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Abstract. Accurate aerodynamic modeling is essential for load calculation and optimization of modern wind turbine blades,
which are increasingly flexible and may exhibit substantial sweep, prebend, coning, and deformation. Existing engineering
models remain largely specialized to either sweep effects or prebend and non-planar effects, and therefore lack the ability to
represent their combined influence within a single engineering formulation. This study develops a unified and computation-
ally efficient framework for general curved and deformed blades by combining the coupled near and far wake model for swept
blades with the vortex cylinder model for non-planar rotors. An idealized coupled formulation is first introduced as the highest-
fidelity realization of the proposed framework before practical simplifications are introduced. Motivated by computational fluid
dynamics (CFD) results showing that sweep and prebend effects can be modeled separately and then superimposed with good
accuracy, simplified coupled models are then developed for practical applications. Comparisons with higher-fidelity free-wake
lifting line (LL) and blade-resolved Reynolds-averaged Navier—Stokes (RANS) simulations show that the proposed models
capture the aerodynamic load redistribution effects of curved blades with good accuracy across different blade configurations.
In particular, for blades combining sweep and prebend, they close the gap between the previously separate sweep-only and
prebend-only engineering approaches and provide clear improvements over existing specialized engineering models. The com-
putational cost is higher than BEM but remains orders of magnitude lower than that of LL and CFD, making the simplified

models attractive for time-domain aero-servo-elastic simulations and design optimization.

1 Introduction

The continuous advancement of wind turbine technology has led to significant increases in the size and flexibility of modern
horizontal-axis wind turbine (HAWT) blades. By 2026, installed offshore wind turbines had reached rotor diameters of 300 m
and rated power of 20 MW, while onshore turbines had reached rotor diameters of 266 m and rated power of 16.2 MW. This
represents a dramatic leap from the 11 m rotor diameter of the Bonus 30 kW turbine introduced in the early 1980s. This
evolution has driven interest in innovative blade designs, such as backward-swept blades for passive load alleviation through
geometric bend-twist coupling (Liebst, 1986; Zuteck, 2002; Larwood and Zutek, 2006; Manolas et al., 2018), downwind rotor

configurations with substantial downwind coning and prebend for low specific wind speed conditions (Madsen et al., 2020b),
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and aeroelastically optimized curved blade tip designs (Barlas et al., 2021). At the same time, similar aerodynamic challenges
arise for rotors experiencing large flapwise deflections during operation, which is particularly relevant for ultra-long, highly
flexible onshore wind turbine blades. Although unconventional and highly flexible blade configurations can offer aerodynamic
and aeroelastic benefits, they also introduce significant challenges for aerodynamic load calculation and design optimization.
Accurately modeling the aerodynamic effects of complex blade and wake geometries, particularly for blades that combine
sweep and prebend or experience large deflections, is essential to avoid large uncertainties in load predictions and unforeseen
aeroelastic instabilities.

Existing engineering aerodynamic models have limited capability for such complex blade geometries. The blade element
momentum (BEM) method remains the primary low-fidelity tool in aero-servo-elastic simulations and design optimization
because of its simplicity and computational efficiency. However, it implicitly assumes a planar rotor with straight blades (Li
et al., 2022a, 2024, 2025b), which restricts its ability to capture the aerodynamic effects of blade curvature or rotor coning (Li
et al., 2022a, c; Barlas et al., 2022; Horcas et al., 2023). Although BEM often shows reasonable agreement with higher-fidelity
models for rotor-integral quantities such as thrust, power, or blade root bending moment, its inability to model either sweep or
prebend effects, particularly the local load distributions, remains a significant limitation. Higher-fidelity methods, such as free-
wake lifting line (LL) solvers and fully-resolved computational fluid dynamics (CFD) simulations using Reynolds-averaged
Navier—Stokes (RANS) solvers, can model these effects with high accuracy. However, they are computationally intensive and
impractical for iterative design and optimization processes. Consequently, they are typically used as references or for selected
load cases.

To address these limitations, a number of extensions to the BEM framework have been proposed to account for the influence
of blade and wake geometry on the inductions. However, these developments have largely followed two separate engineering
branches. One branch focuses on prebend and non-planar effects. Crawford (2006) used the vortex cylinder model within the
BEM framework to model prebend and coning effects. Branlard and Gaunaa (2015a) demonstrated the similarity between
the BEM method and the superposition of vortex cylinders for planar rotors. Building on this, Li et al. (2022a) employed
the blade element vortex cylinder (BEVC) model to relax the planar rotor assumption by making the starting positions of
the vortex cylinders follow the axisymmetric surface swept by the blades. This formulation enables the modeling of prebend
and coning effects and shows good agreement with higher-fidelity LL and RANS CFD simulations (Li et al., 2022a), but the
influence of the finite number of blades is still modeled using Prandtl’s empirical tip-loss correction. The other branch focuses
on sweep effects. Fritz et al. (2022) introduced a simplified correction to Prandtl’s tip-loss correction to account for blade
sweep while retaining annular independence. Another approach is the coupled near and far wake model introduced by Madsen
and Rasmussen (2004), in which the near wake is modeled using non-expanding helical vortex filaments and the far wake is
modeled in simplified form. Further developments (Li et al., 2018, 2022c) extended the model to include sweep effects through
modified trailed vortex geometry and also included the influence of the curved bound vortex (Li et al., 2020). The far wake
is modeled using either momentum theory (Madsen and Rasmussen, 2004; Pirrung et al., 2016) or a far wake vortex cylinder
formulation (Li et al., 2025a). This coupled near and far wake framework effectively captures blade sweep effects and shows

good agreement with higher-fidelity LL and RANS CFD simulations for swept blades (Li et al., 2022c, 2025a).
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Despite these advances, neither branch alone provides a unified engineering model for general curved blades that combine
sweep and prebend.

Building on these two parent branches, the present study proposes a unified aerodynamic modeling framework that integrates
the coupled framework for swept blades (Li et al., 2025a) with the vortex cylinder model for non-planar rotors (Li et al.,
2022a). The objective is not merely to further refine existing engineering models, but to close the capability gap for blades
that combine sweep and prebend. To establish the theoretical upper limit of the proposed framework, an idealized coupled
model is first introduced. In this formulation, the near wake explicitly models the combined effects of sweep and prebend,
while the far wake accounts for non-planar effects using the vortex cylinder model. Although this formulation achieves high
accuracy, it requires numerical integration at each iteration and is therefore computationally expensive. Motivated by recent
CFD results showing that sweep and prebend effects can be modeled separately and then superimposed with good accuracy
(Li et al., 2025b), simplified coupled models are also developed for practical applications. In these models, the existing near
wake formulation is retained to capture sweep effects, while the vortex cylinder model accounts for prebend and coning effects.
Two variants are considered. In the first, the far wake is modeled using the vortex cylinder model. In the second, the vortex
cylinder model is used as a correction to the existing coupled near wake and far wake momentum theory to include non-planar
effects. The latter formulation is particularly suitable for implementation in time-domain aeroelastic simulation tools, such as
HAWC?2 (Larsen and Hansen, 2007) and OpenFAST (Jonkman and Sprague, 2021). The procedure used to couple the near
wake and far wake is also refined in the present work. The coupling factor determines how the total wake-induced velocity
is partitioned between the near wake and far wake contributions. The rotor averaged coupling factor is determined from a
corresponding planar reference rotor with straight blades, hereafter referred to as the auxiliary reference rotor. In this way,
the coupling factor represents the wake partition itself, rather than compensating for induction effects caused by the sweep or
prebend of the actual blade. Results from the proposed methods are compared against higher-fidelity LL and CFD simulations
for various blade configurations, including swept blades, prebent blades, and blades with combined sweep and prebend. The
proposed models demonstrate good agreement with higher-fidelity LL and CFD simulations while being orders of magnitude
more computationally efficient. A detailed comparison of computational cost for planar rotors is provided in Li et al. (2025a),
which is also representative of the present work.

This unified modeling framework represents a significant advancement in the efficient and accurate calculation of aerody-
namic loads for non-straight blades and coned rotors. It establishes a practical engineering framework for general curved blades
with combined sweep and prebend. The proposed framework can be used to replace the standard BEM induction calculation
in aerodynamic and aero-servo-elastic simulation tools, while retaining compatibility with existing engineering submodels. It
therefore has important implications for load prediction and design optimization of future wind turbine blades.

The remainder of this manuscript is structured as follows: Section 2 applies the Kutta—Joukowski theorem to analyze the
aerodynamic effects of general curved blades. Section 3 summarizes the blade element vortex cylinder (BEVC) method for
modeling prebend effects, while Section 4 reviews the coupled near and far wake model for swept blades. Section 5 introduces
the idealized unified coupled model, and Section 6 presents the simplified coupled models for practical applications. Section

7 discusses the calculation of the coupling factor. Section 8 describes the simulation setup and blade geometries used for
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comparison. Section 9 presents results, including comparisons with higher-fidelity simulations. Finally, Section 10 concludes

the manuscript with a summary of the findings, a discussion of their implications, and suggestions for future work.

2 Kutta-Joukowski analysis of a generalized curved blade

This section briefly summarizes the geometric notation required for the coupled models developed later and applies the Kutta—
Joukowski (KJ) theorem to examine how the axial, tangential and radial induction components affect the aerodynamic loads
of generalized curved blades with a prescribed circulation distribution. Full coordinate transformations and related derivations
for generalized curved blades were presented in previous works (Li et al., 2024, 2025b). Here, only the quantities required for
the present formulation are summarized.

Using the three-dimensional vector form of the KJ theorem (Okulov et al., 2015), the lift force is calculated from the bound
circulation vector and the total velocity vector. The KJ analysis focuses on the lift force contribution to the aerodynamic loads,
while profile drag and sectional moment are included afterwards as post-processing terms.

Previous studies have used KJ analysis to guide model development for planar, swept and prebent rotors (Branlard and
Gaunaa, 2015a; Li et al., 2022a). For generalized curved blades, it has also been shown that the conventional BEM method
cannot capture the influence of blade geometry on induction components (Li et al., 2024, 2025b). In this study, the KJ analysis

is used to highlight the importance of accurately modeling each induction component for aerodynamic load calculations.
2.1 Coordinate systems

Three coordinate systems are used in the present work, as illustrated in Fig. 1: the sectional coordinate system (S-sys), the
blade root coordinate system (B-sys) and the blade local coordinate system (BL-sys). The S-sys defines the local 2-D airfoil
in the 25 — ¢S plane, with the z5-axis tangent to the blade main axis. This system does not rotate with the blade twist angle.
The B-sys has its origin on the rotational axis and rotates with the blade. Its y®-axis is aligned with the free stream direction
(axial direction), and its zB-axis is aligned with the radial direction at the blade root. At each spanwise location, the BL-sys is
obtained by rotating the B-sys about the y®-axis such that the calculation point lies on the local radial zB--axis. Accordingly,
the 2Bl-axis represents the local tangential direction.

The blade geometry is described in B-sys. The local sweep angle ¥ and dihedral angle « are defined from the tangent vector

t of the blade main axis:

% —tan
t= % = | —tank | . (1)
1 1

The transformation from B-sys to BL-sys is a rotation about the y-axis:

Tg_sL = Ry (9), 2
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(a) upwind prebend (b) backward sweep

Figure 1. Illustration of the coordinate systems used in the present work. In (a), a blade with only upwind prebend is shown. In (b), a blade
with only backward sweep is shown. The figure also illustrates the local sweep angle 1), the dihedral angle x, the position angle ¢, and the

effective sweep angle 1)*. The figure is adapted from (Li et al., 2025b).

where the position angle § is defined as
B
x
tand = ~ B 3)

It is convenient to introduce the effective sweep angle 1/* and effective dihedral angle x* in BL-sys. The corresponding local

125 tangent vector is

—tany* —tan (¢ —0)
o . _ tankcosy 4
B cos (1 —0) @
1 1

These geometric quantities are sufficient for the KJ analysis and the coupled models introduced later. Full derivations of the

coordinate transformations and related geometric relations are given in Li et al. (2024, 2025b).
2.2 Aerodynamic loads due to lift force

130 For a blade section of a clockwise rotating rotor as seen from upwind, the lift force is obtained from the three-dimensional
Kutta—Joukowski (KJ) theorem. In the blade local coordinate system (BL-sys), the bound circulation vector is aligned with the

local blade axis:

t*
| Ts. 3)
B e

The relative velocity vector VBLin BL-sys is determined by the axial, tangential and radial induced velocities, u,, u; and u,.,

135 respectively. In BEM literature, the axial and tangential induced velocities are commonly expressed in terms of the induction
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—Qr+uy —Qr(1+4a")
VBL = Uy + ug = Uo(l—(lB) s 6)
Uy Uy

where (2 is the rotational speed, r is the radial position and Uy is the free-stream velocity.

