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Abstract. This study introduces a computationally efficient engineering aerodynamic model specifically de-
signed for load calculations of swept wind turbine blades, overcoming limitations in existing models. The pro-
posed method couples a near-wake trailed-vortex model with a novel far-wake vortex cylinder model. In this
coupled model, the near wake, defined as the first quarter revolution of the blade’s own trailed wake, is modelled
using non-expanding helical vortices. Together with the influence of the curved bound vortex, the sweep effects
are effectively captured. This comprehensive approach accounts for the influence of a finite number of blades,
eliminating the need for Prandtl’s empirical tip-loss correction used in conventional blade element momentum
(BEM) methods. The far wake, representing the remaining trailed wake, is modelled using concentric vortex
cylinders originating downstream of the rotor plane, replacing the conventional momentum-based approach. The
near- and far-wake contributions are coupled together to obtain the total induction. In this study, a detailed anal-
ysis identifies limitations in the original coupling method, leading to two proposed modifications that enhance
numerical stability and accuracy. Comparisons with higher-fidelity free-wake lifting line (LL) and Reynolds-
averaged Navier—Stokes (RANS) simulations demonstrate the load prediction improvements, particularly for
forward-swept blades. The model achieves comparable accuracy with significantly reduced computational ef-
forts, making it an ideal tool for design optimization and repetitive aeroelastic simulations of swept wind turbine
blades. While developed and validated under steady-state conditions, the formulation readily supports extensions
to unsteady aerodynamics using methodologies analogous to unsteady BEM approaches. The model can also be
adapted in future work for generalized blade geometries combining sweep and prebend.

namically or aeroelastically optimized curved blade tips in-

Technological advancements in wind turbine design and
manufacturing have led to substantial increases in the
size and flexibility of modern horizontal-axis wind turbine
(HAWT) blades, especially compared to those from the
1980s. For instance, a state-of-the-art offshore wind turbine
installed in 2024 reached a rotor diameter of 260 m and a
rated power of 18 MW. 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) and aerody-

volving sweep (Barlas et al., 2021; Madsen et al., 2022), are
gaining popularity. Swept blades are also adopted in small
wind turbine designs. For example, Eocycle integrates swept-
blade designs into its EOX M series turbines in distributed
wind applications (Eocycle Technologies Inc., 2021a, b).
Fritz et al. (2024a) conducted a wind tunnel experiment
on backward-swept blades using particle image velocime-
try (PIV) methods. Additive manufacturing is also being ex-
plored for blade tips, enabling design integration and im-
proved aerodynamics while reducing manufacturing con-
straints (Houchens et al., 2024). While these innovative de-
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signs offer potential aerodynamic and aeroelastic benefits,
they also introduce increased modelling complexity, which
exposes the inherent limitations in existing aerodynamic
models and poses significant challenges for load calculations
and design optimization.

Higher-fidelity methods, such as free-wake lifting line
(LL) solvers and Reynolds-averaged Navier—Stokes (RANS)
simulations, provide relatively accurate load predictions but
are computationally intensive, limiting their use to specific
load cases or comparison studies. Consequently, the blade el-
ement momentum (BEM) method remains the primary tool
for low-fidelity aerodynamic modelling of HAWTs, valued
for its simplicity and minimal computational requirements,
making it well-suited for design optimization and aero-servo-
elastic simulations. However, BEM implicitly assumes a pla-
nar rotor with straight blades (Li et al., 2022b, 2025b, 2024).
As a result, the BEM method cannot accurately predict the
influence of wake geometry resulting from curved blade ge-
ometries or blade coning on aerodynamic loads, as shown in
recent analytical and numerical studies (Li et al., 2022b, d, a;
Barlas et al., 2022; Horcas et al., 2023; Li et al., 2025b, 2024;
Zahle et al., 2024).

To mitigate some of BEM’s limitations, Madsen and Ras-
mussen (2004) introduced a coupled near- and far-wake
model that integrates a lifting line approach for the near wake
with a momentum-based far-wake model, building on the
foundational work by Beddoes (1987). The near wake, de-
fined as the first quarter revolution of the blade’s own trailed
vortex, is modelled using non-expanding helical vortex fila-
ments, with an indicial function approach capturing its dy-
namic behaviour. The remaining trailed wake, termed the far
wake, is modelled based on momentum theory. The near-
and far-wake models are coupled using a coupling factor
to obtain the total induction (Andersen et al., 2010; Pirrung
etal., 2016). The far-wake inductions are determined by scal-
ing down the BEM thrust coefficient using this factor during
the induction calculation. Subsequent research extended this
coupled model framework to swept blades by explicitly mod-
elling the influence of curved bound vortices and account-
ing for the in-plane shift in the starting position of trailed
vortices (Li et al., 2018, 2020, 2022d). Regarding accuracy
in unsteady aerodynamic simulations, previous studies have
shown that, for a straight blade, the NW-MT approach (the
coupling of the near-wake model and the far-wake momen-
tum theory) can closely reproduce the aerodynamic response
predicted by free-wake lifting line models, as demonstrated
for pitch steps and prescribed vibration cases (Pirrung et al.,
2017a). This represents a significant improvement over the
BEM method.

Despite these advancements, the coupled model shows
limitations when applied to forward-swept blades, primar-
ily due to limitations in the coupling factor and, potentially,
the far-wake model, both of which require further improve-
ments (Li et al., 2022d). To address these challenges, this
study introduces a novel far-wake vortex cylinder model that
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replaces the existing momentum-based approach, providing
a more physically consistent representation of the far wake.
This study focuses on steady-state conditions (assuming uni-
form inflow, fixed rotor speed, and no elastic deformations)
to isolate sweep-induced effects. However, the framework is
readily extendable to unsteady conditions using sub-models,
such as dynamic inflow and dynamic stall models, simi-
larly to those applied in unsteady BEM methods (Madsen
et al., 2020). In addition, this study refines the coupling fac-
tor through two modifications based on a modified Newton—
Raphson approach, enabling automatic adjustments across
different swept-blade configurations, with improved numeri-
cal stability. Furthermore, the proposed model has the poten-
tial to be further adapted to more generalized curved blades
featuring combined sweep and prebend, which has signifi-
cant implications for future wind turbine design optimization
and aeroelastic simulations.

The remainder of this paper is structured as follows. Sec-
tion 2 briefly reviews the inherent limitations of the BEM
method in modelling swept blades. Section 3 outlines the ex-
isting coupled near- and far-wake model, which is extended
for modelling swept blades. In Sect. 4, we develop the new
far-wake vortex cylinder model to enhance the physical rep-
resentation of the far wake. Section 5 presents three modified
coupled models with different fidelities that improve upon
the existing coupled model for swept blades. In Sect. 6, we
investigate and improve the coupling factor. Section 7 de-
scribes the simulation setups of higher-fidelity LL and RANS
computational fluid dynamics (CFD) solvers and also the
blade configurations used for comparison. Section 8 presents
a comparative analysis of results from different models, eval-
uating the performance of the new models. Finally, Sect. 9
summarizes the contributions and findings of the study and
suggests directions for future research.

2 Blade element momentum method

The blade element momentum (BEM) method is a funda-
mental engineering aerodynamic model that integrates blade
element theory (BET) with momentum theory (MT). Due
to its simplicity and minimal computational effort, BEM is
widely used in aerodynamic load calculations of rotors. In the
BEM method, the rotor plane is divided into multiple con-
centric annular sections, each assumed to be radially inde-
pendent. Within each annulus, the aerodynamic forces acting
on the 2-D airfoil sections (blade elements) of all blades are
balanced with the momentum changes in the flow. Momen-
tum theory is then applied to determine the axial and tangen-
tial induced velocities at the rotor plane. It has been argued
that only the lift force should be included in the momentum
balancing, excluding the drag force (Wilson and Lissaman,
1974; Branlard, 2017). Furthermore, the radial induced ve-
locity is not accounted for in the momentum theory and is
not standard in BEM implementations (Madsen et al., 2020).
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Unlike conventional BEM literature and textbooks, we for-
mulate the BEM method in this section using vortex theory,
which has been shown to be equivalent (Branlard and Gau-
naa, 2015a; Li et al., 2025b). The Kutta—Joukowski thrust
and power coefficients are derived from the projection of the
lift force, assuming zero radial induction (Li et al., 2025b):

CPiy = k(1 +a), (1
1
Cp g = ks(1 —ap), 2)

where kg is the normalized circulation strength.

k Qr 3)
) rrUg

Neglecting the radial induction results in these coefficients
being identical to those of a corresponding planar rotor with
straight blades and having the same circulation distribution
(Li et al., 2025b), as indicated by the superscript “pl”.

The bound circulation of the blade is calculated from the
circulatory part of the lift coefficient CE. Assuming all blades
are operating under the same conditions, the total bound cir-
culation strength is

1
= Nglg = ENB Vielc CL. 4)

The tangential induction can be derived by balancing the
angular momentum (Madsen et al., 2020) using Eq. (2) or
directly calculated based on the circulation I' using its defi-
nition, as in the vortex cylinder model (@ye, 1990; Branlard
and Gaunaa, 2015b; Li et al., 2022b):

, r
a=—.
4 Qr?

&)

Prandtl’s tip-loss correction is commonly applied in BEM-
based methods to account for the influence of a finite num-
ber of blades on the axial induction (Glauert, 1935; Sgrensen,
2015). This correction increases the blade’s axial induction
compared to the annulus-averaged value when moving to-
wards the tip. Various implementations of the tip-loss cor-
rection exist. In this study, we adopt the approach proposed
by Madsen et al. (2020):

ap = appm = fa_c (CP'/F). (6)

In the present work, the empirical relationship between the
axial induction factor and the thrust coefficient based on the
polynomial function by Madsen et al. (2020) is adopted,
which is the default relationship in the HAWC?2 code (Larsen
and Hansen, 2007).

One key advantage of the BEM method is its compu-
tational efficiency. However, as demonstrated by Li et al.
(2025b, 2024), with a prescribed bound circulation, the BEM
method predicts the same inductions and approximately the
same loads, which is independent of geometric modifications
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to the blade (e.g. sweep or prebend), provided these changes
do not affect the blade radius. This is because the method
does not account for the influence of specific wake geometry
on inductions, with the wake corresponding to that of straight
blades forming a planar rotor. Nonetheless, the BEM method
remains a valuable baseline model and starting point upon
which more advanced engineering aerodynamic models can
be developed.

3 Existing coupled near- and far-wake model for
swept blades

The coupled near- and far-wake model, a hybrid of the lift-
ing line method and the momentum theory, was developed
to mitigate the dependency on Prandtl’s empirical tip-loss
correction used in models based on the actuator disc theory.
Additionally, the coupled model provides a more physically
consistent framework for modelling unsteady tip-loss effects.
Since its first application in wind turbine modelling (Mad-
sen and Rasmussen, 2004), several improvements have been
introduced (Pirrung et al., 2014, 2016, 2017a, b), enabling
time-domain aeroelastic simulations.

3.1 Background

In this coupled model, the rotor’s trailed wake is divided into
two components: the near wake, which captures immediate
effects close to the blade, and the far wake, which accounts
for wake effects further downstream. The near wake, defined
as the first quarter revolution of the blade’s own trailed vor-
tices, is modelled using a simplified lifting line approach with
non-expanding helical vortex filaments. An indicial function
approach is used for time stepping, with the steady-state in-
duction approximated using empirical equations (Beddoes,
1987) and correction factors (Pirrung et al., 2016, 2017b).
This method maintains low computational effort, indepen-
dent of the elapsed simulation time.

The remaining trailed vortices, including those of the
blade itself and of the other blades, are defined as the far
wake. In the original coupled model, the far wake is mod-
elled based on momentum theory (Madsen and Rasmussen,
2004). A rotor-averaged coupling factor ké’{g is applied to
scale down the far-wake inductions relative to the full trailed-
wake inductions:

apw, MT = fa—c (ki Cy), @)

/ MT
apw, Mt = kpwa - )

While this direct scaling approach is straightforward, it lacks
physical consistency because it uniformly reduces the far-
wake induction relative to the full trailed-wake induction
rather than capturing the spanwise variation due to the ac-
tual far-wake geometry and the cross-talk between annular
sections.
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% ds

Figure 1. Front view of a backward-swept wind turbine blade ro-
tating clockwise in the blade local coordinate system (BL-sys). The
rotational speed is €2, and the free wind speed is Uy. The radius of
the trailing point (tp) is R, and the radius of the calculation point
(cp) is r, with a difference in terms of radius of 4. The sweep angle
¥ is defined as the azimuthal difference between tp and cp. The az-
imuthal difference between the elementary trailed vorticity ds and
the tp is B. The position vector x points from ds to the cp. The figure
is adapted from Li et al. (2022d), with updated coordinate system
definitions as detailed in Li et al. (2025b).

