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INVESTIGATION OF THE AUTOROTATION STABILITY
OF A TURBOFAN ENGINE WITH A DETACHED FAN BLADE

One of the requirements for the aircraft being designed is the ability to continue flying and landing if
one engine fails. One of the calculated cases of engine failure is the separation of the fan blade. This phenom-
enon causes large vibrations in both the engine itself and the aircraft structure. A calculation model and meth-
od for studying engine oscillations with damage in the form of blade separation have been developed. Numeri-
cal studies of the oscillations of the engine suspended on a pylon were conducted. The operation of an engine
with an unbalance of the fan after switching off during the transition to autorotation is considered. Numerical
simulation was performed using the ANSYS Workbench package. The front supports of the rotors are ball
bearings installed in the elastic elements of the "squirrel cage". Ball bearings are modeled as a rigid hinge.
There are two thin-walled shells, which are intermediate power elements outside the elastic element. With an
increase in the imbalance of the fan rotor, the gap in the oil damper closes, the damper housing sits on the
shells, switching on their rigidity to work. Thus the support stiffness characteristic is bilinear. The stiffness co-
efficients of the elastic element "squirrel cage™ and the shells of the front support are determined by numerical
simulation. The fan rotor is modeled as a rigid body on bearings. The motor stator is modeled by a rigid body
on an elastic suspension. The pylon and elements of the elastic suspension of the engine are modeled by beams
of variable section, working simultaneously in tension, torsion, and bending. Numerical analysis of the transi-
ent oscillations of the D-436-148FM engine mounted on the pylon of the AN-178 aircraft was performed. The
amplitude-frequency response of oscillations is obtained in the frequency range below the fan speed in the
cruising mode. The stability of engine oscillations at a resonant frequency close to the autorotation frequency
has been studied. The results of the numerical simulation are presented in the form of diagrams. Orbits of the
centers of gravity of the fan rotor and the motor casing in the resonant mode are constructed. Poincaré map-

pings of oscillations of the same points of the structure are also constructed.
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Introduction

One of the conditions for aircraft certification un-
der European Regulations section SC 25.362 (AMC
25.362) is the ability to continue flight and land if one
of the engines fails. One of the calculated cases of en-
gine failure is the separation of the fan blade [1]. This
phenomenon causes large vibrations of both the engine
itself and the aircraft structure.

A common cause of fan blade failure is bird inges-
tion. In [2 — 5], the influence of a bird strike on engine
vibrations was studied. In these works, engine vibrations
over the entire range of rotational speeds and the transfer
of load to the pylon and wing of the aircraft were not
studied.

The flutter of a wing section with flaps and an en-
gine mounted on an elastic suspension is studied numer-
ically and experimentally in [6]. In [7], the pylon at-
tachment to the wing was designed using the FEM
model. In [8], a nonlinear aeroelastic analysis of aircraft
wings with a rotating unbalanced propeller mass was

performed. These works did not investigate the forces
acting on the pylon and the wing during transient vibra-
tions caused by blade separation.

In [9] a finite element model was proposed to
evaluate the connection strategies between the compo-
nents of the power plant. It has been verified whether
such mechanisms can effectively increase engine per-
formance by reducing detrimental structural defor-
mations of the engine, but no studies have been carried
out on the transfer of loads to the aircraft wing.

The D-436-148FM engine under study contains
three coaxial rotors — a fan, a low-pressure compressor
(LPC) and a high-pressure compressor (HPC). The ro-
tors are driven by their turbines and have different op-
timal rotational speeds for them and are interconnected
only by gas-dynamic coupling.

The mass of the fan blade is 3.625 kg, and the ra-
dius of the center of mass from the axis of rotation is
0.365 m. The rotor blades of the LPC and HPC are
small compared to the fan blades (the mass of the com-
pressor blades is from 5 to 65 grams, the mass of the
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turbine blades is up to 80 grams). Therefore, the influ-
ence of the imbalance of these rotors on the engine
mount is not taken into account.

All three rotors are mounted on non-linear elastic
supports, which are fixed in the engine stator. The purpose
of elastic-damper supports is to reduce the overall level of
vibrations of the rotors and the entire engine as a whole
and to eliminate dangerous resonant vibrations from the
operating range or shift them to safe modes.

The aim of the work is to study the oscillations of
an engine on an elastic suspension during the transition
from cruising to autorotation after the loss of a fan
blade.

The objectives of the study are: development of a
calculation model and a method for studying engine os-
cillations with damage in the form of blade separation;
determination of the resonant frequencies of the engine
mounted on an elastic pylon; checking the amplitude and
stability of oscillations at resonant frequencies.

