Tom 23, Ne 02, 2020 Hayunblii Becthuk MI'TY T'A
Vol. 23, No. 02, 2020 Civil Aviation High Technologies

UDC 629.735.07
DOI: 10.26467/2079-0619-2020-23-2-33-46

EXPERIMENTAL RESEARCH OF SINGLE - ROTOR HELICOPTER
UNINTENTIONAL YAW ROTATION

V.V. EFIMOV', V.A. IVCHIN?| O.E. CHERNIGIN'|, K.O. CHERNIGIN'
"Moscow State Technical University of Civil Aviation, Moscow, Russia
’Moscow Mil Helicopter Plant, Moscow, Russia

Aviation accidents related to unintentional rotation may periodically occur while flying single-rotor helicopters. On-time and
correct actions may help the pilot to find the way out of this hazardous situation. But it is also important to understand the situation
which contributes to the unanticipated yaw occurrence, and whether there are any factors which can stop the pilot from preventing
such unintentional rotation, in order to avoid these conditions. Literature analysis shows that researchers studying this phenomenon
don’t have the shared vision on unanticipated yaw occurrence conditions. In regards to this fact the decision to carry out a series of
wind tunnel experiments using helicopter model and propeller was taken. The main object of research was a radio-controlled model
of the Blade 130 x helicopter, mounted on a platform rotating around a vertical axis, which was installed on a vertical strut.
Research-laboratory aerodynamic complex belonging to the Aerodynamics, Design and Aircraft Strength Chair of Moscow State
Technical University of Civil Aviation was used to generate airflow. A set of dynamic experiments was carried out to determine the
conditions contributing to unanticipated yaw occurrence. The analysis of the experiments has shown that there is a range of sliding
angles at a certain speed of the incoming air flow which makes the helicopter yaw balancing impossible, and if the helicopter
occasionally gets into this range, it inevitably leads to the unintended rotation of the helicopter on the yaw occurrence. Helicopter
yaw trim inability occurs at negative sideslip angles because of tail rotor thrust decrease due to the incoming airflow blowing which
decreases the blades angles of attack and worsens helicopter airframe aecrodynamic moment that coincides in direction with main
rotor torque if helicopter airframe possesses directional stability. In these conditions the required tail rotor pitch is greater than the
available pitch so the pilot is not able to counteract the initiated unanticipated yaw rotation of the helicopter that has begun. The
possibility of helicopter unanticipated yaw rotation caused by the impact of the main rotor on the tail rotor was not experimentally
confirmed. It was impossible to create the conditions of unanticipated yaw occurrence during the experiments because of the tail
rotor vortex ring state.
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INTRODUCTION

Aviation accidents related to unintentional rotation may periodically occur while flying single-
rotor helicopters. Most often, these accidents occur when the wind affects the take-off and landing
modes, and the distance to the ground is small so there is not enough time to parry the dangerous situa-
tion that has occurred. However, unintended rotation may also happen while flying at relatively high
altitudes, for example, in mountainous areas where high-intensity atmospheric turbulence exists. On-
time and correct actions may help the pilot to find the way out of this hazardous situation. It is also
important to realize the conditions that lead to the unintentional rotation emerging in order to avoid
such a dangerous situation. Unfortunately the researchers studying this phenomenon don’t have the
shared vision on this problem. In this regards it was confirmed to carry out a set of experiments with
helicopter models and propeller in the wind-tunnel which created the air flow modeling the impact of
wind. The results of these experiments are reflected in this article.

ANALYSIS OF THE PROBLEM

The vast majority of works devoted to this problem'*”* indicates that among the reasons for

the helicopter unintended rotation is the loss of the tail rotor efficiency, which function is to balance

' Loss of Tail Rotor Effectiveness in Helicopters. (2017). National Transportation Safety Board. Safety Alert SA-062,
March, 3 p.
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the main rotor reactive moment acting on the helicopter and to ensure the directional control of the hel-
icopter [1-9]. The foreign literature has a fixed phrase and a corresponding abbreviation to the Loss of
Tail Rotor Efficiency (LTE). While analyzing this problem we face a question of what effectiveness of
the tail rotor is. The authors of the article consider that the effectiveness of the tail rotor is identified by
the amount of maximum tail rotor power in specific flight conditions. As a rule, the maximum value of
the tail rotor thrust depends primarily on the pitch of the propeller, so it must be clearly understood
that changes in the flight conditions (wind speed and direction, roll and pitch of the helicopter) with a
constant pitch of the propeller is not a loss of the tail rotor efficiency. It is enough to increase the pitch
of the tail rotor and its thrust will also increase, provided that the pitch value was not the maximum.
Aviation accidents causes analysis with Mi-8 helicopters which have the modern system of helicopter
movement parameters registration (onboard registration device), presented by one of the authors in his
report [10], shows that in all cases of helicopter unintentional left rotation which were studied, the
maximum tail rotor pitch was not reached. Thus, it is incorrect to talk about the loss of efficiency of
the tail rotor in these cases, it is more appropriate to talk about a decrease of the tail rotor thrust due to
the changes of flight conditions.

