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NUMERICAL INVESTIGATIONS OF THE AERODYNAMICS AND HANDLING 
QUALITIES OF A HELICOPTER FLYING ACROSS A WIND TURBINE WAKE 

Antonio Visingardi, a.visingardi@cira.it, CIRA (Italy) 

Marilena D. Pavel, m.d.pavel@tudelft.nl, Delft University of Technology (The Netherlands) 

Abstract 

The present paper illustrates the outcomes of a research activity carried out by CIRA and the Delft University of 
Technology in the framework of the GARTEUR HC/AG-23 action group. This activity has been aimed at investigating, 
from the aerodynamic and handling qualities point of view, the problem of a Bo105 helicopter rotor crossing, in low-speed 
level flight, the wake of a NREL 5MW wind turbine (WT), in the presence of atmospheric boundary layer (ABL). A 
crossing flight path orthogonal to the WT axis, and located two WT rotor diameters downstream to the WT disk, has been 
selected. Three different flight altitudes, with respect to the WT hub, and two flight directions have been investigated. The 
aerodynamic simulations have been carried out by using a BEM methodology and by applying a decoupled interactional 
procedure specifically conceived for the purpose. The rotor blades have been assumed fully rigid. The simulations have 
shown that the encounter of a uniform side wind or a WT wake with a helicopter rotor, locally alters the velocities acting 
on the helicopter rotor blades, in magnitude and/or direction, because of the WT axial and radial changes in velocity 
deficit; the presence of the WT blade tip vortices; the presence of the ABL; the WT wake swirl. These velocities modify 
the helicopter rotor blade sectional effective angles of attack, which, in turn, change the blade loads, generate flapping 
angles and alter the rotor forces and moments. Compared to the flight inside a uniform side wind, the crossing of a WT 
wake produces important rotor rolling and pitching moments, the thrust increases while the torque decreases. The flight 
altitude has only moderate effects. Related to handling qualities analysis, the paper considers the ADS-33 pitch and roll 
attitude quickness parameters and shows that when the WT wake approaches the helicopter from left to right (L2R) this 
results in a momentarily increase in the quickness that pilot needs to command. Finally, the analysis of the results has 
indicated that, for a WT rotor and helicopter rotor both counter-clockwise rotating, a pilot experiences a greater workload 
during the flight in the direction leaving the WT disk on its starboard side. 

1 NOMENCLATURE 

Symbol Description Units 

ABL Atmospheric Boundary Layer  

AFR Air Frame of Reference  

c Chord length m 

CMX,Y,Z 
Helicopter rolling, pitching, 
yawing moment coeffs. in the 
AFR 

 

CQ Helicopter rotor torque coeff.  

CT Helicopter rotor thrust coeff.  

DWT Wind turbine rotor diameter m 

qpk Maximum pitch rate deg/s 

Qθ Attitude quickness parameter 1/s 

R Helicopter rotor radius m 

RWT Wind turbine rotor radius m 

u, v, w Velocity components m/s 

VH Helicopter flight speed m/s 

WT Wind Turbine  

X, Y, Z 
Geometrical coordinates in 
AFR 

m 

αEff Effective angle of attack  deg 

αSh Rotor shaft angle in AFR  deg 

β0, β1c, β1s 
Conicity, longitudinal, lateral, 
flapping angles 

deg 

∆θpk Attitude angle change deg 

θ Geometrical angle of attack deg 

θ0, θ1c, θ1s 
Collective, lateral, longitudinal 
pitching angles 

deg 

µ Helicopter advance ratio  

σ Helicopter rotor solidity  

ψ Blade azimuth position deg 

ΩH, ΩWT Helicopter & WT rotor speeds RPM 

2 INTRODUCTION 

The recent outlooks of the Global Wind Energy Council 
(GWEC)[1.] confirm the ever-increasing penetration levels 
of the wind power all over the world. In particular, the 
dramatic price reductions for off-shore wind is attracting 
the worldwide attention toward this technology, which is 
seen continuing to improve and spread beyond its home 
base in Europe in the next 5-10 years. 

Performing maintenance operations at off-shore wind 
farms requires that all maintenance personnel and spare 
parts need to be transported from an on-shore port or 
station to the individual wind turbines (WT). These 
operations can be efficiently carried out by helicopters, 
thanks to their capability to hover and manoeuvre in 
confined areas. Furthermore, the rapid expansion of wind 
farms is also increasing the likelihood that helicopters, 
operating in both civil and military missions, can encounter 
the wake systems generated by WTs, often having large 
rotor diameters. 

