HIPUKIA/THI IIHTAHHA MATEMATHYHOI' O MOJAE/IIOBAHHA T. 3, M 2.2, 2020

VJIK 531
E.T. TOPAJIMK, H.H. KPIOKOB

locymapcTBeHHBIH YHUBEPCUTET HHPPACTPYKTYPHI H TEXHOJIOTHIHA

MATEMATHUYECKOE MOJEJIMPOBAHHUE ®A3bl BPAINEHUA IBUKEHUAA
TBEPJOI'O TEJIA IIPU CXOXKAEHUHU C HAKJIOHHOU PAMIIbI

Uszeecmuvle mamemamuueckue mooenu OBUINCEHU MBEPObIX Mmel, CXOOAUUX C
KOHGellepa Uil  HAKIOHHOU pAMNbl, OCHOBAHbI HA NOCMPOEHUU Cucmem mpex
oughghepenyuanvuvix ypasHeHuili 8 NPAMOY2OIbHOU O0eKaApmosol cucmeme KOOPOUHAM.
Oonaxo pe3yremamol pacuenmos napamempos 08UNCEHUS. C UCNONIb30BAHUEM IMUX MoOelell U
ux conocmasienue ¢ OpyeUMU pPACYEMHBIMU U OIKCHEPUMEHMATbHLIMU OAHHLIMU 05
KOHKPEMHbIX 00bEKMo8 8 OMKPbIMOLU Neuamu Omcyncmeyion.

Llenv pabomwvl 3axnouaemcs 6 NOCMpoeHuu u anpodoayuu HOBOU AOeK8AMHOLU
mMamemamuyeckou Mooenu hasvl 8pawjenusi O8UNCEHUS MBEPO020 Mmeld NPU CXOHCOCHUU C
HAKIOHHOU pamMnbl O UCCIe008AHUSI NAPAMEMPO8 €20 O8UICEeHUs 6 Haudle c80000H020
naoexusl.

Pacemampusaemces 3a0aua o pasze spawenus meéepoo2o mena (cxozxcoenue ¢ 0nopHoll
HOBEPXHOCMU C HAPACMAIOWUM V2IOM HAKIOHA C MOMEHMA, K020a YEeHmp Macc mend
OKA3bl8AEMCsl HAO KpaeMm ONopwvl, 00 Ompwbléad ON ONOpPbl €20 3a0He20 KOHUQ), KOMopoe
MoOenupyemcs NPAMbIM 0OHOPOOHBIM CMEPICHEM, NPU CXOHCOCHUU ¢ HAKIOHHOU pAMNbl 8
nOJSIPHOU  cucmeme Koopounam. [lugpgpepenyuanvhvie ypasHeHus OBUINCEHUS CMEPIHCHS
cocmasnenvl ¢ nomowwlo ypasuenuil Jlaepauca eémopoz2o pooa. B xauecmee 0606ujerHvlx
KOOpOUHam NpuHamvl paccmosinue [ om Kpas onopvl 00 YEeHMpa MAcc CMEPI’CHS U
NOJSIDHLIL Y20l () MENHCOY 2OPU3OHMATILHOU OCbI0 U OCbl0 CMEPNHCHA. [l nonyueHHou

HeIUHeUHOU paspeuarowell cucmemsbl 08yX OObIKHOBEHHbIX OuppepenyuanrbHbiX ypagHeHul
6mopo20 nopsoka cghopmynuposarna coomgememeyiowjas zaoava Koww, komopas pewaemcs
YuCcieHHo ¢ nomowbio memooa Pynee-Kymma uemeepmozo nopsioka mounocmu. Ha ocnose
NPeONoACEHHO20 NOOX00a NPOBEOEHbl YUCTEHHblE IKCHEPUMEHMbL, Pe3yIbmamul KOMOopblx
npeocmasienvl 8 8ude 2paguKkos 3asUcUMocmeli Om HAYAIbHOU CKOPOCMU YeHmpa MAacc
gpemenu @asvl epawjenus, yeia nosopomd, Y2n080U CKOPOCMU 6pAWeHUs U JUHEUHOU
CKOpOCMU YeHmMpa mMacc 8 KoHye ¢azvl epawjeHus 01 cmepoicHeli oaunou 5, 10 u 15 m npu
yene HakioHa pamnsl 35°.

