
Current Applied Physics 10 (2010) S311–S315
Contents lists available at ScienceDirect

Current Applied Physics

journal homepage: www.elsevier .com/locate /cap
Numerical analysis on the aerodynamics of HAWTs using nonlinear vortex
strength correction

Hogeon Kim a,*, Seoungmin Lee a, Soogab Lee b

a Department of Mechanical and Aerospace Engineering, Seoul National University, Gwanak-ro, Gwanak-gu, Seoul 151-742, Republic of Korea
b Institute of Advanced Aerospace Technology, Department of Mechanical and Aerospace Engineering, Seoul National University, Gwanak-ro, Gwanak-gu, Seoul 151-742,
Republic of Korea

a r t i c l e i n f o a b s t r a c t
Article history:
Received 16 December 2008
Accepted 9 June 2009
Available online 1 December 2009

Keywords:
Turbine aerodynamics
Horizontal axis wind turbine
Vortex lattice method
1567-1739/$ - see front matter � 2009 Elsevier B.V. A
doi:10.1016/j.cap.2009.11.033

* Corresponding author. Fax: +82 2 876 4360.
E-mail address: hgmania1@snu.ac.kr (H. Kim).
Nonlinear vortex strength correction method (NVCM) based on potential flow, is developed for improve-
ment of vortex lattice method which has difficulties to predict the separated flow conditions and the vis-
cous effect. In this method, the bound vortex strength is determined by matching the lift force from VLM
with the lift force from aerodynamic coefficients table as the same value of circulation is added to or sub-
tracted from all chord wise vortices. For considering the nonlinearities due to the neighboring sections of
the blade, sophisticated Newton–Rapson algorithm is applied. The validation of this method was done by
comparing the simulations with the measurements on the NREL Phase-VI horizontal axis wind turbine
(HWAT) in the NASA Ames wind tunnel under uniform and yawed flow conditions. This method gives
good agreements with experiments in most cases.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The wind energy industry has been growing rapidly since the
mid-1990s [1] because of its technical maturity and economical
feasibility which are greater than that of other new and renewable
energy.

However, the wind energy is not able to replace conventional
energy because of comparatively high cost. In recent years, numer-
ous researches and developments have attempted to enhance the
economical competitiveness of wind energy. Especially many stud-
ies have been devoted to develop the design tools which are robust,
reliable and cost effective.

In aerodynamic part, the blade element momentum theory
(BEMT) has been generally used because of simplicity to apply
and low computational cost. However, the BEMT has some limita-
tions to consider unsteady effect, 3-dimensional effect and interac-
tion among blade elements [2]. Computational fluid dynamics
(CFD) which has high level governing equations such as Navier–
Stokes equations does not have these limitations. But, its computa-
tional cost is higher than other numerical methods.

The vortex method, based on the potential flow, is an alterna-
tive method for aerodynamic design. The dynamic inflow and
skewed wake effect can be considered as vortex wakes. Moreover,
ll rights reserved.
the computational cost of this method is relatively appropriate.
Therefore, the vortex method has recently been used as an aerody-
namic design tool instead of the BEMT.

However, the vortex method cannot consider viscous effects
such as skin friction and form drag due to inherently assumption
of potential flow. Therefore, a two-dimensional table look-up pro-
cedure is generally used [3]. In separated flow, bound circulations
cannot be predicted correctly by the vortex method. For this rea-
son, incorrect effective angles of attack and incorrect aerodynamic
coefficients are found by this procedure.

A new methodology, the nonlinear vortex correction method
(NVCM), was developed for solving the problems. The lift from
the vortex lattice method (VLM) is matched to that from the
two-dimensional aerodynamic coefficient table and the circula-
tions on the blade surface are corrected along the spanwise sec-
tions. For validation of this method, the NVCM was applied to a
NREL phase VI rotor [4,5]. Good agreements with the experiments
were obtained.
2. Methodology

The VLM is unable to consider airfoil thickness and viscous ef-
fect. Therefore, if curing is not, one can find differences between
sectional lift from the VLM and that from the table look-up proce-
dure. For this reason, the modification of sectional bound vortex
strength by matching sectional loads from each method is re-
quired; that is the core of the NVCM.

http://dx.doi.org/10.1016/j.cap.2009.11.033
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Fig. 1. Shaft torque with various methods.
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2.1. Unsteady vortex lattice method

Before applying the NVCM, the unsteady VLM is used for initial
lift calculation. The blade surface is represented by a vortex lattice,
square vortex rings. No penetration conditions are applied to each
control point of vortex rings, after which linear equations are
obtained.

Xn

j¼1

ai;jCj þ ð~Uwind þ ~wwake þ~r � ~XÞi

" #
�~ni; ð1Þ

where ai,j is an influence coefficient by the j-th vortex ring on the i-
th control point; Cj is unknown vortex ring circulation; ~Uwind and
~wwake are the free stream velocity and induced velocity by wakes,
respectively; ~ni and ~r are a normal vector and position vector of
the i-th control point, respectively; and ~X is the rotational velocity
of the wind turbine. One can find C from Eq. (1) then calculate the
aerodynamic load using by the Kutta–Joukowski theorem. In order
to include the unsteady effect, the time-marching free wake is ap-
plied (see more details in Ref. [8]).

2.2. Airfoil data table look-up procedure

The local effective angle of attack on each section is calculated
by the VLM at the center of the leading edge line of the leading
edge vortex ring. Then, forces at the strip from airfoil data are
obtained.

dL ¼ 0:5qV2ClðaÞdA; dD ¼ 0:5qV2CdðaÞdA; ð2Þ

where V is the onset velocity; dA is the strip area; Cl and Cd are aero-
dynamic coefficients; and a is the angle of attack. a is defined by

a ¼ arctanðuz=uyÞ � ðbþ /Þ; ð3Þ

where uz and uy are components of the total velocity calculated by
VLM, b is the blade pitch angle, and / is the local twist angle.

