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Appropriate Dynamic-Stall Models for Performance

Predictions of VAWTSs with NLF Blades

CHRISTIAN MASSON *, CHRISTOPHE LECLERC and ION PARASCHIVOIU

Bombardier Aeronautical Chair, Ecole Polytechnique, Montréal, Canada, H3C 347
(Received 8 February 1997; In final form 20 February 1997)

This paper illustrates the relative merits of using Natural Laminar Flow (NLF) airfoils in
the design of Vertical Axis Wind Turbines (VAWT). This is achieved by the application of
the double-multiple-streamtube model of Paraschivoiu to the performance predictions of
VAWTs equipped with conventional and NLF blades. Furthermore, in order to clearly
illustrate the potential benefit of reducing the drag, the individual contributions of lift and
drag to power are presented. The dynamic-stall phenomena are modelled using the method
of Gormont as modified by several researchers. Among the various implementations of this
dynamic-stall model available in the literature, the most appropriate and general for NLF
applications has been identified through detailed comparisons between predicted per-
formances and experimental data. This selection process is presented in the paper. It has
been demonstrated that the use of NLF airfoils in VAWT applications can lead to significant
improvements with respect to conventional design only in a very low wind speed range, the
extent of which is negligible with respect to the VAWT operational wind speeds.

Keywords: VAWT, Double-Multiple-Streamtube Model, Dynamic Stall, NLF Airfoil

1. INTRODUCTION

The Vertical Axis Wind Turbine (VAWT) offers a
mechanically and structurally simple method of
harnessing the energy of the wind. This simplicity,
however, does not extend to the rotor aerody-
namics. The blade elements operate in both
unstalled and stalled conditions with aerodynamic

stall providing the rotor inherent power regulation.
The blade elements encounter their own wakes and
those generated by other elements. These features
combine to make the thorough analysis of Darrieus
rotor aerodynamics a challenging undertaking.
However, various aerodynamic methods, appro-
priate for the conception of turbines, are available
to designers. These models can be classified into

* Corresponding author. Present address: Ecole de technologie supérieure, 1100 rue Notre-Dame Ouest, Montréal, Canada,

H3C 1K3.
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three categories: (i) Navier-Stokes/source-in-cell
models (Rajagopalan et al. [1985]), (ii) vortex
models (Gohard [1978], Strickland et al. [1980)),
and (iii) streamtube models (Templin [1974],
Strickland [1975], Paraschivoiu [1988]).

The successful design of an efficient rotor can be
obtained only when appropriate airfoil sections
have been selected. Most VAWTSs currently oper-
ating worldwide use blades of symmetrical NACA
airfoil series. It has been proposed to use Natural
Laminar Flow (NLF) airfoils to increase the
efficiency of the VAWT. NLF airfoils typically
can maintain a laminar flow up to 50% chord
through favourable pressure gradients, which re-
sults in a significant reduction of the airfoil drag.

This paper illustrates the benefits and losses
resulting from using NLF airfoils on VAWT
blades. To achieve this goal, the streamtube model
of Paraschivoiu [1988] is used to predict the
performance of VAWTSs equipped with blades of
various airfoil shapes. The airfoil shapes consid-
ered are the conventional airfoils NACA 0015 and
NACA 0018, and the NLF airfoils designed at
Sandia: SNLA 0015/47 and SNLA 0018/50. The
dynamic stall characteristics of NLF airfoils are
significantly different from those of conventional
airfoils. Therefore, the dynamic stall models in-
cluded in the digital version of the streamtube
model for Paraschivoiu [1988], which have been
validated mainly on conventional airfoils, have
been revised and validated for NLF airfoils. This
validation process is also presented in the paper. In
order to clearly illustrate the potential benefit of
reducing the airfoil drag, the individual contribu-
tions of lift and drag to power are presented.

2. DOUBLE-MULTIPLE-STREAMTUBE
MODEL

In the double-multiple-streamtube model it is
assumed that the vertical-axis wind turbine can be
represented by a pair of actuator disks in tandem at
each level of the rotor. The different induced

velocities are considered at the upstream and
downstream halves of the volume swept by the
rotor. The flow through the wind turbine is
considered to be subdivided into a large number
of aerodynamically independent streamtubes. The
effects of turbulence or gustiness are neglected and
only the mean wind speed is considered.

