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I'PY3A HA KAHATE CTPOUTEJIBHOI'O KPAHA
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Annomayus — llpuBeneHbl pe3yabTaThl TEOPETUUECKUX HCCICAOBAHUM BIIHUSHUS KOHCTPYKTHB-
HBIX OCOOCHHOCTEH rpy30BOT0 TIOJBECa Ha TIEPUO B aMILTUTYQy ero Konebanuid. [IpenioxeHo ycranas-
JUBaTh MEXaHWYECKUHA TaCHUTENlb KOJIeOaHU B BHIIC NMPHUCOCIMHEHHON MAacChl, BEC KOTOPOH HE3HAYNTE-
JICH, HO CITIOCOOCTBYET CHM)KCHHIO MEpPHOa KoyieOaHus T'MOKOTro MOoJBeca Ha BEJIIUYHMHY, 3aBUCSIIYIO OT
MeCTa PaCIOI0KEHHUS MTPUCOSTUHEHHON MacChl TI0 JTMHE MOBECa.

Kurouesvie cnosa: Tpys; moiBec; MasiTHHK; TOTIOTHUTEIbHAS Macca; IepHo] KoJieOaHuH .

THEORETICAL SUBSTANTIATION OF DECREASE THE ROCKING OF CARGO ON THE ROPE
OF THE BUILDING CRANE
L.A. Goldobina, A.V. Vlasov, A.L. Bochkov
St.-Petersburg state university of service and economy (SPbSUSE),
191015, St.-Petersburg, street Kavalergardsky, 7;
Yaroslavl state agricultural academy (YSAA), 150043, Yaroslavl, Tutaevsky highway, 58

The summary — Results of theoretical researches of influence of design features cargo rope for the
period and amplitude of its fluctuations are resulted. It is offered to establish a mechanical quencher of
fluctuations in the form of the attached weight which weight is insignificant, but promotes decrease in the
period of fluctuation flexible rope on the size depending on the location of the attached weight on length
of a rope.

Keywords: cargo; rope; a pendulum; additional weight; the period of fluctuations.

N3BecTHO, UTO packayMBaHUE Tpy3a
Ha KaHaTe CTPOUTENBHOIO KpaHa — ONacCHBIN
Y HEYCTPAHMMBIA MPOLECC, CIEICTBUEM KO-
TOPOTO SIBJISIETCS JUIUTEIbHOE YpaBHOBEIIH-
BaHHUE TPy3a, YTO YBEIMYMBAET HAIPSIKEH-
HOCTb TPY/Aa KpaHOBILKKA, YCIOXHSET pa-
00Ty CTpOMAaNbIIMKOB HAa CTPOUTEIHHON
IUIONIAJIKE, CHIDKAs IIPU 3TOM TeMIl paboT U
MPOU3BOJUTENBHOCTh TpyAa B 1eiaoM. Me-
pONIPHATHSL TI0 YMEHBIIECHUIO KOJeOaHUi
rpy3a Ha rpy30BOM IOJBECE CTPOUTEIBHOTO
KpaHa MOTYT TPHUBECTH K CYIICCTBEHHOMY
MOBBIIICHUIO MPOU3BOJUTENBHOCTU CTPOU-
TeThHO-MOHTaXHBIX Tpya (= Ha 20%) [1].

W HXeHEepHO-TEXHUYECKOE pElICHUE,
pa3paboTaHHOE Ha ypOoBHE U300peTeHus [2],
OCHOBaHO Ha MPEAMNOJI0KEHUN COKpalleHus
nepuojia KoiebaHui THOKOro MmojBeca ¢ uc-
MOJIb30BAHUEM MPUCOEAMHEHUS JOTOIHHU-
TEJIbHOW MaccChl.

OcHoBaHMEM 711 TAaKOTO MPEAToio-
JKEHUS TIOCTYXXWJIa W3BECTHas TeopeMa 00

M3MEHEHUU TEepHoJia MaATHUKA OT MPUCOe-
JUHEHHOW MaccChl, TMPHUBEICHHAas B MOHO-
rpadpun  «OrmpeneneHue MOMEHTOB HWHEP-
un» M.M. I'eprera u B.®. Paro6suibckoro
[3]: «oT mpucoenuHeHHs K (HU3HUECKOMY
MasTHUKY TOYEYHOW MACChl TIEPHOJ €ro Ka-
YaHUN YMEHBIIUTCS, €CIIU Macca MPUCOeIu-
HEHa K MasATHHUKY MEXIy OCBIO TOJIBEca M
LEHTPOM KayaHUsl, U YBEITUUUTCS, €CIIH Mac-
ca MPUCOEIMHEHA HIDKE IIEHTPa KadyaHUs».
[Ipu nokazarenbCcTBE TEOPEMBI ABTO-
pBl pacCMaTpPUBAIOT TEJO, MOJBEIICHHOE B
Touke O, KOTOPOE MOXKET KayaThCsi OTHOCH-
TEJIbHO TOPU3OHTAJIBHOM OCH, MPOXOJSIIEH
yepe3 Touky moaseca O (puc. 1), ¢ mepuo-

JOM:
J I

T,=2n |— =2m |—, (@8]
mgc g

rae: M — Macca mastauka; J= mcl — MmomeHT
UHEPIMK OTHOCHTEIbHO OCH mojBeca; | —
NpuBeJeHHas JyinHa. M3BeCTHO, YTO JJMHA
MaTEMaTHYECKOTO0 MasTHUKA, Kadalollerocs
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CUHXPOHHO ¢ (PU3NYECKUM MASTHHUKOM, Ha-
3bIBACTCS TPHUBEIACHHOW IMHOW (Qu3nue-
cKoro masitTHuka [3].

