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OmnucaH NpUHLUN AEUCTBUS M COCTaBJIEHAa MaTeMaTH4eckKas MoJeNb BHUOPAI[MOHHOW CHCTEMBI, OIHCBHIBAIOIIEH
B3auMo/ieiicTBUe BHOpOyaapHOro pabodero opraHa ¢ OETOHHOH cMechbio, B KOTOpol (hopmupyemas OeTOoHHasi cpena
NPE/ICTaBIICHA B BUJE TUCKPETHOH MaTeMaTH4YeCKOW MOJENW C IEepeMEeHHBIMHU INapamerpamu. [Ipu stoMm ynpyrue u
WHEPLUOHHBIE CHJIBI, JIEHCTBYIOIINE HAa BHOPOIUIUTY CO CTOPOHBI YIUIOTHSEMOH Cpelpbl, NMPEACTaBICHBl B BUJIE HM-
MyJIbCHBIX QyHKIMA. COCTaBIECHBI YpaBHEHHUS JBIKCHUS U UCCIIEO0BAHbl KPYTUIIBHBIE KOJIeOaHUsT BUOPOIUIMTHI OTHO-
CHUTENBHO TPOAOIBHOI OCH M KosieOaHHUs BHOPOIUINTHI pabOdero opraHa B BEPTUKAJILHOM M TOPU30HTAIBHOM HAaIPaB-
nerusix. OnpeneneHsl 3aKOHOMEPHOCTh IPOCTPAHCTBEHHBIX KOJIeOaHN BUOPAIIMOHHOH IIIMTHI M OCHOBHBIE TTAPAMETPHI
BHOpOyZAapHOTO pabodero opraHa B 3aBUCHMOCTH OT BEIMYMHBI BUOPAIIMOHHO-YIApHOTO BO3JEHCTBUS, (JOPMBI U BUIA
UMITYJIbCHBIX (DYHKIHMI, ONMMCHIBAIOMINX PEAKII0O OCTOHHON CMECH Ha BHOPAIMOHHOE BO3MYIEHHE, TEOMETPUIECKUX
pa3MepoB YIUIOTHSIOLIEH MOBEPXHOCTH BHOPOIUINTHI M COOTHOLIEHHS TAPMOHMK BBIHYKACHHBIX KOJeOaHUI ¢ rapMo-
HHKaMHU COOCTBEHHBIX KOIEOaHHH pacCMaTPHUBAEMOI CHCTEMBI.
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OmnwucaHo TPUHIHAII [ii 1 CKIaJCHO MaTeMaTUIHY MOJICNb BiOpamiifHO{ CHCTEeMHU, 110 OMKCYE B3a€EMOJII0 BiOpoymap-
HOTO poO0Y0ro OopraHy 3 OETOHHOIO CYMIIIIINO, B AKii OCTOHHE CepeOBHUINE MPEACTABICHO Y BUTIISI AUCKPETHOT Ma-
TEMaTHIHOI MOJIelNi 31 3MiHHUMH Tapamerpamu. [Ipu mpoMy MpyKHI i iHEpUiHHI CHIIH, Aifodi Ha BiOporumTy 3 OOKYy
VIIITFHIOBAHOTO CEPEIOBHINA, IIPEACTABICHO Y BUTIIAAL IMITy TbCcHIX (yHKIIH. CKIIAICHO PIBHAHHS PyXy Ta IOCIiIKe-
HO KPYTHIIbHI KOJHMBAHHS BIOPOIUIATH OO MO30BXKHBOT OCi i KOJUBaHHS BIOPOILIMTH pOOOYOT0 OpPraHy y BEepTHKA-
JIbHOMY 1 TOPU30HTAJIBHOMY HampsMKaxX. BH3HaueHO 3aKOHOMIPHICTH MTPOCTOPOBUX KOJIMBAaHb BiOpamiiHOI IUIMTH Ta
OCHOBHI ITapaMeTpy BiOpOyIapHOro poOOYOro OpraHy B 3aJIe)KHOCTI BiJ BEJIMYMHH BiOpaliiiHO-y1apHOTO BILIHMBY, (o-
PMH 1 BUAM IMITYJIbCHUX (PYHKIIH, 110 OMUCYIOTH peakiiiro OeTOHHOI cyMilli Ha BiOpauiiiHe 30ypeHHs, TeOMEeTPUYHUX
PO3MIpIB YIIUIBbHIOYO! TTOBEpXHI BiOPOIUIMTH Ta CIIBBIJHOLICHHS TapMOHIK BHUMYIIEHUX KOJIMBaHb 3 rapMOHIKaMH

BJIACHUX KOJIMBAHb pO3I‘J’I$IHyTO'1. CHUCTCMHU.

Karouosi ciioBa: BiOporuiTa, KONMBaHHS, 3aKOH PYXY, YIIIJIbHIOBaHE CEPEIOBHIIE.

