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Abstract

The impact of the blade support structures (the struts) on the performance of vertical-axis turbines at a high
Reynolds number is investigated here. Numerical simulations of a single-blade turbine with different strut configura-
tions are carried out and the results are compared to a reference hypothetical turbine without strut. The results show
that the struts are less detrimental to the turbine efficiency if they are located at the tips of the turbine blade, rather
than at other intermediate positions along the blade span. Moreover, for struts located at the blade tips, it is shown that
using rounded junctions between the struts and the blade can lead to a significant increase in the turbine efficiency.
Indeed, the best turbine configuration presented in this paper has an efficiency that is more than 20% larger than that of
the reference turbine without strut. This important increase in the turbine efficiency can partly be attributed to the fact
that the tip struts with rounded junctions act as efficient winglets, leading to a significant decrease in the induced drag
on the turbine blade. The results presented show that well-designed blade support structures can be very beneficial to
the performance of vertical-axis turbines.
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1. Introduction

In the wind and hydrokinetic energy sectors, there is a renewed interest in the vertical-axis turbine concept [1, 2, 3].
Also referred to as cross-flow turbines, vertical-axis turbines provide numerous advantages over traditional horizontal-
axis turbines [4]. For example, vertical-axis turbines are not affected by the orientation of the incoming flow, and thus,
they do not require complex yaw control mechanisms. This feature is particularly interesting since studies have shown
that the yaw control mechanism is one of the components with the largest rate of failure for horizontal-axis turbines
operating in wind farms [5, 6, 7]. Another interesting advantage is that the energy extraction plane is rectangular,
unlike that of the horizontal-axis turbine. This allows for a better energy resource exploitation potential in the marine
context, especially in shallow waters. Moreover, because of their footprint and wake topology, it has been suggested
that using vertical-axis turbines could significantly improve the power density of turbine farms [8, 9, 10, 11, 12].

These advantages are obviously very attractive, but the major drawback of vertical-axis turbines is that their
efficiency is typically smaller than that of horizontal-axis turbines [13]. Therefore, one of the main objectives in the
development of those turbines is to find simple ways of increasing their efficiency.

In this context, the impact of several design parameters have been extensively studied in the literature. For ex-
ample, many papers have shown the impact of the solidity and of the number of blades on the turbine efficiency
[14, 15, 16]. Other studies have also been devoted to the turbine wake, in order to gain a fundamental understanding
of the main physical mechanisms affecting the wake recovery rate [17, 18, 19, 20, 21, 22, 23].

However, very little has been published regarding the impact of how the blades are attached to the central shaft
of the turbine, despite the accepted fact that the blade support structures can significantly affect the turbine efficiency.
Indeed, since the blade support structures (or the struts) are moving with the blades, they generate an additional viscous
drag component that results in a negative torque contribution at the turbine shaft. The importance of this negative
torque contribution mostly depends on the cross-section shape of the struts. Studies have shown that streamlined struts
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with low drag are obviously much less detrimental to the turbine efficiency than non-streamlined struts [24, 25, 26].
Bachant et al. [27] even replaced streamlined struts with cylindrical ones to show that when the drag associated with
the struts is important, the turbine efficiency may become negative for all operating points. Note that when streamlined
struts were used on their turbine, the efficiency value was about 35% at the optimal tip speed ratio.

In addition to the drag component associated with the struts, the lift and the drag on the turbine blades are also
affected by the presence of the struts. Therefore, it is expected that the turbine efficiency may be sensitive to the
position of the struts. In fact, studies have shown that the efficiency of a given turbine is larger if the struts are located
at the tips of the turbine blades, rather than at the mid-span or at other intermediate positions along the blade span
[24, 25, 28]. Indeed, struts located at the blade tips can mitigate the tip losses by acting as end-plates or winglets,
which are known to have a positive impact on the blade lift and drag coefficients [14, 29, 30].

Therefore, we know that streamlined struts located at the blade tips are less detrimental to the turbine efficiency
than non-streamlined struts or than struts located at intermediate positions along the span of the blades, but further
work needs to be done in order to improve the design of the blade support structures. In this paper, three-dimensional
Unsteady Reynolds-Averaged Navier-Stokes (URANS) simulations are carried out to investigate the impact of the
struts on the performance of vertical-axis turbines. In accordance with what is reported in the literature, the impact of
the position of the struts is presented to highlight the importance of the blade-strut interference affecting the turbine
efficiency. Moreover, the use of inclined struts is investigated in order to assess their potential at improving the
performance of vertical-axis turbines and the impact of the junction geometry between the struts and the blades is
also presented and analyzed. It is important to note that the objective of this paper is not to optimize a particular
vertical-axis turbine, but rather to provide insights about the physics at play and to draw general conclusions about the
design of the blade support structures for vertical-axis turbines.

In Section 2, the numerical methodology used in this work is presented. Then, the impact of the position of the
struts and of the use of inclined struts is analyzed in Sections 3.1 and 3.2. The importance of the geometry of the
blade-strut junctions is later presented in Section 3.3. Finally, the effect of the tip speed ratio on the turbine efficiency
is assessed in Section 4, and the results are further interpreted and discussed in Section 5.

2. Methodology

2.1. Turbine description

Without loss of generality, single-blade H-Darrieus vertical-axis turbines are considered here [31]. Figure 1 shows
a schematic representation of the hypothetical turbine without strut that is used as a reference case throughout this
paper. Note that this reference turbine is the same as the one simulated by some of the authors in a previous work
[32].

The straight and rectangular turbine blade is formed with a NACA 0015 cross-section profile having a chord length
c. The turbine diameter, D, is 7 ¢ and the solidity is thus o = (N c¢)/D = 1/7 ~ 0.143, with N being the number of
blades (N = 1 here). The aspect ratio of the turbine is b/c = 7.5.

The attach point of the blade is located one-third of the chord length behind the leading edge (x, = ¢/3). At the
angular position 6 = 0°, the attach point of the blade is located at the uppermost position in the y direction (see Figure
D).

The turbine tip speed ratio is defined as 4 = (QR)/U, where U, is the freestream velocity, € is the angular
velocity of the turbine and R = D/2. For all the simulations presented in Section 3, the turbine operates at a tip speed
ratio of 4 = 3.25 which corresponds to an optimal operating point based on two-dimensional numerical simulations
(see Section 4). The sensitivity of the turbine efficiency on the tip speed ratio is also assessed in Section 4. Note that
the turbine here operates in a steady and uniform incoming flow.

The global Reynolds number based on the turbine diameter and on the freestream velocity is set to Rep =
(U D)/v = 1.0 x 107, where v is the kinematic viscosity of the fluid. The Reynolds number based on the chord
length of the blade and following the definition proposed by Miller et al. [33, 34] is obtained as:

U1+ )

B v

At such a high value, the results are assumed to be essentially independent of the Reynolds number [33, 34, 35, 36].
Various strut configurations are investigated in this paper and the different geometries are presented in Section 3.