Literature describing fixed-wing aircraft or helicopters 
encounters with WT wakes is very limited. A study was 
carried out in 2014 at University of Liverpool[2.] in 
collaboration with the Civil Aviation Authority, UK, by using 
a modified Kocurek WT wake model, CFD, LIDAR field 
measurements and piloted flight simulations. The wake 
vortex model was applied to a WTN250 WT installed near 
the East Midlands Airport, UK and the velocities generated 
by the Kocurek wake vortex model were integrated into an 



aircraft flight dynamic model to simulate a WT wake 
encounter with a light aircraft approaching an airport, 
where a WT was installed. The severity of the WT wake 
encounter was investigated using piloted flight simulations. 
The results suggested that the wake generated minor 
upsets on the aircraft and resulted in a severity rating of B 
if only the disturbances caused by wake velocity deficits 
were taken into account. The study also anticipated that if 
a helicopter encounter with the WT wake took place in the 
same fashion, the responses of the helicopter and pilots 
would be different due to different flight dynamics. 

More recently, the specific problem of a WT tip vortex 
interacting with aircraft, gliders and helicopters has been 
systematically investigated, from the theoretical point of 
view, by van der Wall et alii in a set of publications where 
the wake of WT rotors was modelled as a tip vortex helix 
with a vortex strength estimated from its rotor thrust.  

In van der Wall[3.], a fixed-wing sail plane and a helicopter 
with a rotor represented as a fixed-wing circular disk were 
subjected to the wake. In both cases, the roll moment 
induced by the wake was compared to the maximum roll 
control moment of the aircraft. For comparison with 
rotating blades, the blade element momentum theory was 
applied to the isolated rotor and a simulation of an entire 
helicopter was used as well.  

In van der Wall[4.], helicopter rotors of different size and 
hub layout were subjected to the wake and the collective 
and cyclic control inputs required to keep the trim were 
compared to the maximum available control range of the 
rotorcraft. In addition, the blade flapping response, due to 
the vortex influence without pilot action, was computed 
and compared to the maximum allowed flapping angles. 

The results of these two publications highlighted that 
typical on-shore power plants could be hazardous for 
sailplanes and ultra-light helicopters but not for larger 
ones. Large off-shore WTs were seen as a potential 
danger for small helicopters that may be used for 
maintenance.  

In van der Wall[5.] the aerodynamic impact of a straight-line 
vortex lying in the plane of a rotor disk was analytically 
solved by using the blade element/momentum theory and 
a realistic swirl velocity profile to evaluate the 
consequences on rotor thrust, blade aerodynamic hub 
moment, and collective and cyclic controls needed for 
disturbance rejection. Results were given for a rotor 
subjected to a wake vortex of a large aircraft and for that 
of a large WT. 

With the aim to contribute to a more in-depth investigation 
of the interactional problem of “Wind Turbine Wake and 
Helicopter Operations”, a GARTEUR action group – 
HC/AG-23[6.] - was set up in 2014 by European 
researchers, from universities and research centres. The 
team performed computations and piloted simulator 
experiments, and analysed the effects of WT wake on the 
stability, handling qualities and safety aspects of a 
helicopter. 

The present paper illustrates the numerical investigations 
carried out by CIRA and the Delft University of Technology 
in the framework of HC/AG-23, regarding the aerodynamic 
performance and handling qualities of a Bo105 helicopter 
rotor when immersed in the wake of the NREL 5MW WT. 

3 SIMULATION TOOLS 

3.1 BEM methodology 

The aerodynamic computations have been carried out by 
using the code RAMSYS[7.], which is an unsteady, inviscid 
and incompressible free-wake vortex lattice BEM solver 
for multi-body configurations developed at CIRA. It is 
based on Morino's boundary integral formulation for the 
solution of Laplace’s equation for the velocity potential φ. 
The surface pressure distributions are evaluated by 
applying the unsteady version of Bernoulli equation, which 
is then integrated to provide the forces and moments on 
the helicopter configuration and the surrounding obstacles.  

In order to account for the atmospheric boundary layer 
(ABL), a simple logarithmic law has been used in the 
computations, according to which the free stream velocity 
ஶܸ	at a height ݄ is expressed as: 

(1) ஶܸሺ݄ሻ ൌ ஶܸ൫݄௥௘௙൯ ቈ
݈݊ሺ݄ ⁄଴ݖ ሻ

݈݊൫݄௥௘௙ ⁄଴ݖ ൯
቉ 

where ݄௥௘௙ is a reference height, usually taken to be 10m 
above the ground, and ݖ଴ is a roughness length depending 
on the type of terrain. In the present simulations an open 
country has been considered for which ݖ଴ = 0.02 m. 