AKTYAJIBHOCTb PABOTBI. VYcrtaHoBi€eHO, YTO
BUOPOYJAapHBIA PEXUM PadbOTHl BUOPAMOHHON MAalTHHBI
[1-3] mo3Bonsier 00ecnevnTh 3HAYUTEIILHOE MMOBBIICHNE
MIPOM3BOIUTEILHOCTH 1 Ka4eCcTBa YIUNIOTHEHUS] OETOHHBIX
n achanbToOETOHHBIX cMeceil U rpyHTa. [Ipn Ttom Xxa-
paKkTepUCTUKH (PUIUKO-MEXaHHUECKHX CBOICTB (opmu-
pyeMoii cpeibl BO MHOTOM OIIPEJENIAIOT MOBEICHHE AH-
HaMUYECKOW CUCTEMBI BUOPOYAApHOTO pabOvYero opraHa
U CYIIECTBEHHO BIHUSIOT HA ONpEAETICHNE €r0 OCHOBHBIX
napaMeTpoB. B NpoBeIeHHBIX MCCIIETOBAHMIX XapaKTe-
PHCTHKH (PU3UKO-MEXaHHMYECKUX CBOMCTB (popMupyemoit
cpenbl, B3auMo/IeiicTByIOIIEH ¢ BHOpOyIapHbIM pabounmM
opraHoM, ObUIM IpeacTaBlieHbl Moneiblo ['yka [4], mo-
nensto CeH-Benana unu Bsi3koynpyroit mozaensto Kenb-
BuHa — @orTa [5]. DTH MoIeH He B HOJIHOH Mepe MOTYT
OTHCaTh PEaKIuio GopMHUPYEMOH Cpeasl Ha BHOPOIUIUTY,
YTO HE MO3BOJISIET OINPEICNIUTh PAllMOHAIBHbBIE ITapaMeT-
pBI BUOpOymapHOTO paboduero opraHa U peXHMbI BHOpa-
IIMOHHOTO BO3JCHCTBUS ¢ TOYHOCTBIO, JIOCTATOYHOM IS
WHXEHEepHBIX pacueToB. lIpencraBienue dopmupyemoit
cpensl B BUZE CIUIOIIHOW Cpebl, KOTOPYIO MOXKHO OIH-
caTb MaTEeMAaTUYECKUMU MOJAEISIMH, COCTABICHHBIMHU U3
MHOXkecTBa 31eMeHTOoB CeH-Benana mnu KenbBuna —
dorra [1, 6], gaer Gomee TOYHOE OMUCAHUE YIPYTUX H
JIMCCUITATHBHBIX CBOWCTB YIUIOTHSAEMOH cpensl B IIPO-
necce BUOpalMOHHOTO Bo3ueicTBus. B pabore [7] npu-

BEJICHO HCCIICOBaHNE KOJNCOAHUA NUHAMUYECKOH CHC-
TEMBI, B KOTOPOH YYUTHIBAaeTCs JCHCTBHE YILIOTHACMOW
cpenbl Ha BHOpPAIIMOHHBIN pa0odrii opraH B BHIE CHI,
XapaKTePU3YIOIINX YIPYyTHe, HHEPIIMOHHBIC W JFCCHITA-
THUBHBIX CBOMCTBAa. DTO JaeT MOJOKUTENIBHbBIE pe3yiIbTa-
THI TIPU BUOpanmoHHOM (6e3ymapHoM) yrmoTHeHuu. [Ipn
BUOPOYIAPHOM  YIJIOTHEHUH JIEMCTBUE YIIOTHIEMOM
cpenpl Ha BUOpOIUIMTY paboyero opraHa TpedyeTcs
OPEICTABUTh B BHJC HMITYJIbCHBIX (DYHKI[HIA, OIMHUCHI-
BaIOMIMX YIPYTHe W WHEPIMOHHBIE CIIBL. [losTOoMy st
000CHOBaHUS PAIOHANBHBIX MMAPAMETPOB BHOPOyIap-
HOW MAaIIMHBI HEOOXOAWMO TOYHO OIPEACIHUTH 3aKO-
HOMEPHOCTh Je(OPMHPOBAHUS (POPMHUPYEMOU CpPEIIbI
MIPH yape U YCTAHOBUTH 3aKOH JIBHKCHUS BUOPOILIH-
TBI B OTPBIBE OT (POPMHPYEMOH Cpelbl MEKIY yaapa-
MH.

Hemns paboThl — ompeaeneHWE panMOHATBHBIX Ma-
pamMeTpoB BHOpOyIapHOTO pabodero opraHa, MCIOJb-
3yeMOTO0 il YIUIOTHEHHsI OETOHHBIX, acPabToOOEeTOH-
HBIX U IPYTUX CTPOUTENBHBIX CMECEH.

MATEPUAIJT U PE3YJIbTATbHI MCCJIEJJOBA-
HUA. [lns onpeneneHus XapakTepa IBIKEHHs BHOpa-
LIMOHHOW IUIUTHI, B3aUMOIEHCTBYIOLIEH C YIUIOTHsIE-
MO# cpelodl B BHOpPOYAAapHOM PEKUME, PACCMOTPHUM
pacyeTHyIO0 cXxeMy, MpeicTaBleHHYI0 Ha puc.l. 3xaech
YIUIOTHsieMasi cpejia MpeACTaBieHa B BUAE TUCKPETHOM
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CHUCTEMBI C M3MEHSIIMMUMUCS napamerpamu. [loxg neict-
BHEM JIOCTAaTOYHO OOJBIINX 3HAYECHUH BEPTUKAIHLHOU
Osin®! W TOPU3OHTAIBHOH (COSM! COCTaBIAIOMINX

BO3MYILAIOLIEH CHIIBI, TeHEpUPYEeMOl BHOPOBO3OYIHTE-
JeM KoyieOaHWH,, MepeaHssl 4acTb JHHINA BHOPOIUTUTHI
MepUOANYECKH (32 KaXIbld LUK KojieOaHMH) BHavaje
OTpPBIBAETCS OT YIUIOTHSEMOW CpPE/bl U JIBUKETCS B BO3-
Iyxe, a 3aTeM ypapsiercs o0 YIUIOTHAeMYIO Cpexny, OKa-
3pIBasi Ha IOCJICTHIOI BHOPOMMITYIbCHOE (BHOpoOymap-

HOE) BO3/eiCcTBHUE. 3aIHSA 9acTh JHUINA, BBUIAY MCHbB-
LIMX 3HAYCHHUI aMIUTUTY/ KoJieOaHWil B BEPTUKAIbHOM
Hanpasiennu [8], 1100 Kosebiercs, He OTPBIBAsCH OT
YIJIOTHAEMO# Cpenbl, T.e. KONEeOIETCS COBMECTHO C
VIUTOTHSAEMOH cpenoii, Tndo Takxe padoTaeT B BUOPO-
YIApHOM peXHMe. 3Aech yrojl MOBOpOoTa AeOalaHCOB
BHOPOBO30OYIUTEINST KOJNEOAHUH OlpeaenseTcs U3 cie-
JYIOIIEH 3aBUCUMOCTH: ¢ = ©f .

