Ingpopmayitini mexnonozii npoekmyanHs

DOI: 10.32347/2412-9933.2020.44.56-64
VIIK 539.3

Lizunov Petro

DSc(Eng.), Professor, Head of Department of Computer Sciences, orcid.org/0000-0003-2924-3025
Kyiv National University of Construction and Architecture, Kyiv

Nedin Valentyn

Assistant of professor, Department of Computer Sciences, orcid.org/0000-0003-3138-2892
Kyiv National University of Construction and Architecture, Kyiv

THE PARAMETRIC OSCILLATIONS OF ROTATING ELASTIC RODS
UNDER THE ACTION OF THE PERIODIC AXIAL FORCES

Abstract. The paper presents the results of numerical investigation of the periodic axial forces’ influence
on the transverse oscillations of long rotating rods. The gyroscopic inertia forces are taken to account and
space oscillating process of rotating rods is considered with account of geometric nonlinearity. The study
has been done with computer program with a graphical interface that is developed by authors. The process
of numerical solution of the differential equations of oscillations of rotating rods using the method of
numerical differentiation of rod’s bend forms by polynomial spline-functions and the Houbolt time
integration method is described. A general block diagram of the algorithm is shown. This algorithm
describes the process of repeated (cyclical) solving of the system of differential equations of oscillations
for every point of mechanical system in order to find the new coordinates of the positions of these points in
each next point of time t+At. The computer program in which the shown algorithm is realized allows to
monitor for the behavior of moving computer model, which demonstrates the process of oscillatory motion
in rotation. Moreover, the program draws the graphics of oscillations and changes of angular speeds and
accelerations in different coordinate systems. Using this program, the dynamics of a range of objects which
are modeled by long elastic rods have been studied. For investigated objects is shown that on various
rotational speeds and beat frequencies the oscillatory motion of the rods occurs with different character of
behavior. On certain speeds with different frequencies of axial load the oscillations have definite periodicity
and occur with beats of amplitude which are the result of the periodic axial force action.
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Introduction

The tasks of stress-deformed state and oscillations
of elastic rotating rods have actuality while structural
elements of machines and devices are designed. The
rotating rods are responsible elements in the
constructions of engines, turbines, drill strings, hammer
drills and other machines. For these objects the cause of
the development of oscillations can be both inertial forces
and periodic external forces, such as axial forces.

For example, during the operation of drill string the
influence of bottom hole reaction can be periodical as a
result of its transverse oscillations, at which the axial
moving of its movable end occurs. During the operation
of industrial hammer drill the action on the drill is
periodic too.

When the rod rotates and begins to bend under the
action of external forces, the gyroscopic inertia forces
start to transmit the energy of system in a direction that
is perpendicular to the plane of bending. After it the rod
begins to oscillate in two mutually perpendicular planes
of the coordinate system that rotates with it.

The behavior of rotating elastic rods systems is
described by complex differential equations with partial
derivatives with account of gyroscopic inertia forces.
Low rigidity, large length, relatively high values of the
excitation intensity parameters, in which the structural
elements are used, all of these make the necessary to
analysis of oscillatory motion around of critical and
overcritical rotational speeds. Also, these make the
necessary to search the natural oscillation frequencies
range and range of critical rotational speeds with account
of gyroscopic forces, and stability analysis in the study of
different motion modes.

The analysis of presented in scientific literature
results shows that the task of investigation of dynamics
and strength of rotating elastic systems, with account of
gyroscopic forces and axial loads, is actual. Many authors
are paid attention to calculation of critical rotational
speeds and natural oscillation frequencies by different
system parameters. But the nature of the oscillation
process itself and how the certain parameters of the
system influence on the development of oscillations
almost is not considered. Therefore, it is interesting to
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study the dynamic behavior of the consider systems and
define what kind of effects the gyroscopic forces and
periodic axial forces generate.

The article purpose

Purpose — to demonstrate the results of a numerical
study of the oscillatory motion of rotating rods with
account of gyroscopic and axial forces, also to show what
influence and how these forces have on the transverse
oscillations of the rods during rotation.

Main material
Problem statement

In the process of oscillation of rotating rods with
considerable lengths, under the action of external
periodic forces and gyroscopic inertia forces, the various
bend forms that change in time are possible. Beside this,
the various character of the oscillatory motion itself for
different physical, geometric and dynamic parameters are
possible too.