Ycmanoeneno, umo yeenuuenue HauanvbHoOU CKOPOCMU YEHMPA MACC NPUBOOUM K
603PACMANUIO €20 KOHEUHOU CKOPOCMU, 4 MAKiCe YMEHbUEHUIO peMeHU (a3l 8paujeHus,
yena nogopoma u y2noeou ckopocmu cmeposcHs. C ygenuyenuem Onunbl CMepiHCHA 8peMs
@azvl epawenus u KOHeuHasi CKOPOCMb YEeHmpa MAcc 603pPACMArom, a y2ibl Nogopoma u
Y2n08ble CKOPOCMU CIEPHCHS YMEHbUUAIOMCAL.

Kniouesvie cnosa: niockonapannenvroe Osudicenue; CMepiiCceHsb, HAKIOHHAA pPAMNQ;
ypasuenus Jlazpansica emopoco pooa; 00bIKHOGeHHble Oudepenyuanrvrvle YpagHeHUs.,
3adaua Kowwu; uucnennoe mooenuposanue; memoo Pynze-Kymma.

€.T. TOPAJIIK, M.M. KPIOKOB

HepxaBHUH YHIBEpCUTET iIHPPACTPYKTYPH Ta TEXHOIOTIH

MATEMATHUYHE MOJE/TIOBAHHA ®A3U OBEPTAHHS PYXY TBEPJOI'O
TUIA ITPU CXOXKAEHHI 3 ITIOXHWJIOI PAMIIN

Bioomi mamemamuyni moleni pyxy meepoux mil, wo cxo0amv 3 KOHBeepa abo
noxunoi pamnu, 60azyOmevcsi HA NOOYO08I cucmem mMpboxX OupepeHyiarbHux pieHsAHbL )
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NPAMOKYMHIU — Oekapmositi  cucmemi  koopounam. QOHax pe3yibmamu  pO3PAXYHKI6
napamempis pyxy 3a 00NOMo2010 Yux mMooenel i ix NOpieHAHHS 3 IHUUMU PO3DAXYHKOBUMU |
eKCNepUMEHMANbHUMU OAHUMU O/l KOHKpemHUx o00'ekmie y GIOKpumux odicepenax He
onyoniKo8aHi.

Mema pobomu nonsiecac 6 nob6y0ogi ma anpodayii H08oi adekeamHoi MmamemamuyHoi
MoOeni ¢hazu obepmanHs pyxy meepooco Mmiia Npu CXOONCEHHI 3 NOXunoi pamnu Ojis
00CNi0JICeHHS napamempis 1o2o pyxy Ha NOYAmKY 8i1bHO20 NAOIHHL.

Pozenanymo 3a0auy npo ¢hazy obepmanns pyxy meepoozo mina (cxoOdcenus 3
ONOPHOI NOBEpXHI 3i 3pOCMAIOYUM KYMOM HAXULY 60 MOMEHMY, KOAU YeHmp macu mina
ONUHAEMbCL HAO KpAEM OROpu, 00 Gi0pusy 6i0 Onopu U020 3a0Hb020 KIiHYs), Wo
MOOeN0EMbCS NPAMUM OOHOPIOHUM CIPUNCHEM, NPU CXOONCEHHI 3 NOXUNIOL paMnu 8 NONAPHIl
cucmemi KOOpOuHam.