The total axial and tangential inductions are obtained by
summing the near-wake and far-wake contributions. The ra-
dial induction is not included as it is also excluded in standard
BEM implementations (Madsen et al., 2020):

aB tot = ANw + arw, &)
Aoy = ANy + Ay - (10)

3.2 Modelling of swept blades

To accurately predict the aerodynamic loads of swept blades,
modifications to the coupled model are necessary to account
for the influence of blade sweep on inductions. Previous stud-
ies (Li et al., 2018, 2022d; Fritz et al., 2022, 2024b) have
identified two primary effects of blade sweep on inductions.
First, the blade’s bound vortex, which is assumed following
the 1/4 chord line of the blade, becomes curved and has an
influence on itself (Li et al., 2018, 2020). Second, the starting
position of the trailed vortex follows the swept-blade geom-
etry and is thus shifted within the rotor plane compared to a
straight blade. The bound and trailed vortices of a backward-
swept blade are illustrated in Fig. 1.

The trailing functions of a swept blade, representing the
contributions of an elementary trailed vortex to inductions as
a function of the azimuthal angle 8, are derived. The position
vectors x and the elementary trailed vortex ds are used to
determine the trailing functions in the blade local coordinate
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system (BL-sys):

Rsin(B + )
x = —RBtang , (11)
R —h— Rcos(B+ )
—cos(B+ )
ds = RdS tang : (12)
—sin(B + )

where £/ is defined as the radial difference between the trail-
ing point and the calculation point.

h=R-—r, (13)

and the helix angle ¢ of the trailed vortex is calculated from
the inductions at the trailing point (tp) using

Uo(1 — aB,tot)

. 14
QR(1 +aly) (14)

Q=
For a trailed-vortex element ds with a strength of AI'g, the
elementary induced velocity at the blade section is calculated
according to the Biot—Savart law:

Al'g x x ds
4 x|
The trailing functions of axial, tangential, and radial induced

velocities, corresponding to the y, x, and z components of
dw, are expressed as follows:

15)

AT'pdscosg
dwy = — - BTERE
’ 47 R?
. 1 —7cos(B+ V) (16)
[1+72—=2Fcos(B+v)+(B tancp)z]% ’
AT'pdssing
dwy = ———
47 R?
' F—cos(B+ ) — Bsin(B+ v) a7
[1+72—2Fcos(B+y)+(B tango)2]%
ATl'gds sing
dw, = —2— %
47 R?
. —sin(B + )+ Becos(B+ ¢) (18)
[1 +72=2Fcos(B+v)+ (B tan<p)2]%
where
dg "
ds = Viedr = Reoss = RAB*, (19)
. r h
Fep=1-0 (20)

Integrating these trailing functions with respect to the az-
imuthal angle B8 from O to /2 gives the steady-state near-
wake inductions:

p=3
W= [ dw. 1)
B=0
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In the existing near-wake model, the radial induction due to
the trailed wake is neglected. The trailing functions of the ax-
ial and tangential inductions in Egs. (16) and (17) are approx-
imated by the sum of two exponential functions. Following
Beddoes (1987), the parameters A1 = 1.359, A, = —0.359,
by =1, and by = 4 are chosen.

ATgBR
4 h|h|

dw = (A1e D1F/® 4 Ape=b2B"/®)qp* (22)
By integrating the approximated trailing function from zero
to infinity, the approximated steady-state near-wake induc-
tion is obtained:

. ATBR (A, A,
W= A2 oaw. (23)
dxhh| \ by ' by

According to Eq. (23), the steady-state induction can be rep-
resented using @, which is a function of the radial position 7,
sweep angle ¥, and helical angle . Direct numerical integra-
tion of the trailing functions from the Biot—Savart law would
be computationally intensive. To address this, previous mod-
ifications to the near-wake model use steady-state inductions
under special conditions and apply corrections for general
conditions (Li et al., 2022d). First, the steady-state inductions
for the special conditions of ¢ = 0 and ¢ = /2, correspond-
ing to an in-plane trailed vortex and a straight trailed vor-
tex convecting downstream, are derived analytically and la-
belled as @, and Py, respectively. Then, the steady-state in-
ductions for general helical angles are calculated using these
special conditions and a correction factor kg, based on pre-
calculated influence coefficients.

D = feonv(ke, q)ipa Dgs) 24

This approach, as detailed in Li et al. (2022d), has rela-
tively high accuracy and maintains low computational effort.
It is applied to the near-wake axial and tangential inductions,
while the radial induction is neglected. The total near-wake
axial and tangential inductions also include the influence of
the curved bound vortex:

ANW = Gbound + ANW, trail (25)
/ / !
ANW = Apound T ANW, trail* (26)

It is assumed that the sweep effect is fully captured by the
blade’s own near-wake trailed vortex and the curved bound
vortex influence, while the influence of the other blade’s
bound vorticity and near wakes is neglected. As a result, the
far wake does not have to account for sweep effects. Con-
sequently, the same far-wake model as for straight blades,
based on momentum theory and as described in Sect. 3.1,
can be applied. The total axial and tangential inductions are
then the sum of the near-wake and far-wake contributions.
For the radial induction, only the influence of the bound vor-
tex is included.

4B tot = ANW + AFWMT 27

https://doi.org/10.5194/wes-10-2515-2025

2519
Ao = aNw + AFwMT (28)
Ur tot = Ur,bound (29)

This modified coupled model is labelled as NW-MT, rep-
resenting the coupling of the near-wake model and the far-
wake momentum theory. For different swept blades oper-
ating under optimal conditions, loads predicted by NW-
MT were compared with results from higher-fidelity aero-
dynamic models, such as a free-wake lifting line method and
a RANS CFD solver. Results from NW-MT show significant
improvements over the BEM method in predicting sweep ef-
fects (Li et al., 2022d).

4 Far-wake vortex cylinder model

This section introduces the far-wake vortex cylinder model
as a replacement for the momentum-theory-based far-wake
model in the coupled model. This approach provides a more
physically consistent representation of the far wake.

4.1 Elementary right vortex cylinder

First, the elementary right vortex cylinder, a fundamental el-
ement of the far-wake vortex cylinder model, is introduced.
The trailed vortex of a uniformly loaded planar rotor can be
represented using a non-expanding vortex cylinder (Branlard
and Gaunaa, 2015a). Assuming that the rotor operates under
uniform inflow with zero yaw error and no rotor tilt, the vor-
tex cylinder will be a right cylinder rather than an oblique one
(Branlard and Gaunaa, 2015b). The cylindrical vortex sheet
is decomposed into tangential and longitudinal components,
denoted as y; and y1, respectively.

For a vortex cylinder with radius R, the axial, tangential,
and radial induced velocities at a point with radius r and ax-
ial position y (positive downstream from the rotor disc) are
given by

n|{R—r+|R—r|
ua(r,y)=5 W

=uy(r, R, y)11s (30)
MR[r—R+|R—r]
2 [ 2IR —r|

+

ut,](ra )’) =

yv/m R—r
27'[\/@ (K(m)— R+rl‘[(n,m)>i|

Eﬁt,l(nR’y)yl’ (31)
" |R 2—mK 2 £
Iy Ko=)

IZ,«(V,R, y))/t, (32)

+

ue(r,y) =
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where
4rR 33)
m=-———-——,
(R+r)?+y?
4rR
TRy .

and K (m), E(m), and I1(n, m) are the complete elliptic inte-
grals of the first, second, and third kind, respectively.

4.2 Superposition of far-wake vortex cylinders

To model the radially varying bound circulation of a rotor,
concentric vortex cylinders with different radii and circu-
lations are superpositioned (Branlard and Gaunaa, 2015a).
This approach models the full trailed wake and is capable of
capturing the rotor’s non-planar effects (Li et al., 2022b).

In this study, vortex cylinders are used to model the far
wake, replacing the existing far-wake momentum model in
the coupled model. This provides a physically more consis-
tent representation of the far wake, addressing the limitations
discussed in Sect. 3.1. The far-wake vortex cylinders are po-
sitioned a constant distance Aypw downstream from the ro-
tor plane', as illustrated in Fig. 2, for both a planar rotor
(panel a) and a non-planar rotor (panel b). The concept of us-
ing a constant downstream offset distance aligns with apply-
ing a rotor-averaged coupling factor for the entire rotor in the
far-wake momentum theory. The far-wake vortex cylinders
can be considered to be the far-wake part of the full-wake
vortex cylinders, which effectively subtracts the near-wake
part from the full trailed wake. This decomposition is also
illustrated in Fig. 2.

4.2.1 Definition of coupling factor

For the far-wake vortex cylinder model, a rotor-averaged
coupling factor k;’v?, is defined. The near wake is assumed
to convect downstream at a constant velocity that is evalu-
ated at the blade. The corresponding near-wake helical pitch
hNW is

_ 2xUo(1 — ag ror)

h = =27rtang. 35
W T+ aly) v 59)

First, the near-wake helical pitch is weighted-averaged by the
annulus area to obtain the rotor-averaged value hnw:

N
D i hNw.i A
N
Zi:ﬁ Aa,i
where A, ; is the annulus area at the ith calculation point
(cp), calculated from the radii of the surrounding trailing

points (tp):
Aai =7(R%, — RD). (37)

hnw = (36)

n this work, the rotor plane refers to the surface swept by the
blades.
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Since the near wake is defined as the first quarter revolution
of the trailed vortex, the downstream distance travelled by the
near wake corresponds to one-fourth of hnw. This distance is
further scaled by the coupling factor k;f‘%, which is limited to
values between 0 and 1, reflecting the decreasing convection

speed of the trailed wake as it convects downstream?.

1 _
Aypw = Zkl\;/v%th (38)

The axial coordinate of a far-wake vortex cylinder at radius
R; is calculated by shifting the trailing point’s axial coordi-
nate downstream by A ypw:

YFw,j = Y(R;) + Ayrw. (39)

4.2.2 Calculation of far-wake induction

Each far-wake vortex cylinder is assumed to convect down-
stream at a constant speed, which is the mean value of the
two velocities just outside and inside the vortex sheet, in-
finitely far downstream. Since the same assumption is also
used for the system closure of full vortex cylinders (Branlard
and Gaunaa, 2015a), the far-wake vortex cylinder system can
be solved using the same method (Li et al., 2022b). First, the
annulus-averaged axial inductions of the corresponding pla-
nar full vortex cylinders are calculated similarly to Eq. (6)
but neglecting the tip-loss correction:

al = fa_c,(CP, (40)

where the subscript oo denotes the annulus-averaged value.

Then, the tangential vorticity is obtained from the differ-
ence in the annulus axial induction factors of the two neigh-
bouring sections:

1 1

Vi,j = 2Uo(al, ;1 —ad, )- D)
The strength of the longitudinal vortex sheet for the vortex
cylinder with radius R; and the total trailed circulation AT
is

_ Al
_27TRJ'.

Vi.j (42)
For a calculation point at radius » and axial coordinate y, the
contributions from all far-wake vortex cylinders are summed
to obtain the far-wake inductions:

Ny
1 <A

aFw,vC = 7 Zua (r.Rj,y — YEW.j) Vi.j» (43)

i=1

N
aj :-LZZ} (r R,y — YPW.j) V. (44)
FW,VC Qr I\ INj, FW.,j) Vi, js

Jj=1

2The coupling factor also needs to be smaller than 1 because
the far wake includes the trailed-wake contributions from the blade
itself and the two other blades.
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pl pl
anw,ve apw,ve
Ayrw

(a) Planar rotor

np np
aNw,ve Apw,vo

Aypw

(b) Non-planar rotor

Figure 2. 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. All far-wake vortex cylinders begin at a constant distance of Aygyw further downstream from the rotor plane, which is the

surface swept by the blades.