[ o2

L

Pucynok 1 — PacderHas cxema BHOpOyJapHON THHAMHYECKON CHCTEMBI: | — BHOpAITMOHHAS TUINTA;
2 — mepeHAl aMOPTU3aTOP; 3 — 3aHUN aMOPTU3aTOP; 4 — BEpXHsS paMa;
5 — BUOpOBO30YANTEs KPYTOBBIX KOJEOaHUIT; 6 — yIIIOTHAEMas cpena; 7 — Hele(OpMUpyeMOoe OCHOBaHHUE

IIpu sTOM ABMKEHHE BUOPOIIUTHI B BUOPOYIapHOM
peKruMe MOKHO ONHcaTh CJIeNYIOLIed CUCTEMON ypaBHe-
HUH:

— MepeMeleHre TI0 BEpTUKAIN B HANPaBIEHUU KOOPIIU-
HaTHOW ocH Z :

dZZ dz
m +m)——+(byy +byy +byy +bpy)—+
(mpra )dt2 (b31 +b4y +bpy bz)dt
Hezp+eq+ )z +Fyyp + Fyy =0sinot ;- (1)

— MepeMEIeHIEe 10 TOPU30HTAIM B HAMPABICHUH KOOP-
UHATHOM ocu X .

d’x dx
+m)——+ +byy+b)—+
(M2 +m) % (b3p +bgp +br) ”

+(C32 +Cyp +Cp )x = QCOSU)t; (2)

— YIJIOBOE IEpEMEIEHHE OTHOCUTEIHbHO KOOpPIHUHAT-
HO#l ocu Y .

d*y dy
Jpp +J)—+(n3 +np)—+ (k3 +k +
(Vb2 )dt2 (n3 b)dt (k3 +kpp )y
+F il + Fyaly = O(r sinot +r, cosor) , (3)

rJe m — Macca BUOPOIUIMTBI; Z M X — JIMHEWHBIE
repeMenieHuss BUOPAMOHHOM TUINTHI B HAIPaBICHUU
KOOPJIMHATHBIX oceil Z u X moj JeHCTBHEM rapMo-
HUYECKHX Bo3MmyImamoomux cui Qsinat m Qcosak
cooTBeTcTBeHHO; Z, X u Y — KOOpPAWHATHBIC OCH,
MPOXOJSIINE Yepe3 IEHTP THKECTH KOJICOIIOencs
MO/BIDKHOM 4aCTH BHOPOILUIOMIAAKH; C3q — JKECTKOCTh

u b3y — xod(UIMEHT TUCCHUIANUK MEPEeTHUX aMop-

THU3aTOPOB B BEPTHUKAJILHOM HAIIPABJICHUH, C41 — XKEC-
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CTKOCTh M Dyq — KO3QOHUIMEHT ANCCHNANNH 3aTHHUX
aMOpPTU3aTOPOB B BEPTHKAJILHOM HAlPaBIE€HHUH; C3p —
KECTKOCTh U D3p — KOdQOHIMEHT AUCCHNAIME Tepen-
HUX aMOPTHU3aTOPOB B HANpPaBJICHUH KOOPAWHATHOHN ocH
X'; C4p — xecTKOCTb U hyp KOIQGUIMEHT AUCCHIAINH
3aJHAX aMOPTU3aTOPOB B HAMPABJICHUU KOOPIMHATHOM
ocu X ; W — YIIIOBBIE TEpPEeMEUICHUS BHUOPAIIMOHHOM
IUINTBl OTHOCHTENIBHO KOOPAMHATHOW ocH Y , MPOXOJs-
el 4yepe3 LEHTP TSHKECTH BHOPOIUINTHI B MPOJOIBHOM
HanpasjeHuH; J — MaccOBBIH MOMEHT MHEpLUH BHOpa-
[UOHHOW TUTUTHI OTHOCHUTEIHHO KOOPOMHATHOU och Y ;
k3 1 ng — xo>QOUIMEHTEI KPYTHIBHON >XKECTKOCTH U
JIICCUIAMA aMOPTH3aTOPOB IPU YIJIOBBIX HepeMelne-
HUSIX KOJICOJIOIIEHCS CHUCTEMBl OTHOCHTENIBHO KOODPIH-

HATHOH ocu Y | m,,., — NPUBEICHHAsS Macca OETOHHOM

CMECH MOJ 3a/iHel YacThio AHHMINA BUOpomuthl [7]; ¢f,
by M ¢y, by, — cpennne K0dQGUIMEHTHI JKECTKOCTH U
IHUCCHIAIMH OCTOHHONH CMECH COOTBETCTBEHHO ITOJ IIe-
penHeil W 3aaHEH YacTAMH JHHINA BUOPOIUIMTHL, My s

¢y, by —IIpuUBeleHHas Macca, XKECTKOCTb U Koadduu-
€HT JUCCHIALMK OSTOHHOW CMecU IPH T'OPU30HTATIBHBIX
konebanusx [7]; Jpo, kpy, nj — IPUBEACHHBIH MOMEHT
HHEPIHUH, KPYTUIbHAS XKECTKOCTh M KO3()HUIMCHT JIHc-

