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Abstract. Vertical Axis Wind Turbines (VAWTSs) have received renewed research interest in the offshore environment due
to a number of design synergies that have the potential to decrease the cost of energy for offshore wind. Many studies have
been completed on the rotor design for straight bladed (H) rotors however there is sparse information on the effect of blade
inclination angle on VAWT aerodynamic performance, and the optimal blade design of VAWTs with inclined blades (V-rotors)
for maximum power capture.

This paper presents a systematic study into the effect of blade inclination angle, chord distribution, and blade length on
VAWT performance. In the case of fixed chord length blades, it is found that significant power gains are available through
blade inclination, between 10% and 68%, dependent on blade length. This is driven by the increase in rotor swept area. Further
investigation indicates Ih:u despite this, under maximum blade stress limitations the most economical solution for fixed chord
length blades are H-rotors.

Optimal chord distributions to maximise the rotor power coefficient are then obtained, and a natural blade taper is observed.
Significant power gains, between 10% and 69% dependent on blade length, arc observed through blade inclination. However,
consideration must be taken to limit blade mass. For a given power rating, whilst satisfying limitations on maximum blade root
bending stress, it is found that blade volume can be reduced between 9% and 42% dependent on blade length, and rotor torque
can be reduced between 3% and 9%. This indicates the potential of V-rotors to reduce the cost of energy compared to H-rotors

in traditional VAWT designs. Additionally, inclined blades are shown to increase the operational tip speed ratio, demonstrating

,
their applicability to turbines using secondary rotors, such as the X—Rotoi/tf/) ? /E, afe ¢ % /ﬂ ' M ?

1 Introduction
1.1 background

Renewable energics are key to combating the ongoing climate crisis, and offshore wind energy is a integral pillar of this
response (IRENA, 2022). It has be estimated that a three fold increase in the rate of deployment of wind energy is required
by 2030 to meet our climate goals (Lee and Zhao, 2021) and decreasing the cost of energy for offshore wind can significantly
increase the rate of offshore wind deployment. In this context Vertical axis wind turbines (VAWTs) have been identified as a

technology that has the potential to significantly reduce the cost of offshore wind energy due to a number of design synergies
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(Borg et al., 2012) ( ‘?Lllh;j’l"l."un | et al., 2012). Further to this, recent work has demonstrated that a number of mechanisms allow

for VAWT wakes (¢ r¢ LnLi"l\ 5 stunlﬁcantly faster than those of traditional horizontal axis wind turbines (HAWTS), facilitating

increased wind farm density (Huang, 2023) and further reductions in the cost of energy. This has lead to si gmﬁcant academic
and commercial interest in the design n concept (Hand and Cashman, 2020). ( ?/ 4)44 C—A C”‘KCE/V‘

VAWTs have many polential configurations, with any 2D shape with vertical symmetry representing a possible rotor con-
figuration. For large offshore structures, practical design considerations have led to a convergence on 2 key designs: Darrieus
VAWTSs, with curved blades attached at both the blade root and tip, and straight bladed VAWTs, typically configured with
blades orientated parallel to the axis of rotation in an H configuration. Straight bladed designs with inclined blades have also
been proposed (Ljungstrom et al., 1974; Musgrove, 1977; Sharpe and Taylor, 1983; Shires, 2013a; Leithead et al., 2019), these
rotors will be henceforth referred to as V-rotors.

The use of V-rotors was first introduced by Ljungstrom (Ljungstrom et al., 1974), initially referred to as "Y'’ rotors. It was
noted in this work that straight bladed VAWTs facilitated cyclic pitching more easily than Darrieus type. This rotor concept
was also briefly described by Park (Park, 1976). A variable geometry H-Rotor with inclinable blades was later proposed
by Musgrove (Musgrove, 1977), this used a reefing system to incline the blades as a means of reducing power capture at
high wind speeds. Wind tunnel tests on a scale model conducted by Willmer (Willmer, 1980) demonstrated that the power
coefficient decreased significantly as the blade inclination angle was increased from 0° to 60°. Figure 1a) shows the "Musgrove
250’ turbine with blades in the "reefed’ position.

