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the importance to focus on the energy yield rather than on the rated power does not come as a surprise
to the wind energy community. Several industrial manufacturers and even final customers, however, often
perceive the rated power as the indicator of the quality of a small rotor.

This approach is particularly critical in small and medium size applications, where scale effects take place
and a rotor optimized for a too high wind speed can indeed have a very poor performance for the largest
part of the year, with a sensible detriment of the energy harvesting. This phenomenon is indeed
emphasized in new installations contexts (e.g. a complex terrain or a built environment), which are
thought to be the frontiers for a wider diffusion of wind turbines.

In the study we are submitting, an H-Darrieus turbines optimization oriented to maximize the annual
energy yield is presented. Based on this approach, many study cases were analyzed and the best values for
the main design parameters were highlichted with respect to the attended average wind speed in the
installation site.

We would be very pleased if you could consider the paper for publication in “Energy Conversion and
Management”.
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Research highlights

e  Proposal for a new design criterion for H-Darrieus turbine based on the energy-yield maximization

e 21600 design cases analyzed to identify the best solutions for each installation site (i.e. average wind
speed)

o  Critical analysis of the best design choices in terms of turbine shape, dimensions, airfoils and constraints
o Notable energy increase provide by the proposed design approach

e  Each site requires a specific turbine concept to optimize the energy yield
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Abstract

H-Darrieus wind turbines are gaining popularity in the wind gnengrket, particularly as
they are thought to represent a suitable solution even in unconventistadiation areas. To
promote the diffusion of this technology, industrial manufacturerg€@ménuously proposing
new and appealing exterior solutions, coupled with tempting ratedrpoffezs. The actual
operating conditions of a rotor over a year can be, however, Viégeyedi from the nominal
one and strictly dependent on the features of the installateon s

Based on these considerations, a turbine optimization oriented tmip@xhe annual energy
yield, instead of the maximum power, is thought to represent ainteresting solution. With
this goal in mind, 21600 test cases of H-Darrieus rotors wer@arath on the basis of their

energy-yield capabilities for different annual wind distributionterms of average speed.
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The wind distributions were combined with the predicted performameges of the rotors
obtained with a specifically developed numerical code based oade Element Momentum
(BEM) approach. The influence on turbine performance of théncspeed was accounted for,
as well as the limitations due to structural loads (i@ximum rotational speed and maximum
wind velocity). The analysis, carried out in terms of digienless parameters, highlighted the
aerodynamic configurations able to ensure the largest annualyeyietd for each wind

distribution and set of aerodynamic constraints.
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1. Introduction

In 2011, the wind energy market grew by 6% compared to 2010, ddspiszdnomic and
political turmoil in Europe and North America, with a newigtalled power of 40.5 GW [1].

The great bulk of installed wind energy plant is today in thenfof large wind farms [2]
which mainly comprehend large Horizontal Axis Wind Turbines (HAWe&slling into power
supply grids: turbines are becoming more and more efficient araleagp tendency is clearly
distinguishable. Moreover, technological improvements in design Hicici® maintenance
have considerably reduced their operating cost and consequently aetisclews diffusion
frontiers like the offshore applications [3-4]. Whereasédtiastallations are a valuable addition
to the grid capacity, they actually do not benefit people whonateserved by grids. As a
consequence, much interest is being paid to understand where wind suwameffectively
represent an alternative for delocalized power production [5-8hdBzically, however, there
has been very little research and commercial development setloed part of the century on
small stand-alone systems, although great improvements inatie &krodynamic design have

been made. In recent times, a reversal of this trenddw@sfortunately experienced.
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Increasing interest is especially being paid by architgmtsject developers and local
governments to understand where small wind turbines can eftgdbeeexploited to provide
delocalized power in the built environment (e.g. see Refs. [)-IBg real feasibility of this
scenario has, however, yet to be proved, both in terms of reafjyemarvesting and of
compatibility of the machines with a populated area [9-10,13].

In particular, Vertical-Axis Wind Turbines (VAWTS), both drfigt-16] and lift-driven [17-
20], are gaining popularity in the wind energy scenario, espedmltyedium and small-size
installations, where they can work effectively even in presasi low-speed and unstructured
flows with low noise emissions and high reliability. Among osheH-Darrieus rotors are
increasingly appreciated in unconventional contexts as they aneasgumed to increase their
performance in case of an oncoming flow misaligned with respdbetaxis of the rotor [17-
19]. In order to promote the diffusion of this technology, on one hand, iradusainufacturers
are developing new and more appealing design solutions (e.g. [21eB5the other hand,
efforts are being devoted to reducing the initial cost of the mashiprimarily by means of
new materials) and to increasing the efficiency, in ordenake them competitive with respect
to more conventional Horizontal Axis Wind Turbines (HAWTS) [20].

Focusing on the commercial aspects, it is also worth pointing dualthast all the industrial
rotors are generally designed and optimized for a specific windl Jpee the speed which
ensures the highest energy production), but the rated power vahiek,axre often perceived
by the final customer as the most valuable indicator of thétyjeé the product, are declared
for their nominal wind velocity, i.e. the highest functioningesd, which provides the
maximum power production. Although the importance of accounting for enestgad of
power does not come as a surprise for the applied-energy tecisnithe implications of this
theoretical dichotomy are quite often not completely understoodebfynidl customer of small

and medium wind turbines.
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In detall, the actual operating conditions of a rotor over ageaindeed be very far from the
nominal one [9-10,26]. In particular, the available wind energybeaconcentrated at the lower
wind velocities of the yearly distribution in the installatiore sivhich can be often correctly
approximated by a Weibull function [27-30]; in addition, the spedd@tures of the final
environment (e.g. local accelerations, effects of obstadés) are very important in
determining the real characteristics of the flow whichatifely invests the rotor (e.g. [9-10]).
As a result, a turbine optimized only for a singular wind speettigrovide poor performance
during the largest part of its operating time, with a rentdekaeduction of the energy
produced and, consequently, of the suitability of the investfméht

Stated the above, a design approach based on the maximizationawintred energy-yield
(i.e. the sum of the energy contributions at all the wind spexguirienced over the year) was

thought to represent a more valuable solution.

2. Energy-yield-based design strategy

The main goal of this study was to define some effectiveyaegiidelines for Darrieus wind
turbines which would be able to ensure the maximum energy harvestingearly horizon as
a function of the attended wind distribution in the inatadh site.

With this goal in mind, 21600 test cases, i.e. permutations of afispgeometrical
configuration (300 cases), an airfoil (4 selections), a windilligion (6 cases) and a load
system (3 cases), were tested and analyzed by meanspetiéically developed numerical
code based on an advanced BEM method, in order to highlight the catifiggrwhich ensure

the largest annual energy vyield for each wind condition.

2.1 Wind distributions
As a first step of the analysis, six annual wind profiles vigqthesized. As discussed, the
most logical representation of the annual wind distribution must $edban the assumption of

a Weibull distribution [27-30]. In particular, in the present stadyonstant shape factor equal

4
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to 2.0 (Rayleigh distribution) was considered, whereas the $aeior was modified in each
case in order to ensure an average wind sgégith¢reasing by one from 3 to 8 m/s.

The choice of the Rayleigh distribution was based on literatuee[@d.0], which found that
this particular Weibull curve nicely approximates the wind distions of some medium-low
velocity sites in Europe. The presented method, however, isngrajevalidity and can be
applied to any Weibull distribution attended in the instialfasite.

In further detail, the wind profiles investigated in thisdst are shown in Figure 1, where the
cut-in and the cut-out limits are also displayed. In particulas worth pointing out that a
maximum cut-out velocity of 18 m/s was imposed for safetyoresaso all the tested rotors
[26], based on the industrial experience for these rotors. On libe lvdnd, the cut-in speed
was specifically calculated for each rotor on the basissobehavior at low wind speeds: as
shown by Figure 1, a variable cut-in speed between 2 and 3 m/seasured in the tested
rotors. In particular, it is worth pointing out that in the prestmtly the attention was focused
only on the Darrieus machines, evaluating their actual selirgy characteristics. Although
recent studies (e.g. [31-32]) showed indeed that the self-stadimdpe enhanced by coupling
these rotors with drag-driven devices, the matching of thetuvioones was not considered in

the scope of the present work and destined to further studies.

2.2 Main design parameters for Darrieus-type turbines
The proper set of rotor configurations to be analyzed was then definedto the large
number of variables involved in the aerodynamic design of DRerrietors [20,26], some
preliminary assumptions were needed to focus the analysisignificant family of turbines.
In particular, the following main choices were made:
= The H-Darrieus configuration with straight blades was sete(tee Figure 2). This turbine
shape is presently the most exploited and studied solution in iattgines design, due
to higher efficiency and lower manufacturing costs with respedriginal troposkien-

bladed rotors [20,24,33].



123 = A blades numbemM=3 was assumed. This turbine’s architecture guarantees a good
124 efficiency and a sufficiently flat torque profile during revadat without compromising
125 solidity [20,23-24].

126 = At least two supporting struts for each blade were applied (the mumaseincreased by
127 one strut for each blade whenever too high structural stressesaleulated) [21,26].

128 On these bases, the resulting performance maps must bd miltdo this typology of rotors
129 and future works will be devoted at extending the validity rarighe analyses.

130 Then, some significant design parameters to be investigatexl aiesen [26]. In order to
131 define a set of parameters able to provide a prompt descriptitie geometrical proportions
132  of the rotor, the attention was focused on:

133 = Theheight/diameter ratio (@=H/D);

134 = Thechord/diameter ratio ({=c/D);

135 = Theswept area of the rotor A);

136 = The airfoil type;

137 * The struts dimensions.

138 In order to understand the aerodynamic implications of these paranmterhas to focus on
139 the physical functioning of Darrieus rotors. In particular, i$ igenerally well understood that a
140 rotational axis perpendicular to the flow actually resuttsaiflow incidence continuously
141 variable during the revolution, the influence of the chord-baseghélds number on the

142  airfoils (Eq.1) is generally underestimated, especiallgmall and medium rotors.

143 Re, =" (1)
v

144 In further details, when small-sized rotors are designedR#ynolds number can be very low
145 (especially in case of low wind speeds), even lower thdnbing therefore very critical for a
146 correct airfoil functioning.

147 A suitableRe; on the blade can be achieved through different ways. Assuhmahdhe wind

148 speed cannot be altered (i.e. a specific wind speed igzadd| the most intuitive solution
6
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would consist in a direct increase of the chor(Eq. 1). This solution is definitely able to
accomplish the goal, but strict limitations to its use musntveduced. In particular, notably
longer chords produce both a reduction of the Aspect Ratio of the @ladthe ratio between

the blade length and the chord - Eq. 2) and an increase of the sofidig rotor (Eq. 3)

[21,24,26].
AR =D (2)
o= ©)

The first effect actually results in a detriment of biade efficiency [18,21], as the increase
of the rotor’s height to compensate cannot be always provided awépt area of the rotor is
generally a priori selected (Eq.4 for an H-Darrieus).

A=HID (4)

On the other hand, an increase of the solidity also produaghkietion of the peak efficiency
of the rotor [20,21,24], which once more cannot be simply compensateddbging the
diameter because this countermeasure would directly redupetipberal speed, thus leading
to an undesired reduction of the relative sp@éfhiven by the vector sum of the peripheral

speed and the wind speed reduced by the induction faeteee Eq.5):
W =aR+U(1-a) (5)

The second way to control the Reynolds number on the blade is thdatbdification of the
relative speed. Having assumed that the wind speedfixed, the only way to modify is
related to a variation of the peripheral speéd

Analogous to the previous analysis a double choice is given. Asasenf the turbine radius
would directly improve the Reynolds number: being A fixed, the tetbiheight would be
reduced (Eqg. 4) and then the Aspect Ratio of the blades (Eqdhdda less efficient blades.

On the other hand, increasing the revolution speed would improveldize speed, having,
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however, a notable impact on the incidence angles range arsdrdictural behavior of the
rotor.

Based on the above, the influence of the selected pararoateb readily highlighted.

= @ ratio - The @ ratio has a double effect in defining the features of thar.rérom an

aesthetic point-of-view, it can be considered as a “shaperfaaf the turbine, i.e. an
indicator of the visual proportions of the virtual cylinder sweptrduthe revolutionOn
the other hand, for a fixed swept area, dwalues are typical of a machine in which the
optimal flow conditions on the airfoil are obtained thanks to largendiers in order to
increase the peripheral speed. In this configuration, theitsetaangles on the airfoils are
improved but the blades are generally short, with more reldesses due to end-effects.
Conversely, highd values can be related to machines in which the efficiendyeoblade

(high blade Aspect Ratios - Eq. 2) is preferred.