Pucynok 1 — Cxema MasiTHMKAa CpaBHeHMS M
WLIIOCTPalMs K TeopeMe O NPHCOeIUHEHHOMH
Macce

Ecmm x MAasATHUKY, HAXOOAIIEMYCs B
paBHOBECHM, B TOUKe M, nexaiied HUxKe
OCH I10JIBECA HA OJHOM C HEH BEPTHUKAIU Ha
paccrosHun OM=c5, PUCOEAUHUTH HEKO-
TOpPYIO TOUEUYHYIO Maccy My, TO NEpUOA Ma-
JBIX KOJIEOAHUH MasiTHUKA C INPUCOEIUHEH-
HOU Maccoii Oy/ieT paBeH:

mcl +m,c?

i ,
Tzz\ g(mc+m303)z2n\ﬁl\ '

Takum oGpazom, 7> < T;, eciu BTO-
poii pagukain B BeIpakeHuu (2) meHsIue 1, a

SHAYUT JOJI’KHO BBIITOJIHATHECA YCIIOBUC!
2

C:
mc+m3|—3<mc+m3c3 um ¢, <l, (3)

B TMPOTUBHOM cllydyae TMEepUoj] KOoJeOaHMit
YBEJTUIHUTCS.

JanHas TeopeMa NOATBEPKIAETCS
pelIeHneM U3BECTHOW 3a]1a4u, TPUBEICHHOMN
B COOpHHUKE 3aJay IO TEOpUU KojeOaHui
B.A. Cernumkoro u U.B. Cracenxo [4].

VYcaosue 3agaun. Ha rubkoM mojse-
ce mmnoii | (I=l1+ly, 11=1,) 3akperensr aBe
TOUYEYHBbIC Macchl M; U My (puc. 2, a, 6, 8).
Kectrocts moaseca Ely. [IpeneOperas aeii-
CTBHEM CHIIBI TSDKECTHM M Maccod mojaBeca
ONpeAeNuTh 4YacToTy M (OpMbI COOCTBEH-
HBIX KOJIEOAHU CHCTEMBI B TUIOCKOCTH Yep-
TeXa.

Kunernueckast sHeprusi CUCTEMbl B IPOU3-
BOJIBHBIF MOMEHT BpeMEHH (puc. 2, a) Oyaet
paBHa:

T:mlzuf +m22u§ . (4)
%_
U]
| 7
m;
i

Pucynok 2 — PacyeTHass moneab K 3agade o
COKPAIllCHHH NepHoJa KoJ1eOaHWi mpu 3a-
KPeIUICHUH IPy3a B cepeuHe moaBeca

IIpu ompeneneHnH NOTEHLUAIBHOM
SHEpruM u3ruba IMojaBeca €ro MOXKHO pac-
cMaTpuBaTh Kak OalKy Ha JBYX oOIopax
(puc.2, 6, 6). IlockoabKy M3rHOArOIIUEe MO-
MEHTbI B BEpXHEH M HM)KHEH TOYKaX PaBHBI
0, To moTeHLMaIbHAas 3HEpPTus OyaeT paBHOI

2
cu 11
2 |
1(2)

conbHOM Oanku npu u3rube. B cinyyae ma-
JIBIX Kosie0aHui

1= 6El, KEeCTKOCTb KOH-

3

, THE _

u, =l sinp~1o;
u,=(I,+1,)sine~(l,+1,)¢ . C yderom 5TOrO
JIOTIYIIEHNUsT YpaBHEHHs JBUXKCHMS Mace
IPUMYT BUJ:

. c :
m1u1+cu1—§u2 =0;

()

_c C
m,u, +—u, ——u, =0.
4° 2

XapakTepUCTUYECKOE ypaBHEHHUE JUIS JTOU
CUCTEMBI IPUMET BUJ:

pz{mlm2 pz_[‘34n'h+cmz ﬂzo , (6)

r7e p — YacToTa KojiebaHuW cuctemsl, 1/c.
N3 ypaBHeHus (6) MOTy4E€HO 3HAYEHUS Yac-
TOTBHI C YYETOM TIOJICTAHOBKH 3HAYCHUS JKE-
CTKOCTH CHUCTEMBI TP U3THOE:

()

IIpu ycnoBum, YTO E=2-10"T1a;
1,=0,05-d*=0,05°(m*); M=20 kr; Mmy=500 kr;
=40 wm, ; I1= 1,=20 M, momyuaem: p,=0,694
l/c, a T=2n/p; =9,06 (c), uto B 1.39 pasa
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MEHBIIIE, YeM Mepuo KoneOaHui MasTHUKA
cl=40 m u; my=500 kr 6e3 mpucoeaUHEH-
HOW MACCBI.

T.o., cnenyer noJsaraTe, 4TO MpU 3a-
KPEIUICHU! TOCepeMHe THUOKOro TojBeca
uHbl | 1omoaHUTENbHOM Macchl My, 3Ha-
YUTEIHHO MEHBIIEH MacChl OCHOBHOTO IPy-
3a, Mepuoj KojeOaHUN CUCTeMbl COKpalla-
ercsi mpuMepHo B 1.4 pasza, 4TO MOXKET SIB-
JATHCA OCHOBAHMEM IS JAJbHEHIIUX pac-
CYXKJIGHUM, a MMEHHO: JOJKHA CYIECTBO-
BaTh 3aBUCHUMOCTb MEXKIY IMEPUOJOM KOJIe-
OaHwmii THOKOTO MO/IBECA OT €ro JJIMHBI, MacC
OCHOBHOIO M MPHUCOEIWHEHHOI'O TPYy30B M
MeCTa PaCIOJIOKEHUS MOCIEAHETO 10 JTTHHE
nojiBeca, KOTOpas TO3BOJUT pa3paboTaTh
croco0 W YCTpOMCTBO, HaIlpaBJCHHBIC Ha
cTabunu3anuio KojebaTenbHOro Impoiecca
rPY30BOr0 KaHaTa CTPOUTEIHLHOTO KpaHa.

JIns mosydyeHuss TakoW IMIOTETHYe-
CKOM 3aBHUCHUMOCTH HEOOXOAMMO Ompeie-
JUTBHCSA C MOJEJIbIO, HA OCHOBAHUHU KOTOPOI
BO3MOYKEH BBIBOJ] YPaBHEHMSI.

