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A review of Stall Delay Models and their
Application on Hybrid Methods

Mohamed Nadjib Hamlaoui, Arezki Smaili, and Hachimi Fellouah

Abstract—This paper is a review on the stall delay phenomenon that Horizontal Axis Wind Turbines (HAWT) encounter
under typical flow conditions and its numerical modelling. Aerodynamic performance predictions of HAWT have been
often carried out through Computational Fluid Dynamics method with the combination of the concept of actuator disk
i.e. hybrid method. For this purpose, the hybrid method is presented in details together with the numerical modelling of
such stall delay phenomenon. Despite modern wind turbines are equipped with sophisticated control systems for avoiding
stall, nevertheless, stall is still inevitable in the near root region of the rotor blade. This paper focuses on recent research
development materials which have been undertaken on the stall delay phenomenon where the engineering models (stall
delay models) of the literature being presented and criticized based on the predictions obtained from the NREL Phase VI
wind turbine experiments.
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NOMENCLATURE

HAWT Horizontal Axis Wind Turbine.
CFD Computational Fluid Dynamics.
ADM Actuator Disk Method.
SDM Stall Delay Models.
B Number of blades.
c Local chord.
r Local radius.
α Angle of attack.
β Twist angle.
φ Flow angle.
θp Pitch angle.
Ω Rotational speed.
U∞ Free stream velocity (m/s).
a Axial induction factor.
a′ Tangential induction factor.
Q Mechanical torque (N.m).
Th Thrust force (N).
F Tip loss correction factor.
Cl, Cd The corrected lift and drag coefficients.
Cn, Ct Normal and tangential force coefficients.

I. INTRODUCTION

The rapid drop of wind energy cost has provided motivation
for manufacturers and researchers to conduct several research
on Horizontal Axis Wind Turbines (HAWTs) optimization and
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performance predictions [1]. For HAWTs optimization and
performance predictions, the actuator disk concept used for the
first time by Rankine [2] and Froude [3] is one of the widely
used approaches. It consists of permeable surface, instead of the
real geometry, on which the rotor exerted forces act upon the
incoming flow providing pressure jump and discontinuities on
the flow field properties [4].

The computational application of the actuator disk concept has
been used, at first, in its analytical approaches such as the Blade
Element Momentum (BEM) method. It is the combination of the
Blade Element (BE) and the momentum theories where it has
been used for the first time by Glauert [5]. Many wind turbines
design companies use codes to predict the aerodynamic per-
formances of Horizontal Axis Wind Turbines (HAWT). These
codes are usually based on the BEM method. For HAWTs de-
sign, Vaz et al. [6] proposed an extension of the BEM method
to take into account the influence of the wake on the rotor plane
in the general form. Dai et al. [7] coupled the BEM method
with a modified Dynamic Stall (DS) model in which some influ-
ence factors such as wind shear, tower and blade vibration are
considered in order to calculate the aerodynamic loads for large
scale HAWT. Monteiro et al. [8] have conducted wind tunnel
measurements for 1.2 m diameter HAWT and compared the ex-
perimental data with two well-known design codes of WT_Perf
and Qblade which are based on the BEM method, a pretty en-
couraging predictions have been recorded. Yang et al. [9] have
used the airfoil characteristics, extracted from full Computa-
tional Fluid Dynamics (CFD) calculation method, in the BEM
method where good agreement have been found compared with
the measured data. Sun et al. [10] proposed an improvement
for the BEM method where both the influences from wake rota-
tion and radial flow have been considered yielding new BEM
relations for Glauert’s and Shen’s tip loss correction; also, the
correction of Spera has been extended for the new BEM for
large thrust coefficient where good agreement has been obtained
against the MEXICO measurements. Dehouk et al. [11] used the
BEM method to optimize the HAWT blade profile for specific
initial condition of 7 m/s where new empirical relation for the
chord distribution over the blade span has been proposed.
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With the development of CFD techniques and effective calcu-
lation hardwares, the Actuator Disk Method (ADM) has been
used by combining the BE theory with 3D Navier-Stokes equa-
tions in a CFD solver where the forces have been inserted as
sink in the momentum equation. Sørensen et al. [12–14] have
been the first to use the actuator disk concept where the blade
forces are computed through the blade element approach. Mas-
son et al. [15, 16] used the ADM to investigate, at first, the
tower-shadow impacts on HAWT and then studied the unsteady
flow phenomena around the rotor operating on an Atmospheric
Boundary Layer (ABL) flow. Based on the last approach, later,
authors works on the nacelle anemometry of typical HAWT
rotors have been reported [17–19]. Mainly, they tackled the im-
pact of rotor aerodynamic key parameters upon the flow features
within the nacelle region, especially, around the anemometer
location. Alinot et al. [20] presented numerical method, based
on the ADM, for predicting the ABL flow under stratified and
neutral conditions where they proposed original expression for
one of the closure coefficients related to the buoyancy produc-
tion term of the k-ε turbulence model. Ameur et al. [21] used
the 2D and 3D ADM computations in order to study the wind
rotor/nacelle interaction in a neutral ABL flow, they found that
for complex nacelle geometries the 3D ADM computations are
required. Tata et al. [22] also performed a simulation study on
nacelle anemometer using the ADM approach, with the empha-
sis on the effect of grid topology upon numerical predictions
accuracy. Recently, Amini et al. [24] proposed modifications
of Snel et al. [25] stall delay model empirical coefficients than
studied the effect of the proposed modifications on the MEX-
ICO rotor using the ADM implemented in OpenFOAM where
a certain improvements has been noticed. Nevertheless, im-
portant discrepancies are still recorded for the loads prediction
and no validation using another HAWT type has been carried
out. Furthermore, notice that two different actuator approaches
have been developed based on the ADM, Sørensen et al. [26]
proposed the Actuator Line Method (ALM), while, Massouh et
al. [27] proposed the Actuator Surface Method (ASM). Through
comparison between the ALM and the ASM, Nathan [28] con-
cluded that an ADM would be much better and less expensive
approach for HAWT performance predictions; Because in the
ADM, the computed forces are inserted directly in the mesh
cell center unlike the ALM and the ASM approaches where
the forces distribution projection is required providing different
velocity distributions downstream from the rotor which could
lead to unrealistic numerical solutions.