& ratio - The ¢/D ratio is a direct indicator of the solidig) ©f the rotor (Eg. 3). High
values of¢ generally indicate that the chord length is increased toowepthe Reynolds
number, whereas lod values can be related to rotors in which the relative wind siseed

increased by means of an increase of the relative wimedspn the airfoil (Eg. 5).

Swept Area (A) - As one can argue from the previous discussion, the swept fatea o
turbine (Eq. 4 - valid for an H-Darrieus rotor) is unfortunaglgimensional parameter
which cannot be bypassed in the analysis of small rotors. Irtydarti larger swept areas
ensure less demanding limits of the turbine’s radius, ensurihghygeripheral speed and,
therefore, fewer problems in ensuring a good Reynolds number on the. éoleover,

being the optimal solidity ranges generally constant [20-21d, minimum requested

chords are generally smaller, resulting in higher Aspedbfand more efficient blades.

Design variables - The airfoil type is very important in defining the performanceaof
Darrieus turbine; as a result, the dimensionless analysis dresit@lesign trends must be

individually carried out for each specific airfoil family [B@-35]. Finally, the struts’
8



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

shape and dimensions must be carefully taken into account as thegulsstantially
modify the power output of an H-Darrieus rotor (see Refs. [233236]) due to the
parasitic torque that is produced during the revolution. To this purffes@npact of the
struts was also included in this study by assuming a variatitireir dimensions, and even

number, as a function of the structural stresses on the blades.

3. Test plan and design parameters

The test plan of the investigated configurations is sunm®ain Table 1.

The limits of thel and® parameters were defined on the basis of a survey of ¢haitel
literature (e.qg. [5,20,24]). In particular, theange was limited to 0.200 as higher values would
lead to solidities higher than 0.6. Design choices over thig #nme in fact considered to be
unsuitable for H-Darrieus rotors [20,24], due to the fact tiatturbine is deemed to become
similar to a solid obstacle for the wind and the interactiogtsveen upwind and downwind
blades becomes so strong to compromise the aerodynamics offthis. din addition, the
theory applied in the simulations could become less predictisinilar test-cases [20].

The choice of the aerodynamic airfoils was also based awratlire survey [5,20-21]. In
particular, four different airfoils were investigated irstknork, in order to highlight the impact
of their aerodynamic characteristics on the effective ggnbarvesting of the turbine. The
airfoils were selected among the 4-digit NACA family, whis quite a conventional solution
in Darrieus VAWTSs [5,20,34-35].

In detail, three uncambered airfoils with different thickness/chatibs (NACAO0012,
NACAO0015, NACAO0018) were compared to an asymmetrical and liglattybered airfoil
(NACA4415). The first group of airfoils is a widely exploitedwgadn in Darrieus turbines, as
it ensures a suitable resistance to the stall coupled with lfbaxlitputs at medium-range
Reynolds numbers. Moreover, a symmetric airfoil is able to geothe same lift contribution
either with positive or negative incidence [20,24]. On theratlaed, a cambered profile, like

the selected NACA4415, has been suggested in technical uieergd.g. see [5,21]) as an
9
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interesting design choice in order to ensure high peak valuds dbtque in low-velocity
cases, although some doubts on their effective application ate the different behaviour of
a non-symmetric airfoil in case of a positive or negaitnagdence [21].

Focusing on the boundary conditions in terms of loads applied to the tlutee, different
configurations were analyzed:

= CASE 1 - Aerodynamics only in this configuration, the contribution of the resistant

torque of the struts was not considered. By doing so, this confyuiattually refers to a

hypothetical solution of a fully aerodynamic relationship betweendbengtrical features

of the rotor and the power performance. Although not practicallyicagibé, the analysis

of these results allows one to define the aerodynamic trerdtisoadirectly compare the

functioning behavior of machines having different areas. Moretwyedefining the purely

aerodynamic requests, one can also directly identify thetefiieduced by the secondary
and parasitic effects due to auxiliary organs (e.g. thesyimad external loads.

= CASE 2 - Centrifugal load the contribution of the resistant torque of the struts waig aga

not considered but a limitation on the centrifugal stress actirthe blades was added as a
function of the rotational speed of each model.

= CASE 3 - Struts’ parasitic torque in this latter configuration, both a limitation on the

centrifugal stress on the blades and variable struts dimenssns, function of the
rotational speed of each model, were included. Moreover, titamstorque of the struts
was taken into account.

In order to give a correct estimation of the structural lpadshis study a manufacturing
technology based on extruded aluminium blades with a hollowed sect®rcavsidered,
utilizing real data on both the maximum centrifugal stress and oméxémum mechanical
stress on the struts available from previous design expesiehtiee authors [33].

In further detail, in Case 2 the cut-out speed of the turbine iadatad in each case-study

based on the hypothesis that the maximum centrifugal strdss atiddle of the blade (where

10
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the maximum displacement is located) would not exceed a fixed §tresof the blade itself
(Eq. 6).

R, _ ma’R
Am_b Am_b

Cp = < Gim_b (6)

where A p IS @ conventional resistance area which takes into accountrtivtust of the
stiffeners inside the airfoil arig, is the centrifugal stress of the blade of magdn particular,
all the airfoils were reproduced with a hollowed section havimgrestant skin thickness (3
mm) and three, equally spaced, rectangular stiffeners perpéardio the chord of variable
thickness. The trailing edge was considered as solid witbtadidlius increasing proportionally
to the chord of the blade (Figure 3). Based on the charactemdtan aluminium alloy tested
by the authors in a previous industrial experience [33,37], a dineis of 90 N/mnf was here
considered.

In addition, in Case 3 even the dimensions of the struts (attleastor each blade) are
variable from one configuration to another in order to satlsdystress limit of the blades due

to the centrifugal force (Eq. 7 with the same notationgpf@}.

_ Fy _ 1 ma’R_
- - —Cim (7)
As_sr Ngr As_sr st

Csr

It is worth pointing out that the load case considered in Eq. % take account only the
tensile stresses generated by the centripetal accelerative obtor. In authors’ experience
(see [33,37]), this load condition is quite realistic for $si@ke rotors (i.e. with a swept area up
to 4.0 nf), whereas bending forces become significant in larger retitishigh @ ratios. In
this work, the bending stresses were neglected but a more tacclescription of their
influence will be carried out in future works.

A correct evaluation of the strut's dimensions is particulemnigortant in small rotors due to

the fact that a fast-rotating turbine often needs thick suppottimig $0 balance the centrifugal

11
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stresses [24]. Similar struts, however, are charactebiyea notable parasitic torque generation
which causes a remarkable detriment of the overall pedioceof the machine.

In particular, in this study a constant shape of the struts cwasidered. In case of
symmetrical airfoils, the same profiles were used. Orother hand, when the NACA4415 is
used, the struts are supposed to be realized with the NACAOQD® {fgaratio but straight
camber). By these choices, a constant virtual drag coeiffi{2€] during the revolution was
considered, whereas the dimensions of the struts were varigase 3 until the minimum ones
which satisfied Eq. 7 were found. In detail, the chord of thess{artd consequently also the
thickness, being thic ratio fixed) was calculated on the basis of the resistaat @&fined by
Eq.7. When the calculated struts dimensions exceeded the chtbedléde, the struts number
was increased by one for each blade and the new dimensions of lea@ntewere re-
calculated on the basis of the same procedure, in all theigateskt configuration, a maximum
struts’ number of three was constantly observed. Finally, tleetefbf “bluff-section” struts
was investigated, in order to stress more evidently the inffuehthe parasitic phenomena: the
struts were assumed to have a constant virtual drag of 0.3 #mickaess varying with the

same procedure described for the airfoil-shaped solutions.

4. Simulations and data reduction

The performance simulations of the machines were carriedituthe VARDAR code of the
Department of Industrial Engineering of the University of Florefite. code makes use of the
Blade Element Momentum (BEM) Theory, by which the rotor perfooeais calculated
coupling the momentum equation in the mainstream direction of thel whd a one-
dimensional aerodynamic analysis of the interactions betweeairfiods in motion and the
oncoming flow on the rotor [20,33,38-39] by means of pre-calculateatgpdEven if more
advanced simulations techniques (including computational fluid dgsamre today available
for the simulation of VAWTs (e.g. [39-41]), BEM approaches sii# the most widely

exploited tools for the preliminary design of these rotorshag provide sufficiently reliable
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results in terms of global performance (whereas a poor descryggtithre instantaneous flow
field around the rotor is achieved) coupled with a notably edleomputational cost.

In particular, the VARDAR code has been specifically dmyed for H-Darrieus wind
turbines using an improved version obauble Multiple Sreamtubes Approach with Variable
Interference Factors [17,28,42] (Figure 4a). In this approach, the elementary tdimueach

azimuthal position is therefore given by Eq. 8:
1
Thace(@) =R [R= EPCWﬂZCt(ﬂ) RH (8)

whereC; andW represent the tangential coefficient of the airfoil inrdference system of the
rotating blade (Figure 4b) and the relative velocity of the foyerienced by the airfoil itself

in the upwind or downwind half, respectively, expressed by £6.and 11:

C, =C, 8ina -C, [tosa @)

W, =y[@-2a) W, Bing - A +[a-a) 1., cosg - B) + &R]? (10)

T S MR ) R I R an

As for the more general Eq. 5, the relative speed is giveahéogum of peripheral speed and
wind speed, properly reduced by the induction factor (either upwindvamvdad). The value
Ue In EqQ. 25 indeed represents the wind equilibrium velocity betvestwmator disks (see
Figure 4).

The Glauert’s correction for the BEM theory has been taken ictmuat with the most recent
improvements, together with the corrections due to bladete filaépect Ratio, using the
Lanchester-Prandtl model. This aspect is of particular retevan the present analysis, as it
allows the designer to account for the increasing tip-losses cianto blades with small
height to chord ratios.

In order to increase the accuracy of the aerodynamic estima#iospsecific sub model to

account for the dynamic stall has been provided, following the Pavagchiadaptation to the

13



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

DMS approach described in; at the same time, the streanexpla@sion along the flow path
was considered. For additional details on the code pleaseadtefs. [23,26,33,37,42-43].

The prediction capabilities of the VARDAR code have bedidated during a several-years’
experience in the design of three real H-Darrieus rotorsngaviept areas of 1, 2.5 and 5 m
respectively, and two or three blades, either straight loc-slgaped. The 1:1 models of all the
rotors (two made of reinforce plastic and one of painted aluminilloy) avere tested in
different wind tunnels (both with closed and open-jet). In alesashe code was able to
correctly predict both the power curves at different wind spaedghe starting ramps of rotor
and is then considered fully predictive for the turbine typology imyegstd in this study. For
further details on the code validation please refer to. R23s33,37,42].

In the present analysis, the code provided the power coefficiezdobf configuration at all
the wind speeds between the cut-in and the cut-out. The chastictgower coefficient of the
machines at each wind velocity was conservatively evaluatecorrespondence with the
calculated performance 0.2 points of TSR after the peak obpkeating curve. A similar
precaution is often applied in order to define a load curve aimgi@anting the turbine from
operating in the unstable part of the functioning curve [11,24]. Mereatvis worth noticing
that the cut-in speed in each case was set to the wind spe&difibr a positive power
coefficient is obtained. This is, in fact, a precautioressumption, because the self-starting of
an H-Darrieus rotor in real wind is often ensured for sevdeatirsg positions even if the
overall power coefficient over the revolution is negative [4R,45

In further detail, for each configuration in terms of swepadre. the discrete variable of the
problem) specific performance maps were created [26] sworeling to a given wind
distribution. Each map (e.g. see Figure 5) contains the oweéfialency of energy conversion
(nen) Of the specific rotor, defined as in Eq. 12 and 13.

cut—out

Y. Cp(u) WP T (u)
,7en — u=cut—in (12)

cut-out

> udlT(u)

u=cut—in
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T(u) = f(u)[8760 (13)

Upon examination of the equations, it is worth pointing out that the eregversion
efficiency was defined as the annual energy yield of the turbiee the year (i.e. the real
extracted power at each wind speed multiplied by the time fradtidrgurs, during which that
wind blowsT(u)) on the theoretical energy contained in the wind itself.

Based on its definition, this indicator differs from the sieal power coefficient and allows
one to simultaneously take into account both the efficiency diitne at all the wind speeds
expected over the year and the effects related to the startthgesistance capabilities of the
rotor (due to the variable cut-in and cut-out velocities consitjer

Finally, within each map, a numerical identification of thaximum was performed, with the
constraints of neglecting design solutions which imply Blade’s étdRatios higher than 35: in
case of excessive ratios between the height and the chertetiding resistance of such a
slender blade would be indeed very poor, making the selectetbsagitéctically unfeasible.

This procedure would finally lead to the definition of the georoatrieatures of the rotor
ensuring the largest energy harvesting over a year for thedatl load case, average wind
speed in the site and imposed swept area of the rotor.

The whole data reduction procedure is summarized in Figure 6, avhdenplete overview on

the results in terms of best design solutions can be fitfteidppendix Section.

