span. Noted that the quarter span in Fig. 2 (b)
is not fixed at the 1/4 position of the blade exactly, but at the position between the middle span and the end span.

Intuitively, the middle span should have the least drag because it uses one strut on each blade!*"!. Nevertheless,
the results of Philip et al.*®) and Thierry et al.>!) showed that the end span installed struts have higher VAWT
aerodynamic efficiency. This is because the middle or quarter span struts interrupt the high-performance region of
the blade surface. On the contrary, the end span installed struts do not interfere with the blade, but also contribute
to reducing the blade tip losses because it acts like an endplatel'/.

However, the installation of struts should consider not only the aerodynamic performance but also the
necessary structural support, which is even more important for large-scale VAWTs. If only one strut is used for
each blade, the aecrodynamic forces and the gravity of the blade will generate significant bending stresses at the

40l analyzed and optimized the blade bending stresses for these three strut spanwise positions,

joints. Mojtaba et al.!
and showed that the maximum stresses for the blade with end span struts were nearly five times higher than those
for the blade with quarter span struts. This was also confirmed by Hameed et al.”! through finite element analysis.
Therefore, despite the relatively better acrodynamic performance of the end span struts, the structural risk is
significantly higher. On the contrary, the quarter span strut is more balanced in terms of acrodynamic and structural
performance and is a relatively better choice!**. In addition, blades with quarter span struts can also reduce the tip
loss through a blade tip design''’!, thus achieving similar results as end span struts, but with better structural

properties.
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Fig. 2. VAWTs with different strut spanwise connecting positions[50 1. Qis the rotating speed. (a) Middle Span. (b) Quarter Span. (c)

End Span.
(ii) The Chordwise Position

In VAWT fabrication, the struts are connected at the mid-chord position (i.e., 0.5¢) of the blade in most
cases'”*!. However, Bianchini et al. °* showed that since the aerodynamic center (AC) of most subsonic airfoils is
located at 0.25c¢, the actual force on the blade will change when the connecting position is located at 0.5¢ as shown
in Fig. 3 (a). This is equivalent to a slight increase in the blade radius and an additional pitch angle, which also
causes a pitching moment.to be generated by the normal component force of the blade. This phenomenon is more
pronounced in smaller wind turbines with a higher solidity. Therefore, they recommend a chordwise connecting
position of 0.25¢ for the struts.

o Aerodynamic Center
« Strut Connecting Positior]

| @ ®
Fig. 3. Different strut chordwise connecting positions for various strut chords. (a) ACs on different radius. (b) ACs on the same
radius. cp represents the blade chord. R is the rotor radius.

However, since the 2D VAWT numerical model* ** used in previous studies on the blade-strut chordwise
connection could not practically include struts, what they actually analyzed was the variation of the rotor radius
and the blade pitch angle due to different connection positions. For the 3D VAWT model, another important factor,
the strut width, must be considered when analyzing the spanwise connecting position, as shown in Fig. 3 (b). In
the case where the strut chord length is smaller than the blade chord, for blades with AC on the same radius, the
variation of the strut chordwise position does not affect the AC location and the pitch angle, but affects the flow
on the blade surface resulting in different induced drags. Research on this subject has not been carried out so far.

1.2.3. Strut Connecting Angles

In addition to the common horizontal installation, the strut can be inclined at a certain angle, as shown in Fig.
4. For a straight-bladed VAWT, the advantage of using inclined struts is that the tower height and the center of
gravity of the rotor can be reduced!'’); even to the bottom, as shown in Fig. 4 (c). Many concept designs of large-
scale offshore VAWTs!”- %°l have adopted this V-rotor because its low center of gravity characteristic is beneficial
for the stability of floating platforms. Agostino et al. °® proposed a combined horizontal and inclined VAWT strut,
and their numerical simulations and experimental results showed that the inclined part of the strut could captures
additional wind energy and compensate for its own drag. Thierry et al. °!) also found that the inclined 45° strut
provide positive moment when analyzing the inclined angle of the strut mounted on the end span, but it
significantly interfered with the blade aerodynamic efficiency. Since their struts extended from the blade tip, it is
actually more like the effect of different blade tip designs.

It should be noted that the non-vertical connection of the inclined strut to the blade will result in bending
moment, rather than pure compression and tension as in the case of horizontal struts!®”), Therefore, for structural
reasons, Hand et al. **! suggested a horizontal form of strut for large-scale VAWTs. Nevertheless, a comparison of



the effects of horizontal and inclined struts on the VAWT aerodynamic performance is still lacking.

@ (b) (©
Fig. 4. VAWTs with inclined struts. ¢ is the inclined angle. (a) ®-rotor. (b) H-rotor. (c) V-rotor

1.2.4. Strut-Blade Connecting Fairing
Another parameter of the strut that should be considered is the geometry at the connection. When a blade is
connected to a strut, a horseshoe vortex is generated at the “T” shape joint, resulting in greater wake extension®>®/,
This is one of the reasons for the degradation of the blade aerodynamic performance caused by the strut.

¢
\
s

Fig. 5. The horseshoe vortex at the blade-strut connecting joint!?*],
This performance loss could be reduced by using a fairing, which is a streamlined geometry that smoothly

merges the blade and the strut at the connecting joint **.. Hoerner °°! suggested using fairings with 4%~8% airfoil
chord length circular radius as transition joints in aircraft design. The SANDIA labs added manual fairings to the
blade joints of their 34 m VAWT, resulting in a small increase in performance in both low and high winds '), But
their report did not provide details on the design of the fairing. Denis et al. (! developed a 600 kW onshore VAWT
with fairings, but also no details were provided. Thierry et al. ! analyzed the effect of a circular transition between
the end span strut and the blade, which was also considered as a fairing. They found that a radius of 0.5¢ works
most effectively and could significantly decrease the kinetic energy of the vortex wake, which thus reduces the
induced drag. Unfortunately, the effect of fairings on the performance of VAWT blades has not been sufficiently
studied so far, especially the issue of matching different strut sizes to the fairing needs further investigation.

1.3. Present Work

1.3.1. Motivations and Objective

The above overview shows that the strut is an essential part of the VAWT, but it significantly affects the
aerodynamic efficiency. Although some studies have been carried out, several issues still deserve future
investigation.

To this end, the VAWT struts are investigated in this paper. The most aerodynamically efficient straight-bladed
VAWT!® is the subject of this paper. To balance the aerodynamic and structural performance, struts installed near
the quarter span are used. Based on this, the strut parameters are numerically investigated to minimize their
influence on the VAWT aerodynamic performance. The study focuses on the following issues:

e It is known that using streamlined profile reduces the strut drag. The drag characteristics of a strut profile
is highly dependent on its chord length and relative thickness. However, discussions on these two parameters
have not been conducted yet, and studies regarding their influence on the aerodynamic performance are still
lacking in research. In addition, there is a periodic inversion of the pressure and suction sides of the VAWT
blade. The influence of the struts on the different sides needs to be studied.

e At present, most of the strut use the same airfoil cross-sections as the VAWT blade, or a symmetrical NACA
airfoil. However, it is still uncertain how to choose the strut profile size when the strut satisfies the structural
strength. Are there other more suitable strut cross-sectional profiles?
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e The effects of the strut connecting positions require confirmation. In particular, the influence of different
chordwise positions has not been discussed when the strut chord length is smaller than the blade chord
length.

e Inclined struts are frequently used in many large-scale VAWTs in recent years, but few analyses of have
been published regarding their effects on the aerodynamic performance.

e How the connecting fairing between the strut and the blade affects the VAWT needs further study, especially
the matching with different strut chord lengths.

In response to the above issues, this paper investigates VAWT struts, focusing on their influence on the
aerodynamic performance. Using the parametric technology, nearly thirty different strut profiles including a novel
low drag olivary shape were created by CAD method, and about eighty VAWT cases were calculated by 3D CFD
simulation. The effects of chord length, thickness and area of struts were analyzed. Then the influences of the strut
connecting configurations on VAWT aerodynamic performance were analyzed. This paper tried to provide some
suggestions for the future VAWT strut design.

