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Abstract

Aspect Ratio (AR) is one of the main design parameters of straight-bladed vertical axis turbines. This paper
will examine whether a high AR, with long blades and low tip losses, or a low AR, with a higher diameter and
higher losses, is more suitable to achieve the maximum power output given a fixed cross-sectional area.
Traditional Double-Multiple Stream-Tube (DMST) approaches are limited by a lack of tip loss formulations
specifically conceived for vertical axis turbines. Therefore, a CFD-3D investigation covering a power range
from micro-generation to MW has been done. Results show that both Reynolds number and tip losses strongly
influence the aerodynamic performance of the rotor. More advantages seem to be achieved by limiting tip
losses rather than increasing chord-based Reynolds number (Rec), addressing towards high AR at least for
medium and large-size turbines. However, as turbine size and wind speed decrease, this difference narrows
considerably. For micro turbines, tip losses are balanced by the effects of Rec, thus a variation of AR does not
imply a variation of Cp. For all the cases that have been analysed, turbine size and therefore Re. does not
appreciably affect the normalized Cp distribution along the blade, which only depends on AR.

Keywords: vertical axis turbine; tip losses; aspect ratio; Reynolds; CFD-3D

Nomenclature

Latin symbols

A Turbine cross-sectional area [m?] Rec Chord-based Reynolds Number [-]

AR Diameter-based aspect ratio [-] T Turbine torque [N m]

AR*  Chord-based aspect ratio TSR Tip-speed ratio [-]

c Blade chord [m] Voo Undisturbed wind speed magnitude [m/s]
Ce Power coefficient [-] y+ Dimensionless wall distance [-]

D Turbine diameter [m]

h Local blade height [m] Greek symbols

H Total blade height [m] U Non-dimensional span-wise position [-]
k Turbulent kinetic energy [m?/s?] 9 Azimuthal angle [deg]

K Normalized local power coefficient [-] v Air kinematic viscosity [m?/s]

N Number of blades [-] P Air density [kg/m?]

p Static pressure [Pa] o Blade solidity [-]

P Turbine power [W] Q Turbine revolution speed [rad/s]

R Turbine radius [m] 10} Specific turbulence dissipation rate [1/s]
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1. Introduction

It is estimated that within the next 2-3 decades Vertical Axis Wind Turbines (VAWTS) could dominate
the wind-energy technology [1]. VAWTS have proved to be more suitable than Horizontal Axis Wind Turbines
(HAWTS) for small-scale urban applications thanks to their low noise and vibrations [2], their ability to work
with turbulent and skewed flows [3-7] and their lack of need for any active yaw device. Moreover, VAWTS
are gaining growing interest for large-scale offshore floating applications because of their higher stability that
can help reduce platform costs [8, 9]. However, VAWTSs are penalized by self-starting issues and low
efficiency compared to HAWTS even though this disadvantage could be compensated by a higher packing
factor in farms due to a much quicker wake dissipation [9]. A further increase in energy production is obtained
by placing pairs of counter-rotating VAWTS in close proximity. Such arrangement is experimentally shown to
have a beneficial effect on the performance of each turbine [10, 11]. The physical mechanisms that determine
an increase in performance of a turbine pair compared to an isolated one are justified by means of CFD in Ref.
[12] and occur in both wind [13] and tidal [14] farms. Similar mechanisms are also observed to significantly
increase the power output of ducted small VAWTS for micro generation in urban environments [15, 16].

The simplest way to design the 2D characteristics of a conventional VAWT (airfoil shape, solidity,
number of blades, optimal tip speed ratio) is the Blade-Element Momentum (BEM) approach that consists in
adopting a simplified aerodynamic analysis of the flow near the blade and solving momentum-balance
equations across the single, multiple, or double-multiple stream-tube (DMST) passing through the turbine [17].
However, rotor Aspect Ratio (AR), defined as follows, is often set empirically based on the designer’s
experience since, in order to predict the optimal AR with BEM, blade tip losses need to be modelled according
to experimental or CFD-3D investigations.

AR = —

D
Unfortunately, it is not convenient to employ wind tunnels with very different turbine ARs because of
geometrical limitations and blockage effects that are difficult to model with an acceptable margin of
uncertainty. Although some CFD studies that focus on 3D fluid dynamic losses and, in particular, on blade tip
losses [18-26] can be found in literature, they are currently few and not exhaustive since they usually consider
a fixed rotor geometry working in a limited number of operating conditions. Wider analyses are not carried
out because of the long computation times needed. The effects of Reynolds number on the performance of
horizontal axis turbines are well known [27-29]. Numerical investigations carried out for VAWTSs by means
of DMST models have shown that a parameter that plays a crucial role in defining the best AR is the local or

chord-based Reynolds number (Rec) [30-32].

Reynolds number strongly influences the power coefficient of VAWTS since, as Re. increases, the lift
coefficient rises as well and the drag coefficient decreases [30, 31]. Therefore, if the turbine cross-sectional
area is fixed (to keep the achievable power fixed), it might seem preferable to choose a small AR as it allows
higher Re. (indeed an increase in turbine radius leads to an increase in chord and therefore Rec) [30]. On the
other hand, this also implies a short blade length and therefore a growth in tip losses. In some DMST
investigations tip losses are completely disregarded whereas, in most of the works, corrections conceived for
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HAWTSs [33], generally based upon the Prandtl function [34], are commonly used neglecting the peculiar
effects of AR on tip losses of VAWTS.

What would happen if tip losses were correctly accounted for? What are the combined effects of Re. and
tip losses for different turbine sizes? To try to answer these questions a comprehensive investigation of the
fluid dynamic mechanisms that determine the aerodynamic performance of Darrieus straight-bladed turbines
is carried out by means of 3D URANS simulations. In the current paper a simplified two-bladed (H-rotor)
turbine with a fixed solidity suitable for medium-size applications is considered. The analysis covers a wide
range of aspect ratios (0.25 < AR < 3) and Reynolds numbers (1.2*10° <Re. < 1.6*10"). The power coefficient
(Cp) is evaluated as follows.