5. Results

5.1 Energy Efficiency maps interpretation

A typical Energy Efficiency map has been presented in Figueegb for a swept area of 4.0
m?, NACA0018 airfoil, U=5 m/s in Case 2). A linear interpolation was performed betwlee
calculated points (see Table 1) in order to more preciseiypetihe contours.

It is readily noticeable that an optimum-design zone (white-edlon the figure) can be
typically distinguished in the bottom side. This zone represkatsdmbination of the and¢
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parameters which ensures the best compromise in terms of functReymplds numbers on
the airfoil (high peripheral speeds and chords) and efficiencyhefbtades (high Aspect
Ratios). Moreover, one can also notice that the efficieneym®st zero in the left side of the
map, where the very small chords remarkably reduce thgeliferation, and becomes lower
also in the right-bottom corner of the map, where the tutthénghts tend to zero.

As discussed, within each map a numerical identification ofmtiwe@mum was performed in
order to define the geometrical features of the rotor ensthientargest energy harvesting over

a year under the present design constraints.

5.2 Case 1 - Aerodynamics

From a general point of view, it is worth remembering that Qasenfiguration actually
refers to a hypothetical solution of a fully aerodynamic relatignbkeiween the geometrical
features of the rotor and the power performance. By doing soinfluence of the main
aerodynamic design parameters can be readily argued and therfumgctbehaviors of
machines having different areas can be directly compared

The main outcome of the analysis of Case 1 is that an opposéegidrewas found between
cambered and uncambered airfoils in this configuration.

As an example of uncambered airfoils, Figure 7 reports thatwaritrends which describe
the dependence of the optimal values of the most relevant gesigmeters from the average
wind speed for the NACA0015 airfoil.

Upon examination of Figure 7, some relevant markups can begyomade. In particular:

= The dimensionless parameters present the same trends even fidrentdiwept areas are

considered, although numerical values differ from one configuratmnanother,
confirming that scale effects must be taken into account.

= When the average wind speed in the site increases, theohdy slecreases constantly

and the Aspect Ratio rises significantly, whereas the Shaptor=® increases for
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medium-low average wind speeds and then becomes stable. Asralgemark, however,
the turbine tends to become slenderer by increasing the avarabspeed.

= Focusing on the dimensional parameters, the aforementioned s$rdyagically obtained

throughout a constant decrease of the blades’ chord with thegawsiad speed increase
(with a steeper trend for medium-low and a flatter trend with an increaséd. The
turbine diameter and height have instead an opposite trend, withesse and an increase
in the first part, respectively, followed by a constamdran the second part.

The main aerodynamic implication of these results is that, \iliermverage wind velocity
experienced by the turbine is low (left side of the plots),bimst design is that ensuring the
highest local Reynolds numbers on the blade by means of the geaimgtoportions. As a
consequence, the chord values are maximized (see Eq. dy atihd speeds and then the
solidity values are high (Eg. 3).

By increasing the average wind speed, the velocity tesngh the airfoils are altered thanks
to the increased relative velocities experienced by thdest the chords can be therefore
reduced without decreasing the functioning Reynolds numbers. For highwimehwelocities,
however, the chord length stops decreasing and more efficient (ladésgher Aspect Ratios,
AR=H/c [20-21,24]) are obtained by means of an increase of the turbigbt (black curves in
the graphs on the left). The optimal solidity constantly decseaih U.

Moreover, a well-defined dependence on theratio of the airfoil was observed. For
example, in Figures 7 and 8 the optimal trends of the sohditlthe blade’s Aspect Ratio for
the three uncambered airfoils are reported.

In detail, by decreasing thé& ratio of the selected airfoil (Figure 8), i.e. from NAGHLS8 to
NACAO0015 and NACA0012, the optimal solidity of the turbine is constamtiuced. This
phenomenon can be related to a decrease of the requested chord. Utlos $®lindeed
allowed by an increase of the target peripheral spedteabtor which, on one hand, ensure a

suitable Reynolds number on the airfoil (Eg.1) and, on the other Haadases the incidence
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angles range: thinner airfoils (e.g. the NACA0012), althoughenediicient for high relative
speeds, have indeed a lower stall angle and are generallysemsgive to incidence angle
variations. Contemporarily (Figure 9), the same reasons ingliagpposite behavior of the
blade’s Aspect RatioAR,), which is constantly higher in case of thinner airfoils @herter
chords are combined with an almost equal trend of optimal Is@¢ight

The optimal design trends in case of the cambered NACA44ftd aie notably different. In
particular, whenever this typology of profile is applied, th@leseffects due to the swept area
become negligible, as the high/Cp ratio of this airfoil [44] makes the dependence of the
aerodynamic performance from the chord very low. The Aspecio Ran then rise
significantly to pursue the higher blade’s efficiency. The optidesign proportions in Case 1
for the NACA4415 airfoil are reported in Figure 10. In this camgion, the optimal solidity

is low (see Eq. 3) and the ARery high mainly due to the very short chords.

5.3 Case 2 - Limited centrifugal load

The results obtained from the examination of Case 1 are usaful to comprehend the
aerodynamic trends connected to a variation of the wind vesa@tiperienced by the turbine;
structural constraints like the centrifugal load have, howegkyant impact on the best design
compromise of a machine [24,26].

To this purpose, next figures report some results of the investigan the study-cases in
Case 2, in which &;m » (EQ. 6) of 90 N/mrhwas considered [26,33]; for a wider overview of
the results, please see Appendix B.

First, it was noticed that, when the average wind velaciiee low (i.e. 3+4 m/s), the
structural constraints actually do not affect the definition ef ltkst design parameters; the
operating rotational speeds at these velocities are low amdghiing centrifugal loads do not
exceed the structural limits. In case of the NACA4415, the design is once again imposed

due to limitation on the blade’s Aspect Ratio.
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Once again, the two types of airfoils work differently.nétuncambered profiles are selected
and the medium-high wind speeds become more frequent, the redudtiensofidity with the
average wind speed noticed in Case 1 ceases (an almost coafiteanisweached — e.g. see
Figure 11), mainly due to the stop in the decrease dajtimal chord (Figure 12).

This trend can be explained by considering that, when the wind vedoaitehigh, the most
suitable compromise in terms of energy-yield capabilitiesesofrom a reduction of the peak
efficiency of the turbine (higher solidity) which, however, iraplia reduction of the operating
rotational regime [24,26]. This reduction makes the centriflagals decrease and allows the
turbine to extract energy from the wind with all the congdevind velocities.

In particular, after examining the Energy Efficiency maps (lmgthe NACA0018, swept
areaA=4 nt in Figure 13), it is readily noticeable that, for low ageravind speeds, the best
efficiency zone first migrates towards lower solidities higher® ratios. When the high wind
speeds become more frequent, however, a new zone of begreffiarises at highérand®
ratios.

On the other hand, in case the NACA4415 is adopted, the optasigindsolution highlighted
in Case 1 (small chords, very higiR, and high revolution speeds) is no longer feasible due to
the limitation to the centrifugal load.

As a result, the best solidity value is slightly increa®edanedium-high average wind speeds
(Figure 14); contemporarily, the chords and diameters remarkatyyase in order to achieve
a drastic reduction of the revolution speed (Figure 15). One shodddtd remember that
longer chords ensure more favorable Reynolds numbers on the aitfmutvincreasing the
relative speed (see Eg. 3), whereas higher diameters actitefypbyg improving the relative
speed (Eq. 4) or, conversely, ensure the same relateel syth lower revolution speeds.

Finally, it also worth noticing that this increase of the di@méir high average wind speeds

is avoided only for high swept areas (9.0 nf), where the limit on the centrifugal load is
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mitigated by the large diameters. In these conditionsABecan be also slightly increased,

with a partial recovery of the blades’ efficiency (see AppeBJi

5.4 Case 3 - Centrifugal load and struts’ parasitic torque

Focusing now on a real-type machine, a further constraint must lhedadcin the
identification of the best design trends: the parasitic tomfuthe struts is, in fact, a key
element in defining both the peak efficiency of the machine andntdioning behaviour at
different wind speeds. Due to the relevance of this load taseomplete comparison of the
optimal design configurations was reported in Appendix D.

The calculations showed that the general effect of the paresue is to slightly flatten the
trends of the design parameters as a function of the avenagespeed. The best design
solutions tend in fact to collapse in the configurations thatimize the contribution of the
parasitic components [26]. The general tendencies descrili&ection 4.3 are, however, still
of validity and will not be all again discussed. In particultue efficiency maps shape
discussed in Figure 13 was confirmed also under this load cage th&itonly discussed
restriction of the high-efficiency zone. Some interestergarks can however be made.

First, Figure 16 reports the comparison between the optimal sdfiglitgts in Case 2 and 3 for
NACA0012 and NACA0018 airfoils (swept are1.0 nf), as a function of the average wind
speed. As one may notice, no great difference stands betheeénd cases when the average
wind speed in the site is sufficiently high (i.e. higher than/§). Conversely, in case of low
average wind speeds, the optimal solidity in Case 3 is higherttiad obtained in case the
parasitic torque is neglected.

In order to give a correct interpretation of the results, visth remembering that the
parasitic torque generated by the rotating structures which doontibeite to the torque
generation (e.g. struts, tie-rods, etc.), has a quadrgtendence on the rotational speed of the
rotor (directly affecting the tangential velocity) and a legreend more complex dependence on

the wind velocity (see Refs. [33,36]).
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Based on these considerations, one can understand that, whemdhgpegds are low, the
impact of the parasitic torque on the effective energy-extractpability of the rotor is more
relevant: as a consequence, the optimal design tends to inttreas®idity, in order to achieve
a reduction of the revolution regime [24].

Focusing on the cambered airfoil, the situation is again quitereliff (see Figure 17). With
this airfoil selection, which is thought to provide a good torque pramluetven in low winds,
the best design solution is almost unaltered with#® m/s with respect to Case 2.

When the high wind speeds in the site become more frequent, howevélpw solidity”
solutions, which are associated with very high revolution speees)ot suitable anymore, as
the parasitic torque has become too high. The optimal solutions lemtethigher solidities
(i.e. slower revolution speeds), very similar to thosatifled for the uncambered airfoils.

Finally, in order to further stress the importance of theg torque of the struts, in Figure
18 a comparison between the optimal solidity for a turbine thithNACA0012 airfoil and a
swept area of 1 fris reported as a function of the strut’s shape. In detailnwine drag of the
struts increases, the solidity tends to notably increasbeiattempt of reducing the revolution
speed of the rotor. In the selected case, the more energgffsolution would be very solid
(even up to the limit ob = 0.6), which is, however, a practically unfeasible solutiona |
similar case, a compromise must be pursued in practicallgrdegi the rotor, including a
reduction of the effective energy-yield capabilities.

At the end of this study, one could then conclude that, from argyengewpoint, future
design of medium and small-size Darrieus rotors should be lmasdte maximization of the
energy yield on the basis of the characteristics of the potémgtallation site. In particular, for
given rotor's dimensions, a differently shaped turbine would be about fodierred as a
function of the average wind speed of the installation. For exanmplgure 19 the optimal
design choices for a turbine having a swept area df d@neh equipped with NACA0018 airfoils

are presented as a function of the average wind speed in téhelrsiparticular, the
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aforementioned trends in terms of increase of the H/iD eatd decrease of the chord length
are clearly distinguishable.

For the same family of turbines (presented trends are consistdntall the analyses
presented in this study), the annual energy yield of the optimiersris presented in Figure
20 as a function of the average wind speed in the site. In ordesviolg a sensitivity analysis
on the benefits of the proposed approach, in the same figure thgy emed increase with
respect to two others design choices is presented. In furtlaéisd8tudy Turbine A represents
a hypothetical turbine designed to have the maximum efficiency ds,6arhich could be, for
example, the average speed in the site [23]. Study TurbimstBad represents the turbine
optimized by means of the maximum-energy-yield criteriobi=8 m/s.

Some very interesting remarks can be done. First, it ithwmticing that a design approach
based on the maximum annual energy yield actually provides aagecof performance in all
cases. In particular, focusing on the 6 m/s bar, one can tiséitbenefits can be achieved also
in comparison to a design criterion based on the same avgpagd of the site.

Moreover, the proposed criterion is able to provide notable energwsec(ap to 10% in the
present case) when the wind speeds in the site are low, confith@ngrospects of specific

future design choices for these conditions.

6. Conclusions

In this study, a numerical analysis has been carried out to dfine design guidelines for
Darrieus wind turbines aimed at optimizing the annual energlg yif each machine in the
installation site. The main outcomes of the analysis canrmengarized as follows.