N tp

urpwye = Y i (1, Rj,y = Yew j) 1) (45)
j=1

In the present work, only blade sweep effects are included,
and non-planar effects are neglected, assuming that both the
full-wake vortex cylinders and the far-wake vortex cylin-
ders are planar, as depicted in panel (a) of Fig. 2. Therefore,
the axial coordinate difference, which is the last term in the
brackets of Egs. (43) to (45), can be simplified to

Y —YFw,; = —AYrw. (46)

5 Modified coupled near- and far-wake models

Building upon the limitations identified in the existing cou-
pled near- and far-wake model (NW-MT), this section in-
troduces three modified coupled models aimed at improving
aerodynamic load predictions for swept blades. The first two
methods use the far-wake vortex cylinder model, while the
third corrects the existing NW-MT model by including the
trailed-wake radial induction from the vortex cylinder model.

5.1 Idealized near-wake model coupled with far-wake
vortex cylinder

The first modified coupled model, labelled as NW (ideal)-
VC, is introduced to provide a benchmark of the highest fi-
delity that can be achieved within the coupled framework.
It extends the existing NW-MT model by using an idealized
near-wake model that captures sweep effects with the high-
est possible fidelity without regard for computational cost or
model complexity. Additionally, it replaces the far-wake mo-
mentum theory with the more physically consistent far-wake
vortex cylinder model introduced in Sect. 4.2.

The near wake is defined as the first quarter revolution of
the blade’s own trailed wake following the original coupled
model. The near-wake trailed-vortex inductions are calcu-
lated from the numerical integration of the trailing functions
in Eqgs. (16) to (18) derived from the Biot—Savart law accord-
ing to Eq. (21). The near-wake inductions are defined as the
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sum of the inductions from the bound vortex and the near-
wake trailed vortex of a single blade (i.e. its self-induction):

AaNW = Adbound + alr\]II{’rVrj trail» @7
’ o /,num
aNw = Ahound T INW, trail® (48)
num
Ur,NW = Ur,bound + “r,lf\fw, trail> (49)

where the superscript “num” indicates that the inductions are
calculated from numerical integration.

The far-wake inductions are calculated from the far-wake
vortex cylinder model using Egs. (43) to (45). The total in-
ductions are then the sum of the near-wake and far-wake con-
tributions:

aB,tot = ANW + AFW,VC, (50)
/ / /

Qror = ANw T+ Apw,vCs (51)

Ur tot = Ur,NW + Ur, FW,VC. (52)

This idealized NW (ideal)-VC method includes the influence
of a finite number of blades on axial, tangential, and also ra-
dial inductions. However, this model is computationally ex-
pensive as the near-wake inductions require numerical inte-
gration at each iteration.

5.2 Existing near-wake model coupled with far-wake
vortex cylinder

The second modified coupled model, labelled as NW-VC, is
introduced as the primary model targeted in this work, offer-
ing a balance between fidelity and computational efficiency.
It addresses the computational challenges of NW (ideal)-VC
by simplifying the near-wake model while still improving
upon NW-MT through the use of the far-wake vortex cylin-
der model.

The near-wake axial and tangential inductions are calcu-
lated using the same computationally efficient approach as
used in NW-MT, using Egs. (25) and (26). The far-wake ax-
ial and tangential inductions are obtained from the far-wake
vortex cylinder model using Egs. (43) and (44). The total ax-
ial and tangential inductions are then the sum of the near-
wake and far-wake contributions, following the same forms
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as Eqs. (50) and (51) for NW (ideal)-VC. For blades with
only sweep and no prebend, the error in near-wake axial and
tangential inductions in NW-VC is shown to be small com-
pared to direct numerical integration, as in NW (ideal)-VC
(Li et al., 2022d).

The trailed-wake radial induction, including both near-
wake and far-wake contributions, is modelled using the full
trailed-wake vortex cylinder model:

Ny

urve =Y i (r Rj,y = Y(R)) v j- (53)
j=1

Under the assumption of a planar rotor without tilt or coning,
the axial coordinate differences can be simplified:

y—y(Rj)=0. (54)

The total radial induction includes contributions from both
the bound vortex and the trailed vortex:

Uy tot = Ur,bound + Ur,VC- (55)

Unlike the idealized NW (ideal)-VC model that models
the near-wake trailed-vortex radial induction using non-
expanding helical vortex filaments and adds it to the far-wake
vortex cylinder induction, the simplified NW-VC model uses
the vortex cylinder model for the radial induction from the
entire trailed wake. As a result, the influence of a finite num-
ber of blades on the radial induction is not included in NW-
VC.

5.3 Radial induction correction to NW-MT using vortex
cylinder model

The third modified coupled model, labelled as NW-MT-VC,
serves as a comparison to the previous NW-MT model to as-
sess the impact of radial induction on aerodynamic loads of
swept blades. It modifies the existing NW-MT model by in-
cluding the trailed-wake radial induction calculated from the
full trailed wake using the vortex cylinder model.

The axial and tangential inductions are calculated identi-
cally to NW-MT, using Eqgs. (27) and (28). The radial induc-
tion is calculated the same way as in NW-VC, using Eq. (55).

5.4 Comparison between coupled models

Table 1 summarizes the relationships between the four dif-
ferent coupled models, listed in ascending order of fidelity.
From NW-MT to NW-MT-VC, the radial induction due
to the trailed wake is included, modelled using the vortex
cylinder model. From NW-MT-VC to NW-VC, the far-wake
axial and tangential inductions are calculated using the more
physically consistent far-wake vortex cylinders instead of the
far-wake momentum theory. Finally, from NW-VC to NW
(ideal)-VC, the radial induction due to the near-wake trailed
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vortex is modelled using non-expanding helical vortex fila-
ments instead of vortex cylinders. Hence, the influence of a
finite number of blades on the radial induction is included. In
addition, the near-wake axial and tangential inductions are
calculated using numerical integration, resulting in slightly
improved accuracy when modelling blades with only sweep
and no prebend.

In summary, the proposed modified coupled models ad-
dress the limitations of previous aerodynamic models for
swept blades. These models provide a framework for evaluat-
ing the impact of various modelling choices on aerodynamic
load predictions, which will be analysed in the subsequent
sections.

6 Investigation and improvement of the coupling
factor

Previous work (Li et al., 2022d) demonstrated that the ex-
isting automatically adjusted coupling factor in the coupled
NW-MT model performs well for straight and backward-
swept blades but exhibits unsatisfactory performance for
forward-swept blades. Although the primary source of the
issue was narrowed down to the coupling factor, the under-
lying causes were not analysed in depth. This section pro-
vides a detailed examination of the current coupling factor to
identify the reasons for its insufficient performance. Modifi-
cations are then proposed to address these issues, aiming to
enable a more robust, automatically adjusted coupling fac-
tor for general swept blades. Improving the coupling factor
will enhance the accuracy and reliability of aerodynamic load
predictions for swept blades, which is critical for blade de-
sign optimizations. Because coupling factors are calculated
very similarly for both the far-wake momentum theory (k{}/{,\T, )
and the far-wake vortex cylinder model (kg\%,), NW-MT is
used for this investigation®. The blades used for the inves-
tigation are the baseline straight blade (Str), the backward-
swept blade (mB-1), and the forward-swept blade (mB-5), as
described in Sect. 7.3.

6.1 Existing coupling factor

The existing coupling factor, which is adjusted automatically
at each time step, as described by Pirrung et al. (2016), was
initially implemented in HAWC?2 version 12.3, released in
2016. In HAWC?2 version 12.4 (released in 2017), the rotor-
averaged coupling factor was modified to be weighted by an-
nulus area instead of thrust force to improve numerical sta-
bility in aeroelastic simulations. This modified approach is
described below.

3Insights gained from analysing kl%g as used in NW-MT are ex-

pected to be directly transferable to k;]v%’ as used in the far-wake
vortex cylinder model, making NW-MT a suitable and sufficient
choice for identifying the issues.
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Table 1. Comparison between different coupled models, in ascending order of fidelity. The modelling of axial, tangential, and radial induction
components are compared. NW-MT represents the previous implementation. NW-MT-VC extends this by including radial induction from
the vortex cylinder (VC) model. NW-VC further improves the far-wake modelling and is the primary model. Finally, NW (ideal)-VC serves

as an idealized reference model.

Model Near wake (anw» agy) Far wake (apw, dfmy) Radial induction (uy)
NW-MT Approximate, Egs. (25) and (26) FW MT, Egs. (7) and (8) Bound vortex, Eq. (29)
NW-MT-VC Approximate, Egs. (25) and (26) FW MT, Egs. (7) and (8) Bound vortex + VC, Eq. (55)
NW-VC Approximate, Egs. (25) and (26) FW VC, Egs. (43) and (44) Bound vortex + VC, Eq. (55)

NW (ideal)-VC  Exact, Egs. (47) and (48)

FW VC, Egs. (43) and (44)

Bound vortex + NW trailed + FW VC, Eq. (52)

First, local coupling factors are introduced for each blade
section. For section i, the local coupling factor at time step
t, labelled as Kf:W ;» 1s updated from the previous time step

using the Newton—Raphson method*:

t—1 da;

ot % 56
KFW,! KFW,I 8801' /akFW ( )

where da represents the difference between the total axial in-
duction from the coupled model and a reference BEM model
that has tip-loss correction applied.

da = ap ot — GBEM = ANW + GFW — GBEM (57)

Since the near-wake induction anw and the reference BEM
induction aggm are not direct functions of the coupling fac-
tor, the partial derivative dda/dkpw is derived as follows:

dda _ aaFw
dkpw  Okpw

(58)

For the far-wake momentum theory, the far-wake inductions
are radially independent, and so this partial derivative can
be directly derived from Eq. (7), resulting in simple expres-
sions (Pirrung et al., 2016). In contrast, in the far-wake vortex
cylinder model, contributions from all vortex cylinders affect
the far-wake induction of each section. Hence, the deriva-
tions are more complex, as detailed in Appendix B.

To limit the impact of extreme values caused by strong
trailed vortices, the sectional coupling factor is limited to
values between 0 and 1, denoted as kgw. The rotor-averaged
coupling factor is then obtained by weighting these limited
local coupling factors by the annulus area A, ;:

Nep ~
D KEW.i A
Ne :
Z ,'=pl Aa,i
In the far-wake momentum theory, this rotor-averaged cou-
pling factor kpw is applied uniformly across all rotor sec-
tions to calculate the far-wake induction, as shown in Egs. (7)
and (8). Similarly, in the far-wake vortex cylinder model, all

krpw = (39)

“In practice, the rotor-averaged value k{;;vl at the previous time
step (t — 1) is used for the calculation instead of /cg‘,l!i.
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vortex cylinders are shifted downstream by a constant dis-
tance that is scaled by krw, as shown in Eq. (38). Importantly,
the sectional coupling factor kpw is not used directly in the
far-wake model since it would cause the converged axial in-
duction to tend towards the value from the reference BEM
method for each section (Pirrung et al., 2016)°.

6.1.1 Performance of the existing coupling factor

For blades without significant sweep, the coupled NW-MT
model with the existing coupling factor has been extensively
used for aeroelastic simulations and has generally shown sat-
isfactory performance and numerical stability across various
operational conditions (Pirrung et al., 2017a, b). However,
for blades with significant forward sweep, the existing cou-
pling factor for the NW-MT model shows insufficient perfor-
mance.

Numerical tests were performed to evaluate the steady-
state loads for both backward- and forward-swept blades
with different geometries at the optimal operational condi-
tion (Li et al., 2022d). It is expected that both the rotor-
averaged coupling factor and far-wake inductions for the
swept blades should closely match those of the straight blade
as the blade sweep effect is assumed to be fully captured in
the near-wake part of the coupled model. The current method
of calculating the automatically adjusted coupling factor per-
forms well for the backward-swept blades tested in the pre-
vious work (Li et al., 2022d), predicting similar coupling
factor values as the baseline straight blade. However, for
all forward-swept blades tested in that previous work, the
automatically adjusted coupling factor consistently exhibits
noticeable underestimations, leading to overestimated loads
across the blade span. Using a fixed coupling factor equal to
that of the baseline straight blade was found to show good
agreement with higher-fidelity models for all tested swept
blades. This suggests that the modelling of bound and near-
wake trailed vortices of swept blades is sufficient. However,
a fixed coupling factor is not feasible for general aeroelastic

SThis is the case except for the blade sections where the sectional
coupling factor xkpw would fall outside of the range from 0 to 1
without limiting.
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calculations as the rotor load and, hence, the coupling factor
vary over time.

