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DETERMINATION OF DYNAMIC CHARACTERISTICS OF RODS
OF SHIPBUILDING STRUCTURES

Modern shipbuilding is developing towards increasing the tonnage of ships and the power of their power plants,
which is accompanied by the active use of lightweight structural materials. In such conditions, the problem of ensuring the
vibration strength and reliability of hull structures becomes critically acute, since uncontrolled vibrations of core elements
- the basic components of the hull set, masts and shaft lines - lead to fatigue failure, a decrease in the accuracy of naviga-
tion equipment and a deterioration in conditions for the crew.

Traditional analytical methods have limited application for real objects with complex geometry and variable stiffness,
and numerical methods require effective algorithms for accurate prediction of dynamic characteristics at the design stage.

In the work, a comprehensive methodology for determining the natural forms and frequencies of oscillations of core
elements of both constant and variable cross-section using a variational-grid approach was developed and scientifically
substantiated.

The iterative method of coordinate descent has also been further developed, the application of which in rod dynamics
problems allows you to avoid computational difficulties associated with the formation and operation with global mass and
stiffness matrices. In addition, the application of the coordinate descent method in vibration problems allows you to solve
high-dimensional problems using only the RAM of the PC. Rounding errors do not accumulate.

Analytical expressions were obtained to determine the main natural frequencies of longitudinal and bending vibra-
tions for rods, the physical and geometric characteristics of which vary according to binomial laws. The nature of the
influence of the parameters of taper and wedge-shape on the spectrum of natural frequencies was studied. The developed
approach was tested on examples of the calculation of cantilever rods, which allows you to design ship structures with
predetermined dynamic properties to avoid resonance phenomena.

Keywords: oscillations; dynamic characteristics; rod elements; variable cross-section; variational-grid approach;
coordinate descent method.
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Relevance of the research. The current stage of development of world shipbuilding is
characterized by a tendency to increase the tonnage of ships, increase the power of the main
power plants and the widespread introduction of lightweight structural materials. In these
conditions, the problem of ensuring the vibration strength and reliability of ship structures
becomes critical. Rod elements are the basic components of the hull assembly, foundations
of mechanisms, masts and shaft lines. Uncontrolled vibrations of these elements lead to
premature fatigue failure, a decrease in the accuracy of navigational instruments and a dete-
rioration in the conditions for the crew on board.

Problem statement. In modern engineering practice, the basic approaches for assessing
the condition of rods and complex systems based on them are the approaches of material re-
sistance [1] and structural mechanics [2]. Since such structures are constantly under the influ-
ence of dynamic factors during use, the study of vibration processes in rods with a constant or
variable cross-sectional area is of particular importance. The variability of fixation methods
(boundary conditions) necessitates the use of mathematical modeling methods for vibration
analysis. At the same time, if the results can be described using functional series, priority, is
usually, given to analytical methods. Of particular scientific interest is how geometric pa-
rameters (for example, narrowing or wedge-shape) correlate with the frequency characteris-
tics of longitudinal and transverse vibrations.
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The key difficulty in designing for vibration resistance is to find the spectrum of natural
frequencies and the corresponding configurations (shapes) of vibrations. Mathematically, this
procedure is usually, implemented by solving the classical generalized eigenvalue problem:

(Ku,v)=m2(Mu,v), weV, (1)

where V — set of admissible functions, (Ku,v), (Mu,v) — a family of symmetric bilinear con-

tinuous forms corresponding to the amplitude values of the potential and kinetic energy of the
system, K — stiffness matrix, A/ — mass matrix.