Jlugepenyianvui  pieHsAHHA pPYXY CMPUNCHA CKAAOEHI 3 OONOMO20I0 DIBHSHb
Jlacpanaca opyeoco pody. B axocmi yzaeanvHeHUx KOOpOuHam HPUUHAmMI 8i0CMAHb T 80
Kparo Onopu 00 YeHmMpy MAac CMPUICHS i NOJAPHUU KYM @ MIdC 20PUOHMATLHOIO GiCCIO |
giccto cmpudicua. [l ompumanoi HeniHiUHOI p036 'a3Y8aNbHOI cucmeMu 080X 36UUALHUX
oughepenyianoHux pieHAHb OpPY2020 NOPAOKY CHOPMYIbOBAHO 8i0N0BIOHY 3adayy Kowi, sika
PpOo38’A3yeEmMbCsl  yucenbHo memooom Pynee-Kymma uemeepmozo nopsoxky mouyHOCH.
Buxoosuu 3 3anpononosanoco nioxooy, npoeedeHo uucenvbHi eKchnepuMeHnmu, pe3yibmamu
AKUX NPeOCmasieni y eueisioi epagikie 3anedcHocmell mpugaiocmi ¢aszu obepmanis, Kyma
nosopomy, Kymogoi weuoKkocmi obepmants i NiHIlIHOI wWeuoKocmi yeHmpy mac 6 KiHyi ¢asu
00epmanHts 6i0 NOYAMKOBOI WEUOKOCII YEHMPY MAC CIPUIICHS OJisl CIPUIICHIB Q0BHCUHOIO I,
101 15 m npu kymi naxuny pamnu 35°.

Bcmanoeneno, wjo 36inbuients nouamkosoi weuoKocmi yenmpy mMac npu3eooums 0o
301L1bUIEHHS 11020 KIHYEeBOI WBUOKOCMI, 4 MAKOINC 3MEHUWEHHSI MPU8Aiocmi ¢azu obepmanHs,
Kyma nogopomy i Kymogoi weuokocmi cmpudicHs. 3i 30INbUEHHAM O08HCUHU CHIPUNHCHSL
mpusanicms gazu obepmanHs i KiHyesa WUOKICMb YeHmMpY MAc 3pOCmMaiomv, a Kymu
nogopomy i Kymosi ueUOKOCHI CMPUNCHSL 3MEHULYIOMbCSL.

Knrouosi cnoea: nnockonapanenvuuul pyx, cmpudiceHb, NOXUid pamMnd, pPIGHAHHSI
Jlacpamnsica Opyzoco pody, 3euuaiini ougepenyianvhi pieHsnus, 3a0aua Kowi, uucenvhe
Mooentogants, memoo Pynee-Kymma.

J.T. GORALIK, N.N. KRYUKOV
State University of Infrastructure and Technologies

MATHEMATICAL MODELING OF THE ROTATION PHASE OF A SOLID BODY
MOVEMENT WHEN DESCENDING FROM THE INCLINED RAMP

Known mathematical models of solids coming off a conveyor belt or sloping ramp are
based on the construction of three differential equation systems in a rectangular Cartesian
system of coordinates. However, there are no results of calculations of motion parameters
using these models and their comparison with other calculation and experimental data for
specific objects in open print.

The aim of the work is to build and test a new adequate mathematical model of the
phase of rotation of solid movement when coming down from the sloping ramp to study the
parameters of its movement at the beginning of free fall.

The task of the solid body rotation phase (a convergence from the supporting surface
with a growing angle of inclination from the moment when the center of the body mass is
above the edge of the support, to the detachment from the support of its rear end) is
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considered, which is simulated by a straight homogeneous rod, when descending from the
inclined ramp in the polar coordinate system.

Differential equations of the rod movement are made with the help of Lagrange
equations of the second kind. The generalized coordinates are the distance r from the edge of
the support to the center of the rod masses and the polar angle ¢ between the horizontal axis
and the axis of the rod. For the received non-linear resolution system of two ordinary
differential equations of the second order, the corresponding task of Koshi is formulated,
which is solved numerically by the Runge-Kutt method of the fourth order of accuracy. On the
basis of the proposed approach, numerical experiments were conducted, the results of which
are presented in the form of graphs dependencies time the rotation phase, angle of the turn
and the angular speed and linear velocity of center of mass at the end of the rotation phase
from the initial velocity of the center of mass of the rod for rods of 5, 10 and 15 m by an angle
of ramp 35°.

It has been established that the increase in the initial speed of the center of the mass
leads to an increase in its final speed, as well as a decrease in the time of the rotation phase,
the angle of the turn and the angular speed of the rod. As the length of the rod increases, the
rotational phase and the final speed of the center of the mass increase, and the turning angles
and angular speeds of the rod decrease.

