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HA IPUKJAAI TEPMOMEXAHIYHOI 3AJAYI ITPO KOJIUBAHHSA
B’A3KOIIPYKHOI'O HUJITHAPUYHOI'O CTEPKHSA
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Kirouosi ciioBa: JlocnimkeHo TepMOMEXaHiqHI BIACTHBOCTI B SI3KONPY>KHOTO MaTepiaiy.
TYMOIIOIIOHHH CTep)KeHb, KiHEMaTH- PosrnsgHyTO 3amady mpo rapMOHIYHI KOJHUBaHHA T'YMOTOIIOHOTO CTep-
YHE HABAaHTa)KCHHs, KOMIUICKCHI MO- JKHS TIPH KiIHEMaTUYHOMY HaBaHTA)XKCHHI, MPUKJIAICHOMY Ha OIHOMY 3
ITyJIi, TUCUTIATHBHAN pO3iTpiB, rapMo-  Horo KiHIiB. st po3B’si3aHHS 3aa49i BAKOPHCTAHO KOHIIETIIII0 KOMILITE-
HIYHI KOJIMBAHHS. KCHUX MOayJiB. OTpUMaHi aMIUTITYHO-YaCTOTHI XapaKTCPUCTHKH IS

HarpyxeHHs Ta aedopmanii. BBeneHo nucunatuBHy QyHKito, 3a 10M0-
MOTOI0 SIKOi JOCATHYTO IUCHIIATUBHHMH po3irpiB crepkHs. Ha ocHOBI
CKIHUEHHO-eJIEeMEHTHOI MoJieli MoOyI0BaHO PO3B’S30K 3ajadl 3 Bpaxy-
BaHHIM B’SI3KOMPYXKHUX BIIACTHBOCTEH MaTepiany. [IpoaHanizoBaHo pe-
3YJIBTAaTH 3TiJHO 3 TEPMOMEXaHIYHUMH BJIACTUBOCTSAMH MaTepiany. 3poo-
JICHI BIATOBIAHI BUCHOBKH IIOJI0 MOBEIIHKH T'YMOIIOIIOHOTO MaTepiary
TIPY TePMOMEXaHIYHOMY HaBaHTaxxeHHI. [lepeBipeHo TOCTOBIpHICTH 3HA-
YeHb YacTOT JUIS MIEPIINX PE3OHAHCIB.

RESEARCH OF THE BEHAVIOUR OF THE RUBBER-LIKE MATERIAL
ON THE EXAMPLE OF A THERMOMECHANICAL PROBLEM
ON VIBRATION OF A VISCOELASTIC CYLINDRICAL ROD
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Key words: The Thermomechanical coupling problems are common phenomena in
rubber-like rod, kinematic load, the field of Solid Mechanics. In the area of structural mechanics and ma-
complex moduli, dissipative heating, terials engineering the primary motivation for studying damping is its im-
harmonic vibration. portance as an engineering property in the analysis of structural response

and performance. There are a number of interesting applications where
modeling viscoelastic materials is fundamental, including uses in civil
engineering, the food industry, land mine detection and ultrasonic imag-
ing. Nowadays, in structural design, the analysis of all but simple struc-
tures is carried out using the finite element method. This investigation
deals with the notions of stress-strain and strain-displacements relation,
which are fundamental in understanding mechanics.

The problem on harmonic vibration of a viscoelastic rubber-like rod un-
der kinematic load at one of its ends is considered. The thermomechanical
properties of a viscoelastic material is investigated. The external loading
has a significant influence on the dynamic characteristics of the material.
By using the complex moduli, the problem on vibration of the viscoelastic
rod was solved. The complex shear and Young’s moduli of a rubber-like
material should exhibit the same dependence on frequency. The proper-
ties of a rubber-like material was applied. The temperature influence is
associated both with the Newton boundary conditions and dissipative
heating. The dissipative function is expressed in terms of deformations.
The frequencies of high-damping materials occur at or near frequencies
that are normally of interest in vibration problems at room temperature.
For solving the problem a finite element model was applied. Using this
model, qualitative analysis of the influence of dynamic load and dissipa-
tive heating on the resonant vibrations of viscoelastic rod is performed.
According to the theory of viscoelasticity an analysis of the results was
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done. The reliability of the values of frequencies for the first resonances
was checked. The numerical results of the problem on vibration of a vis-
coelastic cylindrical rod under kinematic load at one of its end by the
general thermomechanical laws on vibration in damped mechanical sys-
tems were obtained and investigated. The numerical understanding of the
thermomechanical coupling of rubber-like materials is a prerequisite to
predict the temperature rise in viscoelastic components. Distribution of
the temperature of dissipative heating along the rod axis is built and ana-

