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Abstract: Flexible response of the airframe structural elements under operational loads are one of the main sources of fatigue
damage accumulation. It is known that fuel sloshing in tanks can change the dynamic (frequencies and shapes of natural
oscillations) and dissipative properties (oscillation damping decrements) of an elastic system, including partially or completely fuel-
filled tanks. It is specified that fuel sloshing in tanks due to the additional oscillation energy dissipation of the elastic system can
have a significant impact on both the fatigue and aeroelastic characteristics of aircraft structural elements. Theoretical and
experimental studies, applicably to the majority of currently operating transport aircraft, have shown that when modeling dynamic
phenomena and solving aeroelasticity problems, fuel can be considered conditionally solidified, which actually does not affect the
resultant effect. The advent of modern heavy transport aircraft with a high aspect ratio wing and four engines on pylons under the
wing has led to a considerable change in the dynamic picture of the aircraft interaction with the environment. The main feature is
that, under this arrangement, the first horizontal bending mode of the wing is embedded in the main flexible modes that determine
the dynamic response to external effects. In this case, the model of solidified fuel can have a significant impact on the accuracy of
predicting dynamic loads and, as a consequence, on the quantitative characteristics of durability and aeroelasticity. The article
presents the results of experimental studies of the impact of fluid sloshing in the tank on the dynamic characteristics (frequencies of
natural oscillations and amplitudes of forced oscillations) of the “wing model — fuel tank™ system. The design of the experimental
installation and the methodology of conducting experiments are described. During the experiment, the tank was partially filled with
liquid or full, and horizontal bending modes of the wing model, for which considering liquid sloshing in the tank is the most
relevant, were studied. The tank refueling levels are determined at which the maximum effect of the system oscillation damping is
achieved due to energy dissipation under liquid sloshing. The effect of various factors (presence of a top cover, internal structural
frame, perforation in the structural frame) on the amplitudes and frequencies of forced oscillations is analyzed.
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JKCcNepUMeHTAIbHbIE NCCJIeI0OBAHNS BJAMSIHUS MOABHKHOCTH KUIAKOCTH
B 0aKe Ha IMHAMUYECKHE XaPAKTEPUCTHKHN CUCTEMbI «MOAEJb KPbLIa —
TONJUBHBINA 0AK»
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AHHOTamMs: YTpyrue KoyieOaHus 2JIEMEHTOB KOHCTPYKLMHM IUIaHEpa camMoJieTa NMpH JIeWCTBUM SKCIUTyaTallMOHHBIX Harpys3oK
SIBJISTFOTCSL OZTHAM M3 OCHOBHBIX MCTOYHMKOB HAKOIUICHHS yCTAJIOCTHBIX MOBPEXICHNH. VI3BECTHO, YTO MOABIKHOCTH TOIUIMBA B
0akax MOKET M3MEHSTh JUHAMIYECKIE (YaCTOTHI ¥ (JOPMBI COOCTBEHHBIX KOJIeOaHMI) U AUCCUITATUBHBIE (ICKPEMEHTHI 3aTyXaHHUS
KoJIeOaHMIT) CBOWICTBA YIPYTOM CHCTEMBI, BKIFOYAIONIEH OAKW, YaCTHYHO FUJIM TOJHOCTBIO 3allOfIHEHHBIE TOIBOM. [Ipu sToM
BOJIHOBOE JBIDKEHHE TOIUIMBA B 0akax 3a CUET JOMOIHUTEILHOW AMCCHIALMK SHEPTHU KOJNCOaHMI yNpyrol CHCTEMbI MOXKET
OKa3bIBaTh CYIIECTBCHHOE BIMSHME KAaK HA YCTAIOCTHBIC, TaK W HA a3pOYyNPYTHe XapaKTEPUCTHKU 3JIEMEHTOB KOHCTPYKIWH
BO3IYIIHOTO  CyJHA. TEOpETHYECKHE W  OKCIICPUMCHTAJBHBIC  HCCICIOBAHHMS  MPUMEHHUTEIBHO K  OOJBIIMHCTBY
OKCIUTyaTUPYIOLIMXCS B HACTOAIIEE BpeMsi TPAHCHOPTHBIX CaMOJIETOB IOKa3aHM, YTO TOILUIMBO IPU MOJEIMPOBAHUH
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JIMHAMUYECKHX SIBJICHUI 1 PELIEHUH 3a]1a4 a3pOyNpYTrOCTH MOXKHO PaccMaTpuBaTh YCJIOBHO 3aTBEP/AEBIINM, YTO (DaKTHUECKH HE
BIIUSICT HA KOHEUHBIH pe3ysbTat. [losiBiieHne COBpEMEHHBIX TSDKENBIX TPAHCTIOPTHBIX CAMOJIETOB C KPHUIOM OOJIBIIIOTO YITIMHEHHUS
W YeTBIPbMS JBUTATEJISIMH HA MHJIOHAX IO KPBUIOM MPHBEJIO K CYIIECTBEHHOMY W3MEHEHHIO IMHAMUYECKOH KapTHHBI
BlarMopeiicTus JIA ¢ okpysxaromiel cpeoit. OCHOBHas 0COOCHHOCTB 3aKITFOYACTCS B TOM, YTO P JaHHON KOMIIOHOBKE B YHCIIO
OCHOBHBIX YIPYTUX TOHOB, OINpPEICISIONMX JINHAMUYECKYIO PEAKIMI0 HA BHEIIHHE BO3/CHCTBHS, BXOIMT MEPBBbIA TOH
TOPH30HTATIBHO-M3rMOHBIX KOJeOaHNit Kpblia. B 3TOM citydae Mojiesb 3aTBEp/ICBIIETO TOILUIMBA MOXET OKa3aTh CYIIECTBEHHOES
BIUSIHUE HA TOYHOCTh MPOTHO3UPOBAHMS MHAMUYECKMX HArpy30K M, KaK CIEICTBHE, Ha KOJIMYECTBEHHBIC MMOKA3aTelH
JIOJITOBEYHOCTH U a3pOYNPYToCcTH. B cTarhe MpUBOASTCS pe3yiibTaThl SKCIEPHUMEHTAIBHBIX HCCIICIOBAHUI BIMSHUS TOABMKHOCTH
KUJIKOCTH B Oake Ha JUHAMHYECKUE XapaKTePUCTHUKH (YacTOThI COOCTBEHHBIX KOJEOAHMH W aMIUIMTY/bl BBIHY)KICHHBIX
KoJIe0aHHi) CHCTEMBI «MOJIENb Kpbula — 0aky. OrrcaHa KOHCTPYKLHS SKCIIEPUMEHTAIbHON YCTAHOBKM U METOAMKA MPOBE/ICHHS
9KCIEepUMEHTOB. B mporecce skcrepuMeHTa Oak YacTHMYHO WM TIOJHOCTBIO 3aOJNHSUICS JKHMAKOCTBIO, HCCIIEIOBAIMCH
TOPHU30HTAILHO-M3TUOHBIE (POPMBI KOJIeOaHUI MOJENU KpbUla, UIsl KOTOPBIX Y4YeT HOJBIXKHOCTH JKUIKOCTH B Oake HanOoee
axtyanieH. OnpeziesieHbl ypOBHU 3anpaBKH 0aka, PH KOTOPBIX JOCTUraeTcss HauOoJbIINi dQdexT nemnpupoBanus KoleOaHus
CHCTEMBI 32 CUET pacCcerBaHs SHEPTHH TIPY BOJHOBOM JBMKEHHH >KHIKOCTH. [IpoaHan3npoBaHo BIMSIHUE Pa3iIMIHbIX (aKTOpOB
(HaymuMe BepXHEW KPBIIIKM, BHYTPEHHEro CHJIOBOrO Habopa, mepdopaiyi B CHIOBOM HaboOpe) Ha aMIUIMTYIBl M YacTOTHI
BBIHYKJICHHBIX KOJIeOaHHH.