1.3.2. Organization of Present Study

The rest of this paper is organized as follows. Sections 2.1-2.2 present the geometrical and operational
parameters of the baseline VAWT and the basic aerodynamic characteristics. Section 2.3 describes different strut
parameters investigated in this paper, including the strut profiles (2.3.1), the spanwise and chordwise positions
(2.3.2), the connecting angle (2.3.3) and the fairings (2.3.4). The models and settings required for the CFD
approach, and the validations about mesh number, time step, revolution, turbulence model, and comparison of
experimental data are presented in Sections 2.4-2.5.

The results are discussed in Section 3 in terms of the effect on both the aerodynamic performance and the
fluid field characteristic. Section 3.1 analyzes the influence of the existence of the strut. The discussion in Sections
3.2-3.5 correspond to the different strut configurations in Section 2.3. The relatively optimal strut parameters are
summarized in Section3.6. Finally, Sections 4-5 provide the conclusions and limitations of this paper, and further
work that can be considered in the future.

2. Physical and Numerical Models

2.1. The Baseline VAWT Model

In this paper, a two-straight-bladed VAWT model of Li et al. [°" ! is used, which provides elaborate
experimental data to facilitate validation. Fig. 6 shows the VAWT model and the wind tunnel experimental facility
162 The specifications of this VAWT are illustrated in Table 1.

Li et al. [* did not provide the detailed parameters of the strut. Based on their image data!*’

| a thin and round-
headed strut displayed in Fig. 6-(a) is created as a baseline wind turbine model. The strut has a chord length of
0.5cp and a thickness of 0.01H. A semicircular transition is used at both ends. The blade AC (0.25¢g) is located on
the rotation radius. The center of the strut is connected to the 0.5cg position of the blade. The influence of this
chordwise connecting position will be discussed in subsequent sections. The tower diameter is the same as the
blade chord length. The tower height is slightly higher than the strut position.
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are not meshed in the CFD model. (a) VAWT model with key specifications. Detailed parameters are seen in Table 1. (b)
Experimental facilities from Ref 61621,

To facilitate comparison with the experiment, the baseline struts are fixed at 0.3H from the blade tip. Note
that only half of the blade height is modeled, i.e., #~=H/2=0.51m, while the other half is mapped in the CFD model

using the symmetry plane boundary condition. This helps to speed up the simulation. Although the symmetric

model results in a slight discrepancy at the bottom part of the tower, Aihara et al.”**! have shown that influence of
the tower is relatively insignificant in the presence of struts.

The experimental blade were added with pressure measuring taps at four different heights of z=04, 0.554,
0.7h and 0.8/, as shown in Fig. 6-(a). In the numerical model of this paper, the blade and strut surfaces are split
into 20 and 10 segments respectively, to monitor the forces varying along the span direction. This is also convenient
to extract the data for four heights to compare experimental and simulation results.

Table 1 Geometrical and operational parameters of the VAWT.

Parameter Value
Airfoil NACA 0015
Blade Chord cs 0.225m
Strut position S 0.25¢c
Fixed pitch angle g 6°
Rotation diameter D 1.7m
Blade Height H 1.02m
Number of blades N 2
Solidity 6=Nc/D 0.265
Tower diameter Dt c

Strut chord cs 0.5¢c
Strut absolute thickness Tabs 0.01H
Reynolds number Re ~2.30%<10°
Incoming velocity Ve 7m/s
Rotational speed Q 15.23-20.75 rad/s
Tip Speed Ratio (TSR) 4 1.85-2.52

2.2. Aerodynamic Characteristics of Straight-Bladed VAWT

The aerodynamic characteristics of the straight-bladed VAWT cross-section is presented in Fig. 6-(a). We
define 0 as the azimuth angle, so 0°<<6<<180° is called the upwind region and 180°<<9<<360° is called the
downwind region. Vs is the incoming wind speed, and Q2 is defined as the rotational angular speed of the rotor. R
is the rotor radius. The relationship between the tangential velocity (£2 < R) and incoming speed (V) can be

expressed by the tip speed ratio (TSR) A:
Q-R 1
5 (1)

©

A=

The normal force Fy and the tangential force Fr of the VAWT blade are calculated as following:
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{FT =F_sin(a + ) — F, cos(a + B) Q)
F, =F_cos(a + B) + Fy sin(a + B) 3)
where F1. and Fp are the lift and drag forces generated by the synthetic velocity of the incoming speed and
tangential velocity, o and f are the angle of attack and the fixed pitch angle respectively.

The tangential force generates a torque O, which is the power source of the VAWT. A VAWT with N blades
can produce the power output P:

P-QQ )

Q= NF,R 5)
1 2

Fr=oo [ F(oxo (6)

where Fr, is the averaged tangential force of a single blade over one revolution.

Typically, we use the torque coefficient Cp (Eq.(9)) and the power coefficient Cp (Eq.(10)) to evaluate the

aerodynamic efficiency of VAWTs, which provides a convenient metric for different VAW Ts [63],
Q
Co=————
®  1/2pDHRV? (7)
P
Co=———
P 1/2pDHV? (®)

where p is the air density (assumed 1.18415 kg/m® in this paper), and other parameters as described in Table 1.

2.3. Strut Models with Different Configurations

2.3.1. Strut Profiles
The drag of a strut consists of profile drag and induced drag. The profile drag is caused by the frictional force
and pressure difference generated by the strut profile. The induced drag is caused by the strut interfering with the
flow on the blade surface. Apparently, the strut drags highly depends on its profile shape and size.
However, another key factor needs to be considered before investigating the strut drag characteristics, namely
the structural properties of the strut. It should be strength enough to enable the strut to withstand the bending
stresses generated by the blade weight and the axial stresses generated by the normal component of aerodynamic

forces. For a horizontal strut, the internal stress os can be approximated as!*”’

O'SZFN/AerMy“x 9)

where As is the cross-sectional area of the strut, My is the bending moment generated by the blade weight and the

vertical component of the aerodynamic force, and /x is the moment of inertia of the strut cross-section. Assuming
the variation of strut profile does not affect Fxand My, the stresses on the strut are similar when the cross-sectional
area is constant. Although the moment of inertia varies with the profile shape, it is still assumed to be the same
here because the moment of inertia is strongly related to the cross-sectional area.

This equation suggests that the basic principle in analyzing the drag characteristics of different struts is to
ensure that they have the same cross-sectional area, so that a fair comparison can be made. Therefore, a smaller
chord length requires a larger relative thickness to ensure the same area, and vice versa. Based on this principle,
the NACA XYZZ 4-digit series airfoils (ZZ is the thickness-chord ratio, TCR) which is most adopted in VAWT
(both blades and struts) are used in this paper, to create various struts.

The blade cross-sectional area (4g) is used as a reference. The strut cross-sectional areas (A4s) of different
struts are classified as 0.54g, 0.674g, 0.754g, 1.004g and 1.504g. The strut chord lengths (cs) are classified as
0.5¢B, 0.75¢g, 1.00cB, 1.25¢p and 1.50cg based on the blade chord cg. Once the strut area and chord length are
defined, the relative thickness of the NACA 4-digit airfoil is determined. However, in this case, not all airfoil
thicknesses are integers. Here a parametric description of the NACA airfoil profile is adopted in the form of a
polynomial'®* and modeled in CAD software using a user-defined program. The airfoil polynomial is as follows:
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where x, y are the airfoil horizontal and vertical coordinates, c is the chord length, ap~a4 are the coefficients. Taking

NACA 0020 as an example, the coordinates are also subject to the following constraints:
(1) Maximum ordinate

X_ y_ dy _
C_0_3 C_0.1 dx_o (11)
(i1) Ordinate at trailing edge:
L y_
_=L0 ;= 0002 (12)
(ii1) Trailing-edge angle:
L dy _
- =10 i 0.234 (13)
(iv) Nose shape:
X_ y_
=01 . =0078 (14)

The coefficients ap= 0.2969, a;= -0.1260, a,= -0.3516, a3 = 0.2843 and as= -0.1015 are obtained by above
equations. Airfoils with different TCRs are created by adjusting the value of y/c. Twenty-two NACA airfoils are
shown in Table 2. For comparison purposes, the strut thickness is defined as a dimensionless parameter of the ratio
of the absolute thickness to the blade height Tas/H, where Taps=cs-TCR.

