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Abstract: Stall-delay is a known phenomenon in wind turbines, and has been associated with the Coriolis effect
along the blade, which contributes to the suppression of flow separation. Floating offshore wind turbines (FOWTs)
operate in unsteady environments due to 6 degree-of-freedom platform motions. This results in unsteady airfoil
effects and a non-static stall delay effect that would be in constant flux due to he changing tip speed ratio of the
wind turbine. To ensure an accurate assessment of wind turbine aerodynamics, the stall delay effect needs to
be accounted for at every time step, and not before a computation is performed as is traditionally done for wind
turbine aerodynamics computation using BEM. The commonly used Beddoes-Leishman model for unsteady airfoil
effects, however, is based on static aerodynamics data, but this would be constantly changing with a changing
stall-delay. Thus, a combined Beddoes-Leishman and Du & Selig model is proposed to reconcile the shifting static
aerodynamics coefficients of the airfoil cross-sections of wind turbine blades with the unsteady airfoil effect.

Key–Words: stall delay, unsteady airfoil, unsteady aerodynamic, Beddoes-Leishman, Du & Selig, dynamic stall,
floating offshore wind turbines

1 Introduction
All computational methods in wind turbine aerody-
namics, short of a full 3D computational fluid dynam-
ics simulation by creation of a suitably fine computa-
tional grid around the rotor geometry, would require
the determination of the local cross-sectional aerody-
namics based on present flow conditions at the par-
ticular rotor station. This is done through a simple
lookup table for the generally steady aerodynamics
found in fixed-bottom rotors, while it is modelled us-
ing an appropriate unsteady aerodynamics model for
the unsteady aerodynamics generally found in float-
ing offshore wind turbines (FOWTs) due to the 6 de-
gree of freedom platform motions. However, using
2-dimensional airfoil data in these applications would
be erroneous, given that the radial flows due to the ro-

tation of the rotor result in significant stall delay in
the rotor blades. This effect has been shown to be
most significant at tip speed ratios (TSR) lower than
3.0 [1].

A stall delay model is needed to correct for the
position of flow separation in the unsteady airfoil
model based on the Kirchoff equation [2]. This is
generally accounted for by means of correction to the
static aerodynamics table before performing a simu-
lation or analysis, since for most wind turbines, the
operating TSR is known beforehand. For FOWTs
however, the TSR is constantly changing as the rela-
tive wind changes periodically based on platform mo-
tions. This means that the stall delay effect would
constantly be changing over the rotor blade during
operation. Thus, the stall delay model needs to be
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constantly called during operation and combined with
the unsteady aerodynamics model for an improved de-
scription of FOWT blade cross-sectional aerodynam-
ics.

This paper will present a combined stall-delay
and unsteady airfoil model, by implementing the
Du & Selig [3] model for stall-delay and modified
Beddoes-Leishman model of Singapore Wala et al [4]
for unsteady airfoil aerodynamics in a manner that
will take into account the changing local speed ratio of
the FOWT blade cross-section. This model will be im-
plemented in the unsteady blade element momentum
uBEM method of Singapore Wala et al then compared
to full 3D CFD simulations of the NREL 5MW vir-
tual wind turbine in surge motion. These comparisons
will show a significant improvement in modelling ac-
curacy by accounting for changes in TSR during op-
eration.

2 Model descriptions

2.1 Du & Selig stall delay model [3]

The Du & Selig model [3] is based on the Coriolis ef-
fect on 3D boundary layers over the blade. The equa-
tions correct the 2D coefficients of lift and drag to ac-
count for the stall delay.

Csdl (α) = g · Clα · (α− α0) + (1− g) · Cl,2D (1)

Csdd (α) = gd · Cd0 + (1− gd) · Cd,2D (2)

where Clα is the lift curve slope from 2D data, Cl,2D
is the 2D coefficient of lift, α0 is the angle of attack at
zero lift, Cd,2D is the 2D coefficient of drag and Cd0

is the coefficient of drag at zero lift. g and gd are flow
separation point functions given by:

g =
1

2π
·

(
1.6 (c/r)− (c/r)Λ

0.1267 + (c/r)Λ
− 1

)
(3)

gd =
1

2π
·

(
1.6 (c/r)− (c/r)Λ/2

0.1267 + (c/r)Λ/2
− 1

)
(4)

where c is the chord length at the local blade station,
r is the local radius, and Λ is the inverse of the local
speed ratio given by:

Λ =
Vrel,wind
Vrot

(5)

where Vrel,wind is the total relative wind velocity at
the blade section, and Vrot is the rotational wind ve-
locity at the blade section.

g and gd are set to 0 when the angle of attack
exceeds 30◦ [5] or is below -20◦.

