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Hcnonvsosanue cmamucmuyuecko20 SHep2emuyecko20 mMemooa OJisi aHAIU3ad OUHAMUYECKUX CUCTEM
npeononazaem, 4mo Kod3QouyueHmsl Hepeemuieckou Cesa3u noocucmem O0NAHCHbL Obimb uzgecmuul. Ko-
aghpuyuenmol HEpeeMUYECKOU C653U NOKAZLIGAIOM, KAKASL YACMb IHEPSUU Nepexooum U3 0OHOU HOOCUC-
membl 8 Opyeylo. OHu 6X00m 8 CUCmEMY YPAGHEHUL IHEP2eMULEecK020 DANAHCA U NPedsapumenbHo O0INC-
Hbl OblMb onpedeneHvl AHATUMUYEeCKU, IKCNEPUMEHMANbHO Uiy yucienno. Hauboree nepcnexmugnviv u3z
NepeuUCieHHbIX Memo008 AGIAEMC s YUCIeHHbLU. B uacmuocmu, 6 0anHOU cmambve UCnoIb308aH Memoo
KOHEYHBIX DJIEMEHMO8.

Lenvlo nacmosiwyezo uccnedosanus sA6asemcst onpeoeienue Kodphuyuenmos snepeemuyeckol cesa3u
08yx noocucmem 6 08YX 6APUAHINAX UX OMHOCUMENLHO2O NONONCEHUA. 3a OCHO8Y NPUHAMA MOOEb
T-06pasnozo coedunerus 08yx 6ANOK, KOMOPAsi O0B0IbHO YACMO 6CMpedaemcs 8 NOOOOHBIX UCCAEO08AHU-
sax. [-obpasnoe coedunenue uacmeli KOHCMPYKYUU YACHO 6CMPEYAEMcsl 8 CHPOUMENbHBIX COOPYICEHUSIX,
O00HAKO 6 Opy2ux Ompacjisx, Makux KaK paspabomka KOCMUYeCKou U AGUAYUOHHOU MEeXHUKU, 3a4dACmyio
DNIEMEHMblL KOHCIMPYKYUU COCOUHSIIOMCSL NOO Y2lloM, OMIUYHbIM OM NPAMO20. A NOCKOIbKY dHepeemuyeckue
Memoobl MO2Ym NPUMEHAMbCA U OISl A9POKOCMUUECKOU OMPAciu, npu paspadomke nooxo008 K aHaiuzy
KOHCMPYKYULL ¢ ROMOWBIO MAKUX MEMO008 Oy0em NONe3HbIM 3HAHUE O MOM, KAK MEHSIONCsl dHepeemuye-
CKUe napamempol CUCIEMbl, 8 YACHMHOCMU KOIDDUYUSHMbL IHEPeMUUECKOl C653U, 6 3A6UCUMOCIU OM
M020, N0O KAKUM Y2IOM BbINOIHEHO CONPINCEHUE UX COCHABHbIX YACMEll.

Paccmompenvl 0se xongueypayuu cucmemvl: 6 nepeol — OAIKU COEOUHEHbL NOO HPSIMbIM YeloM,
80 6mopoll — noo yenom 45°. Boiyucaenvt koagpuyuenmol sHepeemuueckoll c6:a3u 6anok 01 0b6eux KoHgu-
eypayuii cucmemvl. COenanvl 6b1600bl O BO3MONICHOCIU PACNPOCMPAHEHU NOLYYEHHO2O0 pe3yibmama
Ha boJiee C0JICHbIe KOHCIMPYKYUL, 4 UMEHHO KOHCMPYKYUU KOCMUYECKOU MEXHUKU.

Kniouesvie cnosa: anepeemuueckuti memoo, KodQduyuenm sHepeemuueckoi cesa3u, ypasHeHue dHep2e-
mu4ecKoeo banianca, KOCMUYeckull annapam, Koaieoanus.
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Part 1. Informatics, computer technology and management

The use of a statistical energy method for the analysis of dynamic systems assumes that coupling loss
factors of subsystems must be known. Coupling loss factors show what part of energy moves from one
subsystem to another. They are included in the system of energy balance equations and must first be
determined analytically, experimentally or numerically. The most promising of the listed methods is a
numerical one. In particular, this paper uses a finite element method.