A three-dimensional stall delay model is applied to the two-
dimensional aerodynamic coefficients of Ref. [6]. For the three-
dimensional stall delay model, AirfoilPrep of the 3D Stall work-
sheet applying the Selig and Eggars adjustments is used [7].

2.3. The nonlinear vortex correction method

This method is summarized as follows:

Initial stage : if F ¼ dLvortex lattice � dLTable Look�Up – 0
then Cinitial � DC! Cmodified

Final stage : F ! 0; then use Cmodified;

where dLvortex lattice and dLTable Look–Up indicate sectional lift from the
VLM and table look-up procedure, respectively; and C indicates
bound vortex strength of each blade strip. F is modified to be zero
by using the addition or subtraction of equal value along all chord-
wise bound vortices in one section, from initial bound vortex
strength.

However, the bound vortex strength is connected nonlinearly
with the angle of attack in this process due to neighboring blade
strips. For this reason, this process should be represented by a non-
linear system of equations:

F1ð~xÞ ¼ ðdLvortex latticeÞ1 � ðdLTable Look�UpÞ1
F2ð~xÞ ¼ ðdLvortex latticeÞ2 � ðdLTable Look�UpÞ2
..
.

Fnð~xÞ ¼ ðdLvortex latticeÞn � ðdLTable Look�UpÞn

ð4Þ

where
~x ¼ ðx1; x2; . . . xnÞ
x1 ¼ DC1; x2 ¼ DC2; . . . ; xn ¼ DCn;

Subscript n is a number of blade spanwise sections, xi represents
the difference between the initial and modified sectional bound
vortex strength, DC. The vector form of the preceding equation is
represented as

~Fð~xÞ ¼ 0: ð5Þ

To solve this equation, a sophisticated Newton–Raphson itera-
tive algorithm [8] is used. Results from the VLM are used for rea-
sonable initial conditions. To eliminate a tendency to wander
from the solution of equations in any conditions, the rapid local
convergence algorithm and a globally convergent strategy [9] are
applied.
3. Results and discussion

The validation of the NVCM is done by comparing the simula-
tions with measurements on the NREL Phase-VI rotor performed
in the NASA Ames wind tunnel [10–12].

Fig. 1 shows the low speed shaft torque. The results calculated
by the NVCM are in good agreement with the experiments. The ta-
ble look-up procedure overpredicts the torque at wind speeds of 7,
10, 13, and 15 m/s.

Fig. 2 indicates radial distributions of the effective angle of at-
tack and lift and drag coefficient, which were calculated by the
VLM and NVCM at each wind speed. At wind speeds 13 m/s, the
flow condition is partially separated along the blade. In these con-
ditions, the lift force from the VLM is larger than that from table
look-up because lift from the VLM continuously increases regard-
less of flow separation (see Fig. 2). Therefore, in order to equalize
the lift from the VLM to that from the aerodynamic coefficients ta-
ble, the bound vortex strength should be decreased through the
NVCM (see Fig. 3(a) and (b)). Consequently, larger downwash
due to larger bound vortex strength causes table look-up to predict
lower effective angles of attack than the NVCM (see Fig. 2). The
lower angle of attack causes table look-up to produce lower drag
coefficients in the aerodynamic coefficients (see Fig. 2). In conclu-
sion, table look-up overpredicts shaft torque because of the lower
drag coefficient at wind speeds of 13 and 15 m/s.
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Fig. 2. Radial distribution of lift and drag coefficient (left) and angles of attack (right) at 13 m/s and zero yaw.

Fig. 3. Bound vortices distribution at 13 m/s and zero yaw.
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Fig. 4 shows the sectional normal force coefficient and tangen-
tial force coefficient at the partially separated condition of 13 m/s.
Because CN is mostly affected by lift coefficient and the lift force is
not sensitive to the angle of attack variation, the sectional normal
force coefficient calculated by NVCM is similar to that of table
look-up procedure, even though table look-up predicts lower effec-
tive angles of attack. However, because the slope of the drag coef-
ficient is steep after stall in 13 m/s of wind speed and the effective
angle of attacks of table look-up than that of NVCM, CT calculated
by the NVCM are mostly in good agreement with experiment.

By comparison with the low speed shaft torque of the experi-
mental result in yaw error case, the NVCM calculates good predic-
tions as the results calculated by that are in good agreements in the
uniform flow condition. Fig. 5 indicates the low speed shaft torque
at wind speeds of 10 and 15 m/s with yaw error of 10, 20, 30, 45
and 60 degree.
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Fig. 5. Shaft torque in various yaw error conditions.
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4. Conclusions

The NVCM, in which the lift force from the VLM is matched to
that from table look-up through the adjustment of circulations,
has been developed. This numerical method can predict the flow
around the blade properly in the separated flow condition. In this
method, the distributions of bound vortices are determined by
the VLM. A sophisticated Newton–Rapson algorithm is applied in
order to consider the nonlinearities between one section and the
other sections.

Experiments with the NREL Phase-VI rotor have been compared
with the calculations of the NVCM. The results from the NVCM are
in better agreement with experiment than those by table look-up.
Especially, when the flow around the rotor is partially separated
(10 m/s, 13 m/s, and 15 m/s), the NVCM gives reasonable agree-
ment with experiment. However, table look-up cannot give the
proper results because the lift from potential flow without bound
vortex strength corrections is greater than that of the real flow
field.
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