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Abstract: Stall delay is an important phenomenon on wind turbine blades. It makes the maximum aerodynamic
load of a rotating blade much higher than the one predicted without a correction. A new stall delay model is es-
tablished here based on the investigation of the flow around a rotating blade. The investigation results indicate
that the shrink of separation vortex caused by centrifugal force is the major reason for the stall delay. Multiple
factors related to the rotational effects are considered in the proposed model, such as rotating speed, inflow ve-
locity, local chord length and radial position. Finally, the model are validated on the NREL Phase [V blade and

the results demonstrate that the accuracy of the aerodynamic prediction for the blade is significantly improved as
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the model is applied.
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0 Introduction

Large-scale wind turbines can be more effi-
cient than the smaller ones in wind energy cap-
ture. The continuous increase of rotor size has
been an important trend that will shape the future
of wind energy industry and multi-megawatt
(multi-MW) turbines become the major products
especially for offshore wind farms. The largest
planted turbine in the world now is more than 150
m in rotor diameter and 7. 5 MW in power out-
put. It is notable that the structural weight and
manufacturing cost also rise with the rotor size,
which is a major challenge for large-scale turbine
designers. More accurate prediction of the aero-
dynamic loads of rotor blades is one of the effec-
tive approaches to realize light-weight design
since it help researchers omit unnecessary struc-
tural strength in blades design. Furthermore, ro-
tational effects are important phenomenons on ro-
tating blades which do not exist on two-dimen-
sional (2-D) airfoils. An engineering model has

to be introduced into blade element momentum
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(BEM) method™ to represent the rotational
effects. Therefore, the accuracy of the model sig-
nificantly influences the aerodynamic prediction
accuracy for wind turbines.

Stall delay is a vital issue due to rotational
effects and it has been studied by many research-
ers both computationally and experimentallyt®*’.
They proposed several models to correct the stall
delay of wind turbine blades. Snel et al. ', Cha-
viaropoulos et al.[® and Raj'! established three
models independently based on similar approa-
ches. In their approaches, an ideal lift coefficient
is firstly obtained according to potential flow the-
ory with the assumption that flow separation nev-
er happens on airfoils, and then it is downward
revised to a proper value considering both the ex-
perimental airfoil data and the influence of stall
delay of blades. Du et al. ™ built a model by ana-
lyzing the simplified integral equations for three-
Dimensional (3-D) boundary-layers on rotating
blades. Bak et al. ) presented a model by compa-

ring the pressure distributions on a rotating blade
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and on a stationary one. Lindenburgh® consid-
ered the centrifugal force as a major cause of the
stall delay and proposed a model relating the stall
delay with the pumping effect due to centrifugal
force. Corrigan et al. ™™ established a model by
introducing a delayed angle of attack. Validations
for the aforementioned models were made by Bre-

2l and the results showed that various

ton et al. [!
models seldom agree with experimental data nor
even with each other. It indicates that the stall
delay due to the rotational effects is not well cor-
rected yet by the existing models. Here, the flow
around a rotating blade is simulated and analyzed
using computational fluid dynamics (CFD) based

method and a new model is generated for stall de-

lay correction.

1 CFD Simulation Results

CFD is a general method based on rigorous
mathematical derivations with minimum as-
sumptions and becomes a widely-used tool in the
researches of wind turbine aerodynamics™*1*!,
It can describe flow details around a rotating
blade and consequently provides a possibility for
close insight into the mechanism of rotational
effects. In the present simulations, Reynolds
averaged Navier-Stokes ( RANS) equations for
incompressible flow in a rotating reference frame
are solved using a CFD software package FLU-
ENT. The discretization scheme is in second-
order accuracy. The turbulence model adopted
here is the shear stress transport (SST) kw
model recognized as one of the best linear eddy
viscosity turbulence models providing a relatively
good prediction of turbulence in both attached
and detached flows. One of the closure coeffi-
cients of the turbulence model is calibrated from
0.09 to 0. 11 for a better prediction of the flow
separationt'®’,

Taking advantage of the rotational periodic
feature of the rotor, rotational periodic bounda-
ries are defined to reduce the computational do-
main to 1/N (N represents the number of rotor

blades) of the whole fluid zone. The far bounda-

ries are set more than 15 times the rotor diameter

away from the rotor. The number of grid cells in
the computational domain is 5. 39 million which is
proven sufficient by performing a grid sensitivity
test before the simulations.

