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Abstract: During the operation of single-rotor helicopters, aviation accidents quite frequently occur in the form of an unintentional
turn or even a yaw rotation, causing, as a rule, a ground collision. Numerous researchers of this problem consider the loss of
helicopter tail-rotor effectiveness due to wind effects as one of its possible causes. There is even a special term — the Loss of Tail
Rotor Effectiveness (LTE) in the foreign literature. Hence, this paper deals with an attempt to determine the capacity of an
unintentional single-rotor helicopter yaw rotation occurrence due to wind effects (the impact of the main rotor on the tail rotor was
not considered in this paper). To solve this issue, theoretical methods (analytical calculations and computational experiments) were
used. To carry out analytical calculations and computational experiments, a mathematical model of the Mi-SMTV helicopter yaw
rotation dynamics was developed, on the basis of which a software package integrating the LTE module (for modeling the
dynamics of rotational yaw motion of the helicopter) and OGL (for helicopter motion visualization) was created. Analytical
calculations revealed that the yaw angular acceleration value monitored in-flight during an unintentional rotation can manifest itself
due to the tail rotor thrust loss in the vortex-ring state. But for the development of an unintentional rotation to angles and angular
velocities recorded in real flights, that kind of tail rotor thrust loss should occur during the entire turn. In computational experiments
using the mentioned above software package, conditions failed to be created for that kind of thrust loss during the entire turn.
Consequently, those yaw angles and angular velocities, that occurred in flights, could not be reached. The tail rotor, when blown by
the wind in the investigated range of wind velocities (from 1 to 20 m/s) does not lose its effectiveness to such an extent that an
unintentional rotation cannot be stopped by means of the tail rotor.
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HccnenoBanue BJusiHUS OOKOBOr0 BeTpa HA HempeaHAMepPEeHHOe
BpallleHHe OTHOBUHTOBBIX BEPTOJIE€TOB MO PHICKAHUIO

