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CTATUKA TA AUHAMIKA
B3AEMOAII ABCONKOTHO
TBEPOUX KOHKPELIW I3
cunyymMm CEPEAOBULLEM

[aHa yacTuHa cTaTTi € NPOAOBXEHHAM MNepLUOi YacTUHU
OOHOWMEHHOT CTaTTi. Y Uil YacTUHi BUBEAEHI PiIBHAHHSA rPaHUYHMX
YMOB, Yy SIKOCTi SIKUX BWCTYNalTb MpUKNageHi [0 CTiHOK
KOHTeNHepa nepemilieHHs. OTpuMaHo cuctemy rinepOonivHmx
PiBHSIHb 3i 3MiHHUMUK KoedvilieHTamu. BoHa [03BOMSE ChinbHO 3
HaBeJeHVMM B 4YacTWHi 1 CTaTUYHMMM PIBHSIHHAMMW OTPUMATK
3HAYeHHs1 KOMMOHEHT LUBMAKOCTEN MepeMilleHb  CUMy4oro
cepenoBuLla B KOHTEWHEpi, a TakoX 3MiHM 1T LWinbHOCTI B
3aNeXHOCTi BiA MeXaHiYHUX BNacTUBOCTEN cepeaoBMulla i
KiHEMaTUYHMX PEXNMIB NPUKNageHnX nepemiwieHn [8].

YucenbHe po3B’a3aHHA JaHOI CUCTEMU PiBHSHb A403BONSE
nocnigoBHO BUPILLMTU BUBEAEHI B CTaTTi PIBHSAHHA LWOAO
BM3HAYEHHS1 KOMMOHEHT HarnpyXeHb sk B MPUCTIHKOBUX LUapaXx,
Tak i B ymMoBax BiJCYTHOCTi BNNUBY CTIHOK KOHTeNHepa.

Ha nigctasi oTpyMaHWX TakMM YMHOM pilleHb HaBEAEHi
PiBHSIHHSA, SKi AO03BOMAOTb BU3HAYUTU MOXMMBI NiHINHI | KyTOBI
NnepeMiLlLeHHS KOHKpeLin Yy MPUCTIHKOBMX LUapax Mpy KOHTaKTHIN
B3aeMopii KOHKpeLji 3i CTIHKOI, @ TakoX B YMOBaX BiACYTHOCTI
KOHTaKTHMX B3aEMOAIN 3 YypaxyBaHHAM AWHAMIYHOro BMSIMBY
pyxomoi cunyyoro cepegoBuwa. Lli dyHKkuii oTpumani ansa
Hanbinbll 3aranbHWMX BUMAAkiB, siki nepenbadaroTb BpaxyBaHHSA
MeXaHi4YHNX BlacTMBOCTEN cuny4oro cepeposuLLa,
reoMeTpuYHUX po3MipiB, OpM i MexaHiYHMX BIacTMBOCTEWN
KOHKPEL|i i CTIHOK KOHTEMHepa, a TaKoX KiHEMaTUYHUX PEXNMIB
BMMMBIB, NPUKNaAeHNxX 4O CTiIHOK KOHTenHepa [2].

OTpuMMaHi PpiBHAHHA € BWXiQHUMW AN YNCENbHOro
PilLEHHA 3agay Mpo MepeMilleHHs, 3MiHW LWiNbHOCTI CUMMYy4oro
cepedoBMula, a TaKoX MOXIMBMX  JHIMHUX | KYTOBWUX
NnepeMiLLeHHAX KOHKPELN, SKi 3HaXoaaTbCs B CepeaoBuLLi.

BukopucrtoBytoun metogm kiHueBux enemeHtiB (FEM)
abo kiHueBux obcarie (DEM), MoxHa oOTpuMaTu OCTaTOYHi
PilLEHHA OTpUMaHUX PpiBHAHb. Lli  piBHAHHA  O03BONSAOTHL
BU3HAYUTU KIHEMATMYHI  pPeXuMM LOAATKOBMX KiHEMATUYHUX
BMN/IMBIB 3 METOK OTPUMAaHHS HeOOXiOHMX 3MiH LWiNbHOCTI i
MOXITMBMX NepeMilieHb OBCAMB CUMy4Oro cepefoBuLLa, a Takox
HeobXigHMX nepeMmilleHb | LWBWMAKOCTEW UUX MepemilleHb
KOHKpeLUi, AKi 3HaxoO4AaTbCA B PYXOMOMY CUMYyYOMY cepefoBuLLi

[5].

Knro4doei crnoea: cunyvye [OuUCKpeTHa cepefosuLle,
KOHTEWHep, MiHiMHI i KyTOBi NepeMilleHHsl, KOMMOHEeHTU
LWBMAKOCTEN MepeMillleHb, KOMMNOHEHTU OMHaMIYHUX HarnpyXeHb,
cunosi Aii.