Analysis of recent research and publications shows that many works are devoted to vibra-
tions of rods with a constant cross-section [3]. In works [4, 5], the authors consider numerical algo-
rithms (Chebyshev and LADM-Padé methods). They are important for solving differential equa-
tions where the stiffness and mass coefficients are not constants. Banerjee [6] compared classical
theories (Euler) with refined models (Rayleigh-Love, Mindlin) for vibrations. This is important for
rods of large diameter, where the rotational inertia of the sections cannot be neglected. In work [7],
the authors offer ready-made dynamic stiffness matrices. This allows inserting segments with a
variable cross-section into the general design scheme of the structure without breaking it into thou-
sands of small finite elements. Work [8] is devoted to the use of neural networks, the architecture
of which integrates fundamental physical laws (differential equations of longitudinal vibrations).
This means that the network does not simply "guess™ the result, but minimizes the discrepancy of
the physical equation. In [9], the author considers the method of selecting optimal cross-sections
for spars and ribs, where weight is a critical factor, which often leads to the use of beams of varia-
ble cross-section. Formulas for calculating critical loads at which rod elements (stringer profiles)
lose stability are analyzed in detail, which is fundamental for aircraft structures. Analysis of recent
research and publications shows that the development of the theory of oscillations for rods of con-
stant and variable cross-sections is an urgent problem that has practical applications in aircraft con-
struction, shipbuilding and construction.

Isolation of previously unexplored parts of the general problem. There is a lack of re-
search into the vibrations of rods of variable cross-section using effective numerical calcula-
tion methods that are implemented in software and tested on practical problems.

Research objectives. Development of a method for determining the natural forms and
frequencies of oscillations of rods with both constant and variable cross-sections, which
would allow optimizing design parameters to avoid resonance phenomena and increase the
overall survivability of the vessel under conditions of intensive operation.

Presentation of the main material. The use of numerical approaches involves a transi-
tion from an infinite-dimensional space of admissible functions V to its finite-dimensional

analogue V}, by discretization procedure. As a result, the original problem (1) is transformed
into an approximate form, where for a given finite-dimensional space the following parame-

ters should be calculated — w, Uy, that satisfy the given conditions:

(Kuh,Vh)=O)2(MUh,Vh), vVh EVh . (2)

When analyzing structural vibrations, the most important step is to determine the main
dynamic characteristics, which allows avoiding resonance phenomena and ensuring the
strength of the object. In practical engineering calculations, the main attention is paid only to
the first few minimum natural frequencies and the corresponding vibration forms. Because of
this, the mathematical model is reduced to an incomplete eigenvalue problem. Since the na-
ture of this problem is nonlinear, numerical methods must be used to obtain results.

During longitudinal oscillations of the rod, the force vector coincides with its longitudinal
axis. This nature of the load ensures a uniform distribution of deformations and internal
stresses over the entire cross-section of the element. To describe the dynamic state of the sys-
tem, the amplitude energy indicators are determined:
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I==(EI dx, T==0"|pFudx, 3
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where | — rod length, p — materlal density, F — cross-sectional area, E — Young's modulus.
The description of longitudinal di splacements is carried out using a linear polynomial
function:

u .

i—4

u(x)=u;+ X (4)

here Uj, Uj — moving nodes i and j.

To describe the bending vibrations of a rod, the amplitude indices of potential and kinetic
energy are determined by the formulas

dX 0

The mathematical model of displacements is implemented by approximating them with a
3rd order polynomial:

2 |
=—_[E](d WJ dr, T—; ?[pFwidx (5)

w(x) =%(2x3 —3%7 +I3)+%(3le —2x3)+

+(pi|i2(xlz—2le+x3)+(pjI%(x3—le). (6)

To solve problem (2), the iterative method of coordinate descent [10] was used, the appli-
cation of which allows avoiding the difficulties associated with the formation, storage and
operation with matrices of masses and stiffnesses [11].