Keywords: plane-parallel motion, rod, inclined ramp, Lagrange equation of the
second kind, ordinary differential equations, Cauchy problem, numerical simulation, Runge-
Kutta method.

IocTanoBka nmpo0.JieMbl

IMpu CXOXAEHUM TEPBOHAYAIBHO MOCTYMATENIbHO BHIKYIIETOCS TBEPAOrO Teja
(TpaHCHIOPTHOTO CpEACTBA, 3arOTOBKM WIJIM IITYYHOTO TIpy3a) C OMOpsl (posbraura,
KOHBeiepa) OHO HAYMHACT BpAIAThCs MOJ ACHCTBHMEM MOMEHTA Maphbl CHJI, BO3HUKAIOIIETO
HocJie  TEepeMeIleHHUs I[EHTpa TSDKECTH 3a Kpall  Omopbl, TO €CTh  JBHIKETCS
IUTOCKOTapasuieNibHO. [looXKeHne Tena, a TakKe BEJMYMHA OMACHOTO yJapHOr0 MMITYJIbCa
IPU TOCIEAYIOIEM KOHTAKTe C MOBEPXHOCTHIO APYTHX TeJ (3€MJIH, BOMABI, MTA0CIS U Ap.)
3aBUCHUT OT MapaMETPOB €ro JIBIKCHHS MPHU CXOXKICHUU C Omophl. IIOCKOIBKY MPOBEACHHE
OKCIIEPUMEHTAILHBIX M OCOOCHHO HATYPHBIX HCCICIOBAaHMIA IPHU CO3JAHHUM HOBBIX
TEXHHMYCCKMX  CPEICTB, KaK [MpPaBWJIO, BeChbMa JOPOTOCTOSAIIE, MaTeMaTHYeCcKoe
MOJICIIMPOBAHKME JBIKCHHS TIPU CXOXJICHHH C OIMOPBI IITYYHBIX TPY30B, TPAHCIOPTHBIX
CPE/ICTB, B YAaCTHOCTH, CIAacaTeJIbHBIX IILIIOMOK CBOOOIHOTO MAACHUSA W Jp., 0€3yCIOBHO,
aKTyaJIbHO.

AHaJIU3 NOCJeHUX UCCIeI0BAHUN M MyOJIuKa Uil
M3BecTHBI MaTeMaTHMYeCKHME MOJENN JBWXEHHS INTYYHBIX TIPYy30B, CXOIALIMX C
KoHBe#epa [1], crmacaTebHBIX HUTIONOK CBOOOJHOTO MAJCHUS MPU CXOXKICHUU ¢ HAKIOHHON
pammbl, Hampumep [2—-3], ¢ ucmoabp30BaHUEM CHCTEM Tpex IUu(depeHInanbHbIX YpaBHEHHI
IUIOCKONIAPAJUIEIbHOTO JABM)KEHHUS M IPSIMOYTOJNbHBIX JEKapTOBBIX CHCTEM KOOPAMHAT.
OpnHako pe3yibTaThl pacueToOB MapaMeTPOB JBMXKEHUS C UCIOJIb30BAHUEM ITUX MOJENEH i
KOHKPETHBIX 00BEKTOB B OTKPBITOH MEYaTH, K COKAIICHHIO, OTCYTCTBYIOT [4].

ean nccaeanoBanmsi
Hean paGoThl 3aKiIOYacTCs] B TIOCTPOSHUW M ampoOalid HOBOW  aJeKBaTHOM
MaTeMaTHUECKOU MOAOCIn (1)213]:1 BpallCHUA [ABWIKCHUSA TBCPAOro TCJIa MIpU CXOXIACHUU C
HAKJIOHHON pammbl ISl MCCIIEOBaHUS BIUSHUS €r0 HAvajJbHOW CKOPOCTH M JUIMHBI Ha
CKOPOCTb, YTJIOBYIO CKOPOCTB U YT'0Jl TOBOPOTA B Hadaje CBOOOTHOTO MaIeHUSI.
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H3no0xeHne 0CHOBHOIO MAaTepHAJIa UCCIeI0BAHUSA

