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Abstract 

FLUCTUATING FORCES AND ROTOR NOISE 

DUE TO MAIN ROTOR- TAIL ROTOR INTERACTION 

J. SCHREIER 

Institut fGr Luft- und Raumfahrt der 

Rheinisch-Westfalischen Technischen Hochschule Aachen 

D-5100 Aachen, Germany 

The paper is concerned with the helicopter noise which is generated by the 
interaction of the tip vortices of the main rotor with the tail rotor. This interaction 
was simulated by a test facility with two rotors. Sound pressure levels and noise 
spectra have been measured under various conditions. The unsteady forces on the tail 
rotor blades as well as the radiated sound field were calculated. Measured and 
calculated data show a reasonable agreement. 

1. Introduction 

Efforts to reduce the noise emission of aircraft are of great importance. Much 
progress has been made in this respect during the last 15 years, as far as fixed wing 
aircraft are concerned. Helicopters however have different noise problems; those 
machines which are operated today have an intensive noise radiation. 

Helicopter noise causes a strong subjective loudness which results from 
discrete tones in its spectrum. The frequencies of these tones are determined by the 
blade passage frequencies of the main and tail rotor and the harmonics. During 
certain flight conditions another additional noise mechanism which generates the so 
called "impulsive noise" is especially intensive. One source of this "impulsive noise" is 
the tail rotor. Here the vortices, which are shed by the tips of the main rotor are cut 
by the blades of the tail rotor (figure 1). These vortices induce velocities that cause 
fluctuations of the angle of attack and of the dynamic pressure at the tail rotor 
blades. These changes in the inflow conditions, in turn, cause unsteady forces on the 
blades which increase the noise radiation. 

The noise radiation, caused by the interaction of tip vortex and tail rotor was 
studied in the ILR. Unfortunately it was not possible to take measurements on an 
original helicopter. For this reason a test bench was built, which simulated the 
interaction of the main rotor tip vortex and the tail rotor. Sound pressure 
measurements were made in a reverberation room. 

A computer model was developed which determines the velocity-pertubations 
which occur during this interaction at the tail rotor blades. From these velocitiy 
pertubations the unsteady blade forces were calculated. Using the force oscillations 
as a starting point a method for calculating the radiated sound field was developed. 
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2. Apparatus And Procedure 

2.1 Rotor Test Facilities 

A sketch of the mentioned test facility can be seen in figure 2. It consists of 
two separate rotor test facilities. One component of this apparatus is made up of an 
original tail rotor of a helicopter UH-10 by Bell (diameter 2.6 m). This rotor was 
driven by a 65 kW de motor. 

The second rotor was used to generate the tip vortices. This vortex generator 
had a diameter of 1.6 m. Its speed was continuously variable. The interaction of the 
tip vortex and the tail rotor, which is determined by the set-up of the test facilities, 
simulates the interaction as it occurs on the original helicopter. Fi~ure 2 shows the 
tip vortex generated by a blade. Also the areas can be seen where t e tail rotor cuts 
this vortex. 

2.2 Acoustic Technique of Measurement 

The acoustic measurements took place in a reverberation chamber. If a 
reverberation chamber is excited with a white noise, a sound field will be formed, 
which has constant energy density at every point. However, in this experiment the 
room was excited by discrete tones. Only a few standing waves are formed, thus one 
can no longer assume a sound field with a constant energy density. For this reason it 
was necessary to average the sound pressures measured at many locations. The 
problem was resolved by moving the microphone over a circle with the radius 
r m = 3 m and then integrating the sound pressure over one revolution (80 sec.). 

3. Results of the Acoustic Measurements 

The influence of the following parameters on the noise generation of the tail 
rotor was studied: 

1. Tail rotor rpm (nT) 

2. Blade angle ( .:7 T) 

3. Vortex generator rpm (nyl 

t;. Strength of the tip vortex ( I yl 

Figure 3 shows the overall sound pressure level OASPL as a function of tail 
rotor rpm. Region (1) and Region (2) are valid for the undisturbed and the disturbed 
case respectively. For the undisturbed rotor the OASPL is strongly dependent on .:JT. 
However, in the case of a disturbed rotor, this dependence cannot be found. Tne 
overall sound pressure level increases as about the third power of the blade-tip 
velocity. 

