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Abstract: The phenomenon of a single-rotor helicopter entering an unintended left rotation with the further development of an
uncontrolled turn periodically arises while operating this type of helicopter, both in Russia and abroad. This phenomenon can lead
to serious aviation incidents and even disasters. Currently, there is no unambiguous justification for the phenomenon of
“uncontrolled” U-turn and the causes of occurrence, since the operating conditions of the tail rotor (TR), especially at low-speed
modes, depend on many factors. These factors include, firstly, wind direction and speed, T/R “vortex ring”, as well as the impact of
the main rotor vortex trace. One of the explanations for this phenomenon lies in the special specifics of the yaw trim of a single-
rotor helicopter, which is provided by the tail rotor. These papers emphasize that the change in wind speed and direction which
affects the helicopter, and the TR is the main cause of the unintentional left turn. Currently, there are no tools and methods for
determining the wind effect on the TR in order to develop a warning signal for a pilot about a change in the nature of the TR flow
and an alert about the occurrence of uncontrolled rotation. This paper proposes the system for measuring the TR air flow using a
special sensor that allows us to measure the inductive air flow velocity of a small value in an aerodynamic way without additional
various electronic transformations that are inherent in conventional Pitot tube probes. The use of such a measurement system makes
it possible to identify the probability of a dangerous situation, to inform the pilot and help him take the proper actions.
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Pa3paboTka TeXHMYECKOro pelieHus Mo MpeaynpexIeHUI0 MonaaaHus
OHOBHHTOBOI'0 BEPTOJIeTA B HEyIIPaBJsieMOe BpalleHue
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AHHOTaIII/IH: SIBneHue romnaganvss OAHOBUHTOBOI'O BEPTOJICTA B HerCI[HaMCpeHHLIﬁ Pa3BoOpOT BJICBO C ﬂaﬂbHeﬁHIPIM PpasBUTHEM

HEYTIPABJIAEMOI'0 pa3BOpOTa INEPHOANICCKU BOSHHUKACT B MPOLIECCE DKCINTyaTallii TAKOT'O THUIIA BEPTOJIETOB KaK B POCCI/II/I, TaK " 3a
py6€)KOM. 7O SIBJICHHE MOXKET NpUBOAUTH K CEPHE3HBIM daBUAITMOHHBIM MHIIUJACHTAM U JaXKC K KaTaCTpO(l)aM. B HACTOSIICC BpEMS
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HET OJJTHO3HAYHOTO OOOCHOBAHMSI SIBJICHUS «HEYIIPABIIIEMBII Pa3BOPOT» U NMPUUYMH €ro BO3HUKHOBEHMS, TaK KaK YCJIOBHUs pabOThI
PYJEBOr0 BHHTA, OCOOEHHO Ha PEXMMaxX MAJIbIX CKOPOCTEH, 3aBHUCAT OT MHOruMX (haktopoB. K 3tumM ¢akropam otHOCATCS B
MIEPBYIO O4Yepe/lb HAalPaBJIEHHE U CKOPOCTh BETPa, «BUXPEBOE KOJIBLIO» Ha PYJICBOM BHHTE, a TaKXKe BIMSHUE BUXPEBOTO CIIEAA OT
Hecymiero BuHTA. OmHO W3 OOBSICHEHWH 3TOTO SIBJIEHHS — OCOOCHHOCTH ITyTEBOH OalaHCHPOBKHM OJHOBHHTOBOTO BEPTOJIETA,
KOTOpasi 00ecreynBaeTcsi pyJieBbIM BHHTOM. [JIaBHOW INpHYMHONW BO3HMKHOBEHHS HENPEJHAMEPEHHOI'O pa3BOpOTa BJIEBO B
HCCIIEZIOBAHUAX YKa3bIBAIOT M3MEHEHHE CKOPOCTH W HAIpPaBICHWS BETpa, JCHCTBYIOIIEr0 Ha BEPTOJIET M PYyJEBOM BHHT B
4acTHOCTH. B Hacrosiiiee BpeMst OTCYTCTBYIOT MHCTPYMEHTAIBHBIE CPE/ICTBA U METOJIMKA ONpE/IeIeHNs] BETPOBOTO BO3JCHCTBHUS
Ha pYJEBOM BHHT I BBIPAOOTKM MPEMyNPEXICHUS JIETYMKY 00 M3MEHEHMH XapakTepa OOTEKaHHs PyJIEBOIO BHHTa M O
BO3ZHMKHOBEHHM HEYINPABJIAEMOro BpaimieHus. B naHHOW pabore mpesyiaraercsi cMcTeMa M3MEPEHHUs BO3YIIHOTO ITOTOKAa Ha
PYJIEBOM BHHTE C IOMOIIIBIO CIIELUAIBHOIO JaTYHKA, TO3BOJIIIOILET0 U3MEPUTD a3pOJUHAMUYECKUM CTIOCOOOM HETIOCPEACTBEHHO
WHIYKTHBHYIO CKOPOCTH BO3IYIIHOIO TIIOTOKa MAaJOH BEIMYMHBI 0€3 JIOTMOJHHUTENBHBIX PAa3JIMYHBIX —AJIEKTPOHHBIX
npeoOpa3oBaHmi, KOTOPBIE IPUCYIIHA TPAAUIMOHHBIM faTtdankaM Tuna [1B/]. [Ipuvenenne Takoi cuCTeMBl I3MEPEHHUI TI03BOJISIET
OIIPE/ICIUTD MPUOJIMIKEHUE OTIACHOW CHTYAIMH, 1aTh HH(POPMALIHIO JIETYUKY U TIOMOYb €MY NPEIIPUHATH IPAaBUIIbHBIE ISHCTBUSL.