1. Development of models of bearings
and bearing supports

The front supports of all three rotors of the D-436-
148FM engine are ball bearings installed in the "squirrel
cage" elastic elements. A ball bearing is modeled as a rigid
hinge. This model is justified by the fact that, firstly, the
deformation of the ball bearing itself compared to the de-
formation of the elastic support can be neglected, and sec-
ondly, the frequency of free oscillations of the rotor on ball
bearings without elastic supports differs from the oscilla-
tion frequency of the rotor of the existing design by several
times [10].

The rear supports of all three rotors are roller bearings
with a hydrodynamic oil film without elastic elements. The
oil layer is fully load-bearing and damping.

The coefficient of rigidity of the elastic element
"squirrel cage" of the front support was determined by
numerical simulation, verified experimentally and is equal
to 0.1108 N/m. At a normal level of rotor unbalance, the
elastic element provides a decrease in the rigidity of the
mechanical connection of the rotor with the stator and al-
lows rotor to pass the critical revolutions with low vibra-
tion to the idle mode.

Outside the elastic element, there are two thin-walled
shells, which are the power elements for fastening the elas-
tic element in the housing. With an increase in the unbal-
ance of the fan rotor in the oil damper, a gap of 0.2 mm is
closed and the damper body sits on the shells. After that,
the elastic member and the shells are deformed together.
To determine the stiffness coefficient of the shells of the
support body, using the Solid Works finite element pack-
age, a model of the assembly of the shells was built and
studied. The total stiffness coefficient of both shells is
2.89-108 N/m.

Thus, the support stiffness characteristic is bilinear.

Vibration damping devices in both supports are mod-
eled by viscous dampers. The coefficient of viscous damp-
ing of the front support damper is 9.36°10° Nes/m?, and
that of the rear support is 4.65¢10° Nes/m?.

2. Development of models of engine rotors

The fan rotor is modeled as a solid body on bearing
supports, since the deformations of the rotor parts are small
compared to the deformations of the bearing supports and
the lower natural frequency of the rotor oscillations as an
elastic body is an order of magnitude higher than the fre-
quency of oscillations of the rotor on bearing supports [11,
12].

Models of blades are accepted without shrouds and
locks. The mass of locks and shrouds is added to the mass
of the disk. Turbine blades (112 pieces on each disk) are
not modeled, their masses are attached to the disk masses
in the form of rims.

The assembled rotor is shown in Fig. 1. Its inertial
characteristics are as follows: mass m = 345.15 kg; coordi-
nate of the center of mass from the rear plane of the engine
mount X = -1.31 m; central moments of inertia I = 22.80,
lyy = Iz = 265.51 kg'm?.

Fig. 1. Fan rotor model

LPC and HPC are modeled by solid symmetrical
bodies on elastic supports with rolling bearings. The blades
of these rotors are small compared to the fan rotor blades,
so the effect of the imbalance of these rotors on the engine
mount is not taken into account.

3. Development of an engine stator model

The stator of the engine will be called the assembly
of its cases with all the equipment fixed on it and the en-
gine nacelle. The engine case is modeled by a rigid body
on an elastic suspension (Fig. 2).

Such a model allows one to pass to the finite ele-
ment representation of the stator in the form of an abso-
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lutely solid weightless frame, the mass-inertial character-
istics of which are set by one finite element "Structural
Mass".

Fig. 2. Suspended engine case model

The frame is attached to the elastic elements of the
suspension — the front traverse 1 and the rear traverse 2
and the pull rod 3. Inside, the rotor is connected to the
frame by means of non-linearly elastic finite elements
simulating bearing supports.

Traverses are modeled by elastic beams of variable
cross section, working in bending. We model the pull rod
with an elastic rod working in tension.

4. Development of calculation models
of the pylon and engine mounts

The load-carrying element of the pylon is a torsion
box. An engine with a nacelle, a pylon nose, fairings, a
pylon aft, and a pylon fairing are attached to the torsion
box.

The torsion box is modeled by a beam of variable
cross-section working simultaneously in tension, torsion
and bending. The finite element model of the torsion box
is shown in Fig. 3. The finite elements of the torsion box
are the sections between its ribs.

0,000 4,000(m)

1,000 3,000

Fig. 3. Finite elements
of the torsion box and engine

The front traverse is attached to the front suspension
bracket with two bolts, which are modeled by hinges with
axes parallel to the engine axis (nodes 1 and 2). The
hinges transmit forces in a plane perpendicular to the axis
of the engine.

The N-shaped truss of the rear attachment belt is al-
so attached to the rear suspension bracket with two bolts,
which are modeled by hinges with axes parallel to the
engine axis (nodes 3 and 4). A pull rod is attached to the
same bracket by a hinge with an axis perpendicular to the
vertical plane (node 5).

