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Abstract
Stall flutter occurring on helicopter tail rotor blades in
hovering and showing an abrupt growth in the value of the pitch-
ing moment variable component is investigated in the paper. The
values of the measured loads exceed the ordinary level encoun-
tered in operation by several times,.

The analytical and theoretical investigation of stall flut-
ter has been carried out on a basis of unsteady aerodyanmics,
using a model of the blade elastic in bending and torsicn. The
mechanism of the evolution of self-oscillations and the in-
fluence of variocous design parameters have been investigated.
Good qualitative and quantitative agreement of analytical and
experimental data has been obtained: means to reduce the pitch-
ing moment have been found. Full-scale tests of the Mi-28 +tail
rotor have confirmed the efficiency of the implemented design
solutions aimed at eliminating stall flilutter.

Introduction

The improvement of the helicopter weight efficiency, +the
increase in the service lives of the helicopter main components
are inseparably connected with a variety of dynamic and aero-
elastic problems to Dbe sclved. The problems zssociated with dy-
namic strength are essential in ensuring the sirength o¢f the
helicopter components, the tail rotor in particular. The possi-
bility of designing rotors possessing a permissible level of
variable stresses in their blades, hub and control members 1is
defined by the optimal dynamic characteristics obtainable through
a rational distribution of the natural frequencies relative to
those of the external loads, as well as through the absence of
self-oscillations of flexural-torsional and stall flutter types.

The problem of stall flutter has drawn attention due to the
growth of the helicopter airspeeds, payload capacity and weight
efficiency. Unlike. the main rotor in which stall flutter takes
place at high airspeeds, tail rotaor flutter occcurs in hovering

and during hovering turns because the tail rotor blades have .the
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highest angles of attack under these caonditions. The increase in
the paylcad capacity with.an improvement of the weight efficiency
results in higher loading of the helicopter components. For the
tail rotor, this means an expansion of the range of the operating
blade angles in the part containing maximum values and, respec-—
vely, an increase in the angles of attack approaching the stall

ones.
Essential Analytical Techniques

It is typical of stall flutter that the amplitude of the
blade torsional vibrations grows limitedly reaching some limit
value for each operating condition. However, the overshooting of
the pitching moment amplitudes can be so great that the fatigue
strength of the tail rotor control cannot bte ensured.The Mil Mos-
cow Helicopiter Plant experience has shown that some modifications
of the tail rotor design could not be put into production due to
the occurrence of stall flutter in several cases.

The prediction is based on the solution of differential
equations expressing the motion of the blade subject toc unsteady
aercdynamic loads. Proceeding from the fact that the blade motion
in stall flutter is characterized by torsicn, as well as by bend-
ing in the plane of minimum rigidity while the in-plane deflec-
tions are usually small, the blade is considered toc be elastic in
torsion and bending flapwise and absoluteiy rigid chordwise.

The blade motion can be expressed by
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with boundary conditions
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where

f = displacement of the blade elastic axis points relative +to
the plane of rotor rotation

l{ = angle between the section inertia axis and the plane of ro-
tor rotation

M = blade mass per unit length

I = blade moment of inertia per unit length relative to its
flexural axis

flexural blade rigidity

QT
—+—
(I

torsional blade rigidity

distance from the flexural axis of the blade to the centres

)}
it

of gravity of its sections

W = rotor angular velocity

' = distance from the axis of rotation to the examined blade
section R

N = blade section centrifugal force N""U.)Q J; m?’dt"

The dots denote differentiation with respect +to time; the
primes, with respect to the blade radius.

The system of equations (1) is éclved by using the Bubnov-
Galerkin methed; to do that, the modes and }requencies of natu-
ral flexuralil-torsicnal vibrations should be determined. The na-
tural coupled flapwise flexural and torsional blade vibrations

are usually described by the system of equations (1) in which the
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right-hand side is equal to zero. To solve the system of these
equations and find the natural flexural and torsional vibra-
tiong, the method given in Ref. 1 is used.