The blade flapping induced by the interaction of the 
helicopter rotor with the WT wake has been referred to the 
rotor shaft plane, and has been evaluated by solving the 
ODE equation: 

ሷߚ (2) ൅ Ωଶߥఉ
ଶߚ ൌ

ఉܯ

௕ܫ
 

where the nondimensional flapping frequency ߥఉ	is given 
in terms of the nondimensional flapping hinge offset ݁: 

ఉߥ (3) ൌ ඨ1 ൅
3݁

2ሺ1 െ ݁ሻ
 

The flapping moment ܯఉ has been obtained by integrating 
the equation: 

ఉܯ (4) ൌ න ݕሺܮ െ ܴ݁ሻ
ோ

௘ோ
 ݕ݀

with ܮ representing the blade lift, while the blade moment 
of inertia has been calculated by integration of equation: 

௕ܫ (5) ൌ න ݉ሺݕ െ ܴ݁ሻଶ
ோ

௘ோ
 ݕ݀

3.2 Flight mechanics modelling 

A flight mechanic model of the impact of the WT 
streamwise vortex on the rotor inflow has been built up 
and implemented. The helicopter flight path has been 
considered parallel to the WT rotor disk, and crossing the 
WT wake two WT rotor diameters downstream of the disk. 
Both the approaches of the helicopter to the WT wake on 
the main rotor (MR) port side (R2L - red colour) and on the 
MR starboard side (L2R - green colour), Figure 1, have 
been studied. 
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weight of 2300kg. Typical uses of the highly manoeuvrable 
Bo105 helicopter are transport, off-shore, police, and 
military missions. The Bo105 has a hingeless main rotor 
with four rectangular blades, constituted by a NACA23012 
airfoil, and a two-bladed teetering tail rotor. The main 
properties are summarized in Table 2, while the details 
can be found in Lehmann[9.]. 

 

Figure 5: Bo105 helicopter  

 

Description Value 

Radius, R 4.912 m 
Rotor speed, Ω  424 RPM 
Blade chord, c  0.27 m 
Number of blades  4 
Precone angle, β0  2.5 deg 
Main rotor shaft tilt, αsh  -3.0 deg 
Non dimensional flapping frequency, ߥβ   1.117 
Absolute flapping hinge offset, eR  0.746 m 
First aerodynamic section (22%R)  1.1 m 
Twist (linear), θtw  -6.2 deg 
Effective blade mass, M  24.2 kg 

Table 2: Main characteristics of the Bo105 main rotor 

5 DECOUPLED INTERACTIONAL PROCEDURE 

The interactional procedure implemented for the present 
investigations has been conceived by taking into account 
the considerably different characteristic times for the WT 
and helicopter rotor wake to develop. Indeed, because of 
the respective rotor speeds, the helicopter rotor is 
approximately 35 times faster than the WT rotor, when the 
rated condition for the latter one is considered. Since 
experience indicates that for a level forward flight a fairly 
time-accurate BEM simulation requires a blade azimuth 
step of 5°, at least, this would imply a WT blade azimuth 
step not greater than about 0.14°, a resolution impractical 
also in consideration of the many WT rotor revolutions 
required to model a sufficiently developed wake length. 

A decoupled interactional procedure has been therefore 
set up, consisting of the following three main steps: 

1. evaluation of the WT wake development in absence 
of the helicopter rotor; 

2. evaluation of a time-averaged WT wake flow field in a 
box located downstream of the WT disk, at the station 
where the interaction with the helicopter rotor takes 
place; 

3. evaluation of the helicopter rotor flow field and loads, 
when immersed in the time-averaged WT wake flow 
field. 

5.1 WT wake development evaluation 

The WT rated condition has been selected for the 
numerical simulations. This corresponds to a rotor speed 
ΩWT = 12.1 RPM and to a wind speed V∞ = 11.4 m/s. The 
rotor shaft αsh is set at 5° and the blade pre-cone angle β0 

is -2.5°. The blades have no pitch angle. A counter-
clockwise rotor speed (when observed from upstream) has 
been considered in the simulations. 

The blades and pylon have been assumed to be fully rigid, 
whereas no nacelle has been modelled. Each blade has 
been discretised by 640 x 16 panels, and 1080 panels 
have been used to model the pylon. Twelve rotor 
revolutions have been considered for the generation of the 
wake. A time discretization corresponding to an azimuth 
step ∆ψ = 5° has been used. 

No turbulence has been taken into account. 

Figure 6 illustrates the main characteristics of the wake 
development in presence of ABL: Figure 6a shows the 
ABL logarithmic law; Figure 6b gives a perspective view of 
the wake, and a side view is shown in Figure 6c where 
only root and tip vortices have been represented. 

 
 

a) Logarithmic ABL b) Wake geometry & volume 
box 

 

c) Side view of wake geometry  

Figure 6: WT wake development in presence of ABL  

5.2 Computational volume box  

During the evaluation of the WT wake development, the 
velocities induced in a region of space located two WT 
rotor diameters downstream of the WT rotor disk (X = 252 
m), have been calculated at each time step during the last 
rotor revolution. This region has been bounded by a box 
having its centre in the WT rotor hub (YWT Hub = 0; ZWT Hub 
= 90 m) and extending about 6 WT rotor diameters in the 
Y direction; 140 m in height Z, starting from 30 m above 



the ground; 20 m in the axial direction X, Figure 6b. A 
space resolution of 1 m in all the three directions has been 
chosen to discretize the volume box. 