P P
Cp:

10AvE  LpwDyvg

It is calculated with a different cross-sectional area for each case so that turbine sizes from micro
generation to ~1 MW can be analysed. Our aim is to provide results that could improve tip loss corrections
formulations in order to make DMST models more reliable and effective.

2. Model set-up and validation

In this section the set-up of the CFD model is specified. The validation tasks concerning the sensitivity of
the results to the mesh density and revolutions number is carried out for the 2-bladed turbine described in
section 3.1 and 3.2, whereas the validation of the overall model is done against a small 3-bladed water turbine
for which experimental data are available in literature.

2.1. Turbulence model and discretization schemes

Turbulence is modeled by means of the k- SST (Shear Stress Transport) model that is widely used in
the simulation of VAWTS [18, 21, 35, 36]. The k-o model of Menter [37, 38] has proved to be well suitable
for flows with strong adverse pressure gradients and back-flow, as those occurring in VAWTS, especially when
operating at low Tip Speed Ratio (TSR). Tip speed ratio (TSR) is defined as:

QR
TSR = E

The SST formulation is a variant of the standard k-o model that combines the original Wilcox k-& model
[39], used near the walls, and the standard k-& model, employed away from the walls, using a blending function.
Moreover, it accounts for the transport of the turbulence shear stress in the definition of the turbulent viscosity.
The SST formulation switches to a k-g behavior in the free-stream avoiding the problem of the excessive k-o
model sensitivity to the inlet free-stream turbulence properties [44].”

The wall distance from the first layer of cells should be set to keep the dimensionless wall distance (y+)
low enough to capture flow separation phenomena. Depending on the boundary layer analysis settings, the
suggested values are [40]: 30 < y+ < 300 for wall functions based simulations, when the mesh is only fine
enough to resolve up to the turbulent region, and 1 < y+ < 5 for fine enough meshes to resolve the laminar
sublayer. It must be observed that y+ depends on TSR and, for a fixed TSR, it varies during the revolution. We
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set the height of the first cell at the blade surface to guarantee a y+ lower than 5 throughout the revolution for
all the geometries and the operating conditions of this study. The y+ values will be specified in section 3.

The CFD software used is ANSYS Fluent v15 with the SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) velocity-pressure coupling algorithm. The spatial discretization is set to Green-Gauss hode-
based for gradient. Second order schemes are used for pressure, momentum, turbulent kinetic energy (k) and
specific dissipation rate (w) formulations. Second order implicit scheme is also adopted for the temporal
discretization. Absolute convergence criteria are set to 5*10° for the residuals of each variable (continuity,
velocity components, turbulence kinetic energy and specific dissipation rate). Time-step has been chosen
according to the observations of Balduzzi et al. [41]. They note that, in most of VAWTs CFD simulations, it
corresponds to the lapse of time in which the rotor makes a rotation between 0.5° and 2°. Moreover, they
perform a sensitivity analysis using angular time-steps between 0.135° and 0.405° finding relevant differences
only for very low TSRs. As done by Raciti Castelli et al. [18], Orlandi et al. [7] and Delafin et al. [42], we set
an angular time-step of 1° rotation for all the simulations of this paper. Our choice also agrees with the time
dependence study of Elkhoury et al. [42], who found extremely close results by setting time-steps of 1.2° and
0.6° and such choice only slightly differs from the indications by Marsh et al. [21], who determined that the
result independence is achieved for a time-step of 0.9°.

2.2. Mesh analysis

Mesh creation is one of the most critical issues in CFD simulations. High-quality meshes enhance the
robustness of convergence, the efficiency of calculations and the accuracy of the solution [23]. For this paper,
structured multi-block grids have been generated throughout the computational domain and an extensive use
of the "O-grid" technique was made, where all the single blocks are still structured (i.e., only made by
hexahedral cells). The technique improves grid quality and allows a higher concentration of cells only in those
regions that require high resolution (for instance, the zone around blade tips) and avoids that any local
distribution refinement extends to the other two dimensions throughout the grid volume, thus limiting
the total cell number.

To simulate the turbine rotation two different grids are used: a fixed sub-grid with the external dimensions
of the flow domain and a rotating sub-grid that includes the VAWT geometry. The latter possesses a relative
motion with respect to the former grid by means of the sliding mesh technique. Fig. 1-a shows the dome-
shaped rotating grid on a horizontal plane normal to the rotor axis. As can be seen in the top-right pane of Fig.
1-a, the mesh is progressively refined within an elliptical region around the blade by adopting an exponential
law with the aim to resolve the separated flow regions at high angle of attack. Fig. 1-b illustrates the grid on a
vertical plane passing through the leading and the trailing edges of a blade for a geometry characterized by
AR=1.9. An exponential node distribution along the blade span is adopted (Fig. 1-d) so that a higher resolution
of the grid can be achieved from the blade tip to about one and half chords away from it in the span-wise
direction. This allows flow details and tip vortices generation to be accurately described. Coloured ribbons in
Fig. 1-c and Fig. 1-d indicate the cell layers where local torque is recorded during simulations. These values
are needed to compute the local power coefficient Cp(|), that is the power coefficient evaluated on the ribbons’
infinitesimal cross-sectional area 44#*D for different positions on the blade span, expressed by p (u=0 is located
at the midspan). All the above-mentioned coefficients as well as the normalized local power coefficient (K)
are defined as follows.
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In order to test the code sensitivity to the grid cells number, four mesh resolutions were tested for the rotor
sub-grid while the fixed sub-grid remained substantially the same (with minimum corrections in order to avoid
important differences in the dimensions of the cells on the domains’ interface). Comparisons among the meshes
were made for AR=0.8. Cells number and distributions are resumed in Tab.1.