Besides the definition of the wvibratiorn modes, for con-—
structing a medel it is important to find +the centres of the
blade section turning, i.e. the points about which the sections
turn with due account of elastic strain in the feathering hinge
and static elastic blade twist.

The tail rotsr induced speeds in hovering are computed by
using the momentum theory, assuming at the same time thkat tor-
sional blade vibrations in stall flutter have no influence on
their value.

The tail rotor blade motion in stall flutter is found from a
single flexural-torsional vibration mode. This approach is Jus-
tified as the helicopter tail rotor +tests have shown that the
tlade vibrations in stall flutter contain mainly a single harmo
nic component whose frequency is close to that of the natural
flexural-torsional vibrations. Tke prediction of the blade no-
tion in stall flutter from a single flexural-torsional vibra-
tion mode is additionally Jjustified by the fact that the analy-
sis of the resonance diagrams has shown no proximity to any vib-
ration overtones whose interaction can serve as a basis for deve-
loping a self-oscillating model.

Using %“he Bubnov-Galerkin method equations (1) can be trans-
formed inte a differential equaticn with respect +te the unknewn

time functicn 8 ()
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where

p = natural flexural-torsional blade wvibration freguency

m = reduced mass of the blade oscillating in +the considered
mode

2r10= damping coefficient ratio

As the functions M and L are nonlinear and their dependence



is implicit, the equation is solved by numerical integration. The
angular blade tip movement and initizl wvelocity of motion are
given as the initial conditions. The numerical integration method
differs in that the expressions for unsteady aerodynamic loads Maer
and L represent not only the nonlinear functlonsgy?andfbut ond:ﬁ

as well and, conseguentily 8', thus equation (2) contains the un-
known 8 both in the explicit and implicit forms.

The algorithm for predicting the blade pitching moments | is
developed with due account of the dependence of the unsteady
aerodynanic airfoil characteristics on Strouhal number and air-
foil vibraticon frequencies.

Prediction cf the unsteady aerodynamic forces and moments on
the oscillating airfoil is the key factor in solving the stall
flutter problem. The expressions for thke oscillating airfoil

force and momeni given below have been taken from Ref. 2
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Fig. 1 shows the poinis where the aerodynamic forces are ap-
plied.

The derived formulas allow to predict +the force and moment
on a thin airfoil oscillating relative to a small angle of attack
in an ideal incompressible flow; they should be <itransformed to
account for the thickness finiteness of the airfoil oscillating
relative to a non-zero angle of attack 1in a real compressible
flow. The airfoil unsteady aerodynamic characteristis Cy(() and
Cm{€Y) are characterized by the formation of hysteresis Idepen—
dences and the phenomencn of sitall delay in close proximity to
the stall angle.

Stall delay and the formation of hysteresis dependences
Cy{) and Cn@) of an oscillating airfeoil have not been suffi-
ciently highlighted in theoretical investigations. However, the
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oceurrence of stall flutter and thus the necessary search for
means preventing it have demanded to develop semi-empirical pre-
diction methods based on the available experimental data. A num-
ber of American authors have investigated the phenomenon of stall
delay in their works trying to develop semi-empirical techniques
for prediction of unsteady aerodynamic characteristics CyCt) and
Cyy@ . Similar work has been done in the investigations devoted to

the problem of tail rotor stall flutter.

Results of Analytical and Experimental Investigations

Devoted to Tail Rotor Stall Fiutter

Stall flutter has been found to occur on the blades of tail
rotor designs of new types. It toock place in hovering and, from a
certain blade angle, it showed an abrupt growth of the wvariable
component of the pitching moment whose frequency was not an inte-
ger multiple of the rotor speed. The frequency of different type
rotors lay between 5/rev and 7/rev. The measured loads were seve-
ral times higher than the ordinary level encountered in service,
thus making the ensurance of strength and service lives of tail
rotor designs and their control systems guite problematic.