It is important to note that all the struts that are used have the same profile and the same chord length as the turbine
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Figure 1: Schematic representation of the geometry of the reference turbine without strut, with the definition of some geometric parameters. Note
that the position of the blade in this figure corresponds to the angular position 6 = 0°.

blade. Also, when struts are present, the dimensions of the turbine are exactly the same as the reference turbine
without strut, i.e., the chord length of the blade (c), the turbine diameter (D) and the span (b) remain unchanged.

2.2. Efficiency and power coefficient

The turbine efficiency (77), or the mean power coefficient (Cp), can be decomposed in two contributions: the
contribution associated with the mean (i.e., averaged over one complete turbine revolution) power coefficient on the
blade (Cp piu4.) and the contribution associated with the mean power coefficient on the struts (Cp g5). The sum of
these two contributions is equal to the overall turbine efficiency:

n = Cp = CP,blade + CP, struts
l 27

= - (Ch.iade O) + Cp surus (9)) de . )
T Jo

The instantaneous power coefficients associated with the blade and the struts (Cp piage (6) and Cp g5 (6)) are
computed using the following relations:

Th1aqe(6) Q
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where p is the density of the fluid, and Tp.q.(6) and T,.:5(6) respectively are the instantaneous torque generated by
the blade and the struts about the turbine axis of rotation.

2.3. Numerical methodology

The numerical simulations are carried out with the finite-volume Navier-Stokes solver Siemens® STAR-CCM+®
[37]. Second order schemes are used for the convective and diffusive fluxes as well as for the temporal discretization.
The flow is considered to be incompressible. For the pressure-velocity coupling, a segregated approach with the
SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm is adopted. In the simulations, an Unsteady
Reynolds-Averaged Navier-Stokes (URANS) methodology is used with the one-equation Spalart-Allmaras turbulence
model with rotation-curvature correction [38, 39, 40].

Figure 2 shows the computational domain and the boundary conditions used in the simulations. The inlet boundary
condition is located 15D upstream of the turbine, where a uniform velocity U, is imposed with a turbulent viscosity
ratio of v;/v = 0.2, as recommended by Spalart and Rumsey [41]. A uniform reference static pressure (set to zero)
is imposed at the outlet boundary, that is located 30D downstream of the turbine. The four lateral boundaries of the
domain are symmetry planes. As shown in Figure 2, only one-half of the turbine is simulated, since a symmetry
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Figure 2: Schematic representation of the computational domain and the boundary conditions used in the simulations. The turbine configuration
illustrated in the domain is the turbine with the tip struts (see Figure 7d). Note that the turbine is scaled up by a factor of 5 for clarity and that only
the upper half is seen through the bottom symmetry plane. The blockage ratio is 0.17%.

plane is used at the mid-span of the turbine blade (z/b = 0). Therefore, for a turbine with tip struts for example
(see Figure 7d), only one strut and half the span of the blade are simulated. This choice is made in order to reduce
the computational costs of the simulations. Note that the turbine axis of rotation is centered in the computational
domain in the transverse direction (y direction). Given the blockage ratio of 0.17%, the lateral boundaries of the
domain are located far enough from the turbine to ensure an almost unconfined environment [42]. A uniform velocity
and turbulent viscosity ratio having the inlet boundary condition values and the reference static pressure are imposed
throughout the domain as the initial condition (at ¢t = 0).

An overset mesh technique is used to allow the rotation of the turbine. A mesh is made for the background region
(the computational domain shown in Figure 2) and another one is made for the rotating turbine (the blade and the
struts). Figure 3 shows an illustration of the mesh used in a simulation. The configuration illustrated corresponds to
the turbine with tip struts (¢ = 90°) having rounded blade-strut junctions at a curvature radius R’/c = 0.5 (see Figure
14a). Note that Plane A in Figure 3a corresponds to the bottom symmetry plane boundary illustrated in Figure 2.

The background mesh (black lines in Figure 3) is made from orthogonal cells. In the region close to the turbine,
the cells in the background mesh have dimensions of 6, = ¢, = 0.03¢, and 6, = 0.06c. However, in the region swept
by the rotation of the strut, the cells are isotropic (6, = ¢, = 6; = 0.03¢). Since the turbine wake is not investigated
in this paper, the mesh resolution is kept relatively fine only up to 4D downstream of the turbine, before becoming
coarser. Globally, the background mesh is composed of approximately 10 million cells.

The overset mesh region containing the blade and the strut is represented in blue in Figure 3. The meshes were
created with great care and we paid particular attention to cell quality and other mesh considerations. The overset
mesh is composed of polyhedral cells and the prism layer near the no-slip walls ensures that the dimensionless normal
wall distance (y*) of all the cells in contact with the surface of the turbine remains close to 1 and that the maximum
growth factor does not exceed 1.2. The cross-section profiles of the blade and the strut are each composed of 400
nodes. The central region of the blade and the strut is made from an extrusion of the blade-strut junction and from an
extrusion of the tip region of the strut (see Figures 3c and 3d). The resolution at the exterior of the overset mesh is
chosen to match that of the background mesh to ensure a smooth interpolation between these two meshes. Depending
on the strut configuration, the blade-strut overset mesh is composed of between 20 and 35 million cells.

For the turbine whose mesh is illustrated in Figure 3, Figure 4 provides a contour of the y* values on the surface
of the turbine and a graph of the y*™ values along the chord length of the blade at the mid-span plane of the turbine
(z = 0) at the angular position 8 = 90°. It is indeed around the angular position 6 = 90° that the largest values of
y* are reached on the surface of the blade during a turbine revolution. However, as can be seen in Figure 4, even at
0 = 90°, the y* values do not exceed 1.5 anywhere on the turbine.

In the simulations, the temporal integration is such that each turbine revolution (complete blade rotation) is divided
into 1000 time steps. At every time step, the residuals must decrease by three orders of magnitude and the difference in
the power coefficient associated with the blade (Cp, jj44.) must not exceed 5x 107 between successive iterations. These
criteria result in approximately 50 iterations per time step. The efficiency values reported in Section 3 for the different
turbine configurations are computed approximately 25 turbine revolutions after the beginning of the simulations, when
the flow has become statistically stationary.
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Figure 3: Illustration of the background mesh (black lines) and the overset mesh (blue lines) on multiple plane sections for the turbine with tip
struts (¢ = 90°) having rounded blade-strut junctions at a curvature radius R’ /¢ = 0.5 (the turbine configuration presented in Figure 14a). Note that
Plane A is a symmetry plane boundary in the computational domain (see Figure 2).

2.4. Validation

In order to ensure the validity of the URANS methodology and the meshing technique used in the present study,
the problem investigated experimentally by Chow et al. [43, 44] has been simulated. In their experiment, the pressure
coefficients on the surface of a lifting wing made of a NACA 0012 profile with a rounded tip have been measured at
different spanwise locations at a Reynolds number of Re = U, ¢/v = 4.6 x 10°.

In this validation simulation, the turbulence model, the meshing technique and the cell size are the same as what
is used in this study, as presented in Section 2.3. However, the wing geometry, the size of the computational domain
and the Reynolds number are adjusted to match the case studied by Chow et al. Note that care has been taken to match
the measured experimental velocity (U/U.,.y) at the probe location reported by Churchfield and Blaisdell [45, 46].