CFD simulations for NREL UAE Phase V]
blade rotating at 72 r * min ' are accomplished at
various wind speeds from 5 m/s to 25 m/s. The
CFD results and experimental data are compared
to validate the simulation accuracy. Fig. 1 shows
the comparison of the low-speed shaft torque of
the rotor. The CFD results quite closely coincide
with the experimental data as the wind speed is
lower than about 9 m/s. At higher wind speeds.,
flow separation happens on the blade, which is
very difficult to be exactly predicted. In general,
the present CFD simulations capture the stall

well.
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Fig.1 Low-speed shaft torque of the rotor from

CFD and NREL experiments

1.1 Flow around rotating blade

Features of the flow around the rotating
blade are investigated based on the obtained CFD
results. Stream lines around the blade at various
wind speeds are shown in Fig. 2. At the speed
of 9 m/s, flow keeps attached to most area of
the blade while slight separation happens only
near the trailing-edge in a small area. Stream
lines remain 2-D patterns in the attached flow ar-
ea while present 3-D patterns pointing from the
inboard to the outboard in the separation area.
As the speed increases to 13 m/s, the separation
area expands and the 3-D features of stream lines
become much notable. At the speed of 20 m/s,

the whole blade is covered by separated flow.
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Fig. 2

Stream lines around the rotating blade

Massive stream lines are going through the sepa-
ration vortex which looks like a long and large
tunnel on the blade. The above phenomena indi-
cate that there is a close relation between the
flow separation and the 3-D spanwise flow fea-
tures on the blade. The spanwise flow in the
separation vertex can only be generated by the
rotational effects since there is no such spanwise
flow on a non-rotating blade.

For simplicity of the analysis, a typical 3-D
stream line going through the separation vortex is
extracted from the flow field at the wind speed of
13 m/s, as shown in Fig. 3. The stream line goes
from point A to point B through a path deter-
mined by the separation vortex, and then sudden-
ly changes its trajectory from the chordwise direc-
tion to the spanwise direction. Point B is the lo-
cation at which the sudden change of direction
happens. A mechanical interpretation for that can
be given as follows: Air particles are accelerated
to rotate along with the blade during the process
from point A to point B. In this process, their
relative velocity to the blade slows down to about
zero at point B. That means the air particles at

point B have very small chordwise momentum in
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Fig. 3

3-D stream line at the wind speed of 13 m/s

the rotating reference frame while simultaneously
they are under great centrifugal force in the span-
wise direction, and therefore they take a sudden
turn from the chordwise direction to the spanwise
direction.

According to the mass conservation law, the
separation vortex must shrink in volume as some
quantity of air is pumped by centrifugal force to
the outboard of the blade. That makes a great
distinction in volume and shape of the separation
vortex between a section of a rotating blade and a
static airfoil. A demonstration of this distinction
in conditions of trailing-edge separation and com-

plete separation is shown in Fig. 4.

Fig.4 Separation vortices on a static airfoil (left)

and a section of rotating blade (right)

1.2 Stall delay correction model

A new model for correcting the stall delay
due to rotational effects is established based on
the above analysis of the flow around rotating
blades. In the present model, the angle of at-
tack ( AoA) and the lift coefficient C, of airfoils
are corrected to include the influence of rota-
ting.

The corrected AoA is

asp =azp T Aap,Ay + (Aa, — Aay) A (D

where
2 2
Aa, =a; %(%) Cap.op — a5.0n) (2)
AO(,, — A, Aap JFCI.;; (ap,zn _a,\-,zn) (3)
A, :min[max(w,0> ,1} 4)
QAp.2D ~ Qs,2D

Azzmin[max(myo> ,l} (5)
Qy.2D ~ Ap.2D
The corrected C; is expressed in three seg-

ments as follows
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Cr.op + ACL/;A it

Crsp = I(CL,ZD + AC[,./,) + I:Cl:u,SD — (Croop + AC[,/:)] A,

Cr.op + A% (Crosp — Crozp)

where
ACI,p:(C?,*a.’LAa/,)Aa/; (7)
. Cio.»
(/IJ/.,'SU = Liw(av,zn + Aal,) (8)
Q42D Qo
A, Zmax< QEND T Q2D ,O) 9)
QEND ~ @u.2D

Definitions of the parameters in Eqs. (1)—
(9) are given by

asp : corrected AoA for blade sections

a»p : original AoA of the airfoil

as.op ¢ airfoill AoA as trailing-edge separation
starts

a,.on : airfoil AoA corresponding to the maxi-
mum C;.

ao.op : airfoil AoA corresponding to the mini-
mum C,, in deep stall

aexp ¢ AoA till which the correction is per-
formed and the value of 7/2 is suggested

Ci.sp : corrected C, for blade sections

Ci.op : Cp of the airfoil

CIJ}.ZI) :

Cs . slope of the C,, curve of the airfoil

minimum C; of the airfoil in deep stall

¢ : chord length of blade sections

r . radial position of blade sections

Q : angular speed of the rotor

Vi : effective velocity magnitude of inflow
aisassas.a, e » e,; empirical constants as-
signed the following values for calculations in this
paper. a; =2.5, a, =1.5, a; =0.8, a, =0.002,

ey =1.5, e, =2.0.

2 Discussion

2.1 Correction for AoA

Key AoA in the proposed model are demon-
strated in Fig. 5, taking the S809 airfoil and the
47% span section of the NREL Phase V[ blade as
an example. These key AoAs can be distinguish-
ed easily in a lift coefficient curve.

