TRANSPORT

METHOD FOR DETERMINING THE PHENOMENON
OF STALL ON HELICOPTER BLADE

Ivan E. Mukhin, DOI: 10.36724/2072-8735-2022- 1 6-10-44-50

Southwest State University, Kursk, Russia,

makskatol2 | @yandex.ru . .
Manuscript received 03 September 2022;

Dmitry S. Koptev, Accepted 28 September 2022
Southwest State University, Kursk, Russia,

d.s.koptev@mail.ru

Alexander A. Knyazeyv,
Southwest State University, Kursk, Russia,
Knyazev.a00@mail.ru

Herman Leon,
Southwest State University, Kursk, Russia,
makskatol2 | @yandex.ru

Yulia V. Shuklina,
Southwest State University, Kursk, Russia, Keywords: helicopter, rotor blade, fiber optic load cell,
shuklina-uv@yandex.ru distributed Bragg cell

The analysis of dangerous factors leading to the phenomenon of flow stall on
the rotor blades of a helicopter has been carried out. The estimated cruising
speed of a helicopter without auxiliary propulsion at the current level of tech-
nology development lies in the range of 280-370 km/h. The results of flight
experiments showed that the stall phenomenon leads to a sharp increase in the
load on the blades, which in turn is transferred to the lower fixed plate of the
swashplate. This phenomenon is accompanied by the appearance of the n-th
harmonic of the main rotor speed. The results of these experiments made it
possible to create a subsystem for recognizing the phenomenon of stall with
the issuance of visual and audible indication to the pilot to change the flight
mode. A block diagram and description of the operation of the subsystem
based on the simultaneous use of two features are given: measurement of
mechanical stresses on the swashplate and the amplitude of the harmonic
component of the signal from the frequency of rotation of the rotor blades of
the helicopter. The use of two signs can significantly increase the probability of
determining the moment of flow stall. The technical implementation of the
proposed method for determining the phenomenon of flow stall on the rotor
blades of a helicopter makes it possible to provide a qualitatively new level of
flight safety under conditions of complex maneuvers.
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Introduction

In some cases, helicopter flight features are associated with
such a phenomenon as flow disruption on the bearing blades. This
phenomenon is caused by the simultaneous impact of many flight
factors, such as helicopter maximum speed in the horizontal plane,
helicopter weight, pitch and roll angles, route height and other fac-
tors. The main limitation for many modern helicopters is flow dis-
ruption on the lagging blade, leading at high flight speeds to a
sharp increase in loads on the bearing rotor and control system
and, as a consequence, an increase in vibrations of the entire ma-
chine.

Materials and research methods

The rotating bearing rotor discards the surface, that can be rep-
resented as a bearing one, that creates thrust (Fig. 1) [1].

Fig. 1. The volume of air involved in creating the thrust
of the bearing rotor of the helicopter:
a — with oblique blowing; b — with «hovering» and vertical lifting

The air, flowing through the surface, discarded by the bearing
rotor, as a result of interaction with the rotating blades, is thrown
down with an inductive speed u. In the case of horizontal or in-
clined flight, air flows to the surface, discarded by the bearing ro-
tor at a certain angle (oblique blowing) (Fig. 1, a).

The volume of air involved in creating the full aerodynamic
force of the bearing rotor can be represented as a cylinder, whose
base area is equal to the surface area, discarded by the bearing ro-
tor, and the length — the flight speed expressed in m/s (Fig. 1, b).

During the operation of the bearing rotor in place or in vertical
flight (direct blowing), the direction of the airflow coincides with
the axis of the bearing rotor. In this case, the air cylinder will be
positioned vertically (Fig. 1, b). The total aerodynamic force of
the bearing rotor will be expressed as the product of the mass of
air flowing through the surface, discarded by the bearing rotor in
one second, by the inductive velocity of the outgoing stream (1):

2

R-= EDTV/)U (1)

2
where 7 —— — surface area discarded by the bearing rotor;

V — flight speed in m/sec;
p — density of air;
U — inductive velocity of the outgoing stream in m/sec.
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In the considered case, for the bearing rotor of a helicopter, the
inductive velocity of the outgoing stream at some distance from
the bearing surface is taken as the inductive velocity. The induc-
tive velocity of the air stream, arising on the bearing surface itself,
is twice as small [2,3].