Figure 5 shows the experimental pressure coeflicient values (C,) reported by Chow et al. [43] (black markers)
as well as the results obtained with the present numerical methodology (red curves) at three spanwise positions. At
z/b = 0.362, the numerical curve and the experimental data are almost superimposed along the entire chord length
of the wing. At z/b = 0.906 and z/b = 0.966, there are small differences on the wing suction side near the trailing
edge, but globally, the numerical curves match the experimental data very well. Note that the position z/b = 0.966
roughly corresponds to the position of the core of the tip vortex, which explains the presence of the suction peak near
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Figure 4: Contour of y* values for the cells that are in contact with the surface of the turbine (a) and distribution of the y* values along the chord

length of the blade at the mid-span plane of the turbine (b) for the turbine with tip struts (¢ = 90°) having rounded blade-strut junctions at a
curvature radius R’ /c = 0.5 (see Figure 14a) at the angular position 6 = 90°.

the trailing edge of the wing [43].

For further validation, multiple simulations have also been carried out on a turbine with struts. For the turbine
configuration with tip struts (¢ = 90°) having rounded blade-strut junctions at a curvature radius R'/c = 0.5 (see
Figure 14a), simulations have been conducted using smaller time steps and using a finer mesh resolution. Note that
this turbine configuration, the mesh of which is shown in Figure 3, is the one leading to the largest efficiency value
obtained in this paper. A simulation has thus been conducted using 2000 time steps per turbine revolution (instead
of 1000 time steps for the base case) and another simulation has been carried out using a finer spatial resolution in
both the background mesh and the overset mesh, leading to a total of 70 million cells (instead of 34 million cells
for the base case). Moreover, in order to assess the impact of the turbulence model on the results presented in this
paper, another simulation has been conducted using the k — w SST turbulence model (instead of the Spalart-Allmaras
turbulence model for the base case).

Figure 6 shows the evolution of the instantaneous power coefficient (Cp = Cp piage + Cp, strurs) OVer one turbine
revolution for the base case (black curve), for the case using a finer temporal resolution (blue curve), for the case
using a finer spatial resolution (red curve) and for the case using the k — w SST turbulence model (green curve). One
can conclude that the spatial and temporal resolutions of the base case are appropriate given that there is essentially
no difference between the three curves. This is not surprising since a similar resolution had already been shown to be
adequate in previous works [19, 32]. We also see that the choice of turbulence model used in the simulation does not
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Figure 5: Comparison between the surface pressure coefficient distributions reported by Chow et al. [43] (black markers) and the distributions
obtained with the present numerical methodology (red curves) at different spanwise locations.
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Figure 6: Evolution of the instantaneous power coeflicient (Cp = Cp piade + Cp, sirurs) OVer a complete turbine revolution for the turbine with tip
struts having rounded blade-strut junctions at a curvature radius R’/c = 0.5 (see Figure 14a).

affect the power coeflicient curve, and thus the turbine efficiency. This last observation can be explained by the fact
that the boundary layers remain attached to the blade for the entire turbine revolution at the tip speed ratio considered.
As shown by the authors in a previous study [29], the Spalart-Allmaras and the k — w SST turbulence models predict
similar force coefficients on the turbine blade for cases with attached boundary layers. Therefore, at high Reynolds
numbers, these two turbulence models lead to similar results at the tip speed ratios investigated in this paper.

3. Results

3.1. Position of the struts

At first, in order to evaluate the impact of the position of the struts on the turbine efficiency, the four turbine
configurations that are shown in Figure 7 are simulated. Recall that the struts considered throughout this paper have
the same profile and the same chord length as the turbine blade. The dimensions of the turbines with struts are the
same as those of the reference turbine, i.e., the values of ¢, b and D remain unchanged. Also, the four turbines
illustrated in Figure 7 operate at the same tip speed ratio of 4 = 3.25. For the turbine with the mid-span strut (Figure
7b), the computational domain used is not the one presented in Figure 2. Indeed, for that particular case, no symmetry
plane is used at the mid-span of the turbine blade because of the presence of the strut. Instead, a complete turbine is
simulated, in a computational domain twice larger in the z direction than that presented in Figure 2.

The global efficiency of the four turbine configurations illustrated in Figure 7 is reported in Table 1, together with
the values of C_p, blade and C_p, strurs- Lhe idealized reference turbine without strut (Figures 1 and 7a) has the largest
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Figure 7: 3D view (top) and front view (bottom) of the geometry of the reference turbine without strut (a), the turbine with the mid-span strut (b),
the turbine with quarter-span struts (c) and the turbine with tip struts (d).

efficiency value. For the turbine configuration with the single strut located at the mid-span of the turbine blade (Figure
7b), the efficiency is significantly smaller than for the reference turbine. It is however interesting to note that the
negative mean power coefficient associated with the strut is not very large (C_p, arur = —0.021). For that case, the low
turbine efficiency is mostly due to the loss in the mean power coefficient associated with the blade. Indeed, the power
reduction on the blade because of the presence of the strut is more than three times larger than the negative mean
power coefficient associated with the strut itself. In other words, for the turbine with the mid-span strut, the negative
impact of the strut on the blade is much more important than the actual presence of the strut.

For the turbine with two quarter-span struts (Figure 7c), the efficiency is also significantly smaller than for the
reference turbine. Again, it is the decrease in the mean power coefficient associated with the blade that is responsible
for most of the difference. Indeed, the mean power coefficient associated with the blade is 37% smaller than for the
reference turbine.

For the turbine with two tip struts (Figure 7d), the efficiency is better than for the two other turbines with struts,
since the mean power coefficient associated with the blade is closer to that of the reference turbine. Moreover, the
negative mean power coefficient associated with the struts is considerably smaller (in absolute value) than for the
turbine with the quarter-span struts. Note that the value of C_p, sirues 18 even close to that of the turbine with the
mid-span strut, even though there are two struts instead of just one.

Figure 8 shows the evolution of the instantaneous power coefficient (Cp = Cp piage + Cp, sruss, solid lines) and
the instantaneous power coefficient associated with the blade only (Cp piuqe, dashed lines) over a complete turbine
revolution for the four configurations illustrated in Figure 7. As can be seen, it is in the upstream portion of the blade
revolution (0° < 6 < 180°) that the turbine with the mid-span strut (blue curve) and the turbine with the quarter-span

Table 1: Efficiency (17) of the four turbines shown in Figure 7, and values of the mean power coeflicient associated with the blade and the struts
(CP,blade and CP, strutx)~

n CP, blade CP, struts

Without strut (Figure 7a) 36.1%  0.361 -
Mid-span strut (Figure 7b) 273%  0.294 -0.021
Quarter-span struts (Figure 7¢)  18.4%  0.227 -0.043
Tip struts (Figure 7d) 30.6%  0.331 -0.025




struts (green curve) extract significantly less energy from the flow than the reference turbine (black curve). It is also
interesting to see that the turbine with the tip struts (red curve) has larger values of instantaneous power coeflicient
than the two other turbines with struts in the upstream portion of the turbine revolution. However, for the turbine with
tip struts, the power coefficient is smaller than that of the reference turbine, especially between 8 = 90° and 6 = 180°.