As a dynamic model is considered a rod with length
I (Fig. 1) that is under the action of periodic axial force
P(t). The rod rotates on angular speed w around the
rectilinear axis O1X; of the stationary coordinate system
0O1X1Y1Z;. The rotating coordinate system OXYZ is tied to
the rod and rotates with it. The direction of OX axis
coincides with direction of O1X; axis. Axis of rod in
deformed state is coincided with the OX and O:X; axis.
The oscillatory motion of the rod in the OXYZ coordinate
system is characterized by y(x,t) and z(x,t) displacements
of the points, that belong to the axis of rod in the OY and
OZ coordinate axes’ direction, respectively.

Y,

Figure 1 — Dynamic model of system.

The oscillations of rotating rod in space are
described by the corresponding system of differential
equations, which taking into account the geometric
nonlinearity, gyroscopic forces and the axial periodic
force [2, 3] have a form:
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where E — elastic modulus of rod’s material; 11, 1 —
inertia moments of rod section in mutually perpendicular
planes; r — radius of gyration; M —mass of unit per
length; @ — rotational speed of rod around the axis that
coincides with the axis of rod in undeformed state; P(t) —
periodic axial force; 1/p,, 1/p, — main curvatures of
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rod’s axis in mutually perpendicular planes.
The action of axial periodic force is modeled by
function, that looks like as: P(t)=Pmax(a****%-a?).

Technique

The solving of differential equations of rotating
rods oscillations for searching of their geometric position
in space in the process of oscillation and analysis of
dynamic behavior is carried out using the method of
numerical differentiation described in papers [7, 8], and
the Houbolt time integration method [10] in form:
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Such solution executes in order to find the

coordinates yi"At, z{+At

time t+A4t (Fig. 2).
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Figure 2 — Rod’s motion trajectory
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The solving of the dynamic tasks of the oscillatory
motion for rotating rods, based on described technique,
has been done with computer program with a graphical
interface. The general block diagram’s algorithm of the
program is shown in Figure 3.

This algorithm describes the process of repeated
(cyclical) solving the system of differential equations of
oscillations for every point of rod elastic line in order to
find the new coordinates for these points in each next
point of time t+A4t. This is performed with the show of
current calculations’ results as a moving computer
model, which displays the oscillating process of rotating
rod in real time.

Results

Using specified program, the dynamics of objects
which are modeled by long elastic rods have been
studied. In this way for steel rod with diameter d = 12 mm
and length I = 1 m during rotation with different
rotational speeds @ under action of axial beat load with

Input data
(system parameters and
boundary conditions)

[

different frequencies @ the oscillations diagrams are
shown below at figures 4-7.

For this rod the graphics of oscillations while
rotating on critical speed of the 1-st harmonic that is
equal to 145.5 s, but without action of external axial
force, are shown at figure 4. As we can see, the transverse
oscillations in the rotating coordinate system do not occur
(because rod is in equilibrium of inertia and elastic
forces). In stationary coordinate system, the oscillations
occur with constant amplitude as the projection on the
coordinate planes.

When this rod will be rotated on subcritical speed,
but under the action of external axial force with frequency
that is equal to critical rotational speed 145.5 s, the
oscillation amplitude, after loss of equilibrium, will be
slowly fading out (Fig. 5). Wherein, the oscillations will
occur with beats of amplitude. Such beats of amplitude
are the result of the periodic axial force action. Similar
character of oscillation will be observed in rotation on
subcritical speeds under action of periodic axial force
with frequency that less than 145.5 s,

|
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Figure 3 — The general block diagram’s algorithm of the program
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Figure 4 — Oscillations of steel rod that is rotated on speed equal 145,5 s,
in rotating and stationary coordinate system
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Figure 5 — Oscillations of steel rod that is rotated on speed equal 45.5 ¢,
under action of the axial periodic force with frequency equal 145.5 s?,
in rotating and stationary coordinate system
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Figure 6 — Oscillations of steel rod that is rotated on speed equal 145.5 s,
under action of the axial periodic force with frequency equal 145.5 s?,
in rotating and stationary coordinate system
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Figure 7 — Oscillations of steel rod that is rotated on speed equal 145.5 s,
under action of the axial periodic force with frequency equal 275.5 s,
in rotating and stationary coordinate system
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When this rod will be rotated on critical speed 145.5 Conclusion
s, under the action of external axial force with frequency _ o _
that is equal to critical rotational speed 145.5 s, the Studies of the transverse oscillations of rotating