According to the authors’ of the mentioned above works opinion the decrease of the tail rotor
thrust may occur on different reasons.

Firstly, a decrease in the tail rotor thrust is possible when it enters the vortex bundle that comes
from the main rotor, in the direction of the tail rotor rotation, when its blade, located in the upper posi-
tion, moves forward (upward-forward) [4]. When the upper position blade moves rearwards (upwards -
rearwards), the tail rotor thrust, when it hits the vortex bundle, increases. Modern helicopters have
mostly upward - rearward tail rotor rotation scheme, so the interference of the main rotor and the tail
rotor, in this case, does not lead to a decrease in the tail rotor thrust, but is unfavorable, since it chang-
es the yaw control of the helicopter, and the pilot must be prepared for it".

Secondly, the authors of the above mentioned works associate the tail rotor thrust decrease with
side wind blowing on it. Left and right winds affect the tail rotor in different ways. It is important to
take into account the tail rotor thrust direction which depends on the direction of the main rotor rota-
tion and consequently, on the direction of the jet moment which comes from the main rotor and affects
the helicopter. Domestic helicopters have the clockwise main rotor rotation if you look at the helicop-
ter from above. On foreign-made helicopters, for example, on the US-made ones, the tail rotor can ro-
tate in the opposite direction. In order to compensate the main rotor jet moment looking along the
flight path, the main rotor should rotate clockwise and the thrust of the tail rotor should be directed to
the left and in the opposite case, it should be directed to the right.

According to the classical rotor theory, tail rotor thrust, as well as the main rotor thrust, is
created mostly due to the blades rotational motion set at the angle of attack to the velocity vector of
air flow. At the same time, some aerodynamic forces which sum up on the bushing and produce the
actual thrust are created on the blades. When the wind blows at the tail rotor in the opposite direction
to the tail rotor thrust vector its blades’ angles of attack decrease which leads to a decrease in thrust.
When being blown in the opposite direction, the blades’ angles of attack increase and the thrust in-
creases accordingly. But, as it is known, the aerodynamic lift dependence on the angle of attack
stops to be linear at the beginning of the profile flow separation. When the angle of attack continues
to grow the aerodynamic lift reaches its maximum (at a critical angle of attack), which follows with

2 FAA-H-8083-21B. Helicopter Flying Handbook. (2019). U.S. Department of Transportation. Federal Aviation Admin-
istration. Flight Standards Service. Chapter 11: Helicopter Emergencies and Hazards, pp. 11-18 - 11-21.

> RAAF Aircraft Research and Development Unit. Bell 206B-1 Directional Control in Low Airspeed Flight. (1981).
ARDU-TI-721, May, 57 p.

* How to crash by the book. (1977). US Army Aviation Digest. September, pp. 43—45.

Unanticipated Right Yaw in Helicopters. (1995). U.S. Department of Transportation. Federal Aviation Administration.

Adpvisory Circular AC 90-95, December, 8 p.
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its decrease. That means that when the wind direction is opposite to the thrust vector, and when the
wind direction coincides with the thrust vector direction the tail rotor thrust decreases under certain
conditions.

In the literature, which studies the helicopter unintended yaw rotation, special attention is paid
to the tail rotor wind blowing that coincides with the direction of the thrust vector. This is due to the
fact that at such direction of the wind, the main rotor thrust allegedly decreases more [6]. This can be
explained by the fact that according to the airscrew pulse theory at a certain speed of axial screw air-
flow which has the direction coinciding with the direction of the thrust vector, which means against
the direction of air flow thrown by the screw, the screw works in the mode of so called “vortex ring”.
In this mode, the screw sucks back all the air thrown from the screw and vortex movement appears —
the air circulates in the closed area around the screw without being thrown from it. Thus, the momen-
tum is not created, the thrust is lost. But this phenomenon is actually much more complex, and accord-
ing to its author B. N. Yuriev the impulse theory is just arbitrary applied [11].

The tail rotor side blowing with regards to the main rotor interference has been recently studied
in many works [12—16]. These works are devoted to computational experiments with the use of a
software package [18] based on a nonlinear blade vortex model of a screw with a free diffusing trace
[18]. The results of the computational experiments have shown that tail rotor thrust decrease and in-
crease can occur depending on the sliding angles and the speeds of the side blowing at the main rotor
and tail rotor interference.