The lift force on the blade section, expressed as force per unit span, then follows from:
i =pVPh x T ™)

The local thrust and power coefficients from the KJ analysis are calculated from the total lift force of all N blades for an

annulus of the actuator disc at radius 7:

NBfEL ds U
Cixi=—c — —k (14d — ——t ) 8
t,KJ %pUSQﬂrdr r < a oA ant (3)
NBQT‘fEL ds U
Coxi = ——2 =k, (1- ——t ], 9
pKJ %pUS’Qm‘dr ( o+ Uy ank > ©)

where k; is the normalized circulation strength and )\, is the local speed ratio at radius r, defined as:

QNpTs
= 1
s nUg ' (10)

Qr
Ap = —. 11
iR (11

Note that the curved blade length correction with ds/dr = ||t*||, where s denotes the blade span, is applied (Madsen et al.,
2020a; Li et al., 2024, 2025b).

2.3 Influence of inductions on loads

For a curved blade with a prescribed circulation distribution, the influence of the inductions on the local thrust and power
coefficients due to lift is analyzed from Egs. (8) and (9). These equations are interpreted in two complementary ways. First,
they show the explicit geometric contribution, namely whether the effective sweep angle ¥* or effective dihedral angle «*
appears directly in the load expressions. Second, they show the wake-induced contribution, namely how the induction terms
ap, a’ and u, modify C x; and C), k;. In this way, blade geometry can also influence the loads indirectly through its effect on

the wake and hence on the inductions.
2.3.1 Explicit geometric contribution

Eqgs. (8) and (9) can be decomposed into a baseline term and two terms with explicit geometric dependence, as summarized in
Table 1.
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Table 1. Decomposition of the Kutta—Joukowski thrust and power coefficients into a baseline term and two terms with explicit geometric

dependence.

Term Contribution to Cyx;  Contribution to Cp, x5 Explicit geometric dependence
Baseline term ks(1+a) ks(1—ag) None

Sweep-dependent term —ks % tany™ - 1™ appears explicitly
Prebend-dependent term  — ks 5—:} tank™ k" appears explicitly

— Baseline term: This part contains no explicit ¢* or x* dependence, so its mathematical form is the same for any blade

geometry (straight, swept, prebent, or combined). In this sense, it serves as a common baseline in the KJ expressions. It
also corresponds to the standard expressions for the local thrust and power coefficients when the radial induced velocity
is neglected, as reported in previous studies (Li et al., 2025b, a). It should be noted, however, that the inductions ap and

a’ still vary indirectly with blade geometry through wake-induced effects.

Sweep-dependent term: The radial induced velocity w, contributes to the thrust coefficient through the factor tan*.
Thus, sweep explicitly affects the local thrust through the combination of u,- and the effective sweep angle ¢*. According
to Eq. (8), when the local speed ratio A, is large, such as near the blade tip and at high tip-speed-ratio (TSR) conditions,
the contribution of w, to the thrust coefficient is relatively small. This behavior has also been observed for blades with

sweep only using coupled near and far wake models (Li et al., 2025a).

Prebend-dependent term: The radial induced velocity w,. contributes to the power coefficient through the factor tanx*.
Thus, prebend explicitly affects the local power through the combination of u, and the effective dihedral angle x*.
According to Eq. (9), this contribution is not divided by A, and can therefore remain significant under different operating

conditions. Accurate modeling of u.. is thus particularly important for predicting the power of prebent blades.

2.3.2 Wake-induced effects on loads

Blade geometry also affects the aerodynamic loads indirectly through changes in wake geometry, which in turn influence the
inductions. For rotors with curved blades or coned rotors, the inductions differ from those of straight blades forming a planar
rotor (Li et al., 2020, 20224, c).

— Axial induction ap: As shown in Eq. (9), the axial induction factor ap directly influences the power coefficient C), kj

through the baseline term. This highlights the importance of accurately modeling the effect of wake geometry on the

axial induction.

— Tangential induction a’: According to Eq. (8), the tangential induction factor a’ directly influences the thrust coefficient

C' ks, also through the baseline term. Since the magnitude of o’ is typically much smaller than one, its influence is
usually limited under normal operating conditions. Nevertheless, at lower TSR conditions it becomes more significant

and should be modeled with higher accuracy.
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— Radial induced velocity wu,.: According to Egs. (8) and (9), the radial induced velocity w, influences the thrust for swept
blades and the power for prebent blades, respectively. Its effect is particularly important for prebent blades because it
contributes directly to the power coefficient. For swept blades at high \,., however, its influence on thrust is relatively

small, which allows further simplifications in modeling.

In summary, the KJ analysis shows that accurate modeling of the axial induction ap is important for predicting power,
particularly for curved blades. The tangential induction a’ generally has a smaller influence, but becomes more relevant at
lower TSR conditions. The radial induced velocity w,. is especially important for predicting power for prebent blades and
should therefore be modeled with high accuracy, whereas its influence on thrust for swept blades is comparatively minor at
high A\, and allows greater simplification. These distinctions help explain why earlier engineering developments for sweep
and for prebend/non-planar effects followed different modeling branches, and why a unified framework must combine their

respective strengths.

3 Blade element vortex cylinder method

The blade element vortex cylinder (BEVC) method provides the non-planar/prebend parent branch used later in the unified
framework. It combines blade element theory (BET) with the full trailed wake vortex cylinder (VC) model to account for non-
planar effects on the axial and radial inductions (Crawford, 2006; Li et al., 2022a). For non-planar rotors, the force calculation
requires additional care: in all models using 2-D airfoil data, the effective airfoil pitch rate should be accounted for when
determining the magnitude and direction of the sectional forces (Li et al., 2022b). Only the ingredients required for the present
unified formulation are summarized here. In the BEVC model, the full trailed wake is represented using concentric cylindrical
vortex sheets, as described in Li et al. (2022a). The method can be viewed as a correction to the widely used blade element
momentum (BEM) method. For planar rotors, if the pressure drop due to wake rotation is neglected, the BEVC method gives
the same axial and tangential inductions as the BEM method (Branlard and Gaunaa, 2015b; Li et al., 2022a). In addition, the
vortex cylinder representation provides a radial induction component, which is not part of the standard BEM formulation'.
For non-planar rotors, however, the trailed vortices emanating from the blades have a different geometry from that of a planar
rotor, since their starting positions are displaced in the streamwise direction following the curved axisymmetric surface swept
by the blades. In the present work, the full trailed wake VC model is used in two ways. First, the BEVC method is included
as a reference model in the numerical comparisons. Second, the full VC model provides the non-planar correction terms used

later in the coupled models. However, by itself the BEVC method does not capture sweep-induced induction effects.
3.1 Elementary right vortex cylinder

The vortex cylinder model provides a simplified representation of the trailed vortex system generated by a rotor. For a planar
rotor with a constant circulation distribution, operating under uniform inflow with zero yaw error and no rotor tilt, the vortex

cylinder forms a right cylinder rather than an oblique one (Branlard and Gaunaa, 2015b).

!For planar rotors with straight blades, this radial induction does not contribute to the blade load calculation.
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The cylindrical vortex sheet has two components: the tangential vorticity -, which contributes to both axial and radial
induced velocities, and the longitudinal vorticity ~;, which contributes to the tangential induced velocity only. For a vortex
cylinder with radius R, the axial, radial and tangential induced velocities at a point with radius 7 and axial distance y (positive

downstream from the rotor disc) are written as

Uq (T7 y) = /&a (Ta Ra y)’yta (12)
UT(Tvy) = ar(rvRvy)’yh (13)
Ut,l(7"7y> = at,l(’n R7y)’yl> (14)

where 4, 4., and u,;; are functions involving complete elliptic integrals and their explicit forms are given in Branlard and
Gaunaa (2015b); Li et al. (2025a).

3.2 Superposition of vortex cylinders

To represent a radially varying circulation distribution, the contributions from multiple concentric vortex cylinders are super-
positioned (Branlard and Gaunaa, 2015a). For closure of the VC system, each cylindrical vortex sheet is assumed to convect
at a constant speed given by the average of the velocities on the two sides of the sheet in the far wake (Branlard and Gaunaa,
2015a). For non-planar rotors, the system closure is performed using the corresponding planar rotor with the same circulation
distribution (Li et al., 2022a).

For this corresponding planar rotor with straight blades, the Kutta—Joukowski thrust coefficient follows from Eq. (8) as
pl /
Cixy=ks(1+d'). (15)

The annulus-averaged axial induction factor 2 of the corresponding planar rotor, labeled b, is calculated from its effective

thrust coefficient.

AP = furc, (CPy) (16)

This closure is not based on balancing the actual thrust force, as in a momentum theory framework. Instead, it uses the thrust
coefficient of the corresponding planar rotor, which is equivalent to neglecting the contribution of radial induction to the thrust.
In addition, the contribution of the drag to the thrust coefficient are neglected.

The effective thrust coefficient is the thrust coefficient from the KJ analysis minus the contribution of wake rotation pressure
drop (Branlard and Gaunaa, 2015a; Li et al., 2022a). For typical modern wind turbine designs, this effect is rather small and
may be neglected (Li et al., 2022a).

The tangential vorticity of each vortex cylinder is obtained from the jump in the planar annulus-averaged axial induction

between two neighbouring sections (Li et al., 2022a):

Mg = QUO(aglo,jH - aglo,j)' (17)

2The annulus-averaged value corresponds to the limit of an infinite number of blades.
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When calculating the rotor-plane axial induction distribution used in Eq. 17, two auxiliary values outside the rotor radial range

. 1 p!
are introduced and set to a®. , = 0 and a =0.
00,0 00, Nep+1

The strength of the longitudinal vorticity of the vortex cylinder with radius R; and total trailed wake strength AT'; is:
ALy
2 Rj '

Vg = (18)

At a calculation point with radius r and axial coordinate y, the contributions from all vortex cylinders are linearly superim-

posed to obtain the total axial and radial inductions:

N
1 -
a :_io Zua (TaRj?y_y(Rj)) Tt 1
=1
Ny
uf =Y i (r Ry = y(R;) 11 e
j=1

The non-planar correction to the axial induction predicted by the full VC model is then defined as
Aayc =a? —aglo. 20

The total tangential induction in the BEVC method, including the contributions from the bound vortex disc and the longitu-
dinal vorticity of the trailed wake vortex cylinders, is obtained from the definition of circulation and is therefore equal to that

of the corresponding planar rotor (Branlard and Gaunaa, 2015a; Li et al., 2022a).

r ks
= e =

3.3 Blade element theory and tip-loss correction

For each vortex cylinder, the trailed vorticity strength is related to the bound circulation from the 2-D airfoil (blade element)
of the two neighbouring blade sections, which is calculated from the lift coefficient C,. Assuming all blades operate under the

same conditions, the total bound circulation strength is

= Nyl =, NoViucCr. 23)
The total strength of the vortices trailed into the wake is

Al =T, -T;_1. (24)

As in the BEM method, Prandtl’s tip-loss correction F' is applied to the axial induction to account for the effect of a finite
number of blades (Glauert, 1935; Sgrensen, 2016):

a% = apem = fa—c, (CE)IKJ/F> , (25)
F= gcos_1 (exp (—NBRM_T>> . (26)
m 2 rsing

10



270

275

280

285

290

295

https://doi.org/10.5194/wes-2026-85 WIND

~
Preprint. Discussion started: 18 June 2026 ENERGY
(© Author(s) 2026. CC BY 4.0 License. e We \

european academy of wind energy S C I E N C E
The inflow angle ¢ is calculated from the velocity locally at the blade section.
Uo(1—as)
t == 7/ 27
WP (1+a) @7)

The axial induction of the non-planar rotor in the BEVC method is then obtained by applying the correction term in Eq. (21)
to the planar BEM solution.

ap = Clpé + Aavyc = agem + Aavye (28)

In summary, the axial, tangential and radial inductions of the BEVC method are calculated from Egs. (28), (22) and (20),
respectively. The rotor’s non-planar effects are therefore included in both axial and radial inductions. However, the method
does not account for blade sweep effects on the inductions, limiting its applicability for general curved blades that combine

sweep and prebend.