B.B. Epumos’, B.A. Upuun’, K.O. Yepuurun'
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Annotammsi: [lpu  dSKcIUTyaTtalid  OJHOBHMHTOBBIX BEPTOJIETOB HEPEIKO BO3HHKAIOT —ABHMAIMOHHBIC —IPOUCIICCTBUS,
3aKJTIOYANOIIHMECS B BO3HUKHOBEHHH HENPEIHAMEPCHHOIO Pa3BOpOTA WM JIAXKE BPAILCHUS [0 PHICKAHUIO, 3aKAHYMBAIOIICTOCH,
KakK TpaBWIO, CTOJIKHOBCHUEM C 3eMyIei. MHOIOUNCIICHHBIC MCCIIEIOBATEN ITON MPOOJIEMBI CUUTAIOT OJJHOM U3 €€ BO3MOXKHBIX
MPUYHH MOTePro 3(h(EKTHBHOCTH PYJIEBOr0 BUHTA BEPTOJICTA BCIICJICTBHE BETPOBBLIX BO3ZCHCTBHI. B MHOCTpaHHOM NHTepaType
uMeeTcst Jaxe crienmaneHbiii TepmuH — Loss of Tail Rotor Effectiveness (LTE). B cBsi3u ¢ 3TiM B HacTosiimeld padoTe cienana
TOIIBITKA OIPE/ICIICHHST BO3MOXKHOCTH BO3HUKHOBEHHS HEMPEAHAMEPEHHOTO BPAIICHHUSI O/THOBUHTOBBIX BEPTOJIETOB 110 PHICKAHHIO
13-32 BETPOBBIX BO3NCWCTBUI (BIMSIHIE HECYIETO BUHTA HA PYyJIEBOH BUHT B JaHHOW pabOTe HE YUUTHIBAIOCH). [l perreHus
9TOM 3aJ[a4il KCIOJIB30BAIMCH TEOPETHYECKUE METO/bI (AHATUTUYECKUAE PACUeThl U BBIYKMCIHUTEIBHBIC JKCIIEpUMEHTHI). [list
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MIPOBE/ICHUSI aHATMTHYECKUX PACUETOB M BBHIUHMCIIMTENBHBIX SKCIIEPUMEHTOB ObLIa CO3/[aHa MaTeMaTH4YecKasi MOJIENb JUHAMUKH
BpamieHust Bepronera Mu-8MTB 1o pbickaHHio, Ha OCHOBE KOTOpOM OBLI CO3/1aH MpPOrPaMMHBIN KOMIUIEKC, COCTOSIIMNA M3
moxyist LTE (quist MonenmpoBaHus AMHAMUKY BpaIlaTeNIbHOTO JIBIKEHHS BepTosieTa 1o prickanuio) 1 OGL (quist Busyamzanmu
JIBIDKEHHSL BEPTOJIEeTa). AHAJIMTUYECKHE PAcyeThl TOKA3aId, YTO BEJIMYMHA YIJIOBOIO YCKOPEHHS pBICKAHHs, HaOIomacMasi B
TI0JIETe TIPY HEMPEIHAMEPEHHOM BPAILEHHH, MOXKET OBITh JOCTHTHYTa BCIICACTBHE MAJCHHS TATH PYJEBOTO BHHTA Ha PEXHME
BUXPEBOT0 Kojbla. Ho 1yt pa3BUTHS HENpeIHAMEPEHHOTO BPAILECHHS /0 YIVIOB M YIJIOBBIX CKOPOCTEH, 3a()MKCHPOBAHHBIX B
peaNbHBIX MOJIeTaX, He0OXOAMMO, YTOOBI TaKOE MaJEeHNE TATH PYJIEBOTO BHHTA MMEJI0 MECTO B TEUEHHE BCero pasopora. Ilpu
BBIYUCIIUTENBHBIX IKCIIEPHIMEHTAX C TIOMOILBIO BBIIIEYIOMSIHYTOTO IIPOrPaMMHOTO KOMIUIEKCa HE yaloCh CO34aTh YCIOBUS IS
TAKOrO MaJCHUS TSATH B TEUEHHE BCETO Pa3BOPOTA M, COOTBETCTBEHHO, HE yHAJIOCh JAOCTHYb TEX YITIOB M YIJIOBBIX CKOPOCTEH
PpBICKaHMs1, KOTOPbIE BO3HUKAIM B IOJIeTax. PyneBoi BUHT npu 00LyBKe BETPOM B HCCIIELyEMOM JHAIa30He CKOPOCTeN BeTpa (0T
1 o 20 m/c) He Tepsier cBoel 3(hEKTUBHOCTH JIO TAKOH CTENEHH, YTO C €ro MOMOLIBIO HEellb3si OCTAHOBHUTH HETPEHAMEPEHHOE
BpallcHUE.

KiioueBnle ciioBa: BEPTOJICT, AMHAMUKA T10JICTA, HEIPCAHAMCPEHHOC BpalllCHUE BCPTOJICTA, IMMOTCPA 3(1)(1)GKTI/IBHOCTI/I PYJIICBOIo
BHUHTA, BUXPEBOC KOJIbLIO.
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Introduction gle-rotor helicopters, which manifests itself un-
der specific external influencing factors that do
not lead to damage to their design as well as
failures. Atmospheric turbulence, i.e., a wind
gust or a constantly blowing wind (flow) can be
such environment.

Therefore, the present work deals with an at-
tempt to determine the capacity of the uninten-
tional yaw rotation occurrence of single-rotor
helicopters due to wind effects. Theoretical
methods (analytical calculations and computa-
tional experiments) were used to solve this prob-
lem.