The title of the work [19], written by a specialist of Airbus Helicopters, can be translated as
“Tail rotor efficiency loss myth”. It states that the Bell 206-B1 helicopter, having the tail rotor being
blown by the wind coinciding in the direction with the main rotor thrust vector, which means the
blades angles of attack increase and the “vortex ring” mode occurrence, does not lose the tail rotor ef-
ficiency. The helicopter is balanced at wind speeds of up to 40 knots (20.6 m/s) with a significant mar-
gin of directional control. In addition, the author notes that according to the recommendations for the
helicopter unintentional rotation avoidance, which are included into different documents there is a re-
quirement to push the pedal, which increases the pitch of the tail rotor, forward as quickly as possible
until it stops. At the same time, if the tail rotor were not effective due to the “vortex ring” mode, such
a recommendation would be meaningless or even harmful, since it would only make the situation
worse. We can face the apparent contradiction.

It was decided to initiate this phenomenon study in order to ensure flight safety and understand
whether there are conditions for the helicopter unintentional yaw rotation occurrence which are unaf-
fected by the pilot even with timely and correct intervention in the helicopter control. Some results of
this study are given below.

RESEARCH METHODS AND METHODOLOGY
While carrying out this research experimental laboratory research methods were used. The re-

search object was a radio controlled model of the Blade 130 X helicopter with the following character-
1stics:

e airframe length.............. 305mm;
e airframe height.............. 122 mm;
e main rotor diameter....... 325 mm;
e tail rotor diameter........... 76 mm;
o weight......oooooiiiinninnn. 107 g

This model’s main rotor rotation direction coincides with the rotation direction used on domes-
tic helicopters, i.e. the screw rotates clockwise if you look at the helicopter from above. So, under cer-
tain conditions, this helicopter must have left side unintentional rotation.
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The amount of this model tail rotor thrust can be controlled by changing its pitch, as it usually
happens on full- sized helicopters.

In order to expand the speed range at which the helicopter model side-blown balancing is avail-
able its directional (weathercock) stability was reduced by removing the fin.

The helicopter model was mounted on a special holder in the form of a vertical rod with the
lower end fixed on a massive base, and at its upper end with a platform that could freely rotate on a
ball-bearing around the vertical axis of the rod. The model of the helicopter was firmly fixed to the
platform. So, the model together with the platform could easily rotate around the vertical axis whereby
it was possible to change the model slip angle relatively to the incoming flow speed vector, which was
created by the wind tunnel. The general views of the helicopter model on the holder and in the working
section of the wind tunnel are shown in Figure 1 and Figure 2 respectively.

Fig. 2. Helicopter model in the wind tunnel test chamber

In order to generate the airflow research-laboratory

Fig. 1. Helicopter model on vertical strut aerodynamic complex belonging to the Aerodynamics, De-

support sign and Aircraft Strength Chair of Moscow State Tech-

nical University of Civil Aviation was used. The helicopter

model was controlled remotely using a remote control. A series of dynamic experiments was car-

ried out in order to identify the conditions when even timely helicopter control intervention is una-
ble to prevent the occurrence of its unintended rotation.

The wind tunnel flow speed varied from 2 to 22 m/s with 1 m/s. pitch. The operator made a

360° low angular speed yaw turn of the helicopter model at each mode of the flow speed. It was made

from the initial position (sliding angle isp=0) as it is shown in Figure 3, counterclockwise when

looking at the helicopter from above. The gliding angle and its sign were determined in accordance
with the State Standards 20058-80 “Dynamics of aircraft in the atmosphere. Terms, definitions and
designations”.

Video recording was also produced.
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Fig. 3. The model initial position

THE RESEARCH RESULTS

At the rate of air flow speed from 2 to 5 m/s inclusively, the model was balanced at all sliding
angles, it retained yaw control with sufficient control margin to allow both reducing and increasing the

sliding angle. However, when the sliding angles were equal to B~ 90°and B =—-90° the helicopter

slight yaw oscillation was observed, which was obviously associated with the tail rotor “vortex ring”

mode and the tail rotor and the tail boom stall.

It should be noted that according to [11], the “vortex ring” mode occurs when the speed of the
incoming air flow is equal in magnitude and is opposite in the direction to the double inductive speed

of the propeller, it is equal in magnitude and is
opposite in the direction to the ejection speed.
The helicopter model under study had the tail
rotor rate of ejection measured by an anemome-
ter and it was approximately equal to 5 m/s. So,
when the model was in the position shown in
Figure 4 (B =90°), and the speed of the incom-

ing flow was equal to 5 m/s, the “vortex ring”
mode is to be implemented on its tail rotor.
However, as it is pointed above, the model's bal-
ancing under these conditions was not disrupted
and unintentional rotation did not occur.