If the total aerodynamic force of the bearing rotor is expressed
as the product of the mass of air, flowing through the surface, dis-
carded by the bearing rotor, by the inductive velocity, and the vol-
ume of this mass is a cylinder, whose base is the surface area, dis-
carded by the main rotor, and the length is the speed of flight, then
it is quite clear, that to create a thrust of constant magnitude (for
example, equal to the weight of the helicopter) with a higher flight
speed, and therefore with a larger volume of air being discarded,
a lower inductive speed is required and, consequently, less engine
power.

To keep the helicopter in the air while «hovering» in place,
more power is required than during a flight with some translational
speed, at which there is an oncoming air flow due to the movement
of the helicopter.

In other words, with the expense of the same power (for exam-
ple, the rated power of the engine) in the case of an inclined flight
with a sufficiently high speed, it is possible to achieve the most
maximum range, than with vertical lifting, when the overall speed
of the helicopter is less than in the first case. Therefore, the heli-
copter has two maximum ranges: static, when the height is dialed
in vertical flight, and dynamic, when the height is dialed in in-
clined flight, and the dynamic range is always higher than static.

Thus, the thrust of the bearing rotor of the helicopter will be
proportional to [4,6]:

— he diameter of the rotor in the fourth degree D*;

— he square of the second rotations of the bearing rotor n 25 ;
— he density of air p;

— the traction coefficient a; .

An increase in the diameter or speed of rotation of the rotor
entails an increase in the required power. Consequently, the
amount of thrust ultimately depends on the engine power.

For the average calculation of the thrust of the bearing rotor in
hovering mode, the following formula is used [5]:

T =(aND)*? 2)

where T — thrust of the bearing rotor (for hovering mode with no
wind T ~ R) in kg;

N —engine power in h.p.;

D - diameter of the bearing rotor in m;

a — coefficient, characterizing the aerodynamic quality of the
bearing rotor and the influence of the «air cushion» (depending on
the characteristics of the bearing rotor, the coefficient value when
hovering near the ground can have values of 15-25).

The bearing rotor of the helicopter has an extremely important
property — the ability to create lifting force in the self-rotation
mode (autorotation) in the case of engine shutdown, which allows
the helicopter to make a safe gliding or parachuting descent and
landing [7].

There is a significant difference in the operation of the bearing
rotor in the case of motor flight, when the power from the engine
is transferred to the rotor, and in the case of self-rotation flight,
when it receives the energy to rotate the rotor from an oncoming
stream of air.
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In a motor flight, oncoming air runs into the bearing rotor from
above or from above at an angle. When the rotor is operating in
self-rotation mode, air flows into the plane of rotation from below
or at an angle from below (Fig. 2). The bevel of the flow behind
the bearing rotor in both cases will be directed downward, since
the inductive velocity according to the theorem on the amount of
motion will be directed directly opposite to the thrust, i.e. approx-
imately down the axis of the bearing rotor.

Flight direction
a 6

Fig. 2. Interaction of the air flow with the bearing rotor
of the helicopter:
a — flow bevel in motor flight; b — flow bevel on the self-rotation mode
of the rotor

The flow disruption occurs on the rotor blades, moving along
the flow and with a large angle of attack during the forward move-
ment of the helicopter. This is the main factor limiting the maxi-
mum speed of helicopters. Just as the disruption of the flow from
the wing limits the minimum speed of the aircraft, the disruption
of the flow from the helicopter rotor blade limits the maximum
speed of the helicopter, since the resulting speed of the lagging
blade decreases with increasing helicopter speed.

Ideally, the lagging blade should create a lifting force, equal to
the lifting force, generated by the advancing blade. Since the speed
of the lagging blade is less than that of the advancing one, the an-
gle of attack of the lagging blade must be increased in order to
equalize the lifting force over the entire area of the bearing rotor.
As the speed of the helicopter increases, the angle of attack of the
lagging blade increases more and more, and its speed decreases
until the flow disruption occurs [8,9].

An explanation of the phenomenon of flow disruption is given
in Figure 3.

