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A modern large-sized aircraft dynamic properties analysis, determined by the specificity of its layout scheme, demonstrates that the
engines on under the wing elastic pylons lightly damped oscillations cause a number of undesirable phenomena, including intense
accumulation of fatigue damage of the pylon-to-the-wing attachment, in fact in the area of engine installation in the pylon and the
wing. The results of theoretical and experimental research show that with some engine attachment to the pylon structural
modification it becomes possible to use the engines inertial and gyroscopic properties to absorb these oscillations. In this case, the
motor tones damping coefficients increase by an order of magnitude or even more, so the gyroscopic coupling of elastic vibration
tones is realized. With the rational choice of the additional parameters of elastic and dissipative bonds in the engine attachments it is
possible to affect the aircraft wing and engines aero elastic vibrations effectively, which has a significant effect on the aircraft
elements structural capabilities. A mathematical model of aero elasticity (MMAE) with respect to the kinetic moment of the engine
rotors and specially designed units for attaching the engines to the pylons was developed in order to study the influence and the
selection of rational elastic-dissipative parameters of the pylons-under-the-wing aircraft engine mounts. The method of
predetermined basic forms is used for the aircraft with running engines on the pylons MMAE synthesis. The given forms are
considered as the aircraft basic structure forms natural vibrations in the void. This work treats the engine nacelle and the rotor as
absolutely rigid bodies, the elasticity of the rotor to the nacelle attachment is neglected. The pylon is modeled by an elastic beam,
and the elastic and dissipative properties of the pylon-to-the-wing and the engine-to-the-pylon attachments are correspondingly by
elastic-dissipative bonds. Schematic diagrams of the engine to the pylon attachments are proposed. The results of the study devoted
to the influence of the proposed attachment points modifications on the load and integral strength characteristics of the main
structural elements of the engine — pylon — wing dynamic system on the example of an An-124 aircraft are presented. The practical
implementation of the proposed solutions aimed to reduce the level of fatigue damage to structural elements of the aircraft
feasibility is proved.
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INTRODUCTION

One of the main features of a modern aircraft layout is the location of engines on elastic pylons
under the wing. With obvious design and operational advantages of such a layout, an actual problem
arises: engines on elastic pylons lightly damped oscillations. This phenomenon is conditioned by the
fact that the oscillations energy dissipation in the dynamic engine — pylon — wing system is only per-
formed by internal and structural damping. Engines on elastic pylons oscillations lead to the elements
of the wing and pylon structure fatigue damage accumulation and to the aero elastic dynamic instabil-
ity of the "pylon" flutter type occurrence as well as to the worsen the crew and equipment operation
performance.

At the same time, the results of theoretical and experimental studies [1-9] show that certain en-
gine to pylons attachment points design modifications, aimed at some engine and pylon relative dis-
placement provision, can significantly increase the dissipative properties of the engine — pylon — wing
dynamic system. In this case, special elastic elements and damping devices are introduced into
the structure, and the running engine can be used as an inertial and gyroscopic oscillations dampen-
er [10-15]. Research shows that with rational (tuning) values of the engine to the pylon attachment
elastic dissipative parameters, it is possible to influence the aero elastic oscillations of the engine — py-
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lon — wing dynamic system effectively. At the same time, the damping coefficients of motor tones in-
crease by an order of magnitude or more.

This paper studies some design schemes of engine to pylon attachment points and the influence
of the proposed modifications on the aero elastic oscillations in the engine — pylon — wing dynamic
system is analyzed. Mathematical model of an aircraft with operative elastic pylons engines, which is
developed by the authors, is used for analytical research [1]. The results of the study devoted to the
influence of the proposed attachment points modifications on the load and integral strength character-
istics of the main structural elements of the engine — pylon — wing dynamic system on the example of
an An-124 aircraft are presented. The practical implementation of the proposed solutions aimed to re-
duce the level of fatigue damage to structural elements of the aircraft feasibility is proved.

