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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 at the ONERA S2-Ch wind tunnel on 
a motorized helicopter scaled model. 

Notations 

: rotor radius 

: rotor rotational velocity 

: blade tip speed 
: number of blades 

: blade airf oil chord 
: rotor solidity 

: advance ratio, airspeed vector 

: rotor thrust, helicopter equivalent mass (f/g) 

: rotor disc angle of attack 

: rotor wake angle 

: induced velocity vector 

mm 

rad/s 
m/s 

mm 

N,kg 

deg 

deg 

A.io, A.ic, A.is : first coefficients of the Fourier expansion of the induced downwash oq_ 
the rotor disc · 

: circulation 

: airflow deflection and airspeed variation deg, --

: number of vortex rings 

All the velocities, circulations and lengths are given in adimensionnal form. The veloci­
ties are divided by the tip speed !lR, the circulations by nR2 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
tic representation 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 [l,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 compu~- . 
tion of these interactions. 

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

U Rotor - horizontal stabilizer interactions measurements 

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 part in 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 1n. 7. The rotor is driven by an electric motor. 
The characteristics of the model are : 

· Rotor radius : 

Blade tip speed: 
Number of blades: 

Airfoil chord: 
Solidity: 

R=750mm 
.QR =lOOm/s 

nb=4 
c=50mm 
0'=0.0849 

A six components external balance gave the helicopter global loads. The three veloci~y com­
ponents were mesured by laser velocimetry. The detected particles were classified according to 
the azimuth of a reference 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. 
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The tests were made for four advance ratios µ=0.15, 0.20, 0.25 and 0.30 with a simulated heli­
copter mass equal to 4 tons, and for three helicopter masses mh=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) : 

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 rotor induces mainly 
downwash which is far from being negligible : airflow deflections vary indeed from 4 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 observation is confirmed by other tests like those made by Leishman [ 5]. 
So afterwards, we will neglict all 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 down wash due to the rotor at the center of the emp~nnage, 
combines it with the airflow speed, before computing the stabilizer aerodynamic loads. 

2 } Modelisation 

At the 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. That is 
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 : 

vo=[~coscxd ]=vr:x] 

µsin {Xd + "'io Lcosx 

where vo is the inflow ratio : 
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Thus, the path .of an elementary vortex created at the time t0 , will be at the time t : 

x=cost 0 +v 0(t-t 0)sin X 
y=sint 0 

z= v.(t- t.)cosx 

The tips vortices will be represented by the curves obtained from the previous equations when 
to varies from -oo tot. As the inflow ratio is usually small compared with unity, we can approxi-

mate the tip vortices by a succession of rings spaced out by a distance of Afl=21t. vo or by a dis­

tance of Afl=21t. vo/nb 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 : 

r1 = r;, + ~ccos l; + ~' sin l; + ... 

To determine the constants rand 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 : 

A.i = A.;0 + A.il.,rcos '!fr Au,r sin 'I' 

where rand 'I' are the polar coordinates of the referential of the rotor disc. These formulae give 
the first coefficients of the Fourier expansion of the induced down wash on the rotor disc. These 
coefficients are expanded in power series of r at the 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 at each 1/nbrotor 
turn a new ring is llcreated". This results in variations of the induced velocities at a 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 tum. 
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Velocities induced by a vortex rin1: 
Tiie vortex intensity is first expanded in a Fourier serie. The expression of the induced veloci­

ties is given by the Biot-Savart law (see figure 6). We obtain for each term of the serie: 

r=ro 

~ _ I'o -K() lz
2
+r2+1l E() 

''iro - .1,"' m + [ 2 2] m 
2,r [z2 + (1 + r)2] - z + (1 - r) 

Ateo= 0 

A:rzO = r O 1,2[K(m) - [~ + r2 - 1! E(m )] 
21r[z2 + (1 + r)2] [z + (1- r) ] 

~1c = T;c cos e in[- h+ z2 + r2]K(m) + [1+ -r4 \ 2z2 + 2r2t + z4] E(m)J 
2,r r2[z2 + (1+ r) 2] [z + (1- r) ] 

