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Abstract

This article presents a new time-marching fully unsteady method for simulating helicopter rotors in manoeuvring flight conditio
unsteady wake model is based on Mudry’s theory which rigorously derives the evolution equation for the wake considered as a vo
from the fluid dynamic equations. The numerical treatment of the sheet with a high-order panel representation allows an accurate
of the wake without using numerical regularisation techniques. An unsteady lifting line model, based on Matched Asymptotic Expa
used to represent the blade and to extend the concept of induced velocities to unsteady configurations. A first application to the B
in manoeuvring flight shows that the method is capable to handle such kind of complex configuration.
 2003 Elsevier SAS. All rights reserved.
m-
rti-
y
nd

in
ota-
ro-
mic

such
onic
. . .
ed
se,
bu-
e. A
ent

eat-
ons
or,
di-

al
ime-
ess

n the

or
ains
ns

VI)
te to
and
for
the
or
ially
the
raft,
y to

am-
still
ety,
aling
er
eli-
er,
gu-
1. Introduction

Among existing aircraft, helicopters are particularly co
plex due to their specific capabilities: hover and ve
cal flight. These difficult flight conditions are provided b
means of the main rotor which ensures both the lift a
the propulsion of rotorcraft. In forward flight, the ma
rotor blades have a combination of translation and r
tion motions which render the flow-field around the
tor extremely complex, because of the various aerodyna
phenomena encountered during the blades revolution,
as three-dimensionality, unsteadiness, non-linear trans
conditions, strong viscous effects, vorticity in the wakes

The unsteadiness in forward flight is first introduc
by the relative free-stream velocity varying azimuth-wi
which induces a lateral dissymmetry in the loads distri
tion between the advancing blade and the retreating blad
high-speed forward flight, transonic conditions are pres
at the blades tip, including shock waves, while the retr
ing side exhibits low-speed high angle-of-attack conditi
which may lead to dynamic stall. In order to trim the rot
complex dynamic blade motion is thus introduced, either
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rectly by the pilot (pitch) or indirectly by the mechanic
response at the hub (flap, lead-lag). In manoeuvre, the t
varying helicopter speed adds to the flow-field unsteadin
and the trim process is subject to transient phenomena i
aerodynamic or dynamic response of the blades.

Rotational effects are particularly important in hover
descent flight, when the wake shed from the blades rem
very close to the rotor disk, thus creating interactio
and noise. In particular, blade vortex interactions (B
cause sudden changes in blade loading which contribu
the characteristic blade noise emitted during approach
landing. This impulsive noise is especially penalising
the use of helicopters in civil applications, and it allows
detectability of military helicopters as well. The main rot
wake can also interact with the fuselage, more espec
during transition between hover and forward flight when
wake is convected towards the tail surfaces of the rotorc
creating large changes in the control inputs necessar
stabilise the helicopter.

The computation of the complete helicopter aerodyn
ics accounting for this large number of phenomena is
a challenge, because of their complexity and their vari
and present computer resources are not sufficient for de
with the whole problem. A large effort is being put in ord
to develop the capability of computing the complete h
copter for simple stabilised flight conditions [1]. Howev
there is little hope to solve the small details of the confi
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ration or deal with severe flight conditions at moderate c
in the near future with such an approach. As a result, the
fort is also put on the simulation of isolated components
the helicopter, of which the main rotor has the leading r
Different numerical techniques can be used to predict r
aerodynamics and wakes evolution with time.

First of all, CFD methods solving the Navier–Stok
equations describe both the viscous and rotational phen
ena which constitute the wake. However, the grid finen
needed to obtain a good discrete solution for the wake is
not practicable because the wake has a significant influ
during quite a long period of time after emission (typica
2 rotor revolutions). A large level of effort is being spent
improving the vortical flows simulation in CFD [2–6], bu
they are still not mature enough for solving the problem.

Another class of methods can be efficiently used to ta
the rotor wake simulation problem when considering that
flow compressibility effects can generally be neglected
to the low forward speed of rotorcraft, although the fl
around the blade itself is indeed compressible. When
flow is supposed to be inviscid incompressible and irro
tional, singularity methods are obviously efficient for si
ulating wake distortions in terms of flexibility and compu
ing costs compared to CFD. The wake itself is described
a set of vortex lattices or vortex particles which are c
vected with time, either freely or following a prescrib
wake geometry, and generally periodicity conditions are
plied to account for the steady flight of the helicopter. M
of the codes are also based on a steady lifting-line me
following the quarter chord line of each blade. Aerodynam
loads and moments are then directly read in experime
2D airfoils tables, thus allowing to account for compressi
ity and viscosity effects which are significant for the bla
sections. The magnitude of the vorticity in the wake is th
related to the quasi-steady lift on the blade by Joukovs
theorem.

In this article, a new method for computing the unste
aerodynamics of a helicopter rotor undergoing any type
motion, in particular manoeuvre, is described. It constitu
new developments to the MESIR code [7] currently use
ONERA which is capable to deal with steady forward flig
conditions only. Most of this work stems from a thesis wo
achieved at ONERA [8]. For doing so, two features have
be considered.