This calculation has generated 72 volume boxes 
containing instantaneous velocity fields that have been 
time-averaged in order to create a single volume box that 
has been used for the decoupled interactional procedure 
with the helicopter flow field. 

The time-averaged flow field is shown in Figure 7 in terms 
of velocity and vorticity magnitudes evaluated at X = 2DWT. 
Figure 7a highlights the increasing velocity with height, 
due to the ABL, and the velocity deficit inside the WT 
wake, which is significantly lower than the free stream in 
the region corresponding to the mid-span advancing 
blade. The vorticity magnitude highlights the strong 
influence of the tip vortices, Figure 7b. 

 

a) Velocity field  

 

b) Vorticity field 

Figure 7: Time-averaged flow field at X = 2DWT 

Figure 8 provides indications of the velocity deficit inside 
the WT wake. In particular, Figure 8a compares the 
logarithmic ABL velocity profile with the one evaluated in 
the wake at the hub radial station YWT Hub = 0. Figure 8b 
shows the Y distribution of velocity deficit in the wake at 
three different heights with respect to the rotor hub: Z = 
ZHub - RWT/2 = 60 m; Z = ZHub = 90 m; Z = ZHub + RWT/2 = 
120 m. 

  

Figure 8: Velocity deficit in the WT wake  

5.3 Helicopter rotor and flight condition 

The low-speed level flight, DPt. 344, has been selected 
from the experimental database of the HELINOISE 
project[10.] as reference flight condition for the helicopter 
rotor. Despite it refers to a wind tunnel test, wind tunnel 
corrections had been introduced to correspond to a real 
full-scale flight condition. The advance ratio is µ = 0.15 
and the flight speed is VH

 = 32.75 m/s. The rotor has been 
trimmed in order to have zero flapping with only a pre-
cone angle β0 set at 2.5º. The pitch angles are θ0 = 5.35º, 
θ1c = -1.58º, θ1s = 1.48º. The shaft angle αsh includes the 
wind tunnel correction angle and is equal to -2.46º. These 
values provide a thrust coefficient CT equal to 0.00446. 

The four rotor blades have been considered fully rigid and 
have been discretized by 60 x 16 panels per blade. Four 
spirals have been used to model the wake, and four rotor 
revolutions have been necessary to obtain a converged 
thrust coefficient, Figure 9. The experimental pitch and 
flapping angles have been used for the numerical 
simulations, with the exception of the collective pitch θ0 
that has been adjusted to 5.14º in order to obtain, on 
average, the same experimental thrust coefficient, Figure 
10. 

Figure 9: Wake 
development 

Figure 10: Thrust 
coefficient time history 

6 WIND TURBINE/HELICOPTER INTERACTION  

The simulations of interactional aerodynamics have been 
performed on four different flight conditions: 

1. Nominal condition: flight in undisturbed atmosphere; 

2. Hover condition; 

3. Uniform side wind condition; 

4. WT wake crossing. 

For all computations, the experimental trim values of the 
nominal flight condition have been used (with the only 
correction applied to the collective pitch in order to obtain 
the experimental thrust coefficient) and no re-trim has 
been performed. The only induced components of the 
forces and moments have been calculated at the rotor hub 
and on each blade. The latter calculations have been used 
in order to evaluate, as a post-process, the dynamics of 
blade flapping by solving Eq.(2). Despite higher harmonics 
have arisen from the solution, only the conicity and the 
first harmonics terms have been considered. 

The map of the simulated test conditions is shown in 
Figure 11. 



Figure

They have b
effect on the 

 height Z
have be
ZHub = 9
measure
the com
different 

 Y station
radial po
(no flight
2.70 RWT

to invest
helicopte

 flight pa
helicopte
the WT 
one leav
(L2R). T
wake e
helicopte
respectiv

 

At the same 
from R2L, t
nominal con
Figure 13a, 
causing an i

e 11: Map of th

been selected
helicopter roto

Z from the g
en considered

90 m; Z = ZHu

e the change
mbined effect 

wind speed in

n while crossin
ositions have 
t dynamics inv
T) to R = 170 m
tigate the effe
er performanc

ath direction. 
er has been flo
rotor disk on

ving the WT 
he aim was to

encounter w
er rotor retrea
vely. 

time, when a 
he tangential

ndition of hov
increases on
ncrease in th

he selected tes

 with the aim
or performanc

ground surfac
d: Z = ZHub - 
ub + RWT/2 = 
s in performa
of the WT w

nside the ABL

ng the WT wa
been varied, 
volved), from 
m (circa -2.70
ect of the WT
ce; 