Since Λ is expected to change with time in a
FOWT, the Du & Selig model cannot be pre-applied
to 2D aerodynamic data for airfoils.

2.2 Beddoes-Leishman unsteady airfoil
model [6]

The Beddoes-Leishman model presented here is based
on the the implementation by Singapore Wala et al [4].

A non-dimensionalised time, s is defined for time
step n.

s(n) =
2V∞ · t(n)

c
(6)

where V∞ is the freestream velocity, t(n) is the time at
time step n and c is the airfoil chord length.

2.2.1 Unsteady attached flow

The unsteady attached flow is computed by defining
an effective angle of attack for the unsteady airfoil [4].

αE = αn −X(s) (7)

whereX(s) is an indicial function of non-dimensional
time, s, defined as:

X
(
s(n)

)
= X

(
s(n−1)

)
exp

(
b1
(
∆s(n)

))
+

A1 ·∆α(n) · exp

(−b1 ·∆s(n)

2

) (8)

∆ refers to the change in the parameter from the
previous time step. A1 and b1 are dimensionless con-
stants.

The circulatory attached flow lift is then com-
puted using:

CCL = CLα · (αE − α0) (9)

whereCLα is the lift curve slope in the linear region of
the lift curve and α0 is the angle of attack of zero lift.
By the Kelvin theorem, the total circulation must re-
main constant. This is possible by shed vorticity when
there is a change in the angle of attack. The shed vor-
ticity results in a reduction of the effective change in
angle of attack.

The impulsive lift is given by:

CIL(n) =
4 ·Kα · c
V 2
∞

·(
∆up(n) −∆up(n−1)

∆t
−D(n)

) (10)
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whereKα is a dimensionless constant related to Mach
number, set to 0.846 for a Mach number of 0.15, as
described in [7]. up is the plunge velocity given by
[7]:

up = V∞(∆α) + α(∆V∞(n)) (11)

where ∆V∞(n) is the change in freestream velocity
from the previous time step and D(n) is the deficiency
function given by:

D(n) = D(n−1)exp

(
−∆t

Kα · TI

)
+(

∆up(n) −∆up(n−1)

∆t

)
exp

(
−∆t

2Kα · TI

) (12)

The impulsive lift can be described as an added-mass
lift, as it is resultant from the reaction of the air accel-
erating around a plunging airfoil. A detailed descrip-
tion is provided in [4].

The total unsteady attached flow lift, or potential
flow lift is given by:

CPL = CCL + CIL (13)

2.2.2 Unsteady trailing edge separation

The unsteady attached flow lift, as described by [8]
requires defining the point of flow separation under
steady state conditions. This is done using the equa-
tion for lift on a flat plate in a potential Kirchoff flow
[9]. The point of flow separation for an airfoil in
steady-state flow is defined at each angle of attack:

fst =

(
2

√
CstL (α)

CLα · (α− α0)
− 1

)2

(14)

where CstL is the steady-state lift.
fst is set to zero (fully separated flow) at angles

of attack where the value of f st derived from equation
(14) does not retrieve the static lift coefficient:

CstL 6=

(
1 +

√
fst (α)

2

)2

· (α− α0) (15)

Using experimental lift curves, CLα is taken to be
the maximum lift curve value from the set of measured
lift coefficients:

CLα = max

(
CstL (α)

α− α0

)
(16)

The flow separation over an airfoil is dependent
on pressure distribution, which is related to lift [8].