Table 1 shows that the mean power coefficient associated with the struts is relatively small for the three turbines
considered. In Figure 8, one can also see that the instantaneous values of Cp, g (the difference between the solid
and the dashed curves) also remain relatively small during the entire turbine revolution.

Since the turbine efficiency is mainly affected by the decrease in the power coefficient associated with the blade,
it suggests that the struts interfere significantly and negatively with the turbine blade, as previously reported in the
literature [25]. More precisely, it implies that the presence of the struts has a significant impact on the flow field and
on the forces acting on the turbine blade.

In order to visualize this blade-strut interference, Figure 9 shows the spanwise distribution of the section power
coeflicient (Cp:(z)) on the turbine blade for the four turbines illustrated in Figure 7. In Figure 9, the half-span of
the turbine blade is sampled at 25 sections that are 0.15¢ apart (such width being much coarser than the mesh used
for the simulations). The instantaneous power coefficient at the angular position § = 100° (i.e., the angular position
roughly corresponding to the largest instantaneous power coefficient) is measured on each of the 25 sections, and this
distribution is then mirrored about z/c = 0.

The black markers in Figure 9 show the section power coefficient distribution for the reference turbine without
strut. As can be seen, the mid-span region of the blade is associated with large values of section power coeflicient,
while the region near the blade tips does not extract much energy from the flow. Indeed, even at the angular position
corresponding to the largest instantaneous power coefficient, the region very near the blade tips has negative values
of section power coefficient, highlighting the importance of the tip losses for vertical-axis turbines. A similar trend is
also reported by others in the literature [14, 32, 47, 48, 49].

As can be seen by examining the blue and green markers in Figure 9, the power extracted by the blade is impor-
tantly decreased around the position of the struts. Indeed, the section power coefficient distributions drop close to zero
at the spanwise position of the struts. For the turbine with the mid-span strut, the section-power coefficient on the
blade is negatively affected by the presence of the strut between z/c ~ +1.5. This spanwise width of approximately
3 c is significantly larger than the thickness of the strut (0.15 ¢). A similar observation can also be made for the turbine
with the quarter-span struts.

In Figure 9, one also sees that the tip struts are much less detrimental to the turbine blade (red markers). Even if
the tip struts affect the power extracted by the blade, they impact the blade in a region in which it extracts significantly
less energy from the flow. In other words, the tip struts do not ruin the mid-span region of the blade, where most of

T T
Without strut, n = 36.1%
Mid-span strut, n = 27.3%

Quarter-span struts, n = 18.4%
Tip struts, n = 30.6%

0 60 120 180 240 300 360
0 [deg]

Figure 8: Evolution of the instantaneous power coefficient (solid lines, Cp = Cp piade + Cp, strurs) and the instantaneous power coefficient associated
with the blade (dashed lines, Cp, piqq.) Over a complete blade revolution for the four turbine configurations shown in Figure 7.
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Figure 9: Section power coefficient distribution (Cp/) along the span of the blade for the four turbines shown in Figure 7, at the angular position
6 =100°.

the energy extraction occurs. The turbine with the tip struts has even larger values of section power coefficient at the
mid-span of the blade than the reference turbine. This can be explained by the fact that the tip struts act on the blade
in a similar way as winglets or end-plates do for lifting wings [29]. This aspect is discussed in more detail in Section
3.3.

To support the observations made in Figure 9, Figure 10 shows a volume rendering of the magnitude of the
vorticity vector around the reference turbine and around the turbine with the mid-span strut. Recall that the vorticity
shed by a lifting blade is proportional to the spanwise and temporal variations of the lifting force experienced by the
blade. Therefore, the important cross-flow vortices (perpendicular to the direction of the blade) shed on each side of
the mid-span strut are related to a decrease in the lift on the turbine blade at this spanwise location. Consequently, if
the lift on the blade decreases locally around the junction with the strut, the section power coefficient also decreases,
as also seen in Figure 9.

3.2. Inclined struts

A previous study suggested that inclined struts could be beneficial to the efficiency of vertical-axis turbines [50].
The idea is that the important lifting force experienced by the blade in the upstream portion of the turbine revolution
(0° < 8 < 180°) is such that the blade extracts energy from the flow, since the positive circumferential component of
the lift is larger than the negative component of the drag. Conversely, the drag force experienced by the struts results
in a negative torque at the turbine shaft. Thus, it costs energy for the struts to rotate with the blade. So, for turbines
with inclined struts, there may be some configurations for which the inclined struts could generate lift, similar to the
blade, and extract energy from the flow.

In order to investigate this possibility, turbines with different blade-strut angles (¢) have been simulated and the
geometries are presented in Figure 11. Since the results from Section 3.1 show that the struts should be located at
the blade tips in order to limit their negative impact on the turbine efficiency, only inclined struts positioned at the
blade tips are considered here. As shown in Figure 11, turbines with blade-strut angles of ¢ = 80°, ¢ = 67.5° and
¢ = 45° have been simulated; the configuration with non-inclined struts (¢ = 90°) being the turbine already presented
in Section 3.1 (the turbine with tip struts in Figure 7d). The efficiency of these four turbines is reported in Table 2,
along with the efficiency of the reference turbine without strut.

As can be seen in Table 2, the use of inclined struts is not beneficial to the turbine efficiency for the configurations
tested. Indeed, the turbines with blade-strut angles of ¢ = 80°, ¢ = 67.5° and ¢ = 45° are much less interesting in
terms of efficiency than the turbine with non-inclined struts (¢ = 90°). Again, the decrease in efficiency compared to
the reference turbine without strut is mainly related to the loss in the mean power coeflicient associated with the blade.
The larger the blade-strut angle ¢, the larger the mean power coefficient associated with the blade, and the larger the
turbine efficiency.
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Figure 10: Volume rendering of the magnitude of the vorticity vector around the reference turbine without strut (a) and the turbine with the mid-span
strut (b). Note that, for better visualization, the turbine blade is here located at the angular position § = 125°.

We also note that highly inclined struts can have a positive value of mean power coefficient: the turbine with a
blade-strut angle of ¢ = 45° has C_p, sres = 0.014, confirming that inclined struts can extract some energy from the
flow. However, these highly inclined struts interfere importantly with the flow over the turbine blade and, globally,
the efficiency of this turbine is 30% smaller than that of the turbine with non-inclined struts (¢ = 90°).

Interestingly, if we simulate a “turbine” with a blade-strut angle of ¢ = 45°, but without the presence of the blade
(leaving only the inclined struts to rotate at a tip speed ratio A = 3.25), we obtain a value of n = C_p, stres = 0.113. This
value of mean power coeflicient is significantly larger than when the blade is added to the turbine (C_p, strurs = 0.014)
and this highlights even further the importance of the blade-strut interactions.