BonpmmHCTBO MccnenoBareneil AaH-
HOM TMpoOJIeMbl B KayeCTBE MOJIETU BBHIOU-
paloT MaTeMaTUYECKHil MasiTHUK, TO €CTh
JUTSL UCCIIEIOBAHMS KOJIe0ATeNTbHON CHCTEMBI
«KaHaT — Tpy3» MOXHO NPUHSATH CIIEIYIO-
1€ YCIOBUSI:

- TPYy30BOM KaHAT MpPEACTABIISET CO-
00if THOKMI TI0JIBEC, Macca KOTOPOTO Maja
10 CPAaBHEHUI0 C MAaccol MOJAHMUMAEMOro
rpy3a, 4, CJIeI0BaTEIbHO, MOXKET HE YUHTHI-
BaThCS;

- OTHOCUTEJIbHOE y/UTMHEHue (pac-
TSOKEHHUE) KaHaTa O] IEHCTBUEM CHIIBI Ts-
JKECTH TIOJHUMAEMOT0 Tpy3a WM KaKHX-
au00 BHEIIHUX JUHAMHYECKHX Harpy30K
HEBEJIMKO 10 CPAaBHEHUIO C JUIMHOW KaHAaTa,
Y TIO3TOMY MOJKET TaK)K€ HE YUUTHIBATHCS;

- pa3Mepsl MOJHUMAEMOTr0 Tpy3a H
MPUCOEIMHEHHOW MacChl MaJlbl MO CpaBHE-
HUIO C JJHHOM KaHaTa, CJIeIoBaTeIbHO,
Macchl Mi, Mz, MOTYT CUUTATHCSA TOYEU-
HBIMH, TO €CTh MOMEHTBHI WHEPIIUU TPYy30B
HE YUUTBHIBAIOTCS.

T.o., THOKUII TOJIBEC «KAHAT-TPY3»
MO>KET OBITh CMOJICTUPOBAH B BHJIC MaTeMa-
TAYECKOI'0 MAasiTHUKA, COBEPIIAOLIETO Ma-
abie cBoOOnmHbIe Konebanus. [lpu stom Oy-
JIEM CUYUTaTh CHCTEMY KOHCEPBAaTUBHOM, a
KoJie0aHus He3aTyXaloIIIMH.

OnHako mpexje 4yem MepenTu K Bbl-
BOJIY THUIIOTETUYECKOI 3aBUCHUMOCTH, BBISC-
HUM C IOMOIIBIO OCHOBHBIX CBEICHHN W3
TEOPHH OLTHOOK:

1. KakoBa morpeurHocTb OT mpeHeo-
PEXKEHHUS pa3MepoM Ipy3a;

2. KakoBa TOTrpPEIIHOCTh JIOMYyIIIe-
HUS, YTO TPY30BOM KaHAT HEBECOM U Hepac-
TSOKUM.

N3BecTHO, 4TO PU3UUECKHUI MasSTHUK
— 9TO TSDKEIOE TBEPAOE TEN0, UMEIoLIEe
BO3MOXXHOCTh CBOOOJIHO BpAaIaThCsl HA OCU
noj aeiictBueM cuibl Tsokectd [3] (puc. 3,
a). C teopueil pU3NIECKOro MasTHUKA TeC-
HO CBSI3aHa TEOPHsI MATEMaTHYECKOTO MasiT-
HUKa, COCTOSIIET0 U3 OJHOW MaTepuaIbHON
TOYKM Maccou M, COBEPIIAIOIIEH IOJ IeH-
CTBHEM CBOEro Beca IUIOCKUE KoseOaHus
OKOJIO HENOJBWXHOW TOuku O, ¢ KOTOpOH
OHAa COEJMHEHa HEBECOMOW U HEpacTsKU-
MOM THOKOM HuThIO jamuHou | (puc.3, 6).
[Tpu 3TOM mepuoabl ManbIX Konebanuit du-
3MYECKOTO W MaTeMaTHYECKOTO MasTHHKOB
OTIPEICNIAIOTCS COTJIACHO M3BECTHBIM BhIpa-
kenusM [3]:

J . I
T zz ) T zz — 8
05T mgc " R\E ®)

rae: J — MOMEHT WHEpIMH Tejla OTHOCH-
TENBHO OCH BpAIIEHHs, KI'M’;, M — Macca
Tena, KT; ¢ — PACCTOSIHUE OT OCH TO/IBECa JI0
[IEHTpa Macc, M; | — aymuHa HUTH, M.

[lepron konebanuii MaTeMaTUYECKO-
r0 MAasTHHKA CPaBHEHUs, Kadarolerocs
CHHXPOHHO C (DU3UYECKUM MAasTHHKOM OII-
penensiercs Beipakenuem [3]:

T =~2n 7‘]“+m|2 =..
? \l  mgl
| J
=21 |— 1+—L->T, 9
g ml?

rae Jo — MOMEHT MHEpLUU Tpy3a OTHOCH-
TEIbHO LEHTPAJIbHOW OCH, NapauIeIbHOU
ocu moxseca, kM. COIIAcCHO Teopeme
I'roitrenca-lIreitnepa-Oiinepa [5] MOMeEHT
MHEPLUH Ipy3a OTHOCUTEIBHO OCH IOJBECA
paBeH:
J=J.+ml. (10)
MoMeHT uHepuuu rpys3a Je OTHOCH-
TEIbHO LEHTPAIBHON OCH, IapauIeIbHON
OCH TOJBECAa, YBEIMUUBAET MepHoA Koseba-
HUHN MasiTHUKA, HO HE3HAUUTENBHO, II0O3TOMY
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MOKHO NpHHATH T4 =T, =T, . YOenumcs B
ATOM Ha KOHKPETHBIX ITPUMEpax.

m

m
-— b NS
ng

b

PucyHnok 3 — Cxembl Koj1e0aTe/IbHOM CUCTEMbI
THIIA «MASITHUK»: (QU3NYECKUH, MaTeMaThye-
CKUIl CpaBHEHHUS

TounocTh npUOIMKEHHOH (HOPMYITBI
OIICHUBAIOT  OTHOCUTEJIHLHOW  MOTPEIIHO-
CTBI0, OIpeIeIIsieMOM BhIpakeHueM [3]:

F . —F
0.
6F — TOYH TpUoJI , (ll)

puoI F

TOYH

r7ie B Ka4eCcTBE TOYHOM OIeHKH Oynaem pac-
CMaTpUBAaTh NEpUOJ KoieOaHU MasTHUKA C
y4eTOM pa3mepa Ipy3a, Beca U JUIMHBI HUTH,
a B KauecTBe MPUOIMKEHHOMN OLIEHKH — Tie-
puoa KojeOaHW MaTeMaTHYeCKOro MasiT-
HUKA.

