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Abstract. The dynamic behavior of machines which rotate &e@xe high speeds is crucial for
stable and long operation. In design process soynamics calculation must be taken into
account to avoid potential operation near resonare@s. This paper considers dynamic
analysis of the high speed reducer, designed tegettth the turbo-shaft engine. Resonances
can occur when frequency of rotation and teeth nfiestuency are close to gear pair in mesh
natural frequency, to the shafts natural frequenaied to the other parts natural frequencies.
Problems can be avoided by translating resonaasdcehigher or lower level of frequency by
changing some design parameters, mass, stiffnesdyamariation of the stiffness of bearing
supports. The paper presents the approaches toahdtequencies identification for the
example of high speed reducer design. Some exangbleesign solutions, especially for
elastic bearing supports and their experimentéihgsre also presented.

1. Introduction

High speed machines like turbo-jet and turbo-skaflines operate with high frequencies of rotation
which pass through some resonant areas. Operati@sdonant areas can at least reduce operating life
of the parts but it usually leads to failure of #dire system. Therefore, it is crucial to avdidde
areas in permanent operation, 15 to 20 % beforeafted the resonant frequency value. Operating
regimes should be below them. In high speed mashihean be complicated to achieve this, so their
operation can be achieved at frequencies above@aaswalues which must be achieved by fast run
across during start up process. The calculatiodseaperimental testing for predicting these areas a

a very important and unavoidable phase in desigogss of such structures.

The case study in this paper is a high speed redoceurbo-shaft engine that operates at extreme
speeds of revolution. Gas generator provides p@k&@30 kW by generating the gas (combustion
products) at high temperature and pressure. Thisating fluid drives the free turbine which is
installed after the gas generator, Figure 1. The furbine is on the input shaft of the reduceriand
provides mechanical power on the output of systEme.reducer has a task to transform the torque and
the speed from 40,000 rpm to 6,000 rpm and it sghed for helicopter application.It consists of
three identical auxiliary branches which divide gmver from the input gear and deliver the power to
single output gear. Basically, it has only two eliint gear pairs. This type is used in order teeaeh
the least possible dimensions and weight.
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There are three different types of resonant belasithat may occur inside high speed reducers,
and all must be avoided for safe and long operafitwe first type is resonant frequencies of gears i
mesh [1], the second type is the shaft's modal Wieha[2] and the third type is natural vibratioofs
machine parts of the system, especially gearbogihgwehaviour. Natural frequency of gear pairs in
mesh is depended on the equivalent mass of rotaieagmblies (mass of parts with their moment of
inertia) and stiffness of the teeth [3]. Shaft mads directly proportional to the mass and stiffnes
the shaft and supports and their joins. Naturaldescies of the rest of the parts can be easiyealt
by increasing their stiffness or mass. Gearboxngasare the most exposed part of the structure on
multiple excitations, but in most cases they aeerttost massive part and their natural frequencies a
high enough. But in the case of high speed redimeaviation application their natural frequencies
can be found near resonance areas and it is negésgerform the dynamic analysis [4].

Dynamic behaviour is the result of the relationwmssn operating — excitation frequencies and
natural frequencies. Excitation frequencies of geansmission units are rotation frequencies and
teeth mesh frequencies. These frequencies vamearl dependence of the input shaft speed, whereas
natural frequencies are in relation to design patams and they do not vary. The relation between
excitation (disturbance) frequencies define Canijgbeliagram which provides the possibility to
identify or avoid local resonances.

The aim of this article is to identify possible wra resonant frequencies in order to provide the
possibility for turbo-shaft motor with reducer tgevate in supercritical range and minimised
resonance effect when the motor starts, when thedsincreases and when the speed decreases.

STARTER
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REDUCER

FREE TURBINE

INPUT SHAFT OUTPUT SHAFT

Figure 1. Turbo-shaft engine with reducer.

2. Gear mesh resonance frequencies

The high speed reducer, integrated with the tudsbsngine, transforms 40,000 rpm of free turbine
into 6,000 rpm of output shaft. This transmissiait gonsists of input (free turbine) shaft with utp
central gear, output shaft with output central gaad of three auxiliary branches of double gears,
which divide the power into approximately threetpaiThe auxiliary branches return all power,
reduced for some percent of loses, to the outpart. ghere are practically two different gear pairs
the mesh and they are presented in Figure 2. Teepair reduces the speed from 40,000 rpm to
16,000 rpm while the other one reduces the outplievfurther to 6,000 rpm. The three parallel
branches provide the smallest possible weighteféducer. The gears are small in their diametgr an
mass, together with the other rotating masses fifdtgpair has a normal plane standard teeth module
of 2mm, and the number of teetty24 andz=60. The teeth mesh frequenogbO is very high at
16,000 Hz. The mass of the input rotor (input shafh free turbine, first gear and other parts that
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Figure 2. Gear layout in the high speed reducer.

rotate with it) is designed to be 3.8 kg. The naisthe rotating parts on the auxiliary branch (gear
and 3 with other parts that rotate around the gpif)9 kg. By calculating the stiffness of thetiei

the mesh together with reduced equivalent massesprding to DIN3990, natural (resonant)
frequency of this gear pair is 3,333 Hz with thmikir approach as in papers [5, 6, 7]. This calinta
shows that the first pair operates in supercritmogksh frequency range with almost 5 times larger
mesh frequency regarding the natural frequencyt frtadkes a stable operation by running across the
resonant area during the start and operation.