The “medium” grid is characterized by 220 cells along the airfoil perimeter (110 on each side of the
airfoil) and 68 cells along the semi-span direction. To obtain the “fine” grid, cell number has been increased
by 30% along the airfoil perimeter and by 40% along the semi-span direction. Moreover, the height of the first
cell layer at the tip has been shortened. The “coarse_1" grid is obtained from the “medium” grid by halving
the cell number along the semi-span direction, while the “coarse 2” grid is obtained by reducing by 15% and
35% the number of cells along the semi-span direction and the airfoil perimeter respectively and by increasing
the height of the first layer at the tip. Fig. 2-a depicts a schematic representation of the upwind and downwind
paths of the blade in one revolution. Fig. 2-b and Fig. 2-c show the grid sensitivity results in terms of the
instantaneous one-blade power coefficient Cp() and the local Cp(l).

It can be seen that the parameter playing the most important role is the cell number along the airfoil
perimeter whereas a rather small cell number along the blade span (34 cells on half blade) could be sufficient,
provided that an exponential distribution capable of capturing fluid-dynamic phenomena at the tips of the
blades is chosen. However, a cell distribution corresponding to the “medium” grid was prudently chosen for
all the simulations of the current study.

2.3. Solution convergence

Simulations have been performed to determine the minimum number of revolutions required to obtain a
converged solution. A solution is deemed converged when the value of Cp, averaged on the last revolution,
shows a deviation of less than 1% compared with the value obtained for the previous revolution. As shown in
Fig. 3-b, this happens after only 4 revolutions for the lowest AR, that is 0.25. However, the convergence
becomes slower and slower as AR grows, requiring at least 11 revolutions for the highest AR, that is 3. Fig. 3-
¢ shows the influence of the revolution number on K for AR=0.8 confirming that a certain number of
revolutions (in this case 8) can concurrently satisfy both the turbine averaged Cp and the spanwise local Cp
convergences. According to the results of Fig. 3, we chose to simulate 6, 7, 8, 10 and 11 revs. for AR of 0.25,
0.5, 0.8, 1.9 and 3 respectively.

2.4. Overall validation of the model

The validation of the overall computational model has been done against experimental data available in
literature for a small 3 straight-bladed Darrieus water turbine tested by Maitre et al. [44] in a hydrodynamic
tunnel. The diameter (D) and blade length (H) are both 175 mm, therefore AR is 1. The hydrofoil shape is a
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modified version of NACAOQ018 obtained by warping the profile from mid-chord so that the camber line fits
the circular blade path. Chord length is 32 mm, thus the solidity (o) defined as:

_ Nc
= 2R

is 17.5%, that is in the range typically adopted for hydrokinetic turbines. Details of geometry and operating
conditions can be found in our previous paper [13], together with reports of a series of 2D simulations. The
validation step of the current study examines 3D simulations based on high-quality structured multi-blocks
meshes. The domain cross section corresponds to that of the experimental test-cell. A longer upstream domain
is chosen to allow a non-uniform and realistic velocity profile to be developed since the only known datum is
the mean flow speed based on the pump flow rate. The downstream domain length is set to allow a full
development of the wake so as to avoid numerical problems on the outlet boundary. As done by Ferreira for
wind tunnel tests [43], inlet and outlet are placed 10D upwind and 14D downwind with respect to the rotor.
Since water speed is 1.75 m/s at TSR=2 (that is the optimal TSR) the turbine works with a Re; of 179000.
Maitre et al. [42] evaluated the influence of y+ on results finding that averaged y+ > 1 leads to an
overestimation of pressure drag in turbines subjected to significant flow separation as typically occurs for high
solidity water turbines. For this reason cell distributions all around the blades are fine enough to achieve y+«1.
In particular, for TSR=2, the averaged y+ was 0.19 in our previous 2D simulations and is 0.40 in the current
3D simulations. Fig. 4 shows a comparison between Cp(TSR) curves from the current CFD-3D analysis,
experimental tests and CFD-2D by ref. [42], and our previous CFD-2D [13]. The high values of experimental
and numerical Cp can be justified by the high blockage ratio (frontal turbine area / test-section area = 0.35) that
increases the speed of the flow approaching the turbine. CFD-3D simulations allow the description of
important effects such as vertical blockage, due to the water tunnel’s, walls and tip losses making the numerical
results fairly close to the experimental ones. Despite the trend shape and the optimal TSR are matched for all
the curves in Fig. 4, it can be noticed that CFD-2D performance appears generally very high. For instance, for
TSR=2, Cp from our 2D and 3D analyses are 0.543 and 0.356 respectively. This means that CFD-3D
performance is cut by 34.4% with respect to the CFD-2D performance. It is necessary to underline that the 2D
domain does not include the turbine shaft but the 3D one does, so hydrodynamic losses due to the shaft are
taken into account. However, shaft losses are expected to be very small in comparison with blade tip losses
and therefore only the latter are considered responsible for the gap that has been found between 2D and 3D
performance. The high value of tip losses can be explained considering that the turbine is characterised by a
chord-based aspect ratio, defined as AR*=H/c, of 5.47, which is a rather low value and therefore compatible
with significant tip losses. At the end of section 4.4 it will be shown that this percentage gap between 2D and
3D is aligned with the main outcomes of this study.

3. Turbine geometry and domain assumptions

The turbine blades, whose profile is NACAQ015, are connected to the struts at 0.25c from the leading
edge. Blade solidity (o) is 4.8%. The number of blades (two instead of the more commonly used three) is
chosen in order to contain the grid cell number and therefore computational time. For the same reason, turbine
shaft, ring and struts usually adopted to fix and support the blades at its position have been neglected since the
overall cell number in structured multi-bloks grids greatly depends on geometrical details. Moreover, for AR
> 0.8, only half domain is considered (therefore, a symmetry plane passing for the half of the blade’s length is
assumed).
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To prevent that lateral and vertical blockage effects or inlet domain length lead to an overestimation of
Cr due to an increase in velocity magnitude of the approaching flow, the dimensions of the external fixed
domain are much larger than the minimum ones recommended in literature [46]. Domain crosswise width,
vertical width and inlet length are prudently set to 60D, 40H and 34D respectively. The downstream length is
32D.