In order to be able to determine the frequency region in which this noise 
appears, the spectra are plotted in figure t; for the undisturbed case (graph !) and the 
disturbed case (graph 2). It can be seen that, because of this blade-vortex interaction, 
the sound level is increased in the region from low frequencies up to 3000Hz. For the 
higher frequencies no difference worth mentioning can be found. Since those 
components which determine the overall sound pressure level are below 1000Hz, only 
this region will be studied in the following frequency analysis. 
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Figure 5 shows the spectra for the undisturbed (graph 1) and for the disturbed 
rotor (graph 2). Here the tail rotor and the vortex generator had the same number of 
revolutions per minute. It can be seen, that the sound level of the disturbed case is up 
to 20 dB higher than the vaiue for the undisturbed case. Only the fundamentai 
frequency and its first harmonic remain unchanged. The increase in the sound level is 
not only limited to the blade passage noise, but the level of the broad band noise is 
also increased considerably. This means that the blade-vortex interaction does not 
only cause those force variations at the rotor blades which are periodic with the rotor 
rpm's, but that there also are arbitrary force variations. These are caused by an 
increase in the turbulence in the rotor inflow which results in an increase in the broad 
band noise. 

Figure 6 shows the spectra of the tail rotor noise for rpm different for the 
rotors. It can be seen that now additional tones grow up besides the blade passage 
harmonics. Above 300 Hz these tones have about the same noise level as the blade 
passage harmonics. 

The influence of the strength of the tip vortex is demonstrated in figure 7. 
Here, sound pressures are shown as a function of the tail rotor rpm. In this case the 
vortex generator was operated at a constant speed (ny = 7 50 rpm) with different 
blade angles ( :;} V = 38° or :;} V = 25°). Also, for com paris on, the graph for the 
undisturbed tail rotor has been included. The figure shows that a stronger vortex also 
increases the noise radiation. 

4-. Calculations of the Velocity Disturbances 

For the calculation of the velocity disturbances, which are induced by a vortex 
in the tail rotor plane, the model of a viscous vortex is used. For the tangential 
velocity component v t of the vortex, the following expression applies: 

(!) 

where r ; vortex strength (m2 /s) 

t = age of the vortex (s) 

\It = vortex viscosity (m 2 /s) 

A relation derived by OWEN /!it. 1/ was used for calculating the vortex 
viscosity for an aged vortex: 

<z> v t = o.588 rrv 
where v = kinematic viscosity 

A vortex, traversing the plane of the tail rotor, induces a velocity at every 
point P in the plane, which depends, in magnitude as well as in direction, on the 
distance between the point P and the vortex center. When calculating the flow 
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velocities; only those components are taken into account which are vertically aligned 
with respect to the leading edge of the blade, since changes in the angle of attack and 
in the dynamic pressure are mainly influenced by these components. 

In order to be able to calculate the vortex induced velocity at every point P in 
the plane of the tail rotor, the position of the vortex has to be determined first. 
Figure 8 shows a vortex with an arbitrary relative position with respect to the plane 
of the·tail rotor. The position of the center of the vortex ir\ the plane is fixed by the 
radius r r and the angle X. 

The direction of the vortex axis can be determined by the angle of inclination 
f and the azimuth angle 1) , which is the angle between the x-axis and the 
pr8jection of the vortex axis on 'lhe plane of the rotor. Also induded in figure 8 is the 
vortex induced velocity Vt at a blade element. The following two components of Vt 
which are vertical to the leading edge of the blade are needed for the subsequent 
calculation o:f the blade forces: 

v in the rotor plane 
w vertical to the rotor plane 

The calculation of the components v and w is done with the help of vector
algebra in a coordinate system which is fixed at the leading edge of the blade 
element. Its three axis are: 

xB P'!rallel to the leading edge 

y B in the rotor plane vertical to the leading edge 

z8 vertically to the rotor plane 

The position of a point on the vortex axis is given by the following vector 
equation: 

(3) 

where r rB vector from the origin of the coordinate system to the 

(4) 

point, at which the vortex axis traverses the plane of the rotor 

w 1 unit directional vector of the vortex axis 

,A-- parameter 

For the vectors r r B and w l the following relation is valid: 

... 
r rB = 

r r cos (X- y)- r 

r r sin (X - y) 

0 
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The velocity vector v t can be calculated 

(5) 

after determing r the position vector which intersects the vortex axis at a right 
angle (r w = distanc~ of blade element from the vortex axis) 

(6) 

(7) 

Applying eqs I - 6 yields the components of the induced velocities 

r r sin (X- y) cos I'; 