lyzed.

1. Beryn

EnactomepHi Ta moisiMepHiI MmaTepialid €
HE3aMIHHUMHU B 0aratboxX MPaKTUYHHUX 3aCTO-
CYBaHHSIX 3aBISKH iX JUCHUIIATUBHUM BJIACTHU-
BOCTSIM Ta BHUCOKii nehopMiBHIN 30aTHOCTI.
BaxnuBicTh JOCTIIKEHHS TEPMOMEXaHIUHO1
MOBE/TIHKH €JIEMEHTIB KOHCTPYKIIi1, SIKi CKJIa1a-
I0ThCA 3 TIOJIIMEPIB Ta €J1aCTOMEPIB, BUHUKAE B
Oaratbox cepax CydacHOI TEXHIKH, y TOMY 4H-
CIIl TPU PO3PAXyHKY MEXAHIYHOrO Ta TEIlIo-
BOTO  CTaHy TyMOTEXHIYHHUX  BHUPOOIB,
BiOpOI30/IATOPIB, BEIMKOTa0APUTHUX TTHEBMA-
TUYHUX IIUH TOIIO. BUXOsM4H 3 TOCSTHEHB Ta
BUMOT B TE€XHIYHOMY IUJIaH1 Y MPOMHUCIOBOMY
CBITI, TaKl €JIEMEHTH, K aBTOMOOLIBHI IIHHH,
POJUKU TPAHCHOPTEPIB, MOKPUIIKHU, ITiIIIHII-
HUKH, B MPOIIECI EKCIUTyaTallii miaIalThcs Ail
[IJIOTO KOMIUIEKCY HaBaHTAaKEHb, SIKI MaroTh
CYTTEBUH BIUIMB Ha JWHAMIYHI XapaKTepuc-
TUKH MatepianiB. BHachinok Takux cnenudiy-
HUX BJIACTUBOCTEH IIUX MaTepiaiiB, K ICTOTHA
3aNIeKHICTh MEXaHIYHUX XapaKTePUCTHK BiJl
TEMIEpaTypy, HU3bKa TEIJIONPOBIAHICTD, 3HA-
YHI BHYTPILIHI BTpaTH, TpUBaJe JUHAMIYHE Ha-
BaHTA)XCHHSI, MOXE CYIPOBOJKYBATHUCS BHCO-
KUM pIBHEM JUCHUIIATUBHOIO po3irpiBy. B3ae-
MOJIisl TETUIOBUX Ta MEXaHIYHUX MOJIIB y B’s3-
KOMPY)KHHUX TLIax BUBYAETHCA B MEXax Teopil
TEepMOB’ si3KoTpykHOCTl. Temep TepMomexa-
HIYHUI CTaH I'yMOIOIIOHUX €JIeMEHTIB 10CIia-
KYETbCS 3a3BUYal Ha OCHOB1 pO3B’SI3aHHS
3B’sI3aHUX 3a/1a4 JIHINHOI TepMOB’I3KOMPYK-
HOCTI, B IKUX CITIBBITHOILIEHHS MK Halpy>KeH-
HSAMHU Ta JleopMallisiMU € TiHIHHUME, X04a IPU
IIbOMY BPaxOBYETHCS 3aJISKHICTh BIIACTUBOC-
Teil MaTepiany Big Temneparypu. lemmngyroua
3/IaTHICTh MaTepianly Ipa€e BEIMYE3HY POJb B
JTUHAMIYHIA MOBEAIHII KOHCTPYKIii. [cHye Be-
JUKa KUTBKICTh JIOCSTHEHBb Ta PO3POOOK B I
cdepi HayKu, ale TakoX € Oarato maTepiaiis,
HaJ AKUMH MOXXHA MPOBOAMTU PO3PAXyHKH Ta
OTPUMYBATH HOBI PE3yJIbTATH.