In order to contain grid generation time, only six set of meshes have been generated, one for each AR
analysed. This implies that the analysis of different turbines characterised by the same AR is done by scaling
the same set of rotating and fixed grids. As reported in Tab. 2, grid size ranges from 3.58*10° cells to 6.74*10°
cells, depending on AR and domain completeness (half or total), with most of them (~72%) belonging to the
rotating domain. Keeping the same grid sets implies the variation of the averaged y+, which results < 5.0, <
2.0, < 0.9 and < 0.3 for a turbine cross-area of 2000, 625, 52 and 4 m? respectively. Therefore, only for the two
smallest cross-areas the height of the first cell layer was within the viscous sub-layer ensuring accurate results
[21]. This happens because grid scaling entails a linear variation of the chord and of the height of the first cell
layer as well. It can be easily proved (by combining the definitions of y+ and skin friction coefficient) that y+
of those cells grows less-than-linearly with the chord. Considering that some authors noted that y+ greater than
1 leads to an overestimation of the pressure drag in case of deep flow separation [42], some of our values could
appear too high. However, the adopted TSR guarantees attached flow for the turbine sizes of 2000 m? and 625
m?2 while for those cases in which some separation has been observed (smallest turbines, see paragraph 4.3)
y+ is satisfying low.

4. Results

To the author’s knowledge this is the first systematic 3D CFD study that has been published on VAWT
aerodynamic performance on a relatively wide range of ARs and power sizes. The simulations required six
months to run on 4 PCs with a total CPU cores count of 42, each with a maximum frequency of 3.40 GHz.

Firstly, we take a qualitative look on some phenomenological evidences about tip vortex formation and
its consequences. Then, we show the quantitative effects of AR on tip losses and turbine performance while
keeping Re. fixed. Afterwards, the focus is moved on the combined effects of Re; and tip losses in determining
the optimal AR that allows the maximum power output, keeping TSR fixed. The effect of TSR on both the
global turbine performance and the local performance distributions along the blade span is analysed for the
smallest turbine size taken into consideration at a wind speed typical of urban environments. Finally, tip losses
are globally quantified in terms of blade length virtual shortening and loss of material with respect to the ideal
case of infinite blade and to the optimal AR.

4.1 Effects of Aspect Ratio at fixed turbine diameter

For this first investigation turbine diameter is fixed (D=50m) and representative of high power
applications and thus high Rec. A wind speed of 10 m/s is assumed. TSR is 3.5, which is slightly higher than
the optimal TSR found for this diameter by means of preliminary CFD-2D simulations. The aim is to assess
the effects of AR on turbine performance when Re. (that only depends on D and blade speed) is fixed. Five
different ARs, ranging from 0.25 to 3, have been chosen and are shown in Tab. 3. Even though it would be
interesting to simulate higher ARs, such task would be prohibitive because of the huge computation times and
number of revolutions required (rapidly increasing with AR, as already shown in Fig. 3-b) by such huge grid
sizes.
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Flow field on the XZ mid-plane for AR=1.9 and blade angular position 3=90° is illustrated in Fig. 5. Wind
is blowing from left; the blade on the left is at halfway of the upwind route while the blade on the right is at
halfway of the downwind route. From the velocity magnitude map (Fig. 5-a), it can be noticed that the the
highest velocity of the flow approaching the downwind blade is at the blade tip. This happens since the upwind
blade is not able to extract power at the tip, as will be discussed later on. The vorticity map shown in Fig. 5-b
gives evidence of the occurring of tip vortices. In particular, the evolution of vortices generated at the tip of
the upwind blade can be seen. According to the theory of finite wings [45], tip vortices are generated by the
pressure difference between the pressure and the suction sides of any finite wing (airplane wing, HAWT and
VAWT blade). Near the blade tip, the flow approaching the blade pressure-side is no longer able to follow the
blade profile and curls around the tip towards the suction-side. This establishes a circulatory motion that trails
downstream of the blade. The vortex generation is also evident in the vertical velocity map (Fig. 5-¢), showing
an increasing spanwise velocity component of the flow from midspan towards the tip on the blade pressure-
side and a decreasing spanwise component of the flow from the tip to the midspan on the blade suction-side.
This happens on the upwind blade tip but it is also visible, to a lesser extent, on the tip of the downwind blade.

The three-dimensional features of the flow approaching and leaving the blade tip are visible in Fig. 6-a
and Fig. 6-b. The flow “leakage” around the tip decreases the pressure difference between the suction and
pressure sides, as depicted in Fig. 6-c, thus reducing lift. Moreover, tip vortices imply a localized huge pressure
drag increase. As a result, performance drastically drops at the blade tip.

However, the effects of tip vortices are not only confined near the tip but also propagates along the span
causing vertical velocity components in the flow approaching the blade. These z-velocities components are
maximum at the vortex core, where the vortex strength is the highest, and decrease towards the blade midspan,
as the vortex strength gradually weakens. Z-velocity calculated on pressure-surface (positive values) and on
suction-surface (negative values) of the blade are shown in Fig. 7-a.

