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Abstract 
 
The blade-tower interaction of upwind horizontal axis wind turbines has become important to aerodynamic loading as the systems be-

come larger. However, there are not enough studies describing these phenomena. To investigate this interaction, we performed numerical 
simulations for uniform, yawed, wind shear flow conditions, and various tower cases using the nonlinear vortex correction method with 
time-marching free wake. At 5 m/s, the change in the normal force coefficient is approximately 10% of the average. The blade root re-
gion has a larger azimuth range of the interaction and a bigger change in aerodynamic loading. The blade-tower interaction decreases as 
the yaw error and wind shear exponent increases. The interaction due to tower radius variations is higher than that due to tower clearance 
variations. With regard to stochastic load, the blade-tower interaction may affect the total fatigue load at low wind speed and in a more 
unstable atmospheric condition.  
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1. Introduction 

The rotor blades of a horizontal axis wind turbine (HAWT) 
have become significantly larger, from a rotor diameter of 24 
m in the 1960s to more than 120 m in the mid-2000s [2, 3]. 
This causes modern multi-megawatt wind power systems to 
experience more complex flow conditions including varying 
wind speed, yaw error, wind shear (ground boundary layer 
velocity profile), blade-tower interaction, atmospheric turbu-
lence, dynamic inflow, and dynamic stall [4]. It is very diffi-
cult to predict the unsteady aerodynamic response of systems 
due to these complicated unsteady flow conditions. Although 
there have been many experimental and numerical studies on 
this subject, a thorough understanding of unsteady aerody-
namics and its effect on wind turbine systems has not been 
realized.  

Blade-tower interaction was not critical when the rotor 
blade was not large and elastic compared to modern multi 
megawatt wind turbine. However, it has become important to 
consider blade-tower interaction and its effects on turbine 
systems [5-7]. Although reduced velocity due to the tower is 
small compared to the downwind type, the interaction of the 

upwind type is a complex aerodynamic problem because a 
high degree of nonlinearity affects the forces on the system 
during the tower passage. Therefore, a prediction of aerody-
namic loading must consider the blade-tower interaction. 

Most studies of the blade-tower interaction are limited to 
downwind HAWTs. Few studies have been performed on the 
effect of upwind HAWT blade-tower interaction on aerody-
namic loading for various wind and tower conditions. Jean-
Jacques Chattot developed an unsteady vortex method that can 
consider tower interference of upwind turbines [7] and blade 
flexibility. A numerical study of fatigue load from blade-tower 
interaction in yawed flow and for tower distance variations 
was done by C. Back et al. [5] without numerical validation.  

We developed an appropriate numerical tool to capture the 
blade-tower interaction and to perform parametric analysis for 
various wind and tower conditions. In this study, we used the 
unsteady vortex lattice method (UVLM) based on potential 
flow with a time-marching free wake, and the nonlinear vortex 
correction method (NVCM) [8] for aerodynamic analysis. 
Simulations of blade-tower interaction over the NREL (Na-
tional Renewable Energy Laboratory) Phase VI rotor turbine 
are presented considering wind shear, yaw error, distance 
from blade to tower, and the size of the tower. 

 
2. Nonlinear vortex correction method 

Thickness and viscous effects cannot be considered by the 
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UVLM based on potential flow. Therefore, a two-dimensional 
(2-D) table look-up procedure is generally used [9, 10] to con-
sider these effects. In this procedure, the Reynolds number 
and the effective angles of attack are needed for the aerody-
namic calculation, and these data are taken from the UVLM. 
However, this procedure has the problem that the UVLM 
evaluates the bound circulations on the lifting surface without 
regard to thickness and viscous effects. Thus, an incorrect 
effective angle of attack is evaluated, and the subsequent table 
look-up procedure computes incorrect aerodynamic coeffi-
cients. This problem is corrected through modification of the 
sectional bound vortex strength by matching the sectional lift 
from each method; this is the core of the NVCM approach [8]. 