In the practice of single-rotor helicopter
flight operation, aviation events of an uninten-
tional turn and a yaw rotation occur quite fre-
quently. This phenomenon has been known for a
long time, which is confirmed by a large number
of various publications on this subject, for ex-
ample, [1-16]. Under certain conditions, an un-
intentional turn can lead to an aviation incident,
including an accident. Most frequently, it occurs
at takeoff and landing modes at flight mass of
the helicopter close to maximum when the heli-
copter main rotor (MR) generates the high thrust
and the considerable reaction torque accordingly, ~ Analysis of the problem
which is compensated by the torque from the tail

rotor (TR) in this scheme. In this regard, many The following wind-induced phenomena are
researchers consider the Loss of Tail Rotor Ef- considered in the literature devoted to the prob-
fectiveness (LTE) in foreign literature)), as the  lem of an unintentional yaw rotation of a single-
cause of an unintentional turn and yaw rotation rotor helicopter':

occurrence since an unintentional rotation occurs 1) the TR entering the vortex-ring state

exactly in the direction to which the MR reaction (VRS) due to wind blowing in the direction of
torque turns the helicopter, and the TR fails to  the TR thrust vector (against the direction of air
respond. throwing by the helicopter rotor, on increasing

An unintentional yaw rotation of the heli-  the angles of attack of the blades), consequently,
copter may occur due to the LTE caused by all  significant TR thrust pulsations, which disorients
possible kinds of failures and inadequate pilot
actions, but it is very important to understand if
there are conditions under which the uninten- " Loss of tail rotor effectiveness in helicopters. National

tional rotation occurrence cannot be prevented transportation safety board. Safety alert SA-062. (2017).
p NTSB. March, 3 p. Available at: https://vast.aero/

by timely competent crew actions, i.e., if an un- archives/Repository/NTSB%20Bulletin% 20tail%20
intentional rotation is a certain property of sin- rotor.pdf (accessed: 12.01.2024).
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the pilot [2]. Some sources also indicate a signif-
icant thrust loss in this case, e.g., [4, 9];

2) the vortex effect on the TR trailing from
the MR, leading to a decrease in the TR thrust
when blowing its blades on increasing the angles
of attack, i.e., on generating a vortex ring. At the
same time, the TR thrust can be affected by the
terrain proximity due to the impact of inductive
flux from the MR, flowing along the ground and
interacting with the TR blades, if the TR rotates
so that its blades, being in the upper position,
move forward (direction of rotation F-F) [4];

3) helicopter nose-turn against the wind
when blown from the rear hemisphere due to its
longitudinal (vane) stability.

Let us note that, in accordance with work [4],
the TR effectiveness at its interference with the
MR is powerfully influenced by the TR rotation
direction (the blades in the upper position can
move forward — F-F or backward — F-B). If the
direction of rotation is F-F, the TR thrust at in-
terference with the MR loses significantly, and if
the rotation direction is F-B, the TR thrust loses,
but insignificantly. In addition to changing the
angles of attack of the blades, the reduction of
the total flow velocity blowing over the blade
cross-sections in the case of rotation direction
F-F is crucial. According to the results of the
analysis of works [17, 18], we can conclude that
both in the direction of rotation F-F and in the
direction of rotation F-B, the TR thrust under the
flow impact from the MR on increasing the an-
gles of attack of the blades does not decrease but
increases. A decrease in the TR thrust occurs
when it is blown by the flow from the MR on
reducing the angles of attack of the blades.
Therefore, the results of the works of different
researchers of the MR and TR interference con-
tradict each other. Moreover, in any case, the
MR impact on the TR is manifested in a narrow
range of angles of helicopter slip due to the fact,
a possible TR thrust loss will be short-term dur-
ing a helicopter yaw rotation. This phenomenon
in this paper will not be taken into account. In
this respect, it should be noted that this phenom-
enon should not be neglected in the study of an
unintentional yaw rotation of the helicopter, be-
cause when a vortex, trailing from the MR, hits
the TR, significant pulsations of the TR thrust
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occur, which can disorient the pilot and cause
him to make inadequate actions with pedals,
which can lead to an unintentional rotation. But
in this paper, as stated above, only specific wind
effects are considered, which themselves can
directly cause an unintentional rotation.