The second pair is unusual because it has loweulmoglue than the first. The main reason for
this comes from a need to avoid meshing of teaibkecto the resonate area. With lowering the value
of normal plane standard teeth module there isespadncrease the number of teeth for the same
relation of diameters of gears. With a value ofrinbfor the standard module, the numbers of teeth
7z:=30 andz=81 are achieved. With these teeth parametersgadney of 8,000 Hz of meshing of
second gear pair is achieved. The natural frequehtye second pair is 4,768 Hz for output rotating
mass of 2.2 kg. With these parameters the secoindspdesigned to operate in supercritical mesh
frequency range with the relation of frequencie$.6f .

3. Modal behavior of the shafts

Shafts in the gear transmission units and in tierostructures have natural frequencies (resonant
vibrations) and frequencies, especially when theftshare with higher support distance. The mode
shapes are flexural and torsional. Modal shapdiftEiion can be obtained by analytic, numerical o
experimental approaches. In the presented deslgtian, the input shaft is with really long distan

of supports. This shaft carries the free turbinerst end and the input (first) gear at the otheritis
designed to operate at 40,000 rpm. The identificatf the critical speeds is carried out by the
numerical and experimental approach. During theupiprocess, the shaft has to pass through the
critical speed, which depends to geometry, rotosspaonnection and position, stiffness of the
bearings and bearing supports etc.

High speed of rotation produces a gyroscope effécotating masses which makes a difference
between the static and dynamic stiffness of suppdftith the increase of the rotation frequency
(speed), stiffness can increase (FW) or decrea®é) (B comparison to the static one. In order to
identify these dependencies, for the turbine s(gdtrbox input shaft), a numerical calculation of
critical speeds is carried out. The stiffness @& fupport near the free turbine is varied across th
range from 5000...180,000N/mm and obtained Critiggdes! map (Figure 3). The first mode has a
sloping section in the left half of the plot. Thiglicates that the critical speed can be shiftecbup
down as the stiffness in the bearing supports ared. In the right section of the plot, the shaft
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Figure 3. Critical speed map of input shatft.

stiffness dominates, and varying the bearing €gthdoes very little to change the critical spdée.
value in the flat section resembles an infinitégjid support and provides an upper limit to theicai
speed. The critical speed map provides a convefoemiat for determining how the speed dependent
bearing stiffness affects critical speeds. It soaliseful in deciding whether the intended opegatin
speed range is compatible with the locations ofdteral critical speeds.

In general, it is desirable from a rotor-dynamitzndpoint to have the supports more flexible than
the rotor. In that case, the motion at the bearailgsvs the damping to be more effective. The shaft
appears flexible but it does not bend. On the eoptrthe rotor on stiff supports can pose an
unacceptable design, which is difficult to balaraoed is prone to instability. The accomplished
compromise is to have one of the stiffness K1 tify (180,000 N/mm) so that the shaft at the right
end is fixed (bearing support at gear side), wiéestiffness K2 is fairly soft (8,000 N/mm). Hehe
first critical speed is at 193 Hz. This is compédeab the original setup where both bearings wifie s
for example K1 is 180,000N/mm and K2 equals 150 R00@m. The critical speed was calculated at
710 Hz which was very close to the operating rasigé66.67 Hz (40,000 rpm). By providing a soft
bearing support at the free turbine side, the vafube first critical speed dropped from 710 HA 88
Hz, while the second critical speed was still flaowe the operating range. This is the reason wisy i
necessary in design solution to insert elastic stppear the free turbine.

The effect of the elastic support at critical speddthis shaft, also obtained by numerical
simulation, is shown in Figure 4. This is the Cawipldiagram with natural and shaft rotation
frequencies. Natural frequencies increase with itfteease of the speed of rotation. When the
gyroscopic effect is in the same direction withatmn (FW), dynamic stiffness and natural frequency
increase in front of the speed increase. The ofpalirection of the gyroscopic effect reduces
dynamic stiffness and natural frequency (BW), hig ts not a realistic situation.