MATHEMATICAL MODEL OF THE AIRCRAFT AERO ELASTICITY
WITH THE ENGINES RUNNING ON ELASTIC PYLONS

The development of a mathematical model of aero elasticity (MMAE) is an important stage
in the study of the engine attachment points to elastic pylons under-the-wing structural modifications
influence on the aircraft structural elements strength characteristics. The method of predetermined
basic forms is used for the aircraft with running engines on the pylons MMAE synthesis [1, 16-20].
In accordance with this method, the deformations of structures in perturbed motion take the form of
expansion in a series of known coordinate vector functions (forms). The given forms are considered
to be the forms of the aircraft basic structure natural oscillations in the void. This work treats the en-
gine nacelle and the rotor as absolutely rigid bodies, the elasticity of the rotor to the nacelle attachment
is neglected. The pylon is modeled by an elastic beam, and the elastic and dissipative properties of
the pylon-to-the-wing and the engine-to-the-pylon attachments are correspondingly by elastic-
dissipative bonds. The engine has a kinetic moment Hp the influence of the engine thrust dynamic
components is neglected. Thus, in [3] it is shown that the influence of dynamic thrust components on
the natural frequencies and forms of oscillations, as well as on the flutter characteristics of the aircraft,
is insignificant and can be ignored. When calculating aerodynamic characteristics, the engine is sche-
matized as a set of vertical and horizontal thin bearing surfaces modeled by a family of attached and
free vortices.

We consider an elastic plane that performs a steady horizontal flight at the speed of V, in its

initial state. Having the set-up inertia-mass engine parameters, the pylon geometric characteristics, the
rotor kinetic moment Hp, the engine-to-the-pylon attachment points elastic-dissipative parameters, us-
ing the Lagrange equations, it is possible to form a perturbed motion equation of an elastic aircraft
with the engine running on the pylon as shown in [1]. In the matrix form the mathematical model of
an aircraft aero elasticity (MMAE) has the following form:

[MBD]{.q.BD}_i_[DBD]{q.BD}+[BBD]{qBD} :[PH],

_[t4s) _([[#m5] [0] _([Bs] [0]
{%D}_ {q[z}, [MBD]_H [O] [0] ’ [BBD]_ [0] [Bd] ’
[DBD]:[DB]+[Dd]+[GBG]7 [Bd]:[Fd}T[Bs:H:Fd}’
| By | =diag[by,..... by by |
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[D,1=[F 1 [D[F, ], [DY)=diag[dy.sdyssd,s ],
0] [0 o
T
[GBG]:[F“’] [GG][Fd]’ [GG]:HP [0] [GdO] ’ [GdO]:(l) 8 g’

where [M B] [DB] [B B] are correspondingly the generalized mass, damping, and stiffness of the
base model m;trix; ’

{qB} — is the vector — a column of generalized coordinates describing the relative engine and
pylon due to the flexibility of the attachment points displacement;

{g4} — is the vector — a column of generalized coordinates describing the relative engine and
pylon due to the malleability of the attachment points displacements;

[Dd ] [B d] — are damping and elasticity matrixes of the additional elastic dissipative bonds;

[Gpo ]’— is the influence of the running engine (gyroscopic coupling by generalized coordi-
nates) matrix;

[F d] — is the matrix, made up of vectors projections of absolute linear and angular displace-
ments associated with the coordinate system engine on the corresponding axes of this system;

[PH] — is the matrix of generalized external forces;

[ 0 ] — 1is the null matrix.

Let’s assume that all basic structure parameters are known, and the matrix of internal and struc-
tural damping coefficients is set.

Let the coordinate system O X|X,X3 be connected to the engine (Fig. 1).

The following designations in Figure 1 and Figure 2 are used: 1— beam model of the wing con-
sole; 2 — beam model of the pylon; 3 — engine; 4 — additionally introduced elastic elements of the en-
gine attachment points to the pylon design; 5 — additionally introduced dissipative elements of the en-
gine attachment points to the pylon design (for example, hydraulic dampers). The engine generally has

six degrees of freedom of relative displacements, which are set by the vector g, . At the same time
q41>4942-943 are — the coordinates describing the engine linear displacement due to its attachment

points to the pylon malleability; 4,4, 945,946 are — the coordinates of relative angular deviation;

baj > dgi (k =1,6) —is the partial coefficients of stiffness and damping of the corresponding elastic

and dissipative elements.
The research has shown that the maximum effect of damping the motor tones vibrations with
minimal modifications of the original engine to the pylon attachment scheme is achieved by ensuring

that it can rotate about the axis OX1 (fig.1, coordinate ¢ 4) or the axis @ — @ (fig. 2, coordinate

q45 )- In the first case, the provisionally released engine is a gyroscopic oscillation damper, built ac-

cording to the scheme of a high — speed gyroscope, and in the second case it is a damper of inertial os-
cillations with friction.
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Fig. 2. The engine-to-the-pylon fastening scheme with the possibility of rotation around the @ —a axis