YMOBU  MOXIMBMX X MepemilleHb 6es

JaHuX [ocnigpkeHb HaBedeHa B MepLUin YacTuHi
uiel nybnikauji. Y 3B'A3Ky 3 oOMeXeHHAMM 3a
obcsarom ny6nikauii, JaHa yacTuHa €
NPOLOBXEHHSIM MepLIOl YaCTUHW CTaTTi, B 4KIiN
oTpuUMaHi PiBHSIHHS cTaTukn CUNY4oro
cepefoBULLIa, YMOBU piBHOBAarn B HbOMY KOHKpeLLin

12

npviknageHHs byab-akux 36ypeHb 40 KOHTENHepa.

AHania ocmaHHix  OocnioxeHb i
ny6nikayiti. OCHOBOMONOXHMMW B JaHOMY
HanpsiMKy € pesynbtatu gocnigxkens . |

BnexmaHa [1,6], B skux po3rnsgalTbCa YMOBU
nepeMilleHb  KOHKpeuin 3  ypaxyBaHHAM  1X
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reoMeTpMyHUX  BMACTUMBOCTEM |  MeXaHiYHUX
BNacTUBOCTEN Y cepenoBuLLax, ki MOLEMOTLCA
3 BUKOPWUCTAHHSIM 3aKOHIB rigpoMexaHiku, Lo He
MOXe B MNOBHOMY 00cs3i BignoBigaTh pearnbHin
KapTWHIi, OCKINbKW MeXaHika Cuny4mx cepepoBULL
Mag€ CyTTEBI BiAMIHHOCTI Bi MeXaHikun piguHu.

Y pocnigpkeHHsax iHwWnx aBTopie (Bancbepr
JI. A, [HOemupos I. B., IeaHoB K. C.) [18]
HaBoOOATbLCA 3aranbHi MeTogu nobynoBu PiBHSAHL
BiOpaLINHOro pyxy cuny4mx cepegoBuLL i 3MiHW iX
arperatHoro ctaHy. OpgHak B cCTaTTi BiOCYTHI
KiHLUEBI pIiBHSAHHA, ki © [Jo3BonunnM  cknacTtu
CUCTEMU PIBHAHb ONA  KiHUEBOrO YMCENbHOro
piweHHsa. Kpim Toro, y HaBefeHi nybnikauii He
po3rnNafaeTbCa  pilUeHHA  3agjadi  npo  pyx
abconoTHO TBEpAMX KOHKpeUin Yy pyxoMomy
CUNy4YoOMy cepenoBuLLi.

Mema JdocnidxeHb. BuBeaeHHs piBHSAHb
3B’A3KY 30YAXKyOUMX KONnMBanbHMX HaBaHTaXXeHb
3i 3MiHAQMKM LWiNBHOCTI CMNYy40ro cepenoBuLLa,
KOMMOHEHTaMM1 LLBUAKOCTEN ii NepemilleHb, 3MiH
HaNpPy>XeHb Y Hil i Oil0 UMX BENUYMH HA MOXIUBI
NEepeMIlLeHHA KOHKpeLin, LWo 3HaxoasiTbCa Yy
KOHTeWHepi 3 cuny4yum cepenosuLLeM. Y 3B'A3Kky 3
LM HeobXigHO BUPILLIMTU TaKi 3aBOaHHS:

—BMBECTU KiHEMaTUYHI
30ypIoloYMX BMNMAMBIB Ha KOHTENHEP;

—OoTpUMaTh PIBHAHHSA ONA  BU3HAYEHHSA
KOMMOHEHT LUBUAKOCTEN nepemileHb
erieMeHTapHuX obcsriB CUMy4oro cepeoBuLLa;

—OTpUMaTh PIiBHAHHSA 3MiH KOMMOHEHT
HanpyXeHb B erneMeHTapHux obcdrax cuny4oro
cepefoBuLLa;

BMBECTU PIBHAHHSA MOXIMBMX LUBUOKOCTEWN
nepeMilleHb KOHKPELi Npu pi3HMX IX NOYaTKOBMX

PiBHSAHHSA

MONMOXEHHAX: Y 30Hi KOHTaKTy 3i  CTiHKOM
KOHTEMHepa | B 30HaX, BIMIbHUX Bif TaKoro
KOHTaKTYy.

Buknad OCHOBHO20 Mamepiany
docnioxeHHs1. [ns po3yMiHHS  HaWGinbL
3aranbHUX KIHEMATUYHUX YMOB Ha MOBEPXHI
KOHTEMHEpPa MOXHa CKOpUCTaTUCH  CXEMOLD,
npeacraBneHol Ha puc.2.1.
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Yy

asin(awt)

dasin(wt) 1

Puc. 2.1. CxemaTtuyHe ysiBNIeHHA NpuBeaeHHs
KOHTeMHepa B KonuBanbHUM pyx
KoHTenHep i3 cunyyum cepegoBulieM Mae opmy
umniHApa paﬂiycy R, BiCb $IKOro HaxwurneHa Ao
ropusoHTanbHoi oci Z nig kytom ¢« . [Ho
nepucpepinHnx  30H  uuniHgpa  nNpuUKNageHi
30cepeqKeHi cunu 3 NepeMilleHHs MK, sk
BUKNUKAOTb  konmBaHHA. [na  3abes3neyeHHs
noBHOI cBoboauM Ana  Hambinblw  3aranbHUX
BUNaakiB 36ymkytodi Aii npuknageHi nig kytom [
[0 BepTukani B nnowmHi XZ . L nepemiwieHHs

npeacraBneHi Ha cXemi PYHKUIIMU 3
ypaxyBaHHSAM Haxuny [ ):
asin[wt]cos[ 8]; sasin[wt]cos[ ], (21)