Such peculiar velocity field is shown in Fig. 7-b and Fig. 7-c and justifies a performance drop at the tip.
A red line 1c long and located 1c before the blade has been superimposed on the path-lines arriving on the
blade (Fig. 7-b) to emphasize that the effective turbine cross-sectional area results lowered. Fig. 7-c depicts
the path-lines departing from a segment 1c tall and placed 1c before the blade tip, confirming that most of the
flow travelling across that segment climbs over the tip. Moreover, the z-velocity of the incoming flow can also
justify the spanwise reduction of the attack angle. In fact, a z-velocity component entails a reduction of the
flow axial velocity, as can be seen in Fig. 7-d depicting the specific flow rate across the turbine calculated on
the XZ mid-plane at different p positions along the span. (In relation to the sudden flow rate increase visible
in Fig. 7-d at the end of the blade, it must be noted that it is due to the flow circulated over the tip during the
upwind trajectory, as also recognizable in Fig. 5-a). The x-velocity loss leads to a shortening of the apparent
velocity projection on the plane normal to the turbine axis (the only torque-producing component) and to a
reduction of the attack angle. As a result, the resulting lift force and consequent torque and power are gradually
reduced from midspan to tip as shown by the instantaneous one-blade Cp curves (Fig. 8-a) calculated for
different positions. As experimentally visualized by Ferreira et al. [48], the power reduction varies with the
angular position of the blade and reaches its maximum at the position for which the highest power on the
midspan is achieved (a dozen degrees after 90° for attached flow conditions). Fig. 8-b shows the behaviour of
tangential and normal (radial) forces per unit of blade surface vs p calculated at $=90°. It can be seen that the
effects of tip vortices start to be significant at 2c from the tip and cause a rapid drop 1c from the tip. It can be
noted that, despite Ce becoming negative at the tip, the normal force appears reduced by about one third.
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To complete this qualitative analysis on the origin of tip-vortex losses, Fig. 9 shows the pressure
coefficient (that is representative of lift), turbulent kinetic energy, wall shear stress and vorticity (that are
representative of drag) calculated at 9=90° for different p. It is interesting to observe that drag spanwise
variations do not follow lift variations. Indeed, the effects on lift are well noticeable at u=0.91 whereas drag
remains the same until u~0.97 and suddenly increases after ©=0.98. In other words, the attack angle reduction
determines the spanwise lift distribution but does not affect drag (except for the tip), contrary to the conclusions
of the classical downwash approach applied to stationary wings.

Fig. 10-a and Fig. 10-b show the blade performance for different ARs in terms of Cp and K along the
adimensional semispan (). Two effects can be observed as a consequence of a blade shortening and therefore
of a decrease in AR: a Cp decrease at the midspan (u=0) and a more rapid drop in Cp(u). All the turbines have
the same chord and only differ in blade length, therefore, it is also interesting to compare the spanwise
performance distribution vs the absolute blade length (instead of the adimensional length). For this purpose,
in Fig. 10-c, the turbines have been “moved” in order to have the same abscissa at the blade tip in order to
simplify the performance comparison at a certain distance from the tip. It can be seen that, for more than one
chord (3.77 m) away from the tip, all the blades experience the same poor Cp. This should not be surprising
since the vortex strength (which, for a VAWT, depends on the blade tangential velocity and chord length) is
the same. Moreover, the Cp distributions appear almost the same proving that tip vortex effects propagate along
the spanwise direction in a similar way for all the blade lengths.

4.2 Combined effects of Reynolds number and Aspect Ratio

Four turbine cross-sectional areas are considered ranging from microgeneration to ~1MW. For each of
them, five ARs are simulated, as summarized in Tab. 4. The simulations are performed for a wind speed of 10
m/s. TSR is kept at 3.5 for all the turbine cross areas despite the optimal TSR is expected to be slightly different
for different Re.. This choice is made to avoid changing too many parameters simultaneously and to make the
interpretation of the results easier. The reader can find a discussion on the effects of TSR in paragraph 4.3. The
guestion we are going to deal with is: given a certain power size, what is the AR that guarantees the best
aerodynamic performance? The role played by two main parameters needs to be analysed: Reynolds number
and tip losses.

The beneficial effects of an increase in Rec on the performance of HAWTs and VAWTSs are well
demonstrated by studies based on 2D numerical approaches [27-32]. If the blades of a VAWT were infinitely
long, as assumed in 2D analyses, it would be convenient to adopt a large diameter since it would imply a large
chord and therefore high Re.. However, if the power size and therefore the turbine cross-area are fixed, a large
diameter would entail short blades (large AR) and consequently high tip losses caused by tip vortices, as shown
in paragraph 2.3. The diagrams of Fig. 11 show the turbine Cp for the cases listed in Tab. 4. It can be seen that
both Re. and AR strongly influence the aerodynamic performance. However, the growth in performance is
more significant for an increase in AR rather than in Rec, at least for medium and large-size turbines. In fact,
since lift-to-drag ratio is very high for Re; > 1*10° and is weakly influenced by Re. variations due to different
ARs, the performance of medium and large turbines is almost entirely affected by tip losses and by how such
losses depend on AR. Our results agree with Armstrong et al. [49], who observed that the power production of
a turbine is independent of Reynolds number if it is sufficiently high.
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However, as turbine size and wind speed decrease (Rec < 1*10°) and, therefore, drag and flow separation
play a more and more important role, Cp is increasingly influenced by Re.. For micro-generation sizes (cross-
sectional area of 4.34 m?in Tab. 4) and AR > 0.8, a variation of AR does not appreciably affect Cp. This happens
since any favourable effect due to a Re. increase is balanced by a detrimental growth of tip losses and vice-
versa.

Diagrams in Fig. 12 illustrate the local distribution of both absolute and normalized Cr along the
semispan vs the normalized blade length p, explaining how tip losses are related to AR. At a fixed turbine
cross area, the two effects already found in paragraph 4.1 as a consequence of a blade shortening and
therefore of an AR decrease can be observed: a Cpr decrease at the midspan (u=0) and a more rapid Cp(|L)
reduction. For AR=0.25 (corresponding to a blade-based AR* of just 3.3) a large portion of the blade appears
inoperative because of the flow incidence reduction induced by tip vortices. For instance, for AR=0.25, Cp is
halved (with respect to Cp at the semispan) at u=0.83 whereas for AR=3 it is halved at u=0.97. These results
suggest that, for all the power sizes taken into account, AR<0.8 (AR*<10.6) should be avoided.

Finally, we highlight that the effect of Re; on the features of the normalized Cg(l) curve is negligible
(Fig.11-b, d, f, h). This evidence has an important practical consequence since it could simplify the
implementation of tip loss corrections to be used in DMST models.

4.3 Effects of Tip Speed Ratio on the performance of small turbines

For micro-generation size turbines further simulations have been performed for a wind speed of 5.7 m/s
that is more representative of urban conditions. Because of flow separation phenomena, the optimum TSR is
expected to increase as the turbine size and the wind speed decrease. To verify the effects of TSR on
performance three different TSRs have been simulated: 3.5, 3.75 and 4. In order to facilitate the comparison
with the other cases of this study, overall Cp are reported in Fig. 11, while Cp(u) and K(p) are reported in Fig.
12. Results in Fig. 11 show that TSR greatly affects the turbine performance, and that the optimal TSR varies
with AR: it is 3.75 for AR of 1.9 and 3; it is 3.5 for AR of 0.8, 0.5 and 0.25. In the following we explain why
different TSR are needed by analysing the effects of TSR on the local performance for two significant cases:
AR=3 and AR=0.8.