[Ipu nccregoBaHNM MIOCKONAPAIIIETFHOTO ABMKEHUS TEJ €r0 0OBIYHO MPEICTABIISIOT
KAaK CyMMY JBYX JIBHKEHHU: MOCTYNATEIBHOIO BMECTE C LIEHTPOM MAcC U BpallaTEIbHOTO
BOKpYI' 3TOM TOYKW. IIpu 5TOM peasbHbIE Tella BO MHOTHX ClIy4asX C JOCTaTOYHOM
TOYHOCTBIO MOTYT MOJIETIUPOBATHCS OJTHOPOIHBIM IPSIMBIM CTEPKHEM.

[lepBeIii dTam majcHHUs TeNa MPH €ro CXOXKIECHUU C OMOPHON MmoBepXHOCTH ((aza
BpallleHHUs) C HApaCTAIOIIUM YIJIOM HaKJIOHA HAUMHAETCS ¢ MOMEHTa, KOorja EeHTP Macc Tena
OKa3bIBACTCSl HaJ KpPAaeM OIOpbl (KpaHUM pOJMKOM pamiibl), U 3aKaHUYMBAETCS B MOMEHT
OTpPBIBA OT OIMOPHI €T0 3aHEr0 KoHIa [3—4].

PaccMoTpuM B mosnsipHOW cucTeMe KoopAuHAT (I, ¢ ) HIMEHHO 3TOT 3TaIl — CXOXKICHUE
C HAKJIOHHOM paMITbI OJTHOPOTHOTO TPSIMOTO CTEPIKHS Macco M JiuHOU L, KOTOphIid nMeeT
B Ha4yaJIbHbIM MOMEHT Ha4yaIbHYIO CKOPOCTh V, (puc. 1).

[Tepemenienue HeHTpa Macc CTEPXKHA 3a Kpail onopsl Ha aauHy otpeska I = OC mox
NCHCTBHEM CHIBI TSOKECTH P =M BHI3BIBACT MOSBICHHE BPAIATEILHOrO MOMEHTA
M =PX=mgrcose, mnoxa neiicTBUEM KOTOPOrOo CTEp)KEHb BpaIlaeTCsi 3 YIJIOBBIM
YCKOPEHHEM B BEPTHKAJIbHON IIOCKOCTH.

Puc. 1. Cxoxnenne 01HOPOJHOIO CTEP:KHS C HAKJIOHHOI ONOPBI.

s cocraBnenus auHEepeHIIMATBHBIX YPABHCHHN TBUXKCHUS CTEPXKHS HCIOJB3yeM
ypaBHenust Jlarparka Broporo posa [5]. [Ipu aToM cuamu TpeHust mpeHedperaem.

B kauecTBe 00001IEHHBIX KOOpAMHAT puHuMaeM paauyc I = OC — paccrosiHue OT
IICHTPa MacC CTEPIKHS JI0 Kpasi OMOPbI U MOJIIPHBINA YTOJ ¢ MEXIY TOPU30HTAILHON OChIO X

u "HanpaBiaeHueM OC — oChIO CTEpIKHS.
B nannoM ciydae ypaBHeHue Jlarpanxka BTOpOTrO poja UMEIOT BUA:

d(oT ) oT
alaor) o
dfoT ) of
— = ]-==Q,
dt\ ¢ ) op

. dr .
riae T —KHHeTHYeCKas SHeprus CTepkHs, I ZE—MOI[}’IIB paguanibHOU CKOPOCTH ILIEHTpa
d2

dt?

Macc, ¢ =—¢—MO,Z[ JIb YIJIOBOM CKOPOCTH CTEpXHSA, @ =
b

dt

yckopenusi crepxas, Q, u Q, —0000IIeHHbIE CUIIBL.

—MOAYJiIb  YIJIOBOT'O
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Kunernueckas OHEprus CTCPXHA IPU €ro II0CKOoIapauICIbHOM JIBHWXXCHUU
OPEACTABIIAACTCS B BUAC CICAYIOIICTO BRIPAXKCHU .