4 Coupled near and far wake model for swept blades

This section summarizes the sweep-model ingredients required by the unified curved-blade formulation. The coupled near and
far wake framework for swept blades was developed and compared with higher-fidelity LL and CFD results in previous work
(Pirrung et al., 2016; Li et al., 2022c, 2025a); detailed derivations, sweep-only comparisons, and coupling-factor studies are
therefore not repeated here.

As shown by the Kutta—Joukowski analysis in Sect. 2.2, accurate modeling of the sweep-induced inductions, particularly the
axial induction, is essential for predicting the aerodynamic loads of swept blades. However, actuator-disc-based models such
as BEM and BEVC remain radially independent for planar rotors, even when the blades are swept, and are therefore not able
to capture the spanwise interactions introduced by blade sweep®. Moreover, Prandt]’s empirical tip-loss correction is based on
assumptions of straight blades and does not represent the actual circulation distribution and trailed-vortex geometry of swept
blades.

The coupled near and far wake model (Madsen and Rasmussen, 2004; Pirrung et al., 2016) addresses these limitations by
combining an explicit near wake model with a simplified far wake model. The near wake, defined as the first quarter revolution
of the blade’s own trailed vortex, is modeled explicitly using non-expanding helical vortex filaments. The far wake, which
includes the remaining trailed wake of the blade itself and those of the other blades, is modeled in simplified form (Madsen
and Rasmussen, 2004). A rotor-averaged coupling factor kpw is used to couple the near and far wake contributions (Andersen
et al., 2010; Pirrung et al., 2016), such that the resulting rotor thrust is comparable to that of a reference BEM model. The total

axial and tangential inductions are written as

apB ot = GNW T+ GFW, (29)

ror = Onw + Q- (30)

30nly limited spanwise coupling from inner to outer sections remains through wake rotation.
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4.1 Near wake modeling of swept blades

For swept blades, the near wake model includes two key effects: the influence of the curved bound vortex and that of the trailed
vortex with its shifted starting position within the rotor plane (Li et al., 2022¢, 2025a). Importantly, both effects are required,
since neglecting either leads to significant errors in the predicted sweep effects (Li et al., 2018). It is further assumed that the
dominant sweep effects are captured by the bound vortex and the near trailed wake of the blade itself, whereas the contribution
from the trailed wake of the other blades is negligible. Figure 2 illustrates these geometric quantities for a backward-swept

blade.

l i ® h Z>Q
X

Figure 2. Front view of a backward swept wind turbine blade rotating clockwise, shown in the blade local coordinate system (BL-sys). The
trailing point (tp) is at radius R and the calculation point (cp) is at radius 7, with a radial difference h. The sweep angle 1 is the azimuthal
difference between tp and cp. The difference in azimuthal angle between the elementary trailed vortex ds and tp is 8. The position vector x

points from ds to cp. This figure is adapted from Li et al. (2025a).

The near wake trailed vortex inductions are calculated using the computationally efficient indicial function approach de-
scribed in Pirrung et al. (2016) and extended to swept blades in Li et al. (2022c, 2025a). Steady-state values are obtained from
analytical expressions for special conditions and empirical corrections for general conditions, enabling high accuracy at low
computational cost. In contrast, direct numerical integration of the Biot—Savart law would be significantly more expensive. The
influence of the curved bound vortex is calculated separately using the Biot—Savart law, as detailed in Li et al. (2020).

The total near wake induction includes contributions from both the curved bound vortex and the near wake trailed vortex.

The superscript (pl) indicates that the rotor is treated as planar, so sweep effects are included while non-planar effects are

excluded.

APy = Abound + abt (31)
NW — &bound NW, trail
npl /,pl

ANwW = Obound T ONW, trail (32)

4.2 Far wake model and coupling factors

The far wake is represented using either a momentum-theory-based model or a far wake vortex cylinder model (Li et al.,

2025a). In both cases, the rotor-averaged coupling factor kpw is used to couple the near and far wake contributions.

12
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4.2.1 Coupled with far wake momentum theory

In the momentum-theory-based far wake model, the rotor-averaged coupling factor kgw directly scales down the full-wake
inductions to obtain the far wake contribution. When combined with the near wake model, the resulting coupled model is

labeled as NW-MT.

AFWMT = fafct (kFWCt) (33)

a%W,MT = kFWa' (34)

The original automatically adjusted coupling factor method was developed for straight blades (Pirrung et al., 2016) and is
insufficient for swept blades, particularly forward-swept blades (Li et al., 2022c). In the present work, NW-MT uses the area-
weighted coupling-factor method (a) of Li et al. (2025a). Here, the method is modified by evaluating the coupling residual
using an auxiliary reference rotor, defined as a corresponding planar rotor with straight blades, as described in Sect. 7.

The total axial and tangential inductions in the NW-MT model are obtained as

_ . pl
aB ot = ANw + GFWMT, (35)

1 pl /
Qior = ANw T+ GEwMT- (36)

For the radial induction, NW-MT includes only the bound vortex contribution, since momentum theory does not provide a

radial induction:

U tot = Ur, bound- (37)
4.2.2 Coupled with far wake vortex cylinder model

Alternatively, the far wake can be represented using vortex cylinders (Li et al., 2025a). When coupled with the near wake
model, the resulting model is denoted NW-VC.

In this approach, the full trailed wake vortex cylinder is decomposed into a near wake part and a far wake part, as shown in
Fig. 3(a). The far wake vortex cylinders are positioned at a constant distance Aygw downstream of the rotor plane. The sum of
the inductions from the near wake and far wake vortex cylinders equals the inductions from the full vortex cylinder.

The downstream distance Aygw is taken as one-fourth of the area-weighted rotor-averaged near wake helical pitch fingw (Li
et al., 2025a). This distance is further scaled by the rotor-averaged coupling factor kg, limited to values between 0 and 1, to

reflect the reduced convection speed of the trailed wake compared to that at the rotor plane:

1
Aypw = lkFWhNW' (38)
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pl pl np np
anw,ve Arw,ve aNw,ve Arw,ve
AyF\N AyFVV
(a) Planar rotor (b) Non-planar rotor

Figure 3. Decomposition of the full trailed wake vortex cylinder into a near wake part and a far wake part for (a) a planar rotor and (b) a

non-planar rotor.

For each calculation point, the far wake axial and tangential inductions are obtained by summing the contributions from all

far wake vortex cylinders. When the rotor is planar, as indicated by the superscript (pl), the inductions at radius r are

Ny
1 =
a%]w,vc =0 Z“a (r, Ry, —Ayew) V1.5, (39)
j=1
1 O
apve = g D Bt (1 Ry = Ayew) - (40)
j=1

For the radial induction, the treatment differs from that of the axial and tangential inductions. Because the existing helical
near wake model does not provide the trailed wake contribution to radial induction, the trailed wake radial induction is taken
directly from the full vortex cylinder model:

Ny

pl  _  pl pl _ ~ . )
Uy ye = Up nwve T Uy Fwyve = E :ur (7“, ij()) V5 (4D
j=1

As in the BEVC model with full trailed wake vortex cylinders, each far wake vortex cylinder is assumed to convect at a
constant axial velocity determined infinitely far downstream. Consequently, the far wake vortex cylinders are also solved using
the corresponding planar full vortex cylinders. Once the vortex strengths 7, and ~y; have been determined for the entire rotor,
the far wake inductions can be evaluated.

For all coupled models using the far wake vortex cylinder model, we apply the area-weighted coupling-factor method (a),
modified by evaluating the coupling residual using the auxiliary reference rotor described in Sect. 7.

The total inductions in the NW-VC model are then

_ pl pl
aB ot = AN T Opwves (42)
r_ 0pl /,pl
Qo = ANw + Opwyes (43)
_ o
U tot = U, bound T Wy ye- (44)

Compared with NW-MT, NW-VC also includes the trailed wake contribution to the radial induction, whereas NW-MT

includes only the bound vortex contribution.
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5 Idealized coupled model for blades with both sweep and prebend

Existing aerodynamic models capture either prebend effects through the vortex cylinder model (Sect. 3) or sweep effects
through the coupled near and far wake framework (Sect. 4), but not their combined influence on general curved blades. To
address this limitation, we introduce an idealized coupled model, denoted NW(ideal)-VC, as a benchmark formulation for
blades with both sweep and prebend. It represents the highest fidelity achievable within the coupled modeling framework. For

straight and swept blades, the same idealized-model concept reduces to the formulation used previously in Li et al. (2025a).
5.1 Near wake modeling

The near wake is defined as the first quarter revolution of the blade’s own trailed wake and includes both sweep and prebend
effects. The blade sweep geometry is described by the sweep angle 1, while the blade prebend geometry is represented by the

relative axial coordinate offset ) between the trailing point (tp) at radius R and the calculation point (cp) at radius 7:
n=y(R)—y(r). (45)

Let 5 denote the trailed vortex azimuthal angle. The elementary trailed vortex vector ds and the position vector  from ds

to the calculation point are:

—cos(B+1)
ds = Rdﬂ tan(p y (46)
—sin(8+1)
Rsin (8 + 1)
T = —n— RBtany ) 47

R—h—Rcos(B+)

where (h = R — r) is the radial difference between tp and cp, and ¢ is the inflow angle.

The elementary induced velocity follows from the Biot—Savart law:

dw:7AI‘wad33. 48)
Arz|
Its axial, tangential and radial components, corresponding to the y-, z- and z-components of dw, are:
dulP = _AI‘Zd;czosgo 1—7cos(B+) - 49)
4 [14 72 —27cos(B+1) + (Btanp +7)?] 2
du™ — ATgdscosp [F —cos(B+1)— Bsin(B+ ¢)] tanp — 7sin (8 4 1) 50)
T 2 3 )
ArR (1472 —27cos(B+ 1) + (Btany +7)?] 2
w  ATgdscosy [Bcos(B+ 1) —sin(B+ )] tanp + fjcos (B + 1)
dwiP = R Ea— (51
2

[1 + 72 —2rcos(B+v)+ (Btanngrﬁ)Q]
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where

ds = Vedt = R-_ )
cos

= % =1- %’ (53)

"= %' (54)

The steady-state near wake induced velocity is obtained by integrating the elementary contribution over the first quarter

revolution, that is, from 5 =0to 5 = 7/2:

B=%
W= / dw. (55)
=0

The total near wake induction includes contributions from both the bound vortex and the near wake trailed vortex. Here, the

superscript (np) indicates that both sweep and prebend effects are included:

np np

aNw = Gbound T ANW rail» (56)
/mp _ / /,np

ANW = Obound T ONWtrail? (57)
np np

ur,NW = Ur,bound + U’r,NW,trail . (58)

5.2 Far wake vortex cylinder model

The far wake is modeled using concentric vortex cylinders located downstream of the curved surface swept by the blades, as
illustrated in Fig. 3 (b).

The same downstream shift distance Aygw as defined in Sect. 4.2.2 is used here. In this way, the far wake model includes
non-planar effects while neglecting blade sweep effects. For a non-planar rotor, the far wake vortex cylinders do not start from
one common axial position. Instead, each vortex cylinder is placed at a constant downstream distance Aygy relative to the
local axial position of its corresponding blade trailing point.