6.2 Analysis of the existing coupling factor

To identify the issues with the existing method of calculat-
ing the coupling factor, an investigation was performed us-
ing the NW-MT model. Under the optimal operational con-
dition, with a wind speed of §m s~ 1 different components of
the axial inductions and the local coupling factor kpw along
the blade span are compared, as depicted in Fig. 3. Three dif-
ferent values of axial induction are compared: the near-wake
induction anw in Eq. (25); the far-wake induction apwmT
from the far-wake momentum theory in Eq. (7); and the dif-
ference between the total axial induction and the reference
BEM induction, denoted as §a in Eq. (57).

It is observed that, from the blade root to the mid-span (ra-
dius of 50 m), the local coupling factor exhibits only small
differences between different blades, which have minimal
impacts on the rotor-averaged value. Therefore, the focus is
on the outer half of the blade, from the mid-span to the blade
tip.

For the baseline straight blade (Str), as shown in Fig. 3a,
the local coupling factor kpw slowly decreases from mid-
span to a radius of 90 m, maintaining a high level of approxi-
mately 0.9. Beyond 90 m, krw increases steeply and quickly
reaches the upper limit of 1.0 at a radius of 95 m, maintaining
this upper limit until the blade tip. This behaviour of Kpw is
directly related to the axial induction difference da according
to Eq. (56).

As shown in Fig. 3b, from a radius of 50 to 90m, da re-
mains around zero and slowly increases. For radii larger than
90 m, §a decreases steeply with increasing radius. This indi-
cates that the axial inductions from NW-MT and BEM are
generally similar, except for the blade tip region. Near the
blade tip, different methods of modelling tip effects in NW-
MT and BEM result in relatively large differences in axial
induction. Due to the upper limit of 1.0 applied to the lo-
cal coupling factor kgw, the impact of these large differences
on the rotor-averaged value is limited. The resulting rotor-
averaged coupling factor kpw is 0.909, closely resembling
the overall level of the local coupling factor Kpw.

6.2.1 Backward-swept blade

For the backward-swept blade mB-1, as shown in Fig. 3a,
the local coupling factor kpw behaves similarly to the base-
line straight blade (Str) from a radius of 50 to 90 m, chang-
ing slowly with the radius and maintaining a high level of
around 0.9. Beyond 90 m, kgw increases steeply and reaches
the upper limit of 1.0 at a radius of 93 m, maintaining this up-
per limit until the tip. For mB-1, the value of kgw is slightly
lower than Str from a radius of 50 to 80 m but slightly higher
from 80 to 95 m. For radii larger than 95 m, both Str and mB-
1 reach the upper limit. The resulting rotor-averaged cou-

Wind Energ. Sci., 10, 2515-2550, 2025

A. Li et al.: Computationally efficient aerodynamic modelling of swept wind turbine blades

pling factor kpw for mB-1 is 0.904, which is very similar
to that of Str.

As shown in Fig. 3b, the far-wake inductions of mB-
1 and Str are nearly identical due to the similar value of
rotor-averaged kpw. Consequently, the difference in da is
dominated by the near-wake axial induction anw. The near-
wake model captures the backward-blade-sweep effects on
the bound and near-wake trailed vortices, leading to different
near-wake axial inductions anw between mB-1 and Str. For
mB-1, anw is higher than that of Str for a radius of 50 to 80 m
and is lower from 80 to 90 m. Beyond 90 m, anw decreases
steeply, which is mainly due to the shifted starting position of
the trailed wake within the rotor plane. This results in a sig-
nificant decrease in da all the way to the blade tip. According
to Eq. (56), this steep decrease in da should correspond to
a steep increase in the local coupling factor kpw. However,
at this operational condition, krw is already at high levels
around 0.9. Further increases in kgw will quickly reach the
upper limit of 1.0, limiting the impact on the rotor-averaged
krw .

This suggests that the good performance of the existing
coupling factor for the backward-swept blades tested in (Li
et al., 2022d) may relate to the high loading operational con-
dition and the limiting applied to the local coupling factor
krw. However, under lower-loading conditions with lower
overall levels of kpw, performance might worsen. This is
because the steep increase in kpw near the blade tip may
not quickly reach the upper limit, resulting in a noticeable
increase in rotor-averaged kpw and, consequently, an un-
derestimation of the loads. As a result, the performance of
the existing coupling factor should also be tested for oper-
ational conditions with lower loading, as discussed later in
Sect. 8.3.1.

6.2.2 Forward-swept blade

For the forward-swept blade mB-5, as shown in Fig. 3a, the
local coupling factor kpw is slightly higher than the base-
line straight blade (Str) for a radius of 50 to 80 m. In this
region, the value of kpw changes slowly with the radius and
maintains a high level of approximately 0.9, showing sim-
ilar behaviour to Str. For radii from 80m to the blade tip,
krw decreases steeply all the way to the lower limit of zero,
which is significantly lower compared to Str. Moreover, the
higher weighting applied at the tip region when calculating
the rotor-averaged value further amplifies this effect. The re-
sulting rotor-averaged coupling factor kpw is 0.838, notably
lower than the straight blade’s value of 0.909.

The local coupling factor kpw is influenced by the axial
induction difference da, which has two components. Firstly,
the difference in anw between mB-5 and Str, which is due
to the influence of the blade’s forward sweep, is investigated.
As shown in Fig. 3b, for mB-5, anw is slightly lower than
that of Str for a radius of 50 to 80 m and is slightly higher
from 80 to 90 m. Beyond 90 m, anw is significantly higher
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Figure 3. Comparison of (a) local coupling factor kpw and (b) different components of axial induction factors from the NW-MT (origin)
model with the existing coupling factor for the baseline straight blade Str, backward-swept blade mB-1, and forward-swept blade mB-5 at a

wind speed of 8 m s—L

than that of Str, which is mainly due to the shifted starting
position of the trailed vortex within the rotor plane. Secondly,
due to the lowered value of the rotor-averaged krw, the far-
wake induction for mB-5 is lower than that of Str, showing an
offset. Consequently, the overall level of da for mB-5 is also
lower compared to Str, showing a significant offset, except in
the very tip region.

This analysis suggests that the insufficient performance of
the existing coupling factor for forward-swept blades is di-
rectly related to the steep decrease in the local coupling fac-
tor kpw near the blade tip. The lower limit of zero applied
to kpw is insufficient to limit the significant local change.
The decrease in the rotor-averaged kpw results in the total
axial induction from NW-MT being underestimated, which,
in turn, leads to an overestimation of the loads.

6.2.3 Issues in the existing coupling factor

From the analysis, three major issues with the existing cou-
pling method are identified. Firstly, the Newton—Raphson
method is applied to the local coupling factor kgw, which is
not directly applied in the far-wake model. Instead, the rotor-
averaged value kpw, which is the area-weighted value cal-
culated from the local coupling factors, is directly applied in
the far-wake model. This indirect application of the Newton—
Raphson method introduces inconsistencies between the lo-
cal and rotor-averaged coupling factors. Secondly, the sig-
nificant differences in axial inductions near the blade tip, re-
sulting from different tip-modelling methods in NW-MT and
BEM, are balanced by adjusting the overall level of the far-
wake axial induction. However, this method has limited ef-
fectiveness in counteracting the significant differences in ax-
ial inductions locally at the blade tip, for example, due to the
sweep effects being included in the coupled NW-MT model
but not in the reference BEM method. This can lead to large
changes in the rotor-averaged kpw, subsequently affecting
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load predictions. Thirdly, the impact of the large error locally
at the blade tip is amplified by the larger weighting applied
to the blade tip region when averaging the coupling factor
based on the annulus area.

6.3 Modifications to the coupling factor

To address the issues identified in the existing method of cal-
culating the coupling factor, two modifications are proposed.
These modifications aim to improve the consistency between
local and rotor-averaged coupling factors and to reduce the
excessive influence of the blade tip region on the coupling
factor calculation. Note that both modifications are applica-
ble to kll}/lvg and k;f\%

6.3.1 First modification

The first modification addresses the inconsistency arising
from not directly applying the Newton—Raphson method to
the rotor-averaged coupling factor used in the far-wake in-
duction. To resolve this, the Newton—Raphson method is
applied directly to the rotor-averaged coupling factor kpw
rather than to the local coupling factor kpw. The residual
function F, is therefore defined as the sum of the axial in-
duction difference §a weighted by the corresponding annulus
area A,:

Nep

Fy="5a; Aa;. (60)
i=1

The rotor-averaged coupling factor at the current time step
t, labelled as kf;w, is updated from the value at the previous
time step using the Newton—Raphson method:

t

kl _kt—l_ Fa

FW = Kpw — 3F, -
dkpw

(61)
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By substituting Eq. (60), the partial derivative of F, with re-
spect to kpw is given by

Nep

or, darw,i
= L A 62
T~ ; T (62)

To prevent excessively large differences in axial induction,
particularly near the blade tip, a limiting method is intro-
duced. This involves the calculation of a tentative local cou-
pling factor xpw for each section, following a similar ap-
proach to Eq. (56):
6ai

darw ;i /dkrw
This tentative local coupling factor is then limited to the
range between O and 1, which is labelled as kpw after the
limiting. Then, the adjusted axial induction difference, la-
belled as da, is calculated from the limited local coupling
factor kpw ;:

Klt:W,i = klt:;\ll - (63)

dapw i
dkpw

This limited axial induction difference da replaces the orig-
inal 8a in Eq. (60) to calculate the residual function F, in
Eq. (60). This first modified method of calculating the cou-
pling factor is labelled as method (a).

da; = (kpw — KFw,i) (64)

6.3.2 Second modification

The second modification specifically addresses the impact of
significant axial induction differences at the blade tip region,
targeting the second and third issues as previously identified.
This modification is optional and corresponds to an alterna-
tive modified method for calculating the coupling factor.
Inspired by the observation that the bound circulation

decreases rapidly towards zero at the blade tip under
near-optimal operating conditions, the weighting factor for
the rotor-averaged coupling factor is modified. Instead of
weighting solely by the annulus area A,, the new approach
uses the product of A, and the normalized bound circulation
ks as defined in Eq. (3). The residual function is then given
by

N, cp
Fia=) ksibaj Agi. (65)

i=1

The rotor-averaged coupling factor is updated using the
Newton—Raphson method:
Ft
-1 k
kiw = ki — BFEZ . (66)

Ty

By substituting Eq. (65), the partial derivative is obtained us-
ing the following chain rule:

N.
0Fka E dapw,; Oks
= ks : da; — ) A, 67
akFW ;( S,i akFW + da; akFW) a,i ( )
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Similarly to the first modification, the limiting method is ap-
plied to prevent excessive influence due to locally large ax-
ial induction differences. The tentative local coupling factor
kpw in Eq. (63) is introduced, which is then limited between
0 and 1. The adjusted axial induction difference §a that is
calculated back using Eq. (64) is then used in Eq. (65), re-
placing 8a, to compute the residual function Fi,.

This second modified method, labelled as method (ka),
effectively reduces the influence of the blade tip region on
the coupling factor calculation, such that the rotor-averaged
krw 1is expected to better represent the overall level along the
blade. Moreover, it can be shown that performing an area-
weighted rotor averaging of ksap is equivalent to the aver-
aging of Cg,lKJ in Eq. (2), which serves as an approximation
of the local power coefficient. Additionally, this method is
conceptually similar to matching the rotor-averaged axial in-
duction weighted by the annulus thrust force.

Compared to the first modified method, this second mod-
ified method has more complicated forms of the partial
derivatives, as shown in Eq. (67). Specifically, computing
the partial derivative dkg/dkpw requires additional consid-
erations. The normalized bound circulation ks depends on
the lift coefficient Cp, and relative velocity Ve according to
Egs. (3) and (4). The lift coefficient C, depends on the angle
of attack « and, in turn, depends on the induced velocities,
which are functions of kpw. Therefore, the lift slope dCr /da
is required to calculate the partial derivative. This adds com-
plexity to the implementation of this modified method.

7 Simulation setup and blades for the comparison

In this section, the higher-fidelity RANS solver and lifting
line (LL) solver are firstly described. Then, the straight and
swept blades used for the comparison are described. Finally,
loads used for the comparison are described.