David Sharpe further developed Ljungstrom’s rotor concept from 1983 onwards (Sharpe and Taylor, 1983). These designs
did not utilise a cross-arm, with the blades attached directly to the rotor hub. Listed benefits of the design included: The
reduction in capital costs due to the short rotor tower and the lack of cross-arm, the ease of manufacturing of straight (untwisted)
blades, the potential for control with either variable geometry or variable pitch, and the increased portion of the rotor swept
area sampling higher wind speeds at high altitudes. An initial study determined the power coefficient for inclinations angles of
35°,45° and 55° for an blade aspect ratio of 11.9, finding the maximum power coefficient occurring with a inclination angle of
55°. Additionally, increasing blade aspect ratio was found to increase the peak power coefficient for an inclination angle of 45°
(Sharpe and Taylor, 1983). The aerodynamic simulation work was completed using a BEM based double multiple streamtube
theory (DMS) approach described in (Sharpe, 1984). Further work was completed, validating the aerodynamic simulation work
and demonstrating how the rotor could be controlled using a tip-pitch system in (Robotham et al., 1985), and a 5kW system
was field tested in 1987 (Sharpe et al., 1987), this system is shown in figure 1b). Following these tests, a single bladed design
utilizing a counterbalancing weight was proposed (Shires, 2013a), this design is shown in figure 1¢). Following this period, the
development of V-Rotor concepts was predominantly undertaken by private engineering companies. Altechnica continued to
work on the concept through the *Taylor V-Turbine’ as shown in figure 1d).

The next significant academic work on V-rotors was undertaken in the NOVA project with in the design of the Aerogencrator-
X as shown in figure le) (Shires, 2013a). This work was conducted as partnership of a number of British academic institutions

in conjunction with Wind Power Itd. Here, a 1I0MW V-rotor was designed, the rotor blades were augmented with sails, aimed

g;'m)({ tounleracting the aerodynamic overturning moments inherent in V-VAWT designs, the rotor design work is presented in
{7/
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Figure 1. a) Musgrove 250 turbine (Price, 2006), b) 5SkW V-Rotor tested by Sharpe and Taylor (The Open University, 2015), ¢) Single bladed

V-VAWT concept (Shires, 2013a), d) Taylor V-Turbine (The Open University, 2015), e) The aerogenerator concept (Shires, 2013a), and f)
the X-Rotor wind turbine concept.
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(Shires, 2013a). A gradient based optimisation approach was coupled to a DMS based acrodynamic solver (Shires, 2013b) and
was used to find a rotor geometry that minimised the rotor volume (used as a proxy for the rotor cost) under a number of design
constraints including ensuring a rated power of 10MW at 13m/s with rated rotor speed of 4rpm, the limitation of the maximum
overturning moment and a constraint on the maximum length of unsupported sails and struts. The completed optimisation was
found to decrease the rotor volume by 3% whilst preserving the aerodynamic power and decreasing the overturning moment by
11%. For some of the optimisations presented, the inclination of the rotor blades was a free variable, however the optimisation
procedure did not significantly alter the initial inclination angle of 59°.

