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Analysis of unstable mode of a free gas turbine
of turbo-compressors engines
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Abstract. This paper analyses unstable mode of a free gas turbine of
turboshaft helicopter engine TV3-117. The analysis is focused on the
conditions of this phenomenon and the possibilities of its solution in a
turboshaft helicopter engine and an industrial turbocharger engine with a
free gas turbine. Knowing the causes of the unstable mode of operation of
a free gas turbine will allow helicopter pilots to prevent accidents and
increase the level of flight safety.

1 Introduction

On May 10, 2017, a Bell 429 helicopter crash occurred at the airport in Presov Fig. 1, kill-
ing two firefighters. The helicopter fell from a height of 100 meters during the training of
planting firefighters using ropes. The inquiry commission proceeded that the non-
compliance of the helicopter was an incorrect reaction of the pilot to the behaviour of the
helicopter in the future when the free gas turbine of the engine entered the mode of unstable
work [1].

Fig.1. Helicopter Bell 429 crash near Presov
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The issue of unstable operation of a free gas turbine of turboshaft helicopter engines is not
given sufficient attention in the professional literature or in the training of pilots, despite the
fact that it directly affects the safety of flights. For this reason, this article analyses the
physical nature of this mode of a turboshaft engine with a free gas turbine.

Since the Bell 429 helicopter engine for Pratt & Whitney Canada PW207D helicopter
engines did not release all the technical data, the TV3-117 Mi-24 helicopter engine was
used for analysis, which in terms of concept and principle of operation corresponds to the
Pratt & Whitney Canada PW207D Bell 429 helicopter engine. the turbine of the TV3-117
turboshaft engine could be realized thanks to the detailed knowledge of the construction
and control system of the TV3-117 helicopter as well as the availability of its detailed
technical documentation [2, 3].

2 Regulatory system turboshaft engine helicopters

The main task of the helicopter power unit, which currently usually consists of two tur-
boshaft engines (Mi-2, Mi-17, Mi-24, Aerospatiale SA 330 Puma, NH-90, etc.), is to ensure
the drive of the helicopter's supporting rotor during its flight. In any mode and maneuvers,
as well as when starting the engines, turning and stopping the helicopter's supporting rotor.
In steady-state modes of operation of the turboshaft engine functions, the automatic drive
unit maintains the set speed of the supporting rotor. When switching to reduced engine
power (reducing the setting angle of the carrier rotor blades, or when adjusting the correc-
tion handle to the left), insufficient torque (insufficient power) is generated on the free
turbine of the turboshaft engine and the carrier rotor speed is reduced. When moving the
collective control lever of the helicopter while the turboshaft engines are operating in
steady state modes (travel, nominal or take-off), the pilot controls the change of the setting
angle of the supporting rotor blades by means of the collective control lever. The control
unit adjusts the fuel supply (Qnel) to the engine's main combustion chamber and maintains
the selected speed.
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Fig. 1. Principle diagram of the collective control system with automatic maintenance of the rotor
speed and control of the collective control of the helicopter rotor [4, 6].
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The TV3-117 aircraft turbo-compressor engine is a turboshaft engine with an axial inlet, a
twelve-stage axial compressor with rotary vane blades and two air bleed valves, an annular
combustion chamber, a two-stage axial, cooled gas turbine compressor an outlet system
with the outlet tube rotated at an angle of 60° to the right or left with respect to the engine
[4].

Two TV3-117 3rd series turboshaft engines used to drive the Mi-24D and Mi-24DU
helicopters, two TV3-117V engines of the Mi-24V drives the helicopter and two TV3-
117MT engines drive the medium transport Mi-17 helicopter [5].

3 Force analysis when changing the angle of attack of the main
rotor of the helicopter

When starting the engines and increasing the speed of the free turbine (when turning the
correction handle to the right from idle to travel mode and when setting the collective
control lever up), there is an excess torque (excess power) on the free turbine of the
turboshaft engine, which is maintained until specified engine mode. With steady-state
modes of operation of turboshaft engines, the automation of the drive unit ensures the
maintenance of the set speed of the supporting rotor. However, the speed of the
turbocharger rotor of the turboshaft engine changes in this case due to the load of the free
gas turbine with the required torque (required power) as well as due to the change of the air
temperature at the inlet to the engines t;; (Fig. 2). When switching to reduced engine power
(when reducing the setting angle of the carrier rotor blades and when setting the correction
handle to the left to idle mode), the free gas turbine of the turboshaft engine generates
insufficient torque (insufficient power) and the support rotor speed decreases. When
moving the helicopter collective control lever while the turboshaft engines are operating in
steady-state modes (travel, nominal, and take-off), the pilot controls the setting of the angle
of adjustment of the supporting rotor blades by means of the collective control lever (by its
continuous adjustment and complete rotation to the left) (Fig. 3). The fuel control system of
the turboshaft engines adjusts the fuel supply to the main combustion chamber of the Q el
engines accordingly and the selected speed of the helicopter support rotor is maintained.
When the pilot stops moving the collective control lever upwards (ready to do so), the
controller will maintain a constant helicopter carrier rotor speed at three higher
turbocharger rotor speeds, and thus at a torque compensation greater than before the
collective control lever position change (e.g. in cruising mode of turboshaft engines). In the
take-off mode, depending on the angle pattern, the settings of the helicopter carrier rotor
blades, and thus depending on the required torque, are the equilibrium speeds of the
helicopter carrier rotor slightly lower than in the cruising or nominal mode. Part of the
increased required torque is compensated by the increase in the angle of flow of the gas
through the pipeline to the blades of the free gas turbines of the turboshaft engines due to
certain reductions in their speed compared to the speed in travel or nominal mode. The
angle of attack to the flow of gas leading edge of the rotor blades of the gas turbine of free
critical value, so that the gas flow separation from the surface of the rotor blade does not
occur [7, 11, 12, 13].
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Fig. 2. Changes in relative power required E{eq , usable power Fmbze and speed of the main rotor