 
2.1 Unsteady vortex lattice method 

The UVLM is based on the potential flow condition. The 
governing equation of irrotational, incompressible, and invis-
cid flow is the Laplace equation: 

 
2 0.∗∇ Φ =

 
 (1) 

 
To solve the Laplace equation, elementary solutions of the 

equation that satisfy the boundary condition are superposed. 
The boundary condition of a rigid body requires the normal 
component of velocity to the surface to be zero: 

 
0BV n⋅ =

 
 (2) 

B body wakeV =V +V +V -Ω×r∞

 
 (3) 

 
where VB is the total velocity of the body, V∞ is the free 
stream velocity, Vbody is the induced velocity by body singu-
larities, Vwake is the induced velocity by wake, Ω is the rota-
tional velocity, and r is the position vector on the blade. 

To numerically solve Eq. (2), the blade is discretized into a 
set of quadrilateral vortex rings. A quadrilateral vortex and a 
source of constant strength are used to model the tower’s sur-
face. A linear system of equations that has unknown variables 
representing the circulation strength of the body panels was 
obtained using Eq. (2). The linear system can then be solved 
using lower-upper (L-U) decomposition. 

There are three aerodynamic effects of blade-tower interac-
tion. The first is the effect of induced velocity by tower on the 
circulation distribution, that is, Vbody of Eq. (3) on the blade 
vortex panel is changed by tower (changes in the right hand 
side of linear equations). The second is the changes of influ-
ence coefficients due to distance between a tower and a blade 
(changes in the left hand side influence matrix of linear equa-
tions). The last is the effect of collision between wakes and a 
tower. These effects make the aerodynamic load by the blade-
tower interaction.  

The wake shed from the trailing edge of a rotor blade is de-
scribed using a vortex ring to predict distorted wake convec-
tion. The circulation strength of the latest wake panel is equal 
to the strength of the trailing edge panel that was computed in 

the previous time step. This is the unsteady Kutta condition:  
 

W T .E .t t t∆
Γ Γ

−
=

 
 (4) 

 
At each time step, the free wake moves with the total con-

vected velocity that is calculated at each vortex ring corner. Fig. 
1(a) and (b) show a schematic front and side view that wake s 
are collided with a tower. When a line of quadrilateral vortex 
collides with a tower, the wake element will be declared. The 
dotted lines of Fig. 1(a) and (b) mean the declared line that 
collided with a tower. The wake element, which is declared to 
be in collision with the tower, is excluded from the induced 
velocity calculation of the wake element. Finally, using the 
unsteady Bernoulli equation and the pressure difference, the 
aerodynamic load on the blade panel can be computed. 

 
2.2 Table look-up procedure 

According to Prandtl’s hypothesis, the lift of each spanwise 
section of a finite wing is equivalent to that of the same sec-
tion of an infinite wing if the local angle of attack of the finite 
wing is equal to that of an infinite wing [11]. However, there 
are some discrepancies between 2-D airfoil data and three-
dimensional (3-D) sectional data due to stall delay and tip loss. 
In this research, AirfoilPrep of the 3D Stall worksheet [12] 
was applied to the two-dimensional aerodynamic coefficients 
which were acquired by the wind tunnel experiments in a 
Reynolds number of 106 [17, 19] because of the difference due 
to stall delay. The local effective angle of attack and the Rey-
nolds number (RE) were calculated using the UVLM. Then, 
the aerodynamic coefficients were obtained by interpolating 
from the airfoil data table according to the calculated effective 
angle of attack and the Reynolds number. Finally, the aerody-
namic forces of each section were calculated using Eq. (5):  

 
2

l
2

d

dL 0.5 V C ( ,RE )dA

dD 0.5 V C ( ,RE )dA

ρ α

ρ α

=

=
  (5) 

 
where V is the onset velocity of the strip, dA is the strip area, 
Cl and Cd are aerodynamic coefficients, and α is the effective 
angle of attack. 