Table 2 The cross sections of VAWT struts with different profiles, areas, chord lengths, and thicknesses analyzed in this paper.
Taking the NACA airfoil in rows 1-6 as an example, the first row indicates the ratio of the strut chord (cs) to the blade chord (cB),
while the first column indicates the strut cross-sectional area (4s) to the blade cross-sectional area (4s). Thus, the cross section of

strut in the 2" row and 2" column has an area As=0.54s and a chord length c¢s=0.5cs. The absolute thickness (7Taps) of the strut is
represented as a ratio relative to the blade height (H). Several profiles with pentagrams have the same absolute thickness and are
used for comparison in later sections. The olivary struts in rows 8-11 are defined by the same rules, where Ds.Lg in the 5 column is
the leading/trailing edge diameter. The last two columns of rows 8-11 are used for the strut of the baseline wind turbine.

NACA Airfoil| ¢:=0.50cs Cs=0.75¢Cs ¢s=1.00cs cs=1.25¢Cs ¢s=1.50c:

As=0.50A.

As=0.67A.

As=0.75A.

As=1.00A:

3.3%H | 25%H | 2.2%H | 1.7%H

As=1.50A.

4.0%H | 2.8%H | 2.0%H | 1L.8%H | 1.3%H

5.0%H

Olivary

As=0.50A: Baseline As=0.21A:

As=0.75A. Flat

As=1.00A: Airfoil

]
Cylinder Q| 2

3.3%H/| 2.5%H

As=1.50A.

In addition to the NACA series airfoil, a symmetrical olivary-shaped profile (see the left-bottom part of Table

2.) is proposed specifically for the VAWT struts, which has lower drag characteristics and can be fabricated simply.
Two reasons motivate the design of this olivary profile:

(i) Lift performance is not the primary function of a VAWT strut. Therefore, the NACA 4-digital series airfoil

with a high maximum lift coefficient is not necessary and not suitable for a strut. Since the relatively large

diameter of the NACA airfoil leading edge is not beneficial for drag reduction, the leading edge section is
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modified to a similar size as the trailing edge.

(i1) The struts of a large-scale VAWT prefer to be manufactured as a hollow structure using composite
materials similar to the HAWT blade. This composite structure is supported by the internal spars and shear
webs, where the spars are usually located at the maximum thickness position (MTP). However, the
maximum thickness of the NACA airfoil is at 0.3¢g, resulting in a forward center of gravity and a large
panel area in the trailing edge region, which is susceptible to buckling. Therefore, a centrosymmetric
profile looks like an olive-shape core is proposed.

The maximum thickness of the olivary profile is the same as that of the NACA airfoil, following Equation
(11). Both leading and trailing edges follow Equation (12), but with a circlar transition between upper and lower
surface. To make a fair comparison, the values of the tangent angle 6; for the olivary leading and trailing edges are
varied to change the profile curve curvature, so that the olivary profile has the same area as the NACA airfoil when
their TCRs are the same. Besides, the profiles in the right-bottom of Table 2 in dark red are the NACA airfoil and
cylindrical struts with the same area as the baseline flat experimental VAWT model, which are also used to analyze
the effects caused by the profile geometry.

The three-dimensional model of the struts with different chord lengths are illustrated in Fig. 7. When
¢:<1.00cg, the ACs of the blade and the strut are overlapped. When ¢s>1.00cg, the strut will extend a distance so
that it wraps around both sides of the blade as seen in Fig. 7 (d), which is common in some small or experimental

wind turbines!®!,

Taos =3.3%H

oo
L 00Re &7

Mo

Fig. 7. Three-dimensional geometric model of struts with different chord lengths. The spanwise connecting position is the same as
the baseline model. (a) ¢s=0.50cB; (b) ¢s=0.75¢B; (c¢) cs=1.00cs; (d) cs=1.50cB.

It should be noted that those extremely thin struts (with small TCR) in Table 2 are feasible for small VAWTs
because of their low aerodynamic forces and blade weight. Such thin struts have been used in many experimental

65,661 ‘However, as the size of VAWT increases, the blade weight and aerodynamic forces will increase by

turbines!
cubic and quadratic orders of magnitude of the size, respectively. Apparently, such thin struts are not practical for
large-scale VAWTs because it is difficult to fabricate and provide support. Nevertheless, for this paper, designing
these extremely thin strut profiles is still valuable, as this allows analyzing the effect of strut geometry on the blade
aerodynamic performance.

Moreover, in practice, large VAWT struts prefer variable cross-sections like HAWT blades, i.e., thicker
airfoils at the root to provide more strength, and progressively decreasing thickness along the spanwise direction
to reduce drag. However, this would lead to too many parameters and increase the complexity of the analysis, so

the constant cross-sectional area is used in this paper to facilitate comparison.
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2.3.2. Strut Connecting Positions
(i) The Spanwise Position

As mentioned, this paper is aimed at the strut installed near the quarter span position. Mojtaba et al.*"!

showed
that the structural stresses in the blade are minimize when the strut are installed at 0.2H position from the blade
tip. On the other hand, to facilitate comparison with the reference experimental model, the baseline VAWT struts
are installed at the 0.3H position in this paper.

Therefore, the effects of these two spanwise positions are compared here, as shown in Fig. 8. Eight struts are
modeled at the 0.2H position: the NACA airfoils and the olivary profiles (marked with pentagrams with absolute

thickness of 3.3%H in Table 2). Other connecting parameters are identical to 0.3H cases if the profile is the same.

@) (b)

‘> * * *

Fig. 8. Different spanwise connecting position of struts for various NACA and olivary profiles. All struts keep the same
absolute thickness of 3.3%H but have different chords. (a) z=0.3H. (b) z=0.2H.

(ii)The Chordwise Positions

Previous studies on the connecting position have focused on the relative position of the blade AC to the rotor
center. However, the effect of different chordwise connecting position in the 3D case is neglected when the strut
chord length is smaller than the blade chord length.

Therefore, the different strut chordwise connecting positions are modeled as illustrated in Fig. 9. Three
profiles of the baseline flat, NACA airfoil (two chord lengths of ¢s=0.50cg and ¢s=0.75¢g, both 45=0.54g) and the
olivary (cs=0.50cg, As=0.54g) are analyzed so as to exclude the influence of profile shape. The ACs of all blades
are located on the same radius. Here the dir and durp are used to define the chordwise positions of struts. These
two parameters are helpful to investigate the flow mechanism for the different profiles, which will be discussed in
detail in later sections.

o Aerodynamic Center rl Cer=0.50Caue [Profiles
* Strut Max-Thickness Positio —'*‘fg
~—_durp =-0.125s dure =0Cs | "1
d=0. 125*
de=0Cs
‘ dMTP O 123:5 ‘ dMTP —O 375:B

die=0. 25(:«

d.==0.0!

dwp =-0.062%s

die=0
‘ dMTP 0.0625s ‘ dMl‘P =0.187%s

d==0.1250s)

Fig. 9. Different chordwise connecting position of struts. The dLe represents the distance between the blade leading edge and
the strut leading edge. The dmrp represents the distance between the strut MTP and the blade AC. For the situation of ¢s=0.50cs,
three profiles as shown in right-top are used. For the situation of ¢s=0.75¢s, only the NACA profile is used.

2.3.3. Strut Connecting Angle
The effect of strut angle on the aerodynamic performance of the VAWT is analyzed according to the inclined
strut, as shown in Fig. 10. One principle of the inclined strut is to make the tower height in the middle of the blade.
This allows the load on the strut to be balanced. This principle leads to the strut angle being decided when the rotor
radius, the blade height and the spanwise connecting position are determined. In this paper, the inclined strut angle

12



is 15°. As in the case of the spanwise position investigation, a total of eight profiles of the VAWT model with

inclined strut are designed.

