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INCLUSION OF NONLINEAR AERODYNAMICS IN THE FLAP CODE

Tim Weber

Solar Energy Research Institute
Golden, Colorado 

ABSTRACT 

Horizontal axis wind turbines usually operate with 
significant portions of the blade in deep stall. This 
contradicts the assumption in the FLAP code that a lin
ear relation exists between the angle of attack and the 
lift coefficient. The objective of this paper is to 
determine the importance of nonlinear aerodynamics in 
the prediction of loads. 

The FLAP code has been modified to include the 
nonlinear relationships between the lift and drag coef
ficients with the angle of attack. The modification 
affects the calculation of the induced velocities and 
the aerodynamic loads. This requires an iterative pro
cedure to determine the induced velocities instead of a 
closed form solution. � more advanced tower interfer
ence model has also been added that accounts for both 
upwind and downwind towe� effects. 

Results from the modified FLAP code were compared 
to the linear version of the FLAP code and field test 
data from the Solar Energy Research Institute Combined 
Experiment wind turbine. Only deterministic effects 
were analyzed. Blade loads, such as root bending 
moment, were examined, as were blade properties, 
including angle of attack and induced velocity. 

The modified FLAP code showed improvement in pre
dicting deterministic blade loads, especially load har
monics, because of both the nonlinear aerodynamics and 
the improved tower interference model. 

HOHENCLATURE 

a = axial induction factor 

a empirical constant c 
B number of blades 

c = chord 

c0 drag coefficient 

C minimum drag coefficient oo 
C lift coefficient L 

maximum lift coefficient 

lift curve slope 

thrust coefficient 

thrust coefficient evaluated at ac 

tip loss factor 

drag polar constant 

P period to make one rotor revolution 

r = local blade radius 

R blade tip radius 

V wind velocity 

a = angle of attack 

partial derivative of C with respect to a T 

e blade twist o + blade pitch 

+ angle between perpendicular and tangential 
blade velocities 

n = rotor angular velocity 

IHTROOUCTIOH 

A previous study (1) suggested incorporating non
linear aerodynamics into the FLAP code. The FLAP code 
assumes a linear relationship between the lift coeffi
cient and the angle of attack, in calculating induced 
velocities and aerodynamic loads (2). However, since 
horizontal axis wind turbines typically operate with 
large portions of their blades in deep stall, this is 
not a valid assumption. 

In this study, the FLAP code was modified to 
include the nonlinear relationships between the lift 
and drag coefficients with the angle of attack. This 
modification involves an iterative procedure for find
ing the induced velocities and requires airfoil lift 
and drag data based on two-dimensional airfoil data. 
Although an earlier study (3) demonstrated that three
dimensional aerodynamic effects are important for 
rotating blades, the methods for determining these 



effects efficiently for a general blade geometry are 
unknown. The FLAP code was originally developed without 
nonlinear characteristics because computers were not 
fast enough to converge on both the equations of motion 
and the induced velocities in a reasonable amount of 
time. Now, the average workplace has a computer that 
can do both of these tasks, hence the improvements in 
this study. With continued advances in computers and 
the state of the art in wind turbine aerodynamics, 
perhaps three-dimensional effects may be added in the 
near future. 

This paper outlines the changes made during the 
FLAP modification. It determines their relative impor
tance by comparing the current FLAP predictions with 
the previous forecasts· and with data obtained from the 
Solar Energy Research Institute (SERI). Combined Exper
iment machine. In this study, only deterministic loads 
were examined. 

OUTLINE OF THE FLAP CODE MODIFICATION 

(Note: This paper provides a concise discussion 
of the FLAP code modifications. For more detailed 
information, readers may examine the references cited.) 

The method f�r calculating the induced velocity 
for the original FLAP code and the modified FLAP code 
is based on the same theory--the modified blade element 
theory oi strip theory (4}. This theory assumes that 
the flow through the rotor can be divided into indi
vidual streamtubes which can be analyzed independently. 
Based on a momentum relation for the flow through the 
rotor, an expression given by Wilson and Walker (5) can 
be used to specify the thrust coefficient CT 

4aF (l-a) 

The relation for the tip loss factor F, given by 
Prandtl (6) follows: 

-B (R-r) 
2/n * -1 F cos [exp ( )) 

2nr sin<!l 

This data can be related to the blade element thrust 
coefficient as 

Bc (l-a)2 CL cos<!l 

where 

• -l V (l-a)
.. tan (---an-) 

C C (a) L L

The difference in the two codes arises when deter
mining the lift coefficient. The original FLAP code 
assumes that there is a linear relationship between the 
lift coefficient and the angle of attack, such that: 

C C a L La•

up to a point Ctm. , where the lift coefficient becomes ax 
a constant equa to C h h' 1 · · d � • W en t 1s re at1on 1s use 
in the thrust coeff1c1:nt relations, a closed form 
solution can be obtained (2) for the axial induction. 
The aerodynamic loads are also determined from this 
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linear lift relation, along with the drag polar 
relation: 

However, the modified version does not make this 
assumption. Instead, it allows the lift coefficient to 
vary nonlinearly with the angle of attack. A solution 
for. the axial induction can only be found through 
iteration by this method. The lift and drag coeffi
cients used for determining the axial induction and the 
aerodynamic forces are calculated from curve fits of 
airfoil data. Figures 1 and 2 show lift and drag 
coefficients for the S809 airfoil, respectively (7). 
The S809 airfoil is used in the Combined Experiment 
turbine for comparison later in this paper. The curve 
fit used by the modified FLAP code and the linear fit 
used by the original FLAP code are also shown. 