 
2.3 Nonlinear vortex correction method 

As each sectional lift from the UVLM and the table look-up 
procedure are matched, the sectional bound vortex strength 
can be corrected. This method is summarized as follows:  

 
UVLM table   look up

initial mod ified

mod ified

Initial   stage : if   F dL dL 0

then : 

Final stage : If F 0,then  use 

Γ ∆Γ Γ

Γ

−= − ≠

± →

→

  

 
where dLUVLM and dLtable look-up indicate sectional lift from the 
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UVLM and the table look-up procedure, respectively, F is the 
difference between these two values, and Γ indicates the bound 
vortex strength of the blade spanwise section. In other words, if 
F is not zero, F is modified to be zero using the addition or 
subtraction of a suitable value, which has equal value in one 
span wise section. The bound vortex and the angle of attack are 
nonlinear with respect to each other. Therefore, this process 
must be represented by a nonlinear system of equations:  

 
UVLM 1 table look -up 1

UVLM 2 table look -up 2

n UVLM n table look -up n

F ( ) ( dL ) ( dL )

F ( ) ( dL ) ( dL )

F ( ) ( dL ) ( dL )

= −

= −

= −

1  

2  

 

x

x

                                           
x

  (6) 

 
where x1=∆Γ1, xn=∆Γn and x=(x1, x2, , xn). Subscript n is 
the total number of blade spanwise sections. The vector form 
of Eq. (6) is given by 

 
( ) 0.=F x   (7) 

 
Eq. (7) can be solved by applying by a sophisticated New-

ton-Raphson iterative method with a rapid local convergence 
algorithm and a globally convergent strategy [13]. 

 
3. Validation of the proposed numerical method 

The rotor configuration of the NREL Phase-VI S sequence 
was used for the simulation of blade-tower interaction. The 
NREL Phase-VI turbine [16-18] has a rotor diameter of 
10.508 m, and a tower with a diameter of 0.6096 m at the base 
and 0.4064 m at the top. The basic machine parameters are 
showed in Tables 1 and 2. The blade uses a S809 airfoil at all 
span locations.  

Every calculation was performed on 20 vortex lattices along 
the radial directions and on two vortex lattices along the 
chordwise directions. The tower consists of 18 circumferential 
lattices and 24 longitudinal lattices. The number of azimuth 
locations per blade revolution is 60; i.e., the azimuth angle of 
each step is 6 (see Fig. 1(c)). 

The comparison of low speed shaft torque between simula-
tions and the NREL Phase-VI experiment is shown in Fig. 2. 
Fig. 3 show Cn and Ct at 7 m/s of wind speed. The results cal-
culated by the proposed method (considering the tower) are in 
good agreement with the experimental results. However there 
is no significant disparity whether the tower is included or not, 
because the blade-tower interaction in the upwind configura-
tion occurs in an instant, and represents a very small portion of 
the averaging or integrating value. 

The time history of Mfb of the NREL Phase VI S sequence 
[16] was compared with the results of the proposed method 
for head-on flow of 5, 8, and 10 m/s (see Figs. 4) and 5 , 10 , 
and 20 of yaw error at 5 m/s (see Figs. 5). The difference 
between Mfb of simulation and Mfb of prediction at180 of 
azimuth angle is about 20 Nm, and the phase difference is 
4 in all yaw error cases. The deficits of Mfb at each wind 

speed and yaw error were accurately predicted using the pro-
posed method. Given these interpretations of our results, it is 
highly probable that this method can be used for qualitative 
parametric study. 

    t1

t2

Tower
t3

t4

t5

 
             (a)                       (b) 

 

 
(c) 

 
Fig. 1. Schematic view of blades and tower vortex lattices and wake 
panels for simulation: (a) front view of wake collision with tower; (b) 
top view of collision with tower; (c) whole panel system of wakes, 
blades and tower: spanwise-20 panels, chord wise-2 panels, 60 steps 
per 1 revolution. 
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Fig. 2. Low speed shaft torque in various wind speed: OVERFLOW-D 
and EllipSys3D are CFD solver. PHATAS’s, Shin’s and CAMRAD2’s 
results are based on potential flow. 
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Fig. 3. Cn and Ct at 7 m/s, head-on flow: OVERFLOW-D and is CFD 
solver. Shin’s and CAMRAD2’s results are based on potential flow. 
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4. Numerical simulations 