There is a time lag between this pressure response and
the lift, and this time lag is modelled through a further
time lag to the unsteady attached flow lift:

C ′PL = CPL −DP (17)

DP is a deficiency function given by:

DP (n) = DP (n−1)exp

(−∆s(n)

TP

)
+

(CPL(n) − C
P
L(n−1))exp

(−∆s(n)

2 · TP

) (18)

where TP is a time constant.
This time-lagged unsteady attached flow lift is

used to find a new effective angle of attack:

αf =
C ′PL
CLα

− α0 (19)

The position of flow separation based on the new
effective angle of attack is looked up from the static
data table:

f ′ = f (αf ) (20)

The time lag between the unsteady pressure re-
sponse and the position of flow separation is modelled
to find a dynamic position of flow separation.

fdyn = f ′ −Df (21)

Df is the deficiency function given by:

Df(n) = Df(n−1)exp

(−∆s(n)

Tf

)
+

(fFL(n) − fFL(n− 1))exp

(−∆s(n)

2 · Tf

) (22)

where Tf is a constant.
In equation (21), the dynamic position of flow

separation (with respect to the airfoil chord) is mod-
elled with the assumption of a time lag between dy-
namic flow separation and the flow separation based
on the unsteady pressure response on the airfoil. The
flow separation based on the unsteady pressure re-
sponse on the airfoil is found using a look-up table
of static positions of flow separation with the effective
angle of attack derived from the time-lagged unsteady
attached flow lift. The time lag is modelled using the
deficiency function in equation (22) with a time con-
stant of Tf .

The total dynamic lift with trailing edge separa-
tion is then found using the equation for lift on a flat
plate in a potential Kirchoff flow [9]:

CfL =

(
1 +

√
fdyn

2

)2

· (αE − α0) (23)
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When fdyn = 0, this is set to:

CfL = CstL (αE) (24)

The circulation of an airfoil is linearly related to
the lift produced, not angle of attack, since the lift and
angle of attack do not share a linear relationship when
there is flow separation. Thus, equations (6) to (25)
are used as an initial estimate ofCfL, to find the change
in circulatory angle of attack, ∆αc.

∆αc =
CfL(n) − C

f
L(n−1)

CLα
(25)

∆αc then replaces ∆α in equation (8), and equa-
tions (6) to (25) are repeated to find CfL.

2.2.3 Vortex lift

Vortex lift refers to the dynamic stall phenomenon,
where leading edge separation causes the propagation
of a vortex over the suction surface of the airfoil, re-
sulting in a momentary increase in lift. While the lead-
ing edge separation onset criterion has been discussed,
and has been based on the potential flow lift exceed-
ing a certain value [10], this criterion does not need to
be applied explicitly, and can instead be applied when
the feed to the vortex lift exceeds zero [7]. The feed
for the vortex lift is modelled using the difference be-
tween circulatory attached flow lift and dynamic lift
with trailing edge separation:

∆cv = cv(n) − cv(n−1) (26)

cv = CCL − C
f
L (27)

The vortex lift, CvL is then:

CvL(n) = CvL(n−1) · exp
(−∆s(n)

Tv

)
+

∆cv · exp
(−∆s(n)

2 · Tv

) (28)

where Tv is a constant. This is set to zero if the feed
to the vortex lift is negative, the angle of attack is in-
creasing, or exceeds 50◦ [7].

The total unsteady lift is then:

CdynL = CIL + CfL + CvL (29)

2.2.4 Drag and moment components

The unsteady drag is modelled as an additional un-
steady component to static drag, based on parameters
predicted during the computation of dynamic lift [8].

CdynD = CstD (αE) +

CdynL · (α− αE) +
(
CstD (αE)

)
·(1−

√
fdyn

2

)2

−

(
1−

√
fst (αE)

2

)2
 (30)

The dynamic moment includes additional compo-
nents based on impulsive lift [7].

CdynM = CstM (αE)−
CIL
4

(31)

2.2.5 Model constants

As presented in [4], the model constants can be opti-
mised based on airfoil shape, and models were formed
to equate the constants to shape parameters based on
a simplified round-nosed, sharp trailing-edged shape
representation of the suction surface of the airfoil:

z = τ ·
√
x

c
·
(

1− x

c

)
·
(

1−A ·
(x
c

))
(32)

In equation (32), A is a curvature parameter that
determines the general shape of the curve, while τ
is a thickness parameter that determines the thick-
ness of the airfoil. Expanding the equation shows that
τA would also be an important parameter for the air-
foil shape, which takes into account both curvature
and thickness. The closest matches between equa-
tion (32) and the suction surface shape of the NREL
5MW blade cross-sectional profiles were used, with
the parameters τ , A and τA used to find the optimal
constants. The shape-based equations for each dimen-
sionless constant are presented in Table 1.