The purpose of this study is to determine the coupling loss factors of two subsystems in two versions of
their relative positions. The basis is the model of an L-shaped connection of two beams, which is quite
common in such studies. L-shaped connections of structural parts are often found in building structures,
but in other industries, such as the development of space and aviation technology, structural elements are
often connected at an angle other than 90°. Since energy methods (EMs) can also be applied to aerospace
industry, when developing approaches to analyzing structures using such methods, it is useful to know how
the energy parameters of a system, in particular coupling loss factors, change depending on the fact at
what angle their components are connected.

The paper considers two system configurations: in the first, the beams are connected at a right angle, in
the second - at an angle of 45°. The coupling loss factors of the beams are calculated for both system
configurations. Conclusions are drawn about the possibility of disseminating the results obtained to more
complex structures, namely spacecraft structures.

Keywords: energy method, coupling loss factor, energy balance equation, spacecrafi, oscillation.

Introduction

In modern practice, to analyze complex structures, along with a well-known finite element method
(FEM), a slightly less common statistical energy method (SEM), or, as it is more often called in
foreign literature, a SEA - Statistical Energy Analysis is used. It is called “statistical” since it is
assumed that the systems under study belong to statistical populations with a known distribution of
dynamic parameters [1-4].

Analysis of a system using a SEM, as well as using a FEM, involves breaking a system into simpler
subsystems. However, a SEM allows for a much larger partition, which saves time and computational
resources, i.e., it is enough to obtain such a composite unit of a system that vibrational waves of the
same type propagate in it. At the same time, to analyze a complex system using a FEM (especially at
high frequencies), it is necessary to greatly reduce the size of the final element, and thereby increase
the dimension of the entire system in order to obtain a reliable result [5].

A SEM is based on the law of energy conservation, according to which the total energy of a closed-
loop system is conserved [6]. To solve the problem, the balance of energies introduced into a system
and absorbed by it, as well as those moving from one subsystem to another, is compiled [7].

The process of energy flow between subsystems is mathematically described by the so-called
coupling loss factors of subsystems. They can be found analytically, experimentally or numerically.
Analytical dependencies are not always applicable due to the complexity of real structures being
modeled; experimental ones are often too labor-intensive. The most promising for these purposes are
numerical methods.

Problem statement

In a SEM, a system is divided into several related subsystems that combine modes of the same type
(flexural, torsional or longitudinal). The method is statistical in the sense that the subsystems under
consideration should conditionally unite groups of identical objects that should have similar dynamic
properties [1]. The method is based on calculating the energy transferred from one subsystem to
another. The energy of each subsystem can be transferred to adjacent subsystems [8] or dissipated
through damping, which is expressed by the loss factor. The coupling loss factor shows what part of
the energy passes from one subsystem to another. Thus, the variable in the analysis is energy. It is
assumed that energy is concentrated only on resonant modes. In this case, the total energy of each
subsystem is the sum of the energies of each mode.
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The basis of the SEM is the system of energy balance equations (EBES), which has the following
form:
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Here 7, are the factors of internal losses of subsystems; n; are coupling loss factors of subsystems;
E; are vibrational energies of subsystems; S; is energy introduced into the subsystems; ® is angular
frequency; » is the number of subsystems.

The right side of the EBES determines the energies introduced into the subsystems, while the left
side determines the vibrational energies of the system. The number of equations included in the EBES
must be equal to the number of subsystems. In the vector-column of the right side of the EBES, only
the components of those subsystems into which energy is introduced are not equal to zero.

The vibrational energy used in the calculation is the total mechanical energy, which is the sum of
the kinetic and potential energies of each subsystem and is unknown in the equations. It is assumed
that the input energies are pre-calculated, and the loss factors and coupling factors of the subsystems
are adopted by analogy with the already carried out calculations of identical structures and are known
when compiling the EBES.

As it was noted above, analytical and experimental methods for determining coupling loss factors
are not universal, and preference in this case should be given to numerical methods. The use of a FEM
for these purposes is a promising and convenient approach [9—13].

Thus, in [14] an L-shaped connection of two beams is considered, through which coupling loss fac-
tors were found during energy transition from the first beam to the second using a FEM.