To simulate oscillatory processes in conical or wedge-shaped rods, the initial eigenstate
can be described using the mathematical expression

ul(xl)[l)l(—lzzj, EFu; (0)=uy(1)=0. ()

For the given rods, the binomial law of variation of their physical and geometric parame-
ters is adopted:

EFl(Xl) = A(Il + Xl)m y pF (Xl) = B(Il + Xl)n, A: EFlll_m, B = pFlll_n y (8)
where the taper and the reduced length are respectively equal to [12]:
I
7\1 :—2>1, Il =|(7\.1—1).
h

The calculation of the first natural frequency is based on the energy method using the
Rayleigh formula:

!
[EF (u')? dx
0 = . (9)
JpFude
0

Substituting (7), (8) into (9), we obtain, respectively, at n=1 for the wedge and when
n=2 for a cone:
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(,Of = kl -, (10)

where the characteristic numbers are equal to:
(2 204 +31)
L (5l +161)1%

2 2
, 7(201 +3011 +121%) )
(81 351 +5617 )

For systems in the form of cantilevers, where the change in cross-sectional area and iner-
tia obeys binomial laws, the analysis of bending processes takes the following form:

El(x)=A(lL£x)", pF(x)=B(lL£x)" (12)
A=Ell"", B=pRi". (13)

The mathematical description of the first eigenform can be implemented in the form of an
approximate analytical dependence

2
which satisfies only the kinematic boundary conditions:
W(O) :V\/(O) =0. (15)
The Rayleigh formula for bending vibrations has the form
|
[EI (W”)2 dx
[ pFwdx
0
Substituting (12), (14) into (16), we obtain the following formulas for the fundamental
frequency:
2_~2| Elyf | -2 1 |El
O =0 | — 7 |=0 57| —= | 17
l[PFﬂA} 1MZ|4L’F2 40
. . . El
Depending on the size of the rod taper and the ratio P
P

In formulas (17) the frequency parameter 6012 is expressed in terms of the reduced |1 and
real | lengths of the rod as follows:
. 30(4I13+6I12I+4I1I2+I3)

= (6l +1)17
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84(51* +1011 +10171 +5,1° +1%)
(22f + 711 +12)12

G2 =

, n=2, (18)

Let us evaluate the influence of the taper (wedge-shape) of the rod on the fundamental
frequency in numerical examples.

Example 1.

Find the fundamental frequencies of longitudinal vibrations of a cone with a taper
M=112;15;2.

According to the second formula (11), we obtain the dimensionless values of the charac-
teristic numbers, namely k| =1,581, 1,711; 1,877; 2,09.

By substituting into formula (9), the corresponding frequencies can be obtained.
The calculation results were compared with the exact solution [6]:

kl=15; 1,688; 1,835; 2,03.

Example 2.
Determine the values of the fundamental frequencies of bending vibrations of a cantilever

wedge at the following values: Ay: A =1 2,4,
Using formula (17), we calculate the value of the frequency parameter
o =4,474; 4,08; 4,21; 5,48 .
The exact values of the frequency parameter obtained in [6] are as follows:
@ =3,52; -; 4,00; 4,61,

The calculation results show that with increasing wedge shape (taper), the fundamental
frequency values also increase.

Conclusions. Within the framework of this study, the dynamic behavior of rod systems with
variable cross-sectional geometry was analyzed. To solve the dynamics problems, a variational-
grid approach was used, which allowed obtaining analytical dependencies for calculating the fun-
damental frequencies of both longitudinal and bending vibrations. The reliability of the results
was confirmed by comparison with exact solutions. The conducted study of the influence of taper
parameters on the spectrum of natural frequencies opens up opportunities for creating structures
with predetermined dynamic properties. The proposed method is universal for rods of various
configurations and has practical value for specialists in the field of engineering design.
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BU3HAYEHHSI IMHAMIYHUX XAPAKTEPUCTHK CTPU/KHIB
KOHCTPYKIIN CYJHOBYAIBHUIITBA

Cyuacre cyoHo0y0y8aHHs po3gUEAEMbCS 8 HANPAMKY 30LIbUIEHHS MOHHANCY CYOeH Ma NOMYHCHOCII IXHIX eHepeemuyHux
VCMAHOBOK, WO CYRPOBOOAUCYEMbC AKMUSHUM GUKOPUCIIAHHAM NONE2UEHUX KOHCMPYKYIUHUX mamepianie. Y maxux ymosax
KPUMUYHO 20Cmpo nocmae npoonema 3abesneyentss siopayiiiHoi MiyHocmi ma HAOIUHOCME KOPNYCHUX KOHCMPYKYIL, OCKUIbKU
HEKOHMPONbOBAHI KONUBAHHS CIMPUICHESUX elleMeHmi6 — Oa308UX KOMROHEeHmMI8 Habopy KOpnycy, woai ma 6anonpogooie —
npu3800amMb 00 6MOMHO20 PYUHYEAHHS, 3HUIICEHHS MOYHOCMI HABI2AYITIHO20 0OIAOHAHHS A NOIPUWEHHSL YMO8 OISl eKINAICY.

Tpaouyivini ananimuyni Memoou Maronms 0OMENCEHe 3aCmOCy8aHHs OISl PEAbHUX 00'€Kmi6 3i CKIAOHOI 2eoMempicio ma
3MIHHOIO HCOPCKICIIO, A YUCENbHI MEMOOU NOMpebyIomy eeKMmuUSHUX AN20PUMMI6 0151 MOYHO20 NPOSHO3YEAHHI OUHAMIYHUX
Xapakmepucmux Ha emani npoexkmy8anHs.

Y pobomi 6yno pospobneno ma Haykogo oOLPYHMOBAHO KOMNIEKCHY MEMOOUKY 8USHAUEHHS GIACHUX hopM T yacmom Kolu-
6aHb CIPUICHEBUX eleMEeHMI6 K NOCMIIHO20, MAK § 3MIHHO20 Nepepi3y i3 6UKOPUCAHHAM 8APIaYIlIHO-CIINKOB020 NiOX00Y.

Takooic Habys nodanvbuio2o po36UMKY imepayitiHuti Menmoo nOKOOPOUHAMHO20 CHYCKY, 3ACMOCYBAHHS K020 8 3a0a4ax
OUHAMIKU CIMPUICHIE 003B0NAE YHUKHYMU OOUUCTIOBATILHUX MPYOHOWIS, NO8 SI3AHUX I3 (POPMYSAHHAM MA ONEPYBAHHAM 3 2l10-
banbHumMu mampuysamu mac i sxcopcmrocmi. Kpim moeo, 3acmocysanns memooa noKOOPOUHAMHO20 CNYCKY 8 3a0a4ax KOlu-
6aHb 00360I51€ BUPIULYBAMU 3A0aUi GeNUKOT POIMIDHOCII, UKOPUCIOBYIOUU MiNbKu onepamusHy nam sme [IEOM. Tomunxu
OKpY2lleHHSsl He HaKONUYYIOMbCS.

Ompumano aHamimuyHi eupasu O1sl BUSHAYEHHSI OCHOBHUX BIIACHUX YACMOM NO3008XCHIX MA 32UHATLHUX KOIUBAHb O/
CMPUICHIB, (DI3UKO-2eOMEMPUYHI XAPAKMEPUCTNUKY AKUX 3MIHIOIOMbCA 3a OiHoMIanbHUMU 3aKoHamu. [ocriodceHo xapakmep
BNIUBY NAPAMEMPIE KOHYCHOCI Ma KIUHOBUOHOCMI Ha chekmp 81acHux yacmom. Po3pobnenutl nioxio anpo6o8aHo Ha npuk-
1a0ax pO3PAXyHKY KOHCONbHUX CMPUIICHIG, WO O00380AE NPOEKMY8amu CyOHO80I KOHCMPYKYIL i3 3a30a1e2i0b GUIHAYEHUMU
OUHAMIYHUMU BIACMUBOCIAMU OJisl YHUKHEHHSL PE30HAHCHUX AGUY.

Knrouoei cnoea: xonusanns, OuHaMiuHi XapaKmepucmuru, CMPUlICHesi eleMermu; 3MIHHUL nepepiz; eapiayiino-
cimKko8ull Ni0Xio; Memoo NOKOOPOUHAMHO20 CHYCK).
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