As indicated
own both in th
 its port side 
rotor disk on 

o investigate th
hen coming 

ating and adva

Figure 12: Ef

uniform wind 
 velocity ்ܸ , 

ver in undistu
n the forward
e effective an

st conditions

m to investigat
ce of the: 

e. Three altit
RWT/2 = 60 m
120 m, in ord
ance produce

wake swirl and
L; 

ake. The helic
in static cond
R = -170 m (c

0 RWT), with the
wake swirl o

d in Figure 1
he direction le

(R2L), and i
its starboard

he effect of th
from both 

ancing blade s

ffect of a unifo

impinges the
compared to

urbed atmosp
d part of the 
ngle of attack

 

te the 

tudes 
m; Z = 
der to 
ed by 
d the 

copter 
ditions 
circa -
e aim 

on the 

, the 
eaving 

n the 
d side 
e WT 
 the 
sides, 

6.1

The 
carri
5.3, 
mom
used
wind

β0

β1

β1

CT

6.2

Befo
prelim
in o
fund
when
dealt
and 

Whe
R2L,
upwa
effec
adva
attac
conv
starb
posit

orm side wind

e rotor 
o the 

phere, 
disk, 

k, and 

decr
the e
posit
the s
mom

Nominal c

calculations fo
ed out by us
which have p

ments shown in
d as reference
d speed. 

[deg] 3

c [deg] -0

s [deg] 1

T x 103 4

Table 3: Fla
coefficients

Hover con

ore the simu
minary compu
order to pro
amental aspe
n crossing a 
t with the roto
when subjecte

en a side wind
, the presen
ash on the 
ctive angle o
ancing blade, 
ck. The net re
verse happens
board side L2
tive rolling mo

on the rotor ro

eases on the
effective angle
tive pitching 
side wind com

ment is genera

ondition 

or the nomina
ing the param

produced the f
n Table 3. The
e data for the 

Nomin

3.30 CQ x

0.71 CMRo

.45 CMPit

4.46 CMYa

apping angles
s of a rotor in le

conditio

ndition 

ulation of th
utations have 
ovide an ea
ects of the int

WT wake. T
or flying both 
ed to a side w

d comes from
ce of a con
retreating bla
of attack, an

which reduc
esult is a neg
s when the s
2R of the roto
ment, Figure 

olling moment

 backward pa
e of attack, Fig
moment. The
mes from L2R
ted, Figure 13

al flight conditi
meters specifi
flapping angle
ese values ha
calculation in

nal 

x 104 

oll x 102 

itch x 102 

aw x 102 

s, thrust and m
evel flight in n
ons 

he level flig
been perform

asier explana
teractional ph
These compu
in undisturbed

wind of uniform

m the port sid
nicity angle g
ade, which i
nd a downw
ces the effec
gative rolling 
side wind com
or and the n
12. 

 

t 

art, causing a
gure 13b, thu

e converse ha
R, and a neg
3c. 

on have been
ied in section
es, forces and
ave been then
n uniform side

1.14 

1.38 

0.62 

-0.96 

moment 
nominal 

ht condition,
med in hover,
ation of the

henomenology
utations have
d atmosphere

m speed. 

e of the rotor
generates an
ncreases the

wash on the
ctive angle of
moment. The
mes from the
et result is a

a reduction of
s producing a
appens when

gative pitching

n 
n 
d 
n 
e 

, 
, 
e 
y 
e 
e 

r 
n 
e 
e 
f 
e 
e 
a 

f 
a 
n 
g 



a

F

These results
a given blad
during a roto
the flapping 
summarized 

Figure 14:
attack at r

In particular,
nominal con
generate long
which are eq
on the direct
whereas the
pitching mom
both are equ
on the directi
is considered
the yawing m
opposite in s
the moment 
aircraft, respe

 

β0  [deg] 
β1c [deg] 
β1s [deg] 

 - No side win

Figure 13: Cha

s are confirme
de section, in
r revolution, F
angles, thrus
in Table 4. 

 Time history 
r/R = 0.97 in h

si

 the effect of
dition, is to i
gitudinal, β1c, 

qual in module
tion of the sid
 torque is alm

ments are ge
ual in module 
ion of the wind
d and the po
moment is equ
sign because o

about the z
ectively. 