In the first case, the first manifestations of vibration and rock-
ing are observed, in the second — the helicopter increases pitch and
rolls to the right. The effect of disrupting the flow from the blades
is generally manifested as increased vibration of the helicopter,
nose lifting and roll. If the control knob (cyclic step) continues to
be held in front and the overall step is not reduced, the phenomena
of flow disruption are aggravated, and vibration increases notice-
ably. In such a situation, control of the helicopter may be lost. The
procedure for exiting the roll to the right [10]:

—reduce he overall step;

— put the control knob to the neutral position;

—reduce he speed;

—in rease the speed of the bearing rotor.

Flight divection

V= W+V=250 m/s

% 2
% 2 Y 270 V=T~
< V=170 mls
8
2 /
a /
i
s U W- Speed of the blade
movement
Vorr=W=210m/s )

Direction of incoming air flow rotation

Fig. 3. Scheme of explanation of the complex movement of the bearing
blades in horizontal flight, leading to the flow disruption

For this reason, the estimated cruising speed of a helicopter
without auxiliary propellers at the current level of technology de-
velopment lies in the range of 280-370 km/h (Fig. 4). Exceeding
this speed can also lead to the phenomenon of flow disruption.

Fig. 4. Distribution of lifting forse in normal flight:
1 —reverse flow zone; 2 — zone of absence of lifting force; 3 — the lifting
force in this zone is created by the blades at a low angle of attack;
4 — the lifting force in this zone is created by the blades at a large angle
of attack (should be equal to the lifting force created in zone 3)
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Results and its discussion

The results of flight experiments have shown that the phenom-
enon of flow disruption leads to a sharp load increase on the
blades, which in turn is transmitted to the lower fixed swashplate.
This phenomenon is accompanied by the appearance of the n-th
harmonic of the bearing rotor speed. The diagrams of this phe-
nomenon processes are shown in Figure 5.

These diagrams clearly show that in the absence of the flow
disruption the RMS (root-mean-square) value of the force does not
exceed 20 kgf, and the vibration level of the harmonics of the main
rotation frequency of the blade and the fifth harmonic are approx-
imately the same. At the same time, the load on the lower swash-
plate increases sharply, and the level of the fifth harmonic of the
vibration frequency increases significantly. Diagrams of these
phenomena processes are shown in Figure 6 [11,14].

Ampl Ppolz=6.5 kgs
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Fig. 5. Diagrams of force changes on the lower swashplate
and oscillation harmonics without the flow disruption phenomenon
on the helicopter blades
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Fig. 6. Diagrams of force changes on the lower swashplate
and oscillation harmonics with the flow disruption phenomenon
on the helicopter blades

The results of these experiments made it possible to create a
subsystem for recognizing the phenomenon of flow disruption
with the issuance of visual and audio indications to the pilot to
change the flight mode. The operation of the subsystem is based
on the simultaneous use of two features: measurement of mechan-
ical stresses on the swashplate and the amplitude of the harmonic
component of the signal from the rotational speed of the bearing
helicopter blades [12,13].

In flight modes, due to periodic changes in the flow conditions
of the blades, the flow disruption occurs on the lagging blade,
which in turn leads to the appearance of blade-twisting loads and
the occurrence of vibrations.
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The main frequency of the blade load change is equal to the
frequency of the blades passing, which corresponds to the period
T=2-7/(N-w), where N — the number of the bearing heli-

copter blades. Thus, in the helicopter operation mode without the
flow disruption on the blades, the oscillation with vibration fre-
quency @ — the angular velocity of rotation of the rotor axis has
the greatest amplitude. When the flow disruption phenomenon oc-
curs, there is a significant increase in the oscillation amplitude
with the frequency of the blades passage N - @, since through
each angle of movement of a separate blade by the value
®=2-7/N one of the blades, which is a retreating one along
the course of the helicopter, enters the process of flow disruption.