The axial position (y-coordinate) of the far wake vortex cylinder at radius I; is therefore obtained from the axial position

of the corresponding trailing point (tp) on the blade at radius R; and the downstream shift distance Aygw:

yrw,j = Y(R;) + Ayew. (59
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The far wake induced velocities at a calculation point with radius r and axial coordinate y are then computed by summing

the contributions from all far wake vortex cylinders:

Ny

1 <X
Apwve = U > i (1, Ry — yew 5) Ve (60)
j=1
1O
a;\r;gvc = _Wzﬂt,l (T7Rj7y_yFW=j)’n»j7 (61)
j=1
Ny
Urwye = Y b (1 Ry = Yew,) e, 62)
=1

The total inductions are obtained by combining near- and far-wake contributions:

_ op np
aB .ot = GNw T Agw,ves (63)
/__ np /,np
Oior = ANw T+ Apwyes (64)
_ . np np
Ur,tot = Uy Nw T Up pw v (65)

6 Simplified coupled model for blades with both sweep and prebend

While the idealized coupled model NW(ideal)-VC introduced in Sect. 5 provides a high-fidelity formulation for blades with
both sweep and prebend, it is computationally too expensive for aeroelastic simulations and design optimization. The main cost
arises from the near wake helical trailed-vortex model, which requires repeated direct numerical integration of the Biot—Savart
law whenever blade deformation or operating conditions change.

For blades with sweep only, this cost is avoided by the computationally efficient near wake model described in Sect. 4.1,
which combines analytical solutions for special flow conditions with approximations based on pre-calculated influence coeffi-
cients for general conditions. Extending that approach directly to include prebend would require a substantially more complex
fitting procedure and a much larger database of steady-state near wake inductions, making it impractical.

Recent CFD results (Li et al., 2025b) showed that, for general curved blades, the wake-induced effects can be approximated
well by modeling sweep and prebend separately and then linearly superimposing their contributions. Motivated by this result,
we introduce two simplified coupled models: NW-VC and NW-MT-VC. Both retain the existing near wake trailed-vortex
model for sweep effects and use the vortex cylinder model to account for prebend effects, thereby achieving a practical balance

between computational efficiency and accuracy.
6.1 NW-VC: simplified near wake vortex cylinder model

The first simplified model, labeled NW-VC, is obtained by simplifying the idealized coupled model NW (ideal)-VC. For planar
rotors, it reduces to the existing NW-VC model described in Sect. 4.2.2.
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6.1.1 Far wake model

The far wake is modeled using the same vortex cylinder formulation as in the idealized model NW (ideal)-VC, so the simplifi-
cation introduced in NW-VC is limited to the near wake. The far wake vortex cylinders start at a constant downstream distance

from the rotor plane, and the corresponding inductions are calculated from Egs. (60) to (62).
6.1.2 Near wake model

In the near wake, sweep and prebend effects are modeled separately and then superimposed. Sweep effects are modeled by the
existing computationally efficient near wake helical trailed vortex model described in Sect. 4.1. The non-planar contributions
to the near wake axial and tangential inductions are modeled using the near wake part of the vortex cylinder. Specifically, they
are calculated as the near wake vortex cylinder inductions of the non-planar rotor minus those of the corresponding planar rotor
with the same circulation distribution. This treatment is analogous to the BEVC correction for non-planar effects in the full
trailed wake described in Sect. 3.2.

The full vortex cylinder wake is decomposed into near wake and far wake parts, as illustrated in Fig. 3 (b). The near wake
vortex cylinder inductions are then calculated by subtracting the far wake vortex cylinder inductions from the full vortex

cylinder inductions:

ANW,VC = avC — GEW,VC, (66)

/ o /
anwvc = yc — GpwvC) (67)

where aj,¢ is the tangential induction from the longitudinal component of the full vortex cylinder, calculated using Eq. (14):

N,
I -
aye == Dt (1 Ry = y(By) g (68)

j=1

Accordingly, the near wake axial and tangential inductions are written as the sum of the bound vortex term, the trailed wake
induction term with sweep effects, and a vortex cylinder-based non-planar correction term. Since the simplified helical near
wake model does not provide radial induction, the near wake radial induction is calculated from the bound vortex influence

plus the near wake portion of the vortex cylinder:

np __ p! np pl

aNw = Gbound T ANw rail T ANW,VC — ONW,VC) (69)
/np g /,pl /,np o /,pl

ANW = Qpound T ANW, rail T ANW,VC — INW,VC) (70)
np o np

Uy NW = Ur,bound T Uy Nw,vC (7D
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6.1.3 Total inductions

The total inductions for NW-VC are obtained by summing the near wake and far wake contributions:

n n 1 1
aB ot = Anw + Gpwye = Aaw + pwye + Aave, (72)
/  __ _I,np /,np _pl /,pl /
Aot = aNw + Fwye = ANw T Gfwve T Aaye, (73)
n
Up tot = Uy bound 1 UT?VC' (74)

Here, the axial and tangential inductions consist of a planar part, denoted by the superscript pl, and a correction term
accounting for non-planar effects. The non-planar correction terms Aayc and Aaj, are calculated as the full vortex cylinder
inductions of the non-planar rotor minus those of the corresponding planar rotor. The axial correction is given by Eq. (21),

while the tangential correction is calculated based on Eq. (68):
Aaye = a/\}rép — a(}lg. (75)

Note that the non-planar contribution to the tangential induction predicted by the vortex cylinder model is relatively small.
For all curved blades tested in this work, neglecting Aaj, changes the local thrust coefficient by less than 2 x 10~* and the
local power coefficient by less than 5 x 1075,

Compared to the idealized NW(ideal)-VC, the simplified NW-VC model approximates the sweep and prebend effects on the
near wake inductions separately, instead of modeling them together using the helical trailed vortex. Based on previous CFD
results (Li et al., 2025b), the resulting error is expected to be small for axial and tangential inductions. Larger discrepancies

may occur for the radial induction because the influence of the finite number of blades is neglected.
6.2 NW-MT-VC: NW-MT corrected using vortex cylinder model

The second simplified coupled model, labeled NW-MT-VC, extends the existing NW-MT formulation to non-planar rotors.
In NW-MT-VC, sweep effects are still modeled by the existing computationally efficient near wake helical trailed-vortex
model. To account for non-planar effects, the inductions from the entire trailed wake, including both the near and far wake,
are corrected using the vortex cylinder model. The trailed-wake radial induction is taken directly from the full vortex cylinder
model, since it is not provided by the near wake helical trailed-vortex model. This NW-MT-VC model extends the earlier swept-
blade approach of Li et al. (2025a) to non-planar rotors, while remaining consistent with that approach in the planar-rotor limit.

The total inductions are therefore:

_ . pl
aB 1ot = Gnw + arwMT + Aavc, (76)
1 pl / /
Aot = aNw + apwmr T Aayc, 77
_ np
Uy tot = Ur bound + U ve- (78)

Here, apwmr and agyr are the far-wake inductions from the momentum-theory model defined in Egs. (33) and (34), while

Aayc and Aaj, are calculated from the same expressions as in NW-VC in Sect. 6.1, namely Egs. (21) and (75).
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For planar rotors, NW-MT-VC gives the same axial and tangential inductions as NW-MT, but additionally includes the
radial induction. As in NW-VC, sweep and prebend effects are modeled separately and then superimposed. The main difference
between the two simplified models lies in the modeling of the planar far wake contribution to the axial and tangential inductions:
NW-MT-VC uses momentum theory, whereas NW-VC uses the far wake vortex cylinder model.

Similar to NW-VC, the error in NW-MT-VC compared to the idealized NW(ideal)-VC is expected to be small for axial and
tangential inductions (Li et al., 2025b). Larger discrepancies may appear in the radial induction because the influence of the

finite number of blades is not included.

7 Calculating the coupling factor

For all coupled models, a rotor-averaged coupling factor kpw is used to partition the trailed wake into near- and far-wake
contributions. In the present work, kgw is determined from a corresponding planar reference rotor with straight blades, referred
to as the auxiliary reference rotor, rather than from the actual rotor, which may include blade sweep, prebend, coning, or
combinations of these features. This auxiliary reference rotor retains the same radial discretization, circulation distribution,
and inflow angle as the actual rotor, but its blades are straight and have no non-planar offset. The superscript pl,str is used for

quantities evaluated for this auxiliary reference rotor.

7.1 Planar reference rotor with straight blades

Lst
The near- and far-wake axial inductions of the auxiliary reference rotor are denoted aky,'

and afyy ' (krw), respectively. The
far-wake induction is evaluated using the far-wake model of the corresponding coupled model. Thus, NW-MT and NW-MT-VC
use the momentum-theory far-wake model, whereas NW-VC and NW(ideal)-VC use the vortex cylinder far-wake model.

The coupling factor is calculated using the area-weighted Newton procedure introduced as method (a) in Li et al. (2025a),
but with the residual evaluated for the auxiliary reference rotor. For blade section 4, the residual is

1,5t lt 1t
day ™" = aliy i + gy i (krw) — aBem,i- (79)

Here, aggm,; is the corresponding BEM reference axial induction, with tip-loss correction included. The residual function is

then

Nep
Fo=Y 6a"" Aq, (80)

where A, ; is the annular area corresponding to blade section ¢. The rotor-averaged coupling factor is updated from the previous

step t — 1 to the current step ¢ as

Ft
ktw = ki — = 81
Fw Fw 8Fa/8k]:w’ ( )
where
Nep a Pl slr
(82)

akFW 123 akFW
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As in method (a) of Li et al. (2025a), the Newton update is limited to avoid excessively large sectional errors. This limiting
procedure is based on tentative sectional coupling factors; details are given in that work.

Because the residual is evaluated for the auxiliary reference rotor, sweep- and prebend-induced induction effects are not
absorbed into krw. Instead, these effects are retained in the final induction calculation for the actual curved blade. This removes
a major source of local residuals in the previous formulation, where induction effects associated with sweep were balanced

against a BEM induction that does not include such effects.

8 Simulation setup and blades for comparison

This section summarizes the models, reference solvers, blade geometries, operating conditions, and load definitions used in the

comparison.
8.1 Engineering aerodynamic models for comparison

Engineering aerodynamic models of different fidelities are included in the comparison. First, the BEM method described in
Sect. 3 is used as the baseline, which does not model the influence of wake geometry on the loads. Second, the BEVC method,
also described in Sect. 3, is included. It uses the vortex cylinder model for rotor non-planar effects but neglects the blade sweep
effect on inductions. Third, the original coupled model NW-MT described in Sect. 4 is included for comparison. It models
blade sweep effects but not rotor non-planar effects. Finally, the modified coupled models, including the idealized coupled
model NW (ideal)-VC and the simplified coupled models NW-VC and NW-MT-VC, are used for comparison. These modified
coupled models include both blade sweep and prebend effects. Unless otherwise stated, all coupled models in the present work
use the improved method (a), based on the auxiliary reference rotor, to determine the rotor-averaged coupling factor. For clarity,

the main characteristics and roles of these engineering aerodynamic models are summarized in Table 2.

Table 2. Summary of the engineering aerodynamic models considered in the present work. NW-MT-VC and NW-VC are the proposed

models for application in aeroelastic simulation and optimization tools.