CHUITallMH yHHOTH)IeMOﬁ Cp€abl IpU YIJIOBBIX NEPEMEIIC-
HUAX KOJ'IC6J'IIOL[ICI710}I CUCTEMbI OTHOCUTECJILHO KOOpIU-

HaTHOM ocu Y . Jb2 :mprzlzz; kb2 =(,’2122; ny =b2122,

Fynpl ! Fqu

LMY YIUIOTHSIEMOU Cpelibl, NEHCTBYIOIIME HA IEPEIHION
4acCcTh JHHUIIA BI/I6pOHJ'II/ITI>I B BCPTUKAJIILHOM HaIlpaBJIC-
HUH IIpU BUOPOYAAPHOM BO3JEHCTBUN.

Cunpl ynpyroro COMpOTHUBIIECHUS Fup1 1 uHEpUHH

41 YILIOTHsEeMOIl cpelibl IIpu BUOPOYAAapHOM BO3ZEH-

— CHJIBI YIPYTOTO CONPOTHBICHUS W WHEP-

E

u
CTBMM MOXHO TPEJCTAaBUTh B BHJE MMITYJIbCHBIX (DYHK-
Ui, N300paXXEHHBIX Ha pUC. 2 U 3, KOTOPBIE MOXKHO
OMHCaTh CIECAYIOUMMH CUCTEMaMH YPaBHEHHMH:

Fpp1 (@) = Acy sin @ npu O<op<m, @
Fpp () =0 npu T<Q<2m,
2 . T
Funt (@) = mppAo”(1=sin @) npu 0 <<,
©)

Fun(9)=0 npu g <p<om,

rne A — ammuuTyzaa neopMHpOBaHHs TOBEPXHOCTH
YILIOTHSEMOTO CJIOSI MOJ] TIepeAHeil YacThio JHUIA BHO-
POIUIUTBI.

Ha ocHOBaHMM pa3ioXeHHs WMITYJICHBIX (YHKIMNA
(4) u (5) B psan Dypee [8], HailgeM CHIIBI yOpYyroro co-
NIPOTUBJICHUST ¥ WHEPLUH YIJIOTHAEMOH Cpeabl B clie-
JYIOLLEM BHIE:

cos2nwt

24c 1 cos20f cosd4or
2n)? -1

T2 3 15

Fyppl =

F

unl =

2
My AO” [g—2 (cosmt cos2wot
+ + +
4 2 3

cos3ot cosdot cos5mt J (sin(nt
+ + +o |+

s

+
6 15 30

sin 2m¢  sin 3wt 4sin 4ot sin Smt
+ + ++ + +...0].
5 3 15 5

IloacraBnsis MOMy4YEHHBIE 3aBUCHUMOCTH Fy H

npl
F,

u
WICHAMH pas3NioXeHus B psg Pypbe u mpeoOpa3oBbIBast
IIPU 3TOM MOJYyYEHHBIE TPUTOHOMETPHUYECKHE (YHK-
LUH, MOJTYYUM YPAaBHEHHS IBIKCHUS BHUOPOIIIMTH B
CJICTYIOIIEM BHIE:

.1 B ypaBHeHus (1) u (3), orpaHHMYMBasCH MATHIO

0 05~ =« 2r 257 3m 4 @

E‘npf

Pucynok 2 — MI3MeHeHue ynpyrou CHIIbI
COTIPOTHUBJICHUS YIUIOTHSAEMOMN Cpebl,
JIEUCTBYIOIIECH Ha MEPEIHIOK YacTh AHUILA
BHOPOIUTUTHI B BEPTHKAIEHOM HAIPaBICHUN
IIpY BUOPOYTapHOM peKHMe paboThI

0 057 « 2r 257 3rm 4

1AS]

unl'y

Pucynok 3 — 3meHeHnue cuibl HHEPLUH,
JIEWCTBYIOIICH Ha MEPETHIO0 YacTh AHUINA
BHOPOIUTUTHI TIPH Ae(hOPMHUPOBAHUH YITIOTHIEMOMH
Cpe/bl B BEPTHKAIEHOM HAIPaBJICHUH B IpoLiecce
BHOPOYAapHOTO pekuMa paboTh

— TIepeMelieHne M0 BEepTUKAIN B HAIIPABJICHUU KO-
OpJIUHATHOM OcU Z :

2
(mpp +m)%+(b31 +by1 +bpy +bb2)%+(c3l +
+c41+¢2)z+0,0 =0sinwt -0, sin(®wt —01)—
—0, sin(2ot =0, ) — 0,3 sin(3et —03) —

—0,4 sin(4ot —0;) — O, sin(Sot —05); (6)

— YIJIOBOE MEpeMEICHHEe OTHOCHUTENBHO KOOPAHU-
HaTHoOM ocH Y :
d? d
(Jp2 + D)+ (3 + 1) o (ks + ke )y + Oy =
dt dt
=Q(r; sm ot +r, cosmt) =[O, sin(wf—0;) +
0,5 sin(2ot —0,)+ 0,3 sin(3wr —03) +

+Q, 4 sin(4ot —04) + 0,5 sin(Swt —05)], ()
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rae (o — BEIMYMHA CTaTHYECKOM CHIIBI CMEILECHUS
LIEHTPa TSHKECTH BUOPOIUTMTHI B BEPTHUKAIBLHOM HAlpaB-
nenny; Q,y, O,5 — aMIUITY/ABl BO3MYIIAIOIIUX CHUI,
BBI3BIBAIOIIUX § — ThI€ TAPMOHUKU KojeOaHuit; 0...0¢ —
yribl caABUra (a3 Mexay aMIUINTyJaMH BO3MYIIAIONTHX