Je d — amnnityga KonueaHb, O — KOeqiljieHT,

SKUA BPAxOBYE Pi3HULO aMnniTyq KONMBaHb OBOX
NPOTUMEXHNX KpaiB KOHTeWHepa, () — KyTOBa

yacToTa konuBaHb, t — uac.
Mpwn pi3HMLi amnnitTyg  KOnuBaHb,
NPOMNOPUINHOI KoediLieHTy ) , BMHMKaOTb KyTOBI

KONMBaHHS oci

cnmeTpii):
H:aprctg[5/(2R)]sin[a)t]cos[,B], 2.2).

3 MEeToH OTPUMAaHHA PiBHSIHb KOMMOHEHT
LWBMAOKOCTEN MepeMillleHb CUMy4oro cepeaoBuLla
MoxHa ckopuctatuca (1.1), (1.3), (1.6), sxi
HaBegeHi B nepuin yactuHi ctatTi. [pn ubomy,
apyra rpyna reoMeTpudHMX — piBHSHB - (1.3),
niacTaBnseTbCa Yy  Pi3UYHI  PIBHSAHHS  3B'A3KY
KOMMOHEHT HanpyXeHb 3i LLIBUOKOCTAMM
pedopmauin  (1.6), a oOTpuUMaHi  BENUYUHU
KOMMOHEHT  HamnpyXeHb  NigCTaBAAKTbCA Y
PiBHSHHA  OuHamikm  cepegpoBuwa (1.1). Y
KiHUEBOMY BUIMMS4I Taki  PIBHAHHSA MNPUAMYTb
HanbinbLU 3aranbHU BUrNaa;:

KOHTEeNHepa (HaBkono
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Lli piBHAHHA noBWMHHI GyTK OOMNOBHEHI
PiBHAHHSIM HEPO3PUBHOCTI, 3acHOBaHMM Ha (1.5),
sIKe, Y CBOI 4epry, NOBMHHO OyTW NepeTBOPEHO 3
BVKOPUCTaHHSIM PiBHSAHb PO3MNOAiNy HanpyXeHb Yy
ctatudyHomy ctaHi (1.18), (1.19), Ha nigcTaBi sKuX
BBOAMTbLCA OYHKLiA po3noginy winbHocTi 3 (1.20)
[3].

Oani, npn BUKOPUCTaHHI rpaHNYHUX YyMOB

(2.1), (2.2) ™MOXHa BM3HAYNTM KOMIMOHEHTU
WwBMaKocTeM nepemileHb | 3MiH  LWiNbHOCTI
cuny4yoro cepepoBuLLla npwm NpUKNageHHi

30ypeHnx pyxiB OO CTiHOK KOHTenHepa. PilleHHs
UMX PpiBHAHb MOXe OyTM oTpumaHo nvwe 3
BUKOPUCTAHHSIM  YNCENbHUX METOAIB  KiHLEBUX
enementiB (FEM) abo kiHueBmx obcsris (DEM),
OCKiTbKM Ui PiBHAHHA BiAHOCATbCS ao
rinepOoniyHOro TUMy 3 reoMeTpUYHOK i Di3NYHOI
HEeNiHINHOCTAMMN.

[nsa onucy MOXNUBKX PYyXiB KOHKPELIN, ki
3HaxoOATbCA B CUMYy4YOMYy CepefoBuLi, HEODXigHO
po3rnaHyTM [ABa Bunagku. [lepwwin  Bvnagok
BiAHOCUTbLCA OO0 KOHKpeLin, Lo 3HaxoaaTbCd B
KOHTaKTi 3i CTIHKOWO KOHTerHepa, a apyrun
BUMAAOK — A0 KOHKpeLUin, WO 3HaxoasaTbcs B
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cunyvyomy cepenoBulli 6e3 KOHTaKTy 3i CTiHKOH.
Mpn uboMy NepLni BUNAZoK cnig dpaTtn 4o yearu
nvwe 00 MOXIMBOrO KOHTaKTHOMO HaBaHTaXKEHHS
CTiIHKOW, a pJani po3rnsgaeTbCa nuwie Opyrun
BMNaJoK.