,tiz1c = T;ccos e i12[[z2 + r2]K(m) - [- r2 + r42 + z2 + 2r2z2+ z4] E(m)J 
2,r r[z2 + (1+ r/] [ z + (1- r) 2] 

I'., cos 28 
Air2c = c 112 [- [2 - r +2 r2 +2 z2l [2 + r + 2r2 + 2z2l K(m) 

6trr3[z2 + (1+ r)2
] 

[l + r2 + z2][4 - 5r2 + 4r4 + 8z2 + 8r2z2+ 4z4l J 
+ [z2 + (1- r)2] E(m) 

2J;csin 28 
A-.o2c = 112 [[1- r + r2 + z2][1+ r + r2 + z2] K(m) - [1 + r2 + z2][(1+r) 

2 + z2]E(m)] 
3trr3[z2 + (1 + r) 2] 

r. cos 28 
Aizzc = 1c lf2 [ [-2 +r2 + 4r4 + 2z2 +8 r2z2 + 4z4] K(m) 

6nr2[z2 + (1+ r)2] 

[- 2+ 5r2 - 7r4 + 4r6 - r2z2 + 12r4z2 + 6z4 + 12r2z4 + 4z6] 
- [z2 + (1- r)2] E(m) 

where: 

4r 
m= [z2 + (1+ r)2] 
and K et E are the complete elliptic integrals of the first and second kind. 

Nil : For circulations of type r=r nssin nc;. one has only to replace cos n0 terms by sin n0 

and conversely. 

To avoid the singularity on the ring (r=l), we can use the method developed by Johnson 
[6] which replaces the vortex ring by a vortex torus of radius re for points very close to the 
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ring. In this case, it is equi~~ent to multiply the velocities by d2 /( d2+rc 2) where dis the ·distance 

to the ring. 

Total induced velocities 

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), (0,rn,0n,zn) to the rotor disc referential (0,x,y,z),(0,p,'lf) (see figures 7 and 8). 
Therefore: 

xn=x-LXXn 
yn= y 

zn = z- t{ln 

and: 

m cos 8 n = p cos 1/f - AXn 

msin 8n = p sin 1/f 

rn 2 = p2 - 2p .!1Xncos 1/1 + L1Xn 2 

where: 

llXn = Mh.tan X 
t{ln =n& 

Thus, the total velocity is given by : 

Na-1 

~ = L. (~o<m.8 n,zn) + ~ 1c<rn,8 n,zn) + ~1s(m,8 n,zn) + ... ) 
n=O · 

where Na 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: 

!1'.i = rXi! 

Hence: 
Na-1 

Xi = I. (r1oi\iJrn,9n,zn) + r';cXnc<m,en,zn) + r';;Au,<m,en,zn) + ... ) 
n=O 

Calculation of the circulation 

As the rnodel·of Glauert and other models give only the three first coefficients of the expan­

sion, we can take only three constants r for the circulation. Moreover, we must limit our expan­

sions to the first harmonics in 'I' and to the first order in p. One solution is to take the same circula­

tions r O, r le and r ls 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 down wash induced by the vonex ring whose center in the rotor disc co­
ordinates is (r,z) : 

· ~J.r,z) 
A;zt!P) = 2 + C~(r,z)pcos 'I'+ o(p~) 

. C~(r,z) 1 (p 2 A;z1cCP) = 2 + C1(r,z)pcos 'I'+ o ) 

A;zi.(P) = sir,z)psin 'I'+ o(p2
) 

where: 

2 2 
0 (1 - r - E) E[mO] !i:[mO] 

Co[z, E]•------------------- + -----
1/2 1/2 

21t dm dp 21tdp 
1 2 3 S 6 2 4 2 

Co[z, z]•( (-2 + r + 3 r - 2 r + r - r + (-4 + 14 r - 2 r ) z + 

2 4 2 3/2 
(-2 - r - r) z) E[mO]) / (2 1t dm dp r) + 

2 3 4 2 2 
(2 - r - 3 r + r + r + (2 - r + r ) z ) !i:[mO] 

2 

1/2 
2 1t dm dp r 

4 2 2 4 2 2 
O (-r + r + (1 + 2 r ) z + z ) E[mO] (-r - z ) lC[mO] 