To justify the poor performance exhibited by AR=3 in case of TSR=3.5 and why it is sufficient to increase
TSR to 3.75 to obtain an increase of Cp from 0.30 to 0.33 we must analyse the performance distribution along
the blade semispan. Fig. 13 allows to compare Cp(|1) curves obtained for AR=3 with different TSRs. The curve
of TSR=3.5 exhibits a “deflation” from the midspan to about pu=0.80 while the best performance is achieved
for u ranging between 0.85 and 0.92. We must remember that tip vortices affects Cp() by means of the
reduction of the incidence of the flow approaching the blade. This reduction gradually increases going from
midspan to the tip, allowing better local performance on the outer part of the blade since it reduces flow
separation. Far from the tip, the attack angle reduction is much smaller and then flow separation occurs [19].
Fig. 14 show Cp(9) curves for different pu for AR=3, TSR=3.5 (Fig. 14-a) and TSR=4 (Fig. 14-b). For TSR=3.5
it can be seen that from midspan to pu=0.71 the angular positions 3 corresponding to the maximum Cp($)
appears anticipated with respect to the outer part of the blade. In particular, Cp() curves for u=0.10 and p=0.71
have their maxima at $=89° and 3=90° respectively (whereas in the outer part of the blade the maximum occurs
at 94°) followed by a sudden drop that indicates stall occurrence. As a result, the only way to avoid flow
separation in blades characterized by high AR is to increase TSR. For this reason, as far as ©=0.90, TSR=3.75
and TSR=4 work better than TSR=3.5 as also confirmed by the perfect alignment of the peaks of Cp(J) curves
calculated for different 1 for TSR=4 (Fig. 14-b). However, an increase in TSR leads to a performance worsening
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on the outer part of the blade due to an excessive reduction of attack angle. Therefore, for AR=3 and AR=1.9,
the best compromise is TSR=3.75.

On the other hand, two reasons can explain why the best TSR is 3.5 for AR=0.8: Rec is higher and
consequently separation is less likely and the blade is much shorter, so tip vortices effects are significant in
reducing attack angle until midspan. As shown in Fig. 15 for all the TSR simulated, Cr at midspan (u=0) for
AR=0.8 is significantly higher than the one for AR=3. This confirms what was observed, to a lesser extent, in
Fig. 12 in case of high wind speed: micro-turbines operating at low wind speeds are more sensitive to Rec
effects than to tip vortices effects. However, since the longer is the blade, the flatter is the Cp(l) curve, the
blade-averaged Cp of AR=3 exceeds that of AR=0.8 even in case of low wind speed, provided the optimum
TSR is adopted (TSR=3.75).

Finally, we observe that for low wind speed the best performance is achieved by AR=1.9 (see Fig. 11).
This AR seems to allow a reduction in both flow separation and tip losses phenomena due to high enough
values of Rec and AR.

4.4 Tip loss assessment

As observed by Balduzzi et al. [19], the global effect of tip vortices is a virtual reduction of the effective
blade length. Many parameters concur to determine the length of the inoperative portion of the blade such as
solidity, number of blades, TSR and AR. In the current analysis, since solidity, blade number and TSR are fixed,
the only responsible for a tip loss variation is a change in AR or, coming to the same conclusions, in the chord-
based aspect ratio, AR*. For completeness’ sake, Tab. 3 and 4 also report the corresponding AR* values. In
this paragraph, the tip effects analysed in 3.3 are quantified as number of lost chords (considering both tips of
the blade) with respect to the performance of an ideal turbine with infinite blade length. Since our 3D grids are
much coarser than the 2D grids used to evaluate the optimal TSR, a direct comparison with 2D results could
be influenced by grid effects. Therefore, for each case we have considered (each with different cross-sectional
area and AR), we preferred assuming as “infinite-blade turbine” a 3D turbine with the same diameter (and
therefore the same Re.) and blades long enough to allow neglecting tip losses.

In agreement with Li and Calisal [50], who applied a vortex numerical method to investigate tip losses
extension as a function of AR and found out that tip effects are less than 5% for AR > 6, we assumed the Cp at
the midspan of a turbine with AR=6 as 2D performance. Since it would be prohibitive to simulate such high
AR by means of CFD-3D, the values have been extrapolated in the following way. Firstly, a fitting curve based
on all the simulations carried out for AR=3 has been generated in order to obtain Cp for u=0 as a function of
Re. and, therefore, of diameter (Fig. 16-a). Secondly, in order to extrapolate a similar function valid for AR=6,
we fixed Re. corresponding to D=50 m making use of the results of Fig. 10-c to estimate Cp at midspan for
AR=6 (corresponding to the abscissa zero in the fitting curve of Fig. 16-b). In this way we evaluated the ratio
between Cp(u=0) for AR=6 and AR=3. Finally, this ratio (equal to 1.023) has been used to scale the fitting
curve of Fig. 16-a.

The results of the blade virtual shortening, expressed as number of lost chords, are condensed in Fig. 17-
a. A continuous increase of the blade virtual shortening occurs as AR increases. This is due to the fact that,
despite two blades with different length work with about the same performance at a certain distance from the
tip (as seen in Fig. 10-c), longer blades works with a lower Cp than the “2D” Cp in the remaining part of the
blade due to tip effect propagations. The relatively low virtual shortening exhibited by micro-turbines for 0.8
< AR < 3 indicates that the reference “2D” Cp is low in itself. It should be verified whether the adopted TSR is
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adequate or if it would be better to slightly increase TSR to mitigate flow separation (as found in 4.3). The
same results, in terms of percentage of “lost material” with respect to the performance of the corresponding
infinite-blade turbine, are shown in Fig. 17-b. All these outputs are also reported in Tab. 4 and, for
completeness’ sake, in Tab. 3 for a fixed diameter. However, from a practical point of view, it might be more
useful to assess the lost material if an AR different from the best one (AR=3, for all the cases described in 4.2)
was adopted, as depicted in Fig. 17-c. We highlight that AR=1.9 (AR*=25.2) implies a relative loss of material
of just few percent with respect to AR=3 (AR*=39.8). For larger turbines, for which tip losses are significant,
AR should be greater than 1 (AR*>13.3) to keep relative material loss below 10%.