Y pasi KOHTaKkTHOI B3aemogii (mepiumn
BMMNAAOK) MOBUHHI OyTM BMKOPWUCTAHI PIBHAHHS
Tmny (1.23), (1.24). MNpy LbOMY B HUX NOBUHHI ByTN
BHeECeHi JOMNOBHEHHA Yy BUMA4I iHEPUiNHNX cun 3
DOOKy pyxOMOi NOBEpPXHi KOHTENHEpPA i AOMNOBHEHHS
y BUIMSA4I CMN OMopy CepefoBULLa, LLO PYXaeTbCs
3 BUKOPUCTAHHAM pPiBHSAHb piBHOBarn Ha NOBEPXHi
(1.2), B AKMX KOMMOHEHTU HaMNpPyXeHb MOBMWHHI
OyTn B13HayeHi 3 piBHAHBL (1.6) [3].

IHepUinHi CKkNagoBi BU3HAYaOTLCA NMPUCKOPEHHSMMN
(NiHIMHUMK | KyTOBMMM) Y NPOEKLiSAX Ha HOpMarb i
OOTUYHY [0 CTiHKM KOHTerHepa Yy YHKUisX
OOypeHHs i KOOpAMHAT CTiHKM KOHTEenHepa, |
3axoamu iHepTHOCTI KOHKpeLi y 3anexHOoCTi Bif
BMAOY NepemileHb NiHinHMX (Maca) abo KyToBUX
(momeHT iHepuii mac). Buxogsaum 3 (2.1), (2.2) i
cxem (puc.1.1 (yactmHa 1) [3] i puc.2.1 (4acTuHa
2)), 3MilLleHHA CTIHOK KOHTEeWHepa B HanpsiMKy
oci 0y oyayTb maTtu BUMAA;
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v, =(a+ (R —x))cos[wt]cos[B]; wrose V=—(a+(R—X)o)wcos[F]Sin[tw];
nepemiwens: @ = arctg[5/2R|cos[f]:  ix O =warctg[5/2R] cos[Slcos[tw], (2.4)

nepwi noxigHi 3a 4YacoM (MiHiMHa i KyToBi a papyri nMoxigHi 3a 4YacoM (MiHiHe i KyToBe
LUBUAKOCTI): NPUCKOPeHHS) (puc. 2.2):

V=—(a+(R—x)3)o’ cos[B]cos[tw]; O =-w’arctg[s/2R]cos[Blsinftw].  (25)

B ubomy BuNagKy Npoekuia BepTUKaNbHUX  HOpMarib O MOBEPXHi, Ha HopManb A0 CTiHKU
iHepUiNHMX cun, K AiloTb 3 OOKy CTiHKM  Habyge Burnagy:
NPUBEAEHOIO0 B PyX KOHTEMHepa B MpoeKuil Ha

F., =M, Vvm_=-M, (a+ (R -Xx)35)aw*cos[ B]cos[tw]m_, (2.6)

ne M, ,M_— maca Komkpeuii i kocuryc kyra CTaTTi. Ta X iHepuiiHa cuna B npoekyii Ha
AOTUYHY [10 CTIHKN BUSHAYUTLCA 3aNeXHICTIO:

Haxuny Hopmani go oci OY, BusHavalTbCcA 3
piBHAHb (1.21), (1.16). Aki HaBegeHi B YacTuHi 1
Fu =M, V sin[arccos[m_]] =

=-M, (a+ (R - x)&)w* cos[ S] cos[tw]sin[arccos[m_]]
Y TakoMy BMNagKy MOXYTb OyTW cknageHi  ypaxyBaHHAM  iHEpUinHWX, npeacTaBuUTbCa Yy
PiBHSAHHS MOXITMBUX ne_pelMiu.l,leHb KOHerLl,iFI, AKi BUMNSAL] STFd 4 Sde’ TO6TO Cyma MpoeKwii BCix
3HaXoOATbCA B KOHTaKTi 3i CTiHKaMM KOHTenHepa
npuM KMOro pyci, $Ki BM3HaA4YaTb YMOBWM pPyxy CWUIM HA AOTUYHY [O CTiHKU Sde nepeBuLLye cuny
KOHKpeuin (KoB3aHHA, BigpuB Big CTiHKM abo
KOYEHHS MO CTiHLj). TRd Big aii Bcix cun. Cknagosi uMx cun
Mepwa ymoBa — ymMoBa KOB3aHHS KOHKpeuii Mo  matumyTb  Burmag  (iHTerpanbHi  BUPaXeHHSs
MOBEPXHi CTIHKX Mpu A0AATKY AMHaMIYHMX [i 00  aBMsAOTb COBOK MOBEPXHEBI iHTerpanu nepLioro
KOHTeWHepa. Mpun LbOMY Cyma MpOeKLiit BCiX cun,  poay):
CMPSIMOBAHUX MO AOTWMYHIA OO0 NOBEPXHi CTiHKM
KOHTEMHepa, WO [filoTb Ha  KOHKpeuii, 3

M VM, g £

I f O ot 1S E |+

—M

2.7)

Tepta S

I+

e k—

I .[ O vdjy= f(§§)dé/d§

Seig =sin[m,] e ,

(2.8)

-+

J‘ Js xd|k+Txydmk+szdnk) dgdé: tg[(os]i

=fi (&,
Shen s 1=t (5.£)

+ I .f GZdnk +szd|k +Ty2dm ) dgdg tg [@3]