At the flow rate in the range of 6 m/s
to 11 m/s inclusively, there was a number of
sliding angles blowing the helicopter model on
the left, where the model balancing is impossible
(Table 1, Figure 5). The higher is the flow speed,
the wider is this range. The minimum flow ve-
locity which has a range of sliding angles and
where the yaw balancing is impossible is called
critical.

37

I

airflow direction

Fig. 4. The position of the model with the tail rotor
“vortex ring” mode



Hayunblii Becruuk MI'TY T'A Tom 23, Ne 02, 2020
Civil Aviation High Technologies Vol. 23, No. 02, 2020

Table 1
Airflow velocity and corresponding ranges of side blowing sliding angles
which make the helicopter model yaw balancing impossible

Air flow velocity, m/s Sliding angles range, degrees
6 -122...-60
7 —129...-62
8 —136... =55
9 —143 ... -54
10 —148 ... =59
11 -169... -39

The helicopter model makes a controlled rotation from its initial position to the left, which means
counterclockwise, and it is viewed from above (Figure 3). Reaching the angle of the range start, with the
impossible balancing (in Figure 5 this angle equals to3 = —148°), the model makes a sharp uncontrolled
left turn up to the opposite border of the range (Figure 5 this angle isp = —59°) and it turns by inertia af-
terwards. The higher the flow rate is, the greater is the inertia throw, which the model experiences.

It was possible to rotate the helicopter model to the right from the initial position only up to the
edge of the sliding angles range, where balancing was impossible (Figure 5 this corner equals to3 = —59°).

It should be noted that in the area of the
slip angle B =90° (Figure 4) at the flow speeds
ranging from 6 to 11 m/s, which exceeds the
speed of the tail rotor vortex ring” formation, the
helicopter model was balanced with a yaw control
margin, which allowed both to increase and de-
crease this position model sliding angle.

At the flow rates ranging from 12 m/s to
22 m/s inclusively, with the controlled helicopter
model left rotation from its initial position, it was
only possible to balance the helicopter model in
the following range of sliding angles: 0 < <90°.

. It was only possible to increase the sliding angle
I O O A for more than P =90° in dynamics by reducing

airflow direction, W =10 m/s

sharply the pitch of the tail rotor that was fol-
) ) . . lowed by the throw to negative sliding angles with
Fig.5. Boundaries of helicopter model yaw trim an unintentional left turn, which forces the model
range being blowing from the left with airflow K | finished d th s of
speed of 10 m/s to make several finishe turns around the axis o
rotation.

THE OBTAINED RESULTS DISCUSSION

Having based on the analysis of literary sources we expected the mode of unintentional rotation
should have begun at a certain speed of the incoming airflow in the area of the sliding angles equal to

B ~ 90° when the “vortex ring” mode is possible (Figure 4). For example, as it is noted® that the most
likely “trigger” of the helicopter yaw unintentional rotation is the hit of the tail rotor in the “vortex

% RAAF Aircraft Research and Development Unit. Bell 206B-1 Directional Control in Low Airspeed Flight, ARDU-TI-721,
May 1981. 57 p.

38




Tom 23, Ne 02, 2020 Hayunblii Becthuk MI'TY T'A
Vol. 23, No. 02, 2020 Civil Aviation High Technologies

ring” mode. However, it was not possible to achieve the unintentional helicopter-model rotation mode
from this position at any flow rate in the experiment described above. In the area of sliding angles of

B =~90° the model was always balanced; it did not tend to demonstrate unintentional left-side rotation.
This means that at sliding angles of f = 90° the tail rotor does not lose efficiency, and the “vortex ring”

mode does not lead to a noticeable drop in thrust. We can find confirmation of this in [11], which gives
the air screw experiments results with the axially blown by the incoming air flow (Figure 6, where cr

. . = _V . . . = o e
is the propeller thrust coefficient; V, =—2 — relative axial wind-stream velocity, V, > 0 if it coincides

oR
with inductive speed direction; ® the angular velocity of the screw rotation; R — the screw radius;
¢ — pitch). o
The graph analysis in Figure 6 shows when 10,020
the propeller is blown against the direction of the \\
inductive speed (V, <0 ), which increases the an- \N
0,015

ring” mode is implemented, the drop in the thrust
coefficient ¢ at a fixed screw step is not observed.