Fig. 10. The VAWT model with inclined struts. It is also simulated using symmetric boundary condition. Various NACA and olivary
profiles are used. All struts keep the same absolute thickness of 3.3%£H but have different chords.

2.3.4. Strut-Blade Connecting Fairings
To analyze the effect of fairing, a circular transition surface at the connecting conner between the strut and
the blade is used. Hand et al. **! suggested that the fillet radius 7=0.06¢5. Here two radiuses, 7=0.06c5 and 7=0.12c3
are analyzed. The fairings for struts of different chord lengths are shown in Fig. 11. Among these the case of
¢=1.00c3 is special. Since the circular transition surface results in a bunt trailing edge with a large thickness, a

distance must be extended to achieve a streamlined shape. This design is similar to the fairing in Ref. [¢*/.

Fig. 11. The strut-blade connecting fairings for different strut chords and fairing radiuses. Both the NACA and olivary profiles are
used, but here only show the former. All struts also use the profiles with pentagrams as described in Table 2. (a) ¢s=0.50c¢s; (b)

¢s=0.75¢s; (c) ¢s=1.00cs; (d) cs=1.50cs.
2.4. CFD Model

2.4.1. Boundary Conditions and Mesh Topology

In this paper, CFD simulations are performed using Star-CCM+. Fig. 12 displays the computational domain
and boundary conditions. In the top left figure, 5D or 8D represent distance of five or eight times the rotor diameter,
which is far enough to minimize the boundary reflection effect [*”). The bottom surface uses the symmetry plane
condition to map the half blade as mentioned above. The left, right and top surfaces use the slip wall condition to
avoid the influence of wall boundary as Zhang et al. ['*! did. The velocity inlet condition of 7 m/s inflow speed and
the pressure outlet condition for standard atmospheric pressure are employed on the front and back surfaces
respectively. The inner interface condition is used to connect the rotating region to the stationary region, while the
rotating region use a sliding mesh method to simulate rotor rotation. Other sub-figures show the mesh topology.
There are 24 layers of prism meshes around the blade surface with the first layer having a height of 0.0015 mm,
which makes the y+ ~1 to deal with the sub-layer of wall boundary layer. Three levels of local mesh refinements
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are used to better capture the flow characteristics in the wake.

3D Perspective View Slip Wall

% i Blade Rotating Wake Refined Region
Stationary Region

Blade Near w

Top View of Blade and Section

Fig. 12. An illustration of the computational domain, the bundary conditions and the mesh topology. The white dashed lines in
sub-figure show the local mesh refinement. Three levels of refinement in total, which are the blade near wake refined region, the
blade rotating wake refined region and the rotor wake refined region.

2.4.2. Solver Settings

Considering small velocity and the absence of heat diffusion in VAWT simulations, the implicit segregated
flow model of an incompressible constant density gas is used to solve the flow equations without energy. The
pressure-velocity coupling is combined with a SIMPLE-type algorithm and the second-order upwind schemes is
applied for velocity, pressure, and turbulence. The second-order upwind scheme is set to the convection term. In
the unsteady simulation, a second-order central difference scheme is used for temporal time discretization. All
simulations were adopted 10 inner-iterations at each time step and were carried out on in-house parallel computing
server with 10 nodes. Node 1% is used for system management and the remaining nine nodes can be used for CFD
calculations. Each node is equipped with two Intel (R) Xeon (R) Silver 4116 CPU @ 2.10 GHz processors with
eighteen cores each. Each node has 128GB of memory. For a single VAWT model, a complete converged CFD
simulation with a single node of 36 cores takes approximately 80 hours. If three nodes of 108 cores are used, the

computing time for a single case can be reduced to 24 hours.

2.5. Validation of Simulations

Verifying numerical models to improve their reliability is essential for simulation studies. Our previous
study!'? provided comprehensive numerical simulation validations, including grid convergence, time step, rotor
revolution, turbulence model and comparison with experimental values. The numerical model for this paper uses
the same strategy as the previous ones. Therefore, a brief description of the numerical model setup is presented
here. The complete validation details can be found in Ref. [12].

2.5.1. Grid Convergence Study

Methods for examining the grid convergence of CFD simulations are presented in the book by Roache 1%,
which is based on the Richardson's extrapolation method. It should perform simulations on several successively
finer grids. Zadeh et al. *”) provided a detailed process for VAWT meshes. Table 3 shows the grid convergence
study of the VAWT without struts at two TSRs in the validation study!').

The ARC of 1.0048 for A=1.85 and 1.0329 for 1=2.29, are close to 1, indicating that the results are in the range
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of asymptotic convergence. The maximum error GCIilnle,i are 0.014% for A=1.85 and 0.497% for /=2.29, both
simulations are below than 3%. This indicates that further refinement of the mesh size does not markedly improve
the accuracy of the calculations, and the medium mesh is fine enough. Therefore, all VAWTs with struts use the

medium mesh strategy in this paper.

Table 3. Discretization error for A=1.85 and A=2.29. The critical variable f; is used to verify the influence of mesh refinement
based on the simulation result. The power coefficient (Cp) of VAWT is used here. All parameters on the left are coefficients required
for GCI calculation.

p . Value
aramerers J=1.85  /=2.9
Fine Mesh Number (N1) 5,319,717
Medium Mesh Number (N2) 3,589,852
Coarse Mesh Number (N3) 2,916,044
721 1.5 1.5
732 1.5 1.5
fi 0.1416 0.3085
1 0.1410 0.2987
f 0.1110 0.2102
£32 -0.0300 -0.0885
&1 -0.0007 -0.0098
P 9.3636 5.4200
R 0.0224 0.1111
¢ 0.475% 3.185%
¢ 21.252%  29.619%
GCl™ 0.014% 0.497%
GClgem 0.610% 4.626%
ARC 1.0048 1.0329

2.5.2. Time Step and Revolution Verification

According to the study of Rezaeiha et al. "’ the azimuthal increments corresponding to the time step and
rotor revolutions will affect the accuracy of the VAWT simulations.

For wind turbine simulations, the azimuthal increment associated with the rotating speed 2 is used to verify
the time step. Four different azimuthal increments include Qdr=4°, 2°, 1° and 0.5° were tested!'?). Considering the
computational efficiency and simulation accuracy, the azimuthal increment Qdr=1° was used finally.

The revolution verification of wind turbine simulations is essential because the wake from the upwind moves
downstream and thereby affecting the aerodynamic performance of the VAWT blades. Therefore, the number of
rotor revolutions should be tested to ensure the simulation obtains a statistically steady state. The revolution was
verified by monitoring the variation of Cp. Most cases get a statistically steady state after the 6 revolutions!'?,

which is the same as Ref. [13]. But for some cases with fluctuations, a few additional revolutions were calculated.

2.5.3. Turbulence Model Verification

The turbulence model has a remarkable influence on CFD simulations. It is recognized that the k- shear
stress transport (SST) model in the unsteady Reynolds-averaged Navier-Stokes (URANS) equations is suitable for
VAWT simulations " 7?1, However, it is mostly studied in 2D simulations. Rezaeiha et al.l”*) showed that the
accuracy of URANS is not sufficient for 3D VAWT simulations, while the hybrid RANS/LES model can better
capture the dynamic stall and the vortex characteristics in the wake. Therefore, the Improved Detached Eddy
Simulation (IDDES) "' model based on the k- SST model and RANS turbulence model were verified. Previous
turbulence model verification showed that IDDES does have better agreement with the experimental datal'> )
Therefore, the IDDES model is adopted in this paper.

