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A rotor wake model for helicopter flight mechanics is presented in details. The wake
is mainly represented by vortex rings, on which the vorticity distribution is
described by Fourier series. The induction formula given in this paper are not
limited in harmonics. After the description of the model, the problem of the
prediction of the pitch-bump is addressed. The aim is to develop physically based
models with a minimum dependence on empiricism, in order to be helpful in the
design process of a new helicopter by reducing the number of tests. The effects of
the main rotor inflow, of the wake roll-up and of the wake contraction, are studied

with analytical models.

) NOTATION
‘a Longitudinal ¥2 dimension of elliptic vortex
b Number of blades, or lateral Y2 dimension of elliptic

vortex
c Local blade chord

(C: )ae Rotor aerodynamic thrust coefficient

Cy Airfoil lift coefficient

Ny Number of harmonics

R Rotor radius

Vairp Airspeed in the airfoil plane

V, Vertical speed

(viD» Viles Vils) First harmonic coefficients of the induced
velocity field on the main rotor

if Local vortex strength

('YO, T 'yis) First harmonic coefficients of the vorticity

distribution on a vortex rings

Ty Local bound circulation on a blade-element

X wake skew angle

) Azimuth angle

18 Advance ratio

Q Rotor rotational speed
INTRODUCTION

ONERA contributes to the development of the
“Helicopter Overall Simulation Tool” (HOST code) of
EUROCOPTER. In the ONERA center of Salon-de-
Provence, these mathematical modelling developments
are devoted to a better simulation of the helicopter flight
dynamics. For rotary wings aircrafts, the modelling of the

rotor wake is very important since its induced velocity
field has a significant impact both on the rotor
aerodynamics and on the airloads of the other
components, in particular the tail elements (horizontal
stabilizer, fin and tail rotor).

One of our main goals is to develop a generic rotor wake
model which can be applied for frim computations but
also for dynamic simulations. The paper will present in
details a rotor wake model which can be used routinely
for non-real-time simulations including dynamic
mane@uvres.

In most helicopter flight mechanics codes, empirical
models are used to assess the aerodynamic influences of
the main rotor wake on the tail components. But these
models requires some experimental data to be tuned and
oft, they are not very reliable for the dynamic simulations
due to some quasi-steady assumptions.

The vortex method being closer to the physics, provides
models with less dependence on empiricism. Therefore
the vortex approach has been chosen to obtain a model
useful in the design process of any helicopter.
Nevertheless, the vortex method is still rarely used in
flight dynamics, and among the vrare vortex
representations  applied, the flat vortex wake
approximation has been up until now preferred for its low
time consuming  cost je.g. I1-4]. But this wake
approximation is not valid at low speeds (j1<0.15), which
is precisely the area of the stronger rotor wake
interference effects.
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On the other hand, more realistic representations, like
the free-wake approach [5] or other vortex Iattice models|[
6], have a too high computational cost. That is why their
use is still limited to trimmed flight cases.

A compromise has been found with the vortex rings
approach [7]. The main rotor wake is represented by :
vortex torns distributed along the wake (trailing vortices)
with radial vortex segments (shed vortices), (Fig. 1).
After a more complete description of the model, its
application to the prediction of the aerodynamic
interactions will be addressed.

In a previous paper [8], this model has been used to
study the wake distortion effects on the inflow field at the
main rotor level. The present paper will deal with the
main rotor wake influences on the rear components. The
study wiil be focused on the simulation of the pitch-up
effect, which is mainly due to the main rotor downwash
on the horizontal tail.

Indeed, there is an actmal need for a general and
reliable model in this area. Still nowadays, the
dimensioning of the horizontal stabilizer of a new
helicopter requires flight or wind tunnel tests [9].

Several modelling refinements will be presented to
improve the simulation of this nose-up behaviour. The
effect of a change of main rotor inflow model will be
studied. An analytical modelling of the wake roll-up and
of the wake contraction will be also evaluated.

ROTOR WAKE MODEL

The rotor wake model is the dynamic vortex rings model
described in [7, 10], which has been developed by
ONERA especially for the needs of helicopter flight
mechanics.

Dynamic vortex rings model

As in any vortex model, the velocity vector induced by
the main rotor wake is calculated at any point in space
with the Biot and Savart law. This law of induction
requires the knowledge of the wake geometry and its
vorticity distribution.

WAKE GEOMETRY AND KINEMATICS
* (zeometry :

The idea is to represent the complex rotor wake with
vortex elements which have a simple prescribed
geometry.

The trailing helical vortex lines generated by the gradient
of circulation along the blade span, are represented by
circular vortices. Indeed, each ring can be viewed as the
projection of a helical cycle on the local medium plane
normal to the wake axis. Therefore, the more the helical
thread (dH)} is small, the more the helical line can be
approximated by vortex rings distributed along the wake.

In other words, the representation is all the more valid
since the number of blades (b) or the rotor speed (£2) is
high, and the normal airspeed through the rotor is low,
becanse :

2
dH (m)=(V, —vyg )x"b_f)_ '

The trailing vortices produced during one rotor revolution
are represented by a group of concentric and coplanar
vortex rings. Their radii correspond to the radial
discretization of the blade, a trailing vortex line being
emitted from the root and the tip of the blade and between
the blade elements.

In the plan of each group of vortex rings, radial segments
are added between two azimuth directions occupied by
the blade, in order to model the shed vortices.

Thus, the vortex wake is finally represented by vortex
rings with radial vortex segments (Fig. 1). Farthermore,
the model is completed by vortex segments distributed
along the blade span in order to model the direct effect of
each blade element on the airflow by means of bound
vortices.

Fig. 1 : Geometry of the rotor wake model.

Viscous core radii are required in order to avoid that the
induced velocities take infinite values near a voriex
element. A circular vortex is in fact represented by a torus
and a segment by a tube.

* Kinematies :

The orientation of each plan of vortices is given by the
rotor attitude when they are shed in the wake. Therefore
that kind of wake distortions due to the roll and pitch
rates of the rotor are taken into account [8].

The initial position of the center of each vortex group
corresponds to the position of the rotor center at the time
of its generation. Then, each vortex group is convected
away from the rotor by the resultant fluid velocity across
the rotor at the time of the vortex ring emission. The
convection velocity is assumed to be the vector sum of
the free stream velocity and the mean downwash velocity
(vio)

=i, = . = .
Veomvee = Vairm (temz's('[age)) + fO(temf.s'(’age ))
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The mean line of the wake is thus representative of
the rotor trajectory and of the evolution of the mean

aerodynamic load (v; = £(Cy)).

VORTICITY

The vorticity distribntions on the rings are approximated
by Fourier series. The model presented here is not limited
in harmonics. The Fourier’s coefficients (70, Yo Yie o)

for each vortex ring are calculated from the local vortex
strengths at the radial position corresponding to the
considered ring. These local values are computed from

the radial gradient of bound circulation (81" (v ar) on
the blades.

The vorticity of each shed vortex is calculated from the
time derivative of the circulation around the associated
blade element. The vorticity of the bound vortices is
assessed by the circulation around each blade element.
The local values (I'(r, W) of the bound circulation at the
middle of each blade element is calculated according to
the Kutta and Joukowski law :

c-
r(rz'!‘:”j )= "il"'x Vairh..,. X Cz,-'j

‘where (¢) is the chord, (Vairp) is the airspeed in the airfoil

plane and (C,) is the local value of the lift coefficient.

The computation of these different vortex intensities are
presented schematically on (Fig. 2).

Fig. 2 : Vorticity of the rotor wake model.

3D-INDUCED VELQCITY FIELD BY A CIRCUIAR
VORTEX

The influence of the wake, defined by its geometry and
by its vorticity, is expressed in terms of induced velocities
by the Biot and Savart law :

— e
- 1 MP/\dIM
Vi(P)= ~= [y ()=
4n | MP|

The interest of using circular vortices is to reduce the
computational cost compared with the methods where the
Biot and Savart integration is assessed by a heavy
numerical integration.

Current Point

r=a

=3 Radius a

M

—~

Scheme 1 : local coordinate system and notations.

In the cylindrical coordinate system associated with the
vortex ring of radius (a), the induced velocity vector at

the point P(r, n, z) can be expressed as follows :

- radial component :
e 4 _
vy = 2] y{E)eos(t —n) e

Todm o (r2 +a* + 2% —2arcos(E ~n)

- ortho-radial (or tangential) component :
v, = 2y Y(E)sm(é‘—n) iz
4z 9 (Jv'2 +a* + 22 —2arcos{¢ —n)}’

- axial component :

¢ T yEX1-r/acosE -n))
7= % nd&
4n 4 (r2 +a* + 72 ~2arcos{E -n)

If the vorticity distribution on the ring is approximated
by a Fourier series :

7&)=7o+ % coslE)+ 1 sinE) + .7, cos{nd )+ y,, sin(hE )+ ..
the previous integrations can be decomposed into :

vy = % x{ y(0)x 1)+ f 1 4 (r)x[y(2h-1)xcos(n)+
h=1

y(2n)xsin(m)lt
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; __X{ZIC(h (2h)xcos(n)-
y(2h—1)xsin{n)]}
v = SO 10 L0

Nh

Z[lg(h)—-—:;IA (h)]x[y(Zh—l)xcos(n)-{-
k=l
y(2h)xsinfy)]}

The globals integrals (I, Is, Ic) depend on the harmonic
number (h). They are expressed as a double sum :

&8nc

E(h/8 1) C

8 k!
1) (k “ﬁ)!ﬁ11h-(2k -1+28)

it
1)'3 (k Y1 Y

81) c”‘“z( )B-("!:_(?r,lm—'ﬂ h—(2k-142)

The intermediate integrals I(h), which appear in the
previous expressions are calculated with the formula :

o) e{z2+(a+r)2y%th—§(-?" L)ié‘(a2+r2+32]‘rifi}

in the peculiar case where (r=0), that is to say when the
point is on the z-axis of the local ring coordinate system :

if (h) is odd : Ih =(
7.hl

(a2+z2)3/2.2h‘1.(g-!)2

At the last level of this breaking down decomposition, the
integrals J(h) are based on the elliptic integrals of the first

and second kinds :
xl2

if(h)iseven: I =

do

To= J \1—msin®*(c)

and rj[z (1f1 msin’{&r) )10.'
then ;
@r-1)r, ~2(n-1N2-m)1,; +(2a=-3K1=m)s, , =0

The complete elliptic integrals (some developments can
be found in [11]) are defined as :

E(k):THJ’ZJI-—kg sin? ¢.d¢
0

K()= | e 0
o l-kzsinZQ).

Particular cases :

When the point P is on the ring (r=a and z=0), the
induced velocity is supposed to be null. As said
previously, when the point is within the domain of the
viscous core radius, an attenuation of the induction is
applied according to Scully [6].

In order to summarise, the rings are the trailing vortex
elements and their induced field can be analytically
formulated with their vorticity approximated by Fourier
series. The advantages of such a vortex pattern is that it is
both :

- sufficiently simple to allow to push the farthest the
analytical resolution of the Biot and Savart
integration ; therefore, the computational time is
reduced in comparison with those of more realistic
representations  which require a numerical
integration of each vortex segment influence [e.g. 5-

6l;

sufficiently sophisticated to be used in the whole
flight envelope, whereas the flat vortex wake
approximation (introduced by Vil’dgrube [1, chap.
11, p. 30-37]) is not valid at low speeds.

In the rings model the priority has been given to the
dynamic representativify rather than to the keenness of
the wake representation. In the present model, the
geometry and the vorticity distributions evolve
dynamically in function of the rotor airloads and motions.
These characteristics will be useful for time simulations.
But in this paper, the model will be applied for trim
computations

This simple dynamic wake model for helicopter flight
dynamics simulation has been implemented in the
Eurccopter generic rotorcraft simulation software called
HOST (Helicopter Overall Simulation Tool, [9]).

APPLICATION TO THE PITCH-UP
EFFECT PREDICTION

PITCH-UP PAENOMENON

The main rotor flow on the airframe components and
the tail rotor influences their airloads and so the
helicopter trim state. For example, the global effect on the
horizontal stabilizer is to increase the pitch moment and
therefore the pitch attitude.

From a quasi - vertical position under the rotor in
hover, the wake is progressively swept back when the
helicopter forward speed increases, This change in the
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relative position of the rotor wake and the stabilizer,
produces on the curve of the pitch attitude w.r.t. to the
horizontal speed, a perturbation called the "pitch - bump”
(Fig. 3).

PITCH ATTITUDE b0y

Fig. 3 : Pitch — up effect.

In [10], some flight test data with and without
horizontal stabilizer, provided by EC, have been used to
study this phenomenon. The measurements without
horizontal tail show that the pitch-bump is mainly due to
the influence of the main rotor wake on the stabilizer. The
aerodynamic interferences of the wake on the other
components situated behind the helicopter center of
gravity {e.g. the back of the fuselage, the tail boom)
contribute also to the pitch-up, but to a lesser degree.
Other EC’s flight tests for the aecrodynamic design of the
INH90 stabilizer corroborate this observation [9].

From the stndies reported in [10, 12], it can be drawn
that onte of the most important advantages of the present
model for trim calcnlations, is that it is sufficiently closed
to the physical interaction phenomenon to give a good
assessment of the airspeeds where the pitch-up effect
occurs, without any adaptation of the model to trim
experimental data.

However, as shown on Fig. 3, the improvement

.'brought by the basic vortex rings model compared with

the ftrim calculations without interaction 1is still
insufficient. The airspeeds where the strong interference
effects occur are well predicted, but the magnitude of the
pitch-up is underestimated.

The following trim simulations are focused on the
interaction between the main rotor wake and the
horizontal tail in order to study more precisely the pitch-
up effect.

MODEL CONFIGURATION

In a first step, as in these previous studies[10, 2], we
choose to use the wake model only to compute the
induced velocities on the stabilizer. The main rotor inflow
is calculated with an other model.

* Number of rings :

-~ The number of groups of rings defining the length of
the wake is determined as the number giving a downwash
on the stabilizer very closed to the asymptotic value
corresponding to an infinite wake. This study to configure
the model showed that 40 groups of rings along the wake
are enough.

N.B. : Of course this number would have been lower with a law to take
into account the decrease of the vorticity due to viscous effects.

- The number of rings radially distributed depends on the
number of blade elements. Here, we use 7 blade profiled
sections. Therefore, when we want to represent all the
wake (the tip and root vortices and the internal wake), 8
radial rings are used.

Usually for the computation of the interference
effects, the representation of the vorticity distribution on
each ring is limited to the first harmonic.

* Bound and shed vortices :

The induced velocities on the stabilizer have been
computed respectively with :
- the vortex rings model (trailing vortices),
- the trailing and shed vortices,
- the complete model, that is to say with in
addition also the bound vortices.

From these comparisons [12], it can be drawn the
following points :

— the influence of the bound vortices is negligible in
terms of induced velocities on the rear elements
which are too far from the blades,

— the effect of the shed vortices is a little more
sensitive on the sidewash. Nearly null in hover, this
contribution increases with the forward speed, since
it comes from the azimuthal variations of the blade
circulation. On the longitudinal and wvertical
components, their influence can be negiected.

From the flight dynamics point of view, these resuits
confirm that for the computation of the main rotor wake
influence on the horizontal tail, the trailing vortices
induce the most important contribution. The influences of
the bound and shed vortices may be neglected, and this
will be all the more legitimate when the considered
forward speed will be low.

Finally, the reference model configuration used here
to calculate the interactions, will be a rotor wake
represented with 40 groups of & vortex rings charged with
a first harmonic vorticity distribution. The equilibrium
state of the comprehensive helicopter model is computed
through an iterative trim process from hover up to 300
km/h (or 150 km/h) with a 5 km/h step on the forward
speed. The 3D induced velocities on the horizontal tail
are calculated at five points regularly spaced along its
span.
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Scheme 2 : Location of the 5 points on the stabilizer.

EFFECT OF THE MAIN ROTOR INFLOW

In order to evaluate the influence of the rotor inflow
modelling, we implemented in the HOST simulation code
the model presented in [13]. Blake and White proposed
an inflow model with a stronger longitudinal gradient
(viic) compared with those given by Coleman [14],
Meijer-Drees [15] or Pitt and Peters [16].

This simple model corresponds to the Glauert’s
approximation, where the downwash is described in the
wind-axis by a mean inflow (vi} and a longitudinal
gradient (Vi) :

-
vi(r,!,'f) = vi0 + Vilc 'I;'cos(t;f)

As in the other mentioned models, the mean inflow is
determined by the momentum theory. The first harmonic
component comes from the fore-aft variation of the
downwash calculated with a horse-shoe vortex. This
classical vortex system associated with the rotor disc
consists of one bound vortex and two lateral trailing
vortices. The linear approximation of the longitudinal
velocity distribution induced by this horse-shoe vortex
leads to :

Vile =VYi0 xﬁXSin(x)
The term {(siny) is introduced in order to account for
the fact that (vis) is null in hover. The horse-shoe vortex

is assumed to rotate around the rotor lateral axis with the
wake skew angle (in hover or vertical flight : =0 deg).

With this model, the variation of the lateral cyclic at

2

&

LATERAL CYCLIC (&g

PITCIE ATTITUDE {deg)
)
L,
LONGITUMINAL CYCLIC {deg)
1
[

VIOMER {rh)
VMR (o)
VIIBSIR (i)

Latatssreriarinn oot rhimtenac] T

@ 20 1 150 200 2B ¢ 50 103 150 200 28600

bardria e auatn sl
4 1 100 150 200 25000

Vin ganih) Vi (k) i ()
COLEMAN m-ueee MEUER-DREES = PITT RFETERS
----- BLAKE & WHITE O Boles Tt Tos E30KE)

intermediate speeds is stronger than with the other models
currently used in flight mechanics (Fig. 4).

Fig. 4 : Trims results with different inflow models
without wake interactions (Bo105).

This simple model improves the correlation with the
measurement of the lateral control due to a stronger
variation of the longitudinal inflow gradient. Hence it
could be expected that the effect on the stabilizer will be
higher.

But, when these different rotor inflow models, are
associated with the vortex rings model to compute the
induced velocities on the horizontal tail, the pitch up
effects are almost identical (Fig. 3).

5 g 3
=3 =1 3
g 5 g 3
E g 5 E
E = =l E
z g > =
g 5 E
Q 20 00 13 260 30 300
Vi Goynirk)
prEIs
- fry= -
@ =
g g 2
§ sk o 5
= = =
sE
o
MRH -+ MEJJER-DREES rrrmsmees MRH -+ PTTT & PETERS
et e BARH + BLAXE & WHITE o FLIGHT TEST

Fig. 5 : Trims results with different inflow models and with wake rings inflnence on the stabilizer.
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The fact of changing the main rotor model has
produced no effect on the wake itself. Indeed, the
gecmetry is only affected by (vy) through the helical
thread (dH) and the skew angle. The vorticity could be
changed by the downwash at the rotor level. But, during
the equilibrium process, the four controls and the pitch
and bank angles are trimmed in order to make null the 6
accelerations of the helicopter. The stronger longitudinal
inflow gradient produced by the Blake and White model,
is compensated by the change of the cyclic pitch (Fig. 4-
5). Thus the angles of attack are unchanged and therefore

“also the local blade element lifts. Hence the distribution

of the circulation on the rotor remains quasi-identical,

-which leads to the same vortex strengths.

An other way to ensure the coupling between the main
rotor inflow and the wake model, is to calculate it with
the rotor wake model in a closed-loop. The iterative
process to find the equilibrium of the rotor induced
velocity field within the trim process of the whole
helicopter is more sensitive and requires a higher
computational time. Indeed, the wake model must be
more refined, compared with the case in which it is only
used to compute the influence on few points on the
stabilizer. Moreover the computation of the wake effect
on the horizontal tail can be made with only the vortex
rings charged with a vorticity distribution Iimited to the
first harmonic. But the induced velocity field on the main
rotor requires to take into account the bound and shed
vortices, and probably more harmonics.

This work is still in progress. But the first results, (for
which the main rotor inflow and the induced velocities on
the stabilizer are calculated with the vortex rings in a
closed-loop), seem to corroborate the previons
conclusions. During the trim process, the change of rotor
inflow is compensated by the change of controls to ensure

‘the equilibrium, which leads to nearly the same

distribution of circulation.
Therefore, the following computation will be done

with the same rotor inflow model. Here we choose to use
the Blake and White model [13].

EFFECT OF THE WAKE ROLL-UP

In hover or vertical flight, the wake spreads within a
cylinder under the rotor. When the forward speeds
increases, the wake is blown backward, but also
submitted to some deformations. At high forward speed,
the rotor can be viewed as a disc trailing a nearly fiat
wake with two lateral strong vortices as behind a wing.

In this part, the interest of modelling the wake roll-up is
evaluated for the simulation of the pitch-bump. We
choose to simulate this effect with a horse-shoe vortex.
The two lateral branches representing the rolling-up tip
vortices of the rotor disc, are skewed back with the mean-
Iine angle () of the wake as illastrated below.

Rotox Disk

Wy
@

Scheme 3 : Horse-Shoe Vortex (HSV) associated to the
rotor disc.

An analogy between a rotor disc and a wing can be
found in [17). In this paper, the lateral distribution of
circulation on the rotor disc viewed as a fixed wing is
given by :

Teobxr oy - 2pyn |tV y
() 2z y
(To) is the mean circulation on the actuator disc according
to Meijer-Drees [15] :

T, = 2T

pQ.R z (1 - % u?
(5;) denotes the non-dimensional lateral coordinate :
Y

y = ?
For the calculated (T, () at the considered flight peint,
the maximum of the circulation distribution

(T = f(Ty, 1, 7)) can be determined along the span of

the equivalent circular wing. The vortex strength of the
two contra-rotating disc edge vortices can be taken as
{Twma), When they are fully rolled-up. The intensity of the
bound vortex is (I'o).

In straight and steady level forward flight, the induced
velocities on the horizontal tail are too low (see Fig. 6 :
Viamax = 10 m/s), and thus will not produced a significant
effect on the pitch attitude. A clear reason is that the
vortex lines remain too far from the calculation points.
Therefore it is important to take into account the wake
contraction.

If we represent the wake deformation by non-
rectilinear vortex lines, we will have to perform a
numerical integration of their induction. In order to still
use analytical expressions, we choose to keep the right
angle horse-shoe vortex representation. The lateral
contraction of the two parallel frailing vortex lines, is
taken into account by changing the location of their
emission or attachment point on the rotor bound vortex.
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Scheme 4 : Disc edge vortex lateral contraction.

These two attachment points, one on the advancing
side (Y.) and one on the retraiting side (Vn.), are
computed with the analytical expressions given in [17],

which depend on (T, 1) and on the distance {Xwake)
behind rotor. In our application, this latter parameter is
replaced by the longitudinal coordinate of the calculation

point (Xp). In fact, the curved vortex lines are
represented by the rectilinear vortices which are locally at
the same distances (Yogv Yo tO the calculation point than
the deformed vortex lines (see scheme 4). This
approximation is ail the more valid for our application,
since the wake reaches rapidly its asymptotes and because

Of course, this model is not valid in hover or at very
low speeds. In the calculation of the strength and lateral
focation of the disc edge vortices, some terms are divided
by the advance ratio () or airspeed. In [17], it is
supposed that this model could be used under the
classical lower limit for the flat wake theory (1 < 0.13).
Indeed, some results are presented for (n < 0.09). We try
to apply it until hover by using (T'y) for the vortex
strength, but it is clear that the lateral contraction model
can not be applied at very low speeds. That is why, we
imposed in our computations that (Y, V) could not be
lower than 0.5 (non-dimensional demi-radius of the
rotor).

The induced velocities by this horse-shoe vortex
model (“HSV Disc model™) at the two tips of the
horizental tail (retreating side : point O] and advancing
side : 05, see scheme 2) and at its center (point 03), are
presented on Fig . 6, for each trimmed level flight from
20 km/h to 150 km/h. The 3 components are given in the
helicopter airframe system (x positive forward, z
downwards, and y oriented on the right).

the stabilizer is not so close from the rotor center. &
ST R
g g 0 138 E
) = Hp 1 S 3
] ] E i g 3
> = s P 3 = 5 =]
S S R S P " i ]
15 -] 75 o0 125 150 ~3 = ki 100 124
VYh(kew'h) Vi (un/h}
AL R LY T ool 0= 71 .oy S ML R TR TT I Ty I T,
O B raogn o £ -
g z [ : 1 g
& _oasf. U 3
. = E 3 5‘
= = = ~
H E -1 5
—amsfi, .3
25 150
sEx 3
% % b 1 5 bl
=] TS ER:
¥ = 5_“_,;- : E g
of isesgans ] A
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25 50 75 100 25 150 -1 k) 75 100 125 150
Vi (hen'h) Vi (krk}

wrarenie— MRH B2SY BLADES

~ = = = = MRAL ESY DISC NO CONMTRACTION  ==—s=re-- MRMH HEY DISC

Fig. 6 : 3D induced velocities on the stabilizer.

The x-component is high at low speeds and decreases
with the forward speed, since the two disc edge vortex
lines are vertical in hover and rotated backward with the
wake skew angle (). The y-component is not null at the
middle station of the stabilizer (point 03) mainly because
of the wake contraction, which begins here to act non-

symmetrically after 55 km/h. The combination of the
helicopter pitch and bank angles introduces also a
sideslip. The horse-shoe vortex system is rotated around
the z-axis with this sideslip angle. Therefore, during the
pitch-up phenomenon, the two lateral vortex branches do
not remain at the same distance of the stabilizer middie
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because of the sideslip due to the strong variations of the
pitch attifude combined with those of the bank angle.

Together with the sideslip angle, the lateral
contraction contributes also to some differences between
the induced velocities at each tip of the stabilizer. Indeed,
due to the fact that the maximum of the circulation is not
located at the middle of the rotor disc, the two rolled-up
vortices are not at the same distance of the rotor center.
The results presented in [17], showed calculated and
measured values with : |yl > ly,el. This dissymmetry

depends on the location of the (F'max). When this
maximum, is reached on the retreating side, the part of
the vortex sheet between the retreating edge and the
‘location of this maximum is smaller than the one on the
advancing side. Therefore this part will roll up and reach
its asymptote more quickly, than the vortex sheet on the
advancing side, which is attracted toward the location of
the maximum of circulation.

The most important component for the pitch-up
simulation 1s the vertical component (V). Due to the
rotation with the skew angle, this term reach is maximum
around 65 ki/h. The effect of the lateral contraction
increases this maximum from 10 m/s to 18 m/s (Fig. 6).

In the previous model, the rotor is assumed to be a
disc. In order to obtain a model closer to a rotor with a
finite number of blades, we reinforce the coupling with
the blade element model used for all the simulations
presented in this paper. The strength of the two rolled-up
tip vortices is taken equal to the maximum of the local
blade element circulation, multiplied by the number of
blades. This value is generally of the same order of those
determined by an iterative process from the circulation
distribution given in [17]. The lateral contraction is based
on the same model, but with using the mean value of the
blade elements circulations also multiplied by the number
-of blades to be comparable with the previous model.

With this second version of the horse-shoe vortex
model (“HSV blades™), the tendencies are the same as
those previously observed (Fig. 6). Yet in absolute
values, the induced velocities are lower. Even with the
lateral contraction, the maximum downwash on the
stabilizer is around 6 m/s.

Then, we choose to associate the “HSV Disc” model
with our vortex rings representation in order to simulate
the wake roll-up effect. Now, it is clearly not legitimate to
complete the rings model with these horse-shoe vortex
without subtracting some vortex influences. Indeed, the
disc edge vortices represent the parts of the vortex sheets
which roll up from the two lateral tips of the rotor.
Therefore, we take away the vortex rings with the greatest
radivs, which simulate the tip blades trailing vortices.

PITCHATTITLOE {DES)

VAR 3 M5

et MIVH Y DBGC

=] FLIGHT TEST

Fig. 7 : Effect of the wake-roll up :
Rings model without tip vortices associated with the
“HSV Disc” model.

The effects on the pitch-up behaviour are compared
on (Fig. 7). Even with the lateral contraction, the
downwash on the stabilizer induced by the “HSV Disc”
model is too low compared with the effect of the rings
mode! without contraction. The combination of the “HSV
Disc” model with the rings model without the tip rings,
induces also a lower downwash compared with the initial
rings model. These results bring to the fore the
importance of the tip rings, which camry the strongest
vorticity. On the pitch attitude, this combination
decreases the magnitude of the pitch-up and increases the
pitch angle at higher speeds, which makes worse the
agreement with the flight test data.

So although not legitimate, we compute these trims by
combining the “HSV Disc and Blades” models with the
full multi-rings model (Fig. 8). This additional downwash
tends to enlarge the pitch-bump, since the “HSV model”
reaches its maximum in terms of induced velacities on the
stabilizer for higher forward speeds. This tendency is
consistent with the fact that the wake rolls up when the
forward speed increases. The highest downwash is
reached at the intermediate speed corresponding to the
pitch-up, because we rotate the horse-shoe vortex system
with the wake skew angle. Therefore the distance
between the disc edge vortices and the calculation points
on the stabilizer reaches a minimum, when the mean-line
of the wake goes through the horizontal tail.
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Fig. 8 : Effect of the wake-roll up :
Full rings model associated with the “H5V Disc” and
“HSV blades™ models.

This wake-roll up effect, modelized with "HSV
Blades”, tends to complete the rings model at the end of
the pitch-bump, where the basic rings model
underestimates the downwash on the stabilizer. But it
remains too low during the pitch bump and too strong at
higher speeds. The combination of the "HSV Disc" with
the full rings model improves significantly the pitch
magnitude prediction in spite of a little overestimation at
higher speeds. As mentioned, this addition is not
rigorously Iegitimated although efficient. Therefore in the
final part we preferred to go further in the refine of the
Tings mode] alone.

EFFECT OF THE WAKE CONTRACTION

In hover or vertical flight, it is also well-known that
the wake is submitted to a radial contraction under the
rotor. In [10, 12], we applied the radial contraction
according to Landgrebe’s law [18], which is based on
measurements below a rotor in verticat flight conditions :

K C!ra@‘n%ge) =')%'.1 (Wage) ""'%{Tmi#(l.—rhﬁr))(e—xw“‘}

with : (Waee) is the "azimuthwise age” of the vortex,
and 1 A = 0,145 +27 xCge -

The rate of coniraction proposed by Landgrebe from his
nieasurements is : Ip,= 0.78.

Here we chose not to take into account the vortices
generated from the blades roots. Indeed, their vorticity is
probably overestimated and since it is opposite in sign
compared with the tip vortices, they induce an upwash at

the points that they surround (the stabilizer in the case 3
presented on scheme 3). These root rings are responsible
of the abrupt decrease of the downwash which follows the
top of the simulated pitch-bump, (for more details see
f12] where we distinguished five interaction domains
depending on the position of the stabilizer relative to the
wake).

Vs
v @
Domain of weak influences at very low speeds or for
backward flights

Domain of upward induction by the root vortices in “the _
bore-soul of the wake"

Domain of "secondary strong interferences”

B

Domain of weak influences at high speeds

Scheme 5 : The five main interaction fields.

If we apply a radial contraction, this upward induction
will be increased when the stabilizer will be in the case 3
of the scheme 3. Therefore the following computations
are performed with 40 groups of 7 rings (root rings
excluded).

The first trim results presented on Fig. 9, show ths
effect of a iso-radial confraction with a law based on
Landgrebe’s formulation which depends on the rotor
thrust. The pitch-up magnitude is increased due to more
density of the vortices inside the wake. With this effects
on the geometry, a factor is applied on the vortex strength
Fourier’s coefficients (y,, ¥,.. ¥,) in order to respect the

conservation of the quantity :

§ vdl
c

For a uniform distribution, that is to say for the mean
term (70), this factor is clearly equal to the ratio of the

perimeters. For circular vortices this factor is :
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Rwirk contrac.

Here we wused the strongest contraction acceptable
according to the momentum theory :

N2

I'min =—2'—= 0.707 »

_where () is the term which -appears in the expression

given at the beginning of this part. Hence, in that case :
2
C = —==1.414
( Y )max 5y

We choose to apply the same factor on (yo, Y y[s).

The simulation of the pitch-bump magnitude is improved,
but by keeping circular vortices, the beginning of the
pitch-bump occurs for higher speeds (Fig. 9). This is due
to the fact that the first contact between the wake and the
stabilizer is delayed in terms of forward speed, as
illustrated below.

o Case without contraction :

S e

e Case with a radial contraction :

o = T

Thus we decide to apply only a lateral contraction, in
order to increase the simulaied pitch-bump without
changing the airspeeds area where it occurs. The wake is
represented with elliptical vortices. Their longitudinal
dimension (a) are unchanged compared with the initial
radii of the basic rings model. Their lateral dimension (b)
are submitted to a double contraction :

- one based on the momentum theory and Landgrebe’s
measurements, which is typical of the flow through a
lifting rotor,

- the other one is based on the fixed wing theory
adapted to the rotor disc in [I7], which is
characteristic of the lateral contraction behind an
equivalent wing.

Here, we apply this second contraction only when (¥.4..
Yeer) are higher than 0.5, in other words, not for the low
values of () for which this law is not valid. For these
trim computations, the “roll-up contraction” begins to act
for (u=0.0125, that is to say 10~20 km/h). The magnitude
of the pitch bump and its beginning are better predicted

(Fig. 9). But the combined effects of the two

contractions, {and the use of ry;, =0.707 instead of 0.78),
lead to a too sharp increase in the downwash. This too
strong effect and the end of the pitch-bump, could be
better simulated with a lower contraction.

Finally, the previous non-isctropic contraction can be
improved by computing a variation of the longitudinal
dimension (a) with the forward speed. Indeed, it is
recognised that in hover the wake is iso-radially
contracted. Therefore, it is physically not correct to let
unchanged the longitndinal dimension (a) of the elliptic
vortices. The idea here is to apply the classical iso-radial
coniraction (“momentum contraction™), and then to “nip”
the fluid vein laterally. By assuming that each vortex ring
perimeter remains constant through the contraction, the
decrease of (b) implies an increase of the longitudinal
dimension (a). '

So in this Iast step, the non-isotropic confraction of
the rotor wake is performed as follows :

¢ on the lateral dimension (b), the same double
contraction used previously is applied :

-in hover and low speeds only the “momentum
contraction” acts,

-for higher speeds, the “roll-up contraction” is
superimposed,

(NB.: no “roll-up contraction” is applied when one
of the two terms (Yagy, Yrere} 1S lower than 0.5).

e  on the longitudinal dimension (a) :

-in hover, the “momentum contraction” acts,
-in forward flight, (a) increases when (b} is
compressed :

alir ¥ e )= r°’§(f“;’”“g3)z
re age

(NB.: for (1<0.025, ie. Vy=20 km/h), (2) can not be
higher than 1, ie. than the non-dimensional rotor radius).

This expression comes from the assumed conservation
of the perimeter :
Perim . ellipse  {a, b)(‘-r WV oage J= 2 . Cirae (fr 2V age )

No simple analytical expression is available for the
perimeter of an ellipse. Therefore we sopposed that the
ratio of the perimeters can be approximated by the square
root of the ratio of the areas :

Pcircle | = Scircle

Pellipse Sellipse
thus the conservation of the perimeters is here traduced
by the conservation of the surfaces of the ellipses:

- a(ir ¥ age )b (Ir ’wage )= T -Tewae (ir ¥ age )2
which leads to the previous formula for computing each

(a).

For all elliptic contraction, we used :

_ R without contrac

7 T daxb

C
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Fig. 9 : Effect of the wake contraction.

This last non-isotropic contraction provides a good
prediction of the pitch-bump. The magnitude is well
predicted and the overall form is in better agreement with
the flight test data. Only the end of the pitch-up is a little
overestimated. This is probably due to the fact that the
root vortices are excluded, since the decrease in the
downwash is stronger with the basic rings model near 80
km/h. Because of the same reason and of the fixed-wing
contraction ("roll-up"), the pitch attitude is also slightly
overestimated at higher speeds.

CONCLUSIONS

A rotor wake model has been developed by ONERA
for the purposes of helicopter flight dynamics. In order to
be usefnl both for trim computations and dynamic
manceuvres simulations, a simple geometrical form is
prescribed for the trailing vortex elements (circular or
elliptic). The vorticity distributions on the rings are
described by Fourier series, The formulation is presented
in details down to the induction expressions, which are
unlimited in harmonics.

In the second part, the prediction of the pitch-up
behaviour, mainly due to the main rotor wake influence
cn the horizontal tail, has been studied with the vortex
rings model. The effects of the main rotor inflow, of the
wake roll-up and of the wake contraction, have been
considered.

The change of the rotor inflow model has a very little
impact due to the way to trim the simulated helicopter by
changing its controls and attitudes.

The simulation of the two lateral rotor disc edge
vortices with a horse-shoe vortex, improves the
magnitude of the predicted pitch-bump, when their effects
are superitmposed with those of the rings model. But this
combination should be refined in order to add only the
wake roll-up effect, which in fact appears mainly at
higher speeds. Nevertheless, this representation of the
two strong contra-rotating disc edge vortices, could also
be applied to other interferences phenomena, (for
instance with the tail rotor or the fin).

The most promising improvements have been
obtained by modelling the wake contraction. The use of
elliptic vortices allows to simulate non-isotropic
contraction of the fluid vein. Some simple analytical laws
have been proposed to calculate the lateral contraction
and the longitudinal expansion of the wake without using
the flight tests data.
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