KiioueBble cj1oBa: BOJHOBOE ABMIKCHUC KUJAKOCTU, NUHAMHWYCCKUC XapaKTCPHUCTUKH, YaCTOTa U aMIUIUTyJa KOJ'Ie6aHI/II71,
AMIUIMTYTHO-4YaCTOTHBIC XapAKTCPUCTUKMU.

Jnst nurupoBanus: Bappansan I'.b., KoueroB A.C., Iletpos FO.B. DkcneprmMeHTanbHbIe UCCIEI0BAHUSI BIUSHUS OBHKHOCTU
JKMAKOCTH B 0Oake Ha JMHAMUYECKHE XapaKTEPUCTHKH CHCTEMBI «MOJIEIb KpbUla — TOIUIMBHBIA Oak» // Hayunelii BecTHuk
MI'TY T'A.2024.T. 27, Ne 2. C. 60-68. DOL: 10.26467/2079-0619-2024-27-2-60-68

Introduction arrangement, the first horizontal bending mode
of the wing is embedded in the number of elas-
tic eigentones that determine the dynamic re-
sponse to external effects. In this case, in con-
formity with the studies [2, 3], a model of solid-
ified fuel can have a significant effect on the
accuracy of predicting dynamic loads and, as a
consequence, on the quantitative characteristics
of durability.