2.5.4. Validation Using Experimental Data
Finally, the simulation results are verified with experimental data. Fig. 13 shows the pressure coefficients Cpye
at the blade center position z=0/ for different azimuthal angles when 1=2.29. The inflow velocity V..=7 m/s was
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used to calculate the pressure coefficient. The present CFD result uses the medium mesh with 1°azimuthal
increment, IDDES model and the sampled data of the 6™ revolution. As illustrated in Fig. 13, the pressure

coefficients show a good arrangement with the experiment at most azimuthal angles.
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Fig. 13. Pressure coefficient distribution on the blade center position z=04, 2=2.29. The black dot and red line are the experimental
data and CFD simulation result of Li et al. [°', The blue lattice proves the accuracy between present CFD simulation and the
experimental value.

The torque coefficients of the experiment and the baseline model with flat struts at different heights are shown
in Fig. 14. At z=0.05h, the baseline model is in good agreement with the experiment data. As the height close to
the blade tip, the simulated Cp are slightly higher. This variation may be caused by the different positions of the
strut connection. However, the phenomenon that Cy significantly decrease near the strut is the same in both the

experiment and the simulation.
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Fig. 14. Torque coefficients (Cq) of the experiment and the baseline model with flat struts at different blade pressure tap heights.

The above validation studies prove that the CFD simulation in this paper has a good accuracy compared with

the experimental data, which guarantees the effectiveness of the subsequent simulations.

3. Results and Discussion

3.1. The Strut Effects
The variation of the aecrodynamic performances of VAWTs with and without struts are analyzed firstly. Three
baseline struts in the right-down of Table 2 are compared here. Their cross-sectional profiles are flat bar, NACA
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airfoil and cylinder respectively.
(i) Aerodynamic Performance

The power coefficients of the baseline wind turbine at different TSRs are shown in Fig. 15. Two important

results can be obtained:

e The presence of struts substantially reduces the VAWT efficiency. In sub-figure (a), it is observed that the
Cp is overestimated when the strut (green curve) is neglected in the numerical simulation, which is one of
the reasons why many 2D simulations are much higher than the experimental values. When the simulation
considers struts, the total Cp of the whole baseline VAWT (red curve, the total torque including struts and
tower) and the blade Cp (blue curve, calculating torque only from blades) show good agreement with the
trendy of the experimental value (black triangles, integrating the value from the blade pressure taps). This
also proves the accuracy of the numerical simulations in this paper. Besides, the experiment also tested the
Cp of the whole VAWT (yellow diamond) by means of a six-component balance. However, these values are
even lower since there is mechanical damping between experimental parts, which leads to a further power
loss. This loss is difficult to be calculated in CFD simulations.

e For these three struts with the same cross-sectional area, it indicates that the strut cross-section profile
shapes have a significant influence on the aerodynamic efficiency, as shown in sub-figure (b). The A Cp-profile
and ACp.mduced Values are close for the non-streamlined struts (the flat and cylinder), while both the profile
and induced drags of the cylinder strut are significant, resulting in a negative total efficiency. For the
streamlined airfoil strut with similar chord and thickness to the flat strut, both direct and induced drag can
be reduced, especially for the former.
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Fig. 15. Power coefficients of the baseline VAWTs. (a) Cp of the flat strut VAWT at different TSR. The black triangles are the
integral of the spanwise pressure taps in experiment. The yellow diamonds are experimental data obtained from 6-component
balance. Other colors are simulated results. (b) Cp of the simulated baseline VAWTs with different strut profiles at TSR=2.29. ACp-
Induced indicates the efficiency reduction caused by the variation of the blade torque in the presence of the strut, which is the induced
drag. ACp-profile indicates the efficiency reduction due to the drag of the strut itself, which is the direct drag.

To investigate the influence of strut at different azimuth angles, the Cq of a single VAWT blade without and
with struts is displayed. Fig. 16 shows the torque coefficients of the whole blade, while Fig. 17 shows the torque
coefficients for each segment at different blade heights (20 segments in total). It can be observed that:

e The distributions of the two drags are completely different at various azimuth angles, as shown in the light
red and light blue areas in Fig. 16, respectively. The induced drag is concentrated at 60°<0<180° (when the
strut is on the suction side of the VAWT blade), while the profile drag is more significant at 0°<6<30° and
270°<0<360° (when the relative wind speed of the strut is higher).

e The strut affects a wide range in the spanwise direction of the blade. Comparing Fig. 17 (a) and (b), it is
observed that the blade Cq has a significant reduction at the strut connecting position. Fig. 17 (c) shows the

variation of Cq for VAWT blade with and without struts. This variation represents the induced drag caused
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by the flat strut. It is observed that in the upwind region, the influence of the strut spreads from the blade
middle (0.0/4) to the tip (1.04), despite its installation at 0.454. In the downwind region, the influence of the
strut is relatively small, and there is even a slight increase in Cq near the blade tip part at 240°<6<300°.
This increase is most likely due to the local velocity variation caused by the blade tip vortex.
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Fig. 16. Torque coefficients of the VAWT single blade without and with strut at TSR=2.29. The light red and light blue arecas
indicate the torque losses caused by the induced drag and the profile drag, respectively
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Fig. 17. Torque coefficients of single blade varying along the spanwise direction at TSR=2.29. (a) the blade without struts; (b) the
blade with flat struts, but the Cq values are only from blade; (¢) Difference of torque coefficients (ACq-induced) between the blades

without and with flat struts. The blue area shows the spatial location where the blade torque coefficient decreases, and the
boundaries of this area are identified using contours.

(ii) Fluid Field Characteristics

The effects of the struts on the fluid field characteristics and the blade surface streamlines are displayed in
Fig. 18. The surface streamlines can be used to determine whether the fluid attaches to the blade surface to generate
aerodynamic forces. The cylinder strut is also shown here. From the perspective of the pressure and suction
surfaces of the VAWT blade:

o For the pressure side, the influence of the strut is not significant as seen by the blade surface limited
streamlines in Fig. 18 (a), (c) and (e). In the downwind region at #=270< the flat and cylinder struts only
interfere with the blade pressure surface flow within their thickness range. In the upwind region at §=90<
both struts barely affect the blade surface flow.

o For the suction side, the impact of the struts is extremely pronounced. In the upwind region at =90 the
flow separation occurs at the strut position, resulting in a reduction of the blade aerodynamic force. This
separation is much larger than the thickness range of the strut, which is clearly related to the shedding vortex
scale induced by the strut cross section shape. In the downwind region at @ = 270< the strut still affects the
blade suction side, although it is located on the opposite (pressure) side at this point. Importantly, it is
observed in the lower left corner of Fig. 18 (b) and (d) that the streamlines near the flat strut blade tip are
instead better attached than the blade without strut, as confirmed by the Cq curves in Fig. 16. For the cylinder
strut, the flow on the suction side is almost completely separated at 8 = 270< Combined with the vorticity
field, the presence of the struts significantly aggravates the vortex scale and intensity of the VAWT wake.

As seen above, for the VAWT with struts, the reduction in aerodynamic performance is primarily caused by
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the struts interfering with the blade suction surface in the upwind region, while in the downwind region it is caused
by the changes in the wake induced by the struts.

Pressure on Blade Surface (Pa) Varticity[z] (/s)
200 -120 40 40 120 200 50 30 -10 10 30 50

Pressure Side

/ Sope~ - -
/ Inflow Wind
ion Si o Inflow Wind /
Suction Side eé\i': "
s %

@
o 1=220
Baseline Flat Struts

o Without Struts s 4
Fig. 18. Flow characterlstlcs of the VAWTs without struts, with flat struts and with cylinder flats at TSR=2.29. The surfaces of
blades and struts are colored in static pressure and covered with the limited streamlines. The z-vorticity at z=0k, z=0.55hk, z=0.7h
and z=0.8/ in the fluid field are also displayed to show the wake.

3.2. Influences of Strut Profiles
The influence of the strut profiles is discussed here, focusing on the variations of chord, thickness, and cross-

sectional area. In addition, the performance of the specialized strut profile proposed in this paper is analyzed.