Table 1: Suction surface shape-dependent values of
constants in Beddoes-Leishman model after final op-
timisation

Constant Value
A1 0.93
b1 0.52
Kα -64.4(τA)2 - 2.7τA + 0.8
TP 72.8τ2 - 45.1τ + 7.0
Tf -260.7(τA)2 - 21.3τ A + 6.5
TV 22.5A2 + 9.3A + 2.3
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2.3 Combined Stall-Delay and Unsteady Air-
foil Model

A combined model for application in fully-coupled
models for FOWTs would require several properties.
Firstly, the periodically changing local wind condi-
tions at each blade station due to platform motions,
and the possible addition of a control module to simu-
late changes in the rotor RPM, would result in chang-
ing local wind conditions as well as TSR, resulting in
constantly changing Reynolds numbers, unsteady air-
foil effects and stall delay. The combined model must
thus be able to interpolate between data of several
Reynolds numbers as well as account for the changing
stall delay. Secondly, the model must use 2D static
airfoil lift and drag data, so that the information in-
put into wind turbine aerodynamics models at present
would be enough for the current model.

An important feature of the Du & Selig stall delay
model [3] is that the lift curve slope of the linear por-
tion of the lift curve does not change. This is an input
parameter for the Beddoes-Leishman model, and can
be predetermined from the 2D airfoil data. This will
facilitate the interpolation of the data from datasets of
different flow Reynolds numbers.

2.3.1 Stall-delayed unsteady lift

At a given flow condition, the flow velocity is used to
determine the Reynolds number, based on which the
Clα, α0 andCd0 are interpolated from the 2 closest Re
datasets available.

Clα = Clα (Re) (33)

α0 = α0 (Re) (34)

Cd0 = Cd0 (Re) (35)

αf , the new effective angle of attack based on
time-lagged unsteady attached flow lift, is obtained
using equation (19). Equation (1) is then applied
at αf , and the stall-delayed static coefficient of lift,
CsdL (αf ) is obtained and then used to find the posi-
tion of flow separation at αf , fFL.

fFL =

2

√
CsdL (αf )

CLα · (αf − α0)
− 1

2

(36)

If the derived value of fFL does not retrieve
CsdL (αf ), it is set to 0.

fFL =


fFL, if CsdL (αf ) =

CLα

(
1+

√
f FL(αf)
2

)2

(αf − α0)

0, otherwise
(37)

Equation (37) is used in (21) to (24) are then ap-
plied to find the dynamic position of flow separation,
fdyn, using which the dynamic coefficient of lift with
trailing edge separation, CfL is found. if fdyn = 0,
then CfL is set to the stall-delayed coefficient of lift
based on the effective angle of attack:

CfL =


CLα

(
1+
√
fdyn

2

)2

·

(αE − α0) , if fdyn > 0

CsdL (αE) , otherwise

(38)

Vortex lift, caused by leading-edge flow separa-
tion is also affected by stall-delay, since the separation
at the leading-edge is also delayed by the radial flows
over the blade. As shown in equations (26) and (27),
the feed of the vortex lift is based on the difference
between circulatory lift and stall-delayed dynamic co-
efficient of lift with trailing edge separation.

2.3.2 Stall-delayed unsteady drag

The stall-delayed static coefficient of drag, CsdD (αE),
can be determined by finding the coefficient of drag
from 2D data and applying equation (2). After which,
the static position of flow separation at αE , fst(αE),
may be found using:

fst =

2

√
CsdL (αE)

CLα · (αE − α0)
− 1

2

(39)

The equation (37) is reapplied for fst to deter-
mine if the flow has fully separated:

fst =


fst, if CsdL (αE) = 0.25 · CLα·(

1+
√
fst(αE)

2

)2

· (αE − α0)

0, otherwise

(40)

The stall-delayed unsteady coefficient of drag, ,
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Csd,dynD is then found using:

Csd,dynD = CsdD (αE) +

CdynL · (α− αE) +
(
CsdD (αE)

)
·(1−

√
fdyn

2

)2

−

(
1−

√
fst (αE)

2

)2
 (41)

The Du & Selig model does not correct the coeffi-
cient of moment of the airfoil, thus, the unsteady mo-
ment from the unsteady airfoil model, equation (31)
would be used instead.