oscillation amplitude, after loss of equilibrium, will be  elastic rods under the action of periodic axial forces
rising to critical over the time (Fig. 6). Also, the indicate the influence of it on the nature of oscillatory
oscillations will occur with beats of amplitude as result  motion. Depending on the rotational speed and beat
of the periodic axial force action. Similar character of  frequencies the oscillatory motion of the rods occurs with
oscillation will l?e Obser"‘?d i_n roFation on o_vercri'gical different character of behavior. On certain speeds with
speeds under action of periodic axial force with various different beat frequencies of axial load the oscillations

frequencies. L o I . .
When this rod will be rotated on critical speed 145.5 have definite periodicity. The oscillations will occur with

s put under the action of external axial force with  Peats of amplitude. These are the result of the periodic
frequency that is over then 145.5 s, the oscillation ~axial force action.

amplitude, after loss of equilibrium, will be rising to

critical swiftly (Fig. 7).
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INAPAMETPUYHI KOJIUBAHHS INIPY>KHUX CTPUXKHIB,
10 OBEPTAIOTHCH, I AI€10 NEPIOJUYHUX MTO3JOBKHIX CHJI

Anomauin. [Ipedcmasneno pe3yismamu YuceibHo20 00CONCeHH s BNAUGY Oil nepioOuuHOT N03008ICHLOI CUNU HA NONEPEeyHI
KONUBAHHS 0082UX CMPUINCHIG, W0 obepmatombcs. KonusanvHuil pyx po3eisHymo 8 npocmopi 3 ypaxy8anHam Oii 2ipocKOniuHux
cun ma 2eomempudnol Heninitinocmi cmpuicus. [locniodcenns 30iCHeHi 3a 00nOMO2010 KOMN T0MepHOL npogpamu 3 2papiunum
inmepgheticom, wo pospobdaena asmopamu. ORUCAHO NPOYeC YUCETbHO2O PO36 A3AHHA DIGHAHbL KOAUBAILHO2O DYXY 3
BUKOPUCTNAHHAM MEMOOUKU YUCENbHO20 OUDEPEHYilO8aHHs 30 OONOMO2010 NOJIHOMIAbHUX CRAAUH-QYHKYIL | MemOoOy YUCeNbHO2O0
iHmeepysanus 3a uacom Xybboama. Buxnadeno 3zacanvhy 010K-cxemy ancopummy, SKUll ONUCYE npoyec OA2AMOKPAMHO20
(yukniyno20) po36’A3Ky cucmemu PiHAHL KOIUBANLHOZO PYXY Ol KOHCHOI MOUKU CUCIMEMU 3 MeMOI0 NOWLYKY HOBUX KOOPOUHA
NONOJCEHHS YUX MOYOK 8 KOJMCHULL HacmynHuil momenm uacy t+At. Komn romepra npoepama, 6 sxiil peanizosano HageOdeuull
aneopumm, 0ae 3Mo2y cnocmepieamu 3a N08eOIHKOI0 PYXOMOI KOMN TOMEPHOT MOOell, IKA OeMOHCMPYE NPOYec KOAUBATLHOZO PYXY
npu obepmanni, a maxoic 6y0yeamu epaiKu KOIUBAILHO20 PYXY, epagiKu 3MiHU WEUOKOCMel | NPUCKOPEHb 8 DI3HUX CUCMeMaX
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Koopounam. Buxopucmogylouu 3asnaueny npocpamy, 30iUCHEHO 00CTIONCeH s OUHAMIKU HU3KU 00 €Kmig, poboui opeanu AKUX
MOOenoMbCsi 00820MIPHUMU NPYHCHUMU CIMPUXCHAMU. [{151 O0CTIOHNCYBAHUX 00 '€KMI6 NOKA3AHO, WO HA PI3HUX WEUOKOCTNAX
obepmanns I yacmomax Oii YOApHO20 NO3008XHCHLO2O HABAHMANICEHHS KOIUBANbHULL DPYX 6I00Y8AEMbCs 3 HEOOHAKOBOI)
nogedinkoio. Ha nesHux weuOKocmax 3 pisHOKN 4acmomolo Oii 0Cb08020 HABAHMANCEHHA KONUBAHHA MAIOMb BCMAHOBIEHY
nepioOuyHICMb | BUHUKAIOMb I3 OUMMAM, WO € Pe3yIbmamom Oii nepioOuyHoi 0cb08oi cuiu.