We conclude this section showing that the high gap between CFD-3D and CFD-2D performance found
in the validation section (2.4) about the small water turbine can be considered consistent with the outcomes
reported in Fig. 17-b. First of all, it must be noted a great difference in solidity: 6=4.8% for the wind turbine,
0=17.5% for the water turbine. As a consequence, given an AR value (for instance, 1, that is the AR of the
water turbine), the two turbines exhibit different blade-to-chord ratios (AR*). Since the tip vortex strength
increases with the chord length, it is reasonably expected that the higher is AR*, the greater are the tip losses
in percentage. Therefore, in order to use Fig. 17-b to extrapolate predictions for a different turbine, it could be
meaningful to use AR* instead of AR. Moreover, from purple curve of graph 16-b with AR* of 5.47 (see Tab.
3 for the conversion AR-to-AR*) a percentage loss of material of 31.7% can be found. This value is very close
to the 3D losses found in section 2.4 for the water turbine, that is 34.4% comprising the tip and the shaft losses.

5 Conclusions

In the design of VAWTS an important parameter that needs to be assessed in order to maximize the turbine
efficiency is the Aspect Ratio (AR). This study shows that CFD-3D can be a useful methodology to investigate
the combined effects of blade tip losses and Re. on the performance of VAWTS and, therefore, to find the
turbine’s optimal AR, that gives the best Cp. The novelty of this study is its systematic character, because it
analyses the aerodynamic performance of VAWTSs in a relatively wide range of ARs and power sizes, going
from micro-generation to MW. The main findings are the following.

Both Rec and tip losses strongly affect Cp. For all the power sizes taken into account, AR<0.8 (AR*<10.6)
should be avoided in order to contain tip losses.

For large and medium size turbines, the effects of tip losses always prevail on the effects of Re.. In other
words, it is more convenient to adopt longer blades and therefore an AR as high as possible.

As size decreases, the role played by Re. arises. For the smallest size taken into account (micro-
generation) the effects of tip losses appear balanced by the effects of Re.. This means that, for AR<0.8
(AR*<10.6), a variation of AR does not result in a significant variation of Cp, especially at low wind speeds
typical of urban and sub-urban environments. However, attention should be payed to the choice of TSR since
the optimum value changes with AR; for high AR a slight increase of TSR mitigates flow separation in the
central portion of the blade.

The turbine size, and therefore Rec, does not appreciably affect the normalized Cp distribution along the
blade which, since in the current investigation solidity and TSR are fixed (with the only exception of section
3.4), only depends on AR (AR™).

This work also show that due to the continuous growing of computing resources available to CFD users,
the use of full CFD-3D tools for VAWTS is possible without the need for unrealistic computational resources
or time requirements.
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Figure 1. Details of the rotating grid (half domain; AR=1.9): (a) cell distribution on a plane normal to the turbine axis (blade is colored
in red); (b) cell distribution on a vertical plane cutting the blade; (c) coloured ribbons on the blade in foreground indicate the positions
along the semispan where local Cp is monitored during a simulation; (d) blade tip.
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612 Figure 2. Sensitivity of results to the grid density: (a) schematic representation of the upwind and downwind paths of the blade in
613 one revolution; (b) one-blade Cp(#) averaged on the last revolution; (c) local Cp(p) calculated adding the contributions of both
614 blades.
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Figure 3. Analysis of the solution temporal convergence: (a) Cp vs number of revolutions; (b) normalized temporal variation of Cp; (c)

normalized local Cp distribution along the semispan for AR=0.8.

0.60

(©

M

0.50

0.40

0.30

0.20

Power Coefficient, Cp

==numerical 2D
current study

== numerical 3D
current study

==—numerical 2D
[Maitre et al.]

—-e- experimental
[Maitre et al.]

1.5 2.0

25

Tip Speed Ratio, TSR

3.0

Figure 4. Numerical vs experimental results for the water turbine of Ref. [44].
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624

Figure 5. Flow field on the XZ mid-plane for AR=1.9 and blade angular position 3=90° (wind is blowing from left; blade on the left is
at halfway of upwind route, blade on the right is at halfway of the downwind route): (a) velocity magnitude [m/s]; (b) vorticity
magnitude [1/s]; (c) vertical velocity [m/s].
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625 Figure 6. Flow features and static pressure for AR=1.9 and 9=90°: (a) path-lines arriving on the blade tip; (b) path-lines leaving the
626 blade tip; (c) static pressure on the pressure-side of the blade [Pa].

627




absolute z-velocity [m]

-3 -'S. "”\m(-”"*’=ov:~'\-.,,-u:=;s«""‘ . u = 098 ® |.1 = 097
-4 e, o e =094 + n=0.88
) s g | 120,78 o u=0.28
adimensional chord
(@
9.50 :
€ 9.00 [
@
S 850
=
o 8.00
E A
£ 750
3
o 7.00 _ /
- } ‘—'—_‘—"—'A‘_é‘—;‘-'é‘_bfﬁ'h _ X )
(7] L O v N e
6.50 A
g ™
€ 6.00
5.50
00 01 02 0.3 04 05 0.6 0.7 08 09 1.0
M
(c) (d)

628 Figure 7. (a) Z-velocity on blade surface for AR=1.9 and 3=90°; (b) path-lines arriving on the blade (superimposed red line has the
629 same blade length the and is located 1c before the blade) for AR=1.9 and 9=90°; (c) path-lines departing from a line (in red) 1c tall and
630 set 1c¢ before the blade for AR=1.9 and 9=90°; (d) flow rate across turbine calculated on XZ mid-plane for AR=1.9 (blades at 9=0°,
631 180°).
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633 Figure 8. Blade performance calculated for AR=1.9 and $=90°: (a) instantaneous one-blade power coefficient at different positions ()