L-shaped connection of structural parts is indeed often found in building structures, but in other in-
dustries, such as the development of space and aviation technology, structural elements are often con-
nected at an angle other than 90°. Since EMs can also be applied to aerospace industry, when develop-
ing approaches to structural analysis using EMs, it is useful to know how the energy parameters of the
system, in particular coupling loss factors, change depending on the angle at which their components
are connected.

For example, a cell of a mesh isogrid (or anisogrid) structure of a spacecraft load-carrying structure
implies the connection of edges at arbitrary angles.

In this study, to control the design parameters, we take the beam model from [14] as a basis, but we
change some conditions to suit the analysis tasks.

Let us consider a system represented by two pin-ended beams, rigidly connected to each other (Fig.
1). For convenience of research, the boundary conditions are chosen in such a way that only bending
vibrations occur in the beams. The length of the first beam is 1.1 m, the length of the second beam is
0.9 m. The modeling is carried out with two-dimensional finite elements of the same length (1 cm).
The cross-sections of the beams are 0.001x0.005 m. The beams are connected to each other along the
long side of the section. The material is steel. The internal loss coefficient for both beams is 0.01.
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Let us calculate the coupling loss factors for two connection options of beams (Fig. 1). For each
calculation option, a harmonic load of 1 N is applied in turn to each beam at a distance of 0.1 m from

the edge, always perpendicular to the beam.
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Fig. 1. Variants of two beams connection:
a—90° angle; b — 45° angle

Let us compose the EBES for this system. For convenience, for £ we introduce a second index so
that the notation E;, will mean the energy of the first subsystem when energy is introduced into the
second one [15]. Likewise for the remaining Ey1, E>1, E». After which the EBES in matrix form will
look like this:

[?}1 M2 N2 ] Ep Elz] _[S5: O
M1z N2+t N21d Bz Ezp 0 S.I

and the equations of the system will take the form

S1
mEy +n12Ei1 —n2iEr = P

N2E21 +n21E21 —M12E11 =0,

MEiz + 2Bz —n21E22 =0,

5.
N2E2z +121E20 — 2B = f

Knowing the internal loss coefficients of beams, we can use FEM calculations to find the total vi-
bration energies of the subsystems. To do this, it is necessary to carry out two calculations, alternately

introducing energy into each beam.
Thus, the coupling loss factors n;, and 1,; can be calculated from the following expressions:

n, = E, (anzz J”11E12)
12 — s
E\\Ey —EEy,
_Ep (ThEn + T]zEzl)
Mo = .

E11E22 - E12E21

The results of calculating the coupling loss factors for two options for connecting beams are pre-
sented in Fig. 2 and 3.

21



Siberian Aerospace Journal. Vol. 25, No. 1

1,00E+01

1.00E+00 £ Hz
10/00 1000.00 10000.00

1.00E-01

——15

-#-90

1.00E-02

1.00E-03

1,00E-04

1.00E-05

Mt
1,00E+01

f. Hz

10000.00

1,00E+00

1000 1000.00

1.00E-01
1.00E-02
1.00E-03
LOOE-04 ! ‘

1.00E-05

b

Puc. 2. KoahhUueHT SHepPreTHUECKOi CBSI3H B 3aBUCHMOCTH OT YaCTOTBL: d — 112; 6 — Moy

Fig. 2. Coupling loss factor depending on the frequency: a — 1y2; b — My

ni2

5,00E+00

f.Hz

10 100 1000 10000
5,00E-01

—e—45

-e-90

5,00E-02

5,00E-03

21
1,00E+01

fHz
1,00E+00

10

——15

- =90

1,00E-01

1,00E-02

1,00E-03

b

Puc. 3. KoahpurmeHTs! SHEPreTHIecKO! CBSI3H 110 TPETHOKTABHEIM YaCTOTHBIM JIHAIIa30HAM: a — T)j2; 6 — 1)y

Fig. 3. Coupling loss factors in 1/3-octave frequency bands: a — 15; b — My

22



Part 1. Informatics, computer technology and management

Results

From the graphs shown in Fig. 2 it can be seen that the values of the coupling loss factors of two
beams during the energy transition from the first to the second 1, and, conversely, from the second to
the first n,;, increase slightly as the angle between the beams decreases. At the same time, the differ-
ence in the values of 1, for the cases of connecting beams at angles of 90° and 45° is more noticeable
at certain natural frequencies.