- 2 2
T=|zc¢ _I_mvc
2 2

rae |, —MOMEHT MHepuMH CTepXKHS OTHOCHTENBHO LEHTpa Macc, V, —MOaylb BEKTOpa
CKOPOCTH ILIEHTpa Macc.

C y4eToM u3BEeCTHBIX (POPMYJ AJI1 MOMEHTAa MHEPILIUU CTEPHKHS OTHOCUTENILHO IIeHTpa
2
mL

macc |, = o U MOZAYJs BEKTOpa CKOPOCTHM TOYKM B IOJSPHONM CHCTEME KOOPAMHAT

V =./i? +r°p® monydaem ciemyiomee BEIPAKEHHE IS KMHETHIECKOH SHEPTHH CTEPIKHSA:
_I__mL2 @° m(r’2+r2¢2)
12 2 2 '

Halins BbeIpakeHUs Ui NPOU3BOAHBIX, BXOASAIIMX B JIEBbIE YacTU YypPaBHEHUU
Jlarpanka, nosry4um:

ST d(sTY ST L, eT LB .,
St dt\ &¢ or op 12

2
4 ﬂ :2mrr'gb+(L— +r3me; ﬂ:O;
dt{ o¢ 12 op

Ompenennm 0600mmenHyo cmry Q mo xoopaunate ¢y =TI . [lns 3TOro paccMoTpum

BO3MOXKHOE TEPEMEIICHUE CHCTEMbI, OOYCIIOBIICHHOE BO3MOXXHBIM  IpPUpPAICHHEM
00001IeHHONW KOOpAUHATEI OF (puc. 2).

Vv

Puc. 2. Bo3moskHOe nepeMenieHre CHCTeMbI, 00yCJIOBJICHHOE BO3MOKHBIM NPHpPAIllCHHEM
0606menHoii KoopaIuHATHI Of .

CYMMa SJICMCHTApPHBIX pa60T BCCX AKTHUBHBIX CHUJI, IPUJIOKCHHLBIX K CUCTCMEC BO BpCM4
3TOTO NepeMenieHus papaa: oA = Por sing =mgor sing .

C napyro#t croponsr, 0A=Q,&, =Q,0r. Takum ob6pazom, Q, =mgsing. Tak xe
omnpeaenum 00001IeHHY 0 city Q, 1o koopauHate (, = @
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PaccMOTprM BO3MOKHOE TE€PEMENICHHE CHUCTEMBI, OOYCIIOBJICHHOE BO3MOYKHBIM
npupaleHneM o000IIeHHONH KoOpIuHaThl 0@ (puc. 3).

CyMmMa 351eMeHTapHbIX paboT BCeX aKTUBHBIX CHJI, TPUIIOKEHHBIX K CUCTEME BO BpeMs
ATOrO MEePEMEILCHUs paBHA

oA = Pr[sin(¢ + o@) —sin @] = mgr[sin ¢ cosdp + C0S @ Sin 6¢ —sin @] .

[Tockonbky CO0SO@~1 u SINO@ = O¢, MOKHO CUUTATh, 4TO OA=mMgrcospop. C
apyroii croponsl, JA =Q,H, = Q,dp . Cnenoarensro, Q, =MQgrcose.

Puc. 3. Bo3amo:kHOe nepemMelieHle CHCTEMBbI, 00y CI0BJCHHOE BO3MOMKHBIM NPHPalIeHueM
000011eHHOIi KOOPAUHATBI OQ .

[loxcraBuM mOMy4YeHHBIC BBIIIE BbIpaXEHUS B ypaBHeHUs Jlarpamka u momydum
CJICYIOUIYIO Pa3pelIaonyto CucTeMy TudepeHInaIbHbIX YPaBHEHHI BTOPOTO MOPSIIKa

F—rg® =gsing;
2

2rr‘¢>+(i‘—2+ rzjgb:grcosw. ()

Jns popmynupoBanus 3anaun Ko 11 noaydeHHON cucteMsl AudQepeHnnanbHbIX
ypaBHeHwii (1) HeoOX0aMMO 100aBUTH HaYaIbHBIE YCIOBUSI:

r0)=r,, 1(0)=V,, »(0) = ¢,, $(0)=¢,. )