The flow in each streamtube is considered to be
acted upon by two actuator disks: the first one
representing the upwind half of the surface swept by
the rotor blades (— 7/2 <6 <w/2), and the second
one representing the downwind half of the rotor
(m/2 <6< 3m/2). As a result of the forces exerted by
the actuator disks on the fluid, its velocity changes
along the streamtube. The induced velocity de-
creases in the freestream-velocity direction.

Along any given streamtube the fluid velocity
variation is discretised into five different velocities,
as shown in Fig. 1. For a given freestream velocity
Vo(Z) we have the following velocity variations
along the corresponding streamtube:

V= uVu(Z),

Ve = (2u—1)Ve(2),
Vi=u'(2u—1)Vy(2),
V"= 2u' - 1)2u—1)V(2),

where u and u’ are the interference factors.

By applying the momentum equation to control
volumes that contain the actuator disks, the forces
on the disks and the induced velocities can be deter-
mined. The local relative velocity W and the local
angle of attack « for the upstream half-cycle of the
rotor, — w/2 <0 < /2, are given by (see Fig. 1):

W? = V(X — sin6)? + cos? O cos? 8], (2)
6
a= arcsin[ cos 6 cos , (3)
\/(X— sin 0)* + cos20cos2 6
wr
= 4
where X = 4)

and w is the turbine rotational speed.
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The nondimensional normal and tangential
forces as a function of the azimuthal angle 6 are:

Zpt2H 2
FNX(O) = £/ L/V— CydZ,
M AT ()
¢ Zp+2H w 2 CT
Fr(0) = S /ZR (V—oo> (cos 6) dz,

where c is the local airfoil chord and S is the plane
area enclosed by the blades. The normal and
tangential force coefficients of the blade section
are given by

Cy=Crcosa+ Cpsina,

(6)

Cr=Crsina — Cpcosa,

where the lift coefficient C; and the drag coefficient
Cp are obtained by interpolating two-dimensional

Rotor element ABCD replaced by
two actuator disks in tondem

Principle of the Double-Multiple-Streamtube Model.

static test data using both the local Reynolds
number and the local angle of attack. These
coefficients are used up to an angle close to the
static stall angle from which point a dynamic-stall
model is considered to estimate the dynamic lift
and drag coefficients. The dynamic-stall model
used in this work is presented in the next section.

The upwind interference factor u(f) is given by
(Paraschivoiu [1988])

K[1 — u(6)] cos @ = u(6)1(9)
8nr
N’

1(0) = (%)2 [CNCOSG + CTCEZ?S)] (8)

and N is the number of blades. The upwind half-
cycle of the rotor is divided into several angular

(™)

where K =
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tubes Af and for each of these tubes a constant
induced velocity is assumed, i.e. u(®)=const for
08— AB/2 <O <6+ Ab/2. Under this assumption,
Eq. (7) can be integrated to obtain:

KK,
T KK+ TR p(0) 46’

©)

where Kj=sin(fd + Af/2) —sin(d — Af/2). The in-
tegral in Eq. (9) is computed numerically.

A similar procedure is applied for the down-
stream half-cycle of the rotor, n/2<6<37w/2.
Finally, the lift and drag contributions to the
average torque coefficient are, respectively,

3n/2  pZr+2H w 2
/ / Crsina| —
Q L= 2SR —m/2 L Voo

x ( )dZde (10)
3n/2  pZr+2H W\ 2
(Co)o =55k /_m / ”°°SO‘<7°.S)
x (COS 5) dzde.  (11)

The lift contribution to the power P, and the
drag losses Pp, for the entire rotor are:

wR
P = 2pooVoiS(CQ)LV—,
o (12)

The mechanical power of the rotor is finally given
by the difference between the lift contribution to
power and the drag losses:

P=P,— Py (13)

A measure of the efficiency of the rotor blade to
produce power is the ratio of the drag losses to the
lift contribution to power. This ratio will be
referred to as the relative drag losses.