3 Methodology

The modelling methodology used for CFD and uBEM
was presented in [11] and [12], and repeated here for
ease of reference.

3.1 Simulation matrix

A total of 9 simulations were conducted, with sinu-
soidal surge motions at 3 different frequencies and 3
different amplitudes. The simulated wind speed was
10m/s at 11.45RPM. The surge motion frequencies
and amplitudes are summarized in Table 2.

Table 2: Sinusoidal surge motion amplitudes and fre-
quencies in present study

Amplitudes (m) Frequencies (Hz)
2, 4, 6 0.02, 0.10, 0.50

3.2 Computational Fluid Dynamics

The CFD simulations were performed in ANSYS
CFX 16. A single blade was used in 120◦ periodic
simulations to reduce computational time. A frozen
rotor approach was employed to simulate the rota-
tion of the blade. The k − ω SST turbulence model
was used with 5% turbulence intensity. The fluid was
standard air at 25◦C. A high resolution scheme was
used for advection and turbulence numerics, while a
second-order back Euler scheme was used for time-
stepping. A fourth order Rhie-Chow interpolation
was used for pressure-velocity coupling. The inlet
boundary was a velocity inlet with uniform velocity
of 10m/s, and the outlet was a pressure outlet with a
gauge pressure of 0Pa. The far-field boundaries were
set as openings, while the blade was a no-slip wall.

3.2.1 Mesh setup

The mesh was divided into 3 regions: Blade, Near-
wake and Far-wake. The blade region was situated
directly around the blade, in an o-grid. The height
of the first layer of the blade was 6.6µm to 8.2µm,
depending on position along the blade. This is shown
in Figure 1.

Figure 1: O-grid generated around the rotor blade

The mesh was refined to ensure that y+<1 over
most of the blade, as shown in Figure 2. The y+ only
exceeds 1 near the tip, but is still low at y+=3.
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Figure 2: y+ over blade during static simulation

The near-wake region is a cylindrical region of
refined mesh to ensure that the flow features of the
near-wake a satisfactorily resolved for the accurate de-
termination of blade forces. The near-wake mesh re-
gion extends 1R, or 1 rotor-radius upstream and 3.33R
downstream of the rotor. The radius of the near-wake
region extends 1.17R in the radial direction. The near
wake and blade regions were set to rotate at 11.45
RPM in the frozen rotor approach.

The far-wake region extends 4.8R upstream and
11R downstream of the rotor. It extends 6R in the
radial direction. The near-wake and far-wake regions
are shown in Figures 3 and 4.

Figure 3: Front view of computational domain

Figure 4: Side view of computational domain

A deforming mesh was used to simulate the rotor
surge motion. The near-wake and blade regions were
given a high mesh rigidity, thus deformation was lim-
ited to the far-wake region, to prevent negative vol-
umes. The surge motion was defined by the equation:

S = −A+A cos (2πf) (42)

where S is the displacement of the rotor, A is the am-
plitude of motion and f is the frequency of motion.

3.2.2 Mesh Refinement

A mesh refinement study was carried out with a coarse
(3.3 million cells), medium, (3.7 million cells) and
fine (6 million cells) mesh. The mesh refinement was
performed on a static rotor, then on 2 cases of sinu-
soidal surge motions with amplitudes and frequencies
shown in Table 3.