Focusing on the only aerodynamic requirements, an opposite behavioouvas detween
cambered and symmetric, uncambered airfoils. For uncamberedegrofihen the average
wind speed in the site increases, the best solidity decreasstntly, the Aspect Ratio rises
significantly, whereas the Shape Facfomcreases for medium-low average wind speeds and

then becomes stable. This trend is mainly due to theHagthy increasing the wind speed, the
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relative velocity is increased, and the Reynolds number isowedr The chords can be then
reduced, with notable benefits in terms of blade’s efficieAcyell-defined dependence on the
t/c ratio was also observed: by decreasingttheatio, the optimal solidity is constantly lower
whereas higher Aspect Ratios are preferable. When a caindefi@l is instead selected, the
scale effects due to the swept area becomes negligiblbe dsghC,/Cp ratio of this airfoll
makes the dependence of the aerodynamic performance from the wa@rgrdow, hence
allowing the Aspect Ratio to rise significantly to pursue thédridplade’s efficiency. With this
selection, the optimal solidity is consequently also very low

On the other hand, when structural constraints and notable parmmiicgbutions are
introduced, the best configurations when the average wind vekaite low are similar to that
coming from the aerodynamic analysis, although the optimal desigmajly tends to increase
the solidity, in order to ensure a better functioning conditiortheaairfoils (higher Reynolds
numbers, increased torque) and contemporarily achieve a reductioa mvolution regime,
which contains the parasitic torque. On the other hand, when edaim-high wind speeds
become more frequent, the most suitable compromise in terreaeofly-yield capabilities
generally comes from a reduction of the peak efficiency ofuti@ne which, however, ensures
a good energy extraction is a wider range of functioning conditionsase of uncambered
airfoils, in particular, this goal is obtained with a generatease of the optimal solidity, which
makes the revolution speed decrease and allows the turbinerdot estiergy from the wind
with all the considered wind velocities. As a general remhdwever, by increasing the
parasitic contributions, the transition of the best design compeamisigher solidity solutions
is anticipated, due to the stronger dependence of the perfogroarthe rotational speed.

At the end of this work, it has to be noticed that the preaealysis was carried out under
specific assumptions in terms of dimensions, airfoil types] kystem and struts’ shape; on
these bases, the reader has to consider that differdotrpance maps could come from a new

set of theoretical assumptions, although some general trendseduth the work (e.g. the
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influence of the turbine proportions on the Reynolds numbers and thematatpeed) are of
general validity.

The proposed design criterion, however, besides being theoreticatly rigorous from a
truly energetic point-of-view than a conventional one based on a sefgience wind speed,
has shown interesting prospects in terms of energy production imgrovinparticular,
different models could be designed for specific wind distributions deroto optimize the
energy vield also at low wind speeds, which are very frequeseveral countries and in

unconventional installation sites, e.g. the urban environment.

Nomenclature

A Swept Area [
a Induction Factor

AR Aspect Ratio

c Blade Chord [m]
Co Drag Coefficient

C. Lift Coefficient

C Tangential Force Coefficient

Cp Power Coefficient

D Turbine Diameter [m]
Fn Normal Force on the Blade [N]
Fsr Force due to Centrifugal Loads [N]
F Tangential Force on the Blade [N]
f Frequency

H Turbine Height [m]
m Mass [ka]
N Blades/Struts Number

P Power [W]
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616

617

618
619

620

621

622

623

624

625

626
627

628

629

630

631

R Turbine Radius [m]

Re. Chord-based Reynolds Number

T Annual Time of each Wind Class  [h]

t Airfoil Thickness [m]
TSR Tip-Speed Ratio

u wind Class [m/s]
U, Absolute Wind Speed [m/s]
U Average Wind Speed [m/s]
W Relative Wind Speed [m/s]

Superscripts

* Per Unit Area

Vectorial Quantity

Subscripts

air Air

b Blade

en Energy

eq Equilibrium (between upwind and downwind)
res Resistant Component

ST Struts

Greek letters

0 Turbine Shape Factor

o Incidence Angle on the Airfoils [deg]
S Pitch Angle [deq]
Nen Energy-conversion Efficiency
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v Kinematic Viscosity [fis]

& Chord/Diameter Ratio

p) Air Density [kg/m]

o Solidity

¢ Structural Stress [N/fh

1) Rotational Speed [rad/s]
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Table(s)

Parameter Range/value
®=H/D 0.25-0.50-0.75-1.00 - 1.50 - 2.00 - 2.50 - 3.00 - 3.50 - 4.00
é=c/D 0.005 - 0.015 - 0.025 - 0.050 - 0.075 - 0.100 - 0.125- 0.150 - 0.175 - 0.200
A 1.0-4.0-9.0 [m?]
Airfoils NACAO0012- NACA0015-NACA0018-NACA4415
U 3-4-5-6-7-8[mis]
Boundary conditions Aerodynamics only / Centrifugal load / Struts’ parasitic torque




Appendix A
Click here to download high resolution image

1o o 10 0s 0 — 1§ 16 )
0F - 04 ox o
. =20 4 s 10 w4 q
0% 3 o + 03 o6 . o
:Oi ‘,.--3—0 rs % - “'0‘9-0—0 o'v;: — e z E * :'°‘e-o..° 1

- . v
l"{-‘-*\ 20 by o :_/\_‘_: .- LITE nch b
-

2 A=l m 0"0‘0-“-, - 00 o2 3 - A=l m. w—#—u" o1
00— o 00 d— (L0} oo 0 oo 0o
L] 15 30 0s 10 15 e 03

oo, ®w-0.o_
08 o gy 04 0x Tes |04
- =3 }

06 ) " 1 o3 0] a2t 0 gt B 03

v -a’ =& S o o 59 G P oz M
rv

“ra s = ! g i okl et .,:\“h.‘_. - =, Shn [N

o2 ‘\.__._‘_.__‘ A= l ol 2 A=d ny ol

00 ) 00 00 a0 0 o0 00

e pl 60 03 10 =T 15 a0 os

" r:«;; ' LL T o oA

& & Wwy % « > 10 404 S
ol I T RN e and b il s | Wimey [
. . W o 4 | 1
2 5 2204 i 91 [ 02%1 04 1 & . Z30 S o
02 o—o—H\’_‘ r 01 02 o PG ol
A=9 m'

00 v o 00 v 0o 0o S e 3} 00 4—eo—eseco—pnpa—t OO
N €36 2 9 2) 4 567 %09 2 )4 58 VDY a9 &5 61 8 %
Avernge wind spind |mis| Averags wind spied A Average winel specd fmhy|

[ in 30 ¢ 0s 20 a0

i -
os » 04 1.5 regreogdyrmafiasd
! L .
o 2¢ Ao eme | 2 N o“iO'D L g I T
LY A z 8 Bog -0 -0 asel® e e <
‘,. & ilog G f 2 i = o C— O ~0— & - l ol

021 & A=l m' L4 ol ; lA“'I m-l b—o—-a—b—4—4 l

o0 0 0o oo 00 0 a0 00

10 15 Ao 0s 20 “ 3o o)

°"0\ L S et S ) 2

08 - O—-0-v-a | 04 1§ [ e . a2l g )

08 e S T ] 10 330 i1 & " 03 I?O 02
® . i = — P, o o %0 L s B O o &~ 1
Y . i e b-a L pav]® < = -

o M - 3 10 ¢ i a3 10 e AR st At e ol

: A=4 oy - A=4 m’

o0 (-] 00 00 00 0 0n o0

10 —_ TS 00 0s 0 © 00 03

T L.

os Safiy s a L 04 '8 4 6 & & o &

T 1 —a0 o » ; 40 L "] 02
:“- 'a ¢ - 5 o':::::ﬁ ’N!:w ] :I; £
: -~ -

041 « § 240 o3 2., Fo=sB-88 |

fiX "“*0--...._. m L 01 os A -

00 o 0n 00 | 00— ——t 0 00 + 00
234 856710 2 )4 356812 ? 34387809 23 436709
Average wind speod |mh) Averags whad spood jmh)| Average wind wpood [mh] Average wind wpeod o]

-0 e H -0 e 1|
INACAO0018] o HD oD INACA4415| “® HD oD
« AR &-C “ AR O |



http://ees.elsevier.com/ecm/download.aspx?id=423226&guid=5504d668-32a5-48d9-bd3c-0ff8036040bf&scheme=1

Appendix B
Click here to download high resolution image

12 A A1 05 12 1 15 30 08
- 04 L 04
0x - 10 0 ° ox 19 0
° [} S o-o-0-9" POI_I, | 1 }\ M3
5 z ,!, - = ) \
¥ - a & F02 v ._J:'-"‘_‘ - !‘.tf—’“ 02w
04 s =10 L 04 i ) 10
" o A o Ty /4—&-@0
SRme - A=l m ety ['M p Al !
00 [ 0.0 00 00 0 00 00
12 15 0 P c 0 12 13 0 0ns
~o v-a
X 04
0% - - 10 2 % 10 —AD
¢ 52 2 !‘o o‘i .0 EY B 2 3 =3 e
‘ I oy P = A % ey 4 & o B <07 ¢
s 4 2 s =104 By & 02V s g .'_.\: | ¢ i)ﬂ Y'Y 02w
- ol Lo, S | 0]
5 o 2 il A=d m [A=d v
(L1 0 o0 on 00 0 o0 0o
13 15 60 s 12 15 o0 os
.. - W s e -
0% - — - 10 =404 O oK 10 —40
v o i i s o-c-0® pos_|o POE Tanl SO £
v v iz e e B = i =z
04 1 s LT =71 os s 30
ol e . ul
A=9 ' A=9 my|
0o v v 0 00 ——— 00 00 0 0o
3 & 50 1 ¥ % 2 ) 4 %2 ¢ 7 kD 2 ) 4 5 ¢ 7 8 >y P
Averspe wind speod jmh) Averags whad spoed [mh)] Average wind spied [mn]
12 15 ie 0s &0 » 30
0% 0 20 % 40 g - 20 N
- ¢ TN gle L g X &
d < : Lae 7 n ol P01 b ; e : o0 | 4.0
YR B oo oo BN O 1o 04 ¢ 0 ; of o 2 Py
f : . s ' -
p a—bop—g A=l m ol \& @ ) -0 ol
00 0 o0 on 00 A= T 0 10 0o
12 is io - s 23 0 30 0s
0.
VB g0 |04 W 4n o |04
.. » e
0% 10 izo Ly s ” . 0 pe- 4
. -
M i [y 18’ 5 = PO o = 1 M Y »3 = oo
‘Od 5. s 20 3 03¢ ‘10 s 0 o [ 23"
: * A g . &
T 0 04 }‘ 'q o o 0l
A=4 m’ R T A=d a-a
00 0 00 0o a0 0 w0 00
12 ‘ 5} L] 0s 2 i o a0 (1K)
/ B ne | 204 o -,"'\ 04
0s o 10 40 ool 1N ~ 40
Lo oo 03 14 i 03
: LV faael s E » a>€ i 3 ‘\ 0% g [
o4l ® P =P Poavy 1o - | 10| 00ngy 02w
._NV . R 0% 4 2 " 350 - ol
A=9 m’| | ) 2 U 3 | [A=0 my’

00 4—v—y—v—v—v———t ¢ 00 - 00 | 0o & x vt 0 1Y SIS Y
33 8. 5.6 %89 2 ) 4 % & 7 ¢ 09 3 PR 804 389 2:3-4-8..6:3.'8-9
Aversge wind sperd jmh) Average wind specd jmy)| Average wind speod [mh) Average wind wpeed [}

0 1| -0 ~o= I
(NACA0018| * HD oD INACA4415] - HD oD
AR a-¢ & AR -~

—



http://ees.elsevier.com/ecm/download.aspx?id=423227&guid=76d94443-0a3f-44b2-b159-4e0d34c69dd2&scheme=1