CWI M NEepeMEIEHUsIMA COOTBETCTBEHHO Ha Kaxaoil
rapMOHHUKE KOJIeOaHHH;

Ay +m 0 (T=2) L8 m 07

Oy = yy ; O = —

2)? 2)?
A 261 My © mpr®
0n =2 ¥
T 3 5

5(2¢) —m p®°
0, =arctg(0,5); 6, = arctg(l—pr;) ; 03=0q;

3mp,1(0

2¢; —m 00 0,372+ m 007

; =4—F—;
2 v3 T

0,4 =arctg
mprl(x)

A
Qv4 157 \/(201 prlwz)z + (4mpr10)2)z ;

0,203-m, 1>
O, Y e /i el ;05 :arctg% .
T

Pewenne ypaBHenus (6), onuchiBarolee nepemere-
HHUE IIEHTPa TSKECTU BUOPOIUIMTHI B BEPTUKAIHHOM Ha-
MIPaBJICHUN TIPH CTALMOHAPHBIX (BBIHYKICHHBIX) KoJIe-
0aHusIX, HAWJEM B CIICAYIOIIEM BUJIC:

2(t) =—Ayo + Ay sin(wr —&p 1) — Ay sin(of —&jp) —

Ay SNt —&5) — 4,3 sin(Got —&3)

Ay sin(4or —E4) — Ays sin(Sor —&s), ®

rae A,y — HepeMelleHHe LEeHTpa TsHKeCTH BUOpoI-
JIUTBI OTHOCHTEJILHO HEUTPAIBLHOTO
nust, Ayg = Q0 /(c31+cq1+¢2) 5 Ay, Ay — avmm-

IIOJIOKE-

TyJbl KOJE0aHUH LEHTpa TSIKECTH BUOPOILTUTHI MIPU OC-
HOBHOHM yTJI0OBOHM 4acToTe KoneGaHuit ®; A, ... A5 —

AMIITUTY bl KoJieOaHui LHCHTPpAa TSAKECTHU BI/I6pOl'IJ'II/ITBI Ha

Oonee BbICOKUX 4acToTax; &jp, &1p, &p...&¢ — yribl
casura (as;
0 .
Ay = ;

(mpr2 +m)\/ pvl - )z +46v10)

A2 =
(mprZ +m)\/(pv1 -—® )Z "'48\/1(D
Pyl — 4acCToTa cOOCTBEHHBIX KOJIeOaHUI HHHaMI/IquKOﬁ

CHCTEMbI B BEPTHUKAIBHOM HAaIlpaBlIeHHH; O,; — KO3(-

(MIMEHT HEYNPYTOro CONPOTHBIECHHUS;

G teateo b3y +bay +bpy +bpy

Pv = » Oyl =
My +m v 2(m o +m)
20,1®™ 28,1
ill—arctgz—l &12—91+arctg2+12;
Py — Pyl —

Qv2

(1 +m)\/ (p§1 —4@2)2 +1682,0°

Ay =

Qv3

(mpra + m)\/(l’\%l ~90” )z +365,10°

(Q]

A=

)

&y =0, +arctg vl 3

Py1 -4
68

&3 =05 +arctg+l(02 ;

Pyl -0

Ova

(mpyy + m)\/ (p31 - 160)2)2 +645%40°
Ovs

(mpp + m)\/ pvl -25m )z +1008V10)

85
E4=04 +arctg2+1(D ;
Pyi _16('0

Ay =

Ays =

108
&5 =05 +arctg 3 v1®
Pyl _250)

[TyTeM HECIOXHBIX PeOOpPa30BaHU MPEACTABUM
BEIpakeHHe (8) B BUIE clieAyIomeii 3aBUCHMOCTH:
2(t) = =40 + Ay sin(wt —&;) — 4,5 sin(2er — &) —
A3 sin(3or —E3) — Ayg sin(dor —E4) —
A5 sin(Sot—&s), ©)]
rae A, — cyMMapHas aMIUIUTyJa KoneOaHuil neH-

Tpa TSHKECTH BHOPOIUIMTHI B BEPTHKAJIHHOM HAIpaBie-
HHMU Ha OCHOBHOM YIIOBOH 4acToTe KojebaHuil o; &;

— yrou caBura (as;

2 2 .
4, :\/Avl 1+ As2 —24,114,12€08E 1 +E12) 5
Ayjsingy—A4,psingy, .
Ayp1c088 1 — Ay12c08E

HUcnonp3ys ypaBHeHue (2), HaliieM nepeMeIeHie
LEHTPa TSHKECTH BUOPOIUIUTHI 10 TOPU30HTAIIH B HA-
TIpaBJIEHUH KOOPAMHATHON ocu X :

x(1)=Ag cos(@t+E&4), (10)

rie Ag — aMIUTUTYAa KOoJeOaHWi IEHTpa TSHKECTH

& =arctg

BUOPOIUIUTHI B TOPU3OHTAILHOM HAIPABJICHUU O KO-
opauHaTHOM ocu X | & g~ CABHUT (hazsl MexTy amMIUIH-

TYIOW BO3MYIIAIOMICH CHIIBI U TEPEMEIICHHEM [IEHTpa
TSHDKECTH BHOPOIUTUTHI B TOPHU3OHTAIEHOM HAIpaBJie-

HUM;
Ag =
(M e +m)\/(p§ —wz)z +4370°

pg — yacToTa COOCTBEHHBIX KOJaeOaHuit HI/IHaMH‘leCKOﬁ

CHUCTEMBI B TOPU3OHTAJILHOM HAaIIPABJICHUU, ng KO-

3¢ QUIHEHT HEYyNPYroro CONpOTHUBJIECHHS NpH Koseba-
HUSIX JTUHAMUYECKON CHCTEMBI B TOPU30HTAIbHOM Ha-
TIPaBJICHNY;

c3pteqpter _ D3y by +b;