(rr cos(X-y)-r) cos!'; 

{(rr cos(X- y)- r) sin n -

- rr sin(X- y) cos n }sin!'; 

!.all_ R~t~r_i_!! _!h~ Do.:!!_n.:!!_~h_o!__!h~ .Y_o!_t~x_G~n~r~t~r 

Additionally, the tail rotor is also disturbed by the downwash field of the 
vortex generator. To include the influence of the downwash field in the acoustic 
calculations, the following simplifications have been made: 

!. The downwash field is of a constant magnitude in the inner region and 
decreases with a cosine-function at the outer edge 

2. The downwash field is not influenced by the tail rotor. 

The vortex generator is set up in such a way, that there is no downwash 
component vertical to the plane of the tail rotor. Again, the Calculation of the forces 
use only the velocity component vertical to the leading edge of the blade. 

5. Calculation of the Unsteady Blade Forces 

To calculate the unsteady forces, the velocity pertubations - due to the tip 
vortex and the downwash - are superposed. Resulting velocity components are shown 
in figure 9 for three blade elements. The path of the vortices, as they are included in 
the drawing, was determined with the help of smoke pictures. 

The velocity components are Fourier analysed. This analysis yields the velocity 
spectrum and the corresponding phase angle. Starting out with the velocity 
amplitudes, the unsteady blade forces were calculated using a method by NAUMANN 
and YEH /lit. 2/. This method applies a theory in which only two-dimensional effects 
are taken into account. Furthermore, nonviscous and incompressible flow is presumed. 

Figure I 0 shows the unsteady blade forces for the three blade elements. 
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6. Calculation of the Radiated Sound Field 

The calculation of the sound field is based on the inhomogeneous wave 
equation, as formulated by LIGHTHILL /lit. 3/. In this ·equation three different 
acoustic source terms are represented. Concerning the rotor noise generation at 
lower subsonic rotor tip speeds - as regarded in this paper -, two of these source 
terms are inefficient: that is the effect of mass displacement of the rotating blades 
and the effect of turbulent momentum exchange in the boundary layers and the wakes 
of the blades. As the dominant source term the effect of the fluctuating forces F t 
remains. Now the wave equation can be written as 

(8) 

with the sound pressure p, the speed of sound a, the time t and x. a three-dimensional 
cartesian coordinate (see figure II). 1 

Lighthill gave the solution of this wave equation in the form 

(9) 

where p is the sound pressure at the position of the observer P. R is the distance from 
source Q to observer P and dA is an element of the rotor area. F. are now the 
components of the force per unit area acting on fixed points in the rdtor area. F is 
generated as the reaction of lift and drag of the rotor blades. The square brackets 
around F ./R imply the evaluation at the retarded time 1; = t- R/a. To integrate over 
the rotor1 area requires an integration over the radius RT and over the angle y around 
the rotor. 

LIGHTHILL showed in /lit. 3/ that the differentiation with respect to x. in (9) 
and the dropping of a term which goes with the inverse square of the distarfce (R) 
from the source to the point P yields for large R the equation 

(10) P= 4l!a 
1 211 RT 

I I 
0 0 

R a ... R 
!(% aT(Ftr,t--al)rdrdy 

At first, the fluctuations shall be analysed for a rotor with undisturbed inflow. 
In this case the blade forces do not change during the revolution. However, there are 
fluctuations in F. at a fixed point in space, every time a blade passes by. These 
fluctuations are ~riodical with the blade passage frequency B·N, where B is the blade 
number and N is the number of revolutions per second. 

These fluctuations can be Fourier analysed having discrete frequencies 

(11) fm = m B N 

with the harmonic order m. The Fourier coefficients depend on the shape of the F.
pulses. This shape is determined by the pressure distribution acting on the blade 
element. 
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However if the inflow is disturbed, the aerodynamic force L on a blade 
element which traverses this disturbance is not constant. Now the assumption is made 
that .the inflow is locally disturbed but is not a function of time. Then the fluctuation 
of L is periodic with the frequency N. Because of the periodicity L can be Fourier 
analysed. 