Appendix C
Click here to download high resolution image

y 10 i os ox 10 Ao
ot
o0& .
I:o A0 03 ﬁ._é::_‘,‘—‘ .'20
o~ =le - a
5% c il 02% ¢ o4 13 o "‘%?'.-.-o-o
02 - 104 LESVOR o e G e e | =10
' O ot tO1 ] 21 ¢ o 2k B G A ¢
A*1 m A=l v
0o o 00 on o0 0 un
06 15 40 o0s ox 1" a0
/.\
- - - a 0e o
04 b i 00w g 0= 0~ < . - AT -0 < :-»-.,"'"r
o . “=le - 5
‘ VN z ::.o a. P R ML \‘-:\t s 5 szo s i
034 et | ¢ iy L g R
or | 221 ¢ ]
A=4m A=4 m
00 0 00 00 00 o noy
10 ’ » (3] s L] u 0
\
08 ”‘ N 04 | o ’*g\ A !
~-. o - &0 4 .
g 00 4 AR !4.0 i . ge0-© o_{ os T A, i » oo o0
v v Y * ey s oy & 3 £l & LN ()| 2 3.
04 4 ""'.10 = o2v1% oa Y _ i"0< MN
00 . 0 00 vy — v 0N (T e ) 0n —
2 ) 4 5 47 8 9 2 ) 4 567 % 2 2% 8¢ 7 89 2 ) 4 %5 &7 8% 09
Average wind speed Jas| Averags wind spoed fm's| Averagy wind spied () Avarage wind apeed [
- a -~ H
(INACA0012] e WD oD INACAO0015)
& AR &<
0% 10 10 04 50 40 i
A
a6 s o3 | °
\Wﬂ Ilo 8 a8 30 4 "‘\ ?20 1
Pos: &« = s = = > gup-o-0-0 f02E[%" \ - 10% = »
‘ s o - ‘:o al * - P Bt
02 _&— 0 O—p--¢ " ol R 10 ) /
’ PR A i i i s : ‘._.., =] m’ o o-¥
0o 0 L1 on (1] 0 00
10 s i0 0s 50 40 o0
0~ O
o
0% o i A S 04 a0
o 00 1 A=E=e i s 03y 20
¢ 1 o 3 = PRy e
ot N‘:‘-:*_‘ s =‘lo o3 d
= -
0o 0 00 00 0
1.2 13 a0 0s 0 40 Al T
-
":-‘ & 04 a0 .- LY
0s / 1 40 “":4&-‘\ S| e AN A0 “\'a ad _;
e | a2 CO 5 el =YL s
“ <1 .
04y 4 s Z30 il B 230
N\/H m ol 10 A -
R e ]
vo v 0 L , oo 0o o 00 v v
2 3 4 5 4 7 1 4 .38, 8¢ 2.3 2 3 4 56T 8 23 45 %-3-8..9
Aversge wind spord jms) Average wind spood | Average wiad wpecd |miv) Aversge wind wpoed [m)
- 0 o 1 .- e L
(INACA0018| * WD oD INACA4415| * HD oD
& AR a-¢ & AR  arc

os
04
03
i
02«

ol
00

08
04
04
02~
o
00
0.5
04
0)_|

0l1%

ol
00

Q2

& I

0l

09

03

02

« [t

ol

0e
03

02

« |t



http://ees.elsevier.com/ecm/download.aspx?id=423228&guid=3ec32f12-6d2b-47bf-95ef-07c9cbac355a&scheme=1

Appendix D

Optimal design configurations for Case 3

NACA 0012
A=1m°
U C/D H/D G AR H D c
3 0.155 0.45 0.47 2.9 0.671 1.491 0.231
4 0.135 0.50 0.41 3.7 0.707 1.414 0.191
5 0.090 0.35 0.27 3.9 0.592 1.690 0.152
6 0.095 0.35 0.29 3.7 0.592 1.690 0.161
7 0.090 0.25 0.27 2.8 0.500 2.000 0.180
8 0.095 0.25 0.29 2.6 0.500 2.000 0.190
A 2
U C/D H/D G AR H D c
3 0.090 0.50 0.27 5.6 1.414 2.828 0.255
4 0.070 0.50 0.21 7.1 1.414 2.828 0.198
5 0.065 0.55 0.20 8.5 1.483 2.697 0.175
6 0.065 0.50 0.20 7.7 1.414 2.828 0.184
7 0.070 0.50 0.21 7.1 1.414 2.828 0.198
8 0.075 0.45 0.23 6.0 1.342 2.981 0.224
A 2
U C/D H/D ¢ AR H D c
3 0.065 0.500 0.20 7.7 2.121 4.243 0.276
4 0.065 0.600 0.20 9.2 2.324 3.873 0.252
5 0.065 0.950 0.20 14.6 2.924 3.078 0.200
6 0.060 0.750 0.18 125 2.508 3.464 0.208
7 0.060 0.700 0.18 11.7 2.510 3.586 0.215
8 0.060 0.650 0.18 10.8 2.419 3.721 0.223




NACA 0015

A=1m?
U C/D H/D c AR H D c
3 0.170 0.45 0.51 2.6 0.671 1.491 0.253
4 0.155 0.50 0.47 3.2 0.707 1.414 0.219
5 0.155 0.60 0.47 3.9 0.775 1.291 0.200
6 0.160 0.60 0.48 3.8 0.775 1.291 0.207
7 0.170 0.60 0.51 3.5 0.775 1.291 0.219
8 0.170 0.55 0.51 3.2 0.742 1.348 0.229
A 2
U C/D H/D c AR H D c
3 0.110 0.50 0.33 4.5 1.414 2.828 0.311
4 0.095 0.55 0.29 5.8 1.483 2.697 0.256
5 0.090 0.60 0.27 6.7 1.549 2.582 0.232
6 0.065 0.45 0.20 6.9 1.342 2.981 0.194
7 0.065 0.45 0.20 6.9 1.342 2.981 0.194
8 0.065 0.40 0.20 6.2 1.265 3.162 0.206
A 2
U C/D H/D c AR H D c
3 0.095 0.60 0.29 6.3 2.324 3.873 0.368
4 0.080 0.65 0.24 8.1 2.419 3.721 0.298
5 0.070 0.70 0.21 10.0 2.510 3.586 0.251
6 0.065 0.85 0.20 13.1 2.766 3.254 0.212
7 0.065 0.80 0.20 12.3 2.683 3.354 0.218
8 0.065 0.70 0.20 10.8 2.510 3.586 0.233




NACA 0018

A=1m?
U C/D H/D c AR H D c
3 0.185 0.40 0.56 2.2 0.632 1.581 0.293
4 0.170 0.45 0.51 2.6 0.671 1.491 0.253
5 0.160 0.45 0.48 2.8 0.671 1.491 0.239
6 0.160 0.45 0.48 2.8 0.671 1.491 0.239
7 0.165 0.45 0.50 2.7 0.671 1.491 0.246
8 0.165 0.45 0.50 2.7 0.671 1.491 0.246
A 2
U C/D H/D c AR H D c
3 0.140 0.55 0.42 3.9 1.483 2.697 0.378
4 0.110 0.55 0.33 5.0 1.483 2.697 0.297
5 0.105 0.60 0.32 5.7 1.549 2.582 0.271
6 0.100 0.65 0.30 6.5 1.612 2.481 0.248
7 0.105 0.85 0.32 8.1 1.844 2.169 0.228
8 0.110 0.90 0.33 8.2 1.897 2.108 0.232
A 2
U C/D H/D c AR H D c
3 0.110 0.60 0.33 5.5 2.324 3.873 0.426
4 0.100 0.65 0.30 6.5 2.419 3.721 0.372
5 0.090 0.70 0.27 7.8 2.510 3.586 0.323
6 0.070 0.65 0.21 9.3 2.419 3.721 0.260
7 0.090 1.10 0.27 12.2 3.146 2.860 0.257
8 0.085 1.10 0.26 12.9 3.146 2.860 0.243




NACA 4415

A=1m?
U C/D H/D c AR H D c
3 0.060 3.35 0.18 345 1.830 0.546 0.053
4 0.170 4.00 0.51 23.5 2.000 0.500 0.085
5 0.180 2.70 0.54 15.0 1.643 0.609 0.110
6 0.105 0.60 0.32 5.7 0.775 1.291 0.136
7 0.105 0.60 0.32 5.7 0.775 1.291 0.136
8 0.125 0.55 0.38 4.4 0.742 1.348 0.169
A 2
U C/D H/D c AR H D c
3 0.175 4.00 0.53 22.9 4.000 1.000 0.175
4 0.175 4.00 0.53 22.9 4.000 1.000 0.175
5 0.110 2.51 0.33 25.9 2.976 1.185 0.130
6 0.065 1.00 0.20 15.4 2.000 2.000 0.130
7 0.070 0.80 0.21 11.4 1.789 2.236 0.157
8 0.075 0.75 0.23 10.0 1.732 2.309 0.173
A 2
U C/D H/D c AR H D c
3 0.175 4.00 0.53 22.9 6.000 1.500 0.263
4 0.175 4.00 0.53 22.9 6.000 1.500 0.263
5 0.175 4.00 0.53 22.9 6.000 1.500 0.263
6 0.145 4.00 0.44 27.6 6.000 1.500 0.218
7 0.155 3.00 0.47 19.4 5.196 1.732 0.268
8 0.160 2.95 0.48 18.4 5.153 1.747 0.279
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Captions

Figure 1 — Analyzed wind distributions coupled with the wind turbine functioning ranges.
Figure 2 — Schematic view of the architecture of the analyzed H-Darrieus turbines.
Figure 3 — Hypothesized manufacturing solution for the investigated airfoils (e.g. NACA0018).

Figure 4 - VARDAR code conventions. (a) Double Multiple Streamtubes approach; (b) Angle and
forces conventions.

Figure 5 — Example of a calculated Energy Efficiency map: A=4, NACA0018, U=5 m/s in Case 2.

Figure 6 - Procedure for the identification of the more energy-efficient rotor at each average wind
speed.

Figure 7 — Trends of the most relevant design parameters (dimensional and dimensionless) for the
solution with the maximum annual energy efficiency for different average wind speeds (NACA0015
airfoil in Case 1).

Figure 8 — Optimal design solidity for uncambered airfoils as a function of the average wind speed in
Case 1.

Figure 9 — Optimal design AR, for uncambered airfoils as a function of the average wind speed in Case
1.

Figure 10 — Optimum trends of the dimensionless design parameters of the turbine for the NACA4415
airfoil in Case 1.

Figure 11 — Optimal solidity for the NACAO0015 airfoil as a function of the average wind speed and the
swept area in Case 2.

Figure 12 — Optimal chord length for the NACAOQ015 airfoil as a function of the average wind speed
and the swept area in Case 2.

Figure 13 - Migration of the maximum efficiency point as a function of the average wind speed for
NACAO0018, A=4 m*in Case 2.

Figure 14 - Optimal trends for the dimensionless parameters: NACA4415, A=4 m? in Case 2.
Figure 15 - Optimal trends for the dimensional parameters: NACA4415, A=4 m® in Case 2.

Figure 16 — Comparison between the optimal solidity trends in Case 2 and 3 for NACAQ0012 and
NACAO0018, A=1 m?, as a function of the average wind speed.

Figure 17 — Comparison between the optimal solidity trends in Case 2 and 3 for NACA4415, A=9 m?,
as a function of the average wind speed.

Figure 18 — Effects of the parasitic torque of the struts on the optimal solidity trends: NACA0012, A=1
2
m-.

Figure 19 — Turbine design based on the maximization of the annual energy yield. Best design
solutions as a function of the average wind speed in the site for a rotor with a swept area of 4 m? and
equipped with NACAO0018 airfoils.

Figure 20 — Energy vyields of the optimized turbines as a function of the average wind speed in the site
(A=4 m* - NACAO0018 airfoil).
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The wind distributions were combined with the predicted performameges of the rotors
obtained with a specifically developed numerical code based oade Element Momentum
(BEM) approach. The influence on turbine performance of théncspeed was accounted for,
as well as the limitations due to structural loads (i@ximum rotational speed and maximum
wind velocity). The analysis, carried out in terms of digienless parameters, highlighted the
aerodynamic configurations able to ensure the largest annualyeyietd for each wind

distribution and set of aerodynamic constraints.

Keywords

Darrieus, VAWT, wind turbine, design, energy yield, aerodynamic

1. Introduction

In 2011, the wind energy market grew by 6% compared to 2010, ddspiszdnomic and
political turmoil in Europe and North America, with a newigtalled power of 40.5 GW [1].

The great bulk of installed wind energy plant is today in thenfof large wind farms [2]
which mainly comprehend large Horizontal Axis Wind Turbines (HAWe&slling into power
supply grids: turbines are becoming more and more efficient araleagp tendency is clearly
distinguishable. Moreover, technological improvements in design Hicici® maintenance
have considerably reduced their operating cost and consequently aetisclews diffusion
frontiers like the offshore applications [3-4]. Whereasédtiastallations are a valuable addition
to the grid capacity, they actually do not benefit people whonateserved by grids. As a
consequence, much interest is being paid to understand where wind suwameffectively
represent an alternative for delocalized power production [5-8hdBzically, however, there
has been very little research and commercial development setloed part of the century on
small stand-alone systems, although great improvements inatie &krodynamic design have

been made. In recent times, a reversal of this trenddw@sfortunately experienced.
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Increasing interest is especially being paid by architgmtsject developers and local
governments to understand where small wind turbines can eftgdbeeexploited to provide
delocalized power in the built environment (e.g. see Refs. [)-IBg real feasibility of this
scenario has, however, yet to be proved, both in terms of reafjyemarvesting and of
compatibility of the machines with a populated area [9-10,13].