4.1 Head-on flow 

The effective angle of attack distribution at a wind speed of 
5 m/s is shown in Fig. 6. Fig. 7 represents the normalized in 
coming velocity of in-plane and out-of-plane velocities for 
r/R=0.9. As seen in Figs. 6 and 7, the blockage effect of the 
tower reduced the out-of-plane velocity, and then the effective 
angle of attack. In contrast, when the blade section approaches 
the tower, the incoming in-plane velocity is increased, and 

when the blade section moves away from the tower, the in-
coming in-plane velocity is decreased. These phenomenon 
change the aerodynamic loading at each blade section. 

The change in the angle of attack by the blade-tower inter-
action at the blade root region was greater than that on the 
outer part (see Fig. 8) because the blade-tower interaction of 
the blade tip region is limited to a small fraction of the blade 
cycle. The standard deviation of the effective angle of attack 
increased as the wind speed increased because the wind speed 
deficit by the tower increased with wind speed. The normal 
forces acting on the blade at each section (r/R=30% and 75%) 
are plotted in Fig. 9. In opposition to the change in the effec-
tive angle of attack, the change in Cn decreased as the wind 
speed increased; this is because when the wind speed was 
greater than 15 m/s, the flow was partially or totally separated 
along the blade. In this case, the lift and drag did not change as 
much as the change in angle of attack. As seen in Fig. 9, Fig. 
10 and Table 3 show that the response of the blade-tower in-
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              (a) 5 m/s                  (b) 8 m/s 
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(c) 10 m/s 

 
Fig. 4. Comparison of prediction and experiment of Mfb at various 
wind speed in head on flow condition. 
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            (a) yaw=5˚                (b) yaw=10˚ 

 

Azimuth angle [deg]

R
oo

tf
la

p
be

nd
in

g
m

om
en

t[
N

m
]

0 60 120 180 240 300 360

850

900

950

1000

1050

1100

1150
NREL Phase-VI
Present without tower
Present with tower

 
(c) yaw=20˚ 

 
Fig. 5. Comparison of prediction and experiment of Mfb at various yaw
errors in 5 m/s: phase difference between predictions and experiments is 4˚.

 

Table 1. Phase VI turbine machine parameters. 
 

Rotor diameter 10.058 m Rated power 19.8 kW 

Hub height 12.192 m Tilt 0˚ 

Rotational Speed 71.63 RPM Cone 0˚,3.4˚,18˚ 

Cut-in speed 6 m/s Tower  
diameter 

0.6096 m(base), 
0.4064 m(top)

Power  
regulation Stall Tower  

clearance 1.401 m 

 
Table 2. Chord and Twist distribution of the NREL Phase VI blade. 
 

Radial  
distance(m) r/R(-) Chord(m) Twist(˚) 

1.257 
1.952 
2.343 
2.867 
3.185 
3.476 
3.781 
4.023 
4.391 
4.696 
5.000 

0.250 
0.388 
0.466 
0.570 
0.633 
0.691 
0.752 
0.800 
0.873 
0.934 
0.994 

0.737 
0.666 
0.627 
0.574 
0.542 
0.512 
0.482 
0.457 
0.420 
0.389 
0.358 

20.040 
7.979 
4.715 
2.083 
1.115 
0.494 
-0.015 
-0.381 
-0.920 
-1.352 
-1.775 

 
Table 3. Normal force coefficient in head on flow condition. 
 