3.2.1. Effects of Chords, Thicknesses and Areas
(i) Aerodynamic Performance
Fig.19 illustrates the Cp of VAWTs for NACA airfoil struts with different chords, thicknesses and areas.
Several results are observed:

e The VAWT efficiency decreases obviously with the increase of the strut cross-sectional area. For the struts
with same area, their profile drags increase as the relative thickness increases (with a corresponding
decrease in chord), which essentially follows an exponential power low, as shown in Fig. 19 (b). This is
determined by the drag characteristics of the NACA airfoil itself!’®). However, an interesting phenomenon
is that, when Asuu/AB1ade<1.0, the total Cp suddenly decreases at csiut/cBlade=1.0, as shown by the red circle
in Fig. 19 (a). In addition, this phenomenon is also observed for struts with the same absolute thickness
(Tstrut/ H1ade=3.3%) but different chord lengths

e The drag magnitude of the VAWT strut is approximately linearly related to the strut absolute thickness. As
illustrated in Fig. 19 (c), all Cp values representing the NACA airfoil struts are located within the narrow
red region. This linear relationship is not obvious if the horizontal coordinates are replaced by relative

thicknesses, as seen in Fig. 19 (d).
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Fig. 19. Cr of VAWTSs with different chord lengths and thicknesses NACA airfoils struts. The bubble diameter represents
Astru/ABlade, (a) The total Cp varies with csuut/cBlade, the label value represents the absolute thickness ratio Tsuwut/HBlade. (b) The power
losses caused by the strut profiles drags. (c) The total Cp varies with Tswut/HBIade, the label value represents the relative thickness
cstrut/cBlade. (d) The total Cp varies with the relative thickness Tstrut/cstrut.

The blade Cq curves for the struts with same areas Asuu=0.75A4p1a¢e but different chords are shown in Fig. 20
(a). When ¢s=1.00cg, the blade torque in the upwind region is significantly reduced, even lower than the case of
¢s=0.50cg with the maximum relative thickness. Fig. 20 (b) shows the difference in Cq at various heights for
¢s=1.00cp and cs=0.75¢g, and it indicates that the torque reduction in the former occurs mostly on the blade surface
above the strut when 60°<6<180°.
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Fig. 20. Torque coefficients (Cq) when Aswu=0.75481ade. (a) Cq of the single blades for different strut chords. (b) ACq is the
difference between the blade struts cs=0.75¢p and cs=1.00cs along the blade spanwise direction.

(ii) Fluid Field Characteristics
To investigate the effect of strut size on the flow characteristics, the surface limited streamlines and Q-
criterion iso-surfaces for blades with different chords (and thickness) are extracted at § = 120°, as shown in Fig.
21. This azimuth angle is selected because the Cq curves indicate a large difference in the performance of each
blade at this upwind position. Several results are found:
e The strut chord is an important factor affecting the flow characteristics of the blade surface. By vertically
comparing any two cases, such as (a) with (e), (b) with (f), etc., it is observed that the limited streamlines

and the shedding vortices around the struts are similar as long as the struts have the same chord, regardless
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of whether the thickness (or cross-sectional area) is the same.

e When the strut chord is equal to the blade chord, i.e., cs=1.00cs, the flow separation on the blade surface is
remarkable. As seen in Fig. 21 (c) and (g), the vortex scales and their influence range on the blade surface
along the spanwise direction are the largest among these cases. Compared to the streamlines, the separation
occurs earlier in the region of blade leading edge above the strut when ¢s=1.00cg, as illustrated in the red
dashed lines.

e When the strut chord is longer than the blade chord, the vortex formed at the connection is significantly
reduced. Comparing Fig. 21 (e)~(h), the increase in chord increases the cross-sectional area for the same
absolute thickness, but the streamlines at cs=1.5¢g is similar to that at ¢s=0.50cp, with the former having
less separation at the blade leading edge. This phenomenon implies that the strut chord length exceeding
the blade chord length may also be a good choice.

Pressure on Blade Surface (Pa)
120 40 120

Velocity Magnitude (m/s)
32 6.4 9.6 128

-200 200

0.0

struts. The iso-surface of Q-Criterion (Q=5 s2) colored
magnitude are used to display the vortex around the blade. (a)~(d) Struts have same areas of Astrut=0.754B1ade. (€)~(h) Struts have
same absolutely thickness of Tswu=3.3% HBlade.

3.2.2. The Olivary Profiles
(i) Aerodynamic Performance
Based on the characteristics of the VAWT strut, an olivary-shaped specialized profile is proposed in this paper.
Several olivary struts with different areas and chords in Table 2 are calculated. The power coefficients of these
VAWTs are shown in Table 4. The diagonal lines in the table show several cases with same absolute thicknesses
of 3.3%H. Fig. 22 shows the variations of the Cp of VAWTs with two type struts relative to that of VAW Ts without
struts. It is observed that:

e The power coefficients of the VAWTs with olivary struts are better than those of the NACA airfoil in all
cases. Comparing the Cp.1ota1 and the Cp_giage for both profiles, the olivary struts not only have less profile
drag than the NACA airfoil, but also less induced drag. Compared to the blades without struts, for the eight
cases in Table 4, the Cp_tota Of the turbines with NACA struts are reduced by an average of 39.4%, while
the turbines with olivary struts are reduced by a averaged of 29.2%. Thus, the drag of the olivary strut is
reduced by 25.8% relative to the NACA strut.

e The olivary struts with longer chord than the blade chord has less drag. As seen in Fig. 22, the power
reductions of NACA airfoil and olivary struts are close when ¢s<1.00cg. When ¢s=1.00cg, the drag of
olivary strut can be reduced significantly. When cs=1.50cs, the total Cp of the olivary strut VAWT is reduced
by 22.4% compared to the blades without struts. Although the Cp still has significant reduction, it is superior
to most struts and even the baseline VAWT with the thin flat strut as seen Fig. 15. What’s more, the cross-
sectional area of the olivary strut is 7 times larger than that of the flat strut. This indicates that the olivary
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struts can provide higher strength while keeping small drag characteristics.

Table 4. Comparison of power coefficients of NACA airfoils and the olivary profiles for different chords and thicknesses
corresponding to the left-bottom part of Table 2. The upper half of this table is the total power coefficient of the VAWT (including
the struts and the tower). The bottom half is the power coefficient only produced by the blades. The numbers colored by red and

blue are the NACA and olivary profiles with the same absolute thickness, respectively.
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Fig. 22. Relative variations in Cp for VAWTs with and without struts, where ACp= (Cp-withStruts - Cp-WithoutStruts )/ CP-WithoutStruts. The
hollow circles represent Cr of VAWTs with NACA airfoil struts. The solid circles represent Cp of VAWTs with olivary profiles. The
labels represent relative variation values. (a) The total power coefficients of VAWTs. (b) The power coefficients only from blades.

The Cq curves of blades installed these two strut profiles and their variation along the spanwise direction are
illustrated in Fig. 23. It shows that the induced drag of the olivary strut is smaller (higher Cq than the NACA airfoil
strut). The torque improvement mostly occurs in the upwind region at 60°<6<180° and in the downwind region at
240°<#<300°. When ¢s<1.00cs, the torque improvement of the blade with olivary strut blade only occurs in a
small part of the blade and is not significant. When ¢s=1.00cg, the Cq of the olivary strut blade is significantly

increased up to 0.23.
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Fig. 23. Comparison of Cq (only from blades) between the NACA and olivary struts with same absolutely thicknesses of
Tstrut=3.3% Hpiade. (2)~(d) Cq of the single blade. Different color of these figures corresponding to Table 2. (¢)~(h) Difference of
blade torque coefficients (ACq) between the NACA and olivary strut along the blade spanwise direction.

(ii) Fluid Field Characteristics

The effects of two types of strut profiles, the NACA airfoil and the olivary, with different chords but the same
absolute thickness on the flow characteristics is illustrated in Fig. 24. It shows that in sub-figure (a), the limited
streamlines are stagnant at the blade leading edge, which is caused by the large leading edge radius of the NACA
airfoil. For the olivary profile in sub-figure (e), the smaller leading edge radius reduces the separation and
contributes to mitigate the interference between the strut and the blade. This mitigation effect of the olivary strut
is more pronounced when ¢s=0.75¢p and c¢s=1.00cs. There is better attached flow in the upper part of the olivary
strut blade and the scale of vortex is significantly reduced.