In particular, Vertical-Axis Wind Turbines (VAWTS), both drfigt-16] and lift-driven [17-
20], are gaining popularity in the wind energy scenario, espedmltyedium and small-size
installations, where they can work effectively even in presasi low-speed and unstructured
flows with low noise emissions and high reliability. Among osheH-Darrieus rotors are
increasingly appreciated in unconventional contexts as they aneasgumed to increase their
performance in case of an oncoming flow misaligned with respdbetaxis of the rotor [17-
19]. In order to promote the diffusion of this technology, on one hand, iradusainufacturers
are developing new and more appealing design solutions (e.g. [21eB5the other hand,
efforts are being devoted to reducing the initial cost of the mashiprimarily by means of
new materials) and to increasing the efficiency, in ordenake them competitive with respect
to more conventional Horizontal Axis Wind Turbines (HAWTS) [20].

Focusing on the commercial aspects, it is also worth pointing dualthast all the industrial
rotors are generally designed and optimized for a specific windl Jpee the speed which
ensures the highest energy production), but the rated power vahiek,axre often perceived
by the final customer as the most valuable indicator of thétyjeé the product, are declared
for their nominal wind velocity, i.e. the highest functioningesd, which provides the
maximum power production. Although the importance of accounting for enestgad of
power does not come as a surprise for the applied-energy tecisnithe implications of this
theoretical dichotomy are quite often not completely understoodebfynidl customer of small

and medium wind turbines.
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In detall, the actual operating conditions of a rotor over ageaindeed be very far from the
nominal one [9-10,26]. In particular, the available wind energybeaconcentrated at the lower
wind velocities of the yearly distribution in the installatiore sivhich can be often correctly
approximated by a Weibull function [27-30]; in addition, the spedd@tures of the final
environment (e.g. local accelerations, effects of obstadés) are very important in
determining the real characteristics of the flow whichatifely invests the rotor (e.g. [9-10]).
As a result, a turbine optimized only for a singular wind speettigrovide poor performance
during the largest part of its operating time, with a rentdekaeduction of the energy
produced and, consequently, of the suitability of the investfméht

Stated the above, a design approach based on the maximizationawintred energy-yield
(i.e. the sum of the energy contributions at all the wind spexguirienced over the year) was

thought to represent a more valuable solution.

2. Energy-yield-based design strategy

The main goal of this study was to define some effectiveyaegiidelines for Darrieus wind
turbines which would be able to ensure the maximum energy harvestingearly horizon as
a function of the attended wind distribution in the inatadh site.

With this goal in mind, 21600 test cases, i.e. permutations of afispgeometrical
configuration (300 cases), an airfoil (4 selections), a windilligion (6 cases) and a load
system (3 cases), were tested and analyzed by meanspetiéically developed numerical
code based on an advanced BEM method, in order to highlight the catifiggrwhich ensure

the largest annual energy vyield for each wind condition.

2.1 Wind distributions
As a first step of the analysis, six annual wind profiles vigqthesized. As discussed, the
most logical representation of the annual wind distribution must $edban the assumption of

a Weibull distribution [27-30]. In particular, in the present stadyonstant shape factor equal

4
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to 2.0 (Rayleigh distribution) was considered, whereas the $aeior was modified in each
case in order to ensure an average wind sgégith¢reasing by one from 3 to 8 m/s.

The choice of the Rayleigh distribution was based on literatuee[@d.0], which found that
this particular Weibull curve nicely approximates the wind distions of some medium-low
velocity sites in Europe. The presented method, however, isngrajevalidity and can be
applied to any Weibull distribution attended in the instialfasite.

In further detail, the wind profiles investigated in thisdst are shown in Figure 1, where the
cut-in and the cut-out limits are also displayed. In particulas worth pointing out that a
maximum cut-out velocity of 18 m/s was imposed for safetyoresaso all the tested rotors
[26], based on the industrial experience for these rotors. On libe lvdnd, the cut-in speed
was specifically calculated for each rotor on the basissobehavior at low wind speeds: as
shown by Figure 1, a variable cut-in speed between 2 and 3 m/seasured in the tested
rotors. In particular, it is worth pointing out that in the prestmtly the attention was focused
only on the Darrieus machines, evaluating their actual selirgy characteristics. Although
recent studies (e.g. [31-32]) showed indeed that the self-stadimdpe enhanced by coupling
these rotors with drag-driven devices, the matching of thetuvioones was not considered in

the scope of the present work and destined to further studies.

2.2 Main design parameters for Darrieus-type turbines
The proper set of rotor configurations to be analyzed was then definedto the large
number of variables involved in the aerodynamic design of DRerrietors [20,26], some
preliminary assumptions were needed to focus the analysisignificant family of turbines.
In particular, the following main choices were made:
= The H-Darrieus configuration with straight blades was sete(tee Figure 2). This turbine
shape is presently the most exploited and studied solution in iattgines design, due
to higher efficiency and lower manufacturing costs with respedriginal troposkien-

bladed rotors [20,24,33].



123 = A blades numbemM=3 was assumed. This turbine’s architecture guarantees a good
124 efficiency and a sufficiently flat torque profile during revadat without compromising
125 solidity [20,23-24].

126 = At least two supporting struts for each blade were applied (the mumaseincreased by
127 one strut for each blade whenever too high structural stressesaleulated) [21,26].

128 On these bases, the resulting performance maps must bd miltdo this typology of rotors
129 and future works will be devoted at extending the validity rarighe analyses.

130 Then, some significant design parameters to be investigatexl aiesen [26]. In order to
131 define a set of parameters able to provide a prompt descriptitie geometrical proportions
132  of the rotor, the attention was focused on:

133 = Theheight/diameter ratio (@=H/D);

134 = Thechord/diameter ratio ({=c/D);

135 = Theswept area of the rotor A);

136 = The airfoil type;

137 * The struts dimensions.

138 In order to understand the aerodynamic implications of these paranmterhas to focus on
139 the physical functioning of Darrieus rotors. In particular, i$ igenerally well understood that a
140 rotational axis perpendicular to the flow actually resuttsaiflow incidence continuously
141 variable during the revolution, the influence of the chord-baseghélds number on the

142  airfoils (Eq.1) is generally underestimated, especiallgmall and medium rotors.

143 Re, =" (1)
v

144 In further details, when small-sized rotors are designedR#ynolds number can be very low
145 (especially in case of low wind speeds), even lower thdnbing therefore very critical for a
146 correct airfoil functioning.

147 A suitableRe; on the blade can be achieved through different ways. Assuhmahdhe wind

148 speed cannot be altered (i.e. a specific wind speed igzadd| the most intuitive solution
6
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would consist in a direct increase of the chor(Eq. 1). This solution is definitely able to
accomplish the goal, but strict limitations to its use musntveduced. In particular, notably
longer chords produce both a reduction of the Aspect Ratio of the @ladthe ratio between

the blade length and the chord - Eq. 2) and an increase of the sofidig rotor (Eq. 3)

[21,24,26].
AR =D (2)
o= ©)

The first effect actually results in a detriment of biade efficiency [18,21], as the increase
of the rotor’s height to compensate cannot be always provided awépt area of the rotor is
generally a priori selected (Eq.4 for an H-Darrieus).

A=HID (4)

On the other hand, an increase of the solidity also produaghkietion of the peak efficiency
of the rotor [20,21,24], which once more cannot be simply compensateddbging the
diameter because this countermeasure would directly redupetipberal speed, thus leading
to an undesired reduction of the relative sp@éfhiven by the vector sum of the peripheral

speed and the wind speed reduced by the induction faeteee Eq.5):
W =aR+U(1-a) (5)

The second way to control the Reynolds number on the blade is thdatbdification of the
relative speed. Having assumed that the wind speedfixed, the only way to modify is
related to a variation of the peripheral speéd

Analogous to the previous analysis a double choice is given. Asasenf the turbine radius
would directly improve the Reynolds number: being A fixed, the tetbiheight would be
reduced (Eqg. 4) and then the Aspect Ratio of the blades (Eqdhdda less efficient blades.

On the other hand, increasing the revolution speed would improveldize speed, having,
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however, a notable impact on the incidence angles range arsdrdictural behavior of the
rotor.

Based on the above, the influence of the selected pararoateb readily highlighted.

= @ ratio - The @ ratio has a double effect in defining the features of thar.rérom an

aesthetic point-of-view, it can be considered as a “shaperfaaf the turbine, i.e. an
indicator of the visual proportions of the virtual cylinder sweptrduthe revolutionOn
the other hand, for a fixed swept area, dwalues are typical of a machine in which the
optimal flow conditions on the airfoil are obtained thanks to largendiers in order to
increase the peripheral speed. In this configuration, theitsetaangles on the airfoils are
improved but the blades are generally short, with more reldesses due to end-effects.
Conversely, highd values can be related to machines in which the efficiendyeoblade

(high blade Aspect Ratios - Eq. 2) is preferred.

& ratio - The ¢/D ratio is a direct indicator of the solidig) ©f the rotor (Eg. 3). High
values of¢ generally indicate that the chord length is increased toowepthe Reynolds
number, whereas lod values can be related to rotors in which the relative wind siseed

increased by means of an increase of the relative wimedspn the airfoil (Eg. 5).

Swept Area (A) - As one can argue from the previous discussion, the swept fatea o
turbine (Eq. 4 - valid for an H-Darrieus rotor) is unfortunaglgimensional parameter
which cannot be bypassed in the analysis of small rotors. Irtydarti larger swept areas
ensure less demanding limits of the turbine’s radius, ensurihghygeripheral speed and,
therefore, fewer problems in ensuring a good Reynolds number on the. éoleover,

being the optimal solidity ranges generally constant [20-21d, minimum requested

chords are generally smaller, resulting in higher Aspedbfand more efficient blades.

Design variables - The airfoil type is very important in defining the performanceaof
Darrieus turbine; as a result, the dimensionless analysis dresit@lesign trends must be

individually carried out for each specific airfoil family [B@-35]. Finally, the struts’
8
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shape and dimensions must be carefully taken into account as thegulsstantially
modify the power output of an H-Darrieus rotor (see Refs. [233236]) due to the
parasitic torque that is produced during the revolution. To this purffes@npact of the
struts was also included in this study by assuming a variatitireir dimensions, and even

number, as a function of the structural stresses on the blades.

3. Test plan and design parameters

The test plan of the investigated configurations is sunm®ain Table 1.

The limits of thel and® parameters were defined on the basis of a survey of ¢haitel
literature (e.qg. [5,20,24]). In particular, theange was limited to 0.200 as higher values would
lead to solidities higher than 0.6. Design choices over thig #nme in fact considered to be
unsuitable for H-Darrieus rotors [20,24], due to the fact tiatturbine is deemed to become
similar to a solid obstacle for the wind and the interactiogtsveen upwind and downwind
blades becomes so strong to compromise the aerodynamics offthis. din addition, the
theory applied in the simulations could become less predictisinilar test-cases [20].

The choice of the aerodynamic airfoils was also based awratlire survey [5,20-21]. In
particular, four different airfoils were investigated irstknork, in order to highlight the impact
of their aerodynamic characteristics on the effective ggnbarvesting of the turbine. The
airfoils were selected among the 4-digit NACA family, whis quite a conventional solution
in Darrieus VAWTSs [5,20,34-35].

In detail, three uncambered airfoils with different thickness/chatibs (NACAO0012,
NACAO0015, NACAO0018) were compared to an asymmetrical and liglattybered airfoil
(NACA4415). The first group of airfoils is a widely exploitedwgadn in Darrieus turbines, as
it ensures a suitable resistance to the stall coupled with lfbaxlitputs at medium-range
Reynolds numbers. Moreover, a symmetric airfoil is able to geothe same lift contribution
either with positive or negative incidence [20,24]. On theratlaed, a cambered profile, like

the selected NACA4415, has been suggested in technical uieergd.g. see [5,21]) as an
9
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interesting design choice in order to ensure high peak valuds dbtque in low-velocity
cases, although some doubts on their effective application ate the different behaviour of
a non-symmetric airfoil in case of a positive or negaitnagdence [21].

Focusing on the boundary conditions in terms of loads applied to the tlutee, different
configurations were analyzed:

= CASE 1 - Aerodynamics only in this configuration, the contribution of the resistant

torque of the struts was not considered. By doing so, this confyuiattually refers to a

hypothetical solution of a fully aerodynamic relationship betweendbengtrical features

of the rotor and the power performance. Although not practicallyicagibé, the analysis

of these results allows one to define the aerodynamic trerdtisoadirectly compare the

functioning behavior of machines having different areas. Moretwyedefining the purely

aerodynamic requests, one can also directly identify thetefiieduced by the secondary
and parasitic effects due to auxiliary organs (e.g. thesyimad external loads.

= CASE 2 - Centrifugal load the contribution of the resistant torque of the struts waig aga

not considered but a limitation on the centrifugal stress actirthe blades was added as a
function of the rotational speed of each model.