Model Sweep Prebend Wake model Radial induction Role

BEM No No MT / planar VC No Baseline

BEVC No Yes vC VC Non-planar reference
NW-MT Yes No NW + FW MT Bound Sweep reference
NW-MT-VC Yes Yes NW + FWMT + AVC  Bound + VC Simplified unified model
NW-VC Yes Yes NW +FW VC + AVC  Bound + VC Simplified unified model
NW(ideal)-VC Yes Yes NW + FW VC Bound + NW + FW VC  Idealized benchmark

For all cases, each blade is discretized radially into 80 sections. The airfoil data is from 2-D fully turbulent CFD results

(Bortolotti et al., 2019); a setup analog to the CFD setup used for the reference 3-D blade-resolved CFD results. In this study,
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the relationship between the axial induction factor a and the thrust coefficient Cy, as used in Egs. (33) and (16), follows the

empirical polynomial formulation presented in (Madsen et al., 2020a).
8.2 High-fidelity reference: 3-D RANS solver

The pressure-based incompressible three-dimensional solver EllipSys3D was used as the high-fidelity reference. It solves the
incompressible Reynolds-averaged Navier—Stokes (RANS) equations using a finite-volume discretization. The computational
fluid dynamics (CFD) mesher and solver setups were identical to those used in Li et al. (2025a); therefore, only the key settings
are summarized here. The outer CFD domain used an inlet/outlet boundary-condition strategy. The flow was assumed fully
turbulent and modeled with the k-w shear stress transport (SST) model (Menter, 1994). Rotor-resolved meshes were generated
with the same structured blade-surface and radial extrusion workflow as in Li et al. (2025a). The outer boundary was located
at approximately 11 rotor diameters. Boundary layer clustering targeted ¥ < 1, and the final volume mesh contained 14.2
million cells. As in Li et al. (2025a), a steady solver was employed and the reported blade loads were averaged over the
last 50 iterations. Some error therefore remained in the blade root region, where unsteady separation is expected. Applying
convergence enhancement methods to the RANS CFD solver, such as the modified BoostConv method (Dicholkar et al.,
2022, 2025), could improve the root region comparisons. However, this does not affect the conclusions of the present study,

which focus on the mid-span and blade tip regions.
8.3 Free-wake lifting line reference

In addition to the RANS CFD solver, the free-wake lifting line (LL) module implemented in the in-house multi-fidelity vortex
code MIRAS (Ramos-Garcia et al., 2016, 2017) is used as another higher-fidelity aerodynamic reference. In contrast to the
blade-resolved RANS CFD approach that resolves the 3-D flow field around the blade geometry, the LL method relies on 2-D
airfoil data and the cross-flow principle (Hoerner and Borst, 1985). It thus represents the highest fidelity within the framework
of engineering aerodynamic models that rely on 2-D airfoil data, and therefore provides the most direct reference for the
comparisons. The LL setup is identical to that used in Li et al. (2025a); therefore, only the key modeling details and numerical
settings relevant to the present study are summarized here. Each blade is represented by a concentrated bound vortex line
located at the 1/4 chord line, from which vorticity is trailed and shed into a free wake. The influence of a curved bound vortex
on itself is included (Li et al., 2020). The vortex system of the blades and the wake is modeled using the same hybrid filament-
particle-mesh approach as in Li et al. (2025a). The bound vortex and the first 360 wake panels behind each blade, corresponding
to approximately 1.5 rotor revolutions, are represented by vortex filaments, while the remaining wake is represented by vortex
particles on an auxiliary Cartesian mesh. The Cartesian mesh used for wake modeling spans approximately (11D x 2D x 2D),
where D is the rotor diameter, with a cell size of 2.5 m, corresponding to approximately 0.0125D. This gives approximately
22.5 million cells and an equal number of vortex particles.

A time step of 0.03 s is used, corresponding to an azimuthal discretization of approximately 1.5°, or 240 time steps per rotor
revolution. Each simulation is run for 20,000 time steps, corresponding to 600 s of physical time or approximately 83 rotor

revolutions. A maximum of 50 sub-iterations is applied at each time step to ensure convergence of the angle of attack residual.
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Each blade is discretized radially into 50 spanwise sections using cosine spacing. The airfoil polars are obtained from fully
turbulent 2-D RANS CFD simulations (Bortolotti et al., 2019).

8.4 Blades used for the comparison

All blades considered in the present work are based on the IEA-10.0-198 10 MW reference wind turbine (RWT) (Bortolotti
et al., 2019). The baseline straight blade and the parameterization of the curved blades follow previous works (Li et al.,
2018, 2022a, c, 2025a, b). The baseline straight blade is obtained by aligning the half-chord line with a straight main axis.
The modified curved blades introduced in Li et al. (2025b) are used in the present study. For these blades, the chord and twist
distributions are adjusted such that the BEM method predicts the same circulation distribution and almost identical loads as
for the baseline straight blade, except for small residual differences due to drag projection. This largely removes the projection
effect and allows the present comparisons to focus on the influence of wake geometry on the inductions and the resulting loads
(Li et al., 2025b).

The curved main axis geometry is defined in the blade root coordinate system (B-sys) using a modified Bézier curve,
parameterized by the curve ratio 7., the curve magnitude Ad, and the tip curve angle A¢;;,, as shown in Fig. 4. The detailed
comparisons presented here focus on one representative parameter set, namely 7. = 0.5, Ad = 0.1 and Ay;, = 20°, as defined
in Li et al. (2025b). Blade sweep and prebend are introduced by modifying the zB- and y®-coordinates of the main axis,
respectively. For blades containing sweep, the main axis is further scaled so that the radius of each blade section remains

identical to that of the baseline straight blade.

Figure 4. Parameterization of the curved blade with curve ratio 7., curve magnitude Ad and tip curve angle A¢;p, adapted from Li et al.

(2025b).

Following Li et al. (2025b), the modified swept blades are denoted mB-b, the modified prebent blades mW-w, and the
modified combined blades mC-bw. For the representative parameter set used here, the two swept blades are mB-1 and mB-5,
corresponding to backward and forward sweep, respectively, as illustrated in Fig. 5. The two prebent blades are mW-1 and
mW-5, corresponding to upwind and downwind prebend, respectively, as illustrated in Fig. 6. These figures are adapted from
Li et al. (2025b) and are included here to define the sign conventions used throughout the present study.

The combined curved blades are constructed by superimposing the corresponding swept and prebent planforms. For the rep-
resentative parameter set, four combined cases are considered here, covering all combinations of sweep and prebend directions
for this specific shape. Blade mC-11 has backward sweep and upwind prebend, blade mC-55 has forward sweep and downwind

prebend, blade mC-15 has backward sweep and downwind prebend, and blade mC-51 has forward sweep and upwind prebend.
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Figure 5. Front view of the backward swept blade mB-1 and the forward swept blade mB-5, with main axes highlighted, in the blade root
coordinate system (B-sys). This corresponds to the front view of the rotor when the blade is pointing to the east. The free wind velocity

vector is also shown. The figure is adapted from (Li et al., 2025b).
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Figure 6. The main axis geometries of the upwind prebent blade mW-1 and the downwind prebent blade mW-5, in the blade root coordinate
system (B-sys). This corresponds to the top view of the rotor when the blade is pointing to the east. The free wind velocity vector is also

shown. The figure is adapted from (Li et al., 2025b).

The swept blades mB-1 and mB-5 are the same blade geometries as those used in Li et al. (2025a) and serve as limiting
cases connecting the present generalized framework to the earlier swept-blade work. However, because the coupling-factor
calculation is further improved here using the auxiliary reference rotor introduced in Sect. 7, the coupled model predictions
for these swept blades are updated. Selected sweep-only results are therefore repeated to document the effect of the revised
coupling-factor definition and to support the use of method (a) as the default coupling-factor procedure in the present general-
ized framework.

To examine the generality of the conclusions, a total of four distinct curved-blade shapes are considered, as defined in Li et al.
(2022c, 2025b). For each shape, two sweep-only blades and two prebent-only blades are defined, giving 8 swept blades and 8
prebent blades in total. By combining these swept and prebent blades, a total of 64 combined curved blade cases is obtained.
The detailed comparisons presented here focus on the 2 swept blades, 2 prebent blades and 4 combined curved blades derived
from one representative shape. The internet appendix (Li et al., 2026) provides the complete set of results for the remaining
geometries not shown in the main text. These extended results show trends consistent with those discussed here and do not
change the overall conclusions of the present study.

For all test cases, the rotor radius is 99 m with a hub radius of 2.8 m. The blades are assumed to be stiff, so elastic deformation

effects are not included.
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8.5 Operational conditions

The rotor’s operational conditions are identical to those used in previous works (Li et al., 2022a, b, ¢, 2025a) and are restated
here for completeness. An optimal operating condition with high rotor thrust is included, with a uniform inflow of 8 ms™—!
perpendicular to the rotor plane, a rotational speed of 0.855rad s~! and zero blade pitch. The rotor radius is 99 m and the tip-
speed-ratio (TSR) is 10.58. In addition, three lower-loading conditions defined in the IEA Wind TCP Task 37 report (Bortolotti
et al., 2019) are considered, with rotational speed fixed at 0.909 rad s~ 1, wind speed varying from 12.0 m s1t020.0ms™1,
and the straight blade is pitched towards lower loading. The curved blades are not directly pitched; instead, their chord and
twist distributions are modified according to Li et al. (2025b), such that the BEM method predicts approximately the same
loads as for the corresponding pitched straight blade. The main axis geometry of the curved blades remains unchanged from
the optimal operating condition.

The operating conditions are summarized in Table 3, together with the thrust and power coefficients of the rotors with

baseline straight blades predicted by the CFD solver.

Table 3. Operational conditions used for the comparison. C%ﬂfCFD and CiﬁfCFD are the thrust and power coefficients of the rotor with baseline

straight blades, as predicted by the CFD solver.

Wind speed Up [ms™']  Tip-speed-ratio A [-]  Pitchangle 0, [°]  C¥cp [[1  C¥epp [-]

8.0 10.58 0.00 0.90 0.45
12.0 7.50 5.98 0.42 0.31
15.0 6.00 11.77 0.21 0.16
20.0 4.50 18.51 0.09 0.07

8.6 Loads for comparison

The loads used for comparison are identical to those used in Li et al. (2025a). The non-dimensional axial and tangential loads,
which are in the y- and z-directions in the blade local coordinate system (BL-sys), are used for comparison. They are expressed

in terms of the local thrust coefficient and the simplified local power coefficient:

NBfBL ds
O =S ®
5pUq2mrdr
- QrNpfBlds
C,= * (84)
5pUg2mrdr

Here, fBL denotes force per unit span length and includes both lift and drag forces. The quantity C’p represents the contribution

of the tangential force to aerodynamic power; other contributions, such as sectional moments, are not included.
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To highlight the influence of curved blade geometry on the loads, load offsets relative to the baseline straight blade are also

used for the comparison:

AC(r) = Cy(r) — C™(r), (85)
AC},(T) = C’p(r) — C’;‘r(r). (86)
9 Results

In this section, loads calculated from different aerodynamic models are compared for swept blades, prebent blades, and blades
with combined sweep and prebend. The proposed coupled models, including the idealized coupled model NW(ideal)-VC and
the simplified coupled models NW-VC and NW-MT-VC, are evaluated against the existing engineering aerodynamic models
BEM, BEVC, and NW-MT, using higher-fidelity LL and CFD results as references.

Before discussing the individual blade cases, it is useful to clarify how the model comparisons are interpreted. The main
focus is on the distributed local thrust and power along the blade span. Previous studies have shown that both sweep and
prebend introduce spanwise load redistribution patterns (Li et al., 2022a, ¢, 2025a, b). Similar redistribution effects are therefore
expected for general curved blades that combine sweep and prebend.

The rotor-integrated thrust and power reported in the tables are important global measures of aerodynamic performance.
The rotor-integrated power coefficient differs from directly integrating the simplified local power coefficient C'p used in the
spanwise plots.* Similarly, other integrated loads, such as blade-root bending moments, are important for load assessment,
although they are not reported here. However, these integrated quantities are not the only relevant measures in aerodynamic and
aeroelastic evaluations. Distributed loads are also important for blade design optimization and load assessment. For example,
when evaluating the bending moment at a specific blade section, the relevant load is the integrated contribution from the blade
tip to that section, not only the total load over the entire blade. Consequently, local load errors can be larger than suggested by
rotor-integrated quantities, because positive and negative spanwise errors may cancel during integration along the span.

The higher-fidelity LL and CFD results are used as complementary references, but they should not be interpreted in the same
way. The LL solver represents the highest-fidelity reference within the class of engineering aerodynamic models that use 2-D
airfoil polar data. It is therefore the most direct reference for assessing the performance of the proposed engineering models.
The blade-resolved RANS CFD simulations, in contrast, resolve the 3-D flow around the blade geometry and are used as an
independent high-fidelity comparison. Consequently, LL and CFD are expected to show consistent dominant curved blade
spanwise load redistribution patterns, although some quantitative differences are expected because the two approaches rely on
different aerodynamic modeling assumptions. Agreement with CFD alone should therefore not be used as the sole criterion
for assessing the performance of the engineering models. Instead, the comparison focuses on whether the engineering models
reproduce the spanwise redistribution trends indicated by the higher-fidelity approaches, with LL providing the most direct

benchmark.

4The difference is mainly due to the additional moment associated with applying the sectional lift and drag forces at the 1/4 chord line rather than at the

blade main axis. The contribution from the profile sectional moment is negligible in the present cases.