nMr as a function of time at different speeds of increasing the setting angle of the main rotor blades
omr (full line corresponds to the set speed of the collective control sausage in accordance with the
regulations for use and piloting technique, collective control lever of the helicopter support rotor).

A sharp change in the position of the collective control lever by the pilot is not
recommended. Rapid movements of the collective control lever of the helicopter support
rotor can tear off the gas stream from the surface of the blades of the free gas turbine of the
turboshaft engine and consequently reduce its effective power and decrease the speed of the
helicopter support rotor.

4 Unstable flow on a free gas turbine of a turboshaft helicopter
engine

Figure 4 shows an unstable bypass of the rotor blades of one of the stages of a free gas

turbine of a helicopter engine with a turbo shaft. The tearing of the gas flow on the back of

the rotor blade of the free gas turbine of the turboshaft engine can occur when the angle of
attack of the flowing gas at the leading edge of the rotor blade increases above the critical
value (Fig. 5), which occurs:

- with a sharp increase in the absolute output velocity of the flow, the pipeline exiting the
blades of the free gas turbine (ci > ccai.), and at a constant speed of the free gas turbine
of the turboshaft engine and a constant, calculated circumferential speed (u; = Ucal.);

- with a sharp reduce in the speed of the free gas turbine of the turboshaft engine, at
which the peripheral speed decreases (u» < uca.), and a constant absolute output
velocity of the gas flow from the guide blades of the free gas turbine (c2 = ccal);
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- with increasing the absolute output velocity of the gas flow from the turbocharged
engine free gas turbine blades (c3 = ¢1) and decreasing the turbocharged engine free gas

turbine speed us = uz < Ucar.).
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Fig. 4. Free turbine of the turboshaft engine TV3-117 [8]
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Fig. 3. Tearing of the gas flow at the back rotor blade of a free gas turbine, a turboshaft engine can
occur when the angel's attack of the flowing gas at the leading edge for the rotor blade increases
above a critical value [4, 6].

Cal. - absolute design gas velocity at the outlet of the turbocharged engine free gas
turbine blades [m.s'];

w - relative velocity of the gas flow at the inlet to the rotor blades of the free gas
turbine of the turboshaft engine [m.s™!];

Uel. - calculating a rotor peripheral speed of the first step of free turbine turboshaft
engine gas [ms™'];

ug - peripheral speed of the first step of free turbine turboshaft engine gas for
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computing main rotor speed nyr = 94 % [m.s'];

® - angular speed of the rotor blades of a free gas turbine of a turboshaft engine at
the design speed of the supporting rotor [rad];

r - radius of the rotor disk of the first stage of the free gas turbine of the turboshaft
engine [m];

o - the angle of inclination of the gas flow at the leading edge of the rotor blades of
the first stage of the free gas turbine of the turboshaft engine [°];

oca. - the calculated angle of inclination of the gas stream at the leading edge of the

rotor blades of the first stage of the free gas turbine of the turboshaft engine at the
calculated speed of the supporting rotor [°];

ci - the absolute flow velocity of the gas pipeline at the outlet of the deflector blades
of the free gas turbine of the turboshaft engine, which corresponds to the speed of
the main rotor nvr = 94 % [m.s'];

o - the angle of attack of the gas stream at the leading edge of the rotor blades of the
first stage of the free gas turbine of the turboshaft engine, which corresponds to
the speed of the main rotor nyr = 94 % [m.s'];

Wi - the relative velocity of the gas flow at the inlet to the rotor blades of the free gas
turbine of the turboshaft engine, which corresponds to the speed of the supporting
rotor nyr = 94 % [m.s'];

u - peripheral speed of the first step of free turbine turboshaft engine of the gas in
the main rotor speed nyr < 88 % [m.s™'];
) - the absolute flow velocity of the gas pipeline at the outlet of the deflection

blades of the free gas turbine of the turboshaft engine, which corresponds to the
speed of the main rotor nur < 88 % [m.s'];

o - the angle of inclination of the gas flow at the leading edge of the rotor blades of
the first stage of the free gas turbine of the turboshaft engine, which corresponds
to the speed of the supporting rotor nvr = 94 % [°].