0,010 P
In addition, you can see when the pitch of the screw \ \ \\/00

¢ at a fixed blowing speed increases the thrust co-

0,005 ~ -
efficient ¢ also slightly increases. Thus, we can \ 37 -
conclude that the screw efficiency is not completely

lost at the occurrence of the ”vortex ring”, but the 018 012 006 0 0.0b \ﬂl\ 0.18

gles of attack of the tail rotor blades and the "vortex ‘\\\

yaw control can still deteriorate. But the curves in
Figure 6 were probably the approximations of ex-
. -0,00
perimental results and could be unduly smoothed. \ \ \
In order to test this, the authors of this research car-
ried out a similar experiment with a constant-pitch -0,010

propeller for a cord model aircraft and Figure 7

demonstrates the obtained results Fig. 6. Propeller thrust coefficient on the incoming flow

axial speed and propeller pitch dependence

0,2 0,15 0,1 20,05 "0 0,05 0.1 0,15 ¥

Fig. 7. The propeller thrust coefficient on the axial speed incoming flow dependence based
on the results of the experiments
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The experimental points that are connected with straight lines are pointed out with markers, and
the approximating curve is shown by a smooth line in Figure 7. It is clear that the approximating curve
has the same nature as the curves shown in Figure 6. Meanwhile, the graph connecting the experi-

mental points has a vivid local minimum at V, ~ —0,11, corresponding to the “vortex ring” mode. By

the absolute value, this axial velocity of the incoming flow is equal to V; = 6 m/s, which corre-
sponds to the rejection rate measured by the anemometer.

In general, it should be noted that at the growing speed of the screw axial blow-off by increas-
ing the angles of attack of its blades, there is a moment when the thrust stops growing and even de-
creases slightly (in the ”vortex ring” mode), and then begins to grow again. At increasing the rotor axi-
al blowing speed to reduce its blades angles of attack, the thrust coefficient monotonously decreases. If

we compare the thrust value coefficients at V, <0and atV, >0, the equal flow speed in the second

case will show a significantly reduced value of the thrust coefficient. Moreover, even the ’vortex ring”
mode does not lead to such a drop in the thrust coefficient relatively to its value at V, =0, as the
blowing to reduce the blades angles of attack.

Taking into consideration the experimental data obtained, we will try to give a theoretical justi-
fication for the helicopter dynamics during side blowing, and in particular the conditions for the heli-

copter unintentional yaw rotation occurrence. Let us write the helicopter yaw balancing general equa-
tion in the vector form:

M =M +M +M =0, (1)

y p main rotor y tail rotor y airframe

where M

M y tail rotor

ated coordinate system;
M i ame 18 the helicopter airframe aerodynamic moment relatively to the normal axis of the associated
helicopter coordinate system.

Let us study the characteristic ranges of sliding angles.
1. B =0 (is the initial position, Figure 3)

is the reactive torque of the main rotor;

p main rotor

is the moment created by the tail rotor relatively to the normal axis of the helicopter associ-

In this case M y airframe — 0 and the balancing equation in scalar form will look like

My = Mp main rotor MyO tail rotor — 0. (2)

That means that the moment created by the tail rotor thrust is only balanced by the reactive
moment of the main rotor
2. 0<B<90°

The pilot, pushing forward the left pedal, starts making a left turn from the initial position by
means of reducing the tail rotor thrust, i.e. reducing the tail rotor torque by the amount of

AM

As a result, in order to make a yaw turn to increase the sliding angle with a constant angular yaw rate,
you need to meet the requirement:

. But at the same time, the helicopter airframe My ,irframe a€rodynamic moment appears.

y tailrotor

My = Mp main rotor (MyO tail rotor AMy tail rotor) - My airframe O’ (3)

where AM

y tail rotor = My airframe *
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With the growth of the sliding angle, M

compensate the main rotor reactive moment. Therefore, in order to provide a left turn in this range of
sliding angles there should be constant reduction of the tail rotor thrust (increase of AM ), reduc-

will also increase, helping” the tail rotor to

y airframe

v tail rotor
ing its pitch in an expedited manner, because due to the tail rotor blowing its blades angles of attack
will grow, which will lead to the unnecessary tail rotor thrust growth.