KnrodeBsble c10Ba: HeynpasisieMoe JIEBOE BpalllCHUE, JaTUUK BO3AYIIHOIO MOTOKA, MHIYKTUBHASI CKOPOCTb, BUXPEBOE KOJBLIO
PYJIEBOrO BUHTA, IPUEMHUK BO3AYIIHOH CKOPOCTH.

[t uurupoBanusi: Meunn B.A. Pa3paboTka TEXHHMYECKOro pEILEeHHs 10 TPEAyNpPEKIACHUIO MONaJaHus OIXHOBHHTOBOTO
BepToJieta B HeympapisiemMoe BpamieHne / B.A. MpunmH, K1O. Camcono, A.M. Kacumos, A.W. TlomoB // Hayunsrii BectHuk
MITY I'A. 2022. T. 25, Ne 3. C. 51-60. DOI: 10.26467/2079-0619-2022-25-3-51-60

Introduction Problem statement, research
methods
According to [1], 235 aviation accidents oc-
curred in helicopter units and subdivisions of The relevance of the tail rotor vortex ring
state aviation, as well as in airlines and enter- (TRVR) mode recognition is confirmed by many

prises of civil aviation over 10 years from 1996 studies, computational and experimental speed
to 2006, 42 (18%) of them due to helicopters en- characteristics of the TRVR are obtained accord-

tering spontaneous left rotation [2]. 10 air acci- ing to various theories — the theorem on the
dents occurred at take-off (4 of them are crashes, amount of movement, based on a nonlinear vor-
6 are incidents), 27 — at landing (12 crashes, tex model, etc.' [8—12].

15 incidents), 5 aviation accidents — at hovering The general cause of the TRVR occurrence
and near-terrain movements (1 crash, 4 inci-  for all flight modes is the lack of information
dents). Various publications have shown that  about wind direction and strength as well as the
trained flight personnel can cope with uncon-  delayed response to the helicopter’s unintended
trolled rotation. For example, the Syzran Air  left turn with the excess of the circumferential
Force Engineering Academy named after Gaga-  velocity of TR rotation to the left at the wind ve-
rin and some other schools have the similar locity more than 3 m/s [11, 13, 14]. Moreover,
course. The procedure for helicopter-aircraft pi- the lack of the wind speed and direction indica-
loting varies significantly due to different acro-  tor additionally complicates the rotation situa-
dynamic and physical properties of the aircraft  tion [10]. The modes of hovering, take-off and
motion principle. There are two characteristic landing are the most crucial, they are distin-

features of helicopter motions in space. The first  guished by the dynamic and static instability of
one is a probability of the lifting rotor (LR) .“rlng the helicopter. The number of engineering pro-
vortex™ occurrence [3] and the second one is the posals to detect the prerequisites for entering the

occurrence of uncontrolled left rotation during TRVR mode or its mitigating is not many [12].
the single-rotor helicopter flight [4, 5]. The stat-

ed specifics of a single-rotor helicopter may be

the causes which lead to aviation acci- "' Loss of tail rotor effectiveness in helicopters (2017).
dents [6, 7]. Let us study the last special feature National Transportation Safety Board. 2017. SA-062
in order to develop the counteractions after ana- March. Avaﬂable. at: https.://1hsf.aer0/Rep0s1tory/