26



665

670

675

680

https://doi.org/10.5194/wes-2026-85 WIND
Preprint. Discussion started: 18 June 2026

~
© Author(s) 2026. CC BY 4.0 License. e We \ EZ:EEIT\I%YE

9.1 Baseline straight blade

For completeness, Fig. 7 shows the loads of the baseline straight blade predicted by the BEM method and the coupled models
NW-MT and NW-VC, together with results from the LL and CFD solvers. The straight blade is included as the reference
for the subsequent load offset comparisons and as a consistency check that the present implementation recovers the expected
straight-blade limit. For this case, results from BEVC, NW(ideal)-VC and NW-MT-VC are omitted, since for a planar rotor
with straight blades they are nearly identical to BEM, NW-VC and NW-MT, respectively, for the loads considered here.
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Figure 7. Thrust coefficient C (a) and simplified power coefficient C'p (b) of the baseline straight blade at a wind speed of 8 ms™", calculated
using the BEM method, the coupled methods NW-MT and NW-VC, the LL solver, and the CFD solver.

For radii less than 20 m, the CFD solver shows noticeable differences from the other methods for both axial and tangential
loads. As discussed in Sect. 8, this discrepancy is related to unsteady flow separation in the blade root region. Therefore, the
comparison focuses on the span from 20 m to the blade tip.

Over most of the span, the thrust coefficients predicted by the different models show good agreement. Larger differences
appear in the simplified power coefficient near the outer blade region, where all engineering aerodynamic models over-predict
the tangential load compared to the LL and CFD results. According to the Kutta—Joukowski analysis in Sect. 2.2, this is mainly
related to differences in the blade axial induction ap.

For the lower loading conditions listed in Table 3, the corresponding results are not repeated, since detailed straight-blade

comparisons were already reported in Li et al. (2025a).
9.2 Swept blades

This section examines the sweep-only blades mB-1 (backward sweep) and mB-5 (forward sweep) to assess the effect of the
updated coupling-factor calculation. These two cases were studied in detail in Li et al. (2025a), but are repeated here because
the present paper uses an updated coupling-factor calculation, where the area-weighted method (a) is retained but the residual

is evaluated for an auxiliary planar reference rotor with straight blades, as described in Sect. 7. Therefore, these cases provide
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a direct test of the updated coupling-factor formulation for backward and forward sweep before it is applied to the prebent and
combined curved blade cases. Only the 8 ms~! high-loading condition is repeated here, since the lower-loading cases were
already reported in Li et al. (2025a) and the induction effects relevant to the coupling-factor calculation become less significant
as the rotor loading decreases.

For the cases considered here, the updated version of method (a), based on a corresponding planar reference rotor with
straight blades, is used for all coupled models. With this common coupling-factor procedure, differences between the coupled
models mainly reflect the far-wake representation and the modeling of trailed-wake radial induction, rather than the use of

different coupling-factor weighting methods. The load offsets relative to the baseline straight blade are shown in Figs. 8 and 9.
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Figure 8. Offset in thrust coefficient (AC}) (a) and simplified power coefficient (Aép) (b) of the backward swept blade mB-1 compared to
the baseline straight blade at a wind speed of 8 ms™*. Results from BEM, NW-MT, NW-MT-VC, NW-VC and NW(ideal)-VC are compared
with LL and CFD results.

For both swept blades, LL. and CFD show the characteristic sweep-induced load redistribution reported in Li et al. (2025a).
For radii below approximately 50 m, the blade main axis remains straight, the load offsets are small and the loads remain
close to those of the baseline straight blade. Moving from the blade mid-span toward the blade tip, where the sweep becomes
pronounced, a spanwise redistribution of both thrust and power is observed. Specifically, for the backward swept blade mB-
1, both thrust and power offsets start to decrease from approximately » = 50 m, reaching their largest negative value around
r =65 m, and then increase gradually toward the blade tip. Near the tip, the offsets increase sharply and become positive.
For the forward swept blade mB-5, a similar spanwise load redistribution pattern is observed, but with the opposite sign. In
contrast, the BEM method predicts almost unchanged loads relative to the baseline straight blade. This is expected, since BEM
does not model the influence of blade sweep on the wake, and since the chord and twist distributions of the swept blades are
modified so that BEM predicts approximately the same baseline loading.

All coupled models reproduce the main sweep-induced load redistribution pattern for both mB-1 and mB-5. The backward

swept blade mB-1 represents the case for which the previous coupling-factor calculation was less problematic, for which the

705 coupling factor remains close to that of the corresponding straight blade. Consistently, the coupled models give similar power-
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Figure 9. Offset in thrust coefficient (AC;) (a) and simplified power coefficient (AC,) (b) of the forward swept blade mB-5 compared to
the baseline straight blade at a wind speed of 8 ms™*. Results from BEM, NW-MT, NW-MT-VC, NW-VC and NW(ideal)-VC are compared
with LL and CFD results.

offset trends and capture the positive power increase toward the blade tip. The main model-to-model difference is observed
in the thrust coefficient offset. In particular, NW-MT deviates from NW-MT-VC, NW-VC and NW(ideal)-VC in the outer
blade region. In contrast, the simplified power offsets from all coupled models are nearly identical over most of the span. This
behavior is consistent with the Kutta—Joukowski analysis in Sect. 2.3: for swept blades, the radial induced velocity contributes
directly to the thrust coefficient through the sweep-dependent term, whereas it has no corresponding direct contribution to the
simplified power coefficient.

The forward swept blade mB-5 provides a more challenging test of the coupling-factor calculation. In the previous results
reported in Li et al. (2025a), this blade showed the strongest sensitivity to the coupling factor. An inaccurate coupling factor is
expected to appear mainly as an overall load-level offset, rather than as a fundamentally different redistribution shape, because
the rotor-averaged coupling factor affects the far-wake contribution over the blade span. Compared with the previous results
reported in Li et al. (2025a), the present results show improved performance for NW-MT and NW-MT-VC even with the
simpler area-weighted method (a) applied. With the residual now evaluated for the auxiliary reference rotor, the same area-
weighted method (a) can be used consistently for all coupled models considered here. For mB-5, the coupled models therefore
recover the load-redistribution trends observed in LL and CFD without the pronounced global offset that was associated with
the previous coupling-factor calculation.

Among the coupled models, NW-MT still shows a noticeable difference in the thrust coefficient over the outer blade region,
whereas NW-MT-VC, NW-VC and NW(ideal)-VC remain very similar to each other. This is consistent with the fact that NW-
MT does not include the trailed-wake contribution to radial induction, which contributes directly to the thrust coefficient for
swept blades, as shown by the Kutta—Joukowski analysis in Sect. 2.3. For the simplified power coefficient, all coupled models

give very similar predictions over most of the blade span.
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Furthermore, the relative differences in rotor-integrated thrust and power coefficients for the swept blades compared to the

baseline straight blade are summarized in Table 4.

Table 4. Relative differences in rotor-integrated thrust and power coefficients of the swept blades mB-1 (backward swept) and mB-5 (forward

swept) compared to the baseline straight blade, at a wind speed of 8 ms™'. Relative differences are computed as eC; = (C5* — C5") /C5",

where C; denotes either the thrust coefficient (C'r) or the power coefficient (Cp).

eCTBL (%] eCPBS (%] eCBB [%]  eCBBS [%]

Sweep direction Backward Forward Backward Forward
BEM 0.01 0.01 0.25 0.25
NW-MT 0.04 -0.10 1.48 -1.06
NW-MT-VC -0.54 0.51 1.56 -1.15
NW-vVC -0.55 0.44 1.48 -1.34
NW(ideal)-VC -0.43 0.38 1.61 -1.22
LL -0.18 0.07 2.20 -1.87
CFD -0.10 0.12 2.90 -2.68

As shown in Table 4, the rotor-integrated thrust differences caused by sweep are small for all models, with magnitudes
below approximately 0.6%. BEM predicts almost no change in rotor-integrated thrust for either swept blade. Since the LL
and CFD thrust changes are also small, rotor-integrated thrust alone is not a sensitive measure of the sweep-induced load
redistribution. This is consistent with the spanwise results, where positive and negative thrust offsets partly cancel during
integration. Nevertheless, NW-MT-VC, NW-VC and NW(ideal)-VC predict the same thrust trends as LL and CFD, namely a
small decrease for the backward swept blade mB-1 and a small increase for the forward swept blade mB-5. In contrast, NW-
MT predicts the opposite sign for both swept blades, although the magnitude remains small. Therefore, the distributed thrust
offsets provide a more meaningful assessment of the swept-blade modeling than the rotor-integrated thrust coefficient alone.

The effect of sweep is more visible in rotor-integrated power. The BEM method predicts a small increase in power for both
the backward and forward swept blades. In contrast, the coupled models predict an increase in power for the backward swept
blade mB-1 and a decrease in power for the forward swept blade mB-5, consistent with the trends from LL and CFD. Although
the coupled models underpredict the magnitude of the power changes compared with LL and CFD, the sign and main trend are
recovered.

Together with the local load distributions in Figs. 8 and 9, these results show that the coupled models recover the main
sweep-induced load redistribution effects that are missed by BEM. In particular, with the updated method (a), where the
coupling-factor residual is evaluated for the auxiliary planar reference rotor with straight blades, the pronounced load-level
offset observed in Li et al. (2025a) for NW-MT and NW-MT-VC for the forward swept blade is no longer present. This

supports using the same coupling-factor setup for the subsequent prebent and combined-blade cases.
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This section examines the prebent blades mW-1 and mW-5 to assess whether the proposed coupled models can reproduce the

expected non-planar/prebend behavior. The load offsets relative to the baseline straight blade are shown in Figs. 10 and 11.

Results from BEVC and the coupled models NW (ideal)-VC, NW-MT-VC and NW-VC are compared with LL and CFD results,

750 while the BEM method is retained as a baseline reference.
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Figure 10. Offset in thrust coefficient (AC}) (a) and simplified power coefficient (Aép) (b) of the upwind prebent blade mW-1 compared to
the baseline straight blade at a wind speed of 8§ m s~L. Results from BEM, BEVC, NW-MT-VC, NW-VC and NW(ideal)-VC are compared

with LL and CFD results.
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Figure 11. Offset in thrust coefficient (AC}) (a) and simplified power coefficient (Aép) (b) of the downwind prebent blade mW-5 compared
to the baseline straight blade at a wind speed of 8 ms~*. Results from BEM, BEVC, NW-MT-VC, NW-VC and NW((ideal)-VC are compared

with LL and CFD results.
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For both prebent blades, the LL. and CFD results show a clear load redistribution pattern, consistent with previous findings
(Li et al., 2022a, 2025b). For the upwind prebent blade mW-1, the loads are lower than those of the baseline straight blade
from r = 20 m to r = 60 m, with nearly constant offsets over this region. Beyond this region, the offsets increase, cross zero at
approximately r = 75 m, and become positive toward the blade tip.

For the downwind prebent blade mW-5, a similar load redistribution pattern is observed, but with the opposite sign. In
contrast, the BEM method predicts that both prebent blades have approximately the same loads as the baseline straight blade,
consistent with the previous study (Li et al., 2025b). Results from BEVC and all coupled models show significant improvement
over BEM and capture the load redistribution effect in similarly good agreement with the LL and CFD results. Compared with
the coupled models, BEVC tends to overestimate the magnitude of the load offset near the blade tip region around r=90 m.
This is likely related to the use of Prandtl’s tip-loss correction in the BEVC method, which was developed under planar rotor
assumptions (Li et al., 2022a). Results from the simplified coupled models NW-VC and NW-MT-VC are nearly identical, with
only small differences for radii larger than 90 m. In the tip region, both simplified models show better agreement with the
NW(ideal)-VC model and with the LL results than BEVC. Compared with the simplified coupled models, the NW(ideal)-
VC model gives very similar results over most of the blade span, but predicts a smaller magnitude of the load offset in the
blade tip region. This difference is likely related to the finite-blade influence on the radial induction. This effect is included
in NW(ideal)-VC, whereas the simplified models obtain the radial induction from the vortex cylinder model and therefore do
not include this effect. Overall, BEVC, NW-VC and NW-MT-VC all capture the main load redistribution pattern observed in
NW(ideal)-VC, LL and CFD.

Furthermore, the relative differences in rotor-integrated thrust and power coefficients for the prebent blades compared to the

baseline straight blade are summarized in Table 5.