Wind speed 
[m/s] r/R(-) Cn average ∆Cn/mean Cn 

5 

0.30 
0.50 
0.75 
0.95 

0.360 
0.540 
0.504 
0.435 

0.172 
0.100 
0.074 
0.062 

15 

0.30 
0.50 
0.75 
0.95 

1.775 
1.366 
0.918 
0.875 

0.026 
0.022 
0.0052 
0.077 

20 

0.30 
0.50 
0.75 
0.95 

2.035 
1.540 
0.875 
0.719 

0.029 
0.024 
0.023 
0.0053 
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teraction was small on the outer part of the blade. 
With regard to fatigue load, in downwind type the deviation 

of Cn and r/R=0.3 (see Ref. [14]); however, in the upwind type, 

the deviation was about 0.057 at 10 m/s and r/R=0.3 (Fig. 
9(a)). Although the effect of blade-tower interaction of the 
upwind type was much smaller than that of the downwind 
type, it can be seen in Ref. [5] that the tower contributed 10% 
to the total fatigue loading. As seen in Table 3, at 5 m/s and 
for a fully-attached flow condition, the change in the normal 
force coefficient (Cn max- Cn min) normalized to the average 
value for all spanwise sections was approximately 10%. That 
is about 3.2% at 15 m/s for a partially separated flow, and 
about 2% at 20 m/s for a fully stalled condition. Fig. 10 de-
scribes CMfb and σMfb normalized to the average value. The 
effect of blade-tower interaction for a specific wind speed 
condition cannot be compared to that of other wind speed 
conditions because Mfb increased with wind speed. However, 
σMfb normalized to the mean value decreased as the wind speed 
increased up to 15 m/s. At wind speeds of 10 m/s and 15 m/s, 
the flow condition partially separated and the condition at 20 
m/s was fully separated. In the partially separated condition, 
lift and drag did not change dramatically with the angle of 
attack, but at 20 m/s, the drag increased. 

 
4.2 Yawed flow 

The phenomenon of yaw error is similar to a helicopter 
forward flight. The advancing side of a helicopter in forward 
flight is around 180˚ of azimuth angle, and the region around 
an azimuth angle of 0˚ is similar to the retreating side of a 
helicopter in forward flight. In the blade root region, the angle 
of attack changes more significantly compared to other re-
gions (see Fig. 11) because near that region, the wind speed is 
greater than the rotational component of the vector sum of the 
blade section velocity. As seen in Fig. 12 and Table 4, at the 
blade root region, the blade-tower interaction is larger than the 
other region. The change of Cn (Cn max- Cn min) by the blade-
tower interaction (the last column of Table 4) is about 8.7% 
greater than the rotational component of the vector sum of the 
blade section velocity. As seen in Fig. 12 and Table 4, at the 
blade root region, the blade-tower interaction is larger than the 
other region. The change of Cn (Cn max- Cn min) by the blade-
tower interaction (the last column of Table 4) is about 8.7% of 
the mean Cn at 5˚ of yaw error, about 8.5% of the mean Cn at 
10˚ of yaw error, and about 8% of the mean Cn at 20˚ of yaw 

Azimuth Angle [deg]

0

100

200

300r/R [-]

0.4
0.6

0.8
1

E
ffective

A
ngle

ofA
ttack

[deg]

1

1.5

2

2.5

3

3.5

AOAEFF

3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8

  
 
Fig. 6. Time history of effective angles of attack distribution at 5 m/s
in head on flow: tower is in 180˚. 

 

Azimuth Angle [deg]

O
ut

of
pl

an
e

ve
lo

ci
ty

[-]

In
co

m
in

g
in

pl
an

e
ve

lo
ci

ty
[-]

0 60 120 180 240 300 3600.9

0.95

1

1.05

1.1

1.15

0.9

0.95

1

1.05

Out of plane velocity [-]
Incoming inplane velocity [-]

 
 
Fig. 7. Normalized velocity of wind direction and incoming in plane in 
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condition. 
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Fig. 9. Cn versus azimuth angle at various wind speeds in head on flow 
condition. 
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error for all spanwise sections for a wind speed of 5 m/s. The 
difference between Cn max and Cn min by the blade-tower 
interaction decreases as yaw error increases. 

The differences in the normalized σMfb with the blade-tower 
interaction and without the blade-tower interaction decrease 
with yaw error because of the decline of wind speed perpen-
dicular to the rotor plane (Fig. 13). 