Previously, the authors of this paper have
conducted a study of the conditions for the unin-
tentional yaw rotation occurrence of a single-
rotor helicopter by conducting experiments with
a helicopter model in a wind tunnel. In the pre-
sent work, analytical calculations and computa-
tional experiments will be mainly used.

Research methods and methodology

To carry out analytical calculations and com-
putational experiments, a mathematical model of
the yaw rotation dynamics of a single-rotor heli-
copter was created. This mathematical model
was based on the full mathematical model of
flight dynamics of a single-rotor helicopter with
six degrees of freedom, developed by one of the
authors of this paper — V.A. Ivchin [19]. The full
mathematical model of helicopter dynamics was
evaluated for adequacy in the previous works of
the authors of this article, and on its basis the
software was created for the flight simulation
facility, which is successfully used for scientific
research at the M.L. Mil and N.I. Kamov Na-
tional Helicopter Center.

To achieve the purpose of this paper, the full
model was simplified to a model with one degree
of freedom — yaw rotation. The description of
this mathematical model is presented below.

Let us assume that the helicopter rotation oc-
curs around the normal axis OY of the body axis
coordinate system (neutral point is considered).
Then

=M

Lo, = M,,

y=y

(1

where I, — the moment of inertia of the heli-
copter around the normal axis OY of the body
axis coordinate system;

®,, — the angular yaw acceleration of the hel-
icopter;

M,, — the total moment acting on the helicop-
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ter around the normal axis OY of the body
axis coordinate system.
The total momentum is made up of several
components:
My, = Mygp + Mrg + Mg, (2)
where M,,r — the MR reaction torque;
Mg — the torque generated by the TR thrust;
M, — the aerodynamic moment of the heli-
copter airframe.
In the general case, the MR reaction torque
can be written as follows:
Mur = Mypmr + Irr®7R, 3)
where M,z — the MR torque;
Iyg — the MR moment of inertia;
wpr — the angular MR acceleration.

We will not consider the transients of the MR
rotation, then we can consider that

Myg = MKpMR' 4)
The MR torque can be represented as:
Mpomr = prMRconStTRMng)kpa (5)
where my, g — the MR torque coefficient;
consty = 0.5 pg 6 MR (wyr Ryr)3 the

MR thrust constant;
po — air density, at which the calculation of aer-
odynamic rotor characteristics is performed;

o = 2 _total rotor-width ratio;

MR
n — the number of blades;

F, — the area of a single blade;

Fyr — the MR rotor disk area;

(wpmr Ryr)o — the rotor speed, at which the
calculation of aerodynamic rotor characteris-
tics is performed;

wyg — the angular velocity of the MR rota-
tion;
— the MR radius;
k, ((DMR wy)RMR.
(wmR RMR)o
Wy, the angular yaw rate of the helicopter;

k,
Po
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p — air density at the current flight altitude.
The moment from the TR thrust:
Mrg = TrrTrr, (6)
where Trp —the TR thrust;
rr — the TR thrust arm relatively the MR ax-
is of rotation.
The TR thrust:
Trg = trgeonstr k& ko, 7
where trp —the TR thrust coefficient;
constr, . —the TR thrust constant;
k — WTR
®TR @R’
wrg — the angular velocity of the TR rota-
tion;
wrgro — the angular velocity of the TR rota-
tion, at which the calculation of aerodynamic
blade characteristics is performed.
The aerodynamic moment of the helicopter
airframe:

M, = Mf.y + MK.yv (8)
Mg ,, — the aerodynamic moment of the fuse-
lage;

M ,, — the aerodynamic moment of the fin.
The aerodynamic moment of the fuselage:

My, ©)