Table 5. Relative differences in rotor-integrated thrust and power coefficients of the prebent blades mW-1 (upwind prebent) and mW-5
(downwind prebent) compared to the baseline straight blade, at a wind speed of 8 ms~!. Relative differences are computed as eC; =

(CPebe™ _ sty /O3, where C; denotes either the thrust coefficient (C') or the power coefficient (Cp).

eCPV %] eCTVS (%] OBV %] OBV [%)

Prebend direction ~ Upwind Downwind  Upwind Downwind
BEM -0.01 0.01 0.15 -0.91
BEVC -0.62 0.39 1.14 -2.26
NW-MT-VC -0.78 0.47 1.28 -2.46
NW-VC -0.82 0.66 1.22 -2.26
NW(ideal)-VC -0.96 0.84 0.67 -1.57
LL -0.51 0.31 1.65 -2.93
CFD -0.13 -0.09 247 -4.62

As shown in Table 5, the BEM method predicts only small rotor-integrated differences for both prebent blades and substan-
tially underestimates the power changes predicted by LL and CFD. This is expected, since the BEM method does not model the
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wake-induced effects of blade prebend (Li et al., 2025b). For the rotor-integrated power coefficient, BEVC, NW-MT-VC and
NW-VC all improve substantially over BEM. The average absolute error relative to LL is reduced from approximately 1.8%
for BEM to about 0.6% for BEVC, 0.4% for NW-MT-VC, and 0.6% for NW-VC. For the rotor-integrated thrust coefficient,
the improvement is less uniform. BEVC and NW-MT-VC are closer to LL than BEM, whereas NW-VC predicts somewhat
larger prebend-induced thrust changes, especially for the downwind prebent blade mW-5. The differences between NW-VC
and NW-MT-VC are mainly related to their different far-wake representations.

In comparison, the CFD results show larger quantitative differences from LL and from all engineering aerodynamic models.
This is likely related to the use of 2-D airfoil data in all models except CFD, whereas the CFD solver resolves the full 3-D flow
field.

It is important to note that the improvement of BEVC and the coupled models over BEM is more pronounced for the
distributed loads than for the rotor-integrated quantities. This is because the load redistribution effect due to prebend is partially

canceled out when the loads are integrated along the blade span.
9.3.1 Lower loading conditions

For the lower loading conditions, the results are shown in Figs. B1 and B2 in Appendix B, while the main conclusions are
summarized here.

For all lower loading conditions, the BEM method predicts that the prebent blades have approximately the same loads as the
baseline straight blade, again confirming that the BEM method is not able to model the influence of blade prebend.

In contrast, BEVC and the two simplified coupled models NW-VC and NW-MT-VC remain close over most of the span,
although local differences become more visible at the lowest loading condition. In comparison, NW(ideal)-VC shows larger
differences from these models for radii larger than about 60 m. This is likely related to the finite blade influence on the
radial induction, which is included in NW(ideal)-VC but not in the the simplified coupled models. As a result, NW(ideal)-VC
generally remains closer to the LL results in the outer blade region, highlighting the importance of accurate modeling of radial
induction.

In the tip region, the apparent differences between the models become visually more pronounced as the rotor loading de-
creases. This should be interpreted with care, because the absolute prebend-induced load offsets also become smaller at lower
loading. The maximum absolute error in the local thrust coefficient remains small, being approximately 4 x 1072 at 122 ms™!,
decreasing to 2 x 1072 at 15 ms~! and 1 x 103 at 20 ms~!. At 20 ms~!, the prebend-induced offsets are therefore very
small. Since each offset is obtained by subtracting the corresponding straight blade result from the prebent blade result within
the same method, small numerical or post-processing differences in either calculation can have a relatively large influence
on the plotted offset. These small absolute errors indicate that the simplified models remain suitable for efficient engineering

predictions of spanwise aerodynamic load redistribution over the range of rotor-loading conditions considered here.

5As described in Sect. 8.4, the chord and twist distributions of the curved blades are modified so that the BEM method predicts the same bound circulation

distribution as for the baseline straight blade, which in turn results in approximately the same thrust and only small changes in power.
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9.4 Blades with combined sweep and prebend

This section examines blades with combined sweep and prebend, which provide a demanding test of the unified framework
developed here, since neither the sweep-only nor the prebend-only model branch can capture the full aerodynamic behavior.
The four blades considered here fall into two groups. For mC-11 (backward sweep, upwind prebend) and mC-55 (forward
sweep, downwind prebend), the load redistribution effects induced by sweep and prebend act in the same direction and therefore
reinforce each other, leading to a larger redistribution magnitude. For mC-15 (backward sweep, downwind prebend) and mC-
51 (forward sweep, upwind prebend), the load redistribution effects induced by sweep and prebend act in opposite directions
and therefore partially cancel.

The BEM method serves as the baseline reference, since it does not model either sweep or prebend effects. In addition,
BEVC and NW-MT are included as single-effect reference models for the prebend/non-planar branch and the sweep branch,
respectively. The proposed coupled models NW(ideal)-VC, NW-VC and NW-MT-VC, which include both sweep and prebend
effects, are compared against higher-fidelity LL and CFD results.

1

For blades mC-11 and mC-55, results at the optimal operating condition of § ms™" are shown in Figs. 12 and 13.
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Figure 12. Offset in thrust coefficient (AC}) (a) and simplified power coefficient (AC,) (b) of blade mC-11 with backward sweep and
upwind prebend compared to the baseline straight blade at a wind speed of 8 ms™. Results from BEM, BEVC, NW-MT, NW-MT-VC,
NW-VC and NW(ideal)-VC are compared with LL and CFD results.

For blades mC-11 and mC-55, LL and CFD results show a pronounced load redistribution pattern, consistent with previous
findings (Li et al., 2022a, 2025b). For blade mC-11, with backward sweep and upwind prebend, the loads are lower than those
of the baseline straight blade from the blade root to a radius of approximately 80 m and higher from there to the blade tip. For
blade mC-55, with forward sweep and downwind prebend, a similar load redistribution pattern is observed, but with opposite
signs.

As expected, the BEM method predicts nearly the same loads for mC-11 and mC-55 as for the baseline straight blade, since

it does not account for either sweep or prebend effects. The single-effect models BEVC and NW-MT reproduce the correct load
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Figure 13. Offset in thrust coefficient (AC;) (a) and simplified power coefficient (AC,) (b) of blade mC-55 with forward sweep and
downwind prebend compared to the baseline straight blade at a wind speed of 8 ms~!. Results from BEM, BEVC, NW-MT, NW-MT-VC,

NW-VC and NW(ideal)-VC are compared with LL and CFD results.

redistribution trends, but underestimate their magnitudes because they account for only prebend or only sweep, respectively.
The idealized coupled model NW (ideal)-VC shows good agreement with the LL results and matches the main trends observed
in CFD. The simplified coupled models NW-VC and NW-MT-VC also agree well with NW(ideal)-VC and LL. As for the
prebent blades, these remaining tip region discrepancies are mainly related to neglecting the influence of the finite number of

blades on the radial induction.

For blades mC-15 and mC-51, results at the optimal operating condition of 8 ms~! are shown in Figs. 14 and 15.
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Figure 14. Offset in thrust coefficient (AC}) (a) and simplified power coefficient (AC},) (b) of the blade mC-15 with backward sweep and
downwind prebend compared to the baseline straight blade at a wind speed of § m s~1. Results from BEM, BEVC, NW-MT, NW-MT-VC,

NW-VC and NW(ideal)-VC are compared with LL and CFD results.
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Figure 15. Offset in thrust coefficient (AC}) (a) and simplified power coefficient (AC,) (b) of the blade mC-51 with forward sweep and
upwind prebend compared to the baseline straight blade at a wind speed of 8 ms™*. Results from BEM, BEVC, NW-MT, NW-MT-VC,
NW-VC and NW(ideal)-VC are compared with LL and CFD results.

For blades mC-15 and mC-51, where sweep and prebend act in opposite directions, LL and CFD results show a more
complex redistribution pattern because the two effects partially cancel. For blade mC-15, with backward sweep and downwind
prebend, the load offsets are positive from approximately r» = 20 m to » = 70 m and negative from about » = 70 m to r = 95
m. In the blade tip region, for r > 95 m, the offsets increase sharply and become positive again. For blade mC-51, with forward
sweep and upwind prebend, a similar redistribution pattern is observed, but with opposite signs.

Again, the BEM method predicts almost the same loads as for the baseline straight blade. For these two blades, BEVC
and NW-MT clearly illustrate the limitation of single-effect engineering models: sweep and prebend effects must be modeled
together. The BEVC method, which neglects sweep effects, captures the correct load redistribution pattern over much of the
span because prebend dominates there. However, it overestimates the magnitude of the load offsets for radii beyond 80 m, where
sweep effects become dominant. In contrast, the NW-MT method, which models only sweep effects, predicts load offsets in
the opposite direction compared to LL and CFD results over most of the span. Only in the outermost tip region, with r > 95
m, do sweep effects dominate and reverse the sign of the load offset. For both mC-15 and mC-51, the idealized coupled model
NW(ideal)-VC shows very good agreement with LL and CFD, as it models both sweep and prebend effects. The simplified
coupled models NW-VC and NW-MT-VC also agree well with NW(ideal)-VC, LL and CFD. They remain close to each other
over most of the blade span, indicating that the difference between the far-wake modeling is small for these combined cases.
The remaining discrepancies are mainly located near the blade tip and are due to the simplified treatment of radial induction
and the separate modeling of sweep and prebend effects.

In summary, the simplified coupled models are based on two approximations: sweep and prebend effects are modeled

separately and then superimposed, and the radial induction model does not include finite-blade effects. The good agreement

36



https://doi.org/10.5194/wes-2026-85 WIND
Preprint. Discussion started: 18 June 2026

~
© Author(s) 2026. CC BY 4.0 License. e we \ EZ:EEIT\I%YE

between the idealized and simplified coupled models at the optimal condition indicates that these approximations work well
850 for the cases considered here.
Furthermore, the relative differences in rotor-integrated thrust and power coefficients for the curved blades compared to the

baseline straight blade are summarized in Tables 6 and 7.

Table 6. Relative differences in rotor-integrated thrust coefficient of the curved blades compared to the baseline straight blade, at a wind

speed of 8 ms™!. Relative differences are computed as eCr = (C5™ — C5¥) /C5F.

eCRN (%] eCRCS (%] eCPCB %] eCROS [%)

Sweep Backward Forward Backward Forward
Prebend Upwind  Downwind = Downwind Upwind
BEM 0.03 0.05 -0.02 -0.03
BEVC -1.11 1.02 -0.26 -0.06
NW-MT -0.14 0.16 0.24 -0.34
NW-MT-VC -1.35 0.87 -0.04 -0.14
NW-VC -1.33 1.04 0.09 -0.35
NW(ideal)-VC -1.42 1.24 0.40 -0.53
LL -0.71 0.34 0.10 -0.32
CFD -0.36 -0.10 -0.12 0.19

Table 7. Relative differences in rotor-integrated power coefficients of the curved blades compared to the baseline straight blade, at a wind

speed of 8 ms™!. Relative differences are computed as eCp = (CE™ — CF) /C3.

eCBEN (%] eCBEFH [B] CBEB (%] eCBES (%]

Sweep Backward Forward Backward Forward
Prebend Upwind Downwind Downwind Upwind
BEM 0.34 -0.71 -0.63 0.44
BEVC 1.42 -2.14 -1.90 1.33
NW-MT 1.76 -2.10 0.71 -0.90
NW-MT-VC 2.66 -3.92 -0.60 0.35
NW-VC 2.73 -3.74 -0.59 -0.18
NW(ideal)-VC 1.99 -2.86 0.20 -0.33
LL 3.70 -4.84 -0.33 0.27
CFD 5.69 -6.78 -2.27 -0.38

As shown in Table 6, the rotor-integrated thrust differences are generally smaller than the corresponding power differences in
Table 7, but they are not negligible. For blades mC-11 and mC-55, where sweep and prebend act in the same direction, NW-MT-
855 VC and NW-VC predict the correct trends in both rotor-integrated thrust and power. For the power coefficient, they also provide
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clear improvements over BEM, BEVC and NW-MT, although noticeable differences relative to the LL results remain. For the
thrust coefficient, the coupled models predict the same sign as LL, but they do not show a systematic improvement compared
with the existing engineering models. For blades mC-15 and mC-51, the rotor-integrated quantities are more difficult to assess.
In these two cases, the load redistributions due to sweep and prebend act in opposite directions and are partially canceled out
when integrated over the span. This is also evident from the LL results, for which both the rotor-integrated thrust and power
changes are close to zero. As a result, even a model that does not correctly represent the local wake-induced effects associated
with sweep and prebend may appear to perform well in terms of integrated quantities alone. This explains why BEM predicts
the rotor-integrated loads surprisingly well for mC-15 and mC-51, despite failing to predict the local load distributions.