Pressure on Blade Surface (Pa) Velocity Magnitude  (m/s)
-200 -120 -40 40 120 200 0.0 32 6.4 9.6 12.8 16.0

Fig. 24 Comparlson of flow characteristics between the VAWTs with different strut proﬁles All proﬁles have the same absolutely
thicknesses of Tsuut=3.3% Hplade (a)~(d) The NACA airfoil struts. (e)~(h) The olivary struts.

3.3. Influences of Strut Connecting Positions

This section shows the effects of the strut connecting positions, discussed in two aspects: the spanwise
position and the chordwise position.

3.3.1. Effects of Spanwise Positions

(i) Aerodynamic Performance

The structural analysis by Mojtaba et al.l*’! suggested that the strut should preferably be installed at 0.2H
from the blade tip, while the experimental VAWT strut referenced in this paper are at 0.3H. Therefore, the effect
of these two spanwise connecting positions is investigated. The variations of the VAWT power coefficients are
shown in Fig. 25. Both the NACA airfoil and the olivary profiles are analyzed.

It is observed that the spanwise connecting position closed to the blade tip is beneficial to increase the Cp of
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the NACA airfoil strut VAWT, but the effect on the olivary strut VAWT is negligible. In addition, as seen from the
difference between Cp piade and Cp torar in Fig. 25, the variation of the strut spanwise connecting position primarily
affects the induced drag, while it has less effect on the profile drag.
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Fig. 25 The power coefficients of VAWTs with different strut spanwise connecting positions. The solid histograms represent the
total Cp. The hollow histograms represent the Cp only form blades. (a) The struts use NACA airfoil profiles. (b) The struts use
olivary profiles.

(ii) Fluid Field Characteristics

The flow characteristics of the different chord struts installed at 0.2H are shown in Fig. 26. Comparing with
the cases of 0.3H struts in Fig. 24, the spanwise connecting position at 0.2H facilitates the attachment of air in the
region below the struts, especially for the NACA airfoil struts with ¢s<1.00cs. This is because the large-scale
interference generated at the NACA airfoil strut connection overlaps with the spanwise flow induced by the tip
loss effects, thus indirectly minimizing the interference below the strut. For the olivary struts, they are insensitive

to the variations in spanwise position because their interference with the blades is inherently insignificant.

Pressure on Blade Surface (Pa) Velocity Magnitude  (m/s)
32 6.4 9.6 128 16.0

Fig. 26 Flow characteristics of the VAWTs with different profiles of struts installed at z=0.2H. All profiles have the same absolutely
thicknesses of Tstut=3.3% HBiade (2)~(d) The NACA airfoil struts. (e)~(h) The olivary struts.

3.3.2. Effects of Chordwise Positions

(i) Aerodynamic Performance

The chordwise connecting positions has not been discussed in past studies when the strut chord is smaller
than the blade chord. Therefore, several VAWTs with different strut chordwise connecting positions were
established. Fig. 27 shows the power coefficients of these VAWTs.

The Cp are classified by the parameter dig firstly, as shown in Fig. 27 (a). However, it is difficult to find a
general rule for the influence of the strut chordwise position on the aerodynamic performance. In particular, when
the strut is changed to olivary profile, there is a remarkable difference with the NACA airfoil strut in the same

positions. This raises an issue that why the same area, chord, maximum thickness (either relative or absolute) and
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connecting position of the olivary and NACA airfoil struts result in a significant reduction of induced drag for the
former.

Observing these two profiles, it is noted that in addition to the difference in leading edge radius, another
notable difference is the location of the maximum thickness. Therefore, another parameter dwvtp, representing the
relative distance between the strut MTP and the blade AC is used to identify the different chordwise positions, as
displayed in Fig. 27 (b). Two rules are observed here:

e The aerodynamic efficiency of the VAWT is minimized when the strut MTP coincides with the blade AC
(dmtr=0c), as shown by the red dashed line in Fig. 27 (b). This phenomenon is remarkable for the blade
with NACA and olivary struts, but not for the baseline flat strut (black histogram). This is explainable
because the flat strut does not have a maximum thickness. The Cp of the baseline flat strut VAWT improves
with increasing distance from the blade leading edge.

e The aerodynamic performance of all VAWTs is significantly improved when the trailing edge of the strut
coincide with the trailing edge of the blade, which is the farthest position of each strut from the blade AC,
as illustrated by the marked pentagrams in Fig. 27 (b).
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Fig. 27. The power coefficients of VAW Ts with different strut chordwise connecting positions. The solid histograms represent the
total Cp and the hollow histograms represent Cponly form blades. (a) Claffied by die. (b) Claffied by dmrp. The cases with red
dotted line and pentagrams are the worst and the best performance respectively.

(ii) Fluid Field Characteristics
The flow characteristics of each strut at different chordwise positions are displayed in Fig. 28. Observed
together with the aerodynamic performance in Fig. 27:

e For the streamlined strut profiles with thickness variations, either NACA airfoil or olivary shape, when
dwrp=0c, the flow state on the blade surfaces is worse compared to the other strut positions, as shown in
Fig. 28 (f) and (m). The reason for this phenomenon may be due to the airflow passing over the blade
aerodynamic center (also near the blade MTP) is in a more easily separated state. When the blade AC is
connected to the strut MTP, the blade surface flow in the separation critical state is interfered by the strut to
the greatest extent. But this speculation needs more evidence to confirm.

o For all struts with different profiles, the closer to the trailing edge, the less influence on the blade surface
flow. Taking the baseline flat strut as an example, Fig. 28 (d) shows that the interference of the strut on the
blade is slight, even similar to the case without the strut. Comparing with Fig. 18 (b) at #=90°, it is observed
that the surface flow near the trailing edge of the blade without strut will be separated by the spanwise flow
due to the tip loss effect. Therefore, installing the strut at the trailing edge position will minimize its
influence on the blade. However, this connecting position will cause the aerodynamic forces to generate a
pitching moment and induce local stress concentrations at the connection, which is unacceptable for large-
scale VAWTs.

In summary, considering the influence of the strut connecting position on the aerodynamic and structural
25



performance, durp=0.125c is a relative better choice.
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Fig. 28. Flow char:

the blade AC and the strut MTP. The baseline flat strut is identified with the 0.25¢s since it has no maximum thickness. (a)~(d) The

baseline flat struts. (e)~(h) The NACA airfoil struts with ¢s=0.50cs. (i)~(1) The NACA airfoil struts with ¢s=0.75¢s. (m)~(p) The
olivary struts with ¢s=0.50cs.

3.4. Influences of Strut Connecting Angle

Inclining struts at an angle to lower the center of gravity of the tower is commonly used for large-scale VAWTs.
Although Hand et al.l**) suggested a horizontal installed strut to reduce its bending moment, the influence of the
inclined strut on the aerodynamic performance is still lacking and worth discussed. Therefore, based on the
different strut sizes and profiles, the effect of the inclined strut is investigated in this section.
(i) Aerodynamic Performance

The effect of the inclined strut on the VAWT power coefficients is displayed in Fig. 29. It shows that the drag
characteristics of the inclined strut are related to the strut cross-sectional profiles. For the NACA airfoil struts, the
inclination is beneficial to improve the efficiency. However, for the olivary profiles, the inclined strut slightly
reduces the aerodynamic performance. In addition, compared to the horizontal strut, the inclined NACA airfoil
strut reduces both the induced drag and the profile drag, but the inclined olivary strut has insignificant variations
in the profile drag. This difference may be due to the fact that the aerodynamic component force of the inclined
NACA airfoil strut are able to provide some positive torque!*®!, while the olivary strut fails to provide lift force due

to its special shape.
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(ii) Fluid Field Characteristics

The flow characteristics of the VAWTs with horizontal and inclined struts are illustrated in Fig. 30. For the
NACA airfoil struts, the inclined installation significantly reduces the vortex scale above the strut, thus improving
the flow separation in this region, as shown by the dashed red circles in Fig. 30 (e)~(h). However, the inclined
NACA airfoil strut compresses the space below the strut, leading to an increase in separation. These flow
characteristics correspond to the variation in aerodynamic performance in Fig. 29. For the olivary struts, the
inclined struts have little effect on the blade surface flow, except for the case cs=1.00cs. This indicates that the
olivary profile is not sensitive to the connecting angle in most cases.