00 

(12) L(r,y) = Lst(r) + L Ln(r) cos (ny - nn(r)) 
n=l 

(13) 

At a fixed point Q in the rotor plane the blade force L leads to the force F: 

00 00 Lst (r) B 
F(r, y, t) = Z1lr ! 1 + l: { l: 

m=l n=O 

• (cos (mB G t - q y + <Pn - t. ) + 
+ m 

Lst(r) = steady blade force (per unit width of the blade element) 

Ln(r) = unsteady blade force (per unit width of the blade element) 

B = number of blades of the rotor 

q.:!: = (mB.:!: n) 

1411 m = magnitude of the spectral function, which results from the shape of 

the chordwise pressure distribution 

<P n' t. m = phase angle 

11 = angular velocity of the rotor 

To calculate the radiated noise of the rotor the contributions of the force
fluctuations at all fixed points in the rotor area have to be integrated while 
considering the phase relations. For this purpose the method of LOWSON /lit. 1+/ and 
WRIGHT /lit. 5/ had to be extended. The following equation for the pressure of the 
m-th sound harmonic is deduced in /lit. 6/. 
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(14) 
R 

(t) _ mB>lB fT 
Pm - 4 11aA 

0 

00 

I 
n=O 

+ J (z) sin (mBn (t - ~) - q ( e - !\ + lj) - !::. ) • q a+ 2'n m 
+ 0 

q a . 
• (cos ecos S - mBh r sinS)} dr 

A = distance from point P to the origin of the coordinate system 

<!l ' e = angle of the point p 

tg ~ = drag/thrust 

J q:': = Bessel function of order q+ or q_ 

z = mB ~ sin 8 = argument of the Bessel function 

Equation 14 was solved numerically. 

The sound pressure level of the tail rotor noise was measured in a 
reverberation room. Because of the reflections which occur in a reverberation room, 
the directional characteristic of a radiated sound field gets lost. For this reason, only 
sound power levels can be compared with calculated data. The sound power was 
calculated using 

(15) I 
P=i 

T 
f dt 
0 

f 
surface 
of sphere 

7. Comparison of Measurements and Calculations 

From figure 12 can be seen that, with the exception of the blade passage 
frequency, there is a good agreement between measurements and calculations. 

The application of this model for the computation of the sound field of a real 
helicopter needs the knowledge of the vortex parameters ( I , v t) and the path of the 
vortices through the tail rotor plane. These informatioi?s can be achieved by 
measurements or theoretical assumptions. 

8. Summary 

The paper is concerned with noise generated by helicopter tail rotors. In 
particular, the influence of the tip vortices of the main rotor has been investigated by 
experiments and calculations. 
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Since an original helicopter was not available for experiments, a test facility 
was built, where the tip vortex of the main rotor was simulated with the help of a 
smaller rotor. The tail rotor was an original component of a helicopter UH-lD. 

Furthermore, a method has been developed for the calculation of the velocity 
pertubations which are caused by the tip vortex and the downwash of the vortex 
generating rotor. Using these pertubations the unsteady blade forces were determined 
with a singularity method. These forces served as input for a computer program with 
which the sound field, generated by the tail rotor, was calculated. 

The following conclusions can be drawn from experiments and calculations: 

(1) Unsteady forces on the tail rotor blades induced by passing vortices, cause a 
considerable increase of sound radiation over the spectrum of blade passage 
harmonics. 

(2) If the speed of the tail rotor is increased, the sound pressure is nearly 
proportional to the third power of the blade tip velocity. The pitch angle of the 
tail rotor blades has no influence on the interaction noise. 

(3) A doubling of the tip vortex strength gives an increase of the noise power level 
of 3 dB. 

( 4) The calculations of the noise spectrum show a fairly good agreement with the 
experimental results. 
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Fig. 1 Interaction between main rotor and 

tail rotor 
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Fig. 3 Overall sound pressure level 

RegionCD undisturbed tail rotor 

Region® disturbed tail rotor 
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Fig. 2 Test facility 
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Fig. 4 Frequency spectrum 

Graph CD: undisturbed tail rotor 
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Graph®: disturbed tail rotor 
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Fig. 6 Frequency spectrum 

Graph CD : nv=500rpm 

Graph CZl : nv=750rpm 

Gpaph G) : nv•lOOOrpm 

(nr•l200rpm, "r•lO.S 0
, "v=38°) 

~ 
~110 
0 

1000 1100 1200 1300 1400 1500 

Revolution [min ·•] 

Fig, 7 Overall sound pressure level 
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Fig, 8 Vortex in an arbitrary position to thP 
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Fie. 9 Components v and w of the velocity 
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Fig, 10 Unsteady blade forces resulting from 
the velocity distortion of Fig. 9 
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Fig, 11 Coordinate system and nomenclature for 
the calculation of the sound field 
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