The proposed coupled models NW-MT-VC and NW-VC therefore do not show the same clear advantage over BEM in
rotor-integrated quantities for mC-15 and mC-51 as they do for mC-11 and mC-55. However, they still capture the local load
redistribution much more accurately, which is a more relevant measure of model performance.

As already noted in the interpretation of the model comparisons, LL. and CFD are used as complementary references with
different roles. The coupled engineering models are therefore assessed mainly by whether they recover the dominant spanwise

load-redistribution trends, rather than by exact agreement with CFD.
9.4.1 Lower loading conditions

For the lower loading conditions, the results are shown in Figs. B3 to B6 in Appendix B, while the main conclusions are
summarized below.

For all lower loading conditions, the BEM method again predicts approximately the same loads for the curved blades as
for the baseline straight blade. For the blades mC-11 and mC-55, LL and CFD show load redistribution patterns similar to
those at the optimal operating condition. For the blades mC-15 and mC-51, the load redistribution patterns observed in LL
and CFD results are more complicated compared to mC-11 and mC-55. The single-effect models BEVC and NW-MT remain
insufficient for the combined curved blades. For mC-11 and mC-55 they underestimate the load redistribution magnitude,
while for mC-15 and mC-51 they are not able to predict the correct load redistribution pattern. Compared with the optimal
operating condition, the relative importance of the sweep effect increases as rotor loading decreases. The idealized coupled
model NW(ideal)-VC continues to show good agreement with LL and CFD. The simplified coupled models NW-MT-VC
and NW-VC remain almost identical, with small offsets relative to NW(ideal)-VC. As shown in Li et al. (2025b), the error
introduced due to modeling sweep and prebend effects separately and then superimposing them is rather small. Therefore,
the remaining difference between the idealized and simplified coupled models is mainly associated with the effect of the finite
number of blades on the radial induction near the blade tip. These errors are small in absolute terms. The absolute error in thrust
coefficient is less than 5 x 1073 at 12ms~1,2x 1073 at 1I5ms~! and 1 x 1073 at 20 m s~ . This indicates that the simplified
models remain sufficiently accurate for efficient engineering predictions of spanwise aerodynamic load redistribution over the

range of rotor-loading conditions considered here.
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10 Conclusions and future work

The present study closes a capability gap in engineering aerodynamic modeling by establishing a unified framework for general
curved wind turbine blades and coned rotors that combine sweep and prebend. To this end, an idealized model, NW(ideal)-VC,
was introduced as the highest-fidelity realization of the proposed framework before practical simplifications are introduced.
Motivated by prior computational fluid dynamics (CFD) results showing that blade sweep and prebend effects can be modeled
separately and then superimposed with good accuracy, two simplified engineering models, NW-VC and NW-MT-VC, were
developed for practical applications. In both simplified models, sweep effects are represented through the bound vortex and the
near wake helical trailed vortex, whereas prebend, coning, and other non-planar effects are represented by the vortex cylinder
model.

Comparisons with higher-fidelity free-wake lifting line (LL) and Reynolds-averaged Navier—Stokes (RANS) simulations
show that the proposed coupled models capture the load redistribution caused by blade curvature with good accuracy over a
range of operating conditions. For swept blades, the results confirm that the updated coupling factor calculation preserves the
previously observed sweep-induced load redistribution while reducing the pronounced load-level offset found for the forward
swept case. For prebent blades, the proposed coupled models show similarly good agreement as BEVC with the higher-fidelity
results. For blades that combine sweep and prebend, the advantages of the unified framework become much more evident:
the conventional BEM method does not capture the induced load redistribution, whereas BEVC and NW-MT capture only
part of the effect and may even predict the wrong spanwise redistribution pattern. The results also show that accurate rotor-
integrated loads can hide large errors in the local spanwise load distribution, highlighting the importance of distributed load
comparisons. The remaining differences are mainly related to the modeling of radial induction near the blade tip, particularly
the influence of the finite number of blades. In the simplified models, these tip-region differences are small in absolute terms
for the operating conditions considered, which supports their use in engineering applications. At the same time, the remaining
differences between LL and CFD results highlight the inherent limitations of engineering models based on 2-D airfoil data
when compared with fully resolved 3-D flow simulations. Although the computational cost of the simplified models is higher
than that of the blade element momentum (BEM) method, it remains orders of magnitude lower than that of LL and CFD,
making the models attractive for iterative design optimization and well suited for time-domain aero-servo-elastic simulations.
The formulation can be seamlessly extended to account for blade deflections during aeroelastic simulations.

Future work should focus on improving the radial induction model. In the simplified formulations, the main prebend effects
are included, whereas the influence of the finite number of blades and of blade sweep on the radial induction is not yet
represented. Since the present study is limited to steady-state cases, future work should also investigate unsteady effects within
the proposed framework. Integrating the NW-MT-VC model into aero-servo-elastic simulation tools and further refining its

dynamic response would expand its practical applicability.
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Data availability. The 2-D airfoil data used in this article are generated with 2-D fully turbulent RANS computations (Bortolotti et al.,
2019).

Appendix A: Nomenclature

Al Roman-letter variables used in the present work

Symbol Description

a, ag, Qoo axial induction factor; axial induction factor at the blade section; annulus-averaged axial induction factor
a tangential induction factor

Aa i annulus area of section ¢

c chord length

Cr lift coefficient

Cy local thrust coefficient

C’p simplified local power coefficient from the tangential force
Cr,Cp rotor-integrated thrust and power coefficients

f local aerodynamic force per unit span

F Prandtl’s tip-loss factor

F, area-weighted residual function used in the coupling-factor calculation
h radial distance between trailing point and calculation point
kew rotor-averaged coupling factor

ks normalized sectional circulation of the vortex cylinder

Ng number of blades

Nep number of calculation points

Ny number of trailing points

r, R radius of the calculation point; radius of the trailing point

s, ds curved blade length, differential curved blade length

tt tangent vector, modified tangent vector

T transformation matrix

U, Uty Ur axial, tangential, and radial induced velocities

Uq, Ur, Uz, vortex cylinder influence functions

Uo free-stream wind speed

Viel 2-D relative velocity magnitude

w steady-state near-wake induced velocity

Y, YrW axial position; axial position of the far-wake vortex cylinder
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A2 Greek-letter variables used in the present work

Symbol

Description

I, T

Yts N

é

da

Aave, Adye
AC:, AC,
Ayrw

7.1

hNW

K, K

A A

trailed-vortex azimuthal angle

bound circulation strength of one blade; total bound circulation strength of all blades
tangential and longitudinal vorticity strengths of the vortex cylinder

position angle

axial induction residual used in the coupling-factor calculation

non-planar axial and tangential induction corrections from the vortex cylinder model
offsets in local thrust and simplified local power coefficients relative to the straight blade
downstream shift distance of the far-wake vortex cylinders

axial offset between trailing and calculation points and its normalized form
rotor-averaged near-wake helical pitch

dihedral angle and effective dihedral angle

rotor tip-speed ratio and local speed ratio

air density

pitch angle

inflow angle

sweep angle and effective sweep angle

rotor rotational speed
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Symbol

Description

a,t,r

BEM
CFD
KJ
NW
FwW
MT
vC
bound
trail

tot

axial, tangential, radial direction
longitudinal vortex contribution

blade or value at the blade

value from the BEM method

value from the CFD solver

value from the Kutta—Joukowski analysis
near-wake contribution

far-wake contribution

momentum theory

vortex cylinder model

bound-vortex contribution
trailed-vortex contribution

total value

blade section or calculation point index

trailing point index

925 A4 Superscripts used in the present work

Symbol

Description

pl
np
plstr

str

planar rotor

non-planar rotor

planar reference rotor with straight blades
straight blade

Newton iteration step
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Figure B1. Offset in thrust coefficient (AC}) and simplified power coefficient (Aép) of the upwind prebent blade mW-1 compared to
the baseline straight blade. Results from BEM, BEVC, NW-MT-VC, NW-VC and NW(ideal)-VC are compared with LL and CFD results.

Results are shown for three operational conditions: (a, b) at 12 m s7L; (c,d)at 15 m s™1;and (e, f)at20 ms™!.
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Figure B2. Offset in thrust coefficient (ACY) and simplified power coefficient (Aép) of the downwind prebent blade mW-5 compared to
the baseline straight blade. Results from BEM, BEVC, NW-MT-VC, NW-VC and NW(ideal)-VC are compared with LL and CFD results.

Results are shown for three operational conditions: (a, b) at 12 m s7he,d)at15ms  ; and (e, f) at 20 ms™?!
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Figure B3. Offset in thrust coefficient (AC}) and simplified power coefficient (AC’,,) of blade mC-11 with backward sweep and upwind
prebend compared to the baseline straight blade. Results from BEM, BEVC, NW-MT, NW-MT-VC, NW-VC and NW(ideal)-VC are com-

pared with LL and CFD results. Results are shown for two operational conditions: (a, b) at 12 m s~land (c,d)at 15ms™? .

45



https://doi.org/10.5194/wes-2026-85
Preprint. Discussion started: 18 June 2026
(© Author(s) 2026. CC BY 4.0 License.

eawe)

european academy of wind energy

WIND
ENERGY
SCIENCE

T T 0.04 T T T T
= = 0027
@ 3
o ke
© @
8 S ol
k7] [5)
) =
£ g
c c
=] £ 002
o -0.01 Fa] 5 0.0
2 BEM 2
o BEVC o
-0.02 -0.04 |
0 20 40 60 80 100
r[m]
0.01 0.015 ‘ ‘ : ‘
(d)) 3
= 0.005 = 0.01r S 1
5 5 I
g S 0.005 - P
© 0Fr [} Y <1
3 3
7} 7} or
2 =
< .0.005 8
= Db N £ 0005} :
[} - P “": ‘q'j - .
2 BEM = = NW-MT-VC k) BEM
O -0017 BEVC - 1 O | BEVC
0.01
-------- NW_MT
—=—=NW(ideal)-VC
-0.015 i is ‘ -0.015
0
6
_ 4
3 &2
QO g
k5 5
8 g0
‘g g "
£. 8- £
£ c i :
P P 1 H
Q D -4 L4 H
2 2 BEM — = NW-MT-VC H
©) @) BEVC ~ sererees NW-VC :
6 [ |arnnnnnn NW-MT —— H
= === NW(ideal)-VC =r==x=2+ CFD :
- _8 H M L L L L]
0 20 40 100 0 20 40 60 80 100
r [m] r[m]

Figure B4. Offset in thrust coefficient (AC}) and simplified power coefficient (Aé’p) of blade mC-55 with forward sweep and downwind
prebend compared to the baseline straight blade. Results from BEM, BEVC, NW-MT, NW-MT-VC, NW-VC and NW(ideal)-VC are com-

pared with LL and CFD results. Results are shown for two operational conditions: (a, b) at 12 m s~land (c,d)at 15ms™? .
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Figure BS5. Offset in thrust coefficient (AC}) and simplified power coefficient (Aé’p) of blade mC-15 with backward sweep and downwind
prebend compared to the baseline straight blade. Results from BEM, BEVC, NW-MT, NW-MT-VC, NW-VC and NW(ideal)-VC are com-

pared with LL and CFD results. Results are shown for two operational conditions: (a, b) at 12 m s~land (c,d)at 15ms™? .
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Figure B6. Offset in thrust coefficient (AC:) and simplified power coefficient (Aé'p) of blade mC-51 with forward sweep and upwind
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