First a time-marching algorithm has been implemen
for the prediction of wake deformation. The MESIR cod
developed at ONERA, which is valid for quasi-steady f
ward flight conditions, considers the flow-field to be perio
in time and iteratively computes the free wake geometry b
relaxation method. The velocity induced by the wake is co
puted for all points on the blades and the wake nodes, u
the Biot–Savart law, which, together with the rotor motio
allows to distort the wake. The computation is conver
once a stable wake geometry consistent with the blades
culation is obtained. In order to consider unsteady condit
such as those encountered during manoeuvre, a time m
-

-

ing algorithm is necessary to give up the periodicity
sumption and to allow accounting for unsteady wake effe
which become more significant for these time-depend
flight conditions. Furthermore, it is necessary that the tim
marching algorithm converges with azimuthal steps of a
degrees only. Indeed, numerical tests [8] have been ach
to analyse the MESIR capabilities in terms of converge
with respect to the wake discretisation. In particular, th
have shown limitations in the convergence of MESIR
azimuthal steps lower than 10◦. Such computations cann
simulate the wake geometry during BVI (Blade Vortex
teraction) as long as the discretisation step is larger than
duration of the BVI phenomena, estimated at about 3◦ az-
imuth for some cases presented in [9].

Secondly, in order to account for the unsteady effe
which occur on the blades, an unsteady lifting-line mo
must be introduced to replace the quasi-steady appr
of MESIR. Indeed, it is important to keep the use of
experimental 2D airfoil data to estimate the blade lo
and thus easily account for first order compressibility a
viscous effects, mainly in the advancing blades sec
Nevertheless, in order to provide a better description
the blade unsteady aerodynamics, loads prediction ca
improved by introducing an unsteady formulation of t
lifting-line model.

These two points will be considered successively, incl
ing a theoretical description and simplified validation ca
for the developments completed. The method will then
applied to a rotor in manoeuvring flight conditions in ord
to demonstrate its capability for such kind of configuratio

2. Simulation of unsteady rotor wake

As explained above, a new theoretical model of wa
in unsteady flows has to be established in order to simu
any general flight condition of the main rotor, resulting
a time-marching algorithm. Most of the following approa
actually stems from the general theory of vortex sheet
unsteady flows developed by Mudry [10]. This offers a r
orous and complete theoretical formulation of the probl
from which a discretisation scheme and a numerical me
of solution are derived.

2.1. Thin wakes and the concept of vortex particles

In the general framework of potential flows, Mudry [1
developed a general theory for unsteady wakes, consid
as vortex sheets (discontinuity surface for the tangentia
locity) represented by classic double layers. Mudry foun
his theory on the median layer concept, which was first in
duced by Helmholtz in terms of median velocity. The vor
sheetΣ representing the wake is characterised by the n
unique pair of functions:
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Fig. 1. Correspondence between vortex sheet and parameterisatio

– �� , the “median parameterisation”, shown in Fig.
which determines the geometrical shape of the vo
sheet and its deformation:{(
q1, q2

) ∈Ω ⊂ R
2

x = (x1, x2, x3) ∈ R
3

t ∈ I ⊂ R �→ �x = �� (q1, q2, t
) ∈Σt ; (1)

– �γ , the associated “median vortex density” that descri
the vortex sheet strength. It is a function of the lo
velocity jump and of the geometrical description of t
wake carried out by the median parameterisation:

�γ (q1, q2, t
)= �N ∧ [ �U]=

(
∂ ��
∂q1 ∧ ∂ ��

∂q2

)
∧ [ �U]

= γ 1 ∂ ��
∂q1

+ γ 2 ∂ ��
∂q2

. (2)

The wake convection is described by the following evolut
equation that�� verifies:

∂ ��(q1, q2, t)

∂t
= �U+ + �U−

2
= �U∗( �� (q1, q2, t

))
(3)

where �U∗ is the median velocity field due to the flow, i.e
the half-sum of the two fluid surfaces velocities.

The position of a vortex particle being defined by t
pointN : t �→ −−−→

ON = ��(q1, q2, t), ( ��, �γ ) clearly states the
concept of continuous vortex particles to represent the w

From the choice of the parameterisation�� together with
the pressure continuity condition across the wake, Mu
demonstrated the fundamental time-conservation prop
for the two contravariant componentsγ α (α = 1,2) of
the median vortex density. The wake shedding is ta
into account by specifying thatq1 is the shedding edg
parameter linked to a shedding edge representationq ,
and q2 the shedding time,τ . It can be deduced that th
two contravariant components of the vortex density
determined once for all when the particle is shed wit
determined shedding relative velocity.

The velocity induced by the vortex sheetΣ takes the
form:
�U(�x, t)= 1

4π

∫ ∫
Ω

�γ (q, τ, t)∧ (�x − ��(q, τ, t))
‖�x − ��(q, τ, t)‖3 dq dτ

+ 1

4π

∫
SE

[Φ](q, τ, t) (�x − ��(q, τ, t))∧ d ��(q, τ, t)
‖�x − ��(q, τ, t)‖3

(4)

whereΦ is the velocity potential and SE means shedd
edge. The integration domain is a known range defined
the definition plane(q, τ ) of the parameterisation�� . It does
not explicitly depend on time.