Figure 12 shows the evolution of the instantaneous power coefficient for the turbines shown in Figure 11 and for
the reference turbine without strut. As expected, it is in the upstream portion of the blade revolution (0° < 6 < 180°)
that the impact of the struts on the power coefficient is the most important. As can be seen in Figure 12, the larger the
blade-strut angle ¢, the larger the instantaneous power coefficient in the upstream portion of the turbine revolution.

For the turbine with a blade-strut angle of ¢ = 45°, it is also interesting to notice in Figure 12 (green curve) that
the instantaneous power coeflicient associated with the struts is relatively large in the upstream portion of the blade
revolution, while it is mostly negative in the downstream portion. Recall that the difference between the solid curves
and the dashed curves in Figure 12 represents the power coeflicient associated with the struts.

Figure 13 shows the section power coeflicient distribution along the span of the blade for the turbines with inclined
struts at the angular position § = 100°. As can be seen, the inclined struts affect the section power coefficient

11
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Figure 11: 3D view (top) and front view (bottom) of the geometry of the turbines with different blade-strut angles: ¢ = 90° (a), ¢ = 80° (b),
¢ =67.5° (c) and ¢ = 45° (d).

Table 2: Efficiency (17) of the turbines with inclined struts shown in Figure 11, and values of the mean power coeflicient associated with the blade
and the struts (Cp pjage and Cp | gpss)-

n CP, blade CP | struts

Without strut (Figure 7a) 36.1%  0.361 -
¢ =90° (Figures 7d and 11a) 30.6%  0.331 -0.025

¢ = 80° (Figure 11b) 29.2%  0.313 -0.021
¢ = 67.5° (Figure 11c) 28.8%  0.301 -0.013
¢ = 45° (Figure 11d) 21.3%  0.199 0.014

2 T T T T T
= Without strut, n = 36.1%
—_— = 90°, n = 30.6%
1.5 F —_— ) =80°, n = 29.2% 7
— ) = 67.5%, 7 = 28.8%
—_— ¢ =45° 1 =21.3%
1k

0 60 120 180 240 300 360
0 [deg]

Figure 12: Evolution of the instantaneous power coefficient (solid lines, Cp = Cp,piage + Cp, sirur) and the instantaneous power coefficient associated
with the blade (dashed lines, Cp, pi44.) Over a complete blade revolution for the turbine configurations shown in Figure 11.
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Figure 13: Section power coefficient distribution (Cpr) along the span of the blade for the turbines shown in Figure 11, at the angular position
6 = 100°.

distributions over the entire span of the turbine blade. Again, the larger the blade-strut angle ¢, the better the section
power coeflicient distribution.

The results presented in Figure 13 illustrate the importance of the blade-strut interference for turbines with inclined
struts. Indeed, even if the struts are located at the blade tips, they can still be highly detrimental to the turbine
efficiency. The close proximity between the span of the turbine blade and the struts may explain this important blade-
strut interference. For the turbine with a blade-strut angle of ¢ = 45°, one sees in Figure 11d that the struts and the
blade are in relatively close proximity over a large distance on the blade span. This close proximity affects negatively
the flow field around the blade, resulting in a turbine blade that extracts significantly less energy from the flow. As
the blade-strut angle approaches ¢ = 90°, the struts and the blade get further apart and the blade-strut interference
becomes much less severe.

3.3. Rounded blade-strut junction geometries

In Sections 3.1 and 3.2, only turbines with sharp junctions between the struts and the blade were considered. In
the present section, rounded blade-strut junction geometries are used on the turbines, and Figure 14 illustrates some of
the configurations simulated. More precisely, for the turbine with non-inclined tip struts (¢ = 90°) and for the turbines
with blade-strut angles of ¢ = 80°, ¢ = 67.5° and ¢ = 45°, simulations have been conducted with rounded blade-strut
junctions having a curvature radius of R'/c = 0.5, R'/c = 1, R’/c = 1.5 and R’ /c = 2. Figure 14a shows the geometry
of the turbine with non-inclined tip struts (¢ = 90°) with the four curvature radii simulated. In Figure 14a, R'/c = 0
corresponds to the turbine already presented in Sections 3.1 and 3.2 (see Figures 7d and 11a). Figures 14b, 14c and
14d show some of the configurations simulated for the turbines with inclined struts in order to give a general idea of
the geometry of these turbines with rounded blade-strut junctions. As can be seen in Figure 14, the dimensions of the
turbines remain unchanged (same values of ¢, b and D as the reference turbine).

Figure 15 summarizes the results for the turbines with rounded blade-strut junctions. Each marker in Figure 15
is obtained from a three-dimensional numerical simulation. The horizontal black line represents the efficiency of the
reference turbine without strut. The four leftmost markers on the graph provide the efficiency of the turbines with
sharp blade-strut junctions (R’/c = 0), as reported in Section 3.2. The other 16 markers provide the efficiency of the
different turbines with rounded blade-strut junctions that have been simulated.

As one can see in Figure 15, the use of rounded blade-strut junctions leads to an important increase in the turbine
efficiency. Indeed, the best configuration presented in this paper (the turbine with non-inclined tip struts having
rounded blade-strut junctions at a curvature radius R’/c = 0.5) has an efficiency of 43.6%. This value is particularly
interesting given that the simulations are conducted in an essentially unconfined environment (see Section 2.3) and
that the efficiency of the reference turbine without strut is n = 36.1%. It corresponds to a relative increase of 21%
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Figure 14: 3D view (top) and front view (bottom) of the geometry of some of the turbines simulated with rounded blade-strut junctions.

compared to the efficiency of the reference turbine. It is also interesting to note that, even for the turbines with inclined
struts, the efficiency value is larger than the reference turbine for most of the curvature radii simulated.

For the turbine with non-inclined tip struts and for the turbine with a blade-strut angle of ¢ = 45°, Figure 16 shows
the evolution of the power coefficient over a complete turbine revolution for the different blade-strut junction curvature
radii simulated. As expected, the rounded blade-strut junctions mainly affect the power coefficient in the upstream
portion of the turbine revolution (0° < 8 < 180°). For ¢ = 90°, the larger the power coeflicient in the upstream portion
of the turbine revolution, the larger the turbine efficiency.

For the turbine with a blade-strut angle of ¢ = 45°, we also see, in Figure 16b, that the use of a curvature radius
as small as R"/c = 0.5 already affects significantly the power coefficient curve and the turbine efficiency. Even if it
does not constitute a drastic change in the geometry (see Figures 11d and 14d), the efficiency is 62% larger for the
turbine with rounded blade-strut junctions. As discussed in Section 3.2, the close proximity between the blade and
the struts seems to be detrimental to the turbine efficiency. Thus, for the turbine with a blade-strut angle of ¢ = 45°, it
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Figure 16: Evolution of the instantaneous power coefficient (Cp = Cp piage + Cp, sirur) OVer a complete blade revolution for the turbine with non-

inclined tip struts (¢ = 90°) and for the turbine with a blade-strut angle of ¢ = 45° having rounded blade-strut junctions at different curvature
radii.
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is not surprising that rounded blade-strut junctions are beneficial. The rounded blade-strut junctions allow the struts
to be located a little further apart from the blade span (see Figure 14d). Therefore, it is expected that the optimal
blade-strut junction curvature radius is larger for the turbine with a blade-strut angle of ¢ = 45° than for the turbine
with non-inclined tip struts. Indeed, as can be seen in Figure 15, the smaller the blade-strut angle ¢, the larger the
optimal curvature radius.