= 0.5msy pV?Scon,
where my ,, — the coefficient of the aerodynamic
fuselage moment;
V= V2+ V?+ V2 — the helicopter air-
speed (Vy, 1, V, — projections of the helicop-
ter air speed on the axes of the body axis co-
ordinate system);
Scon — the conditional characteristic area of
the helicopter (usually the rotor disk area of
the MR or a multiple of it is taken);
l.on — the conditional characteristic linear
dimension of the helicopter (the MR radius is
usually taken).
The aerodynamic fin moment:
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Fig. 1. The start window of the LTE module

My, = ZTiy, (10)
where Z, = 0.5 ¢, p V2S, — the aerodynamic
lateral force of the fin (the effect of blowing
over the fin with the flow from the TR is not
taken into account);
¢y, — the coefficient of the aerodynamic lat-

eral fin force;

Ve = JVi& + V2 + V& — the air velocity of

fin flow (V;, V, — projections of the helicopter

air speed on the axis of the body axis coordi-
nate system;

V. , — the lateral air speed of fin flow taking in-

to account the yaw rotation of the helicopter);

Sk — the fin area;

Ty — the arm of the acrodynamic lateral force

of the fin relative to the MR rotation axis.

The coefficients of aerodynamic forces and
moments are specified discretely with a specific
pitch in the form of multidimensional arrays de-
pending on air linear velocities, angular velocities
of a rotor and a helicopter rotation, as a whole, ro-
tor pitch, angles of attack and helicopter slip. The
intermediate values of coefficients are determined
by the linear interpolation method.

Based on this mathematical model, a soft-
ware package consisting of two modules was
created:

e LTE — for modeling the dynamics of rotational
yaw motion of the helicopter. The results of
calculations are presented in the graphical and
test form (fig. 1);

e OGL — to visualize helicopter movement (fig. 2).

24

Fig. 2. The OGL module window

Initial data for the calculation are assigned in
the form of text files containing geometric,
mass-inertial characteristics of the helicopter,
arrays of aerodynamic coefficients, as well as in
the form of the “flight” program, where the con-
trol actions, transmission ratios of the pilot’s
model and autopilot are set. In a separate file,
wind effects in the form of a constantly blowing
wind or a gust are assigned.

Research results and discussion

According to some data’, angular yaw veloci-
ties at an unintentional rotation can reach 165 /s
(SA341G  Gazelle helicopter). Helicopter
Mi-8MTYV at an unintentional rotation, according
to the data of one of the authors of this article, at
the end of the turn, the angular velocity of about
100 °/s at an angular acceleration of 10 °/s* was
recorded. It means the turn lasted approximately
10 seconds. The helicopter turned approximately
390°, i.e., made a full turn during this time.

Let us consider an abstract model case. We
determine by how much the TR thrust must de-
crease for such a turn. We will not be interested
in the cause of the thrust loss. Let us make this
calculation analytically using the above-
described mathematical model.

? SA341G Gazelle 1, G-HAVA. (1998). AAIB Bulletin,
no: 2/98, 7 p. Available at: https://assets.publishing.
service.gov.uk/media/5422{61440f0b61346000617/
dft avsafety pdf 500862.pdf (accessed: 12.01.2024).
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We will consider the steady-state mode of
MR operation when My, = Mypm,. We will not
take into account the aerodynamic moment of
the airframe (M, = 0). In this case, the condition
must be satisfied:

Iy®wy = Mypur + TrrTrr; (11)
Where
Ttg = (Iy(by - MKpMR)/TTR- (12)

The MR torque is found by formula (5). At
the same time, we will assume that the total pitch
of the MR is maximum. Then, for the Mi-8MTV
helicopter, the torque will be
15000 kgf - m. Let us take the moment of inertia
of the helicopter at its normal takeoff weight:
I, = 8280 kgf- m - s*. The TR thrust arm rela-
tive to the MR rotation axis is ryg = 12,7 m.