The problem of computing the wake, which consists
determining the position and density of the vortex partic
once shed, reduces in solving the integral–differential eq
tion that governs the new position of the vortex particle
every moment.

2.2. Wake and induced velocity discretisation

Discretisation of the wake consists in approximating��
on Σ and deriving a discrete procedure for calculat
the velocity induced byΣ . A discretisation model wa
first implemented by Leroy [11] in a general approach
computing unsteady thin lifting systems. A discrete vor
particle concept was thus applied and it was shown that
well suited when computing the unsteady wake deformat
The discretisation of the doublet distribution was based o
constant distribution of[φ] by panel. In the present schem
a higher order linear distribution coupled with a numeri
Gauss integration method is retained. As shown in [8], a
considering different possibilities, this was the most effici
one in terms of cost-accuracy ratio. The main features of
discretisation scheme are described below.

Discretisation of the geometrical surfaceΣ is performed
in the definition planeΩ of the parameterisation�� . The de-
finition plane is approximated by the union of quadrilate
panels (as shown in Fig. 1) of constant subdivision inc
ments(h1, h2).

Discretisation of �γ over the panels and related to t
definition planeΩ is obtained by applying the Stokes
Ampere law for the potential jump:

�γ = �N ∧ �∇[Φ] = �N ∧ −−−→
grad[Φ] =

∫
∂Ωj

[Φ]d�l. (5)

This is applied for the shedding process when the contra
ant components of�γ are not yet known. The approximatio
of [Φ] being supposed linear on each panel, the velocity
duced by a panel is calculated by a numerical Gauss inte
tion method with four points. Hence the integrals appea
in Eq. (5) are replaced by finite sums. Usingn integration
points, the error, in two dimensions, is of O(�r)2n. When
using one single integration point only, the discrete mo
would be equivalent to vortex particle methods [11].
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2.3. Description of the numerical procedure

In order to validate this new approach for wake def
mation prediction, the lifting line method used in MES
[7] is kept to represent the blades, the motion of which
given by a R85 computation, the rotor dynamics code of E
ROCOPTER and widely used at ONERA [12]. The num
ical scheme is based on a time-stepping procedure. At
time step, corresponding to an azimuthal position, bla
are moved along their flight path and wakes can be
dicted from the corresponding set of discrete equation
Sections 2.1 and 2.2.

The computation of circulation on the blade is the res
of an iterative process. From a first approximation of
spanwise distribution of circulation, the method compu
velocities induced by the blades and their wakes at e
quarter-chord point of the blade. This allows estimat
the local induced angle of attack. The knowledge of bl
motion then allows to calculate the aerodynamic inciden
By using the airfoils tables to determine the local lift
function of incidence, a new distribution of circulatio
is calculated from Joukowski’s theorem relating bou
circulation to local lift. Therefore, the process has to
repeated until an unique couple(Γ, �U) is found.

Once a median vortex density has been assigned to
new row of vortex panels, the wake is convected us
the calculated induced velocities from the resolution
the evolution equation for�� . This is done by a Runge
Kutta algorithm. The resolution order of the Runge–Ku
algorithm depends on the requirements both on computa
time and accuracy. The higher the order, the better the w
rollup is simulated. After several numerical tests, first
second-order algorithms have been selected. The blade
next rotated by an angle equal to the azimuthal discretisa
step. Only three blades revolutions are stored in the w
and older panels are not taken into account because
influence is negligible.

2.4. Validation of numerical wake model

Validation tests of the method were run in steady f
ward and descent flight in order to investigate the capab
of the method to capture the rotor wake properly, study
more particularly the influence of discretisation parame
[8]. Convergence of the method can be achieved even fo
imuthal steps of the order of BVI phenomena, as show
Fig. 2 for the Bo 105 rotor of the HART experiment (Min
imum Vibration case at 6◦ descent flight) [9]: computation
with 10◦, 5◦ and 2◦ azimuthal steps were run. The smal
the time step, the more oscillations appear on the lift ev
tion versus azimuth. However, when the results for 5◦ and 2◦
azimuthal steps are compared more in details, it can be
that, except for the rear blade part where the wake accum
tion produces spurious oscillations in the computed lift,
computation tends to converge in particular as far as
fluctuations due to BVI are concerned, namely between◦
e

r

n
-

Fig. 2. Convergence of sectional loads with azimuthal discretisation

Fig. 3. Comparison with Bo105 experiment in descent flight.

and 90◦ on the advancing blade side and between 290◦ and
320◦ on the retreating side. This suggests that the me
is capable to capture the occurrence of the Blade Vortex
teractions, although the details of the interactions canno
simulated by such kind of methodology. Indeed, the co
puted interactions correlate well with experiment as sho
in Fig. 3, with 6 interactions on the advancing blade side
2 interactions on the retreating side.