 
4.3 Wind shear 

The wind velocity at the height of the blade section was de-
duced from a power law function recommended by IEC (In-
ternational Electrotechnical Commission) 61400-1 as follows: 

 

r r

Vz z
Vz z

γ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

   (8) 

 
where Vz is the wind speed at height z, Vzr is the reference 
wind speed at height zr, and γ is the power law exponent. zr is 

the hub height, and the reference wind speed is 5 m/s. Wind-
shear exponent γ is determined in two different ways. First, the 
wind shear exponent is derived from the site terrain roughness 
length [23] based on the wind profile in the turbulent bound-
ary layer of a neutral atmosphere. Second, we determine the 
wind shear exponent by atmospheric stability based on the net 
heat flux to the ground. The atmospheric states and wind shear 
exponents are categorized according to six steps [24]. We 
used wind shear exponents of 0.09, 0.20, and 0.41. The wind 
shear exponent of 0.09 represents a very unstable atmospheric 
state, 0.20 describes a neutral state, and 0.41 describes a very 
stable state. 

The difference in Cn from azimuth˚ 0˚ to 180˚ increased 
with the wind shear exponent because the reference position 
was determined at the hub height, and the wind speed was the 
same for all wind shear exponents at the hub height at azi-
muths of 90˚ and 270˚. The blade-tower interaction was rela-
tively stronger at the root position (see Fig. 14(a), Table 5). In 
contrast to the yaw error cases, the changes and the time his-
tory pattern of Cn were almost the same for each wind shear 
exponent regardless of the spanwise position. The change of 
Cn (Cn max- Cn min) normalized to the mean Cn of the blade-
tower interaction (the last column of Table 5) slightly de-
creased at each section as the wind shear exponent increased.  

The in-plane velocity did not change at each section for all 
azimuths; however, the out-of-plane velocity changed by wind 
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Fig. 11. Time history of effective angles of attack distribution at V∞=5
m/s and yaw=10˚. 
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Fig. 12. Cn versus azimuth angle in various yaw errors at V∞=5 m/s. 

 

Table 4. Normal force coefficient in yawed flow condition at 5 m/s. 
 

Cn average 
Yaw error 

(deg) r/R(-) with 
tower(1) 

without 
tower(2) 

∆Cn with 
tower/(1)- 
∆Cn without 

tower/(2) 

5 

0.30 
0.50 
0.75 
0.95 

0.358 
0.537 
0.501 
0.433 

0.359 
0.538 
0.527 
0.483 

0.145 
0.087 
0.065 
0.051 

10 

0.30 
0.50 
0.75 
0.95 

0.348 
0.527 
0.493 
0.426 

0.346 
0.501 
0.493 
0.460 

0.144 
0.088 
0.065 
0.046 

20 

0.30 
0.50 
0.75 
0.95 

0.305 
0.484 
0.460 
0.400 

0.296 
0.432 
0.425 
0.399 

0.128 
0.093 
0.065 
0.037 
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Fig. 13. CMfb and normalized σMfb versus yaw errors at V∞=5 m/s. 
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shear according to height. This is different than the yaw error 
case. 

As seen in Fig. 15, CMfb by the shear exponent and tower are 
almost constant. As previously mentioned, the reason is that 
the reference position is the hub height, and the increase in 
wind speed as the blade is over the hub height compensates 
the deficit of wind speed when the blade is in a down position 
from 90˚ of azimuth to 270˚ of azimuth. The normalized σMfb 
sharply increased with wind shear. The normalized σMfb of the 
very stable state increased by a factor of about three compared 
to the normalized σMfb of the unstable state because of the 
large deviation in wind speed due to the very stable atmos-
pheric state. The difference between the normalized σMfb with 
the tower and without the tower decreased slightly as the wind 

shear exponent increased. 
 
4.4 Tower variations 

To study blade-tower interactions with respect to tower di-
ameter and tower clearance, simulations representing 50%, 
100%, 200%, and 300% (below 0.5r, r, 2r, and 3r cases) of the 
baseline tower radius were performed. Note that tower clear-
ances for all tower radius variations were the same. Tower 
clearance cases, tower approaches to rotating plane by one 
times the tower diameter (below -1d case) from the baseline 
position and tower moves away from the base line position by 
one and two (below +1d and +2d cases) times the tower di-
ameter, also were calculated. 