The Prandtl. tip loss factor, which accounts for 
the circulation generated by flow around the blade tip, 
is determined in the same iterative procedure as the 
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axial induction since it is a function of the same var
iables. Other tip loss models exist, but the Prandtl 
method is the most computationally efficient (5), and 
lacking experimental results to favor one model over 
another, it is used here. 

The original FLAP code used a wedge-shaped wake 
for its tower shadow model along with a cosine-shaped 
velocity deficit distribution. This acted as an 
impulse excitation as the entire blade would enter this 
region at the same blade azimuth angle. The modified 
FLAP code used a square-shaped wake with a cosine 
squared velocity deficit. This model has the advantage 
that the blade slowly enters the wake region, with the 

.inboard section entering first and then progressidg 
outward. Figure 3 compares the two tower interference 
models. 

Overall, the modified FLAP code has four signifi
cant changes: 

(1) iteration of the axial induction based on nonlinear 
aerodynamics 

(2) aerodynamic forces based on nonlinear aerodynamics 

(3) improved tower interference model 

(4) tip loss model. 

TURBINE DESCRIPTION 

Data used for comparison in this study was ob
tained from the SERI Combined Experiment turbine. Th� 
turbine is a three-bladed, rigid hub, downwind machine 
with a diameter of 10 m. It rotates at 72 rpm, and the 
entire blade is pitchable. Extensive measurements were 
made, but only angle of attack and lift coefficient at 
the 80% radius, root bending moment, pitch setting, and 
hub height wind speed were used in this study. A com
plete turbine and data acquisition description was 
reported by Butterfield (7). 

RESULTS 

In this study, three cases were examined. All 
three were sampled at 522 Hz and decimated to 26. 1 Hz. 
The first case was a 10-min segment that had a mean hub 
height wind speed of approximately 12. 2 m/s and a mean 
pitch angle of 14.0 deg. The second case was at a 
higher wind speed where the nonlinear effects should be 
more pronounced since a greater portion of the blade is 
in stall. This 38-s case, which was taken from a por
J;i()n of t!t� n�!!� case had a mean hub height wind. ! 

Original FLAP code Modified FLAP code 

yUco yUco

�··�� �� area ---._ / /; / 

UIU-1.0� "'"-'·'�0.9 0.9 

0.8 -· 0.8 

Cosine deficit Cosine squared deficit 

Fig. 3 Tower interference models 

�
I c .. 

speed of. 19.8 m/s and a mean pitch angle of 14.7 deg. 
The third case was a 10-min segment that had a mean hub 
height wind speed of 9. 4 m/s and a mean pitch angle of 
12.0 deg. All three cases had a power law shear expo
nent of approximately 0. 158. 

Figure 4 shows the predictions of the original 
FLAP code and the modified FLAP code root bending 
moment and the azimuth averaged data from the 12.2 m/s 
wind speed of case 1. Figure 5 shows their Fourier 
harmonic content. The zero period component refers to 
the mean value. The effect of the original FLAP's 
tower model can be seen in the overexcitation of the 
4P harmonic. This occurs because the entire blade 
enters the tower shadow region at the same time, acting 
like an impulse exciting the blade natural frequency 
which is at approximately 4P. The improved tower 
interference model was substituted into the original 
FLAP code to examine the effects of the nonlinear aero
dynamics and the tip loss model. The predictions are 
shown in Figures 6 and 7. Both the original and the 
modified FLAP codes have about the same amount of ener
gy in the 2P, JP, and 5P harmonics. The modified FLAP 
code has more energy in the 4P and the original FLAP 
code has more in the lP harmonic. The modified FLAP's 
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higher 4P energy content is due to the more responsive 
induced velocity. Figure 8 shows the induced veloc
ities calculated by the two codes at 80% blade radius. 
The iterative-induced velocity is sensitive to the 
blade-flapping velocity and consequently adds excita
tion to the blade natural frequency, which happens to 
be at 4P. The closed-form-induced velocity is calcu
lated independently of the blade motion and responds 
only to wind variation. This results in more lP energy 
from the wind shear. The spike seen in both figures at 
a blade position of 180 deg is due to the tower shadow. 
The original FLAP code's induced velocities are lower 
in magnitude, which results in a higher angle of attack 
and consequently higher lift coefficients. Higher lift 
coefficients inboard on the stalled portion of the 
blade, where a constant lift coefficient is assumed 
(see Figure 1), result in·a prediction of a higher mean 
value for the bending moment. The Prandtl tip loss 
model also accounts for some load prediction differ
ence. This effect is not uniform about the rotor disk, 
as can be seen in Figure 9. The tip loss factor 
increases as the wind speed decreases, which in turn 
reduces the lP harmonic caused by wind shear and the 
2P harmonic caused by the tower shadow. 