5. Numerical analysis of the vibration
of a rotor with a detached blade during
the transition to autorotation

After the fan blade breaks off, large-scale vibrations
begin in the entire structure. The pilot turns off the engine
and its speed is reduced to the autorotation speed. The fan
speed in cruising mode is f; = 96.67 Hz. Frequencies and
modes of free oscillations of the engine on the pylon are
determined in the range from zero to f.. To do this, a
modal analysis of the model built in ANSYS was per-
formed. The following series of frequencies f; — fix was
received: 3.00; 6.60; 10.35; 11.96; 25.19; 26.96; 29.35;
52.91; 62.12; 74.87; 79.42; 80.63; 87.16 and 89.18 Hz.

The fan rotating frequency during autorotation is
fa = 23.58 Hz. It can be seen that during the transition to
autorotation, the engine speed passes through ten reso-
nant frequencies fi4 — fs. The frequency fs = 25.19 Hz is
close to the autorotation frequency. The oscillation mode
at this frequency represents the translational movement
and rotation of the engine on the pylon in a vertical plane.
It is necessary to check the strength of the engine mount
at this frequency.

To analyze the amplitude of oscillations, an ampli-
tude-frequency response was considered near the autoro-
tation frequency using Harmonic Response Analysis in
the ANSY'S package. (Fig. 4).

Peaks with a limited range are observed at all reso-
nant frequencies. In the ANSY'S package, the amplitude-
frequency response is built without taking into account
the nonlinearity of elastic elements, even if this nonline-
arity is specified in the properties of the elements. There-
fore, the amplitudes of oscillations at resonant frequen-
cies were calculated by numerical integration of the non-
linear model over a time interval of 100 periods. At a
resonant frequency of 25.19 Hz, the maximum forces in
the fastening hinges of the engine traverses to the pylon
are equal: in the front right — 14661 N, in the front
left — 9408 N, in the rear right — 34383 N, in the rear left
— 14083 N; the maximum forces in the fastening hinges
of the pylon to the wing are equal: in the front
right — 25881 N, in the front left — 45462 N, in the rear
right — 28430 N, in the rear left — 40494 N.
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Fig. 4. Amplitude-frequency response

Since the rotor supports are non-linear, it is neces-
sary to check the oscillation stability at the resonant fre-
quency, which is close to the autorotation frequency. The
orbits of the centers of mass of the fan rotor and the mo-
tor housing were plotted over a time interval of 100 peri-
ods (Fig. 5, 6). After the transition time, the orbits con-
verge to ellipses, which is typical for stable oscillations.
The slight blurring of the elliptic lines can be due both to
the error of the ANSYS numerical integration and to the
imposition of some chaoticity on the stable oscillations.

Fan CG orbit 25,186 Hz

5,0E-04
0,0E+00 -
-5,0E-04 \
-1,0E-03 - N\

-1,5E-03 A

Y [m]

-2,0E-03 -

-2,5E-03

-3,0E-03 -

-3,5E-03

-4,0E-03 T T T T T
-2,0E-03 -1,0E-03 0,0E+00 1,0E-03 2,0E-03 3,0E-03 4,0E-03

Z[m]

Fig. 5. Orbit of the fan center of mass

To refine the stability of the oscillations, the Poinca-
ré maps of the same points over 1000 periods were con-
structed (Fig. 7, 8). After the transition process, the map
of the center of mass of the fan rotor converges to a point
(Fig. 7), and the map of the center of mass of the engine
casing converges to a blurred point. Such mappings con-
firm the stability of nonlinear oscillations.

Engine CG orbit 25,186 Hz
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Fig. 6. Orbit of the engine center of mass

Fan CG Poincare map 25,186 Hz
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Fig. 7. Poincaré map of the fan center of mass

Conclusions

A method and a computer program have been de-
veloped for analyzing oscillations of a turbofan engine
caused by a fan blade separation.

Bearing supports are modeled by elastic elements
with viscous damping, while the front support has a bilin-
ear characteristic due to the fact that during large fluctua-
tions, the elastic element “squirrel cage” is first deformed,
and then the support shells are deformed together with it.

A numerical analysis of the transient vibrations of
the engine D-436-148FM on the pylon of the AN-178
aircraft was performed. In particular, the stability of the
oscillations of the fan rotor during the transition to auto-
rotation is considered.
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Engine CG Poincare map 25,186 Hz
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Fig. 8. Poincaré map of the engine center of mass

The results of the calculations are presented in the
form of time-dependence graphs of the forces in the bear-
ings and in the engine mounting joints.
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JOCIIKEHHS CTIMKOCTI ABTOPOTAIII TYPEOBEHTUISITOPHOI'O JIBUT'YHA
3 BIIIPBAHOIO JIOITATKOIO BEHTUJIATOPA