7.1 Reynolds-averaged Navier—Stokes solver

The pressure-based incompressible three-dimensional solver
EllipSys3D was used to solve the Reynolds-averaged
Navier—Stokes (RANS) equations using finite-volume dis-
cretization. An inlet—outlet boundary condition strategy was
applied at the outer limit of the computational fluid dynam-
ics (CFD) domain. The flow was assumed to be fully tur-
bulent, with the k—w shear stress transport (SST) model be-
ing employed (Menter, 1994). Rotor-resolved meshes were
generated, fully scripted in two consecutive steps to ensure
consistent grid quality. First, a structured mesh of the blade
surface was generated (Zahle, 2019), with 128 cells in the
spanwise direction and 256 cells in the chordwise direction.
Second, the surface mesh was radially extruded using a hy-
perbolic mesh generator (Sgrensen, 1998) to create a volume
grid with a total of 256 cells. The resulting outer domain
was located approximately 11 D (rotor diameters) away. A
boundary layer clustering was applied with an imposed first

https://doi.org/10.5194/wes-10-2515-2025



A. Li et al.: Computationally efficient aerodynamic modelling of swept wind turbine blades

cell height of 1 x 107® m, which is to target y* values lower
than 1. The resulting volume meshes accounted for 14.2 mil-
lion cells.

While a steady solver was employed, some unsteady flow
separation is expected near the blade root region during
operation. Unlike previous works (Li et al., 2022b, c, d),
which averaged CFD results over the last 350 iterations,
the present work averages only the last 50 iterations, re-
sulting in increased noise in the root region. Applying con-
vergence enhancement methods to the RANS CFD solver,
such as the modified BoostConv method (Dicholkar et al.,
2022, 2024, 2025), could improve the root region compar-
isons. However, since the blade root region is not the focus
of this study and has negligible influence on the blade tip re-
gion, the existing results are deemed to be sufficient for this
study.

7.2 Free-wake lifting line solver

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; Ramos-
Garcia et al., 2017) is also used for comparison as a higher-
fidelity aerodynamic model. While the blade-resolved RANS
CFD approach resolves the 3-D flow field around the blade
geometry, the LL. method relies on 2-D airfoil data and ap-
plies the cross-flow principle (Hoerner and Borst, 1985). The
free-wake LL method represents the highest fidelity within
the framework of engineering aerodynamic models that rely
on 2-D airfoil data, making it a crucial benchmark for this
study.

In the LL method, each blade is represented by a concen-
trated bound vortex line located at the 1/4 chord line of the
blade and is modelled as discrete vortex filaments. With the
spanwise and temporal variation of the bound vortex, vor-
ticities are trailed and shed into the wake. Importantly, the
influence of a curved bound vortex on itself is included (Li
et al., 2020), which is essential for modelling blade sweep
effects (Li et al., 2018, 2022d; Fritz et al., 2022, 2024b). The
first row of wake vortex panels is released from the lifting
line, using velocities locally at the 1/4 chord line. To simu-
late the wake, a hybrid filament-particle-mesh method is em-
ployed. To accurately resolve the near wake, which is cru-
cial for capturing sweep effects, the bound vortex and the
first 360 wake panels after each blade are modelled using
vortex filaments. This vortex filament wake corresponds to
approximately 1.5 revolutions of the rotor®. The remaining
wake is represented by vortex particles, which are subse-
quently interpolated onto an auxiliary Cartesian mesh. Inter-
actions between vortex particles and the influence of vortex
particles on the filaments are efficiently computed using a
fast Fourier transform (FFT)-based method to solve the Pois-

N parameter study has been performed and showed that the re-
sults converged if the filament wake size is 1.5 revolutions or larger.
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son equation with a regularized Green’s function under free-
space boundary conditions. A 10th-order Gaussian filter is
used to regularize the singular free-space Green’s function
(Hejlesen et al., 2013, 2015). Furthermore, a filter function
with a width of 1.5 times the mesh cell size is applied to
minimize smoothing errors. The influence of the vortex fila-
ments on themselves is modelled using the Biot—Savart law.
The influence of the vortex filaments on the vortex particles
is neglected since the filament wake size is large enough.

7.2.1  Numerical setup

The Cartesian mesh used for wake modelling covers approx-
imately (11D x 2D x 2D) (where D is the rotor diameter),
with a cell size of 2.5 m, approximately 0.0125D. This con-
figuration results in approximately 22.5 million cells and an
equal number of vortex particles. Relatively high temporal
and spatial resolutions are used to ensure the accurate mod-
elling of sweep effects. For each simulation, a time step of
0.03 s is chosen, corresponding to an azimuthal discretization
of approximately 1.5° or 240 time steps per rotor revolution.
Simulations are conducted for 20 000 time steps, correspond-
ing to 600 s of total simulation time or approximately 83 rotor
revolutions. A maximum of 50 sub-iterations per time step
is applied to ensure the angle of attack residual converges
below a specified tolerance. Each blade is discretized radi-
ally into 50 spanwise sections using cosine spacing. The air-
foil polars are obtained from fully turbulent 2-D RANS CFD
simulations (Bortolotti et al., 2019).

7.3 Blades used for the comparison

The blades used for comparison are based on the IEA-
10.0-198 10MW reference wind turbine (RWT) (Bor-
tolotti et al., 2019) following previous studies (Li et al.,
2018, 2022b, d, 2025b, 2024). The baseline straight blade is
modified by aligning the half-chord line into a straight main
axis. Swept blades are also used for comparison, which are
modified based on the baseline straight blade by introducing
x components into the main-axis geometry. Afterwards, the
main-axis geometry is scaled so that the radius of each blade
section remains unchanged compared to the baseline straight
blade. The chord and twist distributions of the swept blades
are also modified so that the BEM method predicts the same
operational conditions (e.g. angle of attack and local thrust
coefficient) as the baseline straight blade (Li et al., 2025b).
The blades used for comparison include the backward-swept
blade mB-1 and the forward-swept blade mB-5, which are
also used in previous work (Li et al., 2025b). Their main-axis
geometries are illustrated in Fig. 4.

Other swept blades with different main-axis shapes tested
in this study exhibit similar behaviours to the swept blades
used in the present work. Including these additional results
will not change the conclusions of the present work. The re-
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Figure 4. Front view of the backward-swept blade mB-1 and the
forward-swept blade mB-5 in the blade root coordinate system (B-
sys). The main axis, which is the half-chord line, is highlighted. The
figure is adapted from Li et al. (2025b).

sults of other swept blades are summarized in an internet ap-
pendix (Li et al., 2025a).

For all cases, the rotor radius is 99 m with a hub radius of
2.8 m. The blades are assumed to be stiff, excluding elastic
deformation effects. For the low- to mid-fidelity engineering
aerodynamic models, including BEM and coupled near- and
far-wake models, the same airfoil data in the LL method are
used; these are from 2-D fully turbulent RANS CFD simula-
tions (Bortolotti et al., 2019). For BEM and coupled models,
each blade is discretized radially into 80 sections.

7.4 Operational conditions

The operational conditions for the numerical tests also align
with previous studies (Li et al., 2022b, c, d, 2025b). First, an
optimal operational condition with high rotor thrust is used
for comparison. The rotors operate under a uniform inflow
of 8ms~! perpendicular to the rotor plane, with a constant
rotational speed of 0.855 rad s~! and no blade pitch.

In addition, comparisons are conducted at operational con-
ditions corresponding to lower thrust coefficients. Three con-
ditions defined in the IEA Wind TCP Task 37 report (Bor-
tolotti et al., 2019) are used for these lower-loading cases,
with the rotational speed set at 0.909rads~!, wind speed
varying from 12.0ms~! to 20.0ms~!, and the blade pitched
towards lower loadings. For the baseline straight blade, the
blade is pitched with 6, for these lower-loading conditions.
For swept blades, the blade is not directly pitched but has
modified chord and twist distributions in accordance with Li
et al. (2025b) so that the BEM method predicts the same cir-
culation distribution as the pitched straight blade.

The operational conditions are summarized in Table 2, de-
tailing wind speed, tip-speed ratio, and pitch angle 6,. The
table also lists the thrust and power coefficients of the rotor
with baseline straight blades, as predicted by the CFD solver.

7.5 Loads for comparison

In the present work, the non-dimensional axial and tangential
loads, which are in the y and x directions in the blade local
coordinate system (BL-sys) as described in Li et al. (2025b),
are used for comparison. The axial and tangential forces are
non-dimensionalized into the local thrust coefficient and the
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Table 2. Operational conditions used in the comparison. C%trCFD

and Cf)trCFD are the thrust and power coefficients predicted by the
CFD solver for the baseline straight blade.

Wind speed  Tip-speed  Pitch angle CSY s

T,CFD P,CFD
Up[ms™']  ratio A [-] Op [°] (-] (-]
8.0 10.58 0.00 0.91 0.45
12.0 7.50 5.98 0.44 0.31
15.0 6.00 11.77 0.21 0.16
20.0 4.50 18.51 0.09 0.07

simplified local power coefficient as follows:

Ng fBLds
Ci=1—5—" (68)
spUy2mrdr
- QrNpfBlds 9
P %pU0327trdr '

where the simplified power coefficient @p represents the con-
tribution of the tangential force to power. Note that other
loads, such as sectional moments, can also contribute to aero-
dynamic power. However, for moderately swept blades, these
contributions are generally insignificant.

To better illustrate the influence of curved blade geometry
on loads, the load differences between the swept blades and
the baseline straight blade at the same radial positions are
used for the comparison:

AC(r) = C(r) = G (r), (70)
ACp(r) = Cp(r) — C*(r). (71)
8 Results

In this section, comparative studies are conducted to eval-
uate the performance of different coupling factors and far-
wake models for both straight and swept blades. Building
on the methodology and coupling factor modifications intro-
duced in Sect. 6.3, the coupled models NW-MT and NW-VC
with coupling factors calculated using different methods are
compared for the baseline straight blade (Str), the backward-
swept blade (mB-1), and the forward-swept blade (mB-5).
The coupled models using the original coupling factor and
the two modified coupling factors are labelled as (origin),
(a), and (ka), respectively. Additionally, the comparison in-
cludes coupled models using a fixed coupling factor for the
swept blades, set to be equal to that of the baseline straight
blade, labelled as (fixed). This fixed coupling factor follows
the assumption that the sweep effects are fully captured in
the near wake, making the coupling factor independent of
blade sweep. Although insightful for comparison purposes,
this approach is impractical for implementation since it re-
quires simultaneous computations for both straight and swept
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blades. Finally, results from different coupled models with
their preferred coupling factors are compared with BEM, LL,
and CFD results.

8.1 Baseline straight blade

First, loads of the baseline straight blade, calculated using the
coupled models NW-MT (origin) and NW-VC (origin) with
the original coupling factors, are compared with results from
the BEM method, the LL solver, and the RANS CFD solver
under the optimal operational condition with a wind speed of
8ms~!. The results are depicted in Fig. 5.

For loads in the blade root region with a radius of less than
20m, there is a relatively large difference between results
from the CFD solver and the other models. As discussed in
Sect. 7, this is due to unsteady flow separation in this region.
Therefore, the comparison focuses on the radius from 20 m
to the blade tip.

The thrust coefficients predicted by these different mod-
els show good agreement, indicating that the predicted cir-
culation distributions are similar (Li et al., 2025b). However,
larger discrepancies are observed in the simplified power co-
efficient results, especially for radii larger than 60 m. All en-
gineering aerodynamic models overestimate the tangential
loads compared to the LL and CFD results. This is likely to
be related to the assumptions in the engineering models, such
as the use of Prandtl’s tip-loss correction in the BEM method
and the assumption of a non-expanding helical trailed wake
in the coupled models. Furthermore, the BEM method and
the coupled models do not take into account the wake expan-
sion and wake roll-up effects, which are significant for this
high-loading condition. In contrast, the free-wake LL method
includes the wake expansion and wake roll-up effects; the
CFD solver models the blade tip and wake effects with much
higher fidelity as the flow around the 3-D blade geometry is
fully resolved.

For NW-VC (origin), there is surprisingly good agreement
with the BEM results for a radius of 20 to 90m for both
thrust and power coefficients. Beyond 90 m, differences in
the power coefficient arise due to different tip-loss modelling
approaches. In comparison, NW-MT (origin) shows larger
discrepancies compared to the BEM and NW-VC (origin) re-
sults for both thrust and power coefficients. Since both NW-
MT (origin) and NW-VC (origin) use the same near-wake
model, the differences arise from the far-wake modelling.
Specifically, NW-MT (origin) uses the far-wake momentum
theory, which is less physically consistent than the far-wake
vortex cylinder model used in NW-VC (origin).