For specific flows corresponding to an attached flow regimes, the
hybrid method provides reliable and consistent performance and
wake predictions of HAWT rotors. Nevertheless, for high incom-
ing wind speeds stall occurs (stall conditions) and such method
breakdown due to the appearance of the effect of rotation (stall
delay). It is, mainly, based on the airfoil characteristics extracted
from wind tunnel measurements for a non-rotating blade along
the calculation process. Nevertheless, in real flows and for typi-
cal incoming wind speeds stall occurs and the effect of rotation
appears leading to the performances under-prediction. Himmel-
skamp [29] have been the first to record the aerodynamic loads
increase through a qualitative analysis on a propeller blades, they
postulated that this phenomenon is due to the centrifugal and
Coriolis forces appearance. Banks and Gadd [30], Wood [31],
Du and Selig [32] and Chaviaropoulos and Hansen [33] con-
cluded that, for a rotating blade, the centrifugal and Coriolis

forces appear causing an alleviation of the adverse pressure
gradient acting on the boundary layer; as a results, delaying
the separation point. McCroskey [34] and Madsen and Ras-
mussen [35] suggest that the centrifugal and Coriolis forces
acting on the separated flow region, create radial pressure gradi-
ent which move the mass flow outboard comparing the process
as a centrifugal pumping. Narramore and Vermeland [36] car-
ried out a CFD analysis on a helicopter blade, they concluded
that the angle of attack in which the separation point begins
to stall is much higher in rotation compared to the stationary
case. Through a CFD analysis of a rotating and a stationary
blade, Shen et al. [37] showed that the effect of rotation causes a
pressure change in the separated region with no influence on the
separation point location. Snel et al. [25] and Lindenburg [38]
proposed, later, correction models for the 2D lift coefficient
where it has been shown that the dominant cause of the stall
delay is the reduction of the adverse pressure due to centrifugal
forces appearance. Through an experimental study of the tur-
bulence effects on the stall delay phenomenon, Sicot et al. [39]
concluded that the free stream turbulence is the primary cause
of the delay of the boundary layer separation where the rotation
have no influence. Dumitrescu and Cardoş [40] have been the
first to call the phenomenon "stall delay" by suggesting that
the Coriolis forces causes the movement of the separation point
toward the trailing edge in rotation.