Nomina

3.78 
0.00 
0.00 

 

nd 

anges in the b

ed by the cha
n the effectiv
Figure 14, and
st and momen

of the blade e
over with and
de wind 

f a side wind
ncrease the 
and lateral, β

e but opposite 
e wind. The t
most unchang

enerated by th
but opposite 
d. Finally, sinc
le coincides w
ual to the torq
of the opposit
z-axis of the 

al 
Unifor

Port sid
4.53 
-3.44 
-6.76 

b - Side w

blade effective 

anges occurrin
ve angle of a
d by the chang
nts coefficient

 

effective angle
 without unifor

, compared t
conicity β0 an
1s, flapping an
in sign, depe

thrust is increa
ged. Both rol
he side wind
in sign, depe
ce an isolated
with the rotor 
que in module
e notation use

rotor and o

rm side wind
de  Starboa

4.53
3.44
6.76

wind from the 

 angle of attac

ng, at 
attack 
ges in 
ts, as 

e of 
rm 

to the 
nd to 
ngles,  
nding 
ased, 
l and 
, and 
nding 

d rotor 
r hub, 
e, but 
ed for 
of the 

 
ard 

CT
CQ
CM
CM
CM

T
m

6.3

This
highl
contr
been
those
heigh

Figu
attac
60 m
The 
arou
blade
direc
peak
azim

Fi
a

port side 

ck induced by 

T x 103 
Q x 104 
MRoll x 104 
MPitch x 104 
MYaw x 104 

Table 4: Chan
moment coeffic

Uniform si

condition ha
light the effec
ribution induc
n represented
e of the nom
hts have prod

re 15 shows 
ck in the radia
m and 120 m, i

side wind im
nd ψ = 90º a
es are align
ction of flight p
k magnitude, 

muth positions 

a – Z = 60

igure 15: Time
attack variation

c - Side win

a uniform side

4.86  
4.07  
0.00 
0.00 
-4.07  

ges in the flap
cients of a roto

uniform sid

ide wind con

as been inve
ct of the ABL

ced by the W
 in terms of d

minal condition
uced almost n

the variation
al station r/R =
in both the flig

mpingement pr
nd ψ = 270º, 
ed with the 

provides oppos
and peak loc
ψ = 90º and ψ

m 

e history of the
n at r/R = 0.97

conditio

nd from the sta

e wind in hove

5.84  
4.03  
-6.79  
5.61  
-4.03  

pping angles, 
or in hover, ind
de wind 

dition 

estigated with
L, without co

WT wake. The
differences w
n. In general,
negligible effec

n of the effec
= 0.97, at two

ght directions 
roduces its g
 where the he

side wind 
osite results in 
cation with re
ψ = 270º. 

b – Z =

e blade effecti
7 referred to th
on.  

arboard side 

er 

5.84  
4.03  
6.79  
-5.61  
-4.03  

thrust and 
duced by a 

h the aim to
nsidering any
 results have

with respect to
 the different
cts. 

ctive angle of
o heights, Z =
RL2 and L2R.

greatest effect
elicopter rotor
velocity. The
terms of both

espect to the

120 m 

ve angle of 
he nominal 

o 
y 
e 
o 
t 

f 
= 
. 
t 
r 
e 
h 
e 



The variation of the blade flapping angles with respect to 
the nominal conditions are illustrated in Figure 16. The 
direction of flight determines clear differences on the cyclic 
flapping angles, which are both reduced when the side 
wind impinges the helicopter from R2L, and increased, 

almost of the same quantity, when the side wind impinges 
the helicopter from L2R. The differences in conicity follow 
the same behaviour as the cyclic angles but the changes 
in absolute values are one order of magnitude lower. 

   

Figure 16: Variation of the blade flapping angles with respect to the nominal conditions at the heights 60 m, 90 m, 120 
m, respectively. Uniform side wind coming from R2L (red) or L2R (green). 

The variation with respect to the nominal conditions of the 
hub moments are shown in Figure 17. They are the direct 
consequence of the flapping angles variations. More 
specifically, the variations of the longitudinal cyclic flapping 
angle ∆ߚଵ௖	produce a variation of the pitching moment 
∆CMY, which reduces when the side wind impinges the 

helicopter from L2R, and increases, of almost the same 
quantity, when the side wind impinges the helicopter from 
R2L. The opposite behaviour can be observed for the 
variation of the rolling moment ∆CMx, which is produced 
by the variation of the lateral cyclic flapping angle ∆ߚଵ௦	 
The yawing moment remains almost unvaried. 

   

Figure 17: Variation of the helicopter moment coefficients with respect to the nominal conditions at the heights 60 m, 90 
m, 120 m, respectively. Uniform side wind coming from R2L (red) or L2R (green). 

The variation with respect to the nominal conditions of the 
thrust and torque are shown in Figure 18. Both quantities 
slightly reduce when the side wind impinges the helicopter 

from R2L, and increase, of a slight higher value, when the 
side wind impinges the helicopter from L2R. 

  

Figure 18: Variation of the rotor thrust (left) and torque (right) coefficients with respect to the nominal conditions at the 
heights 60 m, 90 m, 120 m, respectively. Uniform side wind coming from R2L (red) or L2R (green). 