Zanumem 3agauy Komm (1)—(2) B BekTopHOit hopme:

& oo o
E:F(I’Y)! Y(O)_YO! (3)

rne YqZ{Ym Y21 Ya Y4}Ta ﬁ(ta?):{fl’ for fs, f4}T

Tyry, =r, Y2:r' Y; =0, y4:¢' fl:yz, fzzylyAf"'gSiny:-;’ f3:y4,

COS Y, — 2 L v
f, = 9y, ayi yfy1y2y4 aZE, Yo ={Y10: Ya0r Yao0: y40}T'
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[TockoapKy TOYHOE WM MPUOJMKEHHOE aHAIMTUYECKOE perieHue 3aaadn (3) HalTh
TpyAHO, OyJaeM pemaTh €€ ¢ IOMOIIbI0 4YHCIeHHOro Mertoja Pynre-Kyrra uerBeproro
nopsiika TOYHOCTH [7].

Ha ocHoBe mpennoxeHHOW MOJAETH NMPOBEICHO CEPUI0 YHCICHHBIX JKCIEPUMEHTOB
JUISL OTIPEJICNIEHUs] BPEMEHU CXOXKJIEHUSI CTEPKHS, CKOPOCTH LIEHTpa Macc, yIiioB MOBOPOTa U
YTJIIOBOM CKOPOCTH CTEPIKHS B MOMEHT OTPBIBA OT pamIibl pu « =35° W pa3HBIX 3HAYCHUSAX
HAYalbHOM CKOPOCTH IIeHTpa Macc B Auama3zoHe oT 1 mo 10 M/c U JyiMHE CTEpKHA B
nuana3oHe oT 5 10 15 M, pe3ynbTaThl KOTOPBIX IPEICTaBIEHbI Ha pUcC. 4—7.
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Puc. 4. 3aBucHMOCTH BpeMEHH CXOKIEHHS CTeP:KHA (C) 0T HAYAJIbHOI cKOpocTH (M/C) MPH yriie HAKJI0HA
pavnsi 35°: Paal — L =5m; Pan2 — L =10 m; Pap3 - L = 15 ™.
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Puc. 5. 3aBucuMocTb yriia noBopota (°) 0T HaYaJbHOH CKOPOCTH (M/C) MPHU CXOKIEHUU C HAKJIOHHOM
paMnbl npu yrie HakiaoHa pamnsbl 35°: Psaal — L = 5a; Pan2 — L = 10 m; Psin3 — L = 15 m.

Kak BunHO u3 rpadukoB Ha puc. 4, Bpems ¢a3bl BpaIICHUS C YBEIWYCHUEM JUINHBI
CTEp>KHs BO3pAcCTaeT, a ¢ YBEIMYEHMEM HauyaJbHOM CKOpOCTH — yMeHbliaercs. ['paduku
3aBUCUMOCTEN BPEMEHHU CXOXKIEHHUA JJiA CTepykHed anuHou 5, 10 u 15 MeTpoB UMEOT BUJ
MOYTH SKBUJAMCTAHTHBIX BOTHYTBHIX KPUBBIX. BpeMs cxoxkneHus nis crepskHed anuHou 5, 10
u 15 MeTpoB mpH BO3pacTaHUM HadalbHOU ckopoctu oT 1 g0 10 m/c ymensmiaercs ot 0,762
mo 0,234 ¢, or 1,136 mo 0,444 ¢, u ot 1,424 ngo 0,634 ¢, COOTBETCTBEHHO, TO €CTh
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YMEHBIIIEHHE BpEMEHU TMpPHU BO3PACTAHUU CKOPOCTH C YBEJIMYEHHEM JJIMHBI

UCCIIeIOBAaHHBIX cTeprkHel cocTtasnsieT 0,528, 0,692 u 0,79 c.
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Puc. 6. 3aBHCHMOCTD YIJI0BOii CKOPOCTH BpauIenusi (¢) 0T HAYATBLHOI CKOPOCTH (M/C) TIPH CXOKIEHHH ¢

HAKJIOHHOI pamMIbl MPH yrje HakjaoHa pamnbl 35°: Paal — L =5m, Vi = 6 M/c;

Pan2 —-L=10m, Vo =8 wm/c;Pan3—-L =15m, Vy =10m/c.