PaccmoTpuM, KakoBa MOTPEIIHOCTD
OT mpeHeOpexkeHus: pazmMepom rpysa. B ka-
YecTBE Ipy3a MpUMeM Oajky cOOpHYIO Xke-
ne300eToHHy0 00Bs30unHyto bBII3-1 ¢ pas-
mepamu 5500x250x290 MM 1 xene300eToH-
HYI0 IUIMTY TEPEKPBITUS  pa3MepaMu
12000x1500x220 mm. lnuHy noaseca Ipu-
MeMm nepemensoit: 10, 20, 30 M. MomeHT
UHepIUK OalKu OTHOCHUTEIBHO IEHTPAIb-
HOH ocu (puc.3, B) ompezaensercs no ¢op-
MyJI€e:

2 2

3, =m2Hh, (12)
12

rae b, h —nuneiHbie pasmepsl Oanku. Pe-

3yJAbTaThl BBIYMCICHUN TPUBEICHBI B TaO.

1.

Tabmuma 1 — Pe3yasTaThl pacueTa NOrpemiHOCTH OT MpeHedpeskeHus pa3MepoM rpy3a

Jnuna nogseca |, m b, M h, M T, C Tep, © Horpse HIHOCTD
pasm
Banka o0Bsi30ounas BI13-1

10 6,341 6,417 0,012
55 0,29 1,20 %

20 ' ' 8,967 8,967 0,003 mm 0,30%

30 10,982 10,993 0,001 nmu 0,10%
ITiiuTa epeKphITHs Keae300eTOHHAS

10 6,341 6,709 0,055 umm 5,5%

20 12 0,22 8,967 9,102 0,015 wm 1,5%

30 10,982 11,048 0,006 umu 0,6%

[IpuBenennbie B Tabn. 1 nmaHHBIE IIpu ycmoBum, 4ro J; — MOMEHT

pacyera TOTPEIIHOCTH TepHoaa KojeOaHui
IPy30BOTO MOJBECAa NpPU YCIOBUU TNpeHeO-
PEeKEHHs pa3MepaMy Tpy3a IMO3BOJISIOT CKa-
3aTh, YTO 3HAYEHUS MOTPEUTHOCTH HE3HAYU-
TEJBHBI, KOT/Ia pa3Mep Tpy3a MEHbIIE JUIH-
HBI TI0JIBECA, M JIOMTYCTUMBI B ClIy4ae, KOTaa
pasmep Tpy3a COM3MEpUM C JTMHOW TOJIBe-
ca. [lorpemHocThs yMEHbBIIAETCS, a 3HAYMT,
TOYHOCTh BO3pACTaeT C yBEIMYEHHEM pac-
CTOSIHUSI OT IIEHTpa TSDKECTH Tpy3a 0 OCH
noJIBECa.

PaccmoTpuMm manee, kak BIUSET HA
nepuoJl KojeOaHuii TPY30BOTO TOABECA €To
BEC U JITHA.

WHEPIMH TPy3a OTHOCHTEIHHO [EHTPATBHOM
OCH CHMMETPHH, KM, M — Macca rpy3a, KT,
| — qmuHA HUTH, M; L — Macca HWTH, KT, TIe-
puoa KOJICOAHWH MasTHHKA CPAaBHEHHS C
Y4ETOM MAacChl HUTH ONPEAEISCTCS BbIpa-
xenuem (13) [3]:

Jc+ép|2+m|2
T, =2n — (13)
g(ml+=pl)
2
VcxonHple NaHHBIE W PE3YNIBTAThI
pacyeToB MPUBEACHBI B TA0M. 2.
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Tabnura 2 — Pe3yabTaThl pacyeTa NOrpeliHOCTH OT NMpeHedpe:KeHusl MACCOoii M JJIHHON HUTH

Jnuna nogseca |, m mkr | bom | hym L, KT Ty, C T, ¢ | HorpemHocts
8m,I
Bbanka o0Bs30unas bI13-1
10 500 55 | 0,29 23,4 6,341 6,393 0,008 mmu 0,80 %
20 46,8 8,967 8,924 -0,005 i -0,50%
30 101,4 10,982 | 10,827 -0,014 wm -1,40%
10 500 55 | 0,29 46,8 6,341 6,368 -0,004 wnm -0,40 %
20 93,6 8,967 8,867 -0,011 v -1,10%
30 202,8 10,982 | 10,682 -0,028 mn
-2,80%

[lepuon konebanuii rpy3a Ha Beco-
MOM HUTH YMEHBIIAETCS C YBEIMYECHHEM
Macchl ¥ JyIuHbI HUTH. [Ipudem nepuon ko-
nebaHUil MasTHHKAa Ha BECOMOW HHUTH
MEHbIIIE, YEM MAaTEeMaTUYeCKOro MasiTHHUKA
TaKoOW e JUIMHBI, BEPOATHO IOTOMY, YTO
BEC HUTHU MPUIIOKEH MEXKIY TPy30M U TOY-
KOH 1ojiBeca (pe3ysbTar coriiacyercs ¢ Teo-
pemoil o mpucoeauHeHHoN Macce). [lpu
9TOM BIUSHUE MAcCChl U JJIMHBI HUTU Ha a0-
COJIIOTHOE 3HAYeHWE Tepuojaa KojeOaHui
HE3HAUYUTEIIBHO.

N3BecTtHO, uTO MOA ACHCTBHEM OU-
HAMHUYECKOW HArpy3Kd daxke XJIOom4aTto0y-
Ma)kHasi HUTh MPAKTHUYECKH HE HW3MEHSIET

cBoelt JuinHbl [3]. HaTsbkenue HUTH MEHsIeT-
Cs B 3aBHCHMOCTH OT YIJla HakKJIOHa MasiT-
HUKa B ClIelyronux npeaenax [3]:
Rmin:mgcoswg;
Rmaxzmg(l+(p0)!
rne (o — yrioBas aMIUTUTyAa KojeOaHui
MasiTHUKa. [Ipu OONbLIIMX aMIIUTygax W3-
MEHEHHE HATSKEHUSI HEBEJIMKO.
Takum 00Opa3om, B IIEJIOM pPe3yibTaThl BbI-
YUCJICHUH TTOKA3bIBAIOT, UTO Pa3Mephl rpy3a,
Macca U JJIMHa ToJBeca Ha Mepuoj koiebda-
HUW BIUSAIOT HE3HAYUTENIBHO, a TO3TOMY
HUTh MOKHO MPUHUMATh WUJI€AJTbHOM, a Ma-
SATHUK CPAaBHEHUS — MATEMATHYCCKUM.