6.4 WT wake crossing 

When a helicopter crosses a WT wake, the interactional 
phenomenology is more complex. The helicopter rotor is 
subjected to locally variable velocities, in magnitude 
and/or direction, because of the axial and radial changes 
in velocity deficit; the presence of the WT blade tip 
vortices; the presence of the ABL; the wake swirl. These 
variable velocities induce on the helicopter variable loads 
that are determined by the changes in the effective angle 
of attack that occur along the blade span of the helicopter 
rotor. Figure 19 shows the details of the effective angle of 
attack variations, at the radial station r = 0.97R, during one 
revolution of the rotor flying below the WT hub, at a height 
from the ground of 60 m. 

The general trends observed during the interaction with 
the uniform side wind, Figure 15, also hold during the 
interaction with the WT wake. However, some remarkable 
differences have been observed: compared with the flight 
in uniform side wind, the interaction with the WT wake 
produces a general increases in the effective angle of 
attack, particularly in the forward part of the helicopter 
rotor disk, and particularly in the region of the WT blade 
retreating side, Y = +RWT/2. In addition, during the flight 
from R2L, the effective angle of attack shows significant 
fluctuations around the azimuth position ψ = 90º of the 
helicopter rotor blade. 

The global characteristics shown for the flight at 60 m are 
also kept during the flight at 120 m, Figure 20. 

 

a - Y = - RWT/2 b - Y = + RWT/2 

Figure 19: Time history of the blade effective angle of 
attack variation at r/R = 0.97 compared to the uniform 

side wind condition at height 60 m.  
 

a - Y = - RWT/2 b - Y = + RWT/2 

Figure 20: Time history of the blade effective angle of 
attack variation at r/R = 0.97 compared to the uniform 

side wind  conditions at height 120 m.  

The changes in the effective angles of attack have 
produced variations of the flapping angles and, in turn, of 
the loads and moments acting on the rotor. 

Figure 21 describes the flapping angle variations, at the 
three selected flight heights, for the helicopter flying in 
both directions with respect to the WT rotor disk. They are 
referred to the uniform side wind condition. 
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Figure 21: Variation of the flapping angles with respect to the uniform conditions at the heights 60 m, 90 m, 120 m, 
respectively. Helicopter leaving the WT disk on its port side R2L (red) or starboard side L2R (green) while crossing the 

WT wake 

Since the WT wake enlarges downstream of the WT rotor 
disk, a general characteristic is that the helicopter rotor 
feels the influence of the WT wake in a region that radially 
extends for more than the WT rotor radius, about 1.5RWT. 

Figure 21a illustrates the changes in conicity, ∆β0. This 
increases of less than 1° inside the WT wake, regardless 
of the direction of flight. Figure 21b shows the changes in 
longitudinal cyclic flap, ∆β1c. Following the 
phenomenological explanation described in section 6.2, 
the WT wake produces a considerable reduction (about 
2°) of this flap angle during the flight in the direction L2R, 
which increases with height and is generally located in a 
region around the WT rotor hub. Conversely, during the 

flight in the direction R2L, the WT wake produces an 
oscillating behaviour of this flapping angle with an average 
increase of about 0.5° but with a negative peak between 
Y/RWT = 0.0 and 0.5. Finally, Figure 21c shows the 
changes in lateral cyclic flap, ∆β1s. In this case, the 
variations are lower than the longitudinal cyclic flap (in a 
range between -1° and 1.5°), increasing with the height, 
and mostly inverted, with respect to longitudinal cyclic flap, 
as far as the direction of flight is concerned. 

These variations in the flap angles have produced 
variations in the hub moments that are illustrated in Figure 
22. 
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Figure 22: Variation of the helicopter moment coefficients with respect to the uniform conditions at the heights 60 m, 90 
m, 120 m, respectively. Helicopter leaving the WT disk on its port side R2L (red) or starboard side L2R (green) while 

crossing the WT wake 

In particular, despite inverted if referred to the flight path 
directions, the changes in the longitudinal cyclic flap ∆β1c 
have produced the same qualitative changes in the 
pitching moments ∆CMY, Figure 22b, whereas the 
changes in the lateral cyclic flap ∆β1s have produced the 
same qualitative changes in the rolling moments ∆CMx, 

Figure 22a. Similarly, the qualitative behaviour of the 
yawing moment variation ∆CMz has reproduced the one of 
the conicity variation ∆β0. 

Figure 23 shows the changes in the helicopter rotor thrust 
and torque coefficients. The first increases during the WT 

wake crossing, while the latter reduces. In both cases 
there is an inversion in the behaviour while crossing the 
WT wake: the thrust variations first reduce while 
approaching and leaving the WT wake, than increase 
inside the wake reaching a maximum at a distance from 
the WT rotor hub of Y/RWT = 0.5; the opposite can be 
observed for the torque variation. The flight direction 
determines only minor differences in both coefficients, with 
slightly higher values in thrust and slightly lower ones in 
torque for the WT port side flight. The height produces 
small differences but the flight at 90 m generates higher 
thrust and more negative torque variations. 

   
a - Thrust coefficient 

   
b - Torque coefficient 

Figure 23: Variation of the rotor thrust coefficient (top) and bottom coefficient (bottom) with respect to the uniform 
conditions at the heights 60 m, 90 m, 120 m respectively. Helicopter leaving the WT disk on its port side R2L (red) or 

starboard side L2R (green) while crossing the WT wake 
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rotor crossing, in low-speed level flight and in the 
presence of ABL, the wake of a NREL 5MW WT. 