RESEARCH RESULTS OF THE RUNNING ENGINES INFLUENCE ON THE AIRCRAFT
STRUCTURAL CAPABILITIES

The aircraft with modified engine attachment points aero elastic and structural capabilities
mathematical modeling process consisted of two stages. At the first stage, the rational (set-up) elastic-
dissipative parameters of the engine attachment points to the pylons for a given suspension variant
were determined (fig. 1 or fig. 2). The mathematical model of aero elasticity created in accordance
with the method of specified basic forms was used. The system of equations was solved with the use of
own values for different damping and stiffness coefficients of additional elastic-dissipative elements,
while the partial compliance with other generalized coordinates corresponded to the initial values of
the base model. As set-up parameters of a suspension bracket such parameters were accepted at which
damping coefficients (the real part of the characteristic equation roots) of the motor tones reached the
maximum values on absolute size. The second stage, studied the influence of the engine with modified
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attachment points on the aero elastic and structural capabilities of the aircraft. Some calculation results
are shown in Figures 3 ... 7.

Dynamic reaction of the large-sized plane of the An-124 type to external disturbance and con-
trol influences was investigated in particular. The analysis of the obtained data shows that the engine
with modified attachment points has a significant impact on the intensity and repeatability of dynamic
loads acting on the pylon and wing of the aircraft. Thus, Figure 3 shows the normalized oscillogram of
the bending moment increments in the root section of the external engine pylon AM x Wwith the fol-
lowing initial data: the aircraft's flight speed V,, =100 m/s; the vertical gust speed W 4=10 m/s; the

aircraft without fuel. A solid line shows the dependence at the original engine mounting scheme, a
dashed line shows the dependence at the set-up parameters of the conditionally released engine relative

to the vertical axis (fig. 1). The similar oscillogram for increase of the bending moment AM k in the

X
section of the wing corresponding to the external engine mounting location is shown in Figure 4.
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Fig. 3. Normalized oscillogram of bending moment increase

Fig. 4. Normalized oscillogram of bending moment
in the root section of the external engine pylon

increase in the wing section corresponding to the external
engine mounts location

The rational choice of the engine suspension elastic-dissipative parameters allows you to re-
duce significantly the amplitude of its oscillations, primarily in the area of torsion and engine elastic

tones. As an example, Figure 5 shows normalized amplitude-frequency response characteristic (AFC)
of the vertical oscillations A

|, in the center of mass of the external engine in the An-124 aircraft with-
out fuel in the area of torsion and motor elastic tones. The elastic tones on the frequency axis are ar-
ranged in the following sequence: symmetrical torsion oscillations of the wing first tone SK1; the en-
gine vertical oscillations SDV; the engine lateral oscillations SB; symmetrical torsion oscillations of
the second tone wing SK2; symmetrical horizontal bending oscillations f the first tone wing SGI1;
symmetrical bending oscillations of the first tone fuselage SIFL. The solid line corresponds to the orig-
inal parameters of the suspension, the dashed line corresponds to the engine, conditionally released
related to the horizontal axis @ —a (fig. 2). It is evident that the amplitude-frequency characteristic of
the engine vertical and lateral oscillations changes significantly in the lower elastic torsion vibration
tones of the wing. Due to the gyroscopic coupling of the wing and the engine elastic vibration tones,
both the natural frequencies absolute values and the engine — pylon — wing dynamic system dissipative
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properties change. The external engine oscillation wide frequency range amplitudes are reduced
by 1.5...5 times.

It is obvious that decrease in level and repeatability of the dynamic loads which effects the en-
gine — pylon — wing system leads to the reduction of fatigue damageability of the design elements and
to the increase of their resource. An important quantitative characteristic of the aircraft structure load-
ing capacity is the spectral density of the bending moment in the calculated cross sections.

Figure 6 shows the normalized spectral density of the bending moment S 1(4( in the An-124 air-

craft wing section, corresponding to the attachment point of the external engine, when the aircraft is
taxiing along the airfield without fuel at the speed of =10 m/s. The solid line shows the curve for the
original engine mounting scheme, and a dashed line for the mounting scheme shown in Figure 2.
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Fig. 5. Normalized amplitude-frequency characteristic of Fig. 6. Normalized spectral density of the An-124 aircraft
the An-124 aircraft external engine center of mass vertical wing section bending moment, corresponding to the

a1 attachment point of the external engine
oscillations Ay

The obtained spectral characteristics of changes in the integral force factors in the cross sec-
tions of the aircraft structure elements were used to quantify the resource in accordance with the hy-
pothesis of spectral summation of fatigue damage. In particular, some impact assessment results of the
proposed improvements of the engine-to-the-pylon attachment points, strength characteristics of the
large An-124 type aircraft main structural wing elements are shown in Figure 7 in the form of the

graphs showing the resource increase coefficient changes for the lower 7, v and upper T, y panels at
the external engine attachment point.