In order to better understand the effects of the rounded blade-strut junctions on the turbine efficiency, the next
analysis mainly focuses on the turbine with non-inclined tip struts (¢ = 90°). Table 3 provides the efficiency and the
values of C_p, blade ANd C_p, strues TOT the turbine with tip struts having rounded blade-strut junctions at different curvature
radii. Note that C_p, blade here accounts for the forces acting on the portion of the blade that is parallel to the turbine
axis of rotation as well as for the forces acting on the rounded junctions (see Figure 14a). Consequently, Cp, g5 here
accounts exclusively for the part of the geometry that is perpendicular to the rotation axis.

As reported in Table 3, except for the configuration with sharp blade-strut junctions (R’/c = 0), the mean power
coeflicient associated with the struts is positive. Also, one can see that the best turbine efficiency is obtained at
R’ /c = 0.5, which corresponds to the curvature radius leading to the largest value of C_p, blade- AS the curvature radius
further increases beyond R’/c = 0.5, the mean power coefficient associated with the blade decreases. To explain this
last observation, one can examine the span of the turbine blade in Figure 14a. As the curvature radius increases, the
length of the blade span that is parallel to the turbine axis of rotation decreases. Therefore, it is not surprising to see
that the mean power coeflicient associated with the blade decreases as the effective span of the blade decreases.

Figure 17 further shows the section power coefficient distribution along the blade span for the turbines with non-
inclined tip struts having a curvature radius of R'/c = 0, R’/c = 0.5 and R’/c = 2 at the angular position § = 100°, as
well as for the reference turbine without strut. As can be seen, the turbines with struts have larger values of section
power coeflicient at the mid-span of the turbine blade than the reference turbine. However, the values of section power
coeflicient for the turbines with struts differ significantly near the blade tips.

For the turbine with tip struts at R’/c = 2 (green markers in Figure 17), the section power coefficient distribution
near the blade tips is better than for the reference turbine and for the turbine with sharp blade-strut junctions (black
and blue markers respectively). However, the values of section power coefficient are smaller than for the turbine with
R’/c = 0.5 near the blade tips. As discussed previously, because of the large curvature radius, the effective span of the
blade is smaller for the turbine with R’ /c = 2. It therefore makes sense that it is around the blade tips that the turbine
with R’ /c = 0.5 is better than the turbine with R"/c = 2.

To summarize, we know from Figures 15 and 16a that the turbine with non-inclined tip struts having rounded
blade-strut junctions at a curvature radius R’ /c = 0.5 has the best efficiency value of all the configurations simulated;
and that it is in the upstream portion of the turbine revolution that its power coefficient is larger than the other turbines.
Table 3 shows that the increase in the turbine efficiency is mainly related to the power coefficient associated with the
blade. In the upstream portion of the turbine revolution, where the largest angles of attack are reached, the power
coeflicient associated with the blade is related to the lift and drag coefficients experienced by the blade. Here, for the
turbine with R’ /c = 0.5, Figure 17 shows that the distribution of the section power coefficient is better than for the
reference turbine without strut along the entire blade span. Therefore, it suggests that the struts in the turbine with
rounded blade-strut junctions at R’/c = 0.5 affect positively the lift and the drag on the blade. In other words, one

Table 3: Efficiency (1) and values of the mean power coefficient associated with the blade and the struts (Cip‘ blade and Cipv strurs) for the turbines
with non-inclined tip struts (¢ = 90°) having rounded blade-strut junctions (see Figure 14a).

n C_P blade C_P struts
Without strut  36.1%  0.361 -

R'/c=0 30.6%  0.331 -0.025
R'/c=05 43.6% 0.420 0.016
R/c=1 428% 0417 0.011
R'/c=15 418% 0411 0.007
R'/c=2 40.3%  0.399 0.004

16



: : : : :
2r |"'”.:.+WH"H+++IM s 1
K- T 100e%
° ::"' +:t (Y
150 @ Qe -
o® :1 LY
1 0: :o g
+
Cp ot o o to
0.5 -+ +
. %
0 [ ] [}
l. + Without strut °
° ® R/c=0 )
05 e R/c=05
® Rje=2
-1 1 1 1 1 I
-3.75 2.5 1.25 0 1.25 2.5 3.75
z/c

Figure 17: Section power coefficient distribution (Cpr) along the span of the blade, at the angular position § = 100°, for the turbines with non-
inclined tip struts (¢ = 90°) having rounded blade-strut junctions at different curvature radii (see Figure 14a).

may say that the struts with rounded junctions act as efficient winglets, or efficient end-plates, for the turbine blade.

In order to investigate the impact of the struts with rounded junctions on the lift and drag coefficients experienced
by the turbine blade, more simulations have been conducted. More precisely, turbine blades with added “winglets”
have been simulated and Figure 18 shows the geometries investigated. As can be seen in Figures 18b, 18c and 18d, for
rounded junctions at a curvature radius R’ /c = 0.5, turbines with winglets extending 0.5 ¢, 1 ¢ and 1.5 ¢ are considered.
Note that the winglets are all similar to the struts in the turbine with non-inclined tip struts having rounded blade-strut
junctions at a curvature radius R’/c = 0.5 (see Figures 14a and 18e), except that the winglets do not reach the turbine
axis of rotation.

To compare the lift and drag coefficients for the blades with winglets, the circulation and the cross-flow kinetic
energy of the vortical wake formed just behind the blade are analyzed. In order to do so, measurements have been made
when the turbine blade is located at the angular position 8 = 90° (close enough to the angular position corresponding
to the maximum instantaneous power coefficient). The cross-flow vorticity field is analyzed on a plane section that is
perpendicular to the y axis (i.e., perpendicular to the motion of the blade at & = 90°) and that is located 0.1 ¢ behind
the trailing edge of the blade. Figure 19 shows the cross-flow vorticity field on the plane section considered for the
five turbines illustrated in Figure 18.

For a blade with or without winglets, the lift L exerted by the flow on the blade is equal to the linear impulse /
(i.e., the momentum) imparted by the blade to the near-wake vortical flow. Using the half-plane and the mirror image

in Figure 19, it is computed as [51]:
I=Tyby= ffwy(x,z)z dxdz,

where w,(x, z) is the cross-flow vorticity of the near-wake, i.e., the component of the vorticity vector perpendicular to
the plane section shown in Figure 19.
The total circulation of the vorticity field for the upper half-plane, Iy, can also be computed as:

I‘osz wy(x,2) dxdz .
z>0

The dimensionless values are then defined using the blade velocity (€2 R) and the blade span (b): I = I b} =
[0 bo/(QR b*) and I =To/(QRb).