[n=fk (£.£)

—N =6,
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M, Vm, £M,gm =
e o,
.[ .[ Oyt (6006 S |Me +
=T =6,
+ +
T rkj‘éc
+ O iyt (.06 dS M,
Stea = 10[0,] N K ’
o O (2.9)
* I (O-xd|k+z-xydmk +szdnk) (“)dgdf tg[%]i
—K =6, = (&
I 52,
y J ] (O'zdnk + Tah +7yzdmk) e d¢gds |tg|g,]

=l =5,
KOHKpeLlii, siki NMOBUHHI OyTW BM3HA4YeHi 3 PiBHAHb
'qeo-vd:(axd+0d+0xd)/3’ pe yTv B P
y (1.4) vactuHm 1 [3], P;— koediLlieHT 30BHILLHBOTO

0,410y410yds  Tyxyd1Cyzd1Tyzd — KOMMOHEHTU  TepTA cCunyyoro cepeaosuila Npu  KOHKpewyii.

HOpPMarnbHUX | AOTUYHUX HanpyXeHb Ha MOBEPXHI

Puc. 2.2. M'padikmn BibponpuckopeHb 30yAKyHOTb AMHAMIMHUIM BNMIMB HAa KOHTENHEP
KOMMOHEHTM HOpManbHWX i JOTUYHUX HanpyXeHb TOro, WO MpU LWBUOKAX pyxax cepegosuLia
Ha MOBEPXHi KOHKpeUil BM3HayaTbCA 3 i3UYHUX  BENIMYMHOK, HKa XapakTepusye onip  pyxy,

PiBHSHb, SIKi 3acHOBaHi Ha (1.6) 3 ypaxyBaHHAM  3anuvLIaeTbCs B'SI3KMI onip:

) 7 . J7

Oy =3, +———(6,—&,); 04 =31, +——— (€, — &) ;
d 0“0 0 d 00 0
" L+v) g L+v)
_3 g Moo
O,y =3y &y +—— (&, — &) (2.10)
@Q+v)

z-Xyd :nyxy’z-xzd :nyxz’ryzd :777/yz'

KoMnoHeHTn wBugkocten pfedopmadi, pasi, Konv cymapHUin MOMEHT CUI, 3 ypaxyBaHHAM

O BXOAATL B OCTaHHI DIBHSHHSA, BU3HAYAOTLCA  nuuamiyHOi CKIagoBON SMkdh (LLOAO MUTTEBOrO
LLISIXOM AndepeHLitoBaHHS KOMMOHEHT

LUBMAKOCTEN nepemilleHb, OTPUMaHMUX y  LeHTpy obepTaHHs Or) nepeBuLLYE MOMEHT cun

pesynbTarTi pilueHHs (2.3) signosigHo ao (1.3) [3]. BIJHOCHO TOTO X LEHTPY, LUO AitoTb B iHLLOMY
ra ymMoBa — Le YMOBA KOYEHHs

fpyra ymo ey Hanpsmky  SM .

KOHKpeLUji Mo CTiHUi KOHTenHepa, SIKe BUMHUKaE Y
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Mpn ubomy, HeobxigHO
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OOTpUMyBaTUCA [04aTKOBOI YMOBWU  BiACYTHOCTI SM,,, —SM, . Bupasu ans cymapHux MoMeHTiB
|<0|33aHH;|:ST,:d > Sde. Y ubomy BuNagky, BisbMyTh B
KPYTHUA ~ MOMEHT  BU3HA4YUTbCS pi3HMLEIO
J. j iyt cyn0d6 dS M+
—T k=6, n
e =0,
+ O dly=1, (§,§’)/.7720dé/dé:
I, =
SMyg, —‘9‘]ko th j I Tyl + Tga M +szdnk) /.q>0dé’d§ 9]+ |;
Shns [n=f (£.5) "=
+ J I o,4N, +z'xzd|k+ryzdm) . ,4gd¢ tg[,]
Sor b=tk (£.0)" 1=
k 'k ™
o,
j j Gvd\q:fk(g,g)/.nsodgdg mc +
U
+
e =0,
.[ .[ Oyt (z.cyn0dS G |M
T —K
SM _QJkO th|t I I Ol + Ta M, +szdnk) y ,_n<0d§d§ 9[e;] |10
Shnss n=fk (&.0) 1=
T j j O M + Tyl + Ty M ) n<0 dé/dét tg[(ps]
. 1=tk (¢.6)
ae ‘]kor_ MOMEHT iHepujii Macu KOHKpeLii LWwoao
MuTTEBOTO LIeHTpY oBepTants O, . gk - ”prk (g’n’é/)dédndé/ M k?
Y O6inblWw 3aranbHOMY BuNagky MOMEHT Vi
iHepuii Macu KOHKpeLil Lodo MWUTTEBOIO LEHTPY
06epTaHHS  BU3HAYMTLCH  HACTYMHUM  YMHOM: M= J‘J‘J'npk (f,ﬁ,g)dfdﬂdé’ Mk;
Jio, = [[[r A (€. O)dEdRdS , pe, - 5
Vk
BiACTaHb BiO UEHTPY mMac A0 MUTTEBOrO LEHT _
AcTak SiA enTpy wac Ao wartesoro weutey ¢ —| [[[¢ p, (£,,¢)dédnd¢ | /M,
o6epTaHH9|;r=\/§k + 1, +é’k , @ BENnuUYuHK Vy