As shown in reference [13], when considering the beh
iour of the two integrals of (4) in the vicinity of the vorte
sheet, a logarithm behaviour related to the derivatives o
potential jump across the sheet derives from the surfac
tegral and a behaviour in 1/r related to the potential jum
from the curvilinear integral. Because of using a first or
discretisation of the potential jump (constant by panel), m
wakes models need a numerical regularisation to avoid
nite velocities. Applying the Gauss integration method c
pled with a higher order discretisation allows decreasing
degree of singularity of the method from 1/r to log(r) and
almost no regularisation is required in this method as sh
in [8]. For simple cases, such as the one considered in F
for which a constant gradient of potential jump is impos
on plane wake surface, the method behaves correctly w
out any regularisation of the velocity field, the velocity jum
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Fig. 4. Comparison between analytical solution and numerical solutio
the close vicinity of a panel.

computed numerically being in conformity with the the
retical one even in the very vicinity of the panel. Howev
numerical experience has shown that a small amount of
ularisation is nevertheless necessary when considering
plex wake sheets such as those encountered around a
copter rotor.

It was also checked that the converged solution is in
pendent on the initialisation because of the time march
algorithm implementation. To start the computation, eit
an impulsive start from rest can be used or the wake
be initialised by any given geometry and circulation dis
bution. Finally, this new method allows a significant co
puting time reduction compared to the MESIR code, of
order of 70% when an impulsive initial start is used [14].

3. Unsteady lifting-line model

In order to deal with general flight conditions such
manoeuvre flight, but also to improve the computation of
unsteady response of the blade in steady forward flight
quasi-steady assumption made to compute the blade
has to be replaced by an unsteady one. This section d
with the implementation of an unsteady lifting-line approa
based on theoretical works of Sellier and Guermond [
and a numerical model implemented by Devinant [1
-
i-

s
s

Furthermore, the unsteady airfoil theory used is that
Theodorsen [17].

Practically, approaches such as MESIR deal with the t
evolution of the spanwise circulation distribution and
more or less empirical extensions of Prandtl’s lifting-li
model, as it accounts for the unsteady three-dimensi
wake issued from the trailing-edge by a steady type indu
incidence and uses steady airfoil models. The new appr
consists in searching the solution of a first-order unste
outer problem, i.e., the time evolution of the spanwise
culation distribution along the lifting-line, through the re
olution for each span section of a 2D unsteady probl
This 2D problem takes the three-dimensional aspect into
count through an unsteady induced velocity on the lifti
line. Devinant has justified this approach, which is actu
an improvement of the quasi-steady one, using theore
results based on the matched asymptotic expansion
nique exposed in [15].

3.1. First-order complete induced velocity

The lifting line model is based on an asymptotic appro
for large-aspect-ratio lifting systems (aspect ratioAR =
B/c � 1, whereB is the span andc the chord length
scale) assuming incompressible flows. The span lengB
characterises the outer problem, i.e., the lifting line, wher
the chord lengthc characterises the inner problem, i.e.,
two-dimensional problem. Considering periodic unste
flows, the motion wavelengthλ is another length scale
For highAR, five frequency ranges can be identified
comparingλ toB andc: very low frequencies (λ� B � c),
low frequencies (λ ∼= B � c), intermediate frequencie
(B � λ � c), high frequencies (B � λ ∼= c), very high
frequencies (B � c � λ). The inner and outer expansio
are performed relative to the small parameter 1/AR.

The influence of the vorticity distribution on a blade a
its wake may be decomposed into that of the vortices loc
at distances of orderc and that of the vortices located
distances of orderB or larger. Then in the plane(O,x, y)
two domains (Fig. 5) can be identified [16], an inner dom
noted I in which the problem is a two dimensional unste
one, and the outer domain for the lifting line approa
This outer domain is decomposed into the two follow
domains: Owi, constituted of the points located in the w
of the inner domain at distances of orderc or larger, and
O composed of the points outside Owi. The velocity fi
induced by the vorticity distribution is then the sum of t
contributions of the three domains.

Finally on the basis of the MAE technique the veloc
field induced by the inner and outer vortex systems can
written to the first order approximation as

w =wint +wext =winst
2D +wO∪Owi −wOwi + o(1/AR)

≈winst
2D +wi (6)

with wi =wO∪Owi −wOwi and where, according to Prandt
approach,w2D corresponds to the normal perturbation v
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Fig. 5. Schematic of the unsteady lifting line domains.

locity in the two-dimensional case (whenAR tends to in-
finity) andwi is the induced velocity, which represents t
finite aspect-ratio correction.

To first order,wi is the difference between the velociti
induced by two vortex systems relating respectively to O∪
Owi and Owi with:

wO∪Owi = 1

4πU∞
FP

∫
Σ

�γ ∧ �r
r3

dS, (7)

wOwi = 1

2πU∞
FP

∞∫
0

γy

ξ
dξ. (8)

This is why an unsteady lifting-line model which conside
only wO∪Owi and does not takewOwi into account fails
as soon as unsteadiness becomes significant. To first-
approximation and for low and very low frequencies,
chord sinusoidal modulation is neglected andwi considered
as constant along the chord. It is then possible to conver
induced velocity into an induced velocity on the lifting lin

3.2. Two-dimensional problem

Lifting line theory requires an analysis of the unstea
aerodynamics of a two-dimensional airfoil. For helicop
applications, two main classes of methods are used to ta
this problem, Theodorsen’s theory [17] and the indic
method as developed by Beddoes [18]. Both have the
vantage to allow to use the experimental 2D airfoil data
order to include compressibility and viscosity effects. Ho
ever, the latter method, based on the decomposition o
unsteady time-varying motion of the airfoil into elementa
step functions, computes the corresponding airfoil load
linear superposition of the elementary indicial responses
ing Duhamel’s principle. This makes it necessary to mo
the 2D airfoil polar instead of directly using experimen
data, and the unsteady response is parameterised too b
justing the loads to experimental or CFD data, thus all
r

-

Fig. 6. Description of wing section motion.

ing to extend the method to semi-empirical modelling of
namic stall phenomena. On the contrary, Theodorsen’s
ory solves for the incompressible Laplace’s equation in
frequency domain. The objective of the present work be
to solve for the unsteady response of the blade in man
vre and to avoid as much as possible any kind of param
modelling, an extension of the Theodorsen airfoil mode
the time domain has been retained. The main results of
theory are described below.