(14)

Ta6n1/1ua 3 — Bausinne Ha HATSIKEHHE HUTH 3HAYEHUA YIJIOBBIX AaMIVIMTYA MAATHUKA

®p , TP 5 10 15 20 25
Rmax, H 1,00mg 1,03 mg 1,07 mg 1,12 mg 1,19 mg
Rmin, H 1,00 mg 0,98 mg 0,97 mg 0,94 mg 0,91 mg

T.o., B 11€7TOM PE3yJbTAaThl BHIYHCIIEC-
HUW MOKa3bIBAIOT, UTO pa3MeEphbl Ipy3a, Mac-
ca W JITMHA TOJ[BECa Ha MEepUo] KojJeOaHui
BIUSIOT HE3HAYUTENIbHO, @ TMO3TOMY HHTh
MO>XHO TIPUHHMATh WICATHHOM, a MasTHUK
CpaBHEHHUS — MAaTEMATUYECKUM.

Ha ocHoBaHuMM aHanmW3a W3BECTHBIX
METO/JIOB  HCCIEAOBAHUS  JIMHAMUYECKUX
CHUCTEM THUTIA «MAasITHUK» U MPUKIATHBIX 3a-
a4 Teopuu KojeOaHu#, MpeACcTaBIeHHBIX B
paborax M.A. Kpacnocensckoro, B.1. 3y-
ooma, JI.M. Maungenbmrama, A.}O. Unuun-
ckoro, K. Marnyca, T.I'. Crpuxak, A.IL
MapkeeBa, M.M. I'epuera, B.®. ParoObuib-
ckoro, C.II. Ctpenkora, B.A. CeTnumxkoro,
N.B. Cracenko, M.W. barsa, I'.}O. JIxanu-
mnse, A.C. Kenp3onma, S.I'. IlanoBko u
npyrux [3-8], ObLJIO TPOBEACHO TEOpeTHUYe-
CKOE€ HCCIIEZIOBAHUE CYIIECTBOBAaHUS BO3-

MOKHOCTH CHWKEHUSI Tepuoja KojeOaHui
3a CYET U3MEHEHMsI CUCTEMBI MOJIBECA C UC-
MOJIb30BAHUEM  <«IIPUCOETUHEHHOT0» Tpy3a
[9,10].

PeanbHas konebaresnbHas cucTemMa
«KaHaT — rpy3» OblIa pacCMOTpeHa ¢ yue-
TOM CIEAYIOIUX JONYyLIEHUI: MoJHuMae-
MBI I'py3, pa3MepPbl KOTOPOrO 3HAYUTEIBHO
MEHBIIIE JUIMHBI TPY30BOrO KaHaTa, IMpei-
CTaBJISIET TOYEYHYIO Maccy Mp; MOCIeIHsA
3aKperyieHa Ha HepacTsHKUMOM KaHare JUIH-
HOH |, Macca KOTOPOro 3HAYUTEIFHO MEHb-
II€ Macchl MMOJHUMAEMOTI0 Ipy3a, a I0ITOMY
ee BIUSHHE Ha KoyieOaTelbHbIN Mporecc He
paccMaTpUBaIOCh; KaHAT IIAPHUPHO 3aKpe-
wieH B Touke O (PucyHok 4,a); kaHat npu-
HAT HepacTs KUMbIM crepxkHeM. Ha pac-
crossuud |l ot Toukum O Ha CTEepKHE ycTa-
HOBJICH JIONOJIHUTENIBHBIA I'py3 B BUIE TO-
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yeyHoi Macchl My (Touka C). OOmias qvHa
crepskus | onpenensercs Beipaskenuem: 1= |
1+ 1o, mpu atom |1 # | 5, | ; — paccTosinue ot
toukr C 70 LIEHTpa Macc OCHOBHOI'O rpy3a
m; (touka K). Cucrema «kaHaT — Tpy3»
BpaIllaeTCsl OTHOCUTEIBHO TOPU30HTATBHON
ocu OX, pacnoyoKeHHOH NMepreHANKYIIPHO
IUIOCKOCTH 4epTeXka M IMpOXOoAdlleil uepes
touky O. Ilpu 3TOM CTepKEHb MOXXHO pac-
CMaTpUBaTh AHAJIOTUYHO DPACUETHON cXeMme
paccMOTpEHHOM Bbllle 3a1auu [4] kak Bep-
TUKaJIbHYIO OalKy Ha AByX omopax (puc. 4,
0) ¢ pa3nuuHbIMH (QopMaMu KoJeOaHUiA.
['py30Boii moABEC MOXKET OBITH PACCMOTPEH
U KaK BepTHKaJIbHas Oajka Ha JIByX OIopax
C KOHCOJIbIO (pHC. 4, 8) U COCPETOTOYCHHOM
akTUBHOM cwiod F B mnponére OC, Bbl-

3BaHHOW AKCIUTyaTallMOHHO-TEXHUYECKUMHU
MpUYMHAMH WJIM BETPOBBIMU BO3JIEUCTBUS-
MU (paBHOMEPHO paclpeziefieHHasi BETpPOBast
Harpy3ka MOXeT OBITh 3aMEHEHa COCpEIo-
TOYEHHOU cuioi). DToi Oalke COOTBETCT-
ByeT (UKTHUBHAsg Oalka C pacmpeneieHHON
ornpezeNeHHbIM 00pa3oM Harpys3koil B IIpo-
JETe€ U COOTBETCTBYIOIIMMH CXEME 3arpy-
xeHus usrudbamu (puc. 4, 2). Kpome Toro,
CTEpKEHb MOXHO paccMaTpuUBaTh MU Kak
0aJIKy ¢ HIApHUPHO COUIEHEHHBIMH COCTaB-
msromumu OC u CK, 4to, MO CyTH, Hpe.-
CTaBJisieT co0OM MpU MPUHATHIX BBILIE JO-
MYLIEHUSX JBOWHOM MaTEMaTHUYECKUM Ma-
ATHUK, CIHOCOOHBI NPUHUMATh pa3iMyHbIE
KosnebarenbHbie Gpopmbl (puc. 4, 0, e).
[IpuBeneM wHcciaenoBaHUE — MajbIX
KoJIeOAaHUH JBOMHOIO MasTHHKA C JBYMs
CTENEeHSIMH CBOOOABI (1,2 TOCPEACTBOM HC-
[I0JIb30BAHNSI W3BECTHBIX BBIPAXKECHUMN I
BBIUMCJICHHS TJIAaBHBIX KOJI€OAHUM, 3aBHCS-