&1 M+ G — KOOPANHATI LIEHTPY Mac KOHKpeLii no
BiIHOLLIEHHIO [JO MUTTEBOTO LIEHTPY 0GEpTaHHS:
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Y ToMy BuNagKy, SKWO npoekuis Ha
HopManb OO CTiHKM KOHTEWHepa iHepuinHWX cun
BMMMBY CTiHKM KOHTEMHEpa, i cun, Wo AitloTb 3 60Ky

PYXOMOro  CMUMyyoro  cepegoBuia SFnd ,
NepeBuMLLMTb NPOEKLIiI0 Ha Ty X HOpMarb MacoBUX
cun San , SFnd > San , BinGyneTbca Biopus
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KOHKpeUii Bif CTIHKA KOHTEWHepa, i Todi MOXHa
po3rnagaT  NOBediHKy KOHKpeuil B ymoBax
OE3KOHTaKTHOrO pPyxy B CUMYy4YOMY CepenoBuLLi.

—f =6,

SFnd =

T k=

—f Tk

e O,

* _[ (Gxdlk T Tyya Mk +szdnk)
—I =0,
e 5(

+ I I (O-zdnk + Tyl +Tyzdmk)

= =0,

[nsa Bunagky BMKOHaHHS YMOBM, onvcaHol
BULLE, | SKWO KOHKpeLis B CTAaTUYHOMY pPeXuMi
nepebyBana y BiNbHOMY Bi KOHTakTHOI B3aemMogii
CTaHi, HEOBXiAHO PO3rNAHYTM YMOBU MOXNIUBUX i
nepemilweHb Ha niacTasi aHanisy cun, ski éygyTb

0iaTM  Ha Hei 3 6GOKy pyxoMOro Cunyyoro
cepepnosuLLa.

Tak, 3 6GOKy pPyxomMOro  CUMy4oro
cepepoBuwia Oyaytb 4iaTM cunn, OOYMOBIEHI

KOMMOHEHTaMMN HanpyXeHb Ha MOBEPXHi KOHTAKTY

rk 50
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Bupasu npoekuin umx cun Ha HopMmanb MakTb
Burnag: S M, gm,;

Fnm =

-+

dgdg

[7=fk (£.£)

a[es]£. 212)

dgds

[7="fk (£.¢)

tg [(03]

Hao'xd,Gyd,sz,T(a.,l'g),ryzd i3 piBHsAHHA (2.10),

a senuunroo |,m,n—wa |, M, N, i3 piBHsHHs
(1.17) [3]. Kpim Toro, koHkpeLis byge cxunbHa 00
Oii  cmn cyxoro TepTa  PyXOMOro  CUMy4oro
cepepoBuua i gii macoBmx cun. Y UbOMy BUNagKy
MOXIUBI HANPSIMKX NepeEMiLLLEeHb KOHKpeLin byayTb
BM3HA4aTHCS ChiBBigHOLLEHHAM BEMUYUH

X,Y,Z gna neBHOro MNOMOXEHHS KOHKpeLii B
EMHOCTI B CUCTEMi KoOpAWHAT XYZ (PiBHAHHS

BiANOBIOHO [0 PiBHSHb PIBHOBArM Ha MOBEPXHi piBHOBarM Ha MOBEPXHi KOHTAKTy KOHKpeLii i3
(1.2) B SIKMX  KOMMOHEHTW  HampykeHb CEPENOBULLEM):
0,,0y,0,,T4,Ty, Ty, TOBUHHI OyTM 3aMmiHeHi

Ol + Tga M + 79 N = X; Oy M+ Ty Ny 7,4 1, =Y; 0, N + Tl + TpaM =2, 2.13)

3 ornsgy Ha BULWEBMKNageHe, MOXHa
CKNMacTW PIBHSIHHA CUI, WO Ail0Tb Ha KOHKpeuil 3
ypaxyBaHHSIM CUM TSKKOCTi, B HACTYMHOMY BUrMsAAj
OIS KOXKHOTO 3 MOXIMBUX HAMNpPSMKIB:

FM,, =

—M —Tk —Ne — T

— B Hanpamky oci OX pyiiiina cuna

BU3HAUYUTBLCS  HACTYNMHUM  4YMHOM  (iHTerpanbHi
BMCITOBWU € MOBEPXHEBI iHTEerpanu nepLioro poay):

HXL (dnd¢ + HYL dede+ | JZ\ dpdE+M, g [tgle] |-

—Ne — T

L (2.14)

I X],.odnd¢ + I Y], ,0¢d¢ o rjki\gzodndfmkg tglp,]

—M —T —Nc — T

B HanpsiMKy oci OY :