The drag on each blade section or winglet section has two components: the “parasitic drag” (D,) which basically
corresponds to the airfoil friction drag and pressure drag (as in a 2D flow), and the “induced drag” (D;) which is the

&)
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Figure 18: 3D view (top) and front view (bottom) of the geometry of the reference turbine without strut (a), the turbines with the different winglets
having rounded junctions at a curvature radius R’ /¢ = 0.5 (b, ¢ and d) and the turbine with tip struts (¢ = 90°) having rounded blade-strut junctions
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Figure 19: Transverse component of the vorticity vector (wy) on a plane section that is perpendicular to the y axis (perpendicular to the motion of
the blade at the angular position 8 = 90°) and that is located 0.1 ¢ behind the trailing edge of the blade, for the turbines illustrated in Figure 18.
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additional drag penalty associated with the fact that a significant vortical wake is shed due to the finite span of the
blade, as seen in Figure 19.

If we solely consider the blade without winglet and the blade with short winglets (see Figure 18), we can consider
the blade as a wing flying in a uniform flow at a velocity of the order of Q R. Of course, this is an approximation, but
we assume that the results can be useful for relative comparisons.

Thus, we can estimate the induced drag from the kinetic energy, E, of the near-wake cross-flow [52, 53, 54, 55]:

%:E:%ff(u2+w2)dxdz, )

where (u, w) is the cross-flow velocity induced by the near-wake vorticity w, on an unbounded cross-plane.
In Equation (7), the integral can be evaluated efficiently using integration by parts to obtain [51, 56, 57, 58]:

1
E ~ > f Yy wy dxdz, ®)
where , is the stream function, which is the solution of the Poisson equation Vzc,lry = —wy in the unbounded cross-
plane (Biot-Savart) [58, 59]. Thus, it is obtained as:
1 x_x/2+ Z_Z/z ) ’ gt
lﬂy(x,z):——ffln ( ) 2( ) wy(x',2)dx'd7 . )
4 b

The dimensionless form of the energy estimate is E* = E/(QR b)>.

Since the flow is here turbulent, and since we only have a RANS solution, we can only compute the kinetic energy
of the RANS cross-flow field, i.e., the integral of % (U 24 Wz) where U = u and W = w are the RANS solutions. By
doing so, we don’t capture the whole kinetic energy. Nevertheless, we capture a large fraction of it, and we assume
that this is sufficient to support the discussion below as we only perform relative comparisons.

In summary, the lift coefficient Cy is proportional to the dimensionless impulse of the near-wake I*, and the
induced drag coeflicient Cp, is proportional to the dimensionless energy estimate E*.

We stress that the turbine with tip struts in Figure 19e is clearly to be excluded from the above analysis. Only
the blades with winglets can be considered. Indeed, the above simplified analysis is acceptable for the blade without
winglet and for the blade with short winglets in Figure 19b. It is already less acceptable for the blade with medium
winglets and clearly not acceptable for the case of the blade with long winglets (since the blade and the winglets
do not face a uniform velocity Q R). The values reported for this last case are thus put in parentheses and must be
considered with great caution.

Table 4 provides the dimensionless results obtained for all cases. As can be seen, adding short winglets to the
turbine blade leads to an increased value of instantaneous power coefficient at the angular position 6 = 90°, and to an
improved turbine efficiency. Also, as the length of the winglets increases, Cp(6 = 90°) and 5 further increase. Recall
that the turbine with tip struts at a curvature radius R’/c = 0.5 has the largest values of efficiency and Cp(6 = 90°).

Compared to the blade without winglet (i.e., the reference turbine without strut), we see that the blade with short
winglets and the blade with medium winglets have roughly the same values of I*, and thus, roughly the same lift.
They also have approximately the same values of I';. However, what is most notable is that the energy estimate £*
decreases significantly when winglets are added to the turbine blade (e.g., compare the case without winglet to the
case with short winglets). Moreover, the values of E* decrease further when the length of the winglets is increased, as
can be seen by comparing the case with short winglets and the case with medium winglets (even if the value of E* is
more disputable for this case).

Therefore, the results of this simplified analysis suggest that the main reason why the instantaneous power coeffi-
cient (and the turbine efficiency) is larger for the turbines with winglets than for the turbine without winglet is that the
winglets indeed contribute to decrease the induced drag on the blade. Even though the numerical value of the energy
estimate for the case with long winglets cannot be trusted blindly, the trend is likely correct, and the induced drag is
likely even less.

In summary, the results presented in this section show that using rounded blade-strut junctions is highly beneficial
to the efficiency of the vertical-axis turbine considered. It allows to reach efficiency values that are significantly
larger than for the reference turbine without strut. Moreover, the simplified analysis done using a blade with rounded
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Table 4: Efficiency (1), instantaneous power coefficient (Cp) at 6 = 90° and values of dimensionless impulse (/* = T’ 6 by, circulation (I'y), and
kinetic energy (E*) for the blade without winglet (i.e., the reference turbine without strut), the turbine with non-inclined tip struts (¢ = 90°) having
rounded blade-strut junctions at a curvature radius R’ /c = 0.5 and the turbines with winglets illustrated in Figure 18.

n Cp(68=90°) I Iy E*
Blade without winglet 36.1% 1.53 0.135 0.146 0.0114
Blade with short winglets 38.3% 1.61 0.134 0.146 0.0108
Blade with medium winglets  41.2% 1.72 0.133 0.142 0.00901
Blade with long winglets 42.7% 1.78 (0.125) (0.132) (0.00705)
Blade with struts 43.6% 1.80 - - -

winglets suggests that using rounded blade-strut junctions allows to significantly decrease the induced drag on the
turbine blade, and thus, allows to increase the turbine efficiency.

4. Effect of the tip speed ratio

For all the simulations presented in this paper, the turbine operates at a tip speed ratio of 1 = 3.25 (see Section
2.1). In Figure 20, in order to discuss the sensitivity of the turbine performance on the operating point, we show the
efficiency, at different values of tip speed ratio, of the reference turbine without strut and of the turbine with non-
inclined tip struts having rounded blade-strut junctions at a curvature radius R’ /c = 0.5. We also show the efficiency
of a hypothetical two-dimensional turbine (obtained using 2D simulations).

Indeed, the blue curve in Figure 20 reports the efficiency of a 2D turbine (b/c = oo) having all other geometric
and operational parameters similar to those presented in Section 2.1. As can be seen, the optimal operating point of
this 2D turbine is 1 = 3.25. However, note that this optimum is rather flat: the turbine efficiency does not vary much
between A = 3.0 and A = 3.5.