Kntouosi cnosa: cmpuoicni; nonepeuni KONueanHsA; yucenvhe ougepenyitoeanns; popmu uzuny; 2ipockoniuni cuiu
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IMAPAMETPAYECKHE KOJEBAHHUSA BPAIMAIOIIAXCSA YIPYTUX CTEPKHEN
MO JEMCTBUEM NMEPUOINYECKNX MPOJOJIBHBIX CHAJI

Annomayus. Ilpedcmaegnensvi pe3ynomamsl YUCIEHHO20 UCCIE008AHUA GUAHUA OeUCMBUSL NepUOOULecKoll NPOOOIbHOU
CUIbL HA NONepeuHble KOAeOaHUs ONUHHBIX spawjalowuxcs cmepocheil. Konebamenvhoe dgudicenue paccmompeno 8 npocmpancmee
€ yuemom 0elicmaus 2upOCKONUYECKUX CUIL U 2e0Mempuieckoll HenuneuHocmu cmepichs. Hccnedosanus nposedenvl ¢ ROMOUbIO
KOMNbIOMEPHOU npozpammuvl ¢ epagpuueckum unmepgheticom, Komopas oOvina paspabomaua asmopamu. Onucan npoyecc
YUCNIEHHO20 peuleHUs YPaGHEHUI KONeDAMENbHO20 OBUNCEHUS C UCNONb3068AHUEM MEMOOUKU YUCTEHHO20 Oup@epeHyuposanus ¢
HOMOWbIO NONUHOMUANLHBIX CHAAUH-DYHKYULL U MeMOOa YUCIEHHO20 UHMe2puposanus no spemenu Xyboorma. Ilokazana obwas
61I0K-CXeMa  aneopumma, KOmopulii ONUCHIBAem NPOYece MHOLOKPAMHO20 (YUKIUYECKO20) DeweHUs Cucmemvl YpPAaeHeHUl
KO1e0amenbHO20 08UNCEHUS O KANHCOOT MOYUKU CUCIEMBL C YEbI0 NOUCKA HOBbIX KOOPOUHA NOJIONCEHUS IMUX MOYEK 8 KAXHCObIIL
nocnedyowuii. Mmomenm epemenu t+At. Komnviomepras npoepamma, 6 KOMOPOU pedanu3so8an NpeoCMmAasieHHblll aicopumm,
n0360/5em HAbII0OAMb 3a NOBEOCHUEM KOMNbIOMEPHOU MOOeIU, OeMOHCIMPUpYouell npoyecc KoaebameibHo20 08UNCEHUsT 60
B8PAWYATENLHOM OBUNCEHUU, 4 MAKIHCE CIMPOUMb 2pagury Koaebanuil, epapuru usmMeHeHuss CKOpocmell U YCKOPeHUll 8 Pa3Hbix
cucmemax Koopouram. Hcnonv3ys yKasauHylo NpOSpamMmy, 6bINOIHEHO UCCIe008anue OUHAMUKU 00beKmos, pabouue opaanbl
KOMOPBIX MOOETUPYIOMCS OTUHHOMEDPHBIMU YAPYSUMU CIMEPIHCHAMU. [IIs ucciedyembix 06beKmos nOKA3AHO, YMO HA PA3TUYHbIX
CKOPOCMAX 8PAWEHUS U HACHOMAX OelUCmEUs YOapHOU NPOOOIbHOU HAZPY3KU KOIebamenbHoe 08UdCeHUe NPOUCXOOUM ¢ PASHbIM
xapakmepom nogedenus. Ha onpedenennbix cKOpOCHAX ¢ PA3HOU HACMOMOU Oelicmeus 0cesoli Hazpy3Ku KoneOanus umerom
VCMAHOBNEHHYIO NEPUOOUYHOCTD U BOSHUKAIOM C OUEHUAMU, KOMOPblE ABNAIOMCS PE3YAbMAMOoM 0eticmus nepuoOuyecKoll 0cegoll
CUnbl.

Kniouesvie cnosa: epawjarowjuecs cmepiicnu; nonepeunsvie Konaedanus; uuciennoe ougppepenyuposanue; gopmot
uz2uba; 2upocKonuUYEcKue Cubl
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