FM

—Mc — T —Mc — T

e N

I

—Mc — T

—Mc —Tk

B HanpsiMKy oci OZ :
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Z|. dnd¢+ I I Y], d5dg +f I X|,_,dnd< +M, g [tglei] |-

—Mc — T
. (2.16)

T

- “Z\;Zod’?d& HY_Lode‘dﬁI rfki\gzodndekg tole,]

—Mc — T —Mc =T

Takum 4YuHOM, PpiBHAHHA (2.14), (2.15),
(2.16) 3 ypaxyBaHHSAM (2.13) BU3Ha4al0OTb MOXITMBI
nepeMileHHs: KOHKpeLiT y cuny4yomy cepegoBuLLi,
fKa 3HaXoAWUTbCHA Y KOHTerHepi npu godaTtky Ao
KOHTeMHepa 30ypeHb y BUMMAAi KiHEMaTUYHMX
30ypeHb, Y 3areXHOCTi Big peXuMiB nNpuknageHmx
30ypeHb, reoMeTpuyHux opm i  po3mipis
KOHTelHepa, ¢opmu, po3MipiB i BRAcTMBOCTEN
KOHKpEL|ii, a TakKoX MexaHiYHMX BracTUBOCTEN
CMNYYOro cepefoBuLLa.

BucHoBkW. Ha nigcTtasi BUCHOBKY PiBHSIHb
CTaTUKN CUMYYOro cepefoBULLIA Ta KOHKpeLin, SKi
B HI 3HaxodsaTbCHd, AK @YHKUIN  MexaHiYHuX
BNaCTUBOCTEN KOHKPELii i cuny4oro cepenoBuLla,
reOMEeTPUYHNX PO3MIpIB KOHTerHepa i KoHKpeLil, a
TaKkoX AoAaHUX A0 KOHTEeNHepa 30ypeHb y BUMMA;
KiHEMaTUYHUX BENUYMH SK NiHIMHKX, TaK i KyTOBUX,
OTPUMaHI:

- PIiBHAHHA ONs1 BU3HAYEHHS] KOMMOHEHTIB

LWBMOKOCTEN  MepeMiweHb obcariB - cunmyyoro
cepegjoBulla And  OOBINMbHOI  TOYKM  obcary
KOHTENHepa;
PiBHAHHA  ONS  BW3HAYEeHHs  3MiH
LLiNBbHOCTI CMNy4Yoro cepeaoBuula AN AOBIiMbHOI
TOYKM 0DCAry KOHTEMHEPA;

- PiBHAHHA AN BU3HAYEHHSA MOXMMBUX

NIHIMHWX | KYTOBUX MNEepeMilleHb Y AOBIfbHMX
TOYKax obcAry KOHTerHepa i Yy NPUCTIHKOBUX
wapax cuny4yoro cepefgosuwa, TOOTO npu
HasIBHOCTI MOYaTKOBOI  KOHTaKTHOI  B3aemogii
KOHKpeLisi - CTiHKa KOHTeNHepa.

OTtpumanHi PiBHSIHHSA BMMarawTb

3aCTOCYBaHHS YMCENbHUX METOAIB iX BUPILLEHHS i3
3aCTOCYBaHHAM METOAIB  KiHLEBMX €rIEMEHTIB
(FEM) abo kiHueBux obcsris (DEM).
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[aHHas 4acTb CTatbu ABNAEeTCA
npoAoIMKEHNEM ﬂepBOI‘/’I YyactTm OOHOMMEHHOWN
ctatbn. B 3TOM 4actTu BbiBEAEHbI ypaBHEHUA
rPAHNYHbIX yCﬂOBI/IIZ, B KayeCTBe KOTOpbIX
BbICTYNaOT NMPUINOXEHHbIE K CTEeHKaM KOHTeIZHepa
nepemMeLleHnd. I'IonyLIeHa cucrema

rMnepbonnyeckux YypaBHEHUA C MNepeMeHHbIMU
koacppuumeHtammn. OHa NO3BONSET COBMECTHO C
npvBedeHHbsIMM B 4Yactu 1 cratudeckumu
YPaBHEHUSIMU  MOSMY4YUTb 3HAYEHUS KOMMOHEHT
CKOPOCTEN nepeMeLleHunin cbinydyen cpedbl B
KOHTelVHepe, a Takke U3MEHEHUs ee MIOTHOCTU B
3aBMCMMOCTU OT MEeXaHW4YeCKUX CBOWCTB cpedbl U
KMHEeMaTUYeCKMX pexnmMoB NPUMOXEHHbIX
nepemeLLeHn.

YucneHHoe pelleHne [AaHHOW CUCTEMBI
ypaBHEHWU NO3BONSeT NocneaoBaTesibHO pelmnTb
BblBEJEHHble B  CTaTbe  ypaBHeHus 0O
onpegeneHnun KOMMOHEHT HanpshKeHun Kak B
MPUCTEHOYHbIX CNOsiX, TaKk W B  YCNOBUSAX
OTCYTCTBUS BO3OENCTBUSA CTEHOK KOHTENHEpa.