3. B=90°

The balancing condition in this case is described by the equation (3). Thus, the aerodynamic
moment of the airframe M, ,irframe Will be maximal and the tail rotor pitch will be minimal. At a cer-

tain speed of blowing Vy = Vy yortex ring> the  tail rotor “vortex ring” mode is possible. At the same
time if the helicopter was balanced at the speed of Vy < Vj yortex ring the unintentional increase of Vo
up to Vo vortex ring Will cause the loss of the tail rotor thrust and as a result to the accelerated helicopter

left turn. However, as the experiments with the constant pitch propeller carried out by the authors of
this research revealed, the “vortex ring” thrust loss, if there is one, is very small. It coordinates with the
results of the experiments performed by the other researchers, described in [11] which affirms, that
they are typical for all researches of this type. The experiments which were performed by the authors
of this work with the helicopter model in the wind tunnel prove the tail rotor continued effectiveness at
the mode of “vortex ring” and as it was mentioned above, revealed that the helicopter model at the
sliding angles equal to B = 90° was balanced at all wind stream speed modes which were set in the ex-

periments.
4. 90° < B <180°

In the given sliding angles range, when the helicopter rotates to the left, the airframe aerody-
namic moment M decreases, i.e. its role in the main rotor jet moment compensation decreases.

y airframe

So in order to provide the constant angular yaw speed balancing, it is necessary to reduce AM

y tail rotor
(equation (3)), by means of increasing the tail rotor thrust increasing its pitch.

5. B=180° (-180°)

In this position, as well as at B =0 the helicopter balancing is described by equation (2).

6. —180° < B < -90°

In the given sliding angles range balancing is described by the following equation:

My = Mp main rotor (MyO tail rotor + A‘]\/[y tail rotor) + My airframe — 0. (4)

In this case, the helicopter airframe aerodynamic moment M changes its mathematical

y airframe >
character into opposite compared to equation (3) and now it doesn’t oppose the main rotor jet moment
M but assists it. As a result of this in order to balance the helicopter it is necessary to increase

the tail rotor moment by the amount of AM

p main rotor

at the expense of tail rotor thrust increase, having

v tail rotor
improved its pitch (by pushing forward the right pedal).

It should be taken into account that the tail rotor is blown up by the airstream at its blades an-
gles attack decrease, in this connection the required tail rotor balancing pitch at a certain sliding angle
and certain speed can exceed the maximum possible. The right pedal will be positioned up to the stop.
The continued left turn will lead to the further airframe aerodynamic moment increase M and it

y airframe

means that

M =M M +M >0. %)

y p main rotor £ y tail rotor y airframe
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In other words there is an unbalanced yaw moment which leads to the accelerated helicopter
left turning, which can’t be aborted by pilot as far as the right pedal is on the stop. In this case we can
speak about tail rotor efficiency loss. Even considering the fact, that performing the left turn the tail
rotor blades angles of attack increase because of its blowing due to the turning increasing the tail rotor
thrust, the helicopter can reach high angular speed and perform several complete rotations around the
normal axis.

7. B=-90°

If the balancing is possible at the given sliding angle it is described by equation (4). If the in-
coming flow speed is high enough and balancing is impossible, the helicopter will be effected by the
maximum yaw moment M >0, which causes the accelerated helicopter left rotation around its nor-

mal axis.

8. —90°<B<0

In the given range of sliding angles, similar to the previous case, balancing if possible is de-
scribed by equation (4). If the speed of the incoming airflow is high enough and balancing is impossi-
ble, the yaw moment will be defined in accordance with mathematical expression (5). In this case the
helicopter rotation is accelerated and as a rule mechanically passes the second verge of the angles
range where balancing is impossible (in Figure 5 this verge corresponds to3 = —59°). As it was point-

ed out, the helicopter, at the same time, can make several complete rotations around normal axis.
CONCLUSION

This paper presents the results of the helicopter models and propeller models experiments in a
wind tunnel aiming to study the conditions for the helicopter unintentional yaw rotation occurrence.
The impact of crosswind and the axial blowing of the isolated air rotor on the helicopter was simulated
in the wind tunnel.

The experimental analysis revealed the range of sliding angles which makes the helicopter yaw
balancing at a certain speed of incoming flow impossible. The helicopter unintentional yaw rotation
inevitably occurs when the helicopter falls into this range.

The helicopter yaw balancing is impossible at the negative sliding angles because of the tail ro-
tor reduced thrust due to the blades angles of attack incoming flow reduction. It also happens because
of the helicopter airframe aerodynamic moment impact aimed in the main rotor jet moment direction
in case the helicopter airframe is directionally stable. In these conditions, the tail rotor required pitch is
greater than the available one, so the pilot is not able to parry the helicopter unintentional yaw rotation
that has begun. In this case we can speak about the tail rotor efficiency loss.

It should also be noted that non-compensated yaw moment will continue the helicopter rotation
within the whole range of sliding angles where the helicopter yaw balancing is impossible. The in-
creased incoming flow speed leads to the increase of both the yaw moment and the angle range where
balancing is impossible, if summed up it leads to the yaw moment effect increase. As a result the heli-
copter obtains a greater energy of rotation, the angular acceleration increases as well as the total heli-
copter yaw angular rate.