As shown in Figs. 16-18, the 3r case had the greatest influ-
ence on blade tower interaction. The blade-tower interaction 
effect of the 2r case is greater than that of the -1d case. The 
azimuth angle range induced by tower interaction increased as 
the tower radius increased. CMfb were almost constant with 
increasing tower radius, and the normalized σMfb of the 0.5r 
case was about 1/4 of the baseline case. 

As the tower radius reached twice the baseline tower radius, the 
normalized standard deviation increased to 3.5 times that of the 
baseline case. The normalized standard deviation of the 3r case 
increased to 7.8 times that of the baseline case (see Fig. 18(a)). 

CMfb was not changed by various tower clearances. In the -
1d case, the normalized σMfb increased 1.7 times compared to 
the normalized case. When the tower clearance increased two-
fold compared to the baseline tower diameter, the normalized 
standard deviation decreased to two-thirds of the baseline case. 
The normalized standard deviation of the -3d case was about 
50% of the baseline case. In this study, the influence of blade-
tower interaction was higher on the aerodynamic loading of 
tower radius variations than on the aerodynamic loading of 
tower clearance variations. 

 
5. Discussion 

The proposed numerical method accurately predicted the defi-
cits of the root flap bending moment. We conclude that the pro-
posed method is suitable for computing the blade-tower interac-
tion. However, there is an additional argument that the main 
source of the fluctuations of the experimental data (that could not 
be found in the simulation results) is to be found elsewhere. 

Turbulence intensity is generally a function of roughness. If 
roughness is constant and a deviation in wind speed increases 
with wind speed, then the stochastic loads on a rotor blade 
increase. Therefore, it may be the case that for relatively high 
winds (i.e., over 8 m/s--it is hard to decide what high wind is, 
and this issue is beyond the scope of our study) the blade-
tower interaction effect on the total fatigue load decreases. 
Moreover, the fatigue load increases due to stall at high wind 
speeds in a stall control wind turbine, so the blade-tower inter-
action maybe not play an important role in total aerodynamic 
loading at high wind speeds. In other words, because the stan-
dard deviation of wind speed is low at low wind speeds, the 

Table 5. Normal force coefficient in wind shear flow condition at 5 m/s. 
 

Cn average 

Shear γ r/R(-) with 
tower(1) 

without 
tower(2) 

∆Cn with 
tower/(1)- 
∆Cn without 
tower/(2) 

0.09 

0.30 
0.50 
0.75 
0.95 

0.360 
0.540 
0.504 
0.434 

0.365 
0.542 
0.503 
0.432 

0.141 
0.083 
0.060 
0.052 

0.21 

0.30 
0.50 
0.75 
0.95 

0.360 
0.540 
0.503 
0.434 

0.365 
0.542 
0.503 
0.431 

0.143 
0.083 
0.060 
0.052 

0.44 

0.30 
0.50 
0.75 
0.95 

0.361 
0.541 
0.503 
0.435 

0.366 
0.542 
0.503 
0.432 

0.143 
0.083 
0.059 
0.050 
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Fig. 14. Cn versus azimuth angle in various wind shear exponents at 
V∞= 5 m/s. 
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Fig. 15. CMfb and normalized σMfb versus wind shear exponents at V∞= 
5 m/s. 
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blade-tower interaction at low wind speeds can be more im-
portant compared to blade-tower interaction at high winds. 

As the wind shear exponent increases, the change of wind 
according to height increases, and the stochastic fatigue load 
increases. As a result, the blade-tower interaction effect on 
blade fatigue load may be insignificant as the wind shear ex-
ponent increases. However, an offshore atmosphere may have 
weaker turbulence intensity in the air. Therefore, the blade-
tower interaction may have some effect on fatigue load. 