Ha ocHoBaHWM  MOMyYEeHHbIX  TakuMm
obpasoM pelweHMn npuBedeHbl  YpaBHEHWs,
KOTOpble NO3BONSAT OnNpeaennTb BO3MOXHbIE
NWHENHbIe 1 YInoBble NepeMeLLeHNs KOHKpeLnn B

NPUCTEHOYHbIX cliogax npu KOHTAKTHOM
B3aMMOAENCTBUM KOHKpPELIMM CO CTEHKOM, a Takke
B yCrnoBusix OTCYTCTBUS KOHTaKTHbIX
B3aMMOAENCTBMA C  Y4eTOM  AMHAMWUYECKOrO

BO3AENCTBMSA OBWXKYLLENCHA Chinyden cpefbl. OTu
dYHKUMM  NofyveHbl Ons  Hamboree  obLnX
cny4aes, KoTopble npeanonaralT yyeT
MEXaHW4YeCKMx  CBOWCTB  CbiNyvenh  cpeabl,
reoMeTpUYeCcKmx pa3MepoB, dopm "
MEXaHNYEeCKUX CBOWCTB KOHKpPELMM WU CTEHOK
KOHTEelVHepa, a Takke KMHEeMATUYECKMX PEXUMOB

BO3EeNCcTBUN, NPUNOXEHHbIX K CTeHKaMm
KOHTENHepa.
Mony4eHHble ypaBHeHUS ABNAIOTCA

WCXOOHBbIMW ONs1 YMCIIEHHOMO peLleHust 3agad o
nepemeLLeHNsIX, UBMEHEHUAX NITOTHOCTU Cbiny4yen
cpeabl, a TaKkke BO3MOXHbIX JIMHENHbIX U YrNOBbIX
nepemeLLeHNsIX KOHKpeLUn, KOoTopble HaxoaaTcs B
cpege.

Ncnonb3yst MeTogbl KOHEYHbIX 3IEMEHTOB
(FEM) wmnmn koHeuHbix obbemoB (DEM), moxHO
NoMny4YnTb OKOHYaTESIbHbIE PELUEHMS MOMYyYEHHbIX
YPaBHEHUNA. On ypaBHeHUs Nno3BonsOT
onpegennTb KMHEeMaTunyeckme pPEXUMBbI
npunaraembiX KMHEMaTUYEeCKUX BO3O4ENUCTBUMA C
LUenbl  MonyyeHust HeobXOoAMMbIX U3MEHEHMWN
MIIOTHOCTU N BO3MOXHbIX NepeMeLleHnin o6 beMoB
cbinyder cpedbl, a Tawke HeobxoauMmbix
nepemMeLLLeHNn U CKOPOCTEN 3TUX MepeMeELLEeHUN
KOHKpeLUWn, KOTopble HaxOoOATCs B ABWXYLLENCs
cbinyyen cpege.

KniouyeBble cnoBa: cbinyyas AUCKpeTHas
cpefa, KOHTerWHep, TfWHeWHble U YrroBble
nepemeLLeHuns, KOMMOHEHTHI cKkopocTen
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nepemMeLLeHni, KOMMOHEHTbI OuHamudecknx  interactions taking into account the dynamic effect
HanpsHKeHUn, CUNoBble BO3OENCTBUA. of the granular medium, that is moving. These
functions are obtained for the most general cases,
STATICS AND DYNAMICS OF INTERACTION which include the granular medium’'s mechanical
OF SOLID CONCRETIONS WITH GRANULAR properties, the geometric dimensions, shapes and
MEDIUM mechanical properties of the concretions and walls
of the container, and the kinematic regimes of the
This part of the article is a continuation of impacts applied to the walls of the container.
the first part of the article of the same name. The The equations obtained are the initial ones
equations of boundary conditions, which are the for the numerical solution of the problems of
displacements applied to the walls of the container  displacements, changes in the density of the
are derived in this part. A system of hyperbolic granular medium, and the possible linear and
equations with variable coefficients is obtained. It angular displacements of concretions that are in
allows, together with the static equations given in  the medium.
Part 1, to obtain the values of the velocity Using finite elements method (FEM) or
components of the displacements of granular finite volumes method (DEM) it is possible to
media in the container, as well as changes in its obtain final solutions of the equations. These
density, depending on the medium mechanical equations make it possible to determine the
properties and the kinematic regimes of the kinematic regimes of the applied kinematic effects
applied displacements. in order to obtain the necessary density changes
The numerical solution of this system of and possible displacements of granular media, as
equations allows one to solve successively the well as the necessary displacements and
equations on the determination of stress velocities of these displacements concretions,
components both in the wall layers and in the which are in a moving granular medium.
absence of the action of the walls of the container. Key words: granular discrete medium,
The equations are given that allow us to container, linear and angular displacements,
determine the possible linear and angular displacement velocity components, dynamic stress
displacements of concretions in the wall layers components, force effects.
during the contact interaction of the concretion
with the wall, and also in the absence of contact
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