3. DYNAMIC-STALL MODEL

Dynamic stall is a complex unsteady phenomenon
related to an airfoil undergoing large and rapid

variations of the angle of attack with time. In such
conditions, the dynamic lift and drag character-
istics present an hysteresis response which is
completely different from the static coefficients.
Therefore, the aim of a dynamic-stall model is to
propose a methodology to compute the dynamic
characteristics from the available experimental
static coefficients. In this work, various adapta-
tions of the dynamic-stall model of Gormont [1973]
are used for the performance predictions at low tip
speed ratios. This model has been developed for
helicopter blades and several implementations have
been proposed for VAWTs (Strickland ez al. [1980],
Massé [1981], Berg [1983], Paraschivoiu et al.
[1988]). This section describes the original dynamic-
stall model of Gormont along with the various
adaptations for VAWTs.

3.1 Gormont Model

The Gormont model empirically mimics the hyster-
esis response of an airfoil by defining a reference
angle of attack at which the static two-dimensional
coefficient data is considered. This reference angle
of attack is different from the geometric angle of
attack (see Eq. (3)) and is given by the following
expression:

rr = @ — K1Aay, (14)
where
1 when & > 0,
Ky = {—0.5 when & < 0, (15)
S when S < S¢,
Aa = {’“ =2 (1)
MSc + ’}’z(S — Sc) when S > Sc,
cQ t
S=1/lsp| Sc=006+ 1.5(0.06 - Z)’ (17)
B {fyz /2 for lift characteristic,
"= 0 for drag characteristic,

(18)

= max4 0, min |1 M- M,
'72—’7mx b ,M]—M2 )
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TABLE I Specific forms of M, M,, and 7y

Lift Characteristic Drag Characteristic

M, 04450 (0.06— (t/c)) 0.2
M,  09+425(0.06—(t/c)) 0.7+ 2.5(0.06 — (t/c))
Ymx 14— 6.0 (0.06 — (t/c)) 1.0 — 2.5(0.06 — (t/c))

M is the Mach number, ¢ is the time derivative of
«, and t/c is the airfoil relative thickness. The
expressions for M, M,, and v, are presented in
Table 1.

Finally, the dynamic coefficients are given by:

CP" = Cr(an) +m(a— o) CH" = Cp(owey),

(19)

where

m = min

Cr(are) — Cr(ag) Cr(as) — Cr(ao)
Qref — (X ’ Qg — O ’

(20)

ap 1s any convenient angle of attack but is typically
taken as the zero-lift angle of attack. g, is the
static-stall angle of attack. It is important to note
here that in this model, the value of the reference
angle of attack is different for the lift and the drag.
This is clearly presented in the various expressions
for My, M, yx, and -, (see Table I and Eq. (18)).

3.2 Adaptation of Strickland et al.

Strickland er al. [1980] were among the first to
propose an adaptation of the Gormont model for
VAWTs. In their implementation, the flow is
assumed to be incompressible. Furthermore, since
the relative thickness of airfoils typically used for
VAWTs is more than 12%, S was set to zero. The
expressions for the dynamic coefficients were
specialized for symmetrical airfoils. This simplified
Gormont model is applied only when o > ay.

3.3 Adaptation of Paraschivoiu et al.

Since it was proven experimentally that high-level
turbulence delays the occurrence of the dynamic
stall, Laneville ez al. [1985]), it has been suggested

to apply the adaptation of Strickland et al. [1980]
only in regions of low turbulence (Paraschivoiu
et al. [1988]). These low-turbulence regions have
been localised based on water tunnel visualizations
performed at the Institut de Mécanique et Statis-
tique de la Turbulence (IMST) in Marseille, France
(Brochier et al. [1986)).

3.4 Modification of Berg

As noted before, the Gormont model has been
developed for helicopter blades. In such applica-
tions, the maximum angle of attack reached is
much lower than in the case of VAWT blades. This
has led to the speculation that the Gormont model
overpredicts the effects of the dynamic stall on
VAWT performances. In order to avoid this over-
prediction, Massé [1981] has proposed to compute
modified dynamic coefficients based on a linear
interpolation between the dynamic coefficients
predicted by the Gormont model and the static
coefficients as follows:

Apos — o dyn
Crt [AMast" ass} (CL CL),

when o < A0y, 21
Cy, when a > A4y,

mod __
C/ =

AMCYSS — dyn
Co+ [AMass - ass} (CD CD),

when a < Aoy, (22)
Cp, when a > Apay,,

mod __
Cp™ =

where A, is an empirical constant. Massé has
proposed a value of 1.8 for 4,,. This adaptation of
Massé is also different from that of Strickland since
the effect of the local Mach number included in the
original Gormont model is kept.