The use of two features to detect the moment of the flow dis-
ruption occurrence gives a significant increase in the probability
of detecting this phenomenon. Since events A of the appearance
of excessive mechanical stress on non-rotating parts of the swash-
plate and event B of the appearance of the N-th harmonic of the
rotation frequency @ of the helicopter blades in the case of the
flow disruption are joint (appear simultaneously), for the proba-
bility of a joint event the following formula is valid [15]:

P(A+B)=P(A)+P(B)-P(A,B) 3)

If the probability of detecting the flow disruption when using
a feature of excessive mechanical stress on non-rotating parts of
the swashplate is equal to P, = 0,8 and the probability of detecting

the flow disruption when using an additional feature of the appear-
ance of the N-th harmonic of the rotation frequency of the helicop-

ter blades is equal to P, = 0,8, then the resulting probability of

detecting the phenomenon of flow disruption when using two fea-
tures will be:

P,=08+08-0,80.8=0,96
ie. P1,2 > P, and Pl’2 >P,.

Thus, the use of the two features makes it possible to signifi-
cantly increase the probability of determining the moment of flow
disruption, therefore there is a possibility to transfer the helicopter
flight to a qualitatively new level of safety. Structurally, the sen-
sors for measuring the force and frequency of harmonics on the
swashplate can be manufactured on the basis of fiber-optic tech-
nology with distributed Bragg cells. The block diagram of the sub-
system for detecting the phenomenon of flow disruption, which
allows implementing the proposed method, is shown in Figure 7
[16,19].

The power supply unit is switched on, while the power supply
is supplied to the blocks of the light source, information storage,
information analysis, spectral analysis, digital-to-analog signal
converter, the first threshold device, the second threshold device.

When exposed to external mechanical loads on parts of a heli-
copter with strain-gauge sensors, the spectrum of optical radiation
reflected from them changes. The change in the spectrum of re-
flected radiation carries the information about the mechanical
loads experienced by the parts of the helicopter on which the fiber-
optic sensors are installed, and each fiber-optic sensor corresponds
to a certain band of the radiation spectrum of the light source unit.
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Fig. 7. Block diagram of the subsystem for detecting the flow disruption

The signals of all fiber-optic sensors are summed up, in terms
of power, in a fiber-optic connector and transmitted via a fiber-
optic cable. In the spectral analysis unit, the optical radiation re-
flection spectra from each strain-gauge sensor are converted into
a digital signal and are also received at the first input of the infor-
mation analysis unit, where the signal is analyzed by recalculating
the changes in the optical signal spectrum from each strain-gauge
sensor into the load acting on the parts of the skew machine ac-
cording to the previously known dependencies obtained during
calibration of the strain-gauge sensors, converted into a digital
electrical signal and transmitted to the digital-to-analog converter
(DAC) block [20].

When the polling frequency of fiber-optic sensors is at least
2N , in addition to removing quasi-static mechanical stresses in
parts of the helicopter with strain-gauge sensors, it becomes pos-
sible to isolate the N w -th frequency of vibrations of the helicop-
ter blades that occurs with the flow disruption phenomenon.
Therefore, at the output of the DAC unit, in addition to the rela-
tively low-frequency component characterizing the change in me-
chanical load, there will be a signal with a frequency N, char-
acterizing the appearance of the N-th harmonic of the rotational
speed of the helicopter’s bearing blades.

The analog electrical signal, carrying the information about the
mechanical loads of the controlled parts of the helicopter, enters
the low-pass filter from the output of the DAC, and from its output
to the input of the second threshold device, in which the voltage
threshold, corresponding to the maximum permissible mechanical
load, is set. If the specified threshold is exceeded, a «unit» appears
at the output of the second threshold device, which enters the first
input of the «<AND» circuit [21].

From the output of the DAC, the signal also enters the input of
a tunable bandpass filter, pre-tuned to the N-th harmonic of the
rotational speed of the bearing rotors. Depending on the number
of the bearing helicopter rotors N and the rotational speed of the
bearing blades, the tunable bandpass filter is adjusted for a specific
type of helicopter. From the output of the tunable bandpass filter,
the signal enters the first input of the first threshold device, in
which a voltage threshold is set corresponding to the excess of the
level of the N-th harmonic above the noises. If the specified
threshold is exceeded, a «unity» appears at the output of the first
threshold device, which enters the first input of the «<AND» circuit.