Therefore, if only high aerodynamic efficiency is desired, the inclined VAWT struts may be a good choice,
especially for small-scale turbines. However, considering the issue of bending stresses exacerbated by the inclined
strut as stated by Hand et al.l**), horizontally installed olivary struts may be more suitable for large-scale VAWTs.
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3.5. Influences of Strut-Blade Connecting Fairing

The effect of VAWT strut-blade connecting fairing on aerodynamic performance has not been discussed yet.
Consequently, the fairings for struts with different chords and profiles are established.
(i) Aerodynamic Performance

The aerodynamic performance of the VAWT with the NACA airfoil struts adding fairings is shown in Fig. 31
(a). It is observed that the effect of fairing is highly dependent on the strut chord. For cases of cs<1.00cg (red and
blue histograms), the fairing has a negative effect. The larger the fairing radius, the more significant the blade
performance decrease. However, for cases of cs>1.00cg (green and yellow histograms), the addition of the fairing
improves the VAWT efficiency, and the improvement is more obvious for larger radius, especially for cs=1.00cg.

In addition, to verify whether the fairing effect is affected by the cross-sectional profile, the olivary struts
with 0.12c radius are calculated, as shown in Fig. 31 (b). It is observed that the olivary struts also follow the above
rule, i.e., the fairing has a positive effect if cs>1.00cg. But the improvement of the olivary strut fairing is not as
pronounced as that of the NACA airfoil strut.
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(ii) Fluid Field Characteristics

The flow characteristics of NACA and olivary struts with 0.12¢ fairings for different chords are illustrated in
Fig. 32. Comparing with the VAWT struts without fairings in Fig. 24, it shows that the fairing exacerbates the
separation scale at the leading edge of the connection when cs<1.00cg, as illustrated by the red dashed lines in
(a)~(b) and (e)~(f), which in turn affects the blade surface flow and leads to a reduction in blade torque. For cases
of ¢s=1.00cg, the fairing significantly improves the interference of the strut on the blade surface. In particular,
when cs=1.00cg, the large-scale separation in the blade leading edge region above the NACA airfoil strut is

mitigated and replaced by relatively better attached flow.
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3.6. Summary of Strut Parameters
In summary of the above analysis, Table 5 gives the recommended values for the straight-blade VAWT strut
design parameters. These parameters are beneficial for minimizing the influence of the strut on the aerodynamic
performance, as well as for the structural strength design requirements of the VAWT struts.
Table 5 Recommended parameter values of straight-bladed VAWT strut.

Parameter

Recommended Value

Cross section
Strut chord length
Spanwise position

Chordwise posintion
Connecting angle ¢
Fairing radius

Olivary
1.5¢c
0.2H (From blade tip)
dmrr=0.125¢ (If cs<cs)
&=0<=(For large tuebine)
0.12c (When cs>cg)
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4. Conclusions

In this paper, the struts of the straight-bladed VAWT are investigated to explore the suitable design parameters
that minimize the influence on the VAWT aerodynamic performance. Thirty types of strut profiles including a
novel olivary profile with different chord lengths, thicknesses and areas are parametrical modeled based on the
equal cross-sectional area principle for the basic supporting strength requirements. VAWTs with these struts are
simulated using the accuracy validated CFD model. Then the strut connecting parameters, including the spanwise
and chordwise positions, connecting angle, and connecting fairing are analyzed. Some primary conclusions are as
following:

(1) The profile and induce drags of the strut substantially reduce the VAWT efficiency. For the strut profile
drag related to the characteristic of the cross-sectional shape itself, it is more significant at the azimuth
angles where the relative wind speed is stronger (270°<6<390°). For the induced drag, which is caused
by the strut interfering with the blade surface, the interference spreads over the entire blade surface in the
spanwise direction, even for the thinnest baseline flat strut. In addition, the induced drag is concentrated
on the suction side of the VAWT blade and is most significant in the upwind region (60°<6<180°). In the
downwind region, the induced drag is primarily caused by the wake generated by the struts.

(2) The analysis of VAWT performance for different strut chord lengths, thicknesses and areas shows a general
linear relationship between the struts drag characteristics and their absolute thicknesses (a dimensionless
parameter based on the blade height). The higher the absolute thickness, the higher the strut drag, and the
lower the VAWT performance. On the other hand, for the struts with same cross-sectional area, the larger
the chord length (corresponding to a smaller relative thickness) the lower the drag. However, attention
should be paid to avoid equal chord lengths for struts and blades, as this will generate the largest vortex
scale at the strut-blade connection, resulting in the most severe degradation of blade performance. The
strut chord longer than the blade chord is a good choice, which can minimize the vortex scale generated
at the connection and reduce the spanwise flow by acting as an endplate.

(3) The olivary profile proposed specifically for VAWT strut has less profile drag and induced drag than the
NACA airfoil strut of the same size. Considering the variation of Cp.tora of VAWT, the drag of olivary
strut is reduced by 25.8% compared to the NACA strut. Besides, this olivary strut can keep similar drag
characteristics with a cross-sectional area 7 times larger than that of the baseline flat strut, which is
beneficial for designing a strut with higher structural strength. The flow characteristics analysis shows
that the smaller leading edge radius of the olivary profile and the more backward position of the maximum
thickness contributes to reduce the interference of the strut with the blade surface flow.

(4) Variations in both the spanwise and chordwise connecting positions affect the VAWT aerodynamic
performance. For the spanwise position, the NACA airfoil strut will slightly improve the VAWT efficiency
due to the overlap of interfered vortex and blade tip loss effects when the strut is close to the blade tip
(0.2H). However, the olivary strut is not sensitive to the variation of spanwise position. For the chordwise
positions (when cs<1.00cg), the maximum thickness position of the strut should be avoided to coincide
with the blade aerodynamic center. This is because such coincidence leads to the most significant
degradation of aerodynamic performance. This holds true for both NACA and olivary struts.

(5) The inclined strut slightly improves the aerodynamic performance of the VAWT with NACA airfoil struts
but has a negligible effect on the VAWT with olivary struts. This is because the inclined NACA airfoil
strut reduces the vortex scale in the region above the strut and generate some positive torque by itself at
the same time. Based on the analysis, it is concluded that an inclined strut is a good choice for small
VAWTs with low structural demands. But for large-scale VAWTs, the horizontal installed olivary strut is
more recommended to reduce the bending stress inside the strut.

(6) The strut-blade connecting fairing is more suitable for the case of cs>1.00cg, which is valid for both NACA
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and olivary struts. Flow analysis shows that the fairing expands the vortex scale at the connection leading

edge, resulting in performance degradation when cs<1.00cg, The opposite is true for the case of cs>1.00c¢g.
5. Future Work

This paper focuses on the influence of strut design parameters on the aerodynamic performance of the

straight-bladed VAWT. Some further works may be studied in the future:

(1) A small VAWT with low aspect ratio is use in this paper because it is convenient to verify with the
experimental wind turbine. Although the dimensionless parametric design of the strut scale has been
carried out, the effects of some strut parameters related to the spanwise direction, such as the thickness
and the spanwise connecting position, still require validation on a high aspect ratio VAWT.

(2) In this paper, struts with constant cross section along the radius direction of the VAWT are employed.
However, struts with variable chord length and profile are commonly used in practical applications,
especially for large-scale VAWTs. The drag characteristics of variable cross-section struts with different
parameters needs to be further confirmed.

(3) Experiments should be conducted in the future to confirm the characteristics of the olivary profile and the

strut connecting parameters discussed in this paper.
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