634 along the blade semispan; (b) tangential and normal (radial) forces per unit of blade surface calculated at $=90° for different p.
635
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636 Figure 9. (a) Coefficient of pressure for AR=1.9 and 9=90° for different p; (b) wall shear stress (overall and tangential) per unit of
637 blade surface, turbulent kinetic energy and vorticity, all calculated on the blade surface for different p, for AR=1.9 and 3=90°.
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639 Figure 10. Blade local performance at different AR: (a) Ce distributions along the adimensional semispan; (b) K distribution along
640 the adimensional semispan; (c) Cp distributions along the semispan (for all AR, the abscissa at the blade tip is 75m).
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641 Figure 11. Overall aerodynamic performance of the turbine: (a) Ce vs AR for different turbine cross-sectional areas; (b) Cr vs Rec for
642 different turbine cross sectional areas, and different AR.
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Figure 12. Cp and normalized local Ce distributions along the semispan for different turbine cross-areas: (a) Ce for AR=0.25; (b) K for
AR=0.25; (c) Cp for AR=0.8; (d) K for AR=0.8; (e) Cr for AR=1.9; (f) K for AR=1.9; (g) Cr for AR=3; (h) K for AR=3.
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Figure 13. Local Ce distribution distributions along the semispan for AR=3.
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Figure 16. (a) Fitting curve of Cp at midspan as a function of Rec, obtained from values of CFD-3D (red circles) performed at AR=3;
(b) Fitting curve of Cp at midspan as a function of blade length, obtained from values of CFD-3D (coloured triangles) performed at a
fixed diameter of 50m (cases of paragraph 2.2).
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Tables

Table 1
Grid sizes used for grid sensitivity analysis (AR=0.8).

. Airfoil perimeter Semi-spanwise Cell height at the Rotating domain Overall domain
Grid .
cell number cell number blade tip [m] cell number cell number
fine 308 88 0.03 440 M 544 M
medium 220 68 0.05 252 M 356 M
coarse_1 220 34 0.09 1.58 M 218 M
coarse_2 72 57 0.06 147 M 251 M

Table 2
Grid overall cell number. (*) the complete domain is considered (i.e., without any symmetry assumption).

Domain AR =0.25(*) AR =0.36(*) AR =0.50(*) AR =0.80 AR =1.90 AR =3.00
Rotating domain 3.65M 3.94 M 447 M 258 M 3.69 M 4,86 M
Fixed domain 1.44 M 1.50 M 1.55M 1.00 M 146 M 1.88
Table 3

Operating conditions and aerodynamic losses due to blade finite length at fixed turbine diameter of 50 m and wind speed of 10 m/s.
(8) values of Cp(u=0) extrapolated at AR=6.

Crosssectional - op  Hm] C[m] AR*sHc Qirads]  Re leﬁgit\égitrl:; | Power lost
area[m’] C [chords number] [% of 2D%)]
625 025 1250 3770  3.32 140 9.13E+06 143 42.96
900 036 1800 3770 477 140 9.13E+06 154 32.30
2000 080 4000 3770 1061 140 9.13E+06 195 18.39
4750 190 9500 3770 2520 140 9.13E+06 259 10.26
7500 300 15000 3770  39.79 140 9.13E+06 2.95 7.42
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Table 4

Operating conditions and aerodynamic losses due to blade finite length for wind speed of 10 m/s. (8) values of Cp(u=0) extrapolated

at AR=6. (88) for a fixed area.

Blade
- Power lost
Cross- virtual Power lost [% of
sectional AR D[m] H[m] c¢[m] AR* QfJrad/s] Rec shortening o 5 .
> [% of 2D3] optimal

area [m?] [chord 55

AR3]

number]

4.34 025 4.17 1.04 0314 332 16.80 7.61E+05 1.44 435 314
4.34 050 2.95 147 0222 6.63 23.76 5.38E+05 1.56 23.5 9.4
4.34 080 2.33 186 0.176 10.61 30.05 4.25E+05 1.55 14.6 2.3
4.34 190 151 287 0114 25.20 46.32 2.76E+05 2.15 8.6 0.4
4.34 3.00 1.20 361 0.091 39.79 58.20 2.20E+05 2.58 6.5 0.0
52.1 0.25 14.44 361 1088 3.32 4.85 2.64E+06 1.45 43.7 34.2
52.1 050 10.21 510 0770 6.63 6.86 1.86E+06 1.64 24.8 13.7
52.1 0.80 8.07 6.46  0.608 10.61 8.67 1.47E+06 1.74 16.4 5.4
52.1 190 524 995 0395 25.20 13.37 9.56E+05 2.42 9.6 11
52.1 3.00 4.17 1250 0.314 39.79 16.80 7.61E+05 2.85 7.2 0.0
625 0.25 50.00 1250 3.770 3.32 1.40 9.13E+06 1.42 429 36.1
625 050 3536 17.68 2.666 6.63 1.98 6.46E+06 1.71 25.7 17.7
625 0.80 2795 2236 2107 1061 2.50 5.10E+06 1.94 18.3 9.8
625 190 1814 3446 1367 25.20 3.86 3.31E+06 2.58 10.2 2.6
7.70 3.00 1443 4330 1.088 39.79 4.85 2.64E+06 2.81 7.1 0.0
42.96 025 8944 2236 6.744 332 0.78 1.63E+07 1.41 42.6 34.6
26.18 050 6325 3162 4.769 6.63 111 1.16E+07 1.70 25.7 18.3
18.82 0.80 50.00 40.00 3.770 10.61 1.40 9.13E+06 2.00 18.8 10.4
2000 190 3244 61.64 2446 25.20 2.16 5.93E+06 2.59 10.3 29
2000 3.00 2582 77.46 1947 39.79 2.71 4.72E+06 2.81 7.1 0.0