MKpMR ~

Then, at angular acceleration ®, = 10 0/ s2 =

0,18 s72 we obtain Trg ~ 1064 kgf. Consider-

ing that the TR required thrust for balancing at
MKpMR ~

the same MR reaction torque Trp = -
TR

1181 kgf, we obtain the thrust loss leading to a
rotation with the given angular acceleration
ATrr = 117 kgf, which is approximately 10%.
Such TR thrust loss due to wind blowing on in-
creasing the angles of attack of the blades, i.e.,
creating a vortex ring is quite practical, accord-
ing to the results of [20]. Thus, it can be assumed
that a wind gust on the right can cause com-
mencing an unintentional yaw rotation of the
helicopter. However, the question arises, if such
a rotation can only result from the TR wind
blowing?

It should be considered that at the very be-
ginning of a rotation, the pilot can apply the right
pedal and prevent a rotation, which is proved by
the flight experiments’. As a rule, even at the
maximum steady-state MR reaction torque, the
balancing position of the pedals ensures a suffi-

? SA341G Gazelle 1, G-HAVA. (1998). AAIB Bulletin,
no: 2/98, 7 p. Available at: https://assets.publishing.
service.gov.uk/media/5422{61440f0b61346
000617/dft_avsafety pdf 500862.pdf (accessed:
12.01.2024).

25

Civil Aviation High Technologies

cient forward range of the right pedal. The au-
thors of the article have no objective data about
the fact that the balancing position of the right
pedal was in the manner that it was pushed to the
metal in flight experiments with the wind on the
right side of the flight. The computational exper-
iments, conducted by the authors of this paper
using the above-mentioned software, prove it.

At the initial stage of the computational ex-
periment (from 0 to the 20" second), the balanc-
ing position of the helicopter with zero yaw an-
gle is established, from the 20™ second the wind
begins blowing, its speed reaches the maximum
value instantly and does not change until the end
of the computational experiment. The cases of
wind calming down when the maximum angular
velocity was reached were also considered, but
the angular velocity, meanwhile, abruptly de-
creases, and these cases were not of interest.

When conducting computational experi-
ments, the helicopter failed to rotate to the left
under any wind conditions from the right in the
range from 1 to 20 m/s in increments of 1 m/s at
timely actions of the pilot. The authors of the
present work did not manage to do this previous-
ly with a helicopter model in a wind tunnel.

A number of computational experiments
were also conducted under the condition that
when the wind impact begins, the pilot does not
interfere with the control, maintaining the pedal
position. In this case, in a certain range of wind
speeds on the right side of the flight (from 10 to
16 m/s inclusively), a turn to the left was moni-
tored due to a decrease in the TR thrust in the
VRS. Moreover, in the range of wind speeds
from 10 to 12 m/s inclusively for some time after
the onset of the wind effect on the right side of
the flight, the helicopter turned to the left, and
then turned to the right and found the equilibri-
um position, as in Figure 3, which shows the
graph of yaw angle variation during the time un-
der the impact of wind at a speed of 10 m/s. The
yaw angle of the helicopter is positive if it turns
to the left and negative if it turns to the right.

At this wind speed, the yaw to the left was
maximum and amounted to more than 50°. In the
range of wind speeds from 13 to 16 m/s inclu-
sively, the helicopter turned only to the left,
where it found its equilibrium position (fig. 4).
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Fig. 3. Yaw angle variation under the wind impact from the right in the flight direction (wind velocity 10 m/s)
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Fig. 5. Yaw rate variation under the wind impact from the right in the flight direction (wind velocity 10 m/s)

Judging by angular velocities and accelera- the maximum yaw rate was approximately
tions, their highest values at the beginning of the 16 °/s, and the angular acceleration was approx-
turn to the left occurred at wind speeds of 10 and imately 11,5 °/c?.