A two-dimensional airfoil undergoing unsteady moti
in uniform free stream is considered. Linear, incompress
aerodynamic theory represents the airfoil and its wake
thin surfaces of vorticity (2D vortex sheets) lying in
straight line parallel to the free stream velocity. For suc
linear problem, the solution for the thickness and cam
loads can be separated from the loads due to angle of a
and to unsteady motion. Only the latter solution is retai
here.

An airfoil of chord c = 2b is in a uniform free stream
with velocity U∞. Since the bound circulation of th
section varies with time, there is shed vorticity in the wa
downstream of the airfoil. The vorticity strength on t
airfoil is γ b, and in the wake,γw. The blade motion will
be described by a heaving motionh (positive downward)
and a pitch angleα about an axisx = ab (Fig. 6). The
aerodynamic pitching moment will also be evaluated ab
the axis atx = ab. The airfoil motion produces an upwas
velocity relative to the blade equal to

Q= ḣ+U∞α + b

(
1

2
− a

)
α̇. (9)

Theodorsen divides his solution into two parts to sat
the equations of the problem:

– an appropriate distribution of sources and sinks
above and below the linez= 0 gives the non circulator
vorticity, which satisfies the boundary conditions for t
unsteady airfoil motion but givesΓ = 0;

– a pattern of vortices is then put on this line, with coun
vortices along the wake to infinity, moving away fro
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the airfoil at the free-stream velocity, in such a w
that Kutta’s hypothesis is fulfilled without disturbing th
boundary conditions at the airfoil surface. It derives
circulatory vorticityγw, which givesΓ and has no effec
on the boundary conditions.

Each part of the flow solution is most convenien
obtained by using Joukowski’s conformal transformation
map a circle of radiusc/2 onto the airfoil’s projection. The
time variation of the circulation is described by the followi
equation:

Γ (t)= 2πbQ+
+∞∫
b

(√
ξ + b

ξ − b
− 1

)
γw(ξ, t)dξ. (10)

Then, by integrating the pressure distribution along
airfoil, the resultant aerodynamic loads, lift and moment,
given by the following decomposition:L = LNC + LC and
M =MNC+MC, where NC is the non-circulatory part and
the circulatory part, which contains airfoil motion and wa
effects respectively. The circulatory part can again be s
into a pure quasi-steady part and a pure unsteady part:

L= LNC +LC with LC = LQ +LW (11)

with

LNC = πρ∞b2 ∂

∂t

(
Q− 1

2
bα̇

)
. (12)

LQ is the quasi-static lift, which is the lift due to the ang
of attack at the three-quarter chord point:

LQ = 2πρ∞U∞bQ. (13)

LW is the lift due to the shed-wake induced velocity:

LW = ρ∞U∞
+∞∫
b

b√
ξ2 − b2

γw(ξ, t)dξ

= [
C(k)− 1

]
LQ (14)

whereC(k) is the Theodorsen lift deficiency function fo
an oscillating airfoil [17], which shows that the effect
the shed wake is to reduce the circulatory liftLC below its
quasi-static value. A similar decomposition into a circulat
part and a non circulatory part can also be made for
aerodynamic momentM.

3.3. General equation for circulation computing

In each blade section the two-dimensional problem d
with the unknown circulationΓ (y, t) at considered spa
locationy and timet and the finite aspect ratio correctio
is taken into account via an induced velocity as shown
Section 3.1. Finally the general equation for circulation i

y ∈
[
−B

2
,
B

2

]
, t ∈ [0, T ],
Γ (y, t)= 2πbQ(y, t)+
+∞∫
b

(√
ξ + b

ξ − b
− 1

)
γw(ξ, y, t)dξ

+ 2πbU∞wO∪Owi(y, t)− 2πbU∞wOwi(y, t). (15)

By defining a near and a far wake respectively forx ∈
[b,X′] (X′ � b) and x ∈ [X′,+∞[, it can be shown tha
far wake effects of the 2D unsteady inner problem and
negative contribution ofwOwi cancel each other. Then th
circulation can be written as:

Γ (y, t)= 2πbQ(y, t)+
X′∫
b

(√
ξ + b

ξ − b
− 1

)
γw(ξ, y, t)dξ

+ 2πbU∞wO∪Owi(y, t)− b

X′−b∫
0

γy(ν, y, t)

ν
dν. (16)

In the lifting-line theory, this equation is coupled with th
equation obtained from Kelvin’s theorem, which expres
the circulation conservation.

3.4. Aerodynamics loads

To evaluate the three-dimensional unsteady loads, a
correction term is added to the expression of the Theodo
2D lift exposed in Section 3.2:

L(y, t)= LNC(y, t)+LC(y, t)+�L3D(y, t) with

�L3D(y, t)= 2πρU2∞bwi(y, t). (17)

By taking account of Eqs. (7) and (8), as for the 2D unste
lift, it is possible to decompose the 3D unsteady lift in t
following way:

L(y, t)= LNC(y, t)+L3D
Q (y, t)+L3D

W (y, t) (18)

with

L3D
Q (y, t)= 2πρ∞U∞b

(
Q(y, t)+U∞wO∪Owi(y, t)

)
,

L3D
W (y, t)= ρ∞U∞b

×
( X′∫
b

γw(ξ, y, t)√
ξ2 − b2

dξ −
X′−b∫
0

γy(ν, y, t)

ν
dν

)
.

(19)

This lift is expressed at the quarter chord point.L3D
Q is

a quasi-steady lift whereasL3D
W includes unsteady effec

through the contribution of the wake vortex densityγw.
The resulting expression for the aerodynamic momen

the quarter chord point is:

M(y, t)=Mpol(y, t)

+ πρ∞b2
(

−b
2
ḧ+ 3

8
b2α̈ −U∞bα̇

)
(20)

where Mpol is a correction term corresponding to t
moment at the aerodynamic center of an airfoil with cam
calculated from airfoils tables.
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3.5. Numerical implementation

To evaluateΓ (y, t) the following decomposition ha
been retained:

Γ = Γquart+�Γ + Γ2Dinst+ Γ2d3d (21)

with

Γquart(y, t)= 2πb(Q− bα̇+U∞wO∪Owi),

�Γ (y, t)= 2πb ∗ bα̇,

Γ2Dinst(y, t)=
X′∫
b

√
ξ + b

ξ − b
γw(ξ, y, t)dξ,

Γ2d3d(y, t)= b

X′−b∫
0

γy(ν, y, t)

ν
dν. (22)

Γquart is the resulting circulation of a 2D airfoil at a relativ
incidence ofQ−bα̇

U∞ +wO∪Owi measured at the quarter cho
point. It corresponds to the quasi-steady circulation
MESIR. In order to include viscous and compressibi
effects, Γquart is obtained from experimental 2D airfo
tables.

The following terms of the decomposition repres
correction terms corresponding to unsteady effects.
�Γ term describes the rotation of the profile (rotati
velocity at the three-quarter chord point).Γ2Dinst is the
contribution of the unsteady 2D wake. It is calculat
by assuming a linear approximation ofγw for the time
step in progress. In that case, the integral is regular
is calculated by a classical numerical integration sche
Finally, Γ2d3d is the contribution of the near wake of th
three-dimensional domain Owi. The integral is irregular a
has to be calculated with an Hadamard finite part appro
In practice, it is calculated with a numerical integrati
scheme by assuming a linear approximation ofγy for the
time step in progress.

3.6. Numerical application and validation

A first application of the method consisted in simulati
a rectangular wing of aspect ratio 10, undergoing an a
of attack ramp motion from 0◦ to 5◦. The motion inside
the fluctuation interval follows an harmonic evolution, t
duration of the ramp motion defining the reduced freque
of the problem. The solution is compared to a computa
obtained with an unsteady lifting surface method, for wh
the panels discretisation is very similar to that used
the wake of the present method since it is based on
same theory, although a lower-order representation
chosen in this case [11]. In the lifting line application
first-order time integration was used together with a v
small time step (�t = 10−3c/U∞). The first computation
(Fig. 7) corresponds to a low frequency case, while
second one (Fig. 8) is a high frequency case. Altho
Fig. 7. Evolution of lift for a 5◦ pitch ramp inc/U∞ = 10 (k = 0.157).

Fig. 8. Evolution of lift for a 5◦ pitch ramp inc/U∞ = 1 (k = 1.571).

the lifting line and lifting surface results differ (the li
computed by the lifting line approach is always smaller th
that obtained with the lifting surface, especially during
transient phase), they qualitatively give the same tende
showing an increase of the maximum lift with frequency,
well as the occurrence of an overshoot during the trans
phase. A deeper analysis of the results shows that most o
overshoot is due to the quasi-steady part of the loads (
circulatory part of the Theodorsen theory).

The wake shed during the ramp motion is presen
for a high-frequency case at the end of the computa
(Fig. 9). As indicated above, the computation is perform
without any regularisation of the wake induced velociti
The rolling-up of the tip vortex is clearly demonstrated
this figure, with positive vorticity being shed during the fi
part of the motion and negative vorticity later on. Again,
smooth evolution of the wake with time, especially for t
tip vortex, proves the efficiency of the wake simulation.

In order to better assess the unsteady capability of
present method, an “equivalent Theodorsen function”
computed from the results obtained for the case of
wing undergoing harmonic oscillations, for a set of redu
frequencies. This “equivalent Theodorsen function” w
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Fig. 9. View of the tip vortex roll-up for impulsive ramp motion (k = 0.817).
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Fig. 10. Evolution of equivalent Theodorsen function.

obtained in the following way: the lift in the mid-sectio
of the wing was Fourier analysed in order to comp
its real and its imaginary parts, and by subtracting
non-circulatory component of the lift (known analytica
from the wing motion) and by non-dimensionalizing t
result, the real and the imaginary part of the “equival
Theodorsen function” can be identified. Compared to
Theodorsen function (Fig. 10), this 3D function shows
lower modulus at quasi-steady conditions: this is a w
known effect of the 3D flows due to the quasi-stea
induced velocity field, as for steady cases. When the red
frequency increases, this 3D function evolves very simila
to the 2D one, with a negative imaginary part and
decrease of the real part of the function. In particular
can be seen that the maximum phase shift introduce
the unsteady effects is of the same order of magnitud
2D and in 3D. However, at the higher reduced frequenc
the 3D function is not correct, since it should conve
asymptotically towards the 2D one, indicating that unste
effects are preponderant in the high-frequency regime [
In fact, there may be several reasons for this failure at h
frequency. First of all, the non-circulatory part of the lift
much larger than the circulatory part in this case, and thus
identification process described above may not be accu
enough. Second, the numerical treatment of the finite-
integral may be too crude for the high frequencies. Th
the lifting line theory inherently makes a simplification
concentrating the induced velocities at the quarter-ch
line, which is not accurate at very high frequency. Additio
work is necessary in order to clarify these points, but
method was nevertheless considered as satisfactory sinc
helicopter rotor problem exhibits low to moderate redu
frequencies where the present approach behaves corre

4. Application to unsteady rotor aerodynamics
simulation

In order to demonstrate the applicability of the meth
to a helicopter flying in unsteady conditions, a first co
putation of the Bo 105 rotor in manoeuvring flight con
tions was made. Such kind of applications are not frequ
in the literature due to their complexity and the computer
sources necessary to deal with them [19,20]. In our case
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Fig. 11. Evolution of cyclic pitch during manoeuvre.

helicopter trim was preliminary computed using the HO
method, which is the helicopter flight mechanics and dyn
ics simulation tool developed by EUROCOPTER, and wh
is currently being improved in cooperation between EUR
COPTER, ONERA and DLR [21]. This simulation includ
the complete helicopter using simplified aerodynamic m
els, and it gives the rotor head motion as well as control
flapping angles for the rotor which were used as input d
in the present simulation. The manoeuvre considered
sists in impulsive inputs imposed on the longitudinal cyc
pitch angle (Fig. 11). The evolution of horizontal and ve
cal velocity components in the rotor frame as well as tha
the rotor shaft angle are shown in Fig. 12. During the m
noeuvre, 66 rotor revolutions are completed, so that o
coarse wake discretisations can be used in order to
the resources requested for such a simulation. Indeed,
10 span-wise points are used to represent each blade.
ous aerodynamic rotor computations were carried out w
the present method: fully unsteady computations and qu
steady computations, for different time discretisations (t
step equal to 30◦ azimuth, 15◦ azimuth and 10◦azimuth). In
the quasi-steady computations, the wake integrals invo
in the unsteady lifting line formulation are neglected, le
ing not to take into account the�Γ,Γ2Dinst andΓ2d3d terms
in (22), corresponding to what is generally implemented
lifting line methods for helicopter rotor blades. On the co
trary, the unsteady computations account for the comp
set of terms in the calculation of the circulation. The only
striction is that, as usually done in rotor wake models,
part of the wake older than three rotor revolutions is
glected in order to save memory as well as CPU time in
simulation. As indicated in Section 3.3, this approximat
may be justified by the cancellation of the unsteady 2D c
tribution of the far wake in the wake integrals.

The various computations presented (Fig. 13) sho
qualitatively similar evolution of rotor non-dimension
lift. The low-frequency component of the lift force do
not show significant variations with the time step or
accounting for the unsteady integrals of the circulati
-

Fig. 12. Evolution of inflow conditions in rotor shaft axis during manoeuv

This component is also clearly correlated with the ro
shaft angle. Considering the high-frequency componen
amplitude variation increases when the time step is redu
thus showing the filtering effect of the time discretisatio
Furthermore, the difference between the computations
24 and 36 azimuths per rotor revolution is quite sm
tending to show that a finer time discretisation would
involve any more significant difference as far as the ro
loads are concerned. The unsteady computations also
systematically a larger amplitude for this high-frequen
component than the quasi-steady one, which may s
surprising: in general, the unsteadiness tends to introdu
stabilising effect with respect to the quasi-steady assump
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Fig. 13. Evolution of normal force on rotor during manoeuvre.
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ent

of
asi-
riod
because of the time lag as well as the response redu
brought in by the wake integral. In fact, this so-call
“quasi-steady” assumption is not really quasi-steady si
as pointed out before, the influence of the unsteady
wake is taken into account by the induced velocities
the steady lifting line approach. Furthermore, the helico
configuration is particular in that the rotor wake is pres
not only downstream of the blade but also upstream
it. Fig. 14 shows a close comparison between the qu
steady and the unsteady solution for a given short pe
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Fig. 14. Comparison between unsteady and quasi-steady computat

of time of the manoeuvre, using the finer discretisation
36 azimuths per rotor revolution. Since a rotor revolut
lasts about 0.1432 seconds, the 4 per rev. oscillation in r
loads due to the number of blades is clearly noticeable
both solutions, thus explaining the high-frequency respo
of the rotor mentioned earlier. A small phase shift betw
the quasi-steady and the unsteady solutions can als
seen. In order to separate the influence of the various te
in (21), additional load computations were done for t
finer discretisation. One of them includes the full unste
wake effects but neglects the pitch rotation velocity
the three-quarter-chord point. In practice, this means
Fig. 15. Effect of three-quarter-chord velocity.

the �Γ term is not considered in (21). Fig. 15 sho
a close comparison of this simplified computation w
respect to the complete one. Indeed, the difference betw
both computations is hardly noticeable, indicating that
blades pitch velocity has a minor effect. The second l
computation was performed neglecting the non circula
part of the unsteady lift, i.e., theLNC(y, t) term in Eq. (18).
It was found that the influence of this non circulato
unsteady lift term is quite negligible, which is mainly d
to the low frequency motion of the rotor blades. All the
verifications show that the difference between the unste
and the “quasi-steady” computations are indeed essen
Fig. 16. View of the full rotor wake geometry at time= 9.4500.
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Fig. 17. View of wake geometry for one blade during manoeuvre.
last
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due to the unsteady wake integrals. Furthermore, this
difference is consistent for all the time discretisations us
thus showing the importance of taking the flow unsteadin
into account for this kind of flight configuration.
Fig. 16 shows the complete rotor wake geometry a
fixed time of the manoeuvre for the medium discretisat
used (24 azimuths per revolution). The complexity of
wake sheets emitted by the various blades and which inte
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between themselves is apparent. In order to better se
wake evolution during the manoeuvre, only the wake sh
emitted by a given blade for various times during
manoeuvre is shown in Fig. 17. Although fairly small at t
scale of the picture, the variation of wake geometry with ti
is quite noticeable during the manoeuvre, the change in r
axis attitude and in velocity providing different convecti
patterns for the wake sheet with time. For example, at t
3.1500 where the rotor shaft angle is minimal in magnitu
the wake remains very close to the plane of the ro
disk, resulting in a highly distorted geometry, while,
the contrary, at time 6.3000 where the magnitude of
shaft angle is maximum, the rotor wake is convected be
the rotor disk quite fast, giving a helical-like geomet
The larger magnitude in shaft angle at the end than at
beginning of the manoeuvre can also be recognised in te
of direction of wake convection when comparing the sh
geometry at time 0.7875 and time 9.4500. Finally, it c
be noticed that the larger variations in the high-freque
component of the rotor lift occurs when the wake sh
convection speed below the rotor is minimal (around ti
3.1500), i.e., when the rotor shaft angle is minimal: inde
one can expect that the wake integrals influence will
maximum at this time of the manoeuvre, whatever the fl
unsteadiness may be.

5. Conclusions

An extension of the free-wake methodology curren
used at ONERA and EUROCOPTER to time-march
resolution for dealing with the general unsteady motion
the rotor has been described.

The theoretical basis for representing the wake was re
ited, based on the work of Mudry, in order to remove a
empiricism which can be related to the formerly used Vor
Lattice approach applied to unsteady flows, thus provid
a complete and rigorous formulation of the problem. A d
crete model was derived from this theory which consid
the wake as a continuous vortex sheet and represents i
set of panels, but which can also be directly related to
concept of vortex particles. Application of numerical in
gration techniques allows to use a high-order panel disc
sation, thus lowering the degree of singularity of the wa
representation. As a result, the discrete method behaves
rectly in the vicinity of the vortex sheet without any nume
ical regularisation, although in practice a very small amo
of regularisation may be necessary for the complex confi
ration of rotor wakes where several vortex sheets emitte
the various blades are in close interaction. The new me
allows to converge the computation of the rotor for stabili
flight conditions for very small time steps (typically 2◦ az-
imuthal step) and to capture the occurrence of Blade Vo
Interactions which happen in descent flight.

In order to compute unsteady flight conditions for t
helicopter, an unsteady lifting line method is applied to
e

a

-

blade aerodynamics simulation. This methodology, der
from Matched Asymptotic Expansion techniques perform
by Guermond and Sellier, extends the concept of indu
velocity to unsteady conditions, the actual unsteady prob
being essentially 2D. The numerical implementation of
theory is an adaptation of the one used by Devinan
order to use the blade airfoil polars to account for visco
and compressibility effects for the quasi-steady loads.
unsteady model for the blade section relies on Theodors
theory, using numerical integration to compute the w
influence. Application of the method to simple cases sh
its good properties at low and moderate reduced frequen
the simulation being less accurate in the high freque
domain. A first computation of a rotor in manoeuvre flig
conditions also shows the capability of the method
simulate this complex flight characteristics. A next s
would be to couple this unsteady rotor model with
helicopter trim and to include the effect of the fuselage
the computation, although the inviscid approach adopte
more questionable when the flow field around a helico
fuselage is considered. Finally, the introduction of a se
empirical dynamic stall model might also be envisag
in order to improve the blade loads simulation dur
manoeuvring flight conditions at high load factors.
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