With the simultaneous presence of «unitsy» at the input of the cir-
cuit KANDw, at its output a «unit» signal appears, which enters the
electrical data bus and then the panel indicator of the flow disrup-
tion stage. The presence of the «unit» signal on the panel indicator
of the flow disruption stage warns the pilot about the presence of
a flow disruption phenomenon. The «zeroy» signal reflects the nor-
mal flight mode. The combined use of two signs of the flow dis-
ruption phenomenon significantly increases the probability of de-
tecting this phenomenon and, accordingly, reduces the probability
of a false alarm [22,23].

The received data on the loads on the parts of the helicopter
skew machine from the output of the information analysis unit are
transmitted to the information storage unit for subsequent analysis
of the correctness of the actions of the helicopter pilot.

Conclusion

Thus, the joint use of the two features of the flow disruption
phenomenon increases the probability of detecting this phenome-
non, and the registration of such a phenomenon in real time en-
sures timely informing the pilot about the danger of an emergency
situation and performing proactive actions. The technical imple-
mentation of the proposed method for determining the flow dis-
ruption phenomenon on the bearing helicopter blades allows for a
qualitatively new level of flight safety in conditions of performing
complex maneuvers.
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AHHOTauuA

[NpoBeaeH aHanM3 onacHbIX ¢haKTOpPOB, MPUBOAALLMX K AB/IEHMIO CPbiBa MOTOKA Ha HECYLMX NONacTAX BepTosieTa. PacyeTHas Kpelicepckas
CKOpOCTb BepTosieTa 6e3 BcrioMoraTenbHbIX ABWXKUTENEN NPU COBPEMEHHOM YPOBHE PasBUTUA TEXHUKK nexxut B npegenax 280-370 km/y.
Pe3ynbTaTbl IETHbIX SKCMEPVMEHTOB MOKa3a/iW, YTO ABMEHWE CPbiBa MOTOKAa MPUBOAWT K PE3KOMy YBENWYEHWUIO HArpy3Ku Ha Jiomacty,
KOTOpasA B CBOIO O4epeAb MNepesaeTcsi Ha HWKHIOIO HEMOABMXKHYIO Tapesiky aBToMaTa Mepekoca. DTO AB/IEHUE COMPOBOXJAeTcs
MOABIEHMEM N-ON FapMOHMKM OCHOBHOM YacCTOTbl BPaLL€HMA HECyLero BUHTA. Pe3ynbTaTbl 3TUX 3KCMEpUMEHTOB MO3BONIUIM CO374aThb
MOACUCTEMY Pacro3HaBaHUA ABJIEHWA CPbiBa MOTOKAa C Bblayell BU3YyallbHOW W 3BYKOBOW WMHAMKALMW MUNOTY AJIA U3MEHEHUA pexuma
noneta. [NpuBesAeHbl CTPyKTypHas cxeMa M onucaHue paboTbl MOACMCTEMbI, OCHOBAHHOW Ha OAHOBPEMEHHOM WCMONb3OBaHUM ABYX
MPU3HAKOB: U3MEPEHUA MEXaHUYECKMX HaMpsXKEHWil Ha aBTOMaTe Mepekoca U aMMnuTyAbl rapMOHUYECKOM COCTaBAAIOLLEN CUrHanma ot
4acTOTbl BpaLUEHUA HeCylMX noractei Beptonerta. [puMeHeHMe [Byx MpPU3HAKOB MO3BOMAET CYLUECTBEHHO MOBbLICUTb BEPOATHOCTb
onpefeneHns MOMEHTa CpblBa MOTOKAa. TeXHUYecKas peanusauus MPeAsIoOXEHHOro MeToAa OnpefeNieHus ABMEHWA CpbiBa MOTOKa Ha
HeCyLUMX JIONacTAX BepTosieTa No3BosAeT obecneynTb Ka4eCTBEHHO HOBbIM yYpoBeHb obecneveHns 6e30MacHOCTU MOJIETOB B YCIIOBUAX
BbIMOJSIHEHWA CNOXHbIX MAHEBPOB.

Knioueebie cnoea: sepmonem, Hecyw,aa lonacms, 80J10KOHHO-ONMUYeCKUll meH300amuuk, pacnpedeneHHas adelika bpszea.
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