Bicnuxk 3anopizbkozo HauionaibHozo yHieepcumeny

2. MaTeMaTH4HA MO/e/Ib TEPMONPYKHUX
KOJIMBAHb

BuxopuctanHs KOHIEMIi KOMIUIEKCHUX
MOJTYJIiB Ma€ IIIMPOKE 3aCTOCYBAHHS B Cy4acHIH
imKkeHepii [5], kpim Toro, 1Ieil METoA € 3pyIHUM
JUIS. ONIKCY TIOBEIIHKU B’SI3KONPY>KHOTO MaTe-
piamy [7]. KommiekcHumu OyayTh MOIYINb
Oura E = E' +iE", aMILTITYIa HapPYXCHHS
6=0+io", aMILTITyIa nehopmarrii
& =¢' +ie”", npuupomy koeodiuient [Tyaccona
V 3aJUIIAETHCS MIHCHUM. 3alMIIeEMO OCHOBHI
CHIBBIIHOIIEHHA M) KOMIIJIEKCHUMHU MOJY-
JISIMM TS B’ I3KOIIPY)KHOTO MaTepiany:

_ E i vE
K Ta+na-2v)

C2(1+v)’ D)

l'apMOHIUHI KONHUBAaHHA Yy B’ SI3KOIMPYXK-
HOMY CEpEIOBUIIl y CIPOIICHINH MOCTaHOBII
OMHCYIOTHCS PIBHSHHSIM BUTIISATY

(A+ @)V -1 + V2 + po?i =0, (2)

ne A=A +il", ji=u +ip" — xommiekcHi
koe¢iuienTu Jlame, w — Kpyrona 4actoTa KOJIU-
BaHb, p — I'yCTHHA Marepiany. PiBHSHHS 3amu-
caHe B TepMiHaX MEPEMIILIEHb.

[Ipu KonMBaHHIX B’ SI3KOMPYKHOT'O MaTepi-
aily B110yBarOThCSl BTpATU €HEprii, 0 IPHUBO-
JUTH IO HOTO HarpiBaHHS. [HTEHCUBHICTh BUII-
JICHHS TeIUla TPH TapMOHIYHHX KOJHBAHHSIX
OMHCYETHCSI  YCEPEIHEHOI JJIMCUIIATUBHOIO
byHKIIEIO0, SIKa MOXKE€ OyTH BHpa)k€Ha uepes
aMIuTiTYu aedopmartiit
10w Oy

Eij N E 6x] axl-

y BUTTISIAL
N w " ! ! /4 2
D= E [A"{(e11 + €32 + £33)° +
+(e1; t &35 + 5:’4’3)2} + ﬂ”{z(flil + 5’%2 +
12 12 12 12
te 33)+(y 12+y13+y 23)+
+2(€”il + 8"32 + 8”§3) +

+O L YL YN (3)
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ne vy = 2¢&;, L#],
n n
" _ vE W = E
(1+v)(1-2v)’ 2(1+v)
[Tepengauy TemIa y cepeoBHII OIMKUCYBa-
THUMEMO DPIBHSHHSIM TEIUIONPOBITHOCTI BiHO-
CHO HAONMKEHUX, YCEPETHEHUX 3a MepioJl KO-
JTMBaHb 3HAYCHb Temmeparypu T
oT

kV?T + D =pcor (4)

ne k — koedimieHT TerIonpoBiIHOCTI, C— TeTl-
JIOEMHICTB.