Known analytical solutions do not make it
possible to adequately respond to a variety of
key issues: how a level of refueling the fuel tank
impacts the dynamic and dissipative characteris-
tics of the “wing — tank™ system on the whole;
how to evaluate magnitudes of partial logarith-
mic decrements of fuel sloshing damping in
tanks for the use in mathematical modeling; to
identify the most rational design schematization
of tanks while modeling; to define the extent of
upper wing panel impact on fuel sloshing in
tanks regarding various levels of refueling.

Elastic modes of the airframe structural ele-
ments under operational loads are one of the
main sources of fatigue damage accumulation.
Some theoretical and experimental studies for
tanks of different shape show [1-16], that fluid
sloshing in the tank can change frequencies and
shapes of free oscillations of technical objects
with cavities which are partially or completely
filled with liquid. Furthermore, under certain
conditions, a level and frequency of loads, acting
on the structure due to liquid sloshing, vary sub-
stantially, which impacts the magnitude of fa-
tigue damage accumulation in the structural ele-
ments. Fuel sloshing in the tanks also impacts
aeroelastic characteristics of aircraft structural
elements [2, 3].

Numerous theoretical and experimental
studies, applicably to majority of operating
transport aircraft, showed that while solving
dynamic problems, fuel can be considered con-
ditionally solidified which, in fact, does not im- Experimental techniques
pact a resulting effect. The advent of modern

heavy transport aircraft with a high aspect ratio The experiment is dedicated to the solution
wing and four engines on pylons under the wing of some of the stated issues. The schematic dia-
has led to a considerable change in the dynamic gram of the experimental installation, designed
picture of the aircraft interaction with the envi- to investigate the impact of fuel sloshing in the

ronment. The main feature is that, under this tanks, is given in Figure 1.
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Fig. 1. Schematic diagram of the experimental installation

A beam 2, modeling the aircraft wing which
inertia-mass and rigidity parameters are known,
is tightly fixed on the massive basis 1. A tank 3,
manufactured from duralumin plates with the
upper organic plastic cap, is installed on the
beam. The tank presents a geometrically alike
fragment of an integral fuel tank of a heavy
transport aircraft. An integral fuel tank is sche-
matized by a rectangular parallelepiped. A capa-
bility to install up to five additional ribs (parti-
tions) inside the tank is provided. A rib set com-
prises complete walls as well as perforated walls
of different aggregate area. The tank was filled
with water.

A unit of excitation A (fig. 1) energizes a
generator of signals 4 and an electric dynamic
vibration exciter 5. Forced harmonic beam vibra-
tions in the horizontal plane within a frequency

range of fp=2.5...4.5 hz, inside which there is

free frequency of the first horizontal bending
mode of the beam with an empty tank, were ex-
cited by the unit A. A recorder unit B activates
sensors of vibratory displacement 7, an amplifier
of signal 6 and a recording device 8. Processing
of measurement outputs was conducted in com-
pliance with GOST P 8.736-2011.
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The methodology of conducting the experi-
ment was as follows.

In the first phase, dynamic and dissipative
characteristics of a beam with an empty tank
were identified, amplitude-frequency response
diagrams were built. Thereupon, liquid (water)
was poured into a tank, and new amplitude-
frequency response systems, containing a cavity
partially water-filled which generates wave
sloshing, were built. Parameters of an equivalent
mechanical analog, which were used to form
equations of the disturbed motion for the system
“wing model —tank with liquid” and to perform
theoretical calculations, are computed under the
certain geometrical tank sizes and the assigned
level of refueling according to the familiar
methodology [2, 17, 18]. The parameters of the
mechanical analog were also identified experi-
mentally in accordance with the resonant me-
thod. A pitch of the refueling level variation
AG,

amounted t0 AG, = -0.1, where AGp -
T0

weight of additionally poured water into the
tank, Gr, — water weight in the full tank.

The system characteristics were additionally in-
vestigated while using a model of solidified fuel.
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Fig. 2. Normalized amplitude-frequency responses of horizontal beam oscillations at the location of the vibration
displacement sensor installation (solid line — sloshing liquid, dashed line — conditionally solidified liquid)

In this case, cargo, weighing Gr(, was put into
the tank.