11 m/s, respectively (figs. 5 and 6). Moreover,
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Fig. 7. Tail rotor thrust variation under the wind impact from the right in the flight direction (wind velocity 10 m/s)

As it can be seen from the results of compu-
tational experiments, when there is no pilot’s
intervention after the onset of the wind impact
from the right side of the flight, the helicopter
failed to make a full turn to the left, which was
monitored in real flights supposedly due to the
LTE in the VRS. However, at some values of
wind speed, the helicopter turned to the left by a
significant angle at a considerable angular accel-
eration corresponding to the acceleration in
magnitude recorded in the real flight. For the
development of an unintentional rotation with
reaching angles and angular velocities of yaw,
which are recorded in flights, the appropriate TR
thrust loss is required during the entire rotation.
In the conducted computational experiments,

27

only a short-term TR thrust loss was recorded,
because the orientation of the TR relative to the
vector of wind speed in the process of rotation is
continuously changing, and the total blowing TR
by the wind and ram air, arising from the heli-
copter rotation, is sufficient for the TR thrust
loss only in a narrow range of yaw angles. The
dependence of the TR thrust value on time under
the above conditions when there is no pilot’s in-
tervention in the control during a rotation at a
wind speed of 10 m/s is shown in Figure 7.

The negative value of the TR thrust indicates
that it is directed to the left of the flight path.
Figure 7 shows that when the wind begins im-
pacting at the 20™ second of flight, the TR thrust
losses in the absolute value due to wind blowing
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and the VRS, which leads to an unintentional
turn in the absence of a pilot’s reaction.

When the wind impacted on the left side of
the flight in the same range of wind speeds (from
1 to 20 m/s inclusively), the helicopter turned
only to the left. With timely intervention of the
pilot in the control, angles of the turn were in-
significant. When the pilot did not intervene in
the control after the onset of the wind impact,
angles, angular velocities and angular accelera-
tions of yaw reached significant values, although
even in this case, it was impractical to make the
helicopter turn 360° and more without the pilot’s
intervention, as noted in real flights. At the same
right wind speeds in magnitude (from 10 to 16
m/s inclusively), which cause a turn to the left
and, accordingly, are the most dangerous in this
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wind direction, the left wind led to significantly
larger yaw angles to the left at much higher an-
gular velocities and accelerations. For example,
as can be seen in the above Figure 3, the right
wind at a speed of 10 m/s resulted in a temporary
yaw angle to the left at a maximum angle of
about 57°, after which the helicopter turned to
the right without the pilot’s intervention. The
maximum angular velocity of the turn to the left
was approximately 17 °/s, and the angular accel-
eration was approximately 11 °/s>. At the same
left wind speed, the helicopter turned to the left
at a yaw angle of approximately 80° and then
remained in a balancing position at an angle of
approximately 70° (fig. 8). In this case, the max-
imum angular velocity of the left turn was ap-
proximately 23 °/s (fig. 9), and the angular ac-
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celeration amounted to approximately 21 °/s
(fig. 10). At the maximum Ileft wind speed
(20 m/s), considered in the computational exper-
iments, the maximum yaw angle to the left was
approximately 90°, the balance angle was ap-
proximately 74°, the yaw angular velocity was
approximately 38 °/s, and the angular accelera-
tion amounted to approximately 43 °/s*. At the
given right wind speed, the helicopter was no
longer turning left at all. To be based on these
results, the left wind is significantly more dan-
gerous than the right wind from the point of
view of initiation of an unintentional yaw rota-
tion of the helicopter, all other conditions being
equal.

Apparently, this can be explained by the fact
that, firstly, the left wind always leads to a de-
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crease in the TR thrust due to a decrease in the
angles of attack of the blades, and this decrease
in thrust, other conditions being equal, is more
substantial than its decrease in the wind on the
right, causing the VRS, which is monitored only
in a relatively narrow range of wind speeds. The
dependence of the TR thrust value on time in the
absence of pilot’s intervention in the control dur-
ing the rotation at a wind speed of 10 m/s on the
left is shown in Figure 11. If we compare this
graph with the one shown in Figure 7, it can be
seen that, in this case, the TR thrust loss is great-
er than in the right wind, and that led to greater
in magnitude angular accelerations and angular
velocities in the left wind. At the maximum wind
speed on the left, considered in the computation-
al experiments — 20 m/s, the TR thrust loses
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when the wind begins impacting by more than
50% (fig. 11). Such a loss in the thrust at the
vortex ring could not be recorded under any
conditions.