The problem has turned out to be so grave that the fiber-
glass blades for the Mi-6 tail rotor were not put into production
for this reason only.

In the course of developing the Mi-26 the tail rotor was
supposed to be tested prior to its installation on the helicopter.
With this cbject in view, a rig for testing tail rotors of heavy-
Llift helicopters was built; for this purpose a modified Mi-8
whose life had expired was used.The tested tail roctor was mount-
ed on the main rotor shaft by means of an adapter; when rotating,
it produced an upward thrust. The main gearbox of the helicopter
had been modified to lower the gear ratic ‘of the engine free
turbine to the main rotor shaft to get a maximum rotor speed of

600 rpm which was higher than the nominal tail rotor speed. The
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Mi-& engines available in the rig produced a total power of
8.1 MW allawing to test the Mi-26 7.8 metre-diameter tail rotor
over a wide range of blade angles at rotor speeds Dbetween 200
and 600 rpm. The maximum tail rotor speed exceeded the operat-
ing one by 10%, and the maximum blade angle exceeded the maximum
value that could be implemented in operation by 17%. The blade
bending and pitching moments under steady operating conditions
were measured at constant values of the rotor speed and Dblade
angle.

The tail rotor rig test results and the analysis made have
allowed to find out the occurrence of stall flutter on the tail
rotor blades. Fig. 2 shows a fragment of the oscillogram repre-
senting a record of the loads acting on the Mi-28 +tail rotor
" blade at an operating rotor speed of 55Q rpm and blade angle of
25 degrees. As can be seen from the record, the pitching wmcment
varies mainly with a high frequency on which 1/rev is superim-
posed.The pitching moment variation frequency is 6.4/rev; in this
case the blade vibration mode has 2 form +typical of the ist
torsional mode. This has been found from the measurements of
tangent stresses in several sections along the btlade radius.
Fig. 3 presents maximum amplitudes of the pitching moment wvs
blade angle obtained in the tests; it also shows a predicted de-
pendence.,

The rotor tests have allowed to establish another interest-
ing phenomenon: the pitching moment amplitude reaches its maximum
with the rotor speed and its dependence upon the latter is of re-
sonance peak type (Fig. 4).

A search for means reducing the pitching moment amplitude
value has shown that a change in the locaticn of the centres of
torsicnal rigidity of the blade sections can be quite effective.
Fig. 5 shows the change in the pitching moment amplitude as the
blade rigidity axis approaches the airfoil leading edge section.

This result obtained analytically has been confirmed by the Mi-268
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tail rotor tests. The blades were modified by incorporating air-
foil shaped steel strips bonded to the spar ocutline. The strip
running over 30% of the chord was bonded to the blade leading
edge section along the blade span from r=0.4 to »=1.0. The strips
have shifted £he original location of the section rigidity centre
line from 28% of the chord to 23.5-24%. The test results of this
version have shown a much lower level of variable pitching mo-
ments ag compared to that of the criginal version having no strips
(Fig. 86).

Shifting the feathering hinge axis towards the blade leading
edge section is also quite effective to reduce the pitching mo~
ment value in stall flutter. Fig. 7 presents the predicted pitch-
ing moment values for this case.

As part of the Mi-28 tail rotor develorment programme, the
idea of shifting the centres of rigidity towards the leading edge
section to reduce the pitching moment amplitudes has been imple-

mented in the design of the blades for this heliccpter.
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Fig, 1. Airfoil aercdynamic forces.
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Fig. 3. Maximum pitching moment amplitudes vs blade angles.
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Fig. 4. Maximum pitching moment amplitudes vs rotor speed.
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Fig. 5. Pitching moment amplitude of Mi-26 tail rotor blade vs
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Fig. 6. Test results of tail rotor blades incorporating strips.
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Fig. 7. Pitching moment amplitude vs feathering hinge location.