IMX OT MapaMeTpoB MasTHMKa [3], mnpu
3TOM IIEPBOE IJIaBHOE Kosebanue (puc. 4, 0)
npoucxoauT Tak, yto HUTH OC u CK B Kax-
JI0€ MTHOBEHHE MOTYT OBITh OTKJIOHEHBI IO
OJIHY U Ty K€ CTOPOHY OT BepTukaiu. Ot-
HOIIIeHHE yIiioB, o0pa3zoBaHHbIX OC u CK ¢
BEPTUKAJIbIO, OCTAETCS IOCTOSIHHBIM (1
¢2>=P1. Bo BTOpOM TIaBHOM KOJeOAHUH
(puc. 4, e) yriibl OTKJIOHEHHS HAXOJSITCS 110
pasHble CTOPOHBI OT BEPTUKAIU IpPU HEU3-
MEHHOM COOTHOIICHHUHU YTIIOB P1: P2=P2.
YacToThl TJIaBHBIX KOJIEOAHUH OTmpe-
JEJISFOTCSI CIAEAYIOUMMH BBIPAXKEHUSAMU:

g1 :
o, :\/.2"2-[|22+ru2+|1|2—\/(|22+ru2+|1|2)2—4|1|2I’u2] ,

Il u

mzng-i{@+ﬁ+ufhkﬁ+ﬁH&Y—M&ﬁ],
(15)

rie ry, - pajuyc WHEPIMHU rpy3a My OTHOCHU-
TCJIBHO HeHTpaHLHOI?'I OCH, TO €CTb OCH, HpO—
XOJISIIIel uepes IeHTp Mace rpy3a, M. Macca
HI/ITGI71 MaJjia 110 CpaBHeHI/IIO C MaCCOﬁ oC-
HOBHOI'O pr3a nu HpI/I BBIBO/IC BI)Ipa)KeHI/Iﬁ
(15) He yuuThIBanach. IlepHOABI IIAaBHBIX
KOHe6aHI/Iﬁ MadATHHUKA BBIYUCIAKOTCA CO-
TJIACHO BLIpa)KeHI/IHM:

_2n, _2n

T,=—; T,
O O,

(16)

B 1abn. 4 npencraBiieHbl UCXOJIHBIE
JJAaHHBIE M PE3yNbTaThl pacueTa NEPHOI0B
KoJIcOaHHMI ABOMHOTO MAasTHHKA B 3aBHCH-
MOCTH OT OOIIEH UTHHBI MOJBECA, PACIIONO-
KEHUS PUCOCTMHEHHOM MacChl Ha TOJIBECE,
paanyca MHEpLUUU OCHOBHOTO Tpy3a OTHO-
CUTEJIFHO LIEHTPAJIbHOM OCU U (DOPMBI TJIaB-
HBIX KOJICOaHMIA.

Tabnuua 4 — Pe3yabTaThl HCC/IeI0BAHNS MEPUOA KOJTeO0aHUH IBOIHOr0 MasiTHUKA

ILbm | Iym | oM | 1M wy,1/c T.,C wy,1/c T,C TepensC 7,c 6e3 My
20 15 5 2,75 0,339 18,525 3,031 2,072 10,299 8,967
20 18 2 2,75 0,693 9,062 1,717 3,657 6,360 8,967
20 17 3 1 0,700 8,971 5,892 1,066 4,822 8,967
30 25 5 1 0,571 10,998 7,676 0,818 5,908 10,982

AHanu3 npHuBeleHHBIX B Ta0u. 4 pe-
3y/lIbTaTOB HCCIIEIOBAHUS TMeproaa Koseba-
HUM JBOWHOTO MasiTHUKA MO3BOJISET Mpe.-
MOJIOKUTH, YTO MPUCOEAUHEHHAs: Macca My,
BEC KOTOPOW HE3HAYMTENICH, U MO3TOMY HE

YUUTBIBAJICS, MOXET CIIOCOOCTBOBATh CHH-
KEHHMIO Tiepuoja KoyiebaHusi THOKOro moj-
BeCa, MPHYEM YMEHBIICHHE TEepPHOIa Koje-
O0aHUM 3aBHCUT OT MECTa PACIOJIOKECHHUS
NPUCOEIMHEHHON MacChI 0 JUIMHE TT0/IBECa.
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UeMm MeHBIIIE PAacCTOSHUE OT IEHTpa Macc
OCHOBHOTO Tpy3a J0 MECTa PaclojOXKEHUS
JOTIOTHUTEIFHOTO TPy3a, TEM CYIIECTBEH-
Hee BJIMSHHUE MOCIEIHEro Ha CHUKCHHE Tie-
puona KoieOaHW JBOWHOTO MAasTHHKA.
['py0oe npeanonaoxkeHne Toro, 4To NepBoe u
BTOpOE TJIABHBIE KOJICOAHUS PABHO BO3MOXK-
HBI, TI03BOJIMJIO PACCUUTATh CpPEIHEE 3Haue-
HHME Iepuoja KonedaHuil Tepe;, KOTOpOE, B
Clly4ae HHU3LIEro IMOJIOKEHUsS M1 Ha MOoJBe-
Ce, 3HAYUTEIIbHO MEHBIIE Meproaa Koeba-
HUN MaTeMaTU4YecKOro MasTHHUKA C OJHOMN
TOYCUHOM Maccou M.