Pg = My +m o 2(m ey +m) '
28,0
&y =arcig 3 5
pg_(’)
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Pemenune ypaBHeHus (7), ONUCHIBAIOIIEE YTJIOBBIC
MepeMeIIeHIs] BHOPOIUINTE OTHOCHTEIBHO KOOpPAHMHAT-
HOM ocu Y , MpOXOJAIIEH Yepe3 IEHTP TSHKECTH BHOPO-
TUTATHI, HAWJEM B CIIEAYIOIIEM BUE:

W(1) =¥ + ¥ sin(of —yy1) +¥)p cos(@r +v11) -

—¥3 sin(or —y1p) =¥, sin(2of —y;5) -

=5 sn(3wt —y3) — ¥4 sin(4ot —y4) —

—¥, sin(50f —7ys), (11)

rae ¥, — yrioBoe OTKIOHEHUE BUOPOILUIUTHI OTHOCHU-

TeNbHO KoopauHatHOW ocu Y, ¥y =Q,ol;/(k3 +kyo);
Y11, Y12 u ¥)3 — aMIUIUTY[bl YIIOBBIX (KPYTUIIBHBIX)
TrapMOHMYECKHX KOJIeOaHWH BUOPOIJIMTHI OTHOCHTEIHEHO
KOOpAMHATHOM OcM Y Ha OCHOBHOM YIJIOBOHM yacToTe
konebanuit ®; ¥, ... %5 — aMIUIMTYABl YTIOBBIX (KpY-
TWJIBHBIX) TAPMOHUYECKUX KOJEeOaHUH BUOPOILIMTHI OT-
HOCHUTENBFHO KOOPJIWHATHOH ocu Y Ha OoJiee BBICOKUX
9acToTax; Yqj...Y13, Y2 ..- Y5 — YIIbI caBUra a3 Mex-
Iy aMIUTHTyJaMH MOMEHTOB BO3MYIIAIOIINX CHII U YTI0-
BEIMH TIEpEMEIICHISIMH;

On )

= . ;
(‘]bZ + J)\/(pl%r - 0)2)2 + 48%}’(02

Or )

o= = ;
(Jp2 + J)J (02 - 02f +48%02

5[,13 _ Qvlll :

Jp2 +J)\/ (v -0 +as3,07

ks +kpy ny+n,
P ==+, Op=""T-+
Jb2+J Z(Jb2+J)

Pjr — 4acToTa COOCTBEHHBIX YIJVIOBBIX KOJEOaHMH Iu-
HAMHUYECKOU CUCTEMBI; Oy, — KOI(D(PUIMEHT HEYIIPYToro

COIMIPOTUBJICHUS TTPU YTJTIOBBIX KOHe6aHI/IHX;

206 26
Y11 :aVCfg% ;Y12 =9 +amg+rmz;
Pp —©@ Pl — @
w, - Oyol) :
+ —4o° | + ®
Tpo + Ik 407 | +168%,0°
v, = Oy3hy :
+ Dio- =907 | + ®
']b2 J l%r 9 2 3681%r 2
45
Y2 =0 +arctg — krwz ;
Dy 10
60
v3 =053 +arctg 5 krmz ;
Py —90
¥, - Ov4h) :
Ty +INp7. 1607 | +6457 o>
b2 Pkr kr
51,5 _ QvSll .
Ty + I \p2. — 2507 | +10087,0°
b2 kr kr
86kr03

Y4 =04 +arclg ————
P, — 16w

108, ®
Y5 =95 +arctg2—k72 .
Pj, — 250

[Tyrem HecnoXHBIX NpeoOpa3oBaHUM NPeNCTaBUM
BelpakeHue (11) B Buzae ciemyromell MoJM4acTOTHOMN
3aBUCHMOCTH:

() =P + ) sin(or —y,)~ ¥, sin(2er —y,) -
-5 sin(3wt —y3) — ¥, sin(4ot —y4)—
_TS Sm(50)t —'Ys) , (12)

rae ¥ — cyMMmapHas aMIUIMTYJa yTJIOBBIX KolleOa-

HUWA BHUOPOIUIUTHl OTHOCUTENIBHO KOOPJAMHATHON OCH
Y Ha ocHOBHOII yrioBoi yactore konebanuit ®; & —

yroa ciasura (a3 MeXIy aMIUIUTYJOH MOMEHTa BO3-
MYIIAIOMNX CHJI X YTIIOBBIM IIEPEMELICHUEM;

. 2
Y= [(5”11005“/11 —¥psinyy; —¥5cosyyy ) +

. . > .5
+(# siny | -5 cosyy | — ¥ 3siny),) ;

Prisinyy; —¥pcosyy —#3siny,

Y1 = arctg - .
#cosyy —Fpsinyy —#3c087)

Ucnone3ys pemenns (9, 10, 12) cucremsr ypaBHe-
Hul (1-3) paccmaTpuBaeMoil THHAMUYIECKOH CHCTEMBI,
MIOCJIEIOBATENIFHO  ONPENENIUM  3aKOHBI  JBHIKCHUS
JHAIIA BUOPANMOHHON IUIMTHI B BEPTUKAIBHOM U TO-
PU30HTAIBHOM HAaNpaBIEHUSIX IpU BUOpOyAapHOM
pexumMe paboThL.