 
6. Discussion 

We attempted to validate the proposed numerical solver, and 
we examined the interaction between a tower and a rotor blade 
in an upwind-type horizontal axis wind turbine system. More-
over, we parametrically examined various wind conditions 
(uniform flow, wind shear, and yaw error) and tower condi-
tions (various radius and tip clearance cases). To validate the 
proposed numerical method, experimental results from the 
NREL Phase-VI rotor sequence S were compared with the 
results from the numerical method. The simulation results were 
in good agreement with the experimental results. The upwind-
type HAWT blade-tower interaction is a block gage effect that 
reduces inflow wind speed on the rotor plane, which then 
changes the angles of attack and the aerodynamic loading. The 
response of the blade-tower interaction is relatively small on 
the outer part of the blade because of the small fraction of the 
blade rotation. The root region of the rotor has a larger azimuth 
range of the blade-tower interaction and a greater change in 
aerodynamic loading compared to the tip region. At 5 m/s (a 

fully attached flow condition), the change in the normal force 
coefficient (Cn max- Cn min) is approximately 10% of the Cn 
average for all spanwise sections. That is about 2% at 20 m/s 
for a fully stalled condition. We found that the tower interac-
tion decreased as the yaw error and wind shear exponent in-
creased. Note that the reference height is the hub position for 
the wind shear calculation. In light of the fatigue load, we note 
that the blade-tower interaction did not significantly affect the 
total fatigue load of the rotor blade at relatively high winds and 
more stable atmospheric conditions because as wind speed and 
wind shear exponent increased, the stochastic fatigue load in-
creased due to the turbulence of the atmosphere. (It is hard to 
determine the boundary at which the blade-tower interaction 
becomes quantitatively important, and this is beyond the scope 
of the study.) The offshore atmosphere has a relatively weak 
atmospheric turbulence condition; therefore, it is possible that 
the blade-tower interaction has some degree of effect on rotor 
blade fatigue load. Our results show that the blade-tower inter-
action due to tower radius variations was higher than that by 
tower clearance variations. To reduce the blade-tower interac-
tion, it can be more effective to decrease the tower radius. 

We have described a limited parametric examination of the 
blade-tower interaction. Further study is required concerning 
the quantitative blade-tower interaction with respect to turbine 
scale, wind turbine size, pitch and stall control, and atmos-
pheric turbulence. 
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Fig. 16. Mfb in various tower condition at V∞=8 m/s. 
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Fig. 18. CMfb and normalized σMfb versus tower conditions at V∞= 8
m/s. 
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Nomenclature------------------------------------------------------------------------ 

Cd :  Sectional drag coefficient (dimensionless) 
CMfb :  Root flap bending moment coefficient 
   ( 2 2

fbM / ( 0.5 V R 0.5R )ρ π∞ , dimensionless)  
Cl :  Sectional lift coefficient (dimensionless) 
Cn :  Sectional normal force coefficient (dimensionless) 
Ct :  Sectional tangential force coefficient (dimensionless) 
D :  Drag force (N) 
F :  Lift difference between UVLM and table look-up (N) 
L :  Lift force (N) 
Mfb :  Root flap bending moment (Nm) 
n :  Normal vector of body panel (dimensionless) 
R :  Rotor radius (m) 
r :  Radial position vector to rotating origin (m) 
t :  Time (s) 
V :  Onset velocity of strip (m s-1) 
VB :  Total velocity of body (m s-1) 
V∞ :  Free stream velocity (m s-1) 
Vz :  Wind speed at height z 

 
Greek letters 

Γ :  Bound vortex strength (m2 s-1) 
ΓT.E :  Trailing edge panel circulation (m2 s-1) 
ΓW :  Wake panel circulation (m2 s-1) 
Φ* :  Total potential 
Ω :  Rotor velocity (rad s-1) 
α :  Effective angle of attack (degree, ˚) 
γ :  Power law exponent of wind shear (dimensionless) 
ρ  :  Air density (kg m-3) 
σMfb :  Standard deviation of root flap bending moment (Nm) 
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