Starting with Massé’s modification, Berg [1983]
has proposed to use 4, = 6. This value of 4,, gives
good agreement between the predicted and experi-
mental performances of the VAWT Sandia 17-m.
Berg has also proposed to define a, to be the angle
at which the variation of the lift coefficient with
respect to the angle of attack begins to depart from
the linear behaviour.



134 C. MASSON et al.

4. RESULTS AND DISCUSSION

The results presented in this section have been
selected to illustrate: (i) the accuracy of the various
Gormont model adaptations presented in the
previous section, and (ii) the merits of using NLF
airfoils in VAWT applications.

4.1 Accuracy of the Various Gormont
Model Adaptations

Figures 2—7 show comparisons between experi-
mental data and performance predictions using the
various implementations of the Gormont dynamic-
stall model. Calculations have been undertaken on
three specific VAWTs. The first one is the Sandia
17-m which is a rotor equipped with two blades
having a conventional NACA 0015 airfoil. Figures
2 and 3 show the performance of the Sandia 17-m
operating at the rotational speeds of 42.2 and
46.6 rpm. Figures 4 and 5 show the performance
of the Hydro-Quebec Magdalen Islands rotor,
equipped with conventional NACA 0018 blades,
and operating at 29.4 and 36.6rpm. Finally,
Figures 6 and 7 show the performance of the
Sandia 34-m VAWT. This rotor is equipped with
two segmented blades: the blade profile is a NLF
SNLA 0018 near the middle region while a con-
ventional NACA 0021 is used in the root regions.
Comparisons at the rotational speeds of 28 and
34rpm are presented in Figures 6 and 7, respec-
tively. These figures contain a large amount of
information concerning the behaviour of the
various adaptations of the Gormont dynamic-stall
model. In the following discussion, only the general
trends will be discussed.

The implementation proposed by Strickland
et al. has the tendency to overpredict the mechan-
ical power at large wind velocities. This behaviour
can be clearly seen in the case of the Sandia 17-m
rotor. For this rotor, more accurate results are
obtained when the modifications proposed by
Paraschivoiu et al. [1988], which take into account
the effects of the turbulence level on the dynamic
stall, are included. The improvement produced by

Sandia 17-m
50 |- [2 NACA 0015
42.2 rpm

Power, P (kW)

25 CARDAAV / GORMONT MODEL

Strickland et al.
- -~ Paraschivoiu et al.

—-—-~ Berg, A,=6.0

........ Berg, A,=e b

Measurements i

A -
0 PR S TR R TN ST ST T NN S S S |
5 10 15 20

Equatorial Wind Speed, V, (m/s)

FIGURE 2 Gormont-model adaptations: sandia 17-m at
42.2rpm.
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FIGURE 3 Gormont-model adaptations: sandia 17-m at
46.6 rpm.

the inclusion of the influence of the turbulence level
is not as significant in the case of the Magdalen
Islands and Sandia 34-m rotors. It should be noted
that the zones of low turbulence level defined in the
implementation are based on the water-tunnel
visualizations and are invariant. However, it is
expected that the extent and position of these
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FIGURE 5 Gormont-model adaptations: Magdalen Islands
rotor at 36.6 rpm.

low-turbulence zones are influenced by the opera-
tional conditions. The neglect of these variations
seems to limit the range of applicability of this
adaptation (Paraschivoiu [1988]). It is worth
noticing at this point that the results produced by
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FIGURE 7 Gormont-model adaptations: Sandia 34-m at
34.0 rpm.