[Ipu 5TOM 3aKOH ABMIKEHHS JHUILA BUOPALMOHHOM
IUIUTHl B BEPTHKAJHHOM HAIPAaBICHUU MOXET OBITh
OIUCaH CJIEYIOIINM BhIPOKEHUEM:

Zya (%,1) = 2() + 0y (1) = = Ao (X) +
+A (x) sinfor = &; (x)] - A5 (x) sin[ 207 = E5 (x)]
—A3 (x) sin[307 — &3 (x)] — A4 (x) sin[40r = &4 (x)] -
—As(x)sin[Sot —E5(x)] mpu —(L+)<x <1, (13)

rae z,,(x,t) — nepeMenieHue JHMIIA BUOpALMOH-
HOU TUTUTHI B BEPTHKAILHOM HAMPABICHUH MPHU BUOPO-
yIIapHOM pEXUME B 3aBHCUMOCTH OT TEKyLIeW KOOp-
JUHATBl X ¥ BpeMeHH ! ; Ay(x) ... A5(x) — ammaury-
JIbl TIEPEMEIICHUI JHUIA BHOPOIIMTHI B BEPTUKAIb-
HOM HAMNpaBJICHUU B 3aBUCMOCTH OT KOOPJAUHATHI X ,

Ao(x) = AVO +x¥’0;

2 2ur2 .
Ay (6) = A2+ 32 2 A, x - 00SE —71)

2 . 2w2 .
Az(X)Z\/sz +xW5 +24,,x¥; -cos€r —72) ;

A3(x) = A% + X2 + 24,53 W5 - c0sEs —13) |

2 . 2y :
A4(x)=\/Av4 +x"PG +24,4x ¥y -cos(Cg4—V4) ;

2 2urs2 .
A5(x) = AL + 322 424,53 W5 -c0SEs —75)

&1(x)...&5(x) — yrael caBura a3z Mexxay aMIUIUTY-
JaMH BO3MYIIAONIMX CHJI M MEPEMEIICHUSIMH OTpe/ie-
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JICHHBIX TOYCK Ha JTHHUIIC BI/I6pOHJII/ITBI C KOOpAUHATaMn
X B BEPTUKAJIBHOM HaIIpaBJICHUU,

Ay sing, +x¥jsiny;

X) = arct, y
=100 g A, cosg +x ¥ cosy;

sz sin E_,z +x'{’2 SiIl’Yz

X) = arct y
5209 g A, coséy +x ¥, cosyy

Av3SiIl&3 +x‘1’3siny3 .

X) = arct, y
5@ g A,3c0883 +x¥;3c08Y3

AyysinCy +x¥ysinyy

X) = arct y
54 () g A,qc08E4 +x¥4cosyy

AvS sin (:5 +x'f’5 Siny5

X) = arct, y
55) € A,5c08E5 +x ¥5cosys

3aKoH IBMKCHUS JHUINA BUOPAIMOHHON [UTUTHI B TO-
PH30HTAIILHOM HAMPABJIECHUH OyAeT UMETh CIEAYIOIUI
BUL:

Xgq (1) =x(0) = hyy(t) = Ag + Agy cOS(O +Eg1) —
—Agy sin(200t =y, ) — Ag3 sn(3wt —y3) -
—Agq SN(40! —74)— Ags sin(5wt —v5), (14)
TIe Xgy(f) — NepeMelleHne HHIIA BUOPALHOHHOM
IUINTBl B TOPU3OHTAJILHOM HANpaBJICHUM MpU BHOpO-

yIapHOM pabouyeM peKume;

Agsin€q + ¥ cosy

Ao =¥ = arct, ;
20 =170} Sg1 gA ¢ €0sE, + ¥ siny,

Agy = A2+ R + 24P, sin(E —71) |

h#; s, ¥y, s .

g2_ g3_ g4_ g5_

Awnanusz Beipaxennii (13) u (14) mokaseiBaer, 4TO
BHOpAIOHHAsA IUIMTA ITPEAJIaraéMoro BHOPaIMOHHOTO
pabouero oprana, coBepiIasi IpOCTPaHCTBEHHbIE BUOPO-
ynapHele KonebaHMsA, oOecrmeunBaeT AeGopMupoBaHHE
YIUIOTHSEMON  cpeibl  NEePEeMEHHBIM  aMIUTUTYIHO-
YaCTOTHBIM BHOPOMMITYJIbCHBIM  BO3JCHCTBHEM, CO3-
JAIOMAM (PPEKTHBHYI0 TMPOPaOOTKY IO BBICOTE KECT-
KX OETOHHBIX CMeceil M yIJIOTHEHHWE MX IO IOKasaTe-
nel, TpeOyeMbIX TEXHOJIOTHYECKMMH HopMaMu. [lpu
3TOM BEPTHKaJIbHO-HAIpPABICHHbIE BHOPOUMITYJILCHBIE
KonebaHus BUOPOIUIMTHI C TIEPEMEHHOW aMIUIUTYAOI
CO3Jal0T B YIUIOTHSIEMOW Cpeflie JIOCTaTOYHO OOJIbIIHE
HOpMaJIbHBIC HAIPSDKEHHS B BEPTHUKAJIHHOM HaIlpaBiie-
HUH, KOTOPBIE SBIIAIOTCS OINPEACNIAIOIINMU B pas3pylle-
HUH CTPYKTYPHBIX CBs3eH U IepeBoy OETOHHOM CMECH B
TUKCOTPOIIHOE cocTosiHue. IIpu 3TOM 3a cuer AeHcTBUs
3HAUUTEJIBHBIX 3HAUCHWH WHEPIHMOHHBIX CHJI IPOHCXO-
JIIT BBIICJICHHE B MEX3EPHOBOE MPOCTPAHCTBO CBOOOI-
HOW BOJBI, UTPAIOLIEH POSIb CMA3KU, U B PE3YyIbTATE Pe3-
KO YMEHBIIAIOTCS CHJIBI BHYTPEHHErO TPEHUS B CMECH
[9-10]. IIporcxoauT BBITECHEHHE U3 YIIOTHIEMOI cMe-
CH BO31yXa, OOEcCIeYMBaeTCsi INEepPEOpHUEHTALUs] MHHE-
paNbHBIX YACTHII W WX CONMXKeHHe ¢ oOpa3zoBaHHeM 00-
Jiee TUIOTHOM YIaKOBKH.