Ha puc. 5 BuaHO, 4TO yTIiibl IOBOPOTA C YBEJIMYEHHUEM CKOPOCTH YMEHBILIAIOTCS, a C

YBEJIMUEHUEM JUIMHBI CTEPXKHS BO3pACTAlOT.
OIMCHIBAIOTCSL  yOBIBAIOIIMMH  (DYHKIHSAMH,

BOTHYTBIE KpUBBIE, MPUYEM KpUBbIE M OONBUIMX [UIMH PacIoJiaraloTcsl BhIIIE, a HX
KPUBU3HA YMEHBIIIACTCS — 3aBUCUMOCTD MPUONIMKACTCS K JIMHEHHOW. MaKCHMalbHBIC YTIIbI
MOBOPOTa MMEIOT MECTO NPH HadalbHOW CKopocTH 1 M/c u s crepkHed mmuHOM 5, 10 u
15 M cocrasmsiror 14,873°, 15,56° u 15,847°, coorBercTBeHHO. [Ipu yBenmueHnn HavaIbHOU
ckopoct A0 10 M/C yribl MOBOpOTa 3TUX CTEepXKHEH yMeHbmarTcs 1m0 1,975°, 3,465° u

4,612°.

IlepBbie, W3 yKa3aHHBIX 3aBHUCUMOCTEM,
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Puc. 7. 3aBHCHMOCTH CKOPOCTH LIEHTPA MACC NLTIONKH (M/C) B MOMEHT OTPBIBA OT PaMIbI 0T HAYAJIBHOM
cKopocTH (M/C) mpH yrJie HakJaoHa pamnbl 35°: Pagl — L =5.m, Vi = 6 M/c;
Pan2 —-L=10m, Vo =8 m/c; Pan3—-L =15m, Vy =10m/c.
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VYTII0BBIE CKOPOCTH BpAIICHHUS C YBEIMYCHHEM HAYaJIbHOH CKOPOCTH Tak jkKe, KaK H C
YBEIIMYCHUEM JUTHHBI yMEHbIIaTCs (puc. 6). [Ilpu MUHMMAIbHON HAYaJIbHONW CKOPOCTH IS
UCCJICJIOBAaHHBIX JUIMH COOTBETCTBYIOIIHME YIJIOBBIC CKOPOCTH BPAIICHHUS COCTABIISIFOT
0,616 c'l, 0,439 ctu 0,359 ot [Ipn MakcumanbHOW HAaYadbHOM CKOPOCTH 3TH BEITUYUHBI
ymenbiratores 10 0,273 ¢, 0,252 ¢+ 1 0,234 ¢,

HampotuB, ckopocTH IIeHTpa MacC CTEp)KHEH B MOMEHT OTpPbIBA OT PaMIIbI C
YBEJIMUCHUEM HAYaJIbHOM CKOPOCTH TaK JK€, KaK M C YBEIWYCHHEM JUTMHBI BO3PACTaIOT
(puc. 7): s crepxkuei mmuHON 5 M, 10 M u 15 M — ot 5,944 m/c mo 11,352 m/c, ot 8,387 m/c
1o 12,604 m/c u ot 10,267 M/c mo 13,773 m/c. C yBenmu4eHHEM HAYaJILHON CKOPOCTH pa3HHUIIA
CKOpOCTEH IIEHTPOB MacC CTEp)KHEH pa3HOW JJIMHBI B MOMEHT OTPBIBA YMCHBIIACTCS
(paccTostHEE MEXKIy COOTBETCTBYIOIIMMH KPUBBIMU YMEHBIIIACTCS).

BoiBoabI
[Ipemoxennass Maremaruueckass MOJENIb IEPBOTO dTama MaJCHUS Tela MPU €ro
CXOXJICHUU C OTIOPHON MOBEPXHOCTH ((a3bl BpaIeHHsI) MO3BOJISIET C MTