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Abstract

The aerodynamic interactions of the rotor wake on the horizontal stabilizer can affect stron-
gly the longitudinal dynamics of an helicopter. A good representation of this phenomenon is ne-
cessary for helicopter flight mechanics simulation models. A simple rotor wake model using
vortex rings is developed in order to calculate these interactions. The results of this model are
compared with the experimental measurements conducted atthe ONERA S2-Ch wind tunnel on
a motorized helicopter scaled model.

Notations
units

R : rotor radius mm
Q : rotor rotational velocity rad/s
QR : blade tip speed m/s
ny : number of blades --
c : blade airfoil chord ' mm
c : rotor solidity --
g : advance ratio, airspeed vector --
T, my : rotor thrust, helicopter equivalent mass (T/g) N, kg
a4 : rotor disc angle of attack deg
X : rotor wake angle deg
N : induced velocity vector -
Ao, Aic, Ais  : first coefficients of the Fourier expansion of the induced downwash on

~ the rotor disc ' --
r : circulation
Ao, Ap : airflow deflection and airspeed variation deg, --
N, : number of vortex rings -

All the velocities, circulations and lengths are given in adimensionnal form. The veloci-

ties are divided by the tip speed QR, the circulations by OQR2 and the lengths by the rotor
radius R.
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Introduction

This paper presents the development of a simple rotor wake model which can be easily inte-
grated in an helicopter flight mechanics simulation model. This model is useful to obtain a realis-
ticrepresentation of the rotor-horizontal stabilizer interactions which can affect strongly the lon-
gitudinal dynamics of the helicopter. Airflow deflections induced by the main rotor on the em-
pennage are indeed far from being negligible and can reach 20 degrees. Such an interaction mo-
del could be also useful to study problems like the determination of flight path deviations of ar-
maments fired from an helicopter.

Why is a "simple" model required ? If accurate numerical models using fixed or free wake
geometries exist, their integration in a flight mechanics model is not really thinkable because
they require a too important computation time and thus are not suitable for real-time simulation.
Moreover, most of existing flight mechanics models use simple induced flow models like the
Glauert, Mejer-Drees or Pitt and Peters models [1,2,3], rather than complex numerical ones for
the calculation of rotor aerodynamic loads. Thus, it is not reasonnable to use a wake model for
the computation of the stabilizer loads which is much more complex than the one used for the
calculation of the rotor loads.

In the first part of this paper, we will describe the rotor-horizontal stabilizer interactions ex-
perimental measurements made at the ONERA S2-Ch wind tunnel on an motorized helicopter
scaled model. The analysis of these measurements will allow us to justify the use of an isolated
rotor wake model for the calculation of these interactions by neglecting all other interactions, in
particular the effects due to the fuselage.

The second part will describe a vortex rings model that we have developed for the computa-
tion of these interactions.

In the last part, we will compare our model with the experimental results.

1) Rotor - hori | stabilizer interacti I

Tests were made at ONERA S2-Ch wind tunnel on an helicopter motorized scaled model.

The experiments were divided in two parts. The first part aimed at the measurement of the ve-
locity field around the fuselage for a single aerodynamic configuration. The second partin which
we are interested here, aimed at the accurate measurement of the induced velocity field in the vi-
cinity of the empennage, for several advance ratios and for several rotor loads.

The model was an AS Dauphin II at the scale of 1/7.7. The rotor is driven by an electric motor.
The characteristics of the model are :

“Rotor radius : R =750 mm
Blade tip speed: QR =100 m/s
Number of blades: n, =4
Airfoil chord: ¢=50mm
Solidity: 0=0.0849

A six components external balance gave the helicopter global loads. The three velocity com-
ponents were mesured by laser velocimetry. The detected particles were classified according to
the azimuth of areference blade at the instant of detection. They were collected in 45 classes of 2
degrees width modulo 90 degrees (the four blades were assumed to have the same effects on the
airflow). This large number of classes was necessary in order to obtain a good accuracy on the
average value of the velocities.

91-38.2




The tests were made fdr fouradvance ratios u=0.15,0.20,0.25 and 0.30 with a simulated heli-
copter mass equal to 4 tons, and for three helicopter masses mp=3 ,4 and 5 tons with an advance

ratio of 0.20. The fuselage angle of attack was always at -3 degrees.

For the tests, the horizontal stabilizer was removed. The velocities were-measured at six
points uniformly distributed on the left half-empennage quarter-chord axis (see figure 1,2) :

point n° X y | z
1 -~ 0,846 0,090} 0,309
2 0,846 0,127 0,309
3 0,846 0,163 0,309
5 0,846 0,200] 0,309
5 0,846 0,237 0,309
6 0,846 0,273 0,309

To evaluate the importance of the interactions other than the rotor-horizontal stabilizer ones,
tests were made with and without the rotor (by simply removing the blades).

The results are shown on the figures 9 to 20. Three remarks can be made :

- The induced velocities are small compared to the helicopter speed. The rotorinduces mainly
downwash which is far from being negligible : airflow deflections vary indeed from4 to 20 de-
grees. Thus afterwards, we will concentrate mainly on the airflow deflection angle.

- As the empennage is located far from the cabin, the fuselage has a small influence on the ho-
rizontal stabilizer. This observationis confirmed by other tests like those made by Leishman [5].
So afterwards, we will neglictall the effects other than those due to the rotor. This will allow us to
use an isolated rotor model.

- The variations of the induced velocities along the stabilizer span are small, except at low
speed and at stations very close to the fuselage. This is due to the small dimensions of the empen-
nage. Thus, to integrate our interaction model in an existing simulation model, we will just have
to add a module which computes the downwash due to the rotor at the center of the empennage,
combines it with the airflow speed, before computing the stabilizer aerodynamic loads.

2 ) Modelisati

Atthe time of our first attempts, we have tried to use classical models like the Mejer-Drees or
Glauert - Coleman models [3]. These models assume that there is an infinite number of blades, a
lightly loaded rotor and only tip vortices which form an elliptical cylinder with a constant or si-
nusoidal circulation. The comparison with the experimental results was not really good. Thatis
the reason why we have developed a new model. Our model is directly inspired from the pre-
vious ones. The main difference is that we take into account the real number of blades.

We will assume that the wake geometry is reduced to the tip vortices as they mainly contribute
to the circulation. Another classical assumption is to consider that the speed of an elementary
vortex at the blade tip is equal to the sum of the airflow speed and the average induced velocity on
the rotor disk :

pcos o, sin y,
Vo=10 = V{O :I

Hsin o, + A, cosy,

where vo is the inflow ratio :

v°=‘/u2+2p1.w sina, +7..zb
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Thus, the path of an elementary vortex created at the time to, will be at the time t :

X=COSt,+V (t—tysin X
y=sint,
z= V(1 — t)cos X

The tips vortices will be represented by the curves obtained from the previousequations when
ty varies from -cotot. Astheinflow ratiois usually small compared with unity, we can approxi-
mate the tip vortices by a succession of rings spaced out by a distance of Ah=2n.vo or by a dis-
tance of Ah=2x.vo/ny, if we take into account all the blades (see figures 4 and 5). This approxima-
tion is as much true as the inflow ratio is small.

Once the wake geometry has been chosen, we must determine the vortices intensity. On each
ring, the circulation has a value varying with the polar angle £ of the ring referential (see figures 6
and 7). In order to simplify our problem, we will put the vortex intensity in a Fourier expansion
depending on § . So for the nth ring,we will have :

IM=Ty+T.cos&+ T ,sinE +..

Todetermine the constants I" and to assure a good compatibility between our wake model and
the inflow model used for the computation of the rotor aerodynamic loads, the velocities are mat- -
ched in the rotor disc plane. .

The inflow model is of the form :
)‘i = }‘io + )wilcl'COS ‘l’ﬂ' )ilsrsm ‘V

whererand y are the polar coordinates of the referential of the rotor disc. These formulae give
the first coefficients of the Fourier expansion of the induced downwash on the rotor disc. These
coefficients are expanded in power series of r atthe first order. The same thing is now done with
the expression of the velocities induced by the vortex rings on the rotor disc. We will firstly ex-
pand these expressions in Fourier series and secondly expand the coefficients of the Fourier ex-
pansions in power series of r. By equalizing this last expression to the expression of the inflow
model at the rotor disc, we can determine the circulations.

To summarize, the wake model will be determined in four steps:

- Firstly, we determine the analytical expressions of the velocities induced by a vortex ring
whose intensity is expanded in a Fourier serie. These expressions depend linearly on the coeffi-
cients of the Fourier expansion.

- The second step consists of calculating the velocities induced by all the vortex rings.

- The next step concerns the calculation of the circulations. We expand the expression of the
downwash induced by all the vortex rings on the rotor disc and by matching it with the expres-
sion of the inflow model used on the rotor disc, we obtain a linear system of the circulations.

- We have obtained now the field of the induced velocities at a given time, for a given position
of the blades. The vortex rings move with a velocity vo along the wake axis and ateach 1/nbrotor
turn anew ring is "created". This results in variations of the induced velocities ata given location
as much important as this location is close to the rings. As we are only interested in average va-
lues of the induced velocities, we will calculate them on a 1/nb rotor turn.
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!: l - I . . l l l ) I . .
The vortex intensity is first expanded in a Fourier serie. The expression of the inducedveloci-
ties is given by the Biot-Savart law (see figure 6). We obtain for each term of the serie:

=I0
N o rK(m) lz2+ 2 + 1] E(m)
= 77— 2
" oalZ+q+nT L [22+a-0T"
Ago=0
] [z +12 -1]
A= o K(m) - ——————E(m )}
° 2r[z2+ @+ r)2]1/2_ [22 n’]
I“=I“1coos§
I cos @ [1+ r* + 222+ 21222 + 2%)
= - [+ 22+2KK E }
Ae1e znr2[22+(1+ r) ml_ + z (m) + [22+ a- r)z] (m)
r 6
A = 0 I+ 2+ eIk - [+ 07 +270B )]
16lc 2
2 rz[z2 +(1+D 2]
I 7] -
. > €Os mf[zz + K Gm) - [-r +[r42+ 22+ 2r22]22+ z¢] E(m)]
2ntl22+ 1+ p7] z+ (-1
I’=I‘2cc052§
T, cos 26
Apr= 120° ml- [2-r 22 22402 + r + 202+ 2221 K(m)

6xr3z2+ + 0¥
[1+r2+220[4 - 512+ 4r* + 822+ 81222+ 4z9
+ E(m)

[22+a- 17
2T sin 20
Aos= 1 -1+ 24230+ r+ 2+ AKm) -1+ 2 + 2[4 *+ 22]E(m)]
][22+ 0+n7
Aaze= f100 20 -2 42 +4r + 222 48 1222 + 424K (m)

622 + Q4+ )]

[— 2+ 5 — 7r4+ 415 — 1222 + 121422 + 62° + 121224 + 426]

_ 5 E(m)
{22 + (1-r1) ]

where :

= A
[22+ 0+ p?]
and K et E are the complete elliptic integrals of the first and second kind.

NB : For circulations of type I'=I',,csin n€, one has only to replace cos nf terms by sin n@
and conversely.

To avoid the singularity on the ring (r=1), we can use the method developed by Johnson
[6] which replaces the vortex ring by a vortex torus of radius 1, for points very close to the
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ring. In this case, itis equi.vélent to multiply the velocities by d2/(d2+r02) where dis the distance
to the ring.

Total induced velociti

All the previous expressions have been given in the local referential of the ring n. To obtain
the velocities induced by all the vortex rings, we must change from the local referential
(O,xn,yn,zn), (O,rn,Bn,zn) to the rotor disc referential (O,x,y,z),(0,p,y) (see figures 7 and 8).
Therefore :

xn =x- AXn

yn=y

zn = z— AZn
and:

mcos @ n= pcos ¥ — AXn
msin n = psin y
m2= p? — 2p AXncos y +AXn?

where :
AXn = pAhtan Y
AZn =nAh

Thus, the total velocity is given by :

Na-1

L= go (L(m,6 n,zn) + £, (m,0 n,zn) + 4, (m,0 n,zn) +..)
where N, is the number of vortex rings used for the calculation.

All these terms are proportional to the circulations. So, in order to simplify the notations, we
will write :

A, =TA,
Hence:
Na—1 :

A= ;}(I"‘oﬂio(m,erl,zn) +T3 A, (m,6nzn) + T A, (m0nzn) +..)

Calculation of the circulati

As the model of Glauert and other models give only the three first coefficients of the expan-
sion, we can take only three constants I for the circulation. Moreover, we must limit our expan-
sions to the first harmonics in yand to the firstorder in p. One solution is to take the same circula-
tions I' o, I'jc and I'¢  for all the rings.
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By using the expansions described previously, we have obtained at a point (p,0) of the rotor
disc, the expansion of the downwash induced by the vortex ring whose center in the rotor disc co-
ordinates is (r,z) :

. c r,z)
A_dp)= "(2 + Cy(r.z)pcos ¥ + of pf)
CYr,z) '
A (P)= 1—2—— +Cj(r,z)peos ¥ +o(p?)
A.izl.:(p) = Sll(r,z)psin ¥+ o(p?)
where :
, 2 2
0 (1 -r ~z) E[mO] K[m0]
Colz, 2] +
1/2 1/2
27 dm dp 2 © dp
1 2 3 5 6 2 4 2

Colzg, 2zl=((-2 + r+3r -2r +x - + (-4+14rr -21r)z +

2 4 2 3/2
(-2 -r-xr)z)E[mO]) / (2% ém dp ) +

2 3 4 2 2
(2-r-3r +xr +rr + (2-xr+xr) z) K[m0]

1/2
271 dndprx
2 4 2 2 4 2 2
0 (-r +r + (1 +2rxr)z +z) E[mO] (~r - z ) K[m0]
Cl{r, z] +
1/2 1/2
27T dmdp r ’ 2w rdp
1 2 3 4 5 6 7

Clir, z]l=((3 r ~-r -6r +2r +3r -r +

2 4 5 6 2 2 3 4 4
(L+r-5r -5r -r +r)z +(3+2r-5r +r +3x)=z +

2 6 8 2 3/2 2
(3+r+3r)z +2)E[mM])/ (2% dm dp r) +

2 3 4 5 2 4 2 2 4 6
(~r +r +rr -z +(-1+x+3r ~r)z +(-2+r~-2r)z ~-2) K[m0)

. 3/2 2
2 dm dp r
.2 4 2 2 4 2 2
1 (r - r + (-1 -2r)z -2z) E[mO] (r + 2 ) K[(mO]
Slir, z]=- +
2 1/2 2 1/2
4T r dmdp 4 rdp
with :
2 2
dm = (1 - xr) + 2
2 2

dp=(l+z1) +z
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and for the rotor disc nng :

0 1 1
CO=Cl =S1 =1/2
0 0
Ci=Cl=0

The comparison with the rotor disc inflow model gives:

roz (Cf:)(Axm -AZ‘); CI(AXN_ AZ")) +rlc_z(clo(Axn’~ AZn) +C:(AXE—AZB))DCOS\V

+I“;_Z S,(AX.,— AZ )psin W= A, +A, p cosy + A, pcosy
rings

By identification, we obtain a linear system of the circulations. Two inflow models have been
used : the model of Mejer-Drees (Method1) and a variant (Method2) in which thereis nocosinu-

soidal circulation I'c. The sinusoidal circulation I's is equal to-1.5 I'o as provided by the Mejer -

Drees model. This allow us to to have the intensity of the vortex ring varying quadratically with
the distance to the rotor disc.

! l [Il . l ! I -I-

To simplify the calculation and to avoid several computations of the circulations, we can as-
sume that the vortices intensities do not vary much. Hence, if we consider the velocity induced
byaring atatime t and at a point x in the ring local coordinates, at the time t+At this point will be
in the local referential at the location X — V At . Thus the velocity at the point x at the time t+At
will be the same atthe point X + VAt atthe timet. To calculate the average value of the veloci-

ties during 1/ny, blades turn, it will be equivalent and easier to compute the average value of the
velocities at the time t along the segment (X,X + _CT)S—;C—T :

<Zl>= Zlﬁi‘_hil(x+ utan y,y,z + wdu

Implementation

The implementation of the wake model is given figure 26.

The wake models obtained by Method1 and Method2 and the Coleman - Glauert model have
been implemented in a software in order to be compared with experimental results. The models
were not directly implemented in a flight mechanics simulation software, but programmed in a
distinct software to allow the desired comparisons. Indeed, if the models had been directly in-
corporated in a simulation software, we would not have been able to distinguish the errors due to
the interaction modelisation from errors due to the other parts of the simulation. The inputs of
the wake models are the measured values of the advance ratio, rotor disc angle of attack and rotor
thrust obtained during the tests. The induced velocities are directly deduced from these in-
puts. _
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The results of the comparison are presented on the figures 21 to 25. Airflow deflections obtai-
ned from theory and experiment are compared for the test cases mentionned in paragraph 1. The
results are rather good concerning the average values of the deflections in all cases. At low ad-
vance ratios, the variations of the airflow deflection along the empennage span are very impor--
tantand are not well reproduced by the models. This is due to the fact that we have only takenin-
to account the tip vortices. Moreover, the quality of the results decreases slightly as the advance
ratioincreases. This can be explained by the augmentation of the inflow ratio with the helicopter
speed thus by the fact that our wake approximation is as less good as the helicopter speed in-
creases. But, at high speed the induced velocities are relatively small and the rotor-horizontal
stabilizer interactions are less important than at low speed.

Conclusion

A simple rotor wake model has been developed in order to determine therotor - horizontal sta-
bilizerinteractions on an helicopter. In spite of the apparent complexity of the formulae givenin
this paper, this model can be programmed in only 200 or 300 lines and easily integrated in a
flight mechanics simulation software without major changes and computation time penalties.

The comparison with wind tunnel measurements of the induced downwash at the empennage
location shows relatively good results. The validation of the interaction model is continuing
with data derived from flight tests.
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Fig 1 : Rotor disc referential and notations

Fig 3 : Induced downwash
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Input:

gy B Ao, Aj, Ais
. 2

tan y = (A,, + Usin ond)/ucosdd
Ah = (A, + psin o)/2mm,

v

Computation of the circulations :

To= (A112}'° - Ale’ic)/(AOOAll - AmA 10)
rlc = (_AloZXo + Aoo)‘ic)/(AooAu - AOlAIO)

Na
T, = A/2 Si(AX,,~ AZ )
n =0

where :

Na
j
A, =D.C(AX, - AZ )

n=0
AX ,= nAhtany
AZ = nAh

Calculation of the induced velocities :
ot 1 0 -t
() = 35S, Mi(x+ utan ,y,z + u)du

where :

Nz
Xi( x,y,Z) = Z(roxn(xn’yn’zn) + rnj\uc(xn’yn’zn) + rnAns(x Y nZ n))
n=0

x,=x—-AX,
Yo=Y
z,=z~-AZ,

Fig 26 : Implementation of the model

91-38.19