the implementation of Paraschivoiu ez al. [1988]
and by that of Berg [1983] with 4,;,=6.0 are, in
general, very similar. The principle underlying the
modifications of the Gormont model as presented
by Paraschivoiu [1988] and by Berg [1983] are quite
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different but their effects on the performance
predictions are similar: both models reduce the
effects of the dynamic stall, but for different
reasons. In the case of Paraschivoiu ez al. [1988],
this reduction is justified by the high turbulence
level that exists in some regions of the rotor swept
surface. In the case of Berg’s implementation, the
damping is introduced through the modification
proposed by Massé [1981] which is justified by the
large angles of attack that are observed over a
VAWT airfoil. Discrepancies between the two
models begin to be significant at large wind
velocities. These differences are attributed to the
neglect of the Mach number effects in the im-
plementation of Paraschivoiu ez al. [1988]. Results
obtained with the implementation of Berg using
Ay =00 are also presented. The performance pre-
dictions are largely influenced by the value of A,,.

The various comparisons suggest that the most
accurate and general implementation is the one
proposed by Berg [1983]. The generality of this
implementation is provided by the possibility of
prescribing different values of A4,,. Based on the
experimental data used in this paper, the optimal
value of 4,, seems to be a function of the relative
thickness of the airfoil. For the NACA 0015 airfoil,
Ajpr= 6 produces numerical results in good agree-
ment with the experimental data while for both the
NACA 0018 and the SNLA 0018 airfoils, 43,= 00
is more appropriate. It is interesting to note that
the value of A4, is not a strong function of the type
of airfoil (i.e. conventional or NLF airfoil).
However, additional comparisons with experimen-
tal data should be undertaken in order to confirm
this finding.

4.2 Performances of Conventional and
NLF Blades

Figures 8 and 9 show the individual contributions
of lift and drag to mechanical power which are
expressed by Eq. (12). They have been obtained
using Berg’s implementation of the Gormont
model with A4,;,=o00, which corresponds to the
most accurate implementation for airfoils having
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FIGURE 9 Sandia 34-m with conventional blades at 34.0 rpm.

t/c > 18%. The results of Fig. 8 correspond to the
performances of the Sandia 34-m rotor equipped
with segmented NACA 0021/SNLA 0018 blades.
The results of Fig. 9 represent the performances of
an hypothetical VAWT having a geometry similar
to the Sandia 34-m rotor but equipped with
segmented NACA 0021/NACA 0018 blades. These
two figures are intended to illustrate the merits
related to the use of NLF airfoils in VAWT appli-
cations. In these figures, the solid line corresponds
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to the mechanical power produced by the lift. The
dotted line is the available predicted mechanical
power. The difference between these two curves
represents the power losses induced by the blade
drag. Finally, the dashed line shows the variation
of the relative drag losses, defined as the ratio of
the drag losses to the lift contribution.to power,
with respect to the wind velocity. The correspond-
ing scale is on the right-hand side of the figure.

A general behaviour of the VAWT operation is
clearly shown in Figures 8 and 9. At low wind
speeds (near S5my/s), the performances of the
VAWT are dominated by drag with relative drag
losses reaching values as high as 90% in the case of
the conventional VAWT (see Fig. 9). As the wind
speed increases, the relative drag losses typically
decrease and reach a minimum value of about 25%
near Vg =15m/s. Finally, when the wind speed is
further increased, the relative drag losses start to
increase. This general trend is common to VAWTs
equipped with conventional and NLF airfoils, but
the values of the relative drag losses are different.

The high values of the relative drag losses at low
wind speeds are directly related to the airfoil
minimum drag: in this regime, the blades operate
at very low angles of attack, well within the region
where lift varies linearly and drag is essentially
constant. At such low angles of attack, the lift
characteristics of both conventional and NLF
airfoils are similar. However, if the angle of attack
is within the laminar bucket (o < aycker), the NLF
airfoil drag is lower than that of the conventional
airfoil. This is the explanation for the lower relative
drag losses produced by the blades equipped with
NLF airfoils (70% in Fig. 8) with respect to the
losses induced by conventional blades (90% in
Fig. 9). The extent of this regime can be clearly
identified in Fig. 10 where a compilation of the
azimuthal distribution of the angle of attack at
the equatorial level is presented. This figure shows
the variation of the relative extent of three specific
regions with respect to the complete blade cycle as a
function of the wind speed. The first region
comprises the locations at which the blades operate
below a,cker- The second region corresponds to the
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FIGURE 10 Angle of attack: Sandia 34-m at 34.0 rpm.

locations at which the blades operate in the range
Qpucker < @ < . Finally, the third region represents
the locations at which the blades operate beyond
the stall angle of attack (ay). From this figure, we
can see that the blades operate more than 90% of
the time below ouyckes Only for Vo < 6m/s. The
extent of this regime is negligible since the angle of
attack at the end of the laminar bucket (apycke) 1S
typically a small value.