Following the completion of the NOVA project, the X-Rotor wind turbine concept began development at the university of
Strathclyde (Leithead et al., 2019) and further research is underway in the form on an EU H2020 project (Cordis, 2023). The
turbine consists of an X-shaped primary rotor, made up of an upper and lower V, which utilises secondary rotors, attached
to the tips of the lower V, for power take off. The use of inclined rotor blades is critical in the X-Rotor concept as a means
of increasing the primary rotor tip speed ratio, which is key to ensuring efficient power conversion between the primary and
secondary rotors Morgan et al. (2024). A rendering of the turbine concept is shown in figure 1€). The primary rotor blades are
attached to a central cross-arm with a radius of 25m and extend to a tip radius of 75m, with inclination angles of 30° and 130°
respectively. The lower blades reduce the overturning moment in a similar manner to the sails of the aerogenerator concept,
and provide an attachment location for the secondary rotors. The acrodynamic and structural design of the rotor is presented
in (Leithead et al., 2019), however the aerodynamic design process of the primary rotor was not presented. A DMS model
was developed and validated against higher fidelity lifting line frec vortex wake simulations to simulate the X-Rotor turbine
in (Morgan and Leithead, 2022) and comparison of multiple aerodynamic codes simulating the primary rotor is presented in
Giri Ajay et al. (2023).

Absent from the current work published on V-rotors, as represented in this literature review, is a systematic study on the effect
of key rotor design parameters, particularly the blade inclination angle, on aerodynamic performance. This hinders the design
of V-rotors at the conceptual stage. There is some sparse data on the effect on rotor inclination angle for specific blade/rotor

designs at the lab scale (Willmer, 1980; Sharpe and Taylor, 1983), however these show conflicting trends. Additionally, whilst

b

Additionally, the current literature on V-rotors does not explicitly describe the effect of rotor geomelry on power capture.

the effect of solidity and aspect ratio have been well studied for H-rotors, thus far these paramecters have not been significantly ;" -’// ) /D/QM(_
investigated for V-rotors. In the case of rotor solidity, this may be critically important as V-rotor blade sections operate at s (;’ :

: . . e . . SN e ; T EAAUgn
variable tip speed ratios, indicating that blades with a variable chord distribution are likely to increase aerodynamic efficiency. /\ g
—_— : {f;._-:'-‘?“.‘

r

Results are typically presented with respect to the rotor power coelficient Cp, however it is unclear whether the normalisation 7%,(4 4]

area is defined with the initial turbine area, or the rotor with inclined blades. A key benefit of the V-rotor concept is the increase ACCHn L/j / =

in swept area achievable by inclining a blade of fixed length, this must be explicitly accounted for when presenting results. f:";" (/" =

1.2 Research contribution ] P

-

This paper presents the results from a systematic numerical study of straight bladed VAWT configurations, completed (0™ '["{ 4

understand the effect of blade inclination angle, rotor aspect ratio, and blade chord length on rotor aerodynamic pé_rformance N
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and investigates optimal blade design for V-rotors. Firstly, fixed chord length blades are considered and the effect of chord
length, inclination angle, and rotor aspect ratio are investigated in terms of power production, thrust loading, and optimal tip
speed ratio. Following this, the data from these simulations are used to define plan-form blade designs that are optimised for
maximum power capture. The effect of blade inclination angle and design tip speed ratio on the optimal blade plan-form are
then discussed. Finally, the aerodynamic performance of these optimal blades is presented, and the opportunity for cost of
energy reduction is discussed.

A systematic approach based on a grid search, rather than an optimisation tool, is used as it allows the wider design space
to be studied and understood, allowing for broad trends to be identified, and engincering judgements to be applied without the
formulation of specific cost functions. The investigation will use a single aerofoil section (NACA0018) and will not consider
twisted or pitched rotor blades, as the introduction of these design variables would considerably increase the design space,
these limitations are discussed in section 2.3.

In conclusion this paper provides:

1. A systematic study into the effect of blade inclination angle and rotor aspect ratio on the optimal design and aerodynamic

performance of straight bladed VAWTs.
2. A study into the optimal chord distribution of inclined VAWT blades.

3. An evaluation of the potential for inclined blades to Jower blade volume and rotor torque.
1.3 Paper structure

Section 2 describes the methodology used for numerical simulation, rotor geometry generation and blade geometry generation.
Section 3 presents the key results from the numerical study, including the rotor performance parameters and optimum blade
design, and section 4 discusses these results. Finally section 5 provides an overview of the key research outcomes and discusses

avenues where work could be continued.