The figures demonstrate [ =11/l ; [ x1 — 1s the engine center of mass removal down rela-
tively to the pylon attachment points (along the O Xj axis in Fig. 1); /,» — is the engine center of mass

removal forward along the O X, axis.
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Fig. 7. The graph of the resource-increase coefficient changes for the wing lower T, n and upper T, v panels of the An-124

aircraft at the external engine attachment point

The solid line shows the released engine dependence relatively the vertical axis (diagram
fig. 1), the dashed line shows the released engine dependence relatively the horizontal axis (diagram
fig. 2). The dashed line corresponds to the / value of the production An-124 aircraft. All the men-
tioned above data are obtained with taking into account the engine rotor kinetic moment influence.

CONCLUSION AND DISCUSSION OF THE OBTAINED RESULTS

We studied the influence of elastic and dissipative parameters of engine attachment points on
the elements of the engine — pylon — wing dynamic system strength characteristics using the mathe-
matical model of aero elasticity developed by the authors, which takes into account the kinetic moment
of engine rotors. Potential attachments structural modifications which make it possible to have the
greatest impact on the intensity and repeatability of loads on the structure are proposed. As an exam-
ple, the results of the An-124 aircraft wing elements resource evaluation in accordance with the spec-
tral summation of fatigue damage hypothesis are presented. It is shown that the specially designed
elastic and damping elements being introduced into the structure allow us to expect the resource of in-
dividual structural elements increase by up to 30%.
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NCCIEAOBAHUE BJIMAHUA HHEPIIMOHHBIX U TMPOCKOIIMYECKHUX
CBOMCTB PABOTAIOIIMNX JIBUTATEJIEM HA ITIPOYHOCTHBIE
XAPAKTEPUCTHUKHA JUHAMHUYECKOM CUCTEMBbBI
JABUI'ATEJIb - ITMJIOH — KPBLJIO

B.B. Opunnunkos', ¥0.B. HeTpOB2

"Mockosckuii 2ocyoapcmeennviii mexnuueckuii ynusepcumem umenu H.J. Baymana,
2. Mockea, Poccus

Mockosckuii 20cy0apcmeentblii mexHuuecKuil yHU8epCumen 2paxcOanckoll asuayuu,
2. Mockea, Poccus