Table 3: Sinusoidal surge conditions in mesh refine-
ment study

Amplitude (m) Frequency (Hz)
2 0.02
4 0.10

The percentage differences in elemental thrust
and shaft torque from the medium mesh, for the coarse
and fine meshes, in the static case, are recorded in Ta-
ble 4.
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Table 4: Percentage change in thrust and shaft torque
at each blade segment, compared to medium mesh for
static simulation

Thrust (%) Torque(%)
r/R coarse fine coarse fine
0.19 3.02 1.05 2.18 0.81
0.25 0.29 0.14 0.28 0.15
0.32 0.01 0.00 0.02 0.05
0.38 0.03 0.06 0.04 0.08
0.45 0.00 0.09 0.03 0.10
0.51 0.00 0.00 0.01 0.10
0.58 0.00 0.07 0.00 0.08
0.64 0.00 0.00 0.01 0.07
0.71 0.00 0.00 0.01 0.09
0.77 0.00 0.00 0.00 0.10
0.84 0.00 0.05 0.00 0.09
0.89 0.00 0.00 0.04 0.06
0.93 0.00 0.00 0.02 0.08
0.98 0.01 0.02 0.02 0.07

The forces at each element had a maximum dif-
ference of 1.05% for thrust and 0.81% for torque be-
tween the medium and fine meshes. Thus, the medium
mesh was deemed sufficiently refined for the static ro-
tor. The time step for the dynamic simulations was
∆T = 1/(200f), meaning 200 timesteps per oscil-
latory period. The percentage error in rotor thrust
and shaft torque from the medium mesh was plotted
against time for the coarse and fine meshes for the ro-
tor in sinusoidal surge motion in Figures 5 to 8.
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Figure 5: Percentage error in rotor thrust relative to
medium mesh for sinusoidal surge motion with Am-
plitude=2m and Frequency=0.02Hz

0 50 100 150
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

T
o
rq

u
e
 E

rr
o
r 

(%
)

Time (s)

 

 

Coarse

Fine

Figure 6: Percentage error in rotor shaft torque rela-
tive to medium mesh for sinusoidal surge motion with
Amplitude=2m and Frequency=0.02Hz
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Figure 7: Percentage error in rotor thrust relative to
medium mesh for sinusoidal surge motion with Am-
plitude=4m and Frequency=0.1Hz
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Figure 8: Percentage error in rotor shaft torque rela-
tive to medium mesh for sinusoidal surge motion with
Amplitude=4m and Frequency=0.1Hz

All differences were less than 1% from the
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medium mesh, and not proportional to the surge mo-
tion. Thus, the medium mesh was deemed acceptable
for the study.

3.2.3 Time Step Refinement

A time step refinement study was conducted using the
medium mesh. The fine time step was half the size
of the medium time step, at 400 time steps per pe-
riod, and the coarse time step was twice the size of the
medium time step, at 100 time steps per period. The
total thrust and shaft torque against time of the coarse
and fine time steps were compared to the medium time
step, and the percentage difference plotted in Figures
9 to 12.
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Figure 9: Percentage error in rotor thrust relative to
medium time step for sinusoidal surge motion with
Amplitude=2m and Frequency=0.02Hz
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Figure 10: Percentage error in rotor shaft torque rela-
tive to medium time step for sinusoidal surge motion
with Amplitude=2m and Frequency=0.02Hz
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Figure 11: Percentage error in rotor thrust relative to
medium time step for sinusoidal surge motion with
Amplitude=4m and Frequency=0.1Hz
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Figure 12: Percentage error in rotor shaft torque rela-
tive to medium time step for sinusoidal surge motion
with Amplitude=4m and Frequency=0.1Hz

The results from Figures 9 to 12 indicate that the
coarse time step had more than 1% difference from
the medium time step, while the fine time step consis-
tently had less than 1% difference. This suggests that
the medium time step is refined enough to capture the
transient flow phenomena.

3.3 Unsteady Blade Element Momentum
Method

The unsteady blade element momentum method
(uBEM) used in the present study, is based on the
method presented in [12]. The relative velocity vec-
tor is given by:

Vrel = V0 + W +

 0
−Ωr cos (θc)

0

 (43)
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where V0 is the blade-specific wind speed at the blade
element including relative speed due to rotor motion,
Ω is the rotor rotational speed in rads−1, r is the local
blade segment radius. θc is the coning angle of the
rotor, set to 0 radians for the present study.

The flow angle, φ, is the angle between the rela-
tive velocity and the normal of the rotor plane.