2 Methodology
2.1 Numerical Simulation

The numerical simulation of VAWTs is considerably more complex than that of HAWTSs, both at the rotor scale and at the blade
clement scale. At the rotor scale, the flow interacts with the rotor surface twice, initially in the upwind, then in the downwind
sweep. At the blade element scale, large cyclic variations in the angle of attack experienced along the blade which further
complicate numerical simulation. This work utilises a 2 Dimensional Actuator Cylinder (2DAC) approach for the numerical
simulation of the rotor acrodynamics.

The 2DAC model, first developed by Madsen (Madsen, 1988), discretises the rotor along it’s vertical axis into 2D rotor

segments. These circular rotor segments are treated as 2D actuator surfaces, and the induced velocity field is obtained through
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solving the Euler equations in two dimensions. The loading of the actuator surface is coupled to the integrated loads on the
blade element, which are calculated using tabulated polars. These are coupled back to the solution of the flow field as the blade
loads are dependent on the both the relative velocity and angle of attack at the blade element. The 2DAC model used in this
study was developed by TUDelft as part of the X-Rotor project (Ferreira, 2021), a linearised solution to the Euler equations
is employed, as presented in (Madsen et al., 2013), and a Prandt] tip loss function is applied (Prandtl et al., 1927). Due to the
large number of simulations required, simulations were completed with a course discretisation of 20 blade elements per rotor,
with an angular step of 5°.

The 2DAC model was selected as it is momentum based, and can therefore complete simulations in significantly less com-
putational time than higher fidelity approaches such as free vortex wake models and viscous computational fluid dynamics.
This was important due to the large number of simulations required for this parametric study. Whilst DMS methods are also
computationally light, it has been shown that 2DAC models morc accurately reproduce the results of higher fidelity models
over a range of rotor design parameters and operating conditions (Ferreira et al., 2014). Specifically 2DAC modelling has
recently been shown to accurately reproduce rotor averaged performance parameters for inclined rotors in the case where pitch
offsets remain small (Giri Ajay et al., 2023). There are, however, many ways in which this model does not directly refiect the

behaviour of an actual rotor installed in realistic environmental conditions. These limitations in the modelling methodology are

st ((G) Modeling < by owly ome A
1. Dynamic stall model,ing: The delay of flow separation around a blade section as the angle of attack exceeds the static stall
angle, and the corresponding increase in the lift coefficient beyond the maximum static value is referred to as dynamic
stall. This effect is present during VAWT operation (Laneville and Vittecoq, 1986), and has been shown to considerably
alter VAWT rotor performance (Marten et al., 2016; Bianchini et al., 2018). As the blade root of a V-VAWT.is operating
at a low local tip-speed ratio and often with a large chord to radius ratio, the flow conditions are ni‘mn(i'}ll - wi I_l }-1'1 1€ range

of validity that engineering based dynamic stalls models have been validated, i.e. at a local tip specflq_:'zﬁ:i:u bellow 1.

Dynamic stall corrections have therefore not been included in order to limit the uncertainty in model prediction, and to

provide transparency in the results.

2. Flow curvature mode}{ing: Flow curvature effects have been shown to be significant for VAWT aerodynamic behaviour
(Rainbird et al., 2015), however have been ignored in this investigation. This study is attempting to provide a general view
of the effect of rotor geometry, rather than provide a highly accurate solution to the aerodynamic behaviour of a rotor
with a specific geometry. A single aerofoil section (NACAO0018) represented by a single set of polars, uncorrected for
flow curvature, are used throughout this study. It could be considered that the geometrical blade sections have undergone
an inverse conformal mapping procedure as in (Rainbird et al., 2015), or that a twist distribution has been included that

accounts for the effective incidence angle as demonstrated in (Bianchini et al., 2016).