C. B. @ininkoecvkuii, B. C. Quzpin, O. O. Coodones, €. T. Bacunescovkuii, M. C. Tonan, JI. O. Dininkoscvka

OnHi€ro 3 BUMOT JI0 JIiTaKa 0 IPOEKTYETHCS € 3/IaTHICTH TMPOIOBKUTH TOMIT 1 3MIHCHUTH MTOCAAKY MPU TOMI-
KOJDKEHHI OHOTO 3 JIBUTYHIB. OZHUM 3 pPO3paxyHKOBUX BHITQ/IKIB HOIIKO/PKEHHS JIBUTYHA € BiJIPHB JIOMATKH BEH-
tunsitopa. Lle Bukimkae Benuki BiOparii, Ik caMoro JABUTYHA, TaK 1 KOHCTPYKIIii JiTaka. Po3pobieHo po3paxyHKOBY
MOJIETTb 1 METO/I JIOCIi/DKEHHS KOJMBaHb JIBUTYHA 3 MONIKO/KEHHSIM Y BUIJISII BiIpuBY JonaTku. [IpoBeneno uuce-
JIBHI JTOCHIJDKCHHS KOJIMBaHb JBUTYHA, IO MiABIIICHWHA HA MUTOHI. PO3MISHYTO poOOTY MBUTYHA 3 OHCOATaHCOM
BEHTWJIATOpA MICIIS BiAKIIOUSHHS TIPH MEPEXOi JI0 aBTopoTalii. UucerbHe MOJEIIOBaHH BUKOHAHO 3a J0MOMOT OF0
nmakety ANSYS Workbench. Ilepeani onopu poTopiB — Ky/JbKOBI ITiJIINITHUKH, SIKI BCTAHOBJICHO B TIPY)KHHUX eJle-
MeHTax «Oistue Konecoy. KynbKoBUH MiMMIMITHAK MOJETIOETHCS )KOPCTKUM IApHIpOM. 30BHI IPY)KHOTO €JIeMEHTa
pO3TaIoBaHi /Bi TOHKOCTIHHI OOWYaliKH, 10 € MPOMIXKHIUMH CHJIOBUMH eneMeHTaMu. [Ipu 30ibmenHi qucoanancy
POTOpa BEHTWIIATOPA 3aKPUBAETHCS 3a30p B MacisIHOMY JeMIiepi, Kopiyc Jemmndepa cijac Ha 00M4aliKy, BKIIOYa-
I0YH B pOOOTY iX JKOPCTKICTh. TakuM YMHOM, XapaKTEpUCTHKA JKOPCTKOCTI OropH € OiniHiiHo0. KoediuieHTHn xop-
CTKOCTI TIPY>KHOT'O €JIeMEeHTa «0iJIsiue Koueco» Ta 00M4alioK IepeIHbOI OOpH BU3HAYEHI METOJIOM YHCEINBHOIO MO-
JeTroBaHHs. POTOp BEHTMIIATOPA MOJIETIOETHCS TBEPANM TiJIOM HA TIiIIIUITHUKOBUX oropax. CtaTop ABUIYHa Mojie-
JIIOETHCS TBEPIMM TIJIOM Ha MPYXHIN miaBiciii. [Ti1oH 1 eeMeHTH MPY)KHOI MiJBICKH TBUTYHA MOJICIIOIOTHCS OaJi-
KaMU 3MiHHOTO Iepepi3y, 10 MPALOITh OHOYACHO Ha PO3TSAT, KPYYeHHs Ta BUI'MH. BUKOHaHO YMCENbHUIA aHami3
MePEeXiTHUX MPOIIeCiB KoMuBaHb NBUryHa J[-436-148®DM minpitneHoro Ha miioHi jgitaka AH-178. Otpumano amruti-
TYJHO-4aCTOTHY XapaKTEPUCTUKY KOJIMBaHb B Jlialla30HI YacTOT HIKYE YaCTOTH OOepTaHHS BEHTWIISITOpA Ha Kpei-
cepcbKoMy pexumi. JIochiKeHO CTIHKICTh KOJIMBaHb JBUIYHa Ha PE30HAHCHIM 4acTOTi, MO OJM3bKa JI0 4aCTOTH
aBToporanii. Pe3ynbTaTi YnceapbHOr0 MOJEIIOBAHHS MpeCTaBieHi y BUMIAl aiarpam. [loOynoBaHo TpaekTopii
PyXy LEHTPIB Mac poTopa BEeHTHJIATOpA Ta KOPITYCY JBUT'YHA Ha pe30HAHCHOMY pexkuMi. [1o0yn0BaHO TakoX BijIO-
OpaxenHs [lyaHkape KOTMBaHb THX CAMUX TOYOK KOHCTPYKIIIi.

Kuio4oBi ciioBa: IBUTYH; pOTOp; MOLIKOKEHHS; TUcOaIaHc; BiOpalis; YrcebHe MOJICITIOBAHHS; aBTOPOTALIis
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