3. locTanoBKa 3a1a4i PO TePMONPYKHIi
KOJIMBAHHS UMJIIHAPUYHOTO CTEPKHS
3 KIHeMATHYHHUM 30yAKECHHAM

3ajaua  [po JUCHIATUBHUMA  pO3IrpiB

PO3B’SI3YEThCA HAa MPUKIIAAI TAPMOHIYHUX KO-

JMBaHb CKIHUEHHOTO LWIIHJIPUIHOTO CTEPIKHS
0 < z <l ta paxiycom R (puc. 1).

24

U

tt1

Puc. 1. Cxema HaBaHTaKeHHS

Ha BepxHbOMY KiHIII CTEpKHS 3a/1aHa KiHe-
MaTHU4YHa yMOBA!

(5)

HwxHilt Kpail CTep>KHs )KOPCTKO 3aKpiruie-
HU.

VY no4aTKOBHI MOMEHT 4acy CTEPKEHb Ma€
TEeMIIepaTypy HaBKOJIMILHBOI'O cepenoBUILa Tj.
Ha iforo Oi4Hiif moBepXHi HAKJIAAA€THCSI YMOBa
HeroToHa, sika HaOIMXKEHO ONHMCYE KOHBEKTH-
BHY TEIUIONEepeaauy:

ty|z =1 = u,.
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(6)

Je Q — TyCTHHA TEIJIOBOTO MOTOKY, & — Koedi-
IIEHT TEIUIOBIAAavi. BepxHiit Ta HIOKHIM KiHIT
CTEp>KHS TEII0130160BaHi (puc. 2).

oT }
Q =—k%|r=R =a(T —Tp),

z

-

r=R=a(T—T,)

_|
o

ttrtttttrttrttt

Puc. 2. Cxema TeImIoBoi 3aga4i

4. Po3B’30K 3a1a4i Ta
YHCeJIbHi pO3paxXyHKH

[Ipu yucenbHOMY pO3paxyHKY 3a7aul Oyiu
B34Ti HAacTynHi 3Ha4eHHs: R= 0,01 m, [ =0,2 ™,
Uo=0,0001 M, To = 20°C.

Jlns oTpuMaHoi 3B’s13aHOI TEPMOMEXaH14-
HOI 3a7au4l SIK TyMOIno110HuN MaTepiai OyB BU-
OpaHMii HEOTyKIBCbKUI MaTepial, IKUil Mae Ha-
CTYITHI TEPMOMEXaH1UH1 BEIUYNHU:

H H
E'=10"—, E" =10°—,
M M

u' = m = 3,356 x 10° %,
) E" . H
u =m=3,356x10 2
KT JIx
v =10,49,p =1200 E'C = 2005 o~y
BTt BT
k = 0'09M-—°C ,a = 8,2M2—%,.

3amaua posrisganacs B HACTYITHOMY Yac-
totHOMy miamazoHi: 0 < f <1000 Tm, a
PO3B’sA30K 3a7a4i Oy/1yBaBCs B OKOJIi MEPIIOTO
pe3onancy f= 114 I'n.

ISSN 2518-1785 (Online), ISSN 2413-6549 (Print)



Visnyk of Zaporizhzhia National University. Physical and Mathematical Sciences 139

BuKopuCTOBYIOUM CKIHYEHHO-EJIEMEHTHY
MOJeNlb, OynM OTpUMaHi PO3MOAUIM HaIpy-
KeHHs, nedopmarlii, nepeMilieHHs] Ta TeMIe-
paTtypu B3IIOBK CTEP)KHS MPH YaCTOTi, OJIH3b-
Kili 10 pEe30HAHCHOI MPH 3aJaHUX MEXaHIYHUX
Ta TEIUIOBHX yMOBaX. Hukue HaBeleHi po3mo-
ninu nedopmaltii Ta TeMreparypH, 1€ 3SHa4YeHHs
TeMIiepaTyp Bkasasi B rpagycax °C (puc. 3, 4).