Amnaim3 0coOEHHOCTEH TMHAMUYECKHX CBOMCTB COBPEMEHHOTO KPYITHOIa0apUTHOTO CaMoJIeTa, 00YCIIOBICHHBIX CrelU(UKoii ero
KOMITOHOBOYHOH CXEMBbI, TIOKa3bIBaET, 4TO CJIa00/IeMII(pHpOBaHHbIC KOJICOAHHs JBUTaTeNiel Ha yNpYTHX IMHJIOHAX MOJ KPHUIOM
SIBIISIFOTCS| IPHYMHOM Psijia HEXKETATENIbHBIX SBJICHHI, B TOM YHCIIE MHTEHCHBHOTO HAKOILICHHUSI YCTaIOCTHBIX IOBPEXK/ICHUH y3JI0B
KpEIUICHUs ABUTaTellsl K IMIJIOHY, ITHJIOHA K KPbLTy, COOCTBEHHO B IMIJIOHE M KPBUIE B MECTE YCTAaHOBKH JBUTraTeneil. Pe3ynbTaTe
TEOPETUUECKUX M JKCIIEPUMEHTAIBHBIX HCCIIEJIOBAHMH TTOKA3bIBAIOT, YTO TIPH OMNPEAENICHHON J0pabOTKe KOHCTPYKLHH Y3JI0B
KpeIUICHUs JIBUTATeNsl K TWIOHY HOSBIISIETCS BO3MOXKHOCTH HCIIONB30BaTh WHEPIHOHHBIE W THPOCKOIMYECKHE CBOWCTBA
JIBATATENCH TS TallleHHsT TAHHBIX KoJieOaHuii. B 3ToM ciydae Ha mopsmok U Oolee Bo3pacTaroT Kod(pUIHMEHTHI AeMIThHpOBaHHS
JBUTaTENBHBIX TOHOB, PEAIM3yeTCs I'MPOCKOIMYECKas CBS3aHHOCTH YIPYTHX TOHOB KoyieOaHwil. [Ipu pamyoHaibHOM BBIOOpE
MapaMeTpoB JIOTIONHUTEIBHBIX YIPYIUX M JUCCHUIIATHBHBIX CBS3eH B y37aX KPEIUICHHs JBHraTteliell yaaercss IOCTATOYHO
3(heKTHBHO BO3IEHCTBOBATH HA A’pPOYNpYrHe KoMeOaHHs KpbUla CaMosieTa W JBUTraTesiel, 4TO OKa3bIBAaeT CYIIECTBEHHOE
BIIMSIHYE HA TIPOYHOCTHBIC XapaKTEPHCTHKH JIEMEHTOB KOHCTpYKImH JIA. [l uccnenoBaHus BAMSHUS M BEIOOpA PaLMOHATIBHBIX
YIIPYTOIMCCHIIATUBHBIX IIApaMETPOB MOJBECKH ABHIaTeel caMmolieTa Ha IIMJIOHAX IOJ KPbUIOM pa3paboTaHa MaTeMaTHYecKast
Mozens aspoynpyroctd (MMAY) ¢ yd4eroM KHHETHYECKOIO MOMEHTa POTOPOB JBUTATElCH W CICHUATGHBIM 00pa3oM
CKOHCTPYHPOBAHHBIX Y3JIOB KPCIUICHUSI IBUraTesicii Kk mwionam. Jist cuaTesa MMAY camorniera ¢ paOOTArOIUMU JBUTATSIISIMU
Ha MWJIOHAX HCIOJIb3YETCsI XOPOIIO 3apeKOMEHIOBaBIIMIA ce0sl MeTo]| 3a/laHHbIX 0a30BbIX (opM. B kadecTBe 3a1aHHBIX (hopM
paccmaTpuBaroTcs GOpMBI COOCTBEHHBIX KoJieOaHM 0a30BOI KOHCTPYKLMM caMolieTa B IycToTe. B manHOW pabote roHmona u
pOTOp JBHTATENsl PAcCMaTpHBAIOTCS KaK aOCONIOTHO JKECTKUE Tela, YNPYrOCTBIO Y3JIOB KpEIUIEHHSI poTopa K TOHJONE
npeHebperaercs. [ToH MonemipyeTcst ynpyroi Oankoi, a ynpyrie ¥ IMCCHIIATHBHBIE CBOWCTBA Y3JIOB KPEIUICHHS ITHJIOHA K
KPBUTY M JBHTATeNs K MHJIOHY COOTBETCTBYIOIIMMH YIPYTOIUCCUTIATHBHBIMU CBSI3IMU. [IpeuioskeHbl PHHIMIHAIBHBIE CXEMBI
Y3JI0B KpEIUICHHs [IBUTATeNs K IMWIOHY. IIpMBOIATCS pe3ynbTaThl MCCIEIOBaHMS BIMSHUSA IpEeIUIaraéMbIX JOpaOOTOK Y3JIOB
KpeIUIeHWsT Ha Harpy>KeHHOCTb W WHTETPaJIbHbIE NPOYHOCTHBIC XapaKTEPUCTHKH OCHOBHBIX KOHCTPYKTHBHBIX OJIEMEHTOB
JMHAMUYECKON CHUCTeMBl IBUTAaTeNlb — IMWJIOH — KPBUIO HA TPHUMEpE camoleTa An-124. JloxazaHa LenecooOpa3HOCTh
NPAaKTMYECKOH peanu3alyl NpelaraéMblX PpeIIeHHil 11 CHIDKCHHS YPOBHS YCTaJOCTHON IOBPEKIAEMOCTH 3JIEMEHTOB
KOHCTPYKIIMY CaMOJIeTa.

KiroueBble ciioBa: aAdpPOyNpyrocTb, ABUTaTC/Ib HA MMAJIOHE, MHCPIUOHHBIC U TUPOCKOIMMYCCKUE CBOﬁCTBa, YIpyroauCCUnaTuBHbLIC
CBA3H, YCTAJIOCTHAaA NOBPEKAAECMOCTD, PECypC.
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