In order to reduce support stiffness, three typeselastic bearing supports are developed and
experimentally tested. The first one is designeth Wical weakening of the bearing housing in the
area before the bearings, so called squirrel-cagpast [8], Figure 5. The main drawbacks of this
design solution are that it is very vulnerable kteraating loads with high frequencies and thatver
low stiffness provides a high displacement.
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Figure 4. Campbell diagram of two setups superimposed.

Figure 5. Elastic bearing support — squirrel cage type.

O-rings

Figure 6. Elastic bearing support — bush with O-ring type.

The second design solution implies a bush, in whigarings are placed, with two O-ring above it,
inside the bearing housing. The bearing bush witmpming O-rings is pressed inside the bearing
housing while O-rings represent the dumping partshe system. This type of elastic support is
presented in Figure 6. Rubber rings have low diitgbvhen the high frequency loads are applied to
the shaft so their operating life is questionable.
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B Spring

Figure 7. Elastic bearing support — bush with spring type.

The third design solution, Figure 7, is similartb@ previous with the difference that it uses a
spring steel part instead of O-ring. They are kaiiin use for very high elasticity because steel is
much more rigid that rubber.

4. Modal behavior of housing and other parts

Every part has its own natural vibrations which barawaken by some excitation. Housings are parts
whose oscillation can be awaken by an influenamwtiple sources of excitation and this makes them
sensitive in resonant areas [1, 9]. In low speeldicers, the housings are the stiffest part andllysua
the modal analysis of the structure can be negle@at, in the case of high speed reducers, a high
speed of rotation, together with teeth mesh distaecbs, can easily excite some of the housing Hatura
frequency (resonance) because it has a high freguehich corresponds to non-rigid structures.
Therefore, a modal analysis of high speed reducerturbo-shaft engine is also carried out and
discussed in this paper.

The housing for the reducer consists of three rpaits: input shaft bearing housing, dividing plate
and main housing. The housing assembly is preséntEdyure 6 together with the belonging parts.
All parts are joined with several screws. The beatiousing for input shaft is made from stainless
steel and it is the part that holds the input shatth the first gear and free turbine (the greert pa
Figure 1 and Figure 8). The dividing plate is therging part which is placed near the exhaustsief t
turbo-shaft engine and it is exposed to elevateghézature. For that reason it is made from a ssinl
steel material (the brown part in Figure 8). Thémiusing has a function to close and hold altgar
in one entirety. In order to make the reducer gistlas possible, the main housing part is made from
quality aluminium alloy (the grey part in Figure 8)

INPUT SHAFT

BEARING HOUSING MABIN HEUSING

DIVIDING PLATE

Figure 8. Housing assembly for high speed reducer.
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Figure 9. Modal analysis of housing and the shape of first lawest natural frequency.

The housing’s natural vibrations can be excitedniain two sources, the frequency of rotating
mass and frequency of teeth mesh. The frequentite teeth mesh for two gear pairs are calculated
in the previous chapter and they are 16,000 an@08:&x. These frequencies are at very high values
and they are much higher than housing’s naturguieacies (Figure 9). The input shaft with the free
turbine rotates at 40,000 rpm which creates antaiam frequency of 666.7 Hz. The auxiliary
branches rotate at 16,000 rpm and they create eitatan frequency of 266.7 Hz, including the
output shaft with 6,000 rpm with a frequency of H¥) These frequencies are more critical and must
be taken into account during design process inrotaeavoid them for operating regimes of the
reducer.

The modal frequency analysis of the housing isiedrout by applying the numerical finite
element method [10]. The results are presentekenable in Figure 9. The shape of the mode for the
first frequency is also presented in Figure 9efiresents the bending of the dividing plate dugnhéo
presence of the input shaft bearing housing wragbined on the console principle with screws from
the inside. The second and third shape and fregquare more or less similar to the first with the
difference that they occur in the other planes.

5. Conclusion
By dynamic analysis and by design parameters vamiaan innovative high speed reducer for turbo-
shaft engine is designed. The obtained structuneoparate steadily with 40,000 rpm input speed of
the free turbine and to avoid excitation of anygiole natural frequency. The specific results aee t
next.
= The calculations of teeth mesh resonant frequeraciegarried out. The possible resonances in
relation to gear speed of rotation and teeth nunbevoided by gear parameters variation
(module and teeth number). Selected gear paramptersde possibility for steady gears
operation in supercritical mesh frequency range.
= The input shaft together with the free turbine artth extreme high speed of rotation produces
variation of supports dynamic stiffness in relattonspeed of rotation, and also variation of
critical shaft speed. The problem is solved by thieenomenon identification using the
numerical approach and by specific design solutiminbearing supports which can provide
steady operation.
= For housing of high speed reducer a numerical medalysis is carried out. By design
parameters variation teeth mesh frequencies ditedlm the frequency range much higher than
calculated natural frequencies. Frequencies oftiootaare between the calculated natural
frequencies of the housing. It also provides steapgration with extremely high speed of
rotation.
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