φ = arctan

(
Vrel,y
Vrel,z

)
(44)

The normal (z) and tangential (y) induced veloci-
ties are then given by:

Wz =
−|Vrel|2Cl cos (φ) cB

8F

∣∣∣∣∣∣(V0 + A) + fg

 0
0
Wz

∣∣∣∣∣∣πr
(45)

Wy =
−|Vrel|2Cl sin (φ) cB

8F

∣∣∣∣∣∣(V0 + A) + fg

 0
0
Wz

∣∣∣∣∣∣πr
(46)

whereB is the number of blades, F is the tip-loss fac-
tor, fg is the Glauert correction for high axial induc-
tion factors and Cl is the coefficient of lift computed
using the combined stall-delay and unsteady airfoil
model at the angle of attack equal to the flow angle
less the blade twist. Wx is set to 0.

At every time step, for each blade element in each
blade, equations (43) to (44) are iterated until there
is no change in the induced velocity vector. For the
present study, this is set to a tolerance of 1e−5

4 Results and Discussion

The changes in Λ (equation (5)) against time for the
NREL 5MW wind turbine are shown in Figure 13 for
the wind turbine in a sinusoidal surge motion with an
amplitude of 6m and frequency of 0.5Hz.
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Figure 13: Lambda against time for different blade
segments for rotor in surging motion with Frequency
= 0.5Hz and Amplitude = 6m

Figure 13 shows large periodic changes in Λ. This
significant change in Λ will affect the degree of stall-
delay on the local blade segment.

The coefficient of lift, CL, is shown for elements
at r/R = 0.19, r/R = 0.58 and r/R = 0.71 on the
rotor, with a pre-treated stall delay and with a real-
time stall delay, in Figures 14 to 16 respectively.
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Figure 14: CL against time for r/R = 0.19 for rotor
in surging motion with Frequency = 0.5Hz and Am-
plitude = 6m using pre-applied and real-time stall-
delay
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Figure 15: CL against time for r/R = 0.58 for rotor
in surging motion with Frequency = 0.5Hz and Am-
plitude = 6m using pre-applied and real-time stall-
delay
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Figure 16: CL against time for r/R = 0.71 for rotor
in surging motion with Frequency = 0.5Hz and Am-
plitude = 6m using pre-applied and real-time stall-
delay

Some highly significant differences in coefficient
of lift are observed over the different blade segments,
especially at the peaks. This implies that the predic-
tion in real-time force distribution over the blade for
structural analysis would be highly uncertain without
a real-time stall delay implemented.

The rotor thrust and shaft torque are compared,
with a pre-treated stall delay and with a real-time stall
delay, in Figure 17.
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Figure 17: Predicted shaft torque against time for
rotor in surging motion with Frequency = 0.5Hz
and Amplitude = 6m using pre-applied and real-time
stall-delay, compared to CFD

A 9% difference in accuracy of peak predicted
shaft torque between the pre-applied stall-delay and
real-time stall-delay compared to CFD is observed at
the first peak. This would affect fatigue and power-
prediction analyses for a FOWT.

5 Conclusion

The stall-delay model of Du & Selig [3] was com-
bined with the airfoil-shape dependent modified
Beddoes-Leishman model of Singapore Wala et al [4]
to produce a model which simulates the motion of the
boundary layer both due to changes in angle of attack
and Coriolis effect with blade rotation.

The changes in speed ratio during the surging mo-
tion of a FOWT were demonstrated, which resulted
in variation for coefficient of lift, and finally changes
in rotor thrust and torque. It was shown that pre-
application of a stall-delay model to airfoil aerody-
namic data would not model the changes in stall-
delay, thus, a real-time stall delay model is required
that works in combination with an unsteady airfoil
model for an accurate assessment of FOWT aerody-
namics. In addition, a comparison of uBEM with the
unsteady airfoil model versus uBEM with static aero-
dynamics tables shows increased accuracy in predict-
ing the shaft torque, and better reflection of the distri-
bution of thrust and shaft torque against time.

Future work may involve careful turbine-specific
calibration of the stall-delay model to produce a
greater degree of accuracy when assessing FOWT
aerodynamics. This can be done through CFD studies
using a wide-ranging simulation matrix. This com-
bined model should also develop to eventually en-
compass unsteady tip-loss, to better reflect the flow
physics of the wind turbine.
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