The effect of rotation causes the lift increase in the separated
flow region of the rotor blade; however, its effect on the drag
coefficient is still unknown where two different results have
been presented in the literature. Du and Selig [32] suggested
that the drag force decreases in the blade region when the effect
of rotation is present. Corten [41] based his analysis on the
Navier-Stokes equations for non-inertial boundary layer, he
noted that the flow-separation point moves toward the trailing
edge which reduces the blade wake and leads to a reduced
sectional drag force. Nevertheless, Chaviaropoulos and Hansen
and Sørensen [33,42] suggested an increase of the drag force on
a rotating blade. Based on full CFD study, Guntur [43] found
that there is a slight increase of the drag coefficient between the
2D and the 3D cases; consequently, he assumed that there is no
variation of the drag coefficient in a rotational case.

The aim of this paper consists on performing a review on the
stall delay phenomenon where it has been discussed and de-
tailed. Also, the proposed engineering models, presented in
the literature, have been presented then criticized based on the
predictions obtained from the mostly well-known NREL Phase
VI wind turbine experiments.

II. THE BEM METHOD

The BEM is 1D analytical method as shown in Fig. 1, based on
the combination of the BE and the momentum theories, used
for HAWT performance predictions. For typical HAWT of B
number of blades, local chord c, local radius r, twist angle β,
pitch angle θp and rotational speed Ω subjected to a wind speed
U∞, the algorithm defining this method can be summarized as
follows:

1. Initialize the axial and tangential induction factors a and
a
′
, typically a=a

′
=0.

2. Compute the flow angle φ using Eq. (1).
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Fig. 1: BEM concept.

3. Compute the Angle of Attack (AoA) α using Eq. (2).

4. Read Cl(α) and Cd(α) from table look-up.

5. Compute the normal and tangential coefficients Cn and Ct
from Eq. (3) respectively.

6. Calculate a and a
′

from Eq. (4) and Eq (5).

7. If a and a
′

has changed more than a certain tolerance, go
to step (2) or else finish.

8. Compute the local loads at each blade segment, torque Q
and thrust T from Eq. (6).

φ = arctan(
(1− a)U∞
(1 + a′)Ωr

) (1)

α = φ− (β + θp) (2)

{
Cn = Cl cos(φ) + Cd sin(φ)

Ct = Cl sin(φ)− Cd cos(φ)
(3)

a =

{
σCn

4F sin2(φ)+σCn
if a < ac = 0.2

1(2+K(1−2ac)−
√

(K(1−2ac)+2)2+4(Ka2c−1))

2 otherwise
(4)

where K = 2F sin2(φ)
σCn

a
′

=
σCt

4F sin(φ) cos(φ)− σCt
(5)


dFn = 1

2ρB
U2

∞(1−a)2

sin2(φ)
Cncdr

dFt = 1
2ρB

U∞(1−a)Ωr(1+a
′
)

sin(φ) cos(φ) Ctcdr

Th =
∑n

1 dFn

Q =
∑n

1 dFt × r

(6)

A. Stall delay models

To obtain accurate sectional aerodynamic characteristics and
loads predictions, the 2D airfoil data needs to be corrected to
take into account the effect of rotation. Owing to the complexity
of the rotational augmentation effects, several researchers tried
to model and to explain this problem with different approaches
by proposing several solutions based on different assumptions.
Some models were based in theoretical analyses [32, 38] while
the other models were developed empirically from experimental
measurements [40, 44].