= CASE 3 - Struts’ parasitic torque in this latter configuration, both a limitation on the

centrifugal stress on the blades and variable struts dimenssns, function of the
rotational speed of each model, were included. Moreover, titamstorque of the struts
was taken into account.

In order to give a correct estimation of the structural lpadshis study a manufacturing
technology based on extruded aluminium blades with a hollowed sect®rcavsidered,
utilizing real data on both the maximum centrifugal stress and oméxémum mechanical
stress on the struts available from previous design expesiehtiee authors [33].

In further detail, in Case 2 the cut-out speed of the turbine iadatad in each case-study

based on the hypothesis that the maximum centrifugal strdss atiddle of the blade (where
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the maximum displacement is located) would not exceed a fixed §tresof the blade itself
(Eq. 6).

R, _ ma’R
Am_b Am_b

Cp = < Gim_b (6)

where A p IS @ conventional resistance area which takes into accountrtivtust of the
stiffeners inside the airfoil arig, is the centrifugal stress of the blade of magdn particular,
all the airfoils were reproduced with a hollowed section havimgrestant skin thickness (3
mm) and three, equally spaced, rectangular stiffeners perpéardio the chord of variable
thickness. The trailing edge was considered as solid witbtadidlius increasing proportionally
to the chord of the blade (Figure 3). Based on the charactemdtan aluminium alloy tested
by the authors in a previous industrial experience [33,37], a dineis of 90 N/mnf was here
considered.

In addition, in Case 3 even the dimensions of the struts (attleastor each blade) are
variable from one configuration to another in order to satlsdystress limit of the blades due

to the centrifugal force (Eq. 7 with the same notationgpf@}.

_ Fy _ 1 ma’R_
- - —Cim (7)
As_sr Ngr As_sr st

Csr

It is worth pointing out that the load case considered in Eq. % take account only the
tensile stresses generated by the centripetal accelerative obtor. In authors’ experience
(see [33,37]), this load condition is quite realistic for $si@ke rotors (i.e. with a swept area up
to 4.0 nf), whereas bending forces become significant in larger retitishigh @ ratios. In
this work, the bending stresses were neglected but a more tacclescription of their
influence will be carried out in future works.

A correct evaluation of the strut's dimensions is particulemnigortant in small rotors due to

the fact that a fast-rotating turbine often needs thick suppottimig $0 balance the centrifugal
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stresses [24]. Similar struts, however, are charactebiyea notable parasitic torque generation
which causes a remarkable detriment of the overall pedioceof the machine.

In particular, in this study a constant shape of the struts cwasidered. In case of
symmetrical airfoils, the same profiles were used. Orother hand, when the NACA4415 is
used, the struts are supposed to be realized with the NACAOQD® {fgaratio but straight
camber). By these choices, a constant virtual drag coeiffi{2€] during the revolution was
considered, whereas the dimensions of the struts were varigase 3 until the minimum ones
which satisfied Eq. 7 were found. In detail, the chord of thess{artd consequently also the
thickness, being thic ratio fixed) was calculated on the basis of the resistaat @&fined by
Eq.7. When the calculated struts dimensions exceeded the chtbedléde, the struts number
was increased by one for each blade and the new dimensions of lea@ntewere re-
calculated on the basis of the same procedure, in all theigateskt configuration, a maximum
struts’ number of three was constantly observed. Finally, tleetefbf “bluff-section” struts
was investigated, in order to stress more evidently the inffuehthe parasitic phenomena: the
struts were assumed to have a constant virtual drag of 0.3 #mickaess varying with the

same procedure described for the airfoil-shaped solutions.

4. Simulations and data reduction

The performance simulations of the machines were carriedituthe VARDAR code of the
Department of Industrial Engineering of the University of Florefite. code makes use of the
Blade Element Momentum (BEM) Theory, by which the rotor perfooeais calculated
coupling the momentum equation in the mainstream direction of thel whd a one-
dimensional aerodynamic analysis of the interactions betweeairfiods in motion and the
oncoming flow on the rotor [20,33,38-39] by means of pre-calculateatgpdEven if more
advanced simulations techniques (including computational fluid dgsamre today available
for the simulation of VAWTs (e.g. [39-41]), BEM approaches sii# the most widely

exploited tools for the preliminary design of these rotorshag provide sufficiently reliable
12
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results in terms of global performance (whereas a poor descryggtithre instantaneous flow
field around the rotor is achieved) coupled with a notably edleomputational cost.

In particular, the VARDAR code has been specifically dmyed for H-Darrieus wind
turbines using an improved version obauble Multiple Sreamtubes Approach with Variable
Interference Factors [17,28,42] (Figure 4a). In this approach, the elementary tdimueach

azimuthal position is therefore given by Eq. 8:
1
Thace(@) =R [R= EPCWﬂZCt(ﬂ) RH (8)

whereC; andW represent the tangential coefficient of the airfoil inrdference system of the
rotating blade (Figure 4b) and the relative velocity of the foyerienced by the airfoil itself

in the upwind or downwind half, respectively, expressed by £6.and 11:

C, =C, 8ina -C, [tosa @)

W, =y[@-2a) W, Bing - A +[a-a) 1., cosg - B) + &R]? (10)

T S MR ) R I R an

As for the more general Eq. 5, the relative speed is giveahéogum of peripheral speed and
wind speed, properly reduced by the induction factor (either upwindvamvdad). The value
Ue In EqQ. 25 indeed represents the wind equilibrium velocity betvestwmator disks (see
Figure 4).

The Glauert’s correction for the BEM theory has been taken ictmuat with the most recent
improvements, together with the corrections due to bladete filaépect Ratio, using the
Lanchester-Prandtl model. This aspect is of particular retevan the present analysis, as it
allows the designer to account for the increasing tip-losses cianto blades with small
height to chord ratios.

In order to increase the accuracy of the aerodynamic estima#iospsecific sub model to

account for the dynamic stall has been provided, following the Pavagchiadaptation to the
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DMS approach described in; at the same time, the streanexpla@sion along the flow path
was considered. For additional details on the code pleaseadtefs. [23,26,33,37,42-43].

The prediction capabilities of the VARDAR code have bedidated during a several-years’
experience in the design of three real H-Darrieus rotorsngaviept areas of 1, 2.5 and 5 m
respectively, and two or three blades, either straight loc-slgaped. The 1:1 models of all the
rotors (two made of reinforce plastic and one of painted aluminilloy) avere tested in
different wind tunnels (both with closed and open-jet). In alesashe code was able to
correctly predict both the power curves at different wind spaedghe starting ramps of rotor
and is then considered fully predictive for the turbine typology imyegstd in this study. For
further details on the code validation please refer to. R23s33,37,42].

In the present analysis, the code provided the power coefficiezdobf configuration at all
the wind speeds between the cut-in and the cut-out. The chastictgower coefficient of the
machines at each wind velocity was conservatively evaluatecorrespondence with the
calculated performance 0.2 points of TSR after the peak obpkeating curve. A similar
precaution is often applied in order to define a load curve aimgi@anting the turbine from
operating in the unstable part of the functioning curve [11,24]. Mereatvis worth noticing
that the cut-in speed in each case was set to the wind spe&difibr a positive power
coefficient is obtained. This is, in fact, a precautioressumption, because the self-starting of
an H-Darrieus rotor in real wind is often ensured for sevdeatirsg positions even if the
overall power coefficient over the revolution is negative [4R,45

In further detail, for each configuration in terms of swepadre. the discrete variable of the
problem) specific performance maps were created [26] sworeling to a given wind
distribution. Each map (e.g. see Figure 5) contains the oweéfialency of energy conversion
(nen) Of the specific rotor, defined as in Eq. 12 and 13.

cut—out

Y. Cp(u) WP T (u)
,7en — u=cut—in (12)

cut-out

> udlT(u)

u=cut—in
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T(u) = f(u)[8760 (13)

Upon examination of the equations, it is worth pointing out that the eregversion
efficiency was defined as the annual energy yield of the turbiee the year (i.e. the real
extracted power at each wind speed multiplied by the time fradtidrgurs, during which that
wind blowsT(u)) on the theoretical energy contained in the wind itself.

Based on its definition, this indicator differs from the sieal power coefficient and allows
one to simultaneously take into account both the efficiency diitne at all the wind speeds
expected over the year and the effects related to the startthgesistance capabilities of the
rotor (due to the variable cut-in and cut-out velocities consitjer

Finally, within each map, a numerical identification of thaximum was performed, with the
constraints of neglecting design solutions which imply Blade’s étdRatios higher than 35: in
case of excessive ratios between the height and the chertetiding resistance of such a
slender blade would be indeed very poor, making the selectetbsagitéctically unfeasible.

This procedure would finally lead to the definition of the georoatrieatures of the rotor
ensuring the largest energy harvesting over a year for thedatl load case, average wind
speed in the site and imposed swept area of the rotor.

The whole data reduction procedure is summarized in Figure 6, avhdenplete overview on

the results in terms of best design solutions can be fitfteidppendix Section.

5. Results

5.1 Energy Efficiency maps interpretation

A typical Energy Efficiency map has been presented in Figueegb for a swept area of 4.0
m?, NACA0018 airfoil, U=5 m/s in Case 2). A linear interpolation was performed betwlee
calculated points (see Table 1) in order to more preciseiypetihe contours.

It is readily noticeable that an optimum-design zone (white-edlon the figure) can be
typically distinguished in the bottom side. This zone represkatsdmbination of the and¢
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parameters which ensures the best compromise in terms of functReymplds numbers on
the airfoil (high peripheral speeds and chords) and efficiencyhefbtades (high Aspect
Ratios). Moreover, one can also notice that the efficieneym®st zero in the left side of the
map, where the very small chords remarkably reduce thgeliferation, and becomes lower
also in the right-bottom corner of the map, where the tutthénghts tend to zero.

As discussed, within each map a numerical identification ofmtiwe@mum was performed in
order to define the geometrical features of the rotor ensthientargest energy harvesting over

a year under the present design constraints.

5.2 Case 1 - Aerodynamics

From a general point of view, it is worth remembering that Qasenfiguration actually
refers to a hypothetical solution of a fully aerodynamic relatignbkeiween the geometrical
features of the rotor and the power performance. By doing soinfluence of the main
aerodynamic design parameters can be readily argued and therfumgctbehaviors of
machines having different areas can be directly compared

The main outcome of the analysis of Case 1 is that an opposéegidrewas found between
cambered and uncambered airfoils in this configuration.

As an example of uncambered airfoils, Figure 7 reports thatwaritrends which describe
the dependence of the optimal values of the most relevant gesigmeters from the average
wind speed for the NACA0015 airfoil.

Upon examination of Figure 7, some relevant markups can begyomade. In particular:

= The dimensionless parameters present the same trends even fidrentdiwept areas are

considered, although numerical values differ from one configuratmnanother,
confirming that scale effects must be taken into account.

= When the average wind speed in the site increases, theohdy slecreases constantly

and the Aspect Ratio rises significantly, whereas the Shaptor=® increases for
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medium-low average wind speeds and then becomes stable. Asralgemark, however,
the turbine tends to become slenderer by increasing the avarabspeed.

= Focusing on the dimensional parameters, the aforementioned s$rdyagically obtained

throughout a constant decrease of the blades’ chord with thegawsiad speed increase
(with a steeper trend for medium-low and a flatter trend with an increaséd. The
turbine diameter and height have instead an opposite trend, withesse and an increase
in the first part, respectively, followed by a constamdran the second part.

The main aerodynamic implication of these results is that, \iliermverage wind velocity
experienced by the turbine is low (left side of the plots),bimst design is that ensuring the
highest local Reynolds numbers on the blade by means of the geaimgtoportions. As a
consequence, the chord values are maximized (see Eq. dy atihd speeds and then the
solidity values are high (Eg. 3).

By increasing the average wind speed, the velocity tesngh the airfoils are altered thanks
to the increased relative velocities experienced by thdest the chords can be therefore
reduced without decreasing the functioning Reynolds numbers. For highwimehwelocities,
however, the chord length stops decreasing and more efficient (ladésgher Aspect Ratios,
AR=H/c [20-21,24]) are obtained by means of an increase of the turbigbt (black curves in
the graphs on the left). The optimal solidity constantly decseaih U.

Moreover, a well-defined dependence on theratio of the airfoil was observed. For
example, in Figures 7 and 8 the optimal trends of the sohditlthe blade’s Aspect Ratio for
the three uncambered airfoils are reported.