- NTSB%20Bulletin%?20tail%20rotor.pdf (accessed:
lyzing the problem. 21.11.2021).
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In the measuring technology, the velocity
field in aviation requires a flow rate sensor
which immediately determines the velocity, au-
tomatically deducting the static pressure. Such a
sensor does not require density, height and load
corrections, it measures data that are currently in
the velocity field, the velocity vector projection
on the axis of the instrument. Therefore, it
should be installed at the proper location, the
aerodynamic field of velocities, which must be
determined by means of the analysis, computa-
tion and experiment, for example, for a helicop-
ter, in critical situations which are close to the
aviation accidents.

Research results

According to [7, 11], the main cause which
contributes to the helicopter entering “spontane-
ous” left rotation mode is the special feature of
the TR operation, primarily, related to the impact
of the flow induced by the LR at a certain direc-
tion of air speed. At the same time, an unsteady
flight mode occurs. In the range of sliding angles
equal to 30° < 3 <90°, there is a complex inter-
action between the vortex system of the lifting
and tail rotors, while the TR itself is in the zone
of strong effect on the LR [6-11, 15].
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Fig. 1. Effect of the LR vortex trace on the TR at a low
speed with sliding — computation and modeling of the
flight velocity field [8]

What are the other signs of the occurrence
pattern? They are given in papers [8—16].

Unfavorable factors which contribute to the
helicopter’s spontaneous left rotation are the
gusty tail wind from the right of 5-7 m/s or the
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direction-variable wind, high ambient tempera-
ture and the altitude, lack of the wind direction
and speed indicator, take-off or landing with
sliding, requiring additional deflection of the
pedals to maintain the direction of take-off or
landing, etc.

These factors affect the velocity field in the
TR vicinity, in case these parameters in their
own form of velocity can be measured by the
proposed probe — Pitot tube. These measured
parameters inform about the current situation in
the inductive velocity field and are recorded to
correct the situation in case of hazard occur-
rence.

After detecting the signs of the TRVR occur-
rence according to the publications and their
analysis, let us consider which inductive veloci-
ties in the TR disk precede.

The dependencies obtained during the flight
tests imply a significant increase in the balancing
angle of the TR blades installation at the magni-
tude of longitudinal air flight speed within the
range of 5 m/s < Vx < 12 m/s and lateral velocity
of 3 m/s <V, <12 m/s and static yaw instability
occurrence in this mode [8].

It was found from [8, 15] that the LR vortex
trace most significantly affects the operation of
the TR with the crosswind from the right corre-
sponding to the sliding angle BN = +90°
(V.= 0-15 m/s). Inductive impact of the LR vor-
tex trace leads to the TRVR occurrence at lower
speeds (V, = 5 m/s) than in the case of isolated
TR operation (V.= 12.5 m/s).

The calculated dependence according to the
data of work [9] (designated by points in Fig-
ure 2) and experimental data are given in the
form of curved lines from various authors
[9, 11]. The largest extremum of the relative in-
ductive velocity value o = 2...2.5 takes place in
the range of V,~—1,13 value.

The data analysis in Figure 2 shows, that the
TRVR mode can occur when the relative induc-
tive velocity increases its value up to d > L.5.
A significant transformation of the rotor vortex
system occurs at approach flow relative veloci-
ties of V, on the TR, which corresponds to the
—2 <V, <0 ratio. The similar ratio is true for the
X-shape TR.
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Fig. 2. Experimental and computational dependences of inductive velocities © = f (V z), operating mode (I), “vortex
ring” mode (II), diagram together with [9]

One of the solutions of mitigating the proba-
bility of entering the TRVR proposed the change
of TR rotation direction [12]. Previously, with
the preceding direction of TR rotation (propel-
ling rotor type), TR-generated air flows, coincid-
ed in the direction with the direction of LR vor-
tices circulation with the wind from the right-tail
wind which deteriorated the efficiency of TR
operation (fig. 1).