However, if we sum up the values of the coupling loss factors in one-third octave frequency bands,
then such conclusions become more difficult to draw. This indicates, that averaging results should be
approached with caution and not limited to the analysis of averaged values.

Conclusion

The values of the coupling loss factors of two beams are obtained according to the results of two
calculation options. In the first option, the beams are connected at right angles, in the second, the angle
formed by the two beams is equal to 45°. A comparative analysis of the calculations showed that a
decrease in the angle between the beams has little effect on the values of the coupling loss factors of
the two beams. The results obtained suggest that for more complex systems, such as isogrid (or
anisogrid) load-carrying structures of spacecraft, formed by the intersection of ribs at a certain angle,
the coupling loss factors also change slightly when the angle of ribs intersection changes. This would
make it possible not to carry out additional calculations and measurements due to the use of already
known coupling loss factors in the calculations. This assumption requires further confirmation using
the example of analysis of more complex systems.

bubauorpadguyeckue CChIIKA

1. Lyon R. H., DeJong R. G. Theory and Application of Statistical Energy Analysis (Butters-
worths-Heimann), Boston, MA, 1995.

2. Fankhauser N. Statistical Energy Analysis for Room Acoustics: Master's Thesis. Graz: Signal
Processing and Speech Communications Laboratory Graz University of Technology, 2016. 127 p.

3. Johansson D., Comnell P. Statistical Energy Analysis software: Master's Thesis in the Master’s
programme in Sound and Vibration. Gotebor: Chalmers University of Technology, 2010. 89 p.

4. Piersol A. G., Paez T. L. Harris’ shock and vibration handbook, The McGraw-Hill Companies,
Inc. 2010. 1199 p.

5. Equivalent curvatures broadband Insertion Loss simulation technique coupling Virtual SEA and
BEM/FEM approaches / J.-F. Rondeau, A. Duval, J. Monet-Descombey, L. Dejaeger / Conference:
Internoise: Innsbruck, Austria, 2013. 10 p.

6. Xiaoyan Yan. Energy Finite Element Analysis Developments for High Frequency Vibration
Analysis of Composite Structures. PhD thesis, The University of Michigan, Ann Arbor, 2008.

7. Burroughs C. B., Fischer R. W., Kern F. R. An introduction to statistical energy analysis // Jour-
nal of the Acoustical Society of America. 1997. Vol. 101(4). P. 1779-1789.

8. KpaBuynosckuit A. [1. O630p MeTon0B aHanu3a MUKpoBHOpauii / KocMuueckue anmapartsl U
texHosoruu. 2023. Ne 4. C. 243-250.

9. Simmons C. Structure-Borne Sound-Transmission through Plate Junctions and Estimates of Sea
Coupling Loss Factors Using the Finite-Element Method // Journal of Sound and Vibration. 1991.
Vol. 144(2). P. 215-227.

10. Steel J. A., Craik R. J. M. Statistical Energy Analysis of Structure-Borne Sound-Transmission
by Finite-Element Methods // Journal of Sound and Vibration. 1994. Vol. 178(4). P. 553-561.

11. The Use of Wave-Absorbing Elements for the Evaluation of Transmission Characteristics of
Beam Junctions / K. DeLanghe, P. Sas et al. // Journal of Vibration and Acoustics-Transactions of the
ASME. 1997. Vol. 119(3). P. 293-303.

12. Fredo C. R. A SEA-like Approach for the Derivation of Energy Flow Coefficients with a Finite
Element Model // Journal of Sound and Vibration. 1997. Vol. 199(4). P. 645-666.

13. An Approach for Evaluating Power Transfer Coefficients for Spot-welded Joints in an Energy
Finite Element Formulation / N. Vlahopoulos, X. Zhao et al. // Journal of Sound and Vibration. 1999.
Vol. 220(1). P. 135-154.

23



Siberian Aerospace Journal. Vol. 25, No. 1

14. I'pywenkuit U. B., CmonsHuKOB A. B. [IpuMenenrne MeToja KOHEUHBIX 3JIEMEHTOB AJIs pacue-
Ta KO3 (UIIMEHTOB YHEPTETUIECKON CBSI3HM, MCIIOIB3YEMBIX B CTATHCTUYECKOM SHEPTETHYECKOM Me-
TOZIe, Ha TIPUMEPE YTIIOBOTO coemnHeHus oanok // Texamdeckas akyctuka. 2004. Ne 6. C. 1-10.

15. Hopkins C. Statistical energy analysis of coupled plate systems with low modal density and
low modal overlap // Journal of Sound and Vibration. 2002. Vol. 251(2). P. 193-214.

References

1. Lyon R. H., DeJong R. G. Theory and Application of Statistical Energy Analysis (Butters-
worths-Heimann), Boston, MA, 1995.

2. Fankhauser N. Statistical Energy Analysis for Room Acoustics: Master's Thesis. Graz: Signal
Processing and Speech Communications Laboratory Graz University of Technology, 2016. 127 p.

3. Johansson D., Comnell P. Statistical Energy Analysis software: Master's Thesis in the Master’s
programme in Sound and Vibration. Goteborg: Chalmers University of Technology, 2010. 89 p.

4. Piersol A. G., Paez T. L. Harris’ shock and vibration handbook, The McGraw-Hill Companies,
Inc. 2010. 1199 p.

5. Rondeau J.-F., Duval A., Monet-Descombey J. Dejaeger L. Equivalent curvatures broadband In-
sertion Loss simulation technique coupling Virtual SEA and BEM/FEM approaches. Conference:
Internoise. 15—18 September 2013, Innsbruck, Austria. 10 p.

6. Xiaoyan Yan. Energy Finite Element Analysis Developments for High Frequency Vibration
Analysis of Composite Structures. PhD thesis, The University of Michigan, Ann Arbor, 2008.

7. Burroughs C.B., Fischer R.W., Kern F.R. An introduction to statistical energy analysis. The
Journal of the Acoustical Society of America, 101(4), 1997 pp. 1779-1789.

8. Kravchunovskiy A. P. [Microvibration analysis methods review]. Kosmicheskie apparaty i
tekhnologii. 2023, No. 4 (46), P. 243-250 (In Russ.).

9. Simmons C. Structure-Borne Sound-Transmission through Plate Junctions and Estimates of Sea
Coupling Loss Factors Using the Finite-Element Method. Journal of Sound and Vibration. 1991,
144(2), P. 215-227.

10. Steel J. A., Craik R. J. M. Statistical Energy Analysis of Structure-Borne Sound-Transmission
by Finite-Element Methods. Journal of Sound and Vibration. 1994, Vol. 178(4), P. 553-561.

11. DeLanghe, K., Sas P. et al. The Use of Wave-Absorbing Elements for the Evaluation of
Transmission Characteristics of Beam Junctions. Journal of Vibration and Acoustics-Transactions of
the ASME. 1997, Vol. 119(3), P. 293-303.

12. Fredo C. R. A SEA-like Approach for the Derivation of Energy Flow Coefficients with a Finite
Element Model. Journal of Sound and Vibration. 1997, Vol. 199(4), P. 645-666.

13. Vlahopoulos N., Zhao X. et al. An Approach for Evaluating Power Transfer Coefficients for
Spot-welded Joints in an Energy Finite Element Formulation. Journal of Sound and Vibration. 1999,
Vol. 220(1), P. 135-154.

14. Grushetskiy I. V., Smol'nikov A. V. [Application of the finite element method to calculate the
coupling loss factors used in the statistical energy method, using the example of a corner connection of
beams]. Tekhnicheskaya akustika. 2004, No. 6, P. 1-10 (In Russ.).

15. Hopkins C. Statistical energy analysis of coupled plate systems with low modal density and
low modal overlap. Journal of Sound and Vibration. 2002, Vol. 251(2), P. 193-214.

© Kravchunovskii A. P., 2024

KpaBuyHoBckuii AuToH [laBjioBHMY — HavaJbHUK TPYIIbI; aKIHOHEpHOE obuiecTBo «MHDOpMaIMoHHbIE CITyT-
HUKOBbIE CUCTEMBbI» UMeHH akasemuka M. ®. PemerHeBa». E-mail: anton.kravchunovsky@yandex.ru.

Kravchunovky Anton Pavlovich is the Head of the Group; Joint-Stock Company “Information Satellite Systems”
named after academician M. F. Reshetnev”. E-mail: anton.kravchunovsky@yandex.ru.