'�'l''n"�'n"�'r"�ir<n"''n"''n"Tin"''n"''n"''ni<o<n"''n"�'n'l�" 
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Figure 10 shows the comparison of the root benaing 
moments for the 19.8 m/s high wind speed case (case 2). 
Both the modified and the original FLAP code have the 
improved tower shadow model. The original FLAP code 
appears to make a good prediction both in mean and 
cyclic values. In this high wind speed case, nearly 
90% of the blade is in stall, and the original FLAP 
code has a constant lift coefficient distribution in 
this region. The cyclic variation is driven only by 
the tip as the blade passes through the wind shear and 
tower wake. The modified FLAP code has a lower mean 
bending moment. This is expected since the nonlinear 
lift coefficient is lower than the constant C in Lma 
the stall region. The modified FLAP code shows 'ess 
cyclic variation. Figure 11 shows the lift coefficient 
distribution over the blade for two azimuth locations, 
90 deg and 180 deg, when the blade is horizontal to the 
ground and straight down in the tower shadow, respec
tively. The point with the maximum lift coefficient 
moves inward and broadens as the wind velocity 
decreases. The effect is to reduce the amount of exci
tation since the overall force does not vary signifi
cantly. A possible explanation for the larger response 
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observed in the data is dynamic.stall, or stall hyster
esis. Figure 12 shows the azimuth averaged lift coef
ficient at the 80% radius from the combined experiment 
for the 19.8 m/s case. Notice the spike just past the 
180-deg blade location, which indicates the potential 
for dynamic stall because the angle of attack rapidly 
increases as the blade exits the tower shadow region. 

Figures 13 and 14 show the root bending moment 
azimuth averaged and harmonic content, respectively, 
for the 9.4 m/s case (case 3). Both the original and 
the modified FLAP have the same improved tower shadow 
model. This lower wind speed case should show fewer 
dissimilarities between the two codes since the blades 
are almost completely in the linear region of the aero
dynamics. All the predicted harmonics are approxi
mately the same except at the blade natural frequency, 
where the modified FLAP overpredicts the harmonic con
tent. This response is probably caused by the more 
responsive induced velocity calculation. 
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CONCLUSIONS 

Adding nonlinear aerodynamics into the FLAP code 
is an important step. The linear version of the FLAP 
code made many assumptions that restricted its use. The 
nonlinear aerodynamics allow the nonlinear Prandtl tip
loss relation to be included in the code. Using curve 
fits of two-dimensional airfoil data produces more 
accurate lift and drag values in the nonlinear version. 
In addition, the relation for the induced velocities 
does not have to be truncated in the nonlinear version 
of FLAP as it was in the linear version. 

In this study, results from the modified FLAP code 
were compared with results from the original FLAP code 
and three data sets from the SERI Combined Experiment 
turbine. The modified FLAP code showed improvement in 
bending moment predictions because of four changes made 
in the code: 

• The improved tower shadow model is a definite 
improvement. It allows the blade to slowly enter 
the cosine-squared-shaped tower wake, unlike the 
old model that acted as an impulse to the blade. 
This modification reduces the excitation at the 
blade natural frequency. 

• The Prandtl tip loss model added to the modified 
FLAP code was also an improvement. The original 
FLAP code assumed unaffected lift all the way to 
the tip of the blade. In reality, some loss must 
occur because of the circulation about the blade 
tip. The tip loss model reduces the mean loads and 
slightly diminishes the lP component due to wind 
shear and the 2P component due to tower shadow • . . 

• The calculation of induced velocities and blade 
loads due to nonlinear aerodynamics is also an
improvement. The iterative solution to the induced 
velocities is more sensitive to blade motions than 
the closed form solution. This is a quasi-steady 
calculation that assumes the induced velocities 
change instantaneously. Actually, there will be a 
transient response, which may damp out the change 
or cause a phase shift in the induced velocities. 
This action becomes more important as the blade 
frequency increases. However, the sensitivity seen 
in the iterative solution due to blade motion is
not evident in the data, at least for the Combined 
Experiment rotor. 

• The more accurate calculation of the induced veloc. 
ity results in ·longer computation time as ·the solu� 
tion. is iterative., Generally� the modified FLAP 
code .·take's . approxtmately five times the computer 
time to achieve a solution than the original FLAP 
code, 

• The nonlinear aerodynamics allows the blade to 
respond to stall, which the original FLAP code did 
not do. Therefore, the reliability of two
dimensional airfoil data for a rotating blade is 
questionable. Phase II of the SERI Combined Experi
ment may help researchers to understand the behav
ior of three-dimensional lift and drag because the 
experiment will be more extensively instrumented. 

• Future improvements should include adding an un.
steady aerodynamic model for the induced velocities 
and incorporating three-dimensional lift and drag 
characteristics into the modified FLAP code. 
Dynamic stall and stall hysteresis should also be 
added, since dynamic stall was noticed in the high 
wind speed case. 
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