Snel et al. [25] have been the first to propose a simple model
based on the ratio of the local chord to the local radius in order
to correct the 2D airfoil data to take into account the 3D effect.
Many stall delay models have been developed later where Du
and Selig [32] proposed a model for the drag and the lift co-
efficients correction which include a modified tip speed ratio,
the local chord, the local radial station and empirical factors.
Chaviaropoulos and Hansen [33] proposed corrections for both
the 2D lift and drag coefficients which depends on the local
blade twist angle, the local chord, the local radial span wise
position and several empirical coefficients. Dumitrescu and Car-
doş [40] developed a stall delay model, having an exponential
form, which depends on the local chord and the local radial
position. Corrigan and Schillings [44] developed an empirical
model rooted on experimental helicopter data and simplified
boundary-layer equations. Lindenburg [38] proposed a model,
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for the lift coefficient correction, rooted on the centrifugal forces
and the radial flow modeling; mainly, it depends on the local
chord, local radial ratio and a modified tip speed ratio. To get
(3D) airfoil characteristics, Bak et al. [45] corrected the pressure
difference between a rotating and a non rotating blade at each
radial station of the rotor blade. Eggers et al. [46] developed
their model by relying the axial, angular induction factors and
the tip speed ratio. Breton et al. [49] conducted deep study
of six well-knowns stall delay models presented on literature
through the NREL Phase VI HAWT measurements, they found
that none of the presented approaches are able to reproduce
correctly the rotational augmentation phenomenon due to the
lack of generality. It means that the proposed solutions are still
incomplete and unable to explain and model adequately the
present phenomenon.

The rotational augmentation effect is still an unknown phe-
nomenon, several researchers tried to model and to explain this
problem with different approaches by proposing several solu-
tions based on different assumptions. Some models were based
on theoretical analyses [32, 38] while the other models were de-
veloped empirically from experimental measurements [40, 44].
The mostly used and well-known stall delay models have been
used and expressed as follows:

Cl = Cl,2d + fl∆Cl (7)

Cd = Cd,2d + fd∆Cd (8)

where the specific functions fl and fd represent, respectively, the
variation of the lift and the drag coefficients. ∆Cl =Cl,inviscid−
Cl,2d. The inviscid lift coefficient Cl,inviscid = 2π(α−α0), α0

is the AoA at the zero lift coefficient and Cl,2d is the 2D lift
coefficient. ∆Cd = Cd,2d − Cd,0 is the difference between the
2D drag coefficient and the drag coefficient at zero AoA.

In the present study, the mostly well-knowns correction models
of Snel et al. [25] and Du and Selig [32] have been used.

Recently, Hamlaoui et al. [48] have proposed a new model
for the lift coefficient correction based on the shift parameter
expressed as follows

Cl = Cl,2d(1 + fs) (9a)

fs = a exp(−(
α− αs
d

)2) (9b)

Where a, αs and d are constants which represent the ampli-
tude, the specific AoA that corresponds to the peak (delayed
stall angle) and the controlling peak width respectively. The
constants a, αs and d appropriate to the model are equal, re-
spectively, to 1.45, 0.575 (33◦), 0.28 (16◦) for radial positions
r/R ≤ 0.30 and 0.55, 0.38 (22◦), 0.12 (6.88◦) for radial posi-
tions r/R > 0.30.

III. APPLICATION OF STALL DELAY MODELS TO THE
NREL PHASE VI WIND TURBINE

Fig. 2 shows the predicted results, extracted from the work of
Hamlaoui et al. [48], of the stall delay models of Snel et al. [25],
Du and Selig [32] and Hamlaoui et al. [48] compared with those

Fig. 2: Power curve: Comparison of the stall delay model pre-
dictions with the experimental data [48].

of data fields. It can be seen that the predicted power, using
the new proposed model, agree well with the measured data in
contrary to those of both Du and Selig [32] and Snel et al. [25]
models where it can be noticed that for free stream velocities
lower than 16 m/s, all the models provide good predictions.
However, for free stream velocities higher than 16 m/s, signifi-
cant over-estimations have been provided using the models of
both Du and Selig [32] and Snel et al. [25] in contrary to the
new proposed model of Hamlaoui et al. [48] which provides
good predictions.

IV. CONCLUSION

The purpose of the present work is a review of the stall delay phe-
nomenon, mostly encountered during HAWT operations, and its
modeling using hybrid methods i.e. ADM. Firstly, the hybrid
methods have been introduced where mainly their limitations
have been tackled. Secondly, the stall delay phenomenon has
been detailed and the mostly well-known engineering models
(stall delay models) presented in the literature have been pre-
sented then criticized based on the predictions obtained from the
NREL Phase VI wind turbine experiments. It has been found,
from the work of Hamlaoui et al. [48], that the existing stall de-
lay models fail to predict the aerodynamic performances of the
NREL Phase VI wind turbine, for high incoming wind speeds,
due to their lack of generality; the new model of Hamlaoui et
al. [48] has shown good predictions and more realistic modeling
of the stall delay phenomenon compared to the existing models.
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