3. Mo:iu]jin;-_- of 3D effects: Due (o inclined rotor blades, induced velocities in the vertical direclion that impact the flow
condi(inn.-; at each blade section will be present. In addition to these, radial flows will also be present and are expected

to modify the blade element characteristics. Both of these effects are inherently ignored in the 2DAC model. However,
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quasi-2D models have successfully been used to study rotors with inclined blades (Shires, 2013b), and have been shown
to successfully reproduce the aerodynamic characteristics of 3D models for rotor with inclined blades (Morgan and
Leithead, 2022).

4. Inclusion of Wind shear: This study has ignored the effects of wind shear both on power capture and on rotor design in
order to preserve the generality of the results. Appendix A discusses this issue further. Any detailed rotor design process

should include the effects of wind shear.

5. Strut modelling: The aerodynamic drag arising from strutting has been shown to reduce rotor power performance for
VAWTs (Worstell, 1981), however in this study the rotor support structure has not been considered. There is a wide
range of strut configurations proposed for different V-rotor concepts, as shown in figure 1, and for this reason only the

aerodynamically active parts of the rotor have been considered in this analysis.

In order to to provide a realistic optimal aerodynamic design for an inclined rotor, each of these limitations must be addressed
in the modelling. However, this paper is not attempting to find a single optimum rotor design, but is providing a survey of the
design space in order to inform readers on the trends associated with increasing rotor inclination angle, and to demonstrate the

potential benefits in power production available to rotors with inclined blades.
2.2 Rotor geometry generation

In this paper, the rotor geometry refers to the shape of the rotor swept area, independent of the blade geometry. As the rotors
considered in this study are straight bladed, the rotor geometry can be defined by the inner radius rg, the blade length [, and the
inclination angle 1. For generality, the blade length can be non-dimensionalised by the inner radius, I, = {/7o; this is equal to
double the rotor aspect ratio for an H-rotor. For this study rotor geometries are generated with 1 <[, <4, and 0° <) <50°.
As mentioned in section 2.1, only the aerodynamically active sections of the rotor are considered here, and neither the tower
nor rotor struts are modelled. The variables [, 7 and 1) are labelled in figurc 2 for clarity. For a given rotor configuration, the

frontal area can be calculated with

A =15 [21, cos(v)) + 12 cos(vp) sin(y)] . M

2.3 Blade plan-form generation

The blade designs considered within this study are split into two categories, the first are fixed chord length blades, and the
second are blades with an optimised chord distribution. The chord length is presented as non-dimensionalised by the inner
radius of the rotor, and the chord lengths considered in this study ensure that the maximum solidity at the blade root does not
exceed 1, i.e.

o= &cos(w) <1. 2
7o
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Figure 2. Geometry of a V-rotor.

where N and c¢ represent the number of blades and chord ]englhg'rrespectively. For a two bladed rotor, the maximum non-
dimensional chord length ranges from__(_)._S_ _f_(_)_l:_ 1 = 0° up to 0.775 for ¢ = 50°. The full range of non-dimensionalised chord
lengths considered for this study is gi\-/en in tabhle 1. - -

In order to find the optimum chord distribution, the the 2D rotor segments arc assumed independent, an assumption inherent

within the 2DAC approach, and the oplimum blade plan-form shape is generated through finding the chord length that locally

maximises the power coefficient for each rotor segment, using data fromny- th fixed chord length simulations (9 Z,' (./ UAE.