Secondly, the vane (longitudinal) stability of
the helicopter airframe contributes to the left ro-
tation under the wind conditions on the left,
while it prevents the left rotation under the right
wind conditions.

The obvious danger of the right wind lies in
the fact that with increasing wind speed there is
no monotonicity of change in the TR thrust: it,
first, increases then decreases in the vortex ring,
and then increases again. This thrust behavior
disorients the pilot. In addition, at the VRS, the
TR thrust pulsations are monitored, which leads
to helicopter oscillations and complicates heli-
copter piloting as well. Unfortunately, the above-
described mathematical model of helicopter dy-
namics does not reproduce thrust oscillations on
the VRS and does not simulate the pilot's behav-
ior, so rather obviously, it is impractical to intro-
duce the helicopter into an unintentional left ro-
tation.

There is another aspect that is referred to by
the researchers of an unintentional helicopter
rotation, which is the impact of the inductive
flux of the MR on the TR. However, this effect,
to be based on the works of other authors con-
sidered above, is reduced mainly to the fact that
the VRS is shifted toward lower wind speeds
than in the case of the isolated TR wind blowing,
and this effect is manifested in a narrow range of
helicopter slip angles and wind speeds.

Conclusion

This paper presents the results of analytical
calculations and computational experiments us-
ing software developed by the authors, aimed at
investigating an unintentional yaw rotation of
single-rotor helicopters without considering the
inductive effect of the MR on the TR.

Analytical calculations have shown that the
yaw angular acceleration value monitored in-
flight during an unintentional rotation can be
reached due to the TR thrust loss in the VRS.
However, to develop an unintentional rotation to

30

Vol. 27, No. 04, 2024

angles and angular velocities recorded in real
flights, such TR thrust loss should occur during
the entire turn, which is sometimes performed at
360° and greater. In computational experiments,
when the virtual pilot is involved in the control
after the onset of the wind impact and when the
pilot does not move the pedals, the yaw angles,
and angular velocities, that occurred in-flight,
could not be reached. The TR, when blown by
the wind, does not lose its effectiveness to the
extent when an unintentional rotation cannot be
prevented.

Apparently, unintentional turns of the heli-
copter at yaw angles of more than 90° cannot
occur without the pilot’s intervention, i.e., with-
out unintentional or intentional (but erroneous,
caused, for example, by the TR thrust pulsations
or violation of the monotonicity of the thrust
value variation by wind speed) pushing the left
pedal forward.

The computational experiments, carried out
in the present work, have also revealed that the
wind on the left can be more dangerous than the
wind on the right, leading to the VRS on the TR,
because the value of the TR thrust loss in the left
wind, other things being equal, is greater than in
the right wind, because the left wind is always,
in any magnitude, leads to the TR thrust loss due
to a decrease in the angles of attack of its blades,
and the right wind can lead to the thrust loss only
in the VRS, which occurs in a narrow range of
speeds and by a value smaller than that of the
left wind, which is equal in speed. Moreover, the
left wind contributes to the left rotation due to
the corresponding action of the aerodynamic
moment of the helicopter airframe due to the
presence of its vane (longitudinal) stability.

For further and more detailed consideration
of the problem concerning an unintentional yaw
rotation of a single-rotor helicopter, studies are
necessary on a flight simulator with software
that adequately simulates all the necessary
modes of helicopter operation, its elements and
their interaction, or on a turnover stand using a
real helicopter and artificial air flow, for exam-
ple, in a full-scale wind tunnel. Flight experi-
ments can represent a significant hazard and can
lead to catastrophic consequences. The tendency
to ensure their safety will obviously lead to re-
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strictions that will not allow us to adequately re-
produce all the applicable modes and obtain re-
plies to the issues.
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