Fig. 4. Visualized character of gas flow in a multistage gas turbine and on the back of the stator blade
of a free gas turbine of a turboshaft engine [9].
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The Figure 6 shows a visualization of the tear-off of the jets at the gas turbine stages

obtained under laboratory conditions [9, 10].

To tear off the gas flow can also be torn off in the rotor blade of the free gas turbine of
the turboshaft engine (Fig. 7) with a considerable reduction of the flow angle of the flowing
gas at the leading edge of the rotor blade below the critical value:

- with a sharp reduction in the absolute output velocity of the gas flow from the free gas
turbine blades (c1 < cca.) and a constant free gas turbine engine speed of constant,
calculated peripheral speed (u; = ucal.);

- while reducing the absolute output velocity of the gas stream from the free gas turbine
blades (c2” = ccal.) and increasing the free gas turbine speed (uz” < Ucat.).
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Fig. 5. Tearing of the gas flow at the blade rotor blade of a free gas turbine, a turboshaft engine can
occur when the angel's attack of the flowing gas at the leading edge for the rotor blade increases
above a critical value [4, 6].

Where:

uy” - peripheral speed of the first step of free turbine turboshaft engine of the gas in
the main rotor speed nyr = 100 % [m.s™'];

w2" - the relative velocity of the gas flow at the inlet to the rotor blades of the free gas

turbine of the turboshaft engine, which corresponds to the speed of the main rotor
nmr = 100 % [m.s'];

ax” - the angle of an attack of the gas stream at the leading edge of the rotor blades of
the first stage of the free gas turbine of the turboshaft engine, which corresponds
to the speed of the main rotor nyr = 100 % [m.s™!].

In operation, the gas flow on the back of the rotor blades of a free gas turbine of a
turboshaft engine is torn off most often when the carrier rotor speed drops below nmr =
88 %, regardless of the mode in which the turbo-compressors turboshaft (take-off, nominal,
touring) operates.

In this case, the free gas turbine speed controller will increase the fuel supply to the
engine's main combustion chamber to increase the free gas turbine power and adjust the
support rotor speed to the desired value. Because at this point the angle of attack of the
flowing gas at the leading edges of the rotor blades of the free gas turbine has reached a
critical value, there is no increase in torque or power at the output shaft of the free gas
turbine. In addition, assuming that the flow rate of gases from the blades of the free gas
turbine of a turbocharged engine increases even more at this point, the flow angle of the
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flowing gas at the leading edge of the rotor blades will be even more supercritical so that
the expected increase in torque due to increased speed flowing gas will not occur. This is
due to the fact that by tearing off the gas stream, an increase in energy is absorbed, and
increased gas flow rate is obtained, and the speed of the free gas turbine of the turboshaft
engine decreases further. In operation, the gas turbine of the turboshaft engine may be
selected to get into such a mode of a breakaway of the gas flow on the rotor blades free gas
turbine if the collective control lever is set abruptly (determined as long as allowed) from
the idle position to the position corresponding to take-off position. When the position of the
carrier rotor blades changes abruptly to a large angle of attack, they increase just as fast to
load the free gas turbine with increased torque, to a given mode. The speed of the
helicopter's supporting rotor decreases rapidly and can fall below numr = 88 %. Although the
turboshaft engine compressor will operate at maximum power during the rest of the engine
operation, the angles of attack of the flowing gas at the leading edges of the rotor blades of
the free gas turbine will be supercritical. If at this point, the pitch angle of the helicopter
carrier rotor blades is further increased, then it will further complicate the existing situation.
The helicopter's supporting rotor is overloaded and will not operate to develop the
necessary thrust for the helicopter flight in the given helicopter flight mode. Frequent and
long-term operation of a free gas turbine of a turboshaft engine in such or a similar mode
contributes to a premature reduction in effective power and is not ruled out or damaged by
the turboshaft engine. For this reason, the speed-changing position of the collective control
lever must not exceed the specified value specified in the regulation for the use of the given
type of helicopter.

5 Conclusion

As noted in the article, the nature of the flow on the rotor blades of a free gas turbine direct-
ly affects the efficiency of converting thermal energy into mechanical power free turbine
turboshaft helicopter gas engine, which has a direct impact on the flight safety of the heli-
copter. For this reason, an understanding of these processes is of particular importance to
helicopter pilots. Analogous processes also occur in industrial turboshaft engines with a
free gas turbine, which drives electric generators in power plants or drives compressors in
compressor stations of gas pipelines. These turbocharged engines experience the above
processes due to a sharp change in the load of the electric generator or compressor.
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