g

This approach can be repeated over a range of tip speed ratios, 1.5 < A’ < )b defining a set of blades optimised over a range
of tip speed ratios. The optimum blade design for power capture can 1ht.'n’Ec readily identified as the iteration that maximises
Cp. The full range of solutions can also be explored to find potentially more practicable solutions and to identify tends within
the design spacc. This approach can be repeated over the full range of rotor geometries, giving a set of optimal blade shapes

designed for maximum Cp over a 3 dimensional design space, covering X', 4, [,.. The f'u#{-lelili]s of the completed simulations

are given in table 1, in total 7332 rotor simulations were compleled? /‘JQ« W{,—?%J .(7¢)
N’
n this \tu&y th KJUIS agrofoil weuun was “HL%NM lh(‘ full blade length, with blade polars )v;rfﬂ generated at a
ﬁey olds :mmhm (l mi grﬁ u‘.mg7 -F m] (Drela) 1989) and éxtrapolated using the Viterna method (Viterna and Janetzke,

1982). Whilst the optimal blade plan-form is dependent on the blade section used over the blade, this study is attempting to
understand the general trends in rotor behaviour based on the rotor geometry, rather than provide a detailed optimal design
case. It is expected that trends in rotor design will be consistent over a range of symmetric aerofoils, therefore the use of a
single aerofoil scction is not considered a significant limitation. The NACA 0018 section was selected as it is commonly used

for VAWT rotors, and the Reynolds number was selected to be consistent with miulti-MW offshore VAWT turbine concepts

such as the X-Rotor, . OK .

The effect of blade number is also absent from this investigation. As this study focuses on the rotor averaged performance
paramelers and utilises an aerodynamic model based on revolution averaged loads, the blade number has only 2 effects: firstly
to modify the rotor solidity, and secondly to reduce the tip losses; marginally increasing both power production and rotor loads.
The dominant effect is expected to be the change in rotor solidity, which can be readily understood through an equivalent

change in the blade chord through equation 2. Whilst the effect of blade number is not directly studied, and the effect of blade
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0 (1,2,3,4] [0.025,0.05,0.075...0.5] [1.5,2,2.5,2.75,3,3.25,3.5,3.75,4,4.5,5,5.5,6)
10 [1,2,3,4] [0.025,0.05,0.075...0.5} [1.5,2,2.5,2.75,3,3.25,3.5,3.75,4,4.5,5,5.5,6]
20 [1,2,3,4] [0.025,0.05,0.075..0.525] [1.5,2,2.5,2.75,3,3.25,3.5,3.75,4,4.5,5,5.5,6]
30 [1,2,3,4] [0.025,0.05,0.075..0.575] [1.5,2,2.5,2.75,3,3.25,3.5,3.75,4,4.5,5,5.5,6]
40 (1,2,3,4] [0.025,0.05,0.075..0.65]1  [1.5,2,2.5,2.75,3,3.25,3.5,3.75,4,4.5,5,5.5,6]
50 [1,2,3,4] [0.025,0.05,0.075..0.775] [1.5,2,2.5,2.75,3,3.25,3.5,3.75,4,4.5,5,5.5,6}

Table 1. List of rotor design and operational variables permuted over to generate data for this study.

number cannot be directly obtained from the existing data due to the changes in tip losses, the trends in rotor behaviour will be

reproduced in Lerms of solidity, and this is not considered a significant limi(ation (o the study.

3 Results

Section 3.1 presents the results of studying the effect of rotor inclination angle on fixed chord length blades, examining the
relationship between blade inclination angle and rotor averaged variables, including the thrust, power, and optimal tip speed
ratio. Variables pertinent to the cost of energy are introduced, and limitations on the maximum bending stress in the blade are
investigated.  / vt ) @

Eolewing.this, the blade oplimisation procedure described in section 2 is demonstrated, and the resultant optimum blade
plan-form shapes are discussed in section 3.2.

Su,tmn 3.3 evaluates the aerodynamic behaviour of rotor designs utilising the optimised blades presented in section 3.2.
Egu.«mngmn variables influential on the cost of energy are discussed, and limitations on maximum bending stresses are once
again imposed to evaluate the practicality of rotor designs.