The existence of a region of decreasing relative
drag losses is explained by the behaviour of the lift
and drag characteristics between o,k and ag,. In
this range of angle of attack, the drag coefficient
presents a very weak variation while the lift
coefficient is still increasing with . The minimum
relative drag losses are reached just before the
appearance of angles of attack larger than o
When the blades start to operate beyond the stall
angle of attack, the relative drag losses begin to
significantly increase with the wind speed. The
point of minimum relative drag losses is located at
Veo=11m/s (see Fig. 8) which corresponds
perfectly with the point at which the blades start
to operate beyond ay, (see Fig. 10). The value of the
minimum relative drag losses reached by the rotor
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equipped with NLF blades, Fig. 8, is much larger
than the one produced by the conventional rotor,
Fig. 9. This is expected since the lift coefficients of
the NLF airfoil are lower than those of the
conventional profiles in the range apyerer < @ < gy
Furthermore, the point of minimum relative drag
losses of the NLF rotor occurs at a lower wind
speed than that of the conventional rotor. This is
directly related to the earlier stall of the NLF airfoil
in comparison with the conventional profile.

The variations of the mechanical power pro-
duced by the NLF and conventional rotors pre-
sented in Figures 8 and 9 clearly show that the
conventional airfoils are more efficient than the
NLF profiles at large wind speeds. The NLF
airfoils present better performances only in the
very low speed range, the extent of which is
negligible with respect to the operational wind
speed range of the rotor. This comparison leads to
the conclusion that the use of conventional airfoils
results in more efficient rotors. This can be clearly
understood by the study of the variation of the
drag coefficients of the two types of airfoils
between the stall of the NLF airfoil and the stall
of the conventional profile. In this range, the drag
of the NLF airfoil is much larger than that of
the conventional airfoil. This increase in drag is
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more significant than the typical low drag char-
acteristics within the laminar bucket of a NLF
airfoil. Furthermore, the VAWT blades operate
most of the time at angles of attack larger than
Qpucker SO that the benefits of low drag character-
istics of the laminar bucket tend to be negligible.
On the basis of efficiency, the conventional blades
seem to be more appropriate than the NLF blades.
However, additional considerations, such as the
inherent control characteristics of a rotor, need to
be taken into account for the successful design of a
VAWT. In this respect, the SNLA 0018 NLF
airfoil shows better dynamic-stall regulation char-
acteristics than the conventional NACA 0018
profile.

The conclusions presented so far have been
based on a comparison between the performances
of the Sandia 34-m rotor equipped with either
SNLA 0018/NACA 0021 or NACA 0018/ NACA
0021 blades. In order to generalise these findings in
terms of airfoils and rotor geometries, similar
comparisons are presented for the Sandia 17-m
rotor, Figures 11 and 12, and the Magdalen Islands
rotor, Figures 13 and 14. The general behaviours of
the Sandia 17-m and Magalen Islands rotors are
very similar to those related to the Sandia 34-m
previously discussed.
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5. CONCLUSION

Detailed comparisons of predicted mechanical
power produced by VAWTSs equipped with con-
ventional and NLF airfoils have been presented
and discussed in this work. It has been demon-
strated that the use of NLF airfoils can result in
performance improvements with respect to con-
ventional blades only at very low wind speeds. At
relatively large wind speeds, the conventional
blades are more efficient than the NLF airfoils
because the significant increase in drag associated

to the static stall occurs at a larger angle of attack
for the former. However, the NLF blades designed
at Sandia National Laboratories show better
inherent dynamic-stall regulations than the symme-
trical NACA airfoils at a wind speed of 15my/s.
Detailed results concerning the individual contri-
butions of lift and drag to mechanical power have
been presented. They have revealed useful insights
and tips related to the successful design of VAWTs
equipped with NLF airfoils.
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