When varying the direction of the TR rota-
tion (propulsion rotor type), the range of load on
the blade has expanded by ~1.5 times from
T/S <500 kg f/m* up to > 750...900 kg f/m’,
where T/S is the ratio of T-thrust of the TR to
the area S of the TR blades. The load reduction
on the TR made it possible to improve the direc-
tional control of the single-rotor helicopter de-
sign at low speeds when flying to the left and
hovering with the wind from the right-tail wind
(57 m/s) with the capability to use an extended
range of heading control.

The authors believe that in the TRVR mode,
it is significant to determine values and the area
of inductive velocities in the area of the TR disk,
characterizing the origin of the TRVR mode it-

54

self, i.e., to measure real velocities in addition to
theoretical calculations or obtained indirectly
from aerodynamic experiments. For this pur-
pose, it is necessary to solve the following is-
sues: determine the area of inductive velocities,
based on well-known theoretical works and ex-
perimental data, develop a probe to measure the
true velocity of a Pitot tube, select the location to
install a Pitot tube in the required areas of the
velocity field to measure the parameters of the
TRVR formation (initiation), employ available
techniques of warning the pilot and propose an
automation system of recovery from the VR.

The qualitative physical picture differs from
the known ones [8, 9, 16] and represents itself as
follows.

Two separate masses of medium are involved
with the formation of the TRVR: the first vortex
mass is inherent to the TR in the hovering mode
(fig. 3), the second one, which has come in the
form of ram air V,, does not have VR circula-
tion. These separate masses are composed under
the effect of the outer atmosphere force, since in
the space between the external boundary of the
vortex mass flow and the layers of ram air, areas
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Fig. 3. The layout of the TR in the flow (modified fig. [9])

of reduced pressure with the Coanda effect
(fig. 3) emerge, resulting in additional implo-
sion, VR occurrence and intense turbulence,
which leads to the increased vibration of the tail
beam and deterioration of directional control due
to the loss of TR thrust. Subsequently, we can
observe the expansion of the vortex system spec-
ified by the attached new medium volumes con-
tributing to the total TRVR, in which, the value
of inductive velocities increases significantly
(by 2.5 times) (fig. 2). Slight decrease or intensi-
ty of wind leads to the TRVR shifting relatively
to the TR disk and vice-versa, which causes un-
stable helicopter behavior. This phenomenon
forms an uncontrolled flight mode with left rota-
tion due to lack of compensation. One of the
techniques for recovery from the TRVR mode is
the purposeful actions of the pilot, which allow
him to recover from wake vortex-type free
masses.

It follows from [16], that currently, our na-
tional experts are unable to propose a scientifi-
cally and experimentally justified solution to the
complex aerodynamic problem of the single-
rotor helicopter with the TR uncontrolled left
rotation. Therefore, in order to reduce the proba-
bility of aviation accidents, it is advisable to in-
crease the requirements for flight training of pi-
lots on mass-produced helicopters and to explore
the feasibility of introducing safety factors into
computations during the process of designing
new helicopters.
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Discussion of study results
proposals for enhancing helicopter
flight safety

The analysis of the TRRV mode, using nu-
merical modeling and mathematical models in
works [6, 10—18], showed that:

— the structure of the LR vortex trace at low
speeds affects the TR and leads to the TRVR at
speed V, = 5 mys, the sliding angle Bu = 90°, to
its thrust rollback by 11% [15];

— inductive velocity fields, which are charac-
teristic to the TRVR mode, have been deter-
mined (fig. 2, & =f(V,) = 1+2), but current lines
are built without taking into consideration the
pressure field between them;

— the following methodological operating
conditions of the modes can be adopted in order
to prevent the uncontrolled rotation of the single-
rotor helicopter: 1) in the “flight” mode with
crosswind (=5 m/s) and the impact of the LR
vortex trace on the TR, introduce restrictions for
parameters — not more than V,=-1; 6=1.5,
that corresponds to the arrangement of t. 1 in
Figure 2 with the velocities ratio equal to
V' ,/6=0.75; 2) in the mode of “hovering” with
crosswind (= 12 m/s), introduce restrictions for
parameters — not more than V,=-1.5;95=2.0,
that corresponds to the arrangement of t. 2
in Figure 2 with the velocities ratio equal to
V., /5 =0.75;
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Fig. 4. Schematic diagram of a jet auto generator [18, 19]

— it is necessary to have the velocity field
measured by a developed Pitot tube directly in
the area of the TR disk in the process of the
TRVR generation, since then it moves under the
effect of ram air outside the TR disk and returns,
causing instability of the TR flow;

— the authors’ proposal is to install Pitot tube
probes in order to inform the pilot about the
probability of TRVR occurrence and to prevent
the mode of uncontrolled rotation (fig. 5).