BBIBOJIbBI. Iloxy4eHsl TeOpEeTHUYECKHE BBIPAKCHHSA,
MTO3BOJISIIOINNE yCTAaHOBUTH 3aKOHBI Je(pOopMHUpOBaHU

MOBEPXHOCTH YIUIOTHAEMOTO CJIOSl TIOCIE ynaapa IIo
BCEH JUIMHE JHUINA BUOPOIUINTHI M ABMKEHHS BHOpOII-
JWUTHI B BO3yXE JI0 CIEAYIOIIETO yaapa. OTH 3aBUCH-
MOCTH JIOCTaTOYHO TOYHO ONHCHIBAIOT IOBEICHUE pPe-
QIBHOW JWHAMHYECKOW CcHCTeMBbl «BuOpammoHHbIi
paboumii opraH — yIUIOTHsAeMas cpena» HpH BUOpO-
ylapHOM (OpPMOBaHUN OETOHHBIX M3JIEIUH U3 KECTKHX
U IUTACTHYHBIX LIEMEHTOOETOHHBIX cMeceid. OHM Io-
3BOJISIIOT NPOU3BECTH KOMITBIOTEPHOE MOJEINPOBAHUE
3aKOHOB JIBW)KEHHSI U (OpPM KOJeOaHUH YIIIOTHAEMOI
MOBEPXHOCTH (POPMYEMOT0 CJIOSI, MPOAHAIU3UPOBATH
WX C TOYKM 3peHHs IP(PEKTUBHOTO BO3/ACHCTBUS Ha
oOpabaTbiBaeMyto cpexy, 000OCHOBaTh BHA H (hopMy
BHOpAIIMOHHOTO BO3ACUCTBHUA, a TaKKe OOOCHOBAThH
panuroHaJIbHEIC TTApaMEeTPBl BUOPAIMOHHOTO 000pyI0-
BaHMA.
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DETERMINATION OF RATIONAL PARAMETERS OF VIBRO WORKING BODY
FOR COMPACTION OF CONCRETE MIXES

A. Maslov, Zhanar Batsaikhan

Kremenchuk Mykhailo Ostrohradskyi National University

vul. Pershotravneva, 20, Kremenchuk, 39600, Ukraine. E-mail: kmto@mail.ru

Purpose. The vibrating working body is designed for compaction of concrete mixes and can be used for compaction
of asphalt mixtures and soil. In modern manufacturing the demands to these vibration working bodies are increased.
They should have a relatively simple design, high performance, reliability, low power consumption and to provide a
high quality seal plastic, hard and super stiff concrete mixes. For efficient and reliable operation of vibrating working
bodies it is necessary to accurately choose their rational parameters, creating new effects in the form of vibropulses im-
pact on the sealing surface of the concrete mixture, and to justify the rational values of the amplitudes of deformation of
the sealing medium surface. The purpose of this research is to develop a new design of vibro working body for compac-
tion of concrete mixes. Methodology. In the study it is described the construction and principle of operation of vibro
working body, made in the form suspended from the support frame on elastic shock-absorbers vibration plates with cir-
cular oscillation exciter, which shifted the center of gravity to the front edge of the bottom plate. In this case, the oscil-
lation exciter creates according to the plate vertical and angular (torsional) oscillations in the vertical plane. As a result
the bottom of the plate is periodically detached from the sealing medium and for each cycle of oscillation has on sealing
the concrete mixture alternating amplitude-frequency vibration impacts in the form of the shock pulse. To determine the
laws of motion of the plate and deformation of the surface of the compacted concrete mix it was developed a mathemat-
ical model taking into account elastic, dissipative and inertial resistance force arising from the deformation of the seal-
ing medium. The equations of motion and defined laws of linear and torsional vibrations of the vibration plate allow to
prove the main parameters of the vibration of the working body and the technological modes of vibration compaction of
the concrete mix in the vibro-impact mode. Results. It were obtained theoretical expressions, allowing to establish the
laws of deformation of the surface of the compacted layer after impact across the length of the bottom of the plate and
the movement of the plate in air until the next kick. These dependencies accurately describe the dynamic behavior of
the real system "vibration working body — compacted environment™ in vibro forming concrete products of rigid and
plastic concrete mixtures. They allow computer simulation of the laws of motion and mode shapes of the sealing surface
of the moldable layer, to analyze them from the point of view of effective impact on the processed material, to justify
the type and form of vibration exposure and to clarify the rational parameters of vibrating equipment. Originality. In
the compiled equations of motion of the working body vibration it was used according to determine the elastic and iner-
tial forces of resistance of the concrete environment in the form of impulse functions, which are represented by harmon-
ic Fourier series. Practical value. The proposed working body vibration will be used on vibroplasty machines used for
molding concrete, concrete-laying machines, as well as in the form of a self-vibration machine for seal hard concrete
mixtures. The use of the proposed vibration of the working body almost halved installed power of the drive and reduces
the intensity of the process of compaction of concrete mixes. References 10, tables 0, figures 3.

Key words: vibration plate, vibration, law of motion, the sealing medium.
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