For operational conditions with higher wind speeds and
lower thrust coefficients, as listed in Table 2, the results are
presented in Fig. C1 in Appendix C. In general, the different
models show good agreement across all tested lower-loading
conditions. As wind speed increases and rotor loading de-
creases, the agreement between different models generally
improves, especially near the blade tip. This improvement is
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Table 3. Relative differences in rotor thrust and power coefficients
of the swept blades (mB-1 with backward sweep and mB-5 with
forward sweep) compared to the baseline straight blade, predicted
by the CFD solver. Relative differences are computed as follows:

eC; = (Cl.Sweep - Cis’tr) / CiSlr, where C; represents either the thrust
coefficient (Ct) or the power coefficient (Cp).

Wind speed 6CITUB'1 GC%’B'S eClr,nB'1 GCng_S

Up [ms™!] [%] [%] [%] [%]

8.0 —0.10 0.12 2.90 —2.68

12.0 —0.02 0.31 0.76 —0.26

15.0 0.23 0.03 0.82 —0.52

20.0 0.17 —0.68 0.98 —1.25

likely to be due to the weaker tip vortex strength and reduced
induction effects at lower rotor-loading conditions. Further-
more, the wake expansion effect becomes weaker as rotor
loading decreases.

8.2 Impact of blade sweep on aerodynamic loads

In this section, the CFD results are used to illustrate the im-
pact of blade sweep on aerodynamic loads under different
operational conditions. The purpose is to provide an intuitive
understanding of the relative magnitude of the blade sweep
effects compared to the overall loads, setting a basis for the
following comparisons. First, the CFD results of the baseline
straight blade (Str) and the swept blades (mB-1 with back-
ward sweep and mB-5 with forward sweep) under an opti-
mal operational condition with a wind speed of 8ms~! are
compared in Fig. 6. The relative differences in terms of rotor-
integrated thrust and power for the swept blades compared to
the baseline straight blade are summarized in Table 3

Under this operational condition, blade sweep has a
smaller relative influence on thrust than on power. For both
swept blades mB-1 and mB-5, the thrust coefficients remain
similar to that of the straight blade. The rotor-integrated
thrust coefficients differ by approximately 0.1 % only. How-
ever, significant differences are observed in the power coef-
ficients of the swept blades compared to the straight blade,
with a more substantial difference exceeding 2.5 % observed
in the rotor-integrated power coefficient. For radii of less
than 50 m, loads of the swept blades are almost identical to
those of the baseline straight blade. Moving from the blade
mid-span (radius of 50 m) towards the blade tip, a span-
wise redistribution of loads is observed for both thrust and
power coefficients, consistently with observations in previ-
ous studies (Li et al., 2018, 2022d, 2025b). Specifically, for
the backward-swept blade mB-1, the loads initially decrease
and then increase compared to the baseline straight blade. For
the forward-swept blade mB-5, the load redistribution shows
an opposite trend, with the loads initially increasing and then
decreasing relative to the baseline straight blade.
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Figure 5. Thrust coefficient Ct (a) and simplified power coefficient C'p (b) of the baseline straight blade Str at a wind speed of 8 m s_l,
calculated using the BEM method, the coupled models NW-MT (origin) and NW-VC (origin) with the original coupling factors, the LL
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Figure 6. Thrust coefficient C; (a) and simplified power coefficient C‘p (b) of the baseline straight blade Str, the backward-swept blade mB-1,
and the forward-swept blade mB-5 at a wind speed of 8 m s~1, calculated using the CFD solver.

For lower-loading conditions at wind speeds of 12, 15, and
20ms~!, the results are presented in Fig. C2 in Appendix C.
Across all tested lower-loading conditions, the spanwise load
redistribution effect is observed for both thrust and power co-
efficients. However, as wind speed increases and rotor thrust
coefficient decreases, the differences in loads between the
swept blades and the straight blade diminish, indicating a re-
duced influence of blade sweep. At the highest tested wind
speed of 20ms~!, corresponding to a rotor-averaged thrust
coefficient of 0.1, both the axial and tangential loads of the
swept blades are nearly identical to those of the baseline
straight blade. Nevertheless, the influence of blade sweep re-
mains consistently more pronounced on rotor power coeffi-
cients than on rotor thrust coefficients across all tested con-
ditions, except for the single case of blade mB-5 operating at
12ms~!. Note that, in practice, for a pitch-regulated turbine
operating at higher wind speeds, the pitch angle will be de-
termined by the controller to maintain the rated aerodynamic
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power. Then, the differences between the swept and straight
blades will be in the thrust only.

8.3 Coupled models with far-wake momentum theory

This section evaluates the performance of different coupling
factors when applied to the coupled models with far-wake
momentum theory. As described in Sect. 5.3, the only differ-
ence between NW-MT and NW-MT-VC is the inclusion of
radial induction, which has a negligible influence on the cou-
pling factor; therefore, only NW-MT is used for this compar-
ison. First, the rotor-averaged coupling factors k}}’{g for the
straight and swept blades, calculated using the three differ-
ent methods, are compared in Table 4.

For the baseline straight blade (Str), the rotor-averaged
coupling factors kpw from all three methods are very simi-
lar, indicating negligible differences in far-wake inductions
and, consequently, in the loads. Thus, NW-MT (a) and NW-
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Table 4. Rotor-averaged coupling factor of the baseline straight blade (Str), the backward-swept blade (mB-1), and the forward-swept blade
(mB-5) calculated from the coupled NW-MT model with the original coupling factor, NW-MT (origin), and the modified coupling factors
NW-MT (a) and NW-MT (ka) at a wind speed of 8 m s~ 1. The differences in the coupling factor of the swept blades compared to the baseline

straight blade are also shown.

Model Str mB-1 mB-5 AmB-1 AmB-5
NW-MT (origin) 0.904 0.909 0.838 0.006 —0.066
NW-MT (a) 0.911 0912 0.888 0.001 —0.024
NW-MT (ka) 0.912 0911 0.900 —-0.001 —0.012

MT (ka) with the two modified coupling factors described in
Sect. 6.3 predict very similar loads to NW-MT (origin) for
the straight-blade case, as shown in Fig. 5.

For the swept blades, the performance of different cou-
pling factors is evaluated by comparing the loads predicted
by the coupled models with CFD results and with NW-MT
(fixed), which uses the same fixed coupling factor as the
baseline straight blade. As shown in Sect. 8.2, the load dif-
ferences between the swept blades and the baseline straight
blade are relatively small compared to the overall loads, es-
pecially under lower-loading conditions. To better illustrate
the effects of using different coupling factors, the load dif-
ferences between the swept blades and the baseline straight
blade calculated using Egs. (70) and (71) are compared.

Under the optimal operational condition with a wind speed
of 8ms~!, the load offsets of the swept blades mB-1 and
mB-5 relative to the baseline straight blade (Str) are depicted
in Figs. 7 and 8, respectively. In addition, the BEM results are
included as a reference, predicting approximately the same
loads for the swept and straight blades (Li et al., 2025b).

For the backward-swept blade mB-1, the loads predicted
by the NW-MT model with different coupling factors are
similar and agree well with the CFD results. Both of the
modified methods, NW-MT (a) and NW-MT (ka), show
slight improvements over NW-MT (origin) when compared
to NW-MT (fixed). Furthermore, as shown in Table 4, the
rotor-averaged coupling factors kg{g for mB-1 are very close
to those of the straight blade across all methods. For the
forward-swept blade mB-5, NW-MT (origin) significantly
overestimates the loads along the span. This overestimation
is associated with a noticeable decrease in ky\g compared to
that of the straight blade due to inconsistencies in calculating
the coupling factor, as detailed in Sect. 6.2.2. In contrast, both
NW-MT (a) and NW-MT (ka) with modified coupling fac-
tors show clear improvements over NW-MT (origin). How-
ever, both modified methods still slightly underestimate the
rotor-averaged coupling factor k%’gg , which leads to an overall
overestimation of the aerodynamic loads compared to NW-
MT (fixed). Among the two methods, NW-MT (ka) shows
further improvement over NW-MT (a) and shows sufficiently
good agreement with both NW-MT (fixed) and CFD results.
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8.3.1 Lower-loading conditions

To ensure a comprehensive evaluation, the performance of
the different coupling factors applied to NW-MT is also as-
sessed under the lower-loading conditions listed in Table 2.
Detailed results for these conditions are shown in Figs. C3
and C4 in Appendix C, with conclusions summarized here.
For the backward-swept blade mB-1, the NW-MT model
with different coupling factors exhibits sufficiently good
agreement with the CFD results across all tested lower-
loading conditions. In the case of NW-MT (origin), the loads
are underestimated compared to NW-MT (fixed) for radii
of 20 to 50 m, and this underestimation becomes more pro-
nounced under lower-loading conditions’. Both of the modi-
fied methods, NW-MT (a) and NW-MT (ka), show improved
agreement with NW-MT (fixed), with NW-MT (ka) show-
ing slightly better performance. For the forward-swept blade
mB-5, NW-MT (origin) overestimates the loads across all
conditions, showing significant discrepancies compared to
the CFD results. In contrast, NW-MT (fixed) demonstrates
very good agreement with the CFD solver. Results from NW-
MT (a) show clear improvements over NW-MT (origin) but
still overestimate the loads, especially for radii of 20 to 50 m.
NW-MT (ka) shows further improvement over NW-MT (a)
and has sufficiently good agreement with NW-MT (fixed).

8.3.2 Summary

In summary, both NW-MT (a) and NW-MT (ka), with mod-
ified coupling factors, show similarly good performance
compared to NW-MT (origin) when modelling the baseline
straight blade (Str) and the backward-swept blade (mB-1)
across all tested operational conditions. For the forward-
swept blade (mB-5), NW-MT (a) offers improvement over
NW-MT (origin) but still overestimates the loads. In compar-
ison, NW-MT (ka) shows sufficiently good agreement with
NW-MT (fixed) and CFD results across all tested operational
conditions. Therefore, despite its more complex implemen-
tation, the modified coupling factor (ka) is preferred for cou-
pled models using the far-wake momentum theory. This sug-

TThis can be linked to the discussion in Sect. 6.2.1, which shows
that the local coupling factor kpyw maintains a lower overall level
under these operational conditions.
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compared with BEM and CFD results.
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Figure 8. Offset in the thrust coefficient (ACt) (a) and simplified power coefficient (Aép) (b) of the forward-swept blade mB-5 compared
to the baseline straight blade Str at a wind speed of 8 m s~1. Results from the coupled NW-MT model with different coupling factors are

compared with BEM and CFD results.

gests that NW-MT (ka) and NW-MT (ka)-VC are preferable
over NW-MT and NW-MT-VC with other coupling factors.

8.4 Coupled models with far-wake vortex cylinders

This section evaluates the performance of different coupling
factors when applied to the coupled models with the far-wake
vortex cylinder model. As in Sect. 8.3, the influence of the
modified coupling factors on both straight and swept blades
is assessed. Since the primary difference between NW-VC
and NW (ideal)-VC lies in the radial induction, which has a
negligible influence on the coupling factor, only NW-VC is
used for the comparison. The rotor-averaged coupling factors
(kI}/vg) for the straight and swept blades, calculated using the
three different methods, are compared in Table 5.

For the baseline straight blade Str, the rotor-averaged cou-
pling factors kpw from all three methods are similar, show-
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ing that the performance remains similar before and after
the coupling factor modifications. Consequently, NW-VC
(a) and NW-VC (ka), with modified coupling factors, pre-
dict very similar loads compared to NW-VC (origin) for the
straight-blade case, as shown earlier in Fig. 5.

To evaluate the performance of different coupling factors
for swept blades, loads predicted by the coupled models are
compared with results from CFD and NW-VC (fixed), which
uses a fixed coupling factor equal to that of the baseline
straight blade. As in previous sections, the load differences
between the swept blades and the baseline straight blade, cal-
culated using Eqgs. (70) and (71), are compared to better illus-
trate the effects of using different coupling factors. Under the
optimal operational condition with a wind speed of 8 ms~!,
the load offsets between the swept blades mB-1 and mB-5
relative to the baseline straight blade Str are shown in Figs. 9
and 10, respectively. The BEM results are also included as
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Table 5. Rotor-averaged coupling factor of the baseline straight blade (Str), the backward-swept blade (mB-1), and the forward-swept blade
(mB-5) calculated from the original method NW-VC (origin) and the modified methods NW-VC (a) and NW-VC (ka) at a wind speed of
8ms~!. The differences in the coupling factor of the swept blades compared to the baseline straight blade are also shown.