E, E22 —
(Avg: 75%) =
+1.354e-03
+8.958e-04
+4.377e-04
-2.046e-05
-4.786e-04
-9.367e-04
-1.395e-03
-1.853e-03
-2.311e-03
-2.769e-03
-3.227e-03
-3.685e-03
-4.144e-03

Puc. 3. Po3nozin nedopmariii B31OBXK CTEPIKHS

NT11
+2.116e+01
+2.107e+01
+2.097e+01
+2.088e+01
+2.078e+01
+2.069e+01
+2.05%e+01
+2.050e+01
+2.040e+01
+2.031e401
+2.021e+01
+2.012e+01
+2.002e+01

Puc. 4. Po3nozin temriepatypy B3IOBXK CTEPIKHS

Bicnuxk 3anopizbkozo HauionaibHozo yHieepcumeny

3agava Ipo AMCUNATUBHUM pO3irpiB B s3-
KOTIPY)KHOT'O CTEpXKHSI HecTal[lOHapHa, TOMY
TAaKOXX TMOOYZOBAaHO TEMIIEpPaTypHO-4acoBa
("4ac BKa3aHO B CEKYHJIax) 3aJICKHICTh B TOYII
MaKCHUMAaJIbHOTO PO3IrpiBy, SKY IOMITHO 3 PO3-
[IOJIiJTY TEMITEPATYPH B3I0BK CTEPKHS (pHC. ).

Puc. 5. 3anexHicTh TeMIepaTypH BiJl yacy B TOYILII Haii-
O1IBLIOTO PO3IrpiBy

3 rpadika 6aunmo, 10 TemrmepaTrypa 3 ya-

COM BCTaHOBJIIOETHCS, TOOTO HISIKMX HeOe3Imeu-
HUX TMPOILIECIB HE BITOYBAETHCS.

5. BUCHOBKH

BuKOpHUCTOBYIOUH KOHIICTIIIIFO KOMIIJIEKC-
HUX MOAYJB, Oyna po3B’s3aHa TEPMOMEXaHi-
YHa 3a/1a4a Mpo po3irpiB HIUIIHAPUYHOTO CTEP-
YKHSI TIPU TApMOHIYHMX MO3/I0BXHIX KOJIMBAH-
HSX B OKOJII TEpIIOl PE30HAHCHOI YacTOTH.
Jlany 3a1a4y B TepMiHaX KOMIUIEKCHUX aMILTi-
TYJl OCHOBHMX IIOJIbOBUX 3MIHHUX PO3B’SI3aHO
13 3aCTOCYBaHHSIM METO/Y CKIHUEHHUX €JIeMEH-
TiB, KWW y3araJIbHEHO Ha BUIIAJIOK aMILTITY/I-
HUX CITIBBITHOUIEHb MIPU FAapMOHIYHOMY Jedo-
pMyBaHHI. 3 rpadika po3noJiay TeMIepaTypu
0aunMo, 10 TeMIepaTypa 3pOCTaEe 3ropu JI0-
HU3Y Ta CIaJIa€ Bl CEPEIMHU CTEPKHS 70 O14-
Hoi moBepxHi. Lle 3ymoBieHO 301IbIIEHHIM aM-
WITyau nedopmaliiii Ta HaIpyXeHb Ha JaHIN
¢dopMi KOTMBaHb y HIDKHIA YaCTUHI CTEPIKHS.
[Tpu ammuiTyIl nepeMillleHHs Ha BEpXHii mo-
BepxHi cTepkHa 107> M Ta Temmeparypi 30BHi-
mHBoro cepenopumia 20 °C Haibinbme 3Ha-
YEeHHS TEMITEPATypPH JIOCITAETHCS B HIKHIH ce-
penHiii TouI cTepkHS: Tmax = 21,16 °C. Takum
YUHOM, MOXKEMO 3POOUTH BUCHOBOK, IO CKIH-
YEHHO-EJIEMEHTHE MOJETIOBAaHHS  J03BOJISIE
e(eKTUBHO PO3B’sI3yBaTH TEPMOMEXaHIYHI 3a-
Jadi Mpo po3irpiB B’SI3KONPYKHHUX TiJ 3 BUKO-
PUCTAaHHSAM KOHIICTIIIIT KOMITJIEKCHIX MOIYJIB.
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