However it can’t be rejected that the helicopter unintentional rotation can start as a result of the
tail rotor “vortex ring” occurrence, if the tail rotor thrust moment reduction will not be compensated by
the helicopter airframe aerodynamic moment and if the pilot doesn’t push the pedal forward to in-
crease the tail rotor pitch. In this case the possible tail rotor thrust loss, as the experiments proved, un-
der equal conditions will be much less than at the tail rotor angles of attack reduction blowing. It
should also be noted that the helicopter airframe aerodynamic moment, in this case, is directed against
the main rotor jet moment effect which contributes to its compensation. Generally the helicopter rota-
tion yaw moment effect will be comparatively small what means that the angular acceleration, in this
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case, will also be small. It enables the pilot to make a timely response to the unintentional rotation. It
should be noted that during the helicopter model dynamic experiments in the wind tunnel performed
by the authors of this research, it was impossible to trigger the model’s unintentional rotation at the tail
rotor blades blowing aimed to increase the angles of attack so to say it was impossible to reach the tail
rotor effectiveness loss at the “vortex ring” mode.

It is also possible that main rotor and tail rotor interference may cause unintended rotation. But
the authors don’t have at their disposal any experimental evidence of the negative effect produced by
the main rotor on the tail rotor thrust. In the course of the experiments they didn’t manage to detect any
noticeable main rotor to tail rotor impact. Perhaps this is due to the small- scale of the helicopter which
participated in the experiment.

Thus, it can be assumed that if a given wind speed has a range of sliding angles where helicop-
ter yaw balancing is impossible in case the helicopter falls into this range, unintended rotation will in-
evitably begin due to the tail rotor efficiency loss. But as soon as the helicopter leaves this range this
rotation can be stopped as the tail rotor will restore its efficiency, in case the helicopter doesn’t fall in-
to this range at the following cycle. The unintentional rotation which happened because of the tail rotor
“vortex ring” mode can easily be stopped if there is no such range and the tail rotor doesn’t lose its ef-
ficiency at any sliding angle.

It should be understood that the results presented in this paper are obtained for a smaller-scale
helicopter model. The further investigation of the single-rotor helicopter unintentional yaw rotation
requires the full- scale flight tests or experiments with large-scale helicopter models. The results pre-
sented in this research should also be taken into account. It is also possible to implement computation-
al experiments, provided that a sufficiently adequate mathematical model of the phenomenon under
consideration and appropriate software are developed.
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IKCIIEPUMEHTAJIBHBIE NCCJIEJOBAHUSA HEITPEJHAMEPEHHOTI' O
BPAIIEHUA OJHOBHUHTOBBIX BEPTOJIETOB 110 PBICKAHHUIO

B.B. E(l)I/IMOBl, B.A. HBan2,|O.E. ‘IepﬂnrnHIL K.O. ‘Iepﬂnrnﬂl

'Mockosckuii 2ocydapemeennblii mexnueckuti yHusepcumen epaxcoanckoii aguayui,
2. Mockea, Poccus