For the reference turbine without strut, one can see in Figure 20 that the turbine mean power coefficient is slightly
larger at 4 = 2.75 than at 4 = 3.25. This suggests that the blade aspect ratio affects the optimal tip speed ratio of the
turbine. Indeed, the largest efficiency is obtained at the tip speed ratio for which the blade lift to drag ratio is optimal
for the turbine considered. Since the lift and the drag experienced by the blade during a revolution depend on the
aspect ratio, it is expected that the optimal tip speed ratio of a turbine of aspect ratio b/c = 7.5 is not the same as
that of a 2D turbine (of aspect ratio b/c = o). Nevertheless, for the reference turbine without strut, the difference in
efficiency between A = 2.75 and A = 3.25 is not very significant (7 = 37.3% at A = 2.75 and p = 36.1% at A = 3.25).
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Figure 20: Efficiency of the reference turbine without strut, of the turbine with non-inclined tip struts (¢ = 90°) having rounded blade-strut junctions
at a curvature radius R’/c = 0.5 and of a hypothetical 2D turbine (b/c = o) at different values of tip speed ratio.
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On the other hand, what is interesting to note in Figure 20 is that the efficiency of the optimal turbine simulated
in this paper (that with non-inclined tip struts having rounded blade-strut junctions at a curvature radius R’/c = 0.5)
remains quite large for the three values of tip speed ratio simulated. For this turbine, the optimum is at A = 3.25 and
the performance curve is quite flat (7 = 43.4% at A = 2.75, 1 = 43.6% at A = 3.25 and = 40.4% at A = 3.75). This
behavior is similar to that of the 2D turbine and this further highlights the benefits of the rounded tip struts: indeed
they help to obtain a flow that is essentially two-dimensional over a significant portion of the blade and they also help
to reduce the drag. Consequently, when rounded tip struts are used, the efficiency of the 3D turbine becomes closer to
that of a hypothetical 2D turbine.

5. Additional discussion

In this paper, we have shown that using tip struts with rounded blade-strut junctions can lead to very interesting
efficiency values for the vertical-axis turbine considered, and especially for the case with non-inclined struts (¢ = 90°).
However, only turbines with blade-strut angles between ¢ = 45° and ¢ = 90° have been discussed so far.

Turbines with blade-strut angles up to ¢ = 135° have also been simulated, but their efficiency is smaller than most
of the cases presented in Section 3. Indeed, for the turbines with blade-strut angles of ¢ > 90°, even if the mean
power coefficient associated with the struts is better than for the configurations with ¢ < 90°, the power coefficient
associated with the blade is much smaller. Indeed, this is so because, in order to keep the overall span of the turbine
(b) constant, the effective blade span has to be smaller than for the configurations with ¢ < 90°. Thus, the blade
extracts significantly less energy from the flow and the turbine efficiency is smaller.

If rounded blade-strut junctions are considered on turbines with a blade-strut angle of ¢ = 135°, the turbine
geometry tends toward that of the classical Darrieus turbine shape. For comparison purposes, the single-blade Darrieus
turbine illustrated in Figure 21, having the same values of ¢, b and D as the other turbines in Section 3, has been
simulated at a tip speed ratio of 4 = 3.25. Note that the geometry of the blade is an approximation of a troposkien
shape, similar to the shape used at Sandia National Laboratories [60, 61]. The efficiency value computed using
Equations (2) to (4) for the Darrieus turbine in Figure 21 is n = 27.9%, which is significantly smaller than the
efficiency values reported in Section 3.3. However, the efficiency of the Darrieus turbine is larger than that of the
turbine with the mid-span strut and that of the turbine with the quarter-span struts presented in Section 3.1.

In the literature, the efficiency of Darrieus turbines is often calculated by normalizing the power extracted by the
turbine with the actual area swept by the blade; instead of using the overall frontal area b x D that was used throughout
the present paper. The area covered by the turbine blade is illustrated in blue in the front view of Figure 21. Using this
reference area to normalize the power extracted by the turbine is a little debatable when we compare the efficiency of
Darrieus turbines with the turbines investigated in Section 3. Indeed, if we compare turbines that use the same global
space b x D, we should use the same reference area in order for the efficiency to be proportional to the actual power
extracted by the turbines. Anyway, for the Darrieus turbine simulated here, if the power is normalized with the area
illustrated in blue in Figure 21, the efficiency is = 42.3%. So, even with this normalization, the efficiency is still not
better than for the turbine configurations with struts presented in Section 3.3.

An interesting aspect of the Darrieus turbine is that it does not require struts to attach the blades to the shaft.
However, the results presented in Section 3.3 show that the struts can have a positive value of mean power coeflicient
(see Table 3) and can significantly increase the power extracted by the turbine blades. Therefore, the struts can be
highly beneficial to the efficiency of vertical-axis turbines. Indeed, vertical-axis turbines with well-designed struts

<

Figure 21: 3D view (left) and front view (right) of the geometry of the Darrieus turbine simulated.

21



could potentially outperform classical Darrieus turbines having the same overall dimensions (same values of ¢, b and
D).

6. Conclusion

In this paper, results obtained from 25 three-dimensional URANS simulations of a single-blade vertical-axis tur-
bine with various strut configurations are presented. The objective is to investigate the impact of the blade support
structures on the performance of vertical-axis turbines.

We have shown that the turbine efficiency is highly sensitive to the position of the struts. Indeed, struts located
at the blade tips are much less detrimental to the turbine efficiency than struts located at other intermediate positions
along the span of the blade. Actually, the section power coefficient distribution along the blade span is significantly
decreased locally around the junctions with the struts. Therefore, mid-span struts are highly detrimental to the turbine
efficiency since they interfere with the blade at the spanwise position at which the blade should extract the most energy
from the flow. Conversely, tip struts are more favorable since they do not ruin the mid-span region of the turbine blade.

For struts located at the blade tips, the potential of inclined struts at extracting energy from the flow has also
been investigated. Typically, struts that are rotating with the turbine blades generate a drag component that results
in a negative torque at the turbine shaft. Therefore, the mean power coefficient associated with the struts is negative.
Interestingly, results from this paper show that for a turbine with inclined struts (¢ = 45°), the struts can have a
positive value of mean power coefficient, thus extracting energy from the flow. However, such inclined struts interfere
importantly with the turbine blade. Therefore, the efficiency value is larger for the turbine with non-inclined tip struts
(¢ = 90°).

It is also shown that the turbine efficiency can be significantly improved if rounded junctions are used between
the struts and the blade. In this paper, the turbine with non-inclined tip struts (¢ = 90°) having rounded blade-strut
junctions at a curvature radius R’/c = 0.5 has an efficiency value that is more than 20% larger than the efficiency
of the reference turbine without strut and 42% larger than that of the turbine with tip struts having sharp blade-strut
junctions (R’/c = 0). This important increase in the turbine efficiency is attributed to the fact that the rounded blade-
strut junctions allow to decrease significantly the kinetic energy of the vortex wake shed behind the turbine blade, and
thus, allow to decrease the induced drag component. Therefore, in addition to supporting the blade structurally, the
tip struts with rounded junctions also act positively on the flow, in a way somewhat similar to what winglets do for
wings.

The results presented in this paper suggest that well-designed struts can be highly beneficial to the efficiency
of vertical-axis turbines. However, the significant increase in mean power coefficient obtained with the rounded tip
struts has here been observed on a specific single-blade turbine configuration, also operating in a uniform incoming
flow. Therefore, in future works, it would be worthwhile to consider two-bladed and three-bladed turbines in order
to quantify the efficiency increase when rounded tip struts are used on such turbines. It would also be interesting
to further investigate the efficiency of such turbines when operating in more realistic inflow conditions (e.g., with
perturbations and turbulence).
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