In order to understand how the rotor geometry effects rotor design, two variables are introduced here, the power product,

and the thrust product. They are given by the relevant rotor performance coefficients scaled by the rotor area, to demonstrate /)Ui ‘xﬁ%“
aerodynamic and gwmeln&jﬂ.ats of rotor design:
)

op=CpA _20(/) .Scﬂt,fﬁy O{MA ol r@s‘g.yug 22'
The who Cmc:z/:f ;f ;;uw( toda as 77\0‘%‘{4 ,)L"L Cmfmsou
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B — O A CM }6‘1{ /&W X /cau. «4&'@ Thua S / .
r=0Cr % 4)

fiznal o8- hunsronal Jro /” Companson ¥ 12 7 )

where A represents the rotor area. When normalised with respect (o T.hc,_Y..lh.lL ran eqmvalcnl H-Rotor, the: s a//

variables allow the direct comparison between the power capture and rotor loads for rotors of different swepl area.
@ vé WW
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I
Figure 3 (Iiﬁp!urys the maximum power product, the corresponding thrust product, and the optimal tip speed ratio at which the

maximum |mwi'.<— coefficient is reached as a function of the rotor inclination angle and the chord length of the blade. For ease

of comparison, the power and thrust products are normalised by the values obtained for the optimal H-Rotor. The blue square

marker represents the location of the optimal H-Rotor design, whilst the red diamond marker indicates the largest achievable
power product. The grey shaded area represents the region which has not been simulated, due to the restrictions on chord length
discussed in section 2. This is repeated over the range of aspect ratios introduced in section 2.
The rotors were simulated up to a maximum tip speed ratio of 6. It is clear that with the large inclination angles and high
blade lengths, the optimum power coefficient is not reached for the low chord length cases. This implies that the decrease in
maxinum power plg&}uﬁl for these cases is artificially smaller due 10 the ltlmtui search range, and that a high power produet e
may be achicvable. Q/é N‘ﬂ Th4er ¢ net” fﬁ’fﬂmcf L8 -9?’3 /D rovtn ZML/ f"/(r/yb/b‘ffl, S0 {”é"?é&j
Figure 4 (a) presents the maximum power product for the optimal straight H-Rotor blade (¢ = (.2r¢) as a {unumn of rotor M{ﬂ,
inclination angle for a range of rotor aspect ratios alongside the rotor area. Both variables are normalised by the respective Z;' A7
values for 1) = 0. Figure 4 (b) presents the corresponding tip speed ratio at which these maximum variables are achieved. From /\ ane
this figure it is again clear that, for combinations of high aspect ratios and high inclination angles, the maximum tip speed ratio 6 ,
range considered in this study is not sufficiently large to capture the maximum achievable power coefficient. Cases where the %S@? M

optimal tip speed ratio is limited by the design range usgtl"within the study :}}L hig ghh&?d in rod, ¢,
e A iR 70 s

Whilst the potential for power gains arc clear from ng dA, itis impnndnl to understand the elfe 1\ of ahy rotor design

on the cost of energy. At an early design stage, blade cost can be assumed to scale with blade mass, and whilst a cletailed design

ﬁo‘wﬁ
Keduce

/ £
V=lfklc(.7:)2dx, / 5) 9’ %

/

0 /

structural design is required to obtain blade mass estimates, the blade volume can be used as a proxy variable to ynderstand the
relative change in blade mass between different designs. This is given by }

where k; represents a shape parameter, and z represents the non-dimensional spanwise coordinate. Iy/this study, the shape
parameter is constant along the blade as a single aerofoil section is used. In addition to blade maSS/h";mgcs. variations in the
rotor geometry, specifically the tip radius re;;, and design tip speed ratio effect speed/torque inputfo the drivetrain. Assuming

4
similarity scaling, the drivetrain torque can be used as a proxy for the generator mass and cost. The rotor torque is given by:
P
=— 6
Q ) (6)

with the rotor speed, €2, given by
MU

¢
Ttip | 5&&%;\ ) Show /Ifi,e, & /
and the tip radius given by
efect
4 4 ¥ foﬁi "("S Ve

hin == T2 .sin .
Ttip 0 [1+1-sin(4)] S‘ A/‘\QM

Z:ﬂ Jm/fw{ M %EJ adq éL[/;»y 7&5 Cﬂ'wmu 8Y W Z?‘/
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can be achieved through introducing the linear scaling parameter s, with

rotor torque then scale with equations 1, 5, 6 respectively.
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design is indicated by a blue square, and the optimal V-rotor design is indicated by a red diamond.
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i,

and optimal tip speed ratio, for untapered VAWT designs, presented as a function of ¢/ro and 4,

with thrust and power normalised by the optimal H-Rotor design. Results shown for blade lengths of I, = [1,2,3,4]. The optimal H-rotor

In order to compare values over different rotor designs, it is instructive to compare rotors with equal power production, this

®)

The scaling parameter defincs how the length scale of rotor design [2] must be modified in order to cqual the powcer rating of

design [1]. The inner radius, blade length, blade chord scale linearly with s, the change in rotor swept area, blade volume, and

A final consideration is the bending stresses within the blade. A blade with a specific material design will be capable on
withstanding a certain maximum bending stress. In comparing blade designs, it is important to compare designs that have a

similar maximum bending stress, otherwise material innovations are implicitly included within the comparison. Treating the
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Figure 4. (a) Rotor power and rotor area for a blade of ¢, = 0.2 normalised by the H-rotor values presented as a function of inclination angle. ol /

(b) Corresponding optimal tip speed ratio. Values where trends indicate the optimal tip speed ratio extends beyond A = 6 are marked in red. __C At

jv)

blade a simple beam, the out of plane bending stresses at span-wise location z, and a distance ¢ from the structural center of A

»

the blade (normalised by the chord length ¢) are given by y ¥ f‘ 2
de(x) / ) / ﬂ\mfz&]
e(z ~ —
r)=——2-—~L | Fny(Z)zdr= ——= Py (2)adr
o(xr) Fi2)c(@) / v (Z)Tdx kuc(w)aL/FN(rﬁdf, (10) fES¢

x T /9'[ J’{W
where k" = k/ (%)3 represents a shape function depended on the thickness of the aerofoil section, as a constant aerofoil section 5 C}L[Cﬁj
is used, k" remains constant. As the blade has a fixed chord length, it is clear that the maximum bending stresses occur at the fb}?ﬁ{‘
blade root. For the comparison presented here, the spanwise force distribution that maximises the bending stress at the design Alead
tip speed ratio is selected. { D See

Figure 5 displays the blade volume and rotor torque for rotor designs of equal rated power as function of inclination angle Ci‘t{dm'f"
and blade chord length. The values are normalised by the design values for the optimal H-Rotor. Alongside these contours, the %e .
maximum operational bending stresses are presented, normalised by the maximum bending stress for the optimised H-rotor.
The constant blade volume contours have a positive gradient up to 20° for the [,, = 1 and up to 30° for 1 <[, < 4, indicating
that rotors utilising inclined blades can reduce the cost of blades for rotors of the same power output. However, the maximum
bending stress contours clearly indicate that inclined rotor blades are subject to larger acrodynamic bending stresses. In all
cases, the gradient of the maximum bending stress contours are larger than the gradient of the blade volume contours, this
implies that by moving along each constant stress contour the minimum blade volume and rotor torque is obtained at an
inclination angle of 0°. This results implies that any material innovation that facilitates a blade design which can withstand
larger aerodynamic bending stresses will be best applied to lower the chord length of the H-Rotor design if the objective is to
minimise blade costs.

Similarly, the contours in of constant maximum bending stress have a larger gradient than the rotor torque contours, again

indicating the most optimal solution to reduce rotor torque, for a given blade material layup, is the H-rotor design. These

12