’Mocxkosckuii eéepmonemuuwlil 3a600 um. M.JI. Muns, e. Mockea, Poccus

ITpy BBIOTHEHNH TIOJIETOB HA OTHOBUHTOBBIX BEPTOJIETAX NMEPUOANYECKH TIPOUCXOIAT aBUAIIMOHHBIE IPOHCIIIECTBHSI, CBSI3aHHbBIC
C BO3HMKHOBEHHEM HETIPEJHAMEPEHHOTO BPAILIEHHS BEPTOJIETA 1O PHICKAaHUI0. CBOEBPEMEHHBIE U IIPABHIIBHBIC ACHCTBHS JIETUHKA
MOTYT TIPHBECTH K BBIXOAY W3 JIAHHOM OMAacHOM curyarmu. HO BaKHO Takke MOHMMATh, NPU KAKHX YCIOBHSAX BO3ZHUKACT
HENpEIHAMEPEHHOE BpAllEHHWE, M CYLIECTBYIOT JIM TAaKHE YCIOBHS, IPHU KOTOPHIX JIETYMK HE MOXKET IOBIHATH Ha
HenpeHaMepeHHOe BpallleHHe, 4TOObl MO0 BO3MOXKHOCTH M30erarh IIONajaHus B 3TH ycioBus. Kak moOkaspIBaeT aHai3
JMTEpaTypbl, y HCCIenoBaresell, M3y4arouMxX JaHHOE SIBJICHHWE, HET EIMHOTO0 MHEHHs 00 YCIIOBHSX BO3HHUKHOBEHUS
HENpeHaMEePEHHOT0 BpalleHus. B cBs3u ¢ 9TuM OBUIO pElIeHO IIPOBECTH Psi/i SKCHEPUMEHTOB C MOJIEISMU BEpTONeTa U
BO3/YIIHOTO BHMHTa B a’poJIMHAMHYecKoil TpyOe. B KadecTBe OCHOBHOIO O0OBEKTa HCCIEHOBAaHHUS HCIOJIB30BAIACH
paxuoytpasiseMas Mojens Beproiera Blade 130 X, 3akperuieHHas Ha BpallaroIelicss BOKPYT BEPTUKAIBHOM ocH IuiaTdopme,
KoTopasi ObUla YCTAaHOBJIEHa Ha BEPTHKAJILHOW JeprkaBKe. JIisi co3maHMsi BO3IYIIHOTO IOTOKA HCHOJB30BAJICS Y4eOHO-
71a00paTOPHBINA a3POANHAMIYECKNH KOMIDIEKC Kadenpsl «A3poAHaMIKa, KOHCTPYKLHS M MPOYHOCTD JIETATEIbHBIX allllapaToB)
MOCKOBCKOTO TOCYIapCTBEHHOT'O TEXHHUYECKOTO YHUBEpCcHTeTa TpaxnaHckoi asuarmu (MITY T'A). bruta mpowsBeneHa cepust
JIMHAMHYECKHUX SKCIIEPUMEHTOB C IIENIBIO OIPEEIICHHS YCIOBUH, TP KOTOPBIX MOXKET BO3HUKHYTH PEKHM HENPEIHAMEPEHHOTO
BpalieHus. AHAIN3 SKCHEPUMEHTOB IOKa3al, YTO CYIIECTBYET HUANa30H YITIOB CKOJBXCHHS, B KOTOPOM IPH OINpEIEICHHOH
CKOpPOCTH Ha0EraroIIero MoToKa BO3LyXa OaJaHCHPOBKA BEPTOJIETA 110 PHICKAHHUIO HEBO3MOXHA, U TIPU TMONAJaHUHN BEPTOJIETA B
JIAHHBIM JWana3oH 3T0 HEMHUHYEMO MHPHUBOAUT K BO3HMKHOBEHHIO HENPEIHAMEPEHHOTO BPAILIECHMSI BEPTOJIETA IO PHICKAHHIO.
HeBo3MoXHOCTh OalTaHCUPOBKM BEPTOJIETA MO PHICKAHHMIO BO3HHMKAET TPU OTPHULIATENBHBIX YIJIaX CKOJIBKEHHUS U3-3a CHIDKEHHS
TSTH PYJIEBOTO BHHTA BCIIEJCTBHE OOIYBKM €r0 HaOEraroliMM MOTOKOM BO3AyXa Ha YMEHBILEHHE YIJIOB aTakd JIONacTei, 4To
ycyryOisieTcss BO3JEHCTBHEM a’pOJAMHAMMYECKOTO MOMEHTA IUIaHepa BEpTOJIeTa, HAMpaBlICHHOIO B CTOPOHY JeHCTBHA
PEaKTHMBHOTO MOMEHTa HECYILIErO0 BHHTA, €CIIM IUIAHep BepTojiera oOsiajaeT ITyTeBOM YCTOWYMBOCTBIO. B 3TmX ycioBusx
NOTpeOHBIH 1Iar pyJIeBOro BUHTA OOJIbIIE, YEM paciioyiaracMblii, B CBS3H C YEM JIETYHMK HE B COCTOSIHMM I1apHUpOBaTh HauaBIIIeecs
HelpeHaMEPEHHOE BPAIllEHUE BEPTOJIETa M0 PHICKAHUIO. BO3MOXKHOCTh Hadana HENpeAHAMEPEHHOTO BpAIIEHUs BEPTOJETa 110
PBICKaHHIO M3-32 BIIMSHMS HECYILETO BUHTA Ha PYJICBOM BHHT B SKCIIEPUMEHTAX HE MOATBEPAMIIACH. B sKcIiepuMeHTax Taroke He
YIAI0Ch CO37aTh YCIOBUS, IIPU KOTOPHIX BO3HHKIO OBl HEMpEeIHAMEPEHHOE BPAIICHHE M3-3a MOSBICHHUS PEXHMa «BUXPEBOTO
KOJIbIIa» Ha PyJIEBOM BUHTE.

KuroueBble ciioBa: BepToJieT, JUHAMUKA T10JIeTa, HellpeJHAMEPEHHOE BpallleHHe BepTosiera, notepst 3QQEeKTUBHOCTH PYIIEBOTO
BHUHTA, BUXPEBOE KOJIBLIO.
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