In detail, by decreasing thé& ratio of the selected airfoil (Figure 8), i.e. from NAGHLS8 to
NACAO0015 and NACA0012, the optimal solidity of the turbine is constamtiuced. This
phenomenon can be related to a decrease of the requested chord. Utlos $®lindeed
allowed by an increase of the target peripheral spedteabtor which, on one hand, ensure a

suitable Reynolds number on the airfoil (Eg.1) and, on the other Haadases the incidence
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angles range: thinner airfoils (e.g. the NACA0012), althoughenediicient for high relative
speeds, have indeed a lower stall angle and are generallysemsgive to incidence angle
variations. Contemporarily (Figure 9), the same reasons ingliagpposite behavior of the
blade’s Aspect RatioAR,), which is constantly higher in case of thinner airfoils @herter
chords are combined with an almost equal trend of optimal Is@¢ight

The optimal design trends in case of the cambered NACA44ftd aie notably different. In
particular, whenever this typology of profile is applied, th@leseffects due to the swept area
become negligible, as the high/Cp ratio of this airfoil [44] makes the dependence of the
aerodynamic performance from the chord very low. The Aspecio Ran then rise
significantly to pursue the higher blade’s efficiency. The optidesign proportions in Case 1
for the NACA4415 airfoil are reported in Figure 10. In this camgion, the optimal solidity

is low (see Eq. 3) and the ARery high mainly due to the very short chords.

5.3 Case 2 - Limited centrifugal load

The results obtained from the examination of Case 1 are usaful to comprehend the
aerodynamic trends connected to a variation of the wind vesa@tiperienced by the turbine;
structural constraints like the centrifugal load have, howegkyant impact on the best design
compromise of a machine [24,26].

To this purpose, next figures report some results of the investigan the study-cases in
Case 2, in which &;m » (EQ. 6) of 90 N/mrhwas considered [26,33]; for a wider overview of
the results, please see Appendix B.

First, it was noticed that, when the average wind velaciiee low (i.e. 3+4 m/s), the
structural constraints actually do not affect the definition ef ltkst design parameters; the
operating rotational speeds at these velocities are low amdghiing centrifugal loads do not
exceed the structural limits. In case of the NACA4415, the design is once again imposed

due to limitation on the blade’s Aspect Ratio.
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Once again, the two types of airfoils work differently.nétuncambered profiles are selected
and the medium-high wind speeds become more frequent, the redudtiensofidity with the
average wind speed noticed in Case 1 ceases (an almost coafiteanisweached — e.g. see
Figure 11), mainly due to the stop in the decrease dajtimal chord (Figure 12).

This trend can be explained by considering that, when the wind vedoaitehigh, the most
suitable compromise in terms of energy-yield capabilitiesesofrom a reduction of the peak
efficiency of the turbine (higher solidity) which, however, iraplia reduction of the operating
rotational regime [24,26]. This reduction makes the centriflagals decrease and allows the
turbine to extract energy from the wind with all the congdevind velocities.

In particular, after examining the Energy Efficiency maps (lmgthe NACA0018, swept
areaA=4 nt in Figure 13), it is readily noticeable that, for low ageravind speeds, the best
efficiency zone first migrates towards lower solidities higher® ratios. When the high wind
speeds become more frequent, however, a new zone of begreffiarises at highérand®
ratios.

On the other hand, in case the NACA4415 is adopted, the optasigindsolution highlighted
in Case 1 (small chords, very higiR, and high revolution speeds) is no longer feasible due to
the limitation to the centrifugal load.

As a result, the best solidity value is slightly increa®edanedium-high average wind speeds
(Figure 14); contemporarily, the chords and diameters remarkatyyase in order to achieve
a drastic reduction of the revolution speed (Figure 15). One shodddtd remember that
longer chords ensure more favorable Reynolds numbers on the aitfmutvincreasing the
relative speed (see Eg. 3), whereas higher diameters actitefypbyg improving the relative
speed (Eq. 4) or, conversely, ensure the same relateel syth lower revolution speeds.

Finally, it also worth noticing that this increase of the di@méir high average wind speeds

is avoided only for high swept areas (9.0 nf), where the limit on the centrifugal load is
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mitigated by the large diameters. In these conditionsABecan be also slightly increased,

with a partial recovery of the blades’ efficiency (see AppeBJi

5.4 Case 3 - Centrifugal load and struts’ parasitic torque

Focusing now on a real-type machine, a further constraint must lhedadcin the
identification of the best design trends: the parasitic tomfuthe struts is, in fact, a key
element in defining both the peak efficiency of the machine andntdioning behaviour at
different wind speeds. Due to the relevance of this load taseomplete comparison of the
optimal design configurations was reported in Appendix D.

The calculations showed that the general effect of the paresue is to slightly flatten the
trends of the design parameters as a function of the avenagespeed. The best design
solutions tend in fact to collapse in the configurations thatimize the contribution of the
parasitic components [26]. The general tendencies descrili&ection 4.3 are, however, still
of validity and will not be all again discussed. In particultue efficiency maps shape
discussed in Figure 13 was confirmed also under this load cage th&itonly discussed
restriction of the high-efficiency zone. Some interestergarks can however be made.

First, Figure 16 reports the comparison between the optimal sdfiglitgts in Case 2 and 3 for
NACA0012 and NACA0018 airfoils (swept are1.0 nf), as a function of the average wind
speed. As one may notice, no great difference stands betheeénd cases when the average
wind speed in the site is sufficiently high (i.e. higher than/§). Conversely, in case of low
average wind speeds, the optimal solidity in Case 3 is higherttiad obtained in case the
parasitic torque is neglected.

In order to give a correct interpretation of the results, visth remembering that the
parasitic torque generated by the rotating structures which doontibeite to the torque
generation (e.g. struts, tie-rods, etc.), has a quadrgtendence on the rotational speed of the
rotor (directly affecting the tangential velocity) and a legreend more complex dependence on

the wind velocity (see Refs. [33,36]).
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Based on these considerations, one can understand that, whemdhgpegds are low, the
impact of the parasitic torque on the effective energy-extractpability of the rotor is more
relevant: as a consequence, the optimal design tends to inttreas®idity, in order to achieve
a reduction of the revolution regime [24].

Focusing on the cambered airfoil, the situation is again quitereliff (see Figure 17). With
this airfoil selection, which is thought to provide a good torque pramluetven in low winds,
the best design solution is almost unaltered with#® m/s with respect to Case 2.

When the high wind speeds in the site become more frequent, howevélpw solidity”
solutions, which are associated with very high revolution speees)ot suitable anymore, as
the parasitic torque has become too high. The optimal solutions lemtethigher solidities
(i.e. slower revolution speeds), very similar to thosatifled for the uncambered airfoils.

Finally, in order to further stress the importance of theg torque of the struts, in Figure
18 a comparison between the optimal solidity for a turbine thithNACA0012 airfoil and a
swept area of 1 fris reported as a function of the strut’s shape. In detailnwine drag of the
struts increases, the solidity tends to notably increasbeiattempt of reducing the revolution
speed of the rotor. In the selected case, the more energgffsolution would be very solid
(even up to the limit ob = 0.6), which is, however, a practically unfeasible solutiona |
similar case, a compromise must be pursued in practicallgrdegi the rotor, including a
reduction of the effective energy-yield capabilities.

At the end of this study, one could then conclude that, from argyemgewpoint, future
design of medium and small-size Darrieus rotors should be lmasdte maximization of the
energy yield on the basis of the characteristics of the potémgtallation site. In particular, for
given rotor's dimensions, a differently shaped turbine would be about fodierred as a
function of the average wind speed of the installatiar. example, in Figure 19 the optimal
design choices for a turbine having a swept area df d@neh equipped with NACA0018 airfoils

are presented as a function of the average wind speed in téhelrsiparticular, the
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aforementioned trends in terms of increase of the H/iD eatd decrease of the chord length
are clearly distinguishable.

For the same family of turbines (presented trends are consistdntall the analyses
presented in this study), the annual energy yield of the optimiers is presented in Figure
20 as a function of the average wind speed in the site. In ordesviolg a sensitivity analysis
on the benefits of the proposed approach, in the same figure thgy emed increase with
respect to two others design choices is presented. In furtlaéisd8tudy Turbine A represents
a hypothetical turbine designed to have the maximum efficiency ds,6arhich could be, for
example, the average speed in the site [23]. Study TurbimstBad represents the turbine
optimized by means of the maximum-energy-yield criteriobi=8 m/s.

Some very interesting remarks can be done. First, it ithwmticing that a design approach
based on the maximum annual energy yield actually provides aagecof performance in all
cases. In particular, focusing on the 6 m/s bar, one can tiséitbenefits can be achieved also
in comparison to a design criterion based on the same avgpagd of the site.

Moreover, the proposed criterion is able to provide notable energase up to 10% in the
present case) when the wind speeds in the site are low, confith@ngrospects of specific

future design choices for these conditions.

6. Conclusions

In this study, a numerical analysis has been carried out to dfine design guidelines for
Darrieus wind turbines aimed at optimizing the annual energlg yif each machine in the
installation site. The main outcomes of the analysis canrmengarized as follows.

Focusing on the only aerodynamic requirements, an opposite behavioouvas detween
cambered and symmetric, uncambered airfoils. For uncamberedcegrofihen the average
wind speed in the site increases, the best solidity decreasstntly, the Aspect Ratio rises
significantly, whereas the Shape Facfomcreases for medium-low average wind speeds and

then becomes stable. This trend is mainly due to theHagthy increasing the wind speed, the
22
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577

578

relative velocity is increased, and the Reynolds number isowedr The chords can be then
reduced, with notable benefits in terms of blade’s efficieAcyell-defined dependence on the
t/c ratio was also observed: by decreasingttheatio, the optimal solidity is constantly lower
whereas higher Aspect Ratios are preferable. When a caindiei@! is instead selected, the
scale effects due to the swept area becomes negligiblbe dsghC,/Cp ratio of this airfoll
makes the dependence of the aerodynamic performance from the wa@rgrdow, hence
allowing the Aspect Ratio to rise significantly to pursue thédridplade’s efficiency. With this
selection, the optimal solidity is consequently also very low

On the other hand, when structural constraints and notable parmmiicgbutions are
introduced, the best configurations when the average wind veoaite low are similar to that
coming from the aerodynamic analysis, although the optimal desigmajly tends to increase
the solidity, in order to ensure a better functioning conditiortheaairfoils (higher Reynolds
numbers, increased torque) and contemporarily achieve a reductioe mvolution regime,
which contains the parasitic torque. On the other hand, when edaim-high wind speeds
become more frequent, the most suitable compromise in terreaeofly-yield capabilities
generally comes from a reduction of the peak efficiency ofuti@ne which, however, ensures
a good energy extraction is a wider range of functioning conditionsase of uncambered
airfoils, in particular, this goal is obtained with a generatease of the optimal solidity, which
makes the revolution speed decrease and allows the turbinerdot estiergy from the wind
with all the considered wind velocities. As a general remhdwever, by increasing the
parasitic contributions, the transition of the best design compeamisigher solidity solutions
is anticipated, due to the stronger dependence of the perfogroarthe rotational speed.

At the end of this work, it has to be noticed that the preaealysis was carried out under
specific assumptions in terms of dimensions, airfoil types] Kystem and struts’ shape; on
these bases, the reader has to consider that differdotrpance maps could come from a new

set of theoretical assumptions, although some general trendseduth the work (e.g. the
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influence of the turbine proportions on the Reynolds numbers and thematatpeed) are of
general validity.

The proposed design criterion, however, besides being theoreticatly rigorous from a
truly energetic point-of-view than a conventional one based on a gieigirence wind speed,
has shown interesting prospects in terms of energy production imgrovinparticular,
different models could be designed for specific wind distributions deroto optimize the
energy vield also at low wind speeds, which are very frequeseveral countries and in

unconventional installation sites, e.g. the urban environment.

Nomenclature

A Swept Area [
a Induction Factor

AR Aspect Ratio

c Blade Chord [m]
Co Drag Coefficient

C. Lift Coefficient

C Tangential Force Coefficient

Cp Power Coefficient

D Turbine Diameter [m]
Fn Normal Force on the Blade [N]
Fsr Force due to Centrifugal Loads [N]
F Tangential Force on the Blade [N]
f Frequency

H Turbine Height [m]
m Mass [ka]
N Blades/Struts Number

P Power [W]
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623

624
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626
627

628

629

630

631

R Turbine Radius [m]

Re. Chord-based Reynolds Number

T Annual Time of each Wind Class  [h]

t Airfoil Thickness [m]
TSR Tip-Speed Ratio

u wind Class [m/s]
U, Absolute Wind Speed [m/s]
U Average Wind Speed [m/s]
W Relative Wind Speed [m/s]

Superscripts

* Per Unit Area

Vectorial Quantity

Subscripts

air Air

b Blade

en Energy

eq Equilibrium (between upwind and downwind)
res Resistant Component

ST Struts

Greek letters

0 Turbine Shape Factor

o Incidence Angle on the Airfoils [deg]
S Pitch Angle [deq]
Nen Energy-conversion Efficiency
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v Kinematic Viscosity [fis]

& Chord/Diameter Ratio

p) Air Density [kg/m]

o Solidity

¢ Structural Stress [N/fh

1) Rotational Speed [rad/s]
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