[lepeiimeM K BBIBOJY 3aBHUCHUMOCTH,
MO3BOJISIONICH B TIPOU3BOACTBEHHBIX YCIIO-
BUSX pEaJN30BaTh CIOCOO, HalpaBICHHBIN
Ha YMCHBIIIEHUE KOJeOaHUW IPy30BOT0 O/~
Beca.

Bocnonezyemcst uzBectHbIM udde-
PEHIMABHBIM YPaBHEHHEM JUIS BpAIICHUS
TBEPJOTO Tejla BOKPYT HEMOJBIKHOW OCH

[11]:
Lo =2m (FF), (17)

rae: lx — MOMEHT WMHepIHMM TBEpAOTo Tena
OTHOCHUTENBHO ocu BpameHnus OX; ¢ — yr-

JNI0BO€ ycKOopeHue mozseca; m,F° — Mo-

MEHT BHEIIHUX CHJI, MPHIOKEHHBIX K IMOJ-
BECY, OTHOCUTENIBHO ocu OX.

Ecnu paccmaTpuBarh rpy30BOM MOI-
BEC KAK CIUIOIIHOM HEBECOMBIN CTEPKEHB C
IIPUCOEIMHEHHONW HAa HEM TOYE€YHOM Maccou
M1 Ha paccTosHMK | OT OcH 3aKperieHHs
mojBeca W TOYEYHOM Maccod My , UMHUTH-
PYIOLIEH OCHOBHOW TIPy3, YCTaHOBIIEHHBIN
Ha KOHIIe To/iBeca Ha pacctosiHuu | oT ero
ocu (puc. 4, a), TO MOMEHT HHEPIUU JOJ]-
JKEH OIPENEATHCS BhIPAXKEHUEM:
I =ml? +m,l?, (18)
a cyMMa MOMEHTOB BCEX BHEIIHHUX CHJ OT-
HOCHUTEJILHO OCH BpaIlIeHUs paBHA

.%mx (F*)=—m,gl, sinp—m,gl sing, (19)

T7I€ (¢ — yroJl OTKJIOHEHHUS TPY30BOTO TMOBE-
ca OT BEpTUKAJIH.

OnHako cienyer OTMETHTh, 4TO TO-
MUMO KoJieOaHUs TOJABECa OTHOCHUTEIBHO
ocH, MPOXOJALICH Uepe3 TOUKY €ro 3aKper-
neHusi (touka (J), BO3MOXKHO M CaMoOCTOSI-
TeNbHOE KoJiebaHue yacTu mojaseca |, ¢ rpy-
30M My oTHOocHuTeNbHO ocu (CXi), meprieH-

TUKYISIPHOW TJIOCKOCTH YepTeka M MPOXO-
nsmieit yepes Touky C 3aKkpervieHusl 10mod-
HHUTEJIBHOTO Tpy3a My (puc. 4, 6).

Uccnenosanus koiieOaHuii QUHAMHU-
YECKUX CHUCTEM THUIA «MAasTHUK» C IEIbI0
onpeneneHuss JPGEKTUBHBIX TyTEeH, Ha-
MPABJICHHBIX HA Pa3pa0OTKy MEXaHHMYECKHX
racutenel KojeOaHUW, CBHUAETEIbCTBYIOT,
YTO TIPH OMPEIEICHHBIX BO3MYIICHHUSIX BO3-
MOJKHBI CHUTYyallUd, TpU KOTOPBIX IepBas
Macca (1) MOXKeT ocTaBathbCs B okoe [12].
Kpome Toro, Bocmombzyemcs [isl JanbHEH-
LIUX PacCyKICHUU IOHATHEM IApLUAIBHON
CUCTEMBI, TO €CTh CUCTEMBI C OJTHOM cTerie-
HBIO CBOOO/IBI, KOTOPAs MOIy4aeTCs U3 JIaH-
HOM CHCTEMBI C ABYMsSI CTEIIEHSMHU CBOOOIBI
MIPH  «3aKPEIUICHUW» OJHOW W3 KOOPJHHAT
[12].

[Ipu TakoM ycinoBuM KoJeOaHUS
Macc My ¥ My COBEPIIAIOTCS CAMOCTOSITENb-
HO, COOTBETCTBEHHO, OTHOCHTEIBHO OCEH
OX n CX; , Torma ucxonas u3 TpeOOBaHUS
(17) ypaBuenus (18) u (19) npumyTt BuA:

Iy :mlllz; (20)
le:mzlz2 ;

mX(Fie):—mlgllsin(Pl; 21
My (F)=-m,gl,singy; (>0

[Tpu JIOTTYIIICHUH YCIIOBUS
¢, =@, =@, 9TO BOZMOXKHO TOJIBKO MPH Ma-
JBIX KOJIEOAHUAX CUCTEMBI, @ HIMEHHO OHU U
UMEIOT MECTO B PEaIbHON TPOM3BOACTBCH-
HOM 00cTaHOBKe, U mojcTaHoBke (20), (21) B
(17) monyuaem:
(m1|12+m2|22)(p:_(m1|1+m2|2)g sing .

OTcrola HaXOAMTCS YTIOBOE YCKO-
pEHHE CHCTEMBI:

m,l,+m,| )
=——11 22.gsine , nwm
myl;+m,l,
m,l. +m.| ]
—— 22 gsine=0 (22)
ml +m,l,

N3BectHo, uto muddepeHnmanibHOe
ypaBHEHHE KOJeOaHWN MaTeMaTH4YeCKOro
MasTHHUKa uMmeeT Bux [11]:

<p+|93in(p=o . (23)

Ecnu mpuHATE B KadecTBE JJIMHBI
SKBUBAJECHTHOTO MaTeMaTH4YECKOTO MasiT-
HUKa BbIpaxeHue [13]:
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2 2

_ ml +m,l; | (24)
myl,+m,l,

TO TIPU YCIIOBHH MAJIbIX KOJCOQHHSIX MasiT-

HHMKa, Korga  sSin@~¢ , ypaBHeHue (22)

IPUMET BUJ aHAJIOTUYHBIN ypaBHEHUIO (23).
VYpaBHenue (22) MOXXHO TpencTa-
BUTH B BUJIC

Pp+o’p=0 , (25)
2 ml+ml,
rae © my; +m2I2zgl ' (26)

lunmoreTndeckuii  mepuos CBOOOJ-
HBIX KOJICOAHUH, ONMUCHIBACMBIX YpaBHEHHU-
eM (26), Oyzner paBeH

2 2
T2 aop | Mili+ml; @7)
® \ (m1|1+m2|2)g

PaccMOTpuM YacTHBIC MPUMEPHI U3-
MEHEHHS TIepruoaa KojeOaHul rpysa M, Ha
KaHaTe MMPH M3MEHEHUH MepeMeHHbIX |1, I,
My , M, . Pe3ynbrarsl pacyeToB 3aHeceM B
Tabm. 5.