Experimental findings

Main experimental findings are given in Fi-
gures 2...5. Figure 2 shows normalized ampli-
tude-frequency responses at the location of the
vibration displacement sensor installation of the
dynamic system under consideration in the area
of the first horizontal bending mode under dif-

ferent refueling levels Gy =i , where G —
T0

weight of the filled-tank water.

An analysis of results show that fluid slosh-
ing has a more significant impact on the dynamic
(eigen frequencies) and dissipative (response
amplitude) parameters of the elastic system un-

der average refueling (ET =0.7). Under low
tank refueling ((_?T =0.1) and for full tanks

((_?T =1.0), the impact of liquid sloshing can be

initially not considered and can be regarded as
conditionally solidified.

The variation of the beam eigen frequency
with a tank by the first horizontal bending mode
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Q ] b . .
Ql (€ — eigen frequency at the interim
0

fueling level, 0, — the beam eigen frequency

ﬁFH =

with an empty tank) from the refueling level Gy
is illustrated in Figure 3. The analysis of findings
proves satisfactory convergence of the calcula-
tion and the experiment.
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Fig. 3. Dependence of the relative beam eigen frequency

with the tank Q) i on the level of tank refueling C_;T

(solid line — the calculation considering liquid sloshing;
dashed line — the calculation with solidified liquid,
dots — experimental data)
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The impact of the inner set (ribs) on the
dynamic characteristics of the “wing model —
fuel tank” system and the parameters of the
mechanical analog was evaluated in the course
of the experiment as well. In particular, Figure

4 shows the function graphs Q= f ((_?T),

where Qpy; — eigen frequency of the first-
mode horizontal bending beam oscillations
with a tank; Gy — the refueling level. In con-
formity with the function graphs, while sche-
matizing a real tank structure, a series of its
compartments (2...5) can be combined into
groups for which the impact of inner ribs can
be disregarded.
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Fig. 4. Dependence of the beam eigen frequency with the
tank 247 on the level of refueling the tank G (solid

line — a tank without ribs; dashed line — a tank with five
ribs)

The experimental definition of logarithmic
decrements of liquid sloshing damping under its
wave motion in the tank is of paramount im-
portance, as all the existing analytical methods
are merely applicable for specific tank shapes
with smooth walls. In the experiment, the loga-
rithmic decrements of oscillation damping of the
“wing model — tank with liquid” system were
identified. The partial logarithmic decrement of
the main mode liquid sloshing damping was cal-
culated analytically using experimental data. For
this purpose, a two-mass calculation model of
the system was used: a single mass beam model
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with the reduced mass to the center of tank grav-
ity as well as a single mass pendulum model of
wave liquid motion. To be based on processing
the experimental oscillograph charts of free
mode of the system, partial frequencies as well
as the logarithmic decrements of beam oscilla-
tions damping (empty tank) of the eigentone and
the whole system under different levels of tank
refueling were obtained. The design model al-
lows us to compute the partial decrement of the
pendular oscillator vibration damping. As a re-
sult, an array of data was derived: a level of tank

refueling G — the partial logarithmic decrement

of the pendular oscillator vibration damping oy,
modeling fuel sloshing. In order to obtain an an-
alytical dependence, the method of least-squares
was used.

The results, given in Figure 5, are in the form
of the dependence of the logarithmic liquid
sloshing damping decrement in the tank by the

first mode o1 of wave motion in the horizontal

plane on the refueling level Gr, where the
curve, obtained according to the empirical for-
mula 8. =0.08+0.2G;, is presented by a solid
line. Experimental data is shown by dots in the
picture. The empiric formula can be used while
conducting preliminary evaluation calculations
of aeroelastic and strength characteristics of the
aircraft with fuel sloshing in tanks.

51"
0,3 PY
/
0,1 - 5 /.
®
0
0,2 04 0,6 0,8 G.

Gr

Fig. 5. Dependence of the logarithmic oscillation damping

decrement O on the refueling level G



Tom 27, Ne 02, 2024

HayuyHbiit BectHuk MITY TA

Vol. 27, No. 02, 2024

Conclusion

The findings revealed that considering liquid
(fuel)sloshing in the tanks under the horizontal
bending mode of the outer wing can significantly
specify its dynamic response to the external dis-
turbing effects. The impact of the tank refueling
level on both eigen frequencies as well as the
dissipative parameters of the system was evalu-
ated. The empirical formula to calculate the par-
tial logarithmic decrement of liquid sloshing
damping under horizontal bending wing modes
which can be used while preliminary mathemati-
cal modeling.
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