Cl [r, z]------------------------------------- + ----------------
1/2 1/2 

21tdmdp r 21trdp 
1 2 3 4 S 6 7 

Cl[r, z]==((3r -r -6r +2r +3r -r + 

2 4 s 6 2 2 3 4 4 
(1 + r - S r - S r - r + r ) z + (3 + 2 r - S r + r + 3 r ) z + 

2 6 8 2 3/2 2 
(3 + r + 3 r) z + z) E[mO]) / (2 1t dm dp r) + 

2 3 4 s 2 4 2 2 4 6 
(-r + r + r - r + (-1 + r + 3 r - r ) z + (-2 + r - 2 r ) z - z ) !i:[mO] 

3/2 2 
2 1t dm dp r 

.2 4 2 2 4 2 2 
1 (r - r + (-1 - 2 r) z - z) E[mO] (r + z) !i:[mO] 

Sl [r, z] ==. ------------------------------------ + ---------------
2 1/2 2 1/2 

41t r dmdp 41t rdp 

with: 

2 2 
dm • (1 - r) + z 

2 2 
dp == (1 + r) + z 
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and for the rotor disc ring : 

0 1 1 
CO • Cl •Sl • 1/2 

0 0 
Cl•Cla:0 

The comparison with the rotor disc inflow model gives: 

rol: (C:,(~X,,.-AZJ; c:c~x,,.- AZJ) +r1~;1',(C1J.1Xn,- ~ZJ +c;c.1x:.,-~ZD))pcos'\jf 
riDp rmp 

+ r, I L s: ( ~Xn, - A2 n)P sin "' = A ii, + A icp COS'\jf + A ii pcos'\jf 
riDp 

By identification, we obtain a linear system of the circulations. Two inflow models have been 
used: the model of Mejer-Drees (Methodl) and a variant (Method2) in which there is no cosinu-

soidal circulation re. The sinusoidal circulation rs is equal to-1.5 ro as provided by the Mejer­
Drees model. This allow us to to have the intensity of the vonex ring varying quadratically with 
the distance to the rotor disc. 

Averaz:e value of the induced velocities 

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 
by a ring at a time t and at a point x in the ring local coordinates, at the time t+.1t this point will be 
in the local referential at the location x - v ~t . Thus the velocity at the point x at the time t+.1t 
will be the same at the point x + v oL1 t at the time t. To calculate the average value of the veloci-

ties during 1/nb 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 + c!hx 71:) : 

j(x;) = -A t.11t ~(X + utan X ,y,z + U)dul 

Implementation 

The implementation of the wake model is given figure 26. 

Comparison with experimental results 

The wake models obtained by Methodl and Method2 and the Coleman - Glauen 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 pans 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
tant and are not well reproduced by the models. This is due to the fact that we have only taken in­
to account the tip vortices. Moreover, the quality of the results decreases slightly as the advance 
ratio increases. 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 the rotor- horizontal sta­
bilizer interactions on an helicopter. In spite of the apparent complexity of the formulae given in 
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 down wash 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 23 and 24 : 

Comparison of measured and computed induced downwash 
µ;::0,30 - mh=4t 
µ;::0,2~ - mh=3t 
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Input: 

°tf, µ, ~o, 'ic, 'is 

tan X = (t\,io + µsin aJ/µcos ad 

Aft = ( A io + µsin ad)/2 701b 

Computation of the circulations : 

r o = (A 112A.o - A01 'J...J/(A 00 A11 - A01A10) 

r le= (-A 102"-o + AOOA..,,J/( AOOAll - AO! Alli) 
Na 

r ls= A.,./LS~(~Xn,- !SZn) 
n-0 

where: 
Na 

Aij = LCj;(~n.- !SZJ 
n=O 

llX n = n.Mi tan X 
/SZ n = n.Ml 

l 
Calculation of the induced velocities : 

( .... ) 1 fo .... Ai = ~h Mi AiC x + utan X,y,z + u)du 

where: 
Na 

'X.iC x,y' Z) = Ii(r OAl)(Xn, y n'Zn) + r lcAil c(Xn, y n'Zn) + rlaAil ,(X n•Y n,z n)) 
n=O 

xn= x- ~n 

Yn = Y 
Zn=z-~Zn 

Fig 26 : Implementation of the model 
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