AHaJIM3 TIOJYYCHHBIX PE3yJIbTaTOB
MO3BOJISICT MPEINONIO0KNUTh, YTO IyTeM pas-
OueHMs KaHaTa Ha JIBE YaCTH, MOXXHO 3Ha-
YUTEIBHO COKPATUTH MEPUOJ U aMIUIUTYIY
KoJieOaHUi Ipy3a, YTO MO3BOJUT YBEIHUYUTH
MIPOU3BOIUTEIILHOCT MOHTKHBIX U MOTPY-
309HO-Pa3rpy304HbIX padoT. [Ipu 3TOM cTo-
UT 3aMETUTh, YTO PE3y/IbTAThl pacyera Ie-
pHOJIa C UCIIOJB30BAHUEM 3aBHCUMOCTH (27)
MOJTBEPXKIAIOT  BBIIIE  IPEICTABICHHBIC:
3HAYCHUE MACChl M1 JOMOJIHUTEIBHOTO TPY-
3a Ha TEepUOJ KOJeOaHWW CYIIECTBEHHO HE
BIIMSIET, OOJIbIIEE 3HAYEHHE HMEET MECTO
PacCIOJIOKEHUS JTOTIOJHUTEILHOTO T'py3a TI0
JUIMHE KaHarta (cM. Ta0iL. 5).

ﬂ %
[P N |
8 ,
~5N &F‘ N
m & ;

q 2
Pucynok 5 — CxeMbl BO3MOKHBIX KOJIe0aHMI BEPTHKAJIBHOIO MOABECA € HCIOJIb30BAHUEM
NpHUCOeNHEHHOI MacChl
Tabmuia 5 — Pe3yJbTaThl pacueToB neproaa Kojedanuii rpy3a Ha KaHaTe

CoxpaineHue T T,c I, m I, ™M l,,m My, KT My, KT

repuoia o (5.5) o (5.54)

konebanuii, %

29,3 12,68 8,97 40 20 20 100 1000

29,3 12,68 8,97 40 20 20 200 1000

14,0 12,68 10,86 40 10 30 100 1000

40,0 12,68 7,67 40 30 10 100 1000

84,0 13,45 2,17 45 30 15 100 1000

19,0 13,45 10,85 45 15 30 100 1000

30,0 13,45 9,51 45 22,5 22,5 100 1000

12 8,97 7,95 20 4 16 100 1000

39 8,97 5,46 20 16 4 100 1000

10 10,99 9,94 30 5 25 100 1000

38 10,99 6,85 30 25 5 100 1000

Pemenue un3BecTHOW 3ajla4yy HCCIIE-
JoBaHUsA (YHKIMHM TYTEM OIpEaeNICHUs ee

AKCTPEMYMOB U€pe3 YaCTHBIC IPOU3BOIHBIE,
a Tak)Ke OIpeJielIeHne ONTUMAaJIbHBIX 3Haue-
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HUU TIEPEMEHHBIX IS TONyYeHUS MHHHU-
MaJIbHBIX 3HAYEHUU (PYHKIHU, TO €CTh Iie-
puona konebanuit 7, onpenenseMoro BhIpa-
xKeHueM (27), mpeAcTaBiseT TPYAOEMKYIO U
CIOXHYI0 3anauy. [loaTomy miis ompenene-
HUS 3HAYEHUU TepHoJia KOJICOaHWH CHUCTe-
MBI B 3aBUCHUMOCTH OT W3MCHCHHUS Hadallb-
HBIX YCJIIOBUM, TO €CTh MacChl MOHTHPYEMO-
ro rpysa, Macchl JONOJHUTENbHOrO (Oana-
CTHOTO) Tpy3a U €ro MECTOINOJOXKEHHS IO
JUTMHE TI0/IBeca, Oblila HamMcaHa MporpaMmMa
mrs [IOBM, mo3Bonsgonias HaWTA ONTH-
MaJIbHbIC 3HAYCHHS ITapaMeTpoB My, My, Ij
, |2 , 9TO B CBOIO OUYEpEb TO3BOJIUT B pealib-
HBIX MPOU3BOJICTBEHHBIX YCIOBUSIX JOOWTH-
Csl COKpaIlleHUs! MeproJa U aMIUTUTYAbI KO-
nebaHuil Tpy3a, YBEIUYCHHUS IMPOU3BOJIU-
TEIbHOCTH MOHT@XKHBIX U IOTPY304YHO-
pasrpy304HbIX padoT.

[TonydyeHHble 3HAUYEHUS CBHJIETENb-
CTBYIOT, YTO TIPH 3aKPEIUICHUH OAJIJTACTHOTO
rpy3a B HU)KHEH 4acTH IMOJBEca 3HAYUTEINb-
HO CHHUKAETCS MEePHO]I KoJeOaHUN CHUCTEMBI
«kaHat-rpy3» (B 2 — 3 pa3a), ¥ COIJIaCyIOTCS
CO 3HAYCHUSIMHU, PUBEACHHBIMA B TalJ. D,
pacCUYMTaHHBIMU MO CIyYaWHBIM 3HAYCHUSM
MIEPEMEHHBIX.

Pe3ynbTartel TEOpeTHYECKUX U OIKC-
MIEPUMCHTAIBHBIX HCCICOBAHUS JICTIH B
OCHOBY 3asIBIEHHOTO Ha YPOBHE HM300peTe-
HUS YCTPOWCTBA [2], MO3BOJISIONIETO pean-
30BaTh JAHHBIA CHOCOO MO YMEHBIIECHUIO
nepuo/ia KojebaHuit Tpy30BOTO MO/IBECA.
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