The selected crossing flight path has been assumed 
orthogonal to the WT axis and located two WT rotor 
diameters downstream to the WT disk. Three different 
flight altitudes have been investigated: above the WT hub; 
at the WT hub height; below the WT hub. Two flight 
directions have been simulated: R2L, with the helicopter 
leaving the WT disk on its port side; L2R, with the 
helicopter leaving the WT disk on its starboard side.  

The aerodynamic simulations have been carried out by 
using a BEM methodology and applying a decoupled 
interactional procedure specifically conceived for the 
purpose. The rotor blades have been assumed fully rigid. 

The simulations have been aimed at the understanding of 
the mechanism with which an interaction with a uniform 
side wind or WT wake can produce changes in the forces 
and moments acting on the helicopter rotor, and at their 
quantification. 

The outcomes of the aerodynamic investigation are 
summarized in the following: 

 Despite the interactions produce complex flow fields, 
the phenomenology is substantially simple. A uniform 
side wind or a WT wake encountering a helicopter 
rotor locally alters the velocities acting on the 
helicopter rotor blades, in magnitude and/or direction, 
because of the WT axial and radial changes in 
velocity deficit; the presence of the WT blade tip 
vortices; the presence of the ABL; the WT wake swirl. 
These velocities modify the helicopter rotor blade 
sectional effective angles of attack, which, in turn, 
change the blade loads, generate flapping angles and 
alter the rotor forces and moments; 

 an increase in the longitudinal flapping produces 
negative pitching moments (nose-down), while an 
increase in the lateral flapping causes positive rolling 
moments (port side-down); 

In the particular case of uniform side wind, the comparison 
with the performance in undisturbed atmosphere has 
produced the following results: 

 the flight direction R2L produces a reduction of the 
flapping angles, whereas the L2R one increases 
them. In both cases, this variation is significant for the 
cyclic angles, less important for the conicity. The 
amount of changes in the rolling and pitching 
moments are consequential, the yaw is little affected; 

 the thrust and torque both increase during the flight in 
L2R direction. The opposite happens during the flight 
in R2L direction, but with lower intensity; 

 the flight altitude has a negligible effect. 

Regarding the interaction with the WT wake, the results 
have been compared with those in uniform side wind 
conditions. The following outcomes have been obtained: 

 the flight altitude produces moderate changes; 

 the effects on the flapping angles, loads and moments 
become important inside the WT wake, with peaks 
generally located around the WT hub position; 

 the conicity slightly increases of about the same 
amount for the two flight directions;  

 regarding the longitudinal flapping, the flight direction 
L2R produces a significant reduction of it. Instead, the 
flight direction R2L produces fluctuations of smaller 
amplitude. The effect on the pitching moment is 
direct: a significant rotor nose-up can be observed 
during L2R flight; 

 the flight direction R2L produces an increase in the 
lateral flapping, whereas the flight direction L2R 
produces some fluctuations. The effect on the rolling 
moment is direct: a positive roll (port side-down) can 
be observed during R2L flight; 

 the yawing moment slightly increases inside the wake 
with a maximum around the WT hub position. No 
difference can be observed by changing the direction 
of flight; 

 the thrust increases significantly, while the torque 
reduces, independently of the flight direction. 

Regarding the pitch (roll) attitude quickness of the 
helicopter interaction with the WT wake, the following 
outcomes have been obtained: 

 Both pitch (roll) attitude quickness in R2L helicopter 
position (vortex attacking the retreating side of the 
blade) brings the helicopter closer to the Level 1/2 
quickness boundary for general MTE and would give 
wholly inadequate control for counteracting the effects 
of a vortex encounter; 

 Both pitch (roll) attitude quickness in L2R helicopter 
position (vortex attacking the advancing side of the 
blade) result in an increase in attitude quickness and 
much higher pitch changes especially when the vortex 
attacks at the helicopter hub centre. This would give 
less margin in control power terms for the helicopter 
to counteract the effects of a vortex encounter; 

The analysis of the results has indicated that, for a WT 
rotor and helicopter rotor both counter-clockwise rotating, 
a pilot experiences a greater workload during the flight in 
the direction leaving the WT disk on its starboard side 
L2R. It should be recognized that this situation is transient 
in nature and the pilot needs to command it only 
momentarily. 
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