On the one hand, the shrink of separation
vortex is positively correlated to the quantity of
air transported by centrifugal force which is pro-

portional to Q°, and consequently the stall delay,

an << a,.2n
apon << @i < Qu.2p (6)

Qi = Qo.2D
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Fig. 5 Key angles of attack on lift coefficient

curves of the airfoil and the rotating

blade section

which is mainly caused by the shrink of separation
vortex, can be supposed positively related to .
On the other hand, the shrink of separation vor-
tex should be negatively related to the quantity of
air added into the separation vortex from the in-
flow, and the stall delay can thus be supposed
negatively related to the effective velocity magni-
tude of inflow. As a result, the stall delay is sup-
posed proportional to 2°/V 4 as shown in Eq. (2).

The stall delay is assumed to be more signifi-
cant with the increase of ¢/r according to Du et

1] Therefore, an item of (¢/r)" is also includ-

al
ed in Eq. (2). The index #n is assigned a value of 2
in calculations of this paper. There is an extra i-
tem of @, — a.2p in Eq. (2). It represents the
AoA range between the light stall and the deep
stall of the airfoil. The item means that the stall
delay on a rotating blade is related to the aerody-
namic performance of the airfoil on which it is

based.
2.2 Correction for lift coefficient

Lift coefficient is corrected in three segments
as follows. The first segment is before the maxi-
mum lift coefficient reached, the second segment
is between the maximum and the minimum lift
coefficients, and the third one is after the mini-
mum lift coefficient. The expression of the cor-
rected lift coefficient for the first segment is a

part of Eq. (6). It is rewritten as
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Crsp =Crap + AC,ATD (10)
where AC,, represents the correction of the maxi-
mum lift coefficient and can be calculated by
Eq. (7). As previously analyzed the flow around a
rotating blade, separation vortex does not vanish
in the process of stall delay although its volume is
significantly reduced. Consequently, it still
makes the lift coefficient a little bit smaller than
that of the ideal flow without separation. The
change in lift coefficient is considered in Eq. (7)
by introducing an item of — a,Aq, .

The corrected lift coefficient for the second
segment 1s
Crap = (Crop +ACG,) +[Crosp — (Croon + AC,) A,
an
The Cy,.5p is a key value representing the cor-
rected minimum lift coefficient which is deter-
mined by Eq. (8) based on an assumption that the
corrected minimum value lies on the straight line
determined by the origin (0,0) and the uncorrect-
ed location of the minimum lift coefficient.
The corrected lift coefficient of the third seg-
ment is
Crsp=Crop T A? (Crosp — Croop) (12D
The function of Eq. (12) is to fit the correc-
ted lift coefficient with the uncorrected lift coeffi-

cient at the higher AoA.

3 Validations

As a validation, corrections with the present
model are carried out on the NREL Phase V|
blade. Lift coefficient data of various sections of
the blade are shown in Fig. 6. Most data from the
model agree with those from NREL's experiment
at 30%, 47% and 80% of the span, indicating
that the model is valid at sections near the root,
middle and tip of the blade.

For a further validation, the present model is

d"'%, which is

applied to actuator line (AL) metho
based on a combination of CFD method and the
lift line concept. The stall delay due to rotational
effects cannot be predicted by the AL method it-
self since the blade geometry is not described.
The computing results of lift coefficient by the

AL method with and without the present model
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Fig. 6 Lift coefficient data for various sections of the blade

are shown in Fig. 7, together with NREL's exper-
imental data. At the wind speed of 7 m/s, data
from computations with and without the model
are close to each other, which is reasonable since
almost no flow separation exists at this wind
speed. At the higher wind speeds of 13, 15 and
20 m/s, the computational data with the model a-
gree with the experimental data much better than
those without the model, especially at the lower
values of r/R. The validation results indicate that
stall delay of the NREL Phase V[ blade due to rota-
tional effects can be well corrected by the present

model in engineering applications.
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Fig. 7 Lift coefficient from

without the model

4 Conclusions

AL computations with and

A new stall delay model is established for
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more accurate predictions of aerodynamic load of
wind turbine blades. Features of flow around a
rotating blade are analyzed firstly. It is found that
a notable shrink of the separation vortex happens
since a lot of air in the vortex is transported by
centrifugal force to the blade outboard. This phe-
nomenon is considered as the major reason for the
stall delay. The present model is then built based
on the above analysis. Multiple factors that may
influence the rotational effects including rotating
speed, inflow velocity, local chord length and ra-
dial positions are comprehensively considered in
the model. In addition, typical points on lift coef-
ficient curve of airfoils are defined as key points in
the correcting process, i. e. , the start point of
trailing-edge separation, the peak point and the
lowest point on the lift coefficient curve. Finally, the
model are validated and the results show that the aer-
odynamic force affected by the stall delay can be well
corrected by the proposed model. A limitation of the
present work is that validations are only performed on
the NREL Phase V] blade. It is valuable to test the
model in aerodynamic predictions for more turbines

and to further improve its performance.
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