The solution to the specific problems of heli-
copter safety is to equip it with the cutting-edge
autopiloting means, which will adjust critical
flight modes depending on a situation. These
signals are transmitted to the pilot with the help
of audio or light warning devices, which allows
the pilot to adjust control, preventing the output
of current parameters into a dangerous area.
If the pilot does not respond, an aircraft power
plant reacts autonomously on an emergency ba-
sis with a minimum loss of flight altitude.

The authors have proposed the radical meth-
od for predicting, warning and preventing the
helicopter mode of “uncontrolled rotation” by
integrating a set of Pitot tube probes, that meas-
ure the magnitude of the crosswind in conjunc-
tion with inductive speeds of the TR disk, into
the safety system.

A jet automatic generator, which is placed into
a streamlined case with the inlet and outlet, is a
sensor — the flowing Pitot tube of true air velocity.
Ram air enters inlet 1 and exits outlet 12 (fig. 4).
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During the jet automatic generator operation,
the alternating dynamic pressure, generated by
jet amplifiers 3, 4 and 5 with feedback 6 enters
the piezoelectric transducer 13 (fig. 4), which
generates an alternating frequency electrical sig-
nal transmitted via wires or by Wi-Fi to the
cockpit.

The location of the Pitot tube is shown on the
TR beam (fig. 5), below or above the beam and
on the tailpiece of the beam in the space of the
TR disk:

1 — the Pitot tube probe of the wind velocity
and the circumferential speed of the beam turn
S Vz

2 — the Pitot tube probe of the inductive ve-
locity of the TR f5 Vil rotor With reference to
[9, fig. 5].

The onset and unauthorized critical increase
in uncontrolled rotation of the aircraft flight
speed with crosswind V, can be identified by an
audio warning device or annunciator at frequen-
cy not more than f;V,/f>Vnarr < 0.75.

Simultaneous measurement of speeds by Pi-
tot tube probes 1 and 2 can assist the pilot (or the
power plant) to avoid the TRVR mode with the
increase in left rotation speed under the condi-
tion of V', < —1+1.5 (fig. 2) at low flight speeds
(at V,~5 m/s) at the frequency equal to fV,
(“flight” mode) and  while  hovering
(at V;~12m/s) at the frequency equal to
f2Vanarr (“hovering” mode). The frequency sig-
nal is determined during a flight experiment or
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Fig. 5. Mi-171 helicopter with a Pitot tube probe — 1 and a Pitot tube probe — 2,
Rtail rotor — TR radius

~

atestbench (approximately f 90 and
f>= 120Hz, data from [18]).

Let us list the properties of the method under
consideration implemented in the mock-up mod-
el of the Pitot tube: / — being measured automat-
ically, static pressure is subtracted from the total
pressure; 2 — speed readouts do not depend on
medium density p, i.e., do not depend on flight
altitude; 3 — the property of the output frequency
f from the velocity V close to the linear; 4 — the
true velocity of ambient air flow, including
wind, is measured; 5 — capacity to operate with-
out electric power supply; 6 — no corrections for
the value of the dangerous frequency in terms of
speed at different altitudes — near terrain or in
the mountains, i.e., dangerous frequency read-
ings are the same for different helicopter flight
parameters and ambient temperature; 7 — the Pi-
tot tube probe is an application that measures
rather than calculates true airspeed directly aero-
dynamically avoiding complex transformations.

Conclusion

In order to measure, a Pitot tube probe of
wind speed and the helicopter beam V, are in-
stalled in the complex, the former, only during
beam turn with the TR at a circumferential speed
more than > 5 m/s, is an indicator of the TRVR
mode occurrence, and it sends an alert notifying
that exceeding the frequency value of inductive
speed sensors readings is more than 1.5 times —
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Vil rotor/f1Vz > 1.3+1.55 in the “flight” and
“hover” modes.

Installation of Pitot tube probes on board a
helicopter makes piloting more confident. The
installation of Pitot tube probes as a part of on-
board equipment will provide radical elimination
of the TRRV mode in-flight as well as of uncon-
trolled rotation.
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