Model Str  mB-1
NW-VC (origin) 0.562 0.581
NW-VC (a) 0.576
NW-VC (ka) 0.576

0.578
0.592

mB-5 AmB-1 AmB-5
0.573 0.019 0.011
0.608 0.002 0.032
0.583 0.016 0.006

a reference, predicting approximately the same loads for the
swept and straight blades (Li et al., 2025b).

For both swept blades mB-1 and mB-5, loads from the
coupled models with different coupling factors are very sim-
ilar to each other and show good agreement with the CFD re-
sults. As shown in Table 5, the rotor-averaged coupling fac-
tors kl\:/\,% for both swept blades from different methods are
all similar and closely approximate the value of the straight
blade Str.

Compared to NW-MT (origin), the results from NW-VC
(origin) show significant improvements in modelling the
forward-swept blade mB-5 despite using the original cou-
pling factor. To understand the surprisingly good perfor-
mance of the NW-VC (origin) model, the analysis is per-
formed using a similar method as in Sect. 6.2 for NW-MT
(origin). Specifically, the local coupling factor and also the
different components of the axial inductions for the swept
blades mB-1 and mB-5 are compared with those of the base-
line straight blade Str, as shown in Fig. 11.

For the baseline straight blade Str, the axial induction dif-
ference da is approximately zero from the mid-span to a ra-
dius of 90 m. Beyond 90m, da decreases steeply. This in-
dicates that the axial induction from NW-VC (origin) is al-
most identical to the BEM axial induction along the blade
span, except in the blade tip region with a radius larger than
90 m. In contrast, as shown earlier in Fig. 3, NW-MT (ori-
gin), which has the same method of calculating the coupling
factor, has noticeable non-zero values of da for a radius of
20 to 90 m. This means that BEM and NW-MT have larger
discrepancies in axial inductions along the span. This obser-
vation further justifies the use of the far-wake vortex cylinder
model in NW-VC, since it provides a more physically con-
sistent representation of the far wake compared to the sim-
ple scaling approach used in the far-wake momentum theory
of NW-MT. For the straight blade Str, the improved consis-
tency reduces systematic errors in axial induction along the
span, making the coupling between the near- and far-wake
models inherently easier to balance. For the swept blades
mB-1 and mB-5, although the blade sweep effects make
the balancing of §a more challenging, the improved physi-
cal consistency of the far-wake vortex cylinder model allows
for effective balancing, even when using the original cou-
pling factor. Additionally, the NW-VC model has a different
definition of the coupling factor compared to that of NW-
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MT, as described in Sect. 4.2.1, which prevents extraordinary
changes in the far-wake induction. Furthermore, variations
in the rotor-averaged coupling factor k;’vC\, affect the far-wake
inductions differently in the far-wake vortex cylinder model
than kg{g in the simple scaling approach used in the far-wake
momentum theory.

8.4.1 Lower-loading conditions

To provide a comprehensive evaluation, the performance of
the different coupling factors applied to NW-VC is also as-
sessed under the lower-loading conditions listed in Table 2.
Detailed results for these conditions are provided in Figs. C5
and C6 in Appendix C, with the conclusions being summa-
rized here.

For the backward-swept blade mB-1, results from NW-VC
with different coupling factors exhibit very good agreement
with the CFD results, particularly from the mid-span to the
blade tip. Overall, results from NW-VC (origin) show suf-
ficiently good agreement with NW-VC( fixed) and CFD re-
sults. Some minor differences are observed for a radius of
20 to 50 m, especially for NW-VC (origin) at a wind speed
of 20ms~!. Both modified methods, NW-VC (a) and NW-
VC (ka), show marginally improved agreement with NW-VC
(fixed), especially for a radius of 20 to 50 m.

For the forward-swept blade mB-5, NW-VC (origin) re-
sults maintain sufficiently good agreement with NW-VC
(fixed) and CFD results at wind speeds of 12 and 15 ms~ L
However, at a wind speed of 20ms~!, corresponding to a ro-
tor thrust coefficient of 0.1, NW-VC (origin) significantly un-
derestimates the loads between radii of 20 and 70 m. Never-
theless, results from NW-VC (origin) still show significantly
improved agreement compared to NW-MT (origin) due to the
more physically consistent far-wake vortex cylinder model.
The two modified methods, NW-VC (a) and NW-VC (ka),
demonstrate further improvements over NW-VC (origin) and
provide better agreement with NW-VC (fixed). At 20ms~!,
NW-VC (a) shows improvements over NW-VC (origin) but
noticeably overestimates the load between radii of 20 and
50m. In comparison, NW-VC (ka) shows further improved
agreement with NW-VC (fixed) compared to NW-VC (a).
However, at such low-loading conditions, the magnitude of
the absolute error is very small, and so the performance of
both NW-VC (a) and NW-VC (ka) remains acceptable.
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8.4.2 Summary

In summary, NW-VC (origin) with the original coupling fac-
tor shows good agreement with NW-VC (fixed) and CFD
results under the optimal operational condition, but its per-
formance worsens under lower-loading conditions. Never-
theless, due to its more physically consistent far-wake mod-
elling, NW-VC (origin) performs significantly better than
NW-MT (origin), especially for forward-swept blades. Both
NW-VC (a) and NW-VC (ka) with modified coupling fac-
tors show further improvements over NW-VC (origin) and
provide sufficiently good performance across different oper-
ational conditions. However, the modified method (a) is pre-
ferred for coupled models using the far-wake vortex cylinder
model due to its simpler implementation. This suggests that
NW-VC (a) and NW (ideal)-VC(a) should be used over NW-
VC and NW (ideal)-VC with other coupling factors.

Wind Energ. Sci., 10, 2515-2550, 2025

8.5 Comparison of different coupled methods

In this section, the performance of different coupled methods
is compared with LL and CFD results. The methods eval-
uated include the existing coupled model NW-MT (ka) and
the modified coupled models NW-MT (ka)-VC, NW-VC (a),
and NW (ideal)-VC (a). Note that all coupled models use
the favourable modified methods for calculating the coupling
factor introduced earlier. Results from the conventional BEM
method are also included as a baseline. The primary aim is to
compare the performance of these coupled models and to in-
vestigate the impact of different trailed-wake radial induction
modelling and far-wake modelling on the load calculation of
swept blades.

Under the optimal operational condition with a wind speed
of 8ms~!, the load offsets of the swept blades mB-1 and

https://doi.org/10.5194/wes-10-2515-2025



A. Li et al.: Computationally efficient aerodynamic modelling of swept wind turbine blades

S T T
(€)]
’
[
08 7
’
Z /
< ’
’ N
g 06 o <
SO - «J B Y
<
o0
g
S 04
3 \
= \
g \
=}
—= 02 r Str 1
- == mBl 'l
............ mB-5 .
0 . L
0 20 40 60 80 100
r [m]

2535

04
®) i,

031
02

0.1 [

of ==

Axial induction factor [-]

-0.1

-02

-0.3

0 20 40 60 80 100

Figure 11. Comparison of (a) the local coupling factor kpw and (b) different components of the axial induction factors from the coupled
model NW-VC (origin) with the existing coupling factor of the baseline straight blade Str, the backward-swept blade mB-1, and the forward-

swept blade mB-5 at a wind speed of 8 m s—1.

mB-5 compared to the baseline straight blade are shown in
Figs. 12 and 13, respectively.

The BEM method predicts that the swept blades have ap-
proximately the same loads as the baseline straight blade,
which is expected since it is not able to model the influence
of blade sweep on the wake. For the thrust coefficient, the ex-
isting coupled model NW-MT (ka), which does not include
trailed-wake radial induction, predicts results that differ from
all the modified coupled models that include the trailed-wake
radial induction. This difference is relatively small compared
to the overall magnitude of the thrust coefficient. Neverthe-
less, including the trailed-wake radial induction, as done in
the modified coupled models, leads to predicted thrust coef-
ficients showing improved agreement with the LL. and CFD
results. Furthermore, comparing the results from NW-VC(a)
and NW (ideal)-VC(a), the differences are negligible, indi-
cating that the influence of the finite number of blades on
radial induction is negligible for swept blades. In addition,
the good agreement also relates to the high accuracy of the
approximated near-wake axial and tangential inductions in
the NW-VC model, as described in Sect. 3.2. For the simpli-
fied power coefficient, results from NW-MT (ka) are almost
identical to those from NW-MT (ka)-VC, indicating that the
radial induction makes a negligible contribution to tangen-
tial loads for blades with only sweep. In general, the exist-
ing coupled model NW-MT (ka) with the modified coupling
factor demonstrates sufficiently good performance for both
swept blades. Moreover, NW-VC (a) and NW (ideal)-VC (a)
show very good agreement with LL and CFD results, with
only insignificant improvements compared to NW-MT (ka)
and NW-MT (ka)-VC. The slight differences are mainly due
to the far-wake modelling, with a small portion possibly re-
sulting from the different coupling factors applied.

Furthermore, the relative differences in terms of rotor-
integrated thrust and power coefficients for the swept blades

https://doi.org/10.5194/wes-10-2515-2025

Table 6. Relative differences in terms of 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 m s~1. Results from the coupled methods NW-MT
(ka), NW-MT (ka)-VC, NW-VC (a), and NW (ideal)-VC (a) are
compared against BEM, LL, and CFD results.

Method eC%‘B'l EC%lB_S eCf,nB'l eCf,nB'S

[%] [%] [%] [%]
BEM 0.01 0.01 0.25 0.25
NW-MT (ka) 0.26 0.11 2.15 —0.45
NW-MT (ka)-VC —0.33 0.72 2.22 —-0.52
NW-VC (a) —0.21 0.45 2.67 —1.31
NW (ideal)-VC (a)  —0.12 0.37 267 —1.30
LL —0.20 0.06 1.90 —1.54
CFD —0.10 0.12 2.90 —2.68

compared to the baseline straight blade are summarized in
Table 6.

As presented in Table 6, all coupled models predict rel-
atively small differences in rotor thrust coefficients com-
pared to the baseline straight blade. However, rotor power
coefficients exhibit larger relative differences. Among the
coupled methods, NW-VC (a) and NW (ideal)-VC (a) ex-
hibit the closest agreement with LL and CFD predictions,
demonstrating improved performance over NW-MT (ka) and
NW-MT (ka)-VC. These findings highlight the effectiveness
of the modified coupled models, particularly NW-VC (a),
in accurately capturing the sweep-induced effects on rotor-
integrated loads. In contrast, the conventional BEM method
predicts negligible differences in both thrust and power, as
expected, since it does not model wake-induced effects of
blade sweep.
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8.5.1 Lower-loading conditions

For the lower-loading conditions listed in Table 2, the results
are depicted in Figs. C7 and C8 in Appendix C, with the con-
clusions being summarized here.

For the backward-swept blade mB-1, there is very good
agreement among the different coupled models, all show-
ing very similar trends with the LL and CFD results across
all tested operational conditions. Specifically, as the load de-
creases, the thrust coefficients from NW-MT (ka) and NW-
MT (ka)-VC become very similar, indicating that the relative
importance of the trailed-wake radial induction decreases
with the loading. For the forward-swept blade mB-5, the re-
sults are almost identical for models with the same far-wake
modelling. For radii between 20 and 50 m, results from mod-
els with different far-wake modelling show slight differences.

Wind Energ. Sci., 10, 2515-2550, 2025

Note that these differences can also result from the different
coupling factors applied.

At lower-loading conditions, load offsets from CFD show
notable differences from both the engineering models and the
LL solver around a radius of 60 m. The load offset is lower
for the backward-swept blades and is higher for the forward-
swept blades. This difference is also visualized for the tan-
gential load of the swept blades under the optimal operational
condition, as shown in Figs. 12 and 13. This difference could
be related to the assumption of the cross-flow principle and
the use of 2-D airfoil data. The actual 3-D flow effects may
introduce additional complexities and result in secondary ef-
fects, which are only captured by the CFD solver. For exam-
ple, spanwise flow can lead to variations in the viscous drag
force, as analysed by Gaunaa et al. (2024). As discussed in
Sect. 8.3.1 and 8.4.1, the influence of induction becomes less
significant for lower-loading conditions. Consequently, the

https://doi.org/10.5194/wes-10-2515-2025
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absolute differences between different coupled methods are
negligible, and all methods predict very similar results.

8.5.2 Summary

In summary, all modified coupled models using their re-
spective favourable modified coupling factors show good
agreement with LL and CFD results for modelling the loads
of swept blades. Notably, the modified coupled models ex-
hibit an exceptionally close match with the free-wake LL
solver, indicating their good capability in capturing sweep ef-
fects. The computationally efficient simplified coupled mod-
els NW-MT (ka)-VC and NW-VC (a) have similarly good
performance as the idealized NW (ideal)-VC (a) model for
modelling sweep effects. It is also shown that modelling the
trailed-wake radial induction is beneficial for predicting the
thrust coefficient of swept blades, while the influence of a
finite number of blades on the radial induction is less signifi-
cant.

8.6 Computational effort

This section first reports on the computational effort required
to obtain the steady-state results presented in this study $,
followed by a summary of indicative CPU times for unsteady
time-marching aeroelastic simulations.

For the stand-alone BEM method, a single steady-state
computation takes approximately 2 s on one CPU core. Cou-
pled methods using the approximated near-wake induction
(NW-MT, NW-MT-VC, and NW-VC) require about 6s per
steady-state computation. In contrast, the idealized cou-
pled model NW (ideal)-VC needs significantly more com-
putational effort, taking approximately 180s. The higher-
fidelity LL and CFD solvers require substantially greater
computational resources. Both solvers are parallelized us-
ing the message-passing interface (MPI) and are executed on
the Sophia HPC cluster (Technical University of Denmark
(DTU), 2019), where each node consists of 32 CPU cores op-
erating at 2.9 GHz. Specifically, the LL solver uses 128 cores
per computation, with a wall time of approximately 26.5 h.
The CFD solver utilizes 216 cores per computation, with a
wall time of approximately 1.2 h.

For unsteady time-marching aeroelastic simulations, the
computational effort depends on the simulation setup de-
tails of both the aerodynamic and structural solvers. An early
version of the NW-MT-VC model has been implemented in
the aeroelastic solver HAWC2 (version 13.0.0), with com-
putational effort similar to that of the NW-MT model; see

8The CPU time for post-processing is included in this compari-
son and remains constant across all methods. Additionally, all pre-
sented results are converged to steady-state solutions. Therefore, the
computational time reported here is significantly longer than the
computational time needed per time step in a time-marching sim-
ulation.
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Sect. 8.8 of Li et al. (2022d) for a more detailed discus-
sion of aeroelastic simulation times using BEM and NW-MT.
For a typical time-marching aeroelastic setup, the total CPU
time when using the NW-MT-VC method is approximately
twice that of the BEM method. In comparison, the total CPU
time for an unsteady aeroelastic simulation with LL or actu-
ator line (AL) methods (e.g. HAWC?2 coupled to the MIRAS
solver or the AL module in EllipSys3D) is approximately 3—
4 orders of magnitude larger’. The NW-VC model, by con-
trast, has not been implemented in HAWC2, since its com-
putational effort is expected to be substantially higher. While
promising in theory, its new coupling approach requires ex-
pensive elliptic integrals to be recalculated at nearly every
time step as the rotor loading changes, which currently limits
its practical use in aeroelastic simulations. By comparison,
the NW-MT-VC method only needs to update the elliptic in-
tegrals when the blade geometry changes exceed a specified
tolerance. Consequently, the NW-MT-VC method provides a
favourable balance between aerodynamic fidelity and com-
putational efficiency, making it particularly suitable for use
in unsteady time-marching aeroelastic simulations.

9 Conclusions and future work

This study addresses the challenge of accurately and effi-
ciently calculating aerodynamic loads on swept wind tur-
bine blades. We introduce a novel and computationally ef-
ficient method that couples near-wake bound and trailed-
vortex modelling with a far-wake vortex cylinder model.
This approach offers a more physically consistent represen-
tation of the far wake compared to previous coupled mod-
els based on the far-wake momentum theory. The improved
coupling method between the near- and far-wake models en-
ables automatic adjustment of the coupling factor across var-
ious loading conditions and different swept-blade configura-
tions. The modified coupled models, with the proposed cou-
pling factors, show significantly improved agreement with
higher-fidelity free-wake lifting line (LL) and computational
fluid dynamics (CFD) simulations, particularly for forward-
swept blades, where previous models showed limitations.
For blades with backward sweep, the new models presented
here predict both the distributed and integrated aerodynamic
loads close to the LL and CFD results, while, for forward-
swept blades, the trends of the distributed loads are well cap-
tured, although small discrepancies remain in the integrated
load predictions. In comparison, the conventional blade el-
ement momentum (BEM) method is unable to capture ei-
ther distributed or integrated load variations due to backward
or forward blade sweep. Moreover, the proposed NW-MT-
VC model is readily applicable to unsteady aeroelastic sim-
ulations within the existing framework, with the computa-
tional effort being comparable to those based on the con-

9Note that the LL and AL methods can be accelerated using par-
allel computing and GPU acceleration to reduce wall time.
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ventional BEM method. This makes the NW-MT-VC model
highly suitable for aero-servo-elastic simulations and the de-
sign optimization of swept blades. By contrast, the NW-VC
model is well suited for aerodynamic steady-state computa-
tions and design optimization but requires further accelera-
tion (e.g. reuse of elliptic integrals) before becoming practi-
cal for unsteady aeroelastic simulations.

Looking forward, the coupled near-wake and far-wake
vortex cylinder model presented in this study has promis-
ing potential for further adaptation to model more general-
ized curved blades, including configurations with combined
sweep and prebend. This presents a valuable direction for
future research and development. Future work will also fo-
cus on improving the unsteady aerodynamic responses of the
models, such as through a detailed investigation of the factors
used in the indicial response functions. Further, systematic
comparisons will be performed with unsteady LL and actua-
tor line (AL) simulations for both unsteady aerodynamic and
aeroelastic cases.
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a,a Axial and tangential induction factors

CL Lift coefficient

Ci Local thrust coefficient

Cr Rotor-integrated thrust coefficient

C'p Local simplified power coefficient

Cp Rotor-integrated power coefficient

D Rotor diameter

F Tip-loss factor

h Helical pitch

k Factor for the calculation of the elliptic integral

k1, k2, k3 Factors for the relationship between axial induction and thrust coefficient
ks Normalized sectional circulation of the vortex cylinder

N Number of blades

r, R Radius of the calculation point and trailing point

Uy, U, Uy Axial, tangential, and radial induced velocities

Uy Free-stream wind speed

Viel Relative velocity

I, I's Bound vorticity strength of all blades and of a single blade
Yo V1 Tangential and longitudinal vorticity strength of the vortex cylinder
P Air density

Q Rotor speed

Appendix B: Partial derivative for the far-wake vortex
cylinder model

This section derives the partial derivative of the far-wake ax-
ial induction apw vc from the far-wake vortex cylinder model
with respect to the rotor-averaged coupling factor kgv% This
derivative is a critical component for calculating the coupling
factor in the far-wake vortex cylinder model.

By substituting Eq. (38) into Eq. (43), the partial derivative
is expressed as follows:

M_’N_W%%(FR. S —yew s BD
R gy T

The next step is to determine dit,/dy. According to Eq. (30),
the partial derivative is as follows:

Yia _ 0 e (K om+ 221, my (B2)
—=—g m)+——r"I(n,m)] |,
dy ay Bl R+r
where g.(y) is defined as
y/m

= . B3
8e(y) Iy (B3)
Using the chain rule, Eq. (B2) expands to
au a R-—
S _ 28 (K )+ —— T (n,m)
ay ay R+r

Iy )am dK(m) R—roll(n,m) (B4)

8el ay dm R+r om '
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The parameter m is defined according to Eq. (33). Its partial
derivative with respect to y is

om —2ym

— s (BS)
dy (R+r)y+y

Using the definition of g.(y) in Eq. (B3) and applying the
chain rule and also inserting Eq. (B5), we obtain

9gc 1 < y Bm)
_°° — m4+ ————
dy  4nrR Vm 2/m dy
1 (R+r)
=—— "7
2T [(R+rP+y2]

(B6)

The derivatives of the complete elliptic integrals of the first
and third kinds with respect to m are given by

dK (m) _ E(m)— (1 —m)K(m)

, B7)
dm 2m(1 —m)
oIl (n,m) _ E(m)—(l—m)l'[(n,m). (BS)
om 2(m —n)(1 —m)

Finally, by substituting Egs. (B5) to (BS8) into Eq. (B4), the
complete expression for the partial derivative is obtained.
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Appendix C: Comparison of the results for low

loadings
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Figure C1. Thrust coefficient C; and simplified power coefficient C‘p of the baseline straight blade. Values are calculated using the BEM
method, the coupled methods NW-MT and NW-VC with the original coupling factor, the LL solver, and the CFD solver. Results are shown
for three operational conditions: (a, b) at 12m s—1, (c,d)at 15m s~ and (e, f) at 20m s—L.

Wind Energ. Sci., 10, 2515-2550, 2025 https://doi.org/10.5194/wes-10-2515-2025



A. Li et al.: Computationally efficient aerodynamic modelling of swept wind turbine blades 2541

0.7 T T T T

o
n

o
=N

*

Simplified local power coefficient C » [-]
N
=

o

n
o
w

e N
W S
e
(¥}

o

Local thrust coefficient C ; [-]
S
(3]

o

*

Simplified local power coefficient C » [-]

Local thrust coefficient C ) [-]

s

Simplified local power coefficient C ) [-]

Local thrust coefficient C ¢ [-]

0 20 40 60 80 100

Figure C2. Thrust coefficient C¢ and simplified power coefficient C‘p of the baseline straight blade, the backward-swept blade mB-1, and the

forward-swept blade mB-5, calculated using the CFD solver. Results are shown for three operational conditions: (a, b) at 12m s (c, d) at
15ms™!, and (e, f) at 20ms~ L.
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Figure C3. Offset in thrust coefficient (ACt) and simplified power coefficient (AC‘p) of the backward-swept blade mB-1 compared to the
baseline straight blade Str. Values are calculated using the coupled NW-MT model with different coupling factors, the BEM method, and the
CFD solver. Results are shown for three operational conditions: (a, b) at 12m s~ (c,d)at 15m s~ and (e,f)at20ms™—".
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Figure C4. Offset in thrust coefficient (ACt) and simplified power coefficient (Aép) of the forward-swept blade mB-5 compared to the
baseline straight blade Str. Values are calculated using the coupled NW-MT model with different coupling factors, the BEM method, and the

CFD solver. Results are shown for three operational conditions: (a, b) at 12m s~ (c,d)at 15m s~ and (e,f)at20ms™—".
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Figure C5. Offset in thrust coefficient (ACy) and simplified power coefficient (AC‘p) of the backward-swept blade mB-1 compared to the
baseline straight blade Str. Values are calculated using the coupled NW-VC model with different coupling factors, the BEM method, and the

CFD solver. Results are shown for three operational conditions: (a, b) at 12m s~ (c,d)at 15m s~ and (e, f) at 20 m s—1.
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Figure C6. Offset in thrust coefficient (ACt) and simplified power coefficient (Aép) of the forward-swept blade mB-5 compared to the
baseline straight blade Str. Values are calculated using the coupled NW-VC model with different coupling factors, the BEM method, and the
CFD solver. Results are shown for three operational conditions: (a, b) at 12m s~ (c,d)at 15m s~ and (e,f) at 20m s—L.
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Figure C7. Offset in thrust coefficient (ACt) and simplified power coefficient (AC‘p) of the backward-swept blade mB-1 compared to the
baseline straight blade Str. Values are calculated using different coupled models, the BEM method, the LL solver, and the CFD solver. Results

are shown for three operational conditions: (a, b) at 12m s_l, (c,d)at 15m s_l, and (e,f) at 20ms—".
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Figure C8. Offset in thrust coefficient (ACt) and simplified power coefficient (Aép) of the forward-swept blade mB-5 compared to the
baseline straight blade Str. Values are calculated using different coupled models, the BEM method, the LL solver, and the CFD solver.
Results are shown for three operational conditions: (a, b) at 12m s~ (c,d)at 15m s~! and (e, f) at 20m s~
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