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1 | INTRODUCTION

Part one of the Intergovernmental Panel on Climate Change's AR6 report states that rapid and large-scale reductions to greenhouse gas emissions
must be enacted this decade in order to limit global warming to close to 1.5°C or even 2°C, averting the most catastrophic effects of the climate
crisis.! The pathway to a 1.5° future is contingent on significant increases in renewable-generated electricity. This transition must be led by the
rapid deployment of wind energy, with the annual installed capacity of wind energy required to more than triple between 2021 and 2030.%
Reducing the cost of energy for offshore wind is key to increasing the rate at which offshore wind capacity is deployed, this is especially pertinent
for floating offshore wind where costs are still are a barrier to commercialization. Decreasing the cost of energy can typically be achieved through
either incremental innovation or radical innovation; this work focuses on the latter, exploring the use of secondary rotors to provide wind turbine
power take-off. It has previously been shown that the use of secondary rotors in conjunction with a vertical axis wind turbine (VAWT) has the
potential to reduce the cost of offshore wind energy by up to 26%.* This work does not seek to provide cost of energy analysis but will attempt
to characterize and investigate the interaction between primary and secondary rotors to inform the coupled design of turbines that utilize second-
ary rotors for power take-off optimized to maximize energy capture.

Traditionally wind turbine power take-off is completed through an electrical machine connected to the rotor shaft either directly or through a
gearbox as a sub-system referred to as the drivetrain.> Due to the low rotational speed of the wind turbine rotor, the input torque is typically very
high leading to heavy, expensive drivetrains. Additionally, as these drivetrains are located at the rotor hub height (typically in excess of 100 m
above sea level), the operations and maintenance costs associated with the drivetrain are also large due to the cost of scheduling heavy lift vessels
for large component repairs. In general, a wind turbine's nacelle accounts for approximately 50% of turbine capital costs,® and maintenance associ-

ated with the drivetrain accounts for between 49% and 59% of the wind turbine downtime (based on drivetrain configuration)7 and 69% of the
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material cost of repairs, as calculated combining failure rate data and material cost data from.® This indicates that innovation in wind turbine
power take-off has the potential to significantly decrease the cost of energy, both in terms of capital and operational expenditure.

In order to increase the conversion efficiency and the drivetrain reliability, large offshore wind turbines are converging on the use of perma-
nent magnet synchronous generators (PMSGs),” either in a direct drive configuration or utilizing a medium-speed gearbox. The production of
these PMSGs requires the extraction of rare earth metals including neodymium, praseodymium, dysprosium and terbium.*® Humanitarian issues
have been raised around the methods of extraction, and the geographic distribution of the mineral deposits (with the majority based in China) has
led to concerns around geopolitical disruptions to the supply chain.!? Finally, the limited size of these mineral deposits and the projected scale of

t,12 although the scale of this issue is con-

global demand have been shown to potentially cause a bottleneck for offshore wind energy deploymen
tended.*® Whilst, for reliability reasons, PMSGs are likely to be employed in secondary rotor systems, the torque reduction facilitated by the use
of a secondary rotor significantly decreases the volume of material required, mitigating these issues. Electrically excited synchronous generators
(EESGs) have been identified as a solution for rare-earth-free wind turbine generators; however, their excessive mass, lower efficiency and the
requirement for slip rings (and the associated reliability issues) are currently barriers to adoption in the offshore environment. In the case of
VAWTS, as the drivetrain can be located at sea level, the issues around the generator mass are not as pertinent and EESGs are therefore a more
viable option. The additional maintenance actions associated with the slip ring, the lower power conversion efficiency and the increased cost
associated with the large mass still represent problems that can be overcome by the use of secondary rotors.

In addition to the current costs associated with wind turbine drivetrains, the traditional drivetrain concept also has issues with up-scaling. The
power available to wind turbines scales with the swept area (Iz); however, as the rotor tip speed is limited, the rotor speed scales inversely to
the radius increase (Il); thus, the rotor torque, and therefore generator volume, scales with the cube of the length scale <13>. This square-cube
relationship between the revenue (power captured) and costs (proportional to the mass/volume of components) is often highlighted when consid-
ering the costs of the rotor structure'®; however, here, it is referring directly to the generator costs when upscaled subject to a tip-speed limit.
Despite this square-cube law, rotor up-scaling has thus far remained attractive as it can offer significant savings to the balance of plant and opera-
tions and maintenance costs. Whilst it has been shown that real up-scaling has thus far ‘beaten’ the square-cube law,* likely due to technological
development occurring parallel to upscaling, wind turbine designs that circumvent these scaling laws altogether should be considered to facilitate
economically viable up-scaling in the future. The recent increase in research work on multi-rotor systems®® indicates that the wind energy com-
munity is taking seriously the prospect of radical innovation to facilitate the further up-scaling of wind turbine systems. Secondary rotors provide
a means of increasing the power take-off capacity that scales linearly with the power captured, as additional secondary rotor systems can added
rather than up-scaling the individual drivetrain and can therefore provide a solution to the up-scaling problem.

Whilst tip rotors had previously been studied in the context of helicopter flight from the start of the 1950s,'® the first reference on the use
of secondary rotors for wind turbine power take-off identified by the authors was found in.2” The use of ‘tip turbines’ is dismissed out of hand as
the issues concerning blade loading and the gyroscopic effects on the turbine are considered more complex than the gearing issue associated with
the low-speed drivetrain. It should be noted that this judgement was made when the typical wind turbine had a rated power of 30 kW and a rotor
diameter of 10 m.*® The re-evaluation of this technology, given the size and scale of the next generation of wind turbines (>240 m rotor diameter
and >15 MW power rating), is therefore deemed understandable. In Watson et al,*° a survey of emerging technologies in the wind energy sector
included a discussion on the use of secondary rotors attached to the rotor blade tips, including a brief discussion on the potential power density
of the generators. A thorough discussion of the concept was however outside of the scope of the review paper. In Jamieson,? the design of sec-
ondary rotors was expanded on further. Specifically, the use of an actuator disk representation including tip losses allowed the author to examine
the effects of the design induction factor on the efficiency of energy conversion. In this work the secondary rotor radius was taken as a free
design variable and the constraints on secondary rotor design were not explicitly imposed. The use of twin secondary rotors was also discussed,
noting that the low induction factor increases the potential for energy capture.

The use of secondary rotors on VAWTSs is introduced in Leithead et al* as the X-Rotor concept. The article focuses on the presentation of
key results of a feasibility study, including the definition of an exemplar 5 MW turbine design and the estimated cost of energy savings achieved
by the X-Rotor system. It highlights the design synergies between using a vertical axis wind turbine with secondary rotors, and details cost of
energy calculations which demonstrate the potential benefits from secondary rotors (savings of up to 26% on the cost of energy). Due to its broad
scope, the discussions on the use of secondary rotors are limited, and the process by which secondary rotors are designed is not discussed. Fol-
lowing the feasibility study which culminated in the publication of Leithead et al,* the X-Rotor project successfully obtained H2020 grant funding
to continue researching the concept.?%2* A non-technical rendering of the turbine concept is shown in Figure 1.

McMorland?? examined areas of O&M cost modelling of novel offshore wind turbine concepts including the X-Rotor. Flannigan?® presented
a modified O&M cost model that facilitates the modelling of X-Rotor systems. The O&M costs for an X-Rotor turbine were compared with con-
ventional horizontal axis wind turbines (HAWTS) of equal power rating, and it is found that the X-Rotor could introduce savings between 20%
and 40% compared to a conventional HAWTS (based on drivetrain configuration). Morgan* presented the development and validation of a dou-
ble multiple streamtube model to model the X-Rotor primary rotor, which demonstrated that the primary rotor could achieve power coefficients

up to 0.45, more than 10% larger than the value considered in the feasibility study.*
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FIGURE 1 A non-technical rendering of the X-Rotor concept, showing the X-shaped primary rotors and the secondary rotors attached to the
lower blade tips.

This work expands past the existing literature on secondary rotors, introducing a holistic approach to the design of a VAWT that utilizes sec-
ondary rotors. Firstly, the requirements for secondary rotors are understood through the derivation of the secondary rotor thrust coefficient
required for optimal torque control of the primary rotor, and the efficiency of energy conversion between the primary and secondary rotors in
Section 2.1. Limitations on the design of the secondary rotors, arising from both drivetrain constraints and aerodynamic considerations, are then
discussed in Section 2.2. In Section 2.3, blade element momentum (BEM)-based optimal design theory is expanded to include high blockage sce-
narios, and the process of designing the optimal rotor for an arbitrary design thrust coefficient and tip speed ratio is described. Power and thrust
coefficient estimates generated by BEM-based optimal design theory are validated first against steady BEM simulations in Section 2.3 and then
against lifting line free vortex wake (LLFVW) simulations representative of the aerodynamic environment of the secondary rotors in Section 2.4.
The assumptions around the inflow speed for primary rotors are validated using LLFVW simulations of an exemplar primary rotor in Section 2.4.

The ability to accurately obtain on-design aerodynamic coefficients for optimally designed rotors with an arbitrary thrust coefficient and tip
speed ratio is then used to generate a parametric framework in Section 3, which facilitates the exploration of the design space of coupled
primary-secondary rotor systems. Results from this framework are presented in Section 4, and insights are then drawn in terms of optimal pri-
mary rotor design/operation, scalability of turbines utilizing secondary rotors and the effects of various design variables on the efficiency of
power conversion between the primary and secondary rotors in Section 5. Final conclusions are drawn in Section 6.

2 | THEPHYSICS OF SECONDARY ROTORS
2.1 | Basic principles of operation

The following section will consider a turbine consisting of a rigid VAWT primary rotor, with secondary HAWT rotors attached at the primary rotor
blade tips. The VAWT primary rotor is allowed to rotate freely around the vertical axis, and there is no power taken off from the low-speed shaft.
The primary rotor speed is controlled solely through the thrust acting on the secondary rotors, and the only source of electrical power is that cap-
tured by the secondary rotors. Assuming that the primary rotor has sufficient inertia such that the rotor speed does not change considerably over
a single rotor revolution, the primary rotor is at equilibrium when
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Here, the subscripts p and s represent primary and secondary rotor variables respectively and the over-line (-) represents variables averaged
over a primary rotor revolution. o represents the rotor rotational speed, p represents the air density, A represents the rotor area, Cp and Cr repre-
sent the rotor power and thrust coefficient, Uy represents the free wind speed, U, represents the inflow wind speed to the secondary rotors and
N represents the number of secondary rotors and R represents the rotor radius. The rotor torque, Q, and thrust, T, are identified by the under-
braces. The rotor coefficients are functions on the tip speed ratio, 4p/s; = w}p/s|Rpp/s]/Upp,)- Dynamic simulations of the X-Rotor turbine?® have
shown that primary rotor speed fluctuations with an amplitude of 4.5% are present at rated wind speed, which indicates that the large inertia
assumption is reasonable.

The control of the primary rotor speed can be achieved through controlling Ts. Assuming the secondary rotors operate at a constant tip speed
ratio, Equation (1) can be rearranged (noting) to define the thrust coefficient required to hold the primary rotor at an equilibrium operating point,

essentially applying optimal torque control, giving

A UG Ae Ch(h)

= =0 . 2
NA e NA (44

7, (%)

Here, dashed terms (-)' represent design values. The approximate equality in Equation (2) is obtained by approximating the U; as the sum of

the free wind speed and the apparent wind speed due to the rotation of the primary rotor:

U= U()COS(H) + wpRp, (3)

where 0 defines the angle of the azimuth of the VAWT primary rotor blade. This assumption is discussed in Section 2.4.

The efficiency of power conversion between the primary and secondary rotors (defined as the proportion of the primary rotor aerodynamic
power that is captured by the secondary rotors), 7, is given by the ratio of the energy captured by the secondary rotors over one primary rotor
revolution against the work done by the thrust on the secondary rotors over a revolution. Whilst operating at a constant secondary rotor tip
speed ratio, this yields

4)

= P_p :a)pNRpT_SNC_TS 1+%ﬂ,§2

NP, NP, Cp, <1+§,1P2>
Here, the approximate equality is again obtained through Equation (3). The relationships given in Equations (2) and (4) are key to understand-
ing the intrinsically coupled behaviour of the primary and secondary rotors. From Equation (4), it is clear that the efficiency is primarily driven by
the ratio Cp, /C1,. However, the design thrust coefficient of the secondary rotor is dictated by the primary rotor configuration, as in Equation (2).
Generally, the maximum attainable value for the ratio Cp, /Cr, is achieved by lowering the design thrust coefficient. This can be understood
through an actuator disk representation of the secondary rotors, where the fraction Cp, /Cr, is equal to (1 — a), with a representing the axial induc-
tion factor. From this relationship, it is clear that the design induction factor (and therefore thrust coefficient) should be minimized in order to
maximize the conversion efficiency. C'Ts can be reduced by increasing the ratio of the total swept area of the secondary rotors to the primary rotor
area, increasing the primary rotor tip speed ratio or decreasing the primary rotor power coefficient. As the total aerodynamic efficiency of the
rotor is also dictated by the primary rotor power coefficient, it is clear that latter option is not desirable. The absolute limitations and design com-
promises associated with secondary rotor swept area and the primary rotor tip speed ratio are discussed in Section 2.2. A more complete descrip-

tion of the secondary rotors is proposed in 2.3, which leads to a more nuanced understanding of the optimum secondary rotor design.

2.2 | Limitations on secondary rotor design

In order to effectively understand the design of secondary rotors, the limitations of the rotor design must considered. There are two key

design limitations on the secondary rotors:

1. The apparent tip speed of the secondary rotor is limited to a value Uy, in order to avoid the effects of aerodynamic compressibility and exces-

sive aero-acoustic emissions.
wsRs < Upax.
Compressible computational fluid dynamic simulations and further experimental and operational knowledge are required to understand the

exact limiting value (Umqx). In this study, a value of 184 m/s (as proposed in Leithead et al*) is considered as a baseline, and the effects of maxi-
mum tip speed are discussed in Section 4.
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2. To avoid compromising conversion efficiency in the power electronics, the rotational speed of the secondary rotors must satisfy

2xf,
ws = ,
*Tp

at rated power, where f, represents the nominal electrical frequency of the secondary rotor generator and p represents the number of pole pairs.

Limitation 1 provides a strict limit on the product of the primary and secondary rotor tip speed ratio and rated wind speed, Ug:

/pA/SUR < UMax- (5)
Additionally, when combined with limitation 2, a maximum limit on the secondary rotor radius is provided:

PUnmax
< 77
Rs < 2, (6)

For all reasonable rotor configurations, 5 is maximized by taking Equation (5) in the upper limit so as to maximize the secondary rotor tip
speed ratio thus maximizing the achievable C;,S for a given C’TS. Similarly, n is maximized by taking the upper limit of Equation (6) through maximiz-
ing the secondary rotor area, decreasing C’TS.

2.3 | Secondary rotor representation

Representing the secondary rotors as optimally designed allows the rotors to be described in a closed-form solution once the required axial induc-
tion has been calculated. This allows for an accurate representation of the optimal secondary rotor behaviour, including the effects of tip/hub loss,
tangential induction, drag losses and the turbulent wake effect. The optimally designed BEM approach is preferred in this study as it allows for a

transparent and computationally efficient means of finding the maximum achievable secondary rotor performance.

2.3.1 | Representation of the rotor hub

Prior to describing any representations of the secondary rotor, a key consideration is how to represent the large hub diameter expected in a sec-
ondary rotor system. For example, the X-Rotor secondary rotor design has a hub radius that is 17% of the rotor radius.2® To calculate the aerody-
namic coefficients of the rotor, only the contributions outside of the rotor hub are considered. The rotor thrust coefficient can then be calculated

as the sum of the rotor thrust coefficient and the rotor hub thrust coefficient:
Cr, =Cr, +Cr.x;, 7)

where Cr, represents the aerodynamic thrust coefficient of the rotor, Cr, represents the hub thrust coefficient and x, represents the non-
dimensional hub radius (R,/Rs). The power coefficient remains unchanged. This method does not account for flow re-direction around the

rotor hub.

2.3.2 | Optimized BEM representation

Previously, optimal BEM theory has focused on the design of rotors operating at the Betz limit'®; however, this work extends the optimal BEM
representation of a rotor to a rotor operating at an arbitrary thrust coefficient. The process presented here represents an extension of that pro-
vided in Jamieson®® to include both tip and root losses and to be valid for high blockage cases. Whilst the high blockage cases (a>0.4) by their
nature represent inefficient solutions, the solutions are included for completeness.

For a rotor with constant axial induction, the rotor thrust coefficient is given by

1
80(1_G)J Fxdx (a<0.4)
Cr — Xh . 8
Ta 1 (g 40 50 ) ®
2J S plar—2lay [2-4F|a xdx (a>04)
Xhub 9 9 9
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with the a > 0.4 case representing the integrated form of Buhl's tip correction for high blockage cases.?” F(x,a) represents the end loss coefficient

and x represents the non-dimensional radial coordinate. The end loss coefficient is given by the production of the tip and root loss coefficients

F(x.a)=FiF; ’
with
2
. :%acos (exp{—g (1;)() 14 {(fixa)} ) (10)
2
Fr:gacos (exp 72 (X;h)::ub) 14 {(fixa)} ) (11)

where B represents the number of blades on the secondary rotor. For simplicity, this tip loss formulation neglects the effect of tangential induc-
tion, following the example of Jamieson.*® Whilst tangential induction becomes large toward the blade root, the effect of this assumption on rotor
averaged power and thrust coefficients is shown to be small further in this section. From a given thrust coefficient, the axial induction factor can

be back-calculated with

for (CTA <1.92 jth(x)xdx) and

1 1

Fxdx —4(1 7x§ub)] +Cr, {50(1 —x2p) — 72[ dex}
) Xhub (13)

< Xhub Xhub < Xhub

1 1
36| Fxdx—20(1—x2,) 3\/24[ Fxdx {6[
a= -

1
72J Fxdx—50(1—x2,,)

Xhub

for (CTA > 1.92J"th(x)xdx), where Equation (13) represents Buhl's modification of Glauert's correction for high induction factors?’ integrated
along the blade length.

As the end loss coefficient is dependent on the induction factor, an iterative scheme is required to calculate the axial induction factor for a
given thrust coefficient. This can be readily completed by initializing the end loss factor as 1 (i.e. no end losses), back-calculating the induction
using Equations (12) and (13), updating the end loss estimate using the newly calculated axial induction factor and re-calculating the thrust coeffi-
cient. This process can be repeated using an updated end loss factor until the desired thrust coefficient is reached. Once the axial induction factor
is obtained, the tangential induction factor can be calculated with

\/73K%x2 + 2akx — daklsx — k(1 — a)] +1 - (Askx+ 1)

a(x) = 24skx

(14)

where k represents the design lift-to-drag ratio of the aerofoil section for the secondary rotor. If a number of aerofoil sections are used, k can be
readily updated from a scalar value to a lift-to-drag distribution; however, in this work, the secondary rotor is considered to consist of a single
aerofoil section. The design value lift-to-drag ratio of the aerofoil section can be used over the full rotor span as it is assumed a-priori that the
rotor twist distribution will be optimally designed in order for the blade to operate at its design angle of attack. The corresponding rotor power

coefficient is given by

dx (15)

Cor e 1 8a(1—a)F[k(1—a) — Asx(1 +at)]Asx?
"A*JM [iskx(1+ae) + (1 —a)]

for (a<0.4) and

Con— Jl 28+ (4F —Q)a+ (32— 4F)a?] k(1 —a) — isx(1+a¢)]Asx? o

o [iskx(1+ar) + (1—a)] (16)
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for (a>0.4). This method facilitates the calculation of an optimal power coefficient for a rotor at an arbitrary design tip speed ratio and design
thrust coefficient.
The corresponding chord distribution is given by
8ra(l—a)F R
e = 2 ( 2 2 (1-a) ij (17)
Bi(1+a)\/(1-a)* +2¢(1+ar) [1+ e @

for (a<0.4) and

) = 2n[8+ (4F —R)a+ (2 - 4F)a? Rs (18)

Bi(1+ a0/ (1 -0 +22(1+ a1+ ] @

for (a >0.4). With a twist given by

S(x) =atan {%} —ao, (19)

where ag represents the design angle of attack for the secondary rotor aerofoil section and C;: represents the design lift coefficient.

The thrust and power coefficients predicted by the optimal BEM formulation can be compared to the rotors described by the chord and twist
distributions in Equations (17), (18) and (19) simulated in the BEM code Aerodyn?®; the results are shown in Figure 2. In general, there is strong
agreement in the achieved thrust coefficient over the full range of design thrust coefficients with a maximum error of 0.03 at a low tip speed
ratio—high thrust coefficient design. The predicted power coefficient again shows strong agreement, with a maximum error of 0.02. As the effi-
cient operation of the secondary rotors relies on a low thrust coefficient design, the zone in which the strongest agreement is present, the pro-
posed analytical on-design representation of optimized rotors is considered valid for use in this study.

24 | Aerodynamic environment of the secondary rotors

Thus far, the inflow conditions of the secondary rotor have been assumed to be characterized by Equation (3); implicit in this characterization is

the assumption that the velocity field induced by the primary rotor does not significantly affect the inflow of the secondary rotor. Primary rotor

[_"""1BEM (aerodyn)
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FIGURE 2 Validation of optimal designed blade element momentum (BEM) theory against BEM simulations for on-design rotor performance.

85UB01 SUOLUWIOD BA 81D 8|deolidde 8 Aq pausenob 8e sajoife O ‘88N 0 S3|nJ 104 ARIq 1T 8UIUO A8]IM UO (SUORIPUOD-PUR-SWLISY0"AB| 1M AeAq 1 [ul|UO//SURY) SUORIPUOD P SWB L U3 88S *[7202/20/20] UO AriqIT aulluO A31IM ‘8pAluRess JO A1siAIIN Ad TOBZ @M/Z00T OT/I0p/L00" A3 | 1M Azeiq1jeul|uo//Sdny oy pepeojumoq ‘9 ‘¥20Z ‘728T660T



576 | Wl LEY MORGAN ET AL.

simulations using LLFVW models allow the velocity field around the primary rotor to be evaluated, facilitating the validation of this assumption
through the evaluation of the velocity field at the attachment position of the secondary rotors.

An exemplar primary rotor from the X-Rotor project (rotor definition can be found in Leithead et al*) was simulated in the open-source
LLFVW solver QBlade.?? The rotor was simulated for 12 full rotations until the rotor thrust was fully converged. The flow field at the secondary
rotor was then evaluated at 5-degree intervals over the full rotor sweep. The secondary rotors are attached such that the secondary rotor blade
tip is 4.7 m below the primary rotor blade tip. The velocity normal to the secondary rotor plane is then averaged over the secondary rotor area
and compared to the approximation in Equation (3), as shown in Figure 3. There is good agreement between the evaluated velocity field from the
LLFVW simulations.

With the simplistic representation of the inflow velocity verified, there are still a number of uncertainties associated with the unique aerody-
namic environment in which the secondary tip rotors operate. The orbital motion of the secondary rotors produces a curved wake. This curved
wake may have implications for the tip loss formulations for the secondary rotor and is not consistent with the wake assumptions inherent in
BEM theory. Additionally, the orbital motion induces a horizontal shear on the secondary rotor, and the combination of the rotational velocity and
the mean flow also means that the secondary rotor is operating with an oscillating yaw offset. Whilst they are not considered in the optimal BEM
representation of the rotor described in Section 2.3, these effects are intrinsically modelled by LLFVW codes; thus, a comparison between the
simulated behaviour of the secondary rotor in orbital motion using the LLFVW method and the behaviour of the secondary rotor characterized by
the inflow velocity given in Equation (3) and the power and thrust coefficients calculated in Equations (15), (16) and (8) allows for the approach
provided in Section 2.3 to be validated.

The motion of the simulated secondary rotor was prescribed such that it followed a circular orbit was a radius of 75 m and a rotational speed
of 0.76 rad/s, and the free windspeed was equal to 12 m/s. This is equivalent to the 5 MW exemplar X-Rotor design presented in Leithead et al*
with a tip speed ratio of 4.75. The yaw angle of the secondary was scheduled such that the rotor normally aligned with the tangent to the circular
motion, and the rotational speed of the secondary rotor was scheduled such that it would operate at an optimal tip speed ratio given the inflow
assumption in Equation (3). Maximum power point tracking for the secondary rotors does not require a variable pitch strategy, and optimal speed
control, through typical torque control, has been shown to be effective in dynamic simulations of the X-Rotor concept.?’

The results in terms of rotor power production and axial thrust loading are shown in Figure 4. In the upwind rotor half, between O and z, the
optimized BEM representation provides an excellent characterization of both power production and thrust loading on the rotor compared to
the LLFVW simulations. In the downwind rotor half, however, the rotor encounters its own wake which leads to significant fluctuations in the

power capture and thrust loading. This self-wake interaction is not modelled by the optimized BEM representation. It should be noted that the

simulated windspeed - - = = sinusoidal approximation

UI [m/s]

0 /2 T 3n/2 27
phase [rad]

FIGURE 3 Verification of the assumption of an undisturbed inflow speed to the secondary rotors through the evaluation of the wind field
normal to the secondary rotor plane from LLFVW simulations of the primary rotor.
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FIGURE 4 Comparison of an optimized BEM representation of a secondary rotor and an LLFVW representation, the blue trace labelled LLT
represents the LLFVW results.

secondary rotor wake will be subject to strong interactions from the vortex system of the primary rotor wake, thus a fully coupled aerodynamic
simulation is required to fully characterize the secondary rotor behaviour in the downwind rotor half. Additionally, the LLFVW model does not
include viscous forces which drive the dissipation of the rotor wake. This implies that a higher fidelity computational fluid dynamics-based
approach, which is required to fully understand the secondary rotor behaviour in the downwind rotor sweep.

Nonetheless, in terms of rotation-averaged behaviour, the models show good agreement, with the optimized BEM representation providing a
rotation-averaged power production estimate 2.2% higher than the LLFVW model, and a rotation average thrust estimate 3.1% higher than the
LLFVW model.

3 | AFRAMEWORK FOR PARAMETRIC ANALYSIS OF TURBINES UTILISING SECONDARY
ROTORS

The design space of a turbine utilising secondary rotors for power take is high-dimensional, including variables associated with the primary rotor
(Cp, 2p, Ap, Ug, Ns), the secondary rotor (k, B), the drivetrain (f., p, Rs, Ct,) and environmental variables (p,Umax). In order to understand this
design space and highlight both the region in which optimal solutions exist and the technological areas in which innovation can best be applied to
increase energy capture, a parametric model of a turbine utilising secondary rotors is here developed.

For a given primary rotor configuration <C},P,,1},,AP,N5> designed for a given rated wind speed (Ur), with a known tip speed limit (Unax) and
defined drivetrain configuration (f,,p) and a known rotor hub (rp,Cr,). The maximum realizable performance for a secondary rotor with a given
lift-to-drag ratio, k, and number of blades, B, can be calculated using the design thrust coefficient defined in Equation (2), with the rotor area
given by the upper limit of Equation (6), the design tip speed ratio given by the upper limit of Equation (5) and then employing method described
in Section 2.3.

In order to accurately predict the aerodynamic efficiency of the secondary rotors, the rotor hub radius must also be well characterized.
Assuming that the rotor hub scales linearly with the generator stator radius, similarity scaling dictates that the secondary rotor hub radius scales
with the cube root of the rated torque of the secondary rotors. An initial design of an appropriate generator for the 5 MW X-Rotor turbine has
been completed in Campos-Gaona et al,?® which provides a design point to scale from.

As the rated torque on the generator can only be calculated once the aerodynamics of the secondary rotor have been characterized, an itera-
tive loop must be included whereby the rotor hub is initialized at some representative value, and the secondary rotor design process completed to
obtain an estimate of the rated torque on the secondary rotor. This rated torque is then used to calculate an updated rotor hub estimate and the

process is repeated until the rotor design converges.

4 | RESULTS

This methodology can be applied to a baseline rotor configuration, with variables shown in Table 1. These variables are based on the baseline

X-Rotor design presented in Leithead et al* alongside an updated estimate of the achievable power coefficient from Morgan and Leithead,?* the

|26

drivetrain described in Campos-Gaona et al“® and a representative estimate of the hub thrust coefficient.
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TABLE 1 The baseline variables used for the parametric study, closely based on the variables used in the feasibility study.*

Ns Cp, Ug (m/s) Umax(m/s) fr (Hz) p Rho (m) Qo (kNm) Cr, k B
2 0.45 12 184 25 4 0.8 64.1 0.4 100 5

Note: Rpo and Qq represent the secondary rotor hub radius and design torque from which the hub radius can be scaled.
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FIGURE 5 Efficiency contours for power conversion between the primary and secondary rotors, alongside rated power contours.

Using the baseline design variables in Table 1, and treating both the primary rotor area and the tip speed ratio as free variables, a banded col-
our map showing the conversion efficiencies achievable with optimally designed secondary rotors is plotted in Figure 5. The maximum tip speed
ratio considered in this study is 8, corresponding to a primary rotor tip speed of 96 m/s, and a secondary rotor tip speed ratio of 1.91. Both the
very high primary rotor tip speed ratio and the very low secondary rotor tip speed ratio make this upper bound an unlikely design choice; how-
ever, the range of solutions is shown for completeness. Alongside the banded colour map are solid black contours showing the rated power of a
given rotor configuration. The locations of maximum conversion efficiency for a desired rated power can be easily located as the point on a given
rated power contour corresponding to the lowest primary rotor swept area. This approach can be used as a guide to the optimal tip speed ratio
that a primary rotor should be designed for, given a set of design variables and a desired rated power.

From Figure 5, it is clear that, with a fixed number of secondary rotors, the conversion efficiency decreases with increasing rated power. This
occurs as an increase in primary rotor power requires increased thrust from the secondary rotors. As the secondary rotor area is fixed by the mini-
mum rotational speed and maximum tip speed requirements, the secondary rotors must operate at higher thrust coefficients, decreasing the con-
version efficiency.

Efficiency can be preserved during upscaling through the use of additional secondary rotors, increasing the total area swept by the secondary
rotors and decreasing the design thrust coefficient. This is demonstrated in Figure 6, where the baseline turbine is augmented by including more
secondary rotors, representing a two- and three-bladed design with either one or two secondary rotors per blade. The maximum achievable con-
version efficiency is shown as a function of the rated power of the turbine for each of the four design configurations.

A conservative estimate of the nacelle mass can be generated by assuming that the total mass of the nacelle is equal to twice the mass of the

generator

my = 2m(;, (20)

where the generator mass is again generated through similarity scaling from the design detailed in Campos-Gaona et al.2 As the secondary rotors
are operating at a fixed rotational speed and the generator mass scales with rated torque, the combined nacelle mass estimate for a given power
rating is independent of the number of secondary rotors employed. The nacelle mass can be treated as a proxy for the nacelle cost and is there-
fore considered an interesting variable for comparison. A full LCOE analysis for the baseline X-Rotor turbine is underway as part of the X-Rotor
project?!; however, LCOE estimation for novel wind turbine concepts is a complex task and outside of the scope of this paper. The nacelle mass
estimate is shown in Figure 6 alongside reference HAWT drivetrain masses, obtained from the 5 MW NREL reference turbine,*° the 10 MW DTU
reference turbine®! and the 15 MW |EA reference turbine.*?
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Figure 7 shows the changes in conversion efficiency between the primary and secondary rotor as a function of the number of blades used on

the secondary rotors (a), the aerofoil lift-to-drag ratio (b), the maximum tip speed limit (c) and the number generator pole pairs (d). Other than the

independent variables labelled explicitly on the x-axis, all other turbine variables are given in Table 1.

5 |

DISCUSSION

The efficiency contours in Figure 5 can be understood through Equations (2) and (4). As the secondary rotor area is fixed by the constraints in

Section 2.2, and the primary rotor power coefficient is considered fixed, the required thrust coefficient varies linearly with increased primary rotor
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area and approximately inversely to the cube of the design tip speed ratio </1’,§+/1’P) 71. The secondary rotor design tip speed ratio is inversely
proportional to the primary rotor tip speed ratio.

For a given primary rotor-rated power, the maximum realizable efficiency of power conversion increases with increasing primary rotor tip
speed ratio due to the increasing power-to-thrust ratio for the secondary rotor as the design axial induction for the rotor decreases. As the pri-
mary rotor tip speed ratio increases further, the efficiency of energy conversion decreases for two reasons: Firstly, the performance of the sec-
ondary rotors is decreased at the secondary rotor tip speed ratio decreases, as in Equation (5). Secondly, at very low design axial induction
factors, the parasitic thrust from the secondary rotor hub provides a larger contribution to the total thrust secondary rotor thrust and significantly
decreases performance.

Figure 6, can again be readily understood with Equations (2) and (4). As the secondary rotor swept area is fixed by the drivetrain and tip speed
constraints, the design thrust coefficient is inversely proportional to the number of secondary rotors utilized. The efficiency is increased as the
power-to-thrust coefficient ratio decreases. The overall performance gains from the inclusion of more secondary rotors are clear; however,
the excess parasitic drag from the support structure and the additional mechanical complexity must be considered in the design task. It is clear,
however, that efficiency can be maintained during up-scaling by increasing the number of secondary rotors utilized. Utilizing a 2.5 MW rated sec-
ondary rotor, as in Leithead et al,* the maximum achievable conversion efficiency is shown to be 87%; however, through utilizing a 1.25 MW
rated secondary rotor (thus doubling the number of rotors employed), the maximum achievable efficiency increases to 90%. Whilst direct
upscaling of the secondary rotors is a possible means of increasing the rated power without sacrificing conversion efficiency, an increase in the
secondary rotor radius will necessitate a decrease in the secondary rotor speed and consequently increase the torque in the secondary rotor
drivetrain. This process repeats the problematic ‘square-cube’ scaling inherent in upscaling traditional wind turbine drivetrains, albeit from a more
advantageous starting point. Through the inclusion of additional secondary rotors, the drivetrain costs scale linearly with the power rating in a
manner analogous to multi-rotor systems. Because of this, upscaling through the inclusion of additional secondary rotor systems is currently seen
as the most preferable option.

Figure 6B clearly shows the potential for drivetrain mass reduction facilitated by the use of secondary rotors, with the secondary rotor nacelle
mass reduced by 87%-85%, under a conservative estimate compared to reference HAWT drivetrains. It is interesting to note that the reference
turbine nacelle masses scale approximately linearly with rated power, rather than with an exponent of 3/2 as would be expected; this can be
understood to be driven by innovations in drivetrain design, with the configuration shifting from a high-speed gearbox in the 5 MW design to a
medium-speed gearbox in the 10 MW design and a direct drive drivetrain in the 15 MW design.

Figure 7 shows the effect of various design features and constraints on the maximum realizable conversion efficiency for the baseline
X-Rotor design described in Table 1. As tip losses effect both the thrust and power coefficient equally, the effect of increasing blade number on
the conversion efficiency cannot be explained by stating that the lower tip losses lead to high conversion efficiencies. It must instead be under-
stood that by limiting tip losses, the rotor can operate at a lower design induction, thus moving the operating point to a location with a higher
power-to-thrust coefficient ratio. As the secondary rotors are representative of only a small portion of the cost of the X-Rotor system, the
increased engineering complexity and cost associated with a larger number of blades becomes a smaller factor in terms of cost, allowing for a
five-bladed secondary rotor design, which significantly increases the power captured without imparting unmanageable bending stresses in the
blade. The effect of the secondary rotor design lift-to-drag ratio on the conversion efficiency is considerably smaller. This may allow for thicker
aerofoils to be used, which can lower the bending stresses in the secondary rotor blades.

The maximum allowable tip speed directly impacts the maximum allowable swept area of the secondary rotor through Equation (6), the effect
on the conversion efficiency can be understood through Equations (2) and (4). The decrease in the secondary rotor swept area increases the design
thrust coefficient for the secondary rotor thus decreasing the power to thrust coefficient ratio. This effect is very significant in terms of conversion
efficiency, and the characterization of the maximum allowable tip speed for secondary rotors has not yet been completed. It is therefore of the
utmost importance to properly understand the physical constraints on the tip speeds for the secondary rotors to facilitate efficient design.

The effect of increasing the number of pole pairs in the generator can be seen to have the opposite effect, introduced through the same rela-
tionship (Equation 6). Increasing the number of pole pairs facilitates an increased rotor area allowing the secondary rotors to operate at lower
design thrust coefficients and increasing the power to thrust coefficient ratio. It should be noted that excessive expansion of the secondary rotor
radius is not advised as, through increasing the size of the secondary rotors, their rotational speed must decrease to maintain tip speed limits and
the drivetrain torque must increase, decreasing the generator mass savings achieved through the use of secondary rotors.

An important aspect of the design of offshore wind turbines is the control of energy injection during a grid fault (or loss of connection) and
the ability to enact an emergency stop. In modern HAWTS, this can be completed through pitch control enacted with the use of back-up batteries
with a parking brake to lock the rotor.2® However, many VAWTs are not pitch controlled and a number of mechanisms have been proposed for
emergency stops including mechanical brakes, aerodynamic spoilers and hydrodynamic brakes.®* In the case of the X-Rotor, the upper blades are
pitch controlled and will facilitate emergency stop actions, whilst a mechanical brake (attached to the primary rotor shaft) will facilitate the locking
of the rotor, much like a traditional HAWT. As the secondary rotors are designed for a low tip speed ratio and therefore have an aggressive twist
distribution, their thrust coefficient does not necessarily monotonically increase with tip speed ratio, and the turbine can begin to enter a propeller
mode. This implies that over-speeding of the secondary rotors cannot be relied on as a means of braking the primary rotor, although the use of
spoilers attached to the secondary rotor nacelle could be explored.
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6 | CONCLUSION

This work has developed a parametric framework that can determine the aerodynamic efficiency of a vertical-axis wind turbine utilizing secondary
rotors for power take-off. The approach is based on an extension of BEM-based optimal rotor design theory for arbitrary thrust loading, which
facilities the representation of the on-design behaviour of an optimally designed rotor without the need for aerodynamic simulations. The design
point for the secondary rotor is determined to optimally control the primary rotor speed under constraints imposed by drivetrain and tip speed
limitations.

The BEM-based optimal design approach has been successfully validated against steady BEM simulations, and the simplified characterization
of the inflow conditions for the secondary rotor has been verified using LLFVW simulations of an exemplar primary rotor. The BEM-based optimal
design approach has been compared to LLFVW simulations representative of the complex aerodynamic environment of the secondary rotors. The
mean power and thrust values were well reproduced (with 2.3% and 3.0% errors, respectively), although the fluctuations due to the rotor wake
interaction are not accounted for. Coupled primary and secondary rotor simulations that model viscous effects are required to further verify sec-
ondary rotor performance in the downwind rotor sweep. The effect of the secondary rotor wake must also be considered on the aerodynamic
performance of the primary rotor. The distance between the primary rotor blade tip and the secondary rotor will be a key variable in determining
the strength of the interaction between the primary rotor tip vortex and the wake of the secondary rotor. Additionally, unsteady aerodynamic
effects at the blade element scale were not accounted for, and simulations including dynamic stall models should be completed in order to per-
form detailed design work.

This framework was then used on an exemplar primary rotor configuration, demonstrating how the optimal primary rotor design is scale
dependent, and how the efficiency of power conversion can be maintained at high rated powers through the inclusion of more secondary rotor
units. With a secondary rotor unit rated at 2.5 MW, as in Leithead et al,* the maximum conversion efficiency between the primary and secondary
rotors is found to be 87%. Whilst this is considerably lower than the efficiency of a HAWT drivetrain, it facilitates a nacelle mass reduction
between 85% and 87%. The effect of secondary rotor design parameters on the maximum achievable conversion efficiency is investigated and it
is found that utilizing a high blade number is encouraged to allow the rotor to operate at a lower design induction factor. The maximum tip speed
strongly affects the maximum achievable conversion efficiency by limiting the allowable rotor size, and research is required to properly character-
ize the tip speed limits. It is encouraging that this effect can be mitigated by increasing the number of pole pairs utilized in the secondary rotor
generator, facilitating a lower rotational speed and an expanded rotor. Excessive exploitation of this approach is not advised, however, as it
reduces the benefits provided by the use of secondary rotors (low magnetic material usage, lightweight drivetrain).

This paper presents the results of exploratory research and has utilized a number of assumptions that require further investigation. Three key

areas that require further consideration, which directly effect the work presented here, are as follows:

1. aninvestigation in the aerodynamic coupling between the primary and secondary rotor;
2. the determination of the maximum practicable tip speed for the secondary rotors;

3. aninvestigation into the parasitic drag associated with the structural members attaching the secondary rotor to the primary rotor tip.

The X-Rotor concept itself is at a low technology readiness level, and there is, of course, a considerable amount of work outside of the scope
of this paper required to bring the concept towards commercial readiness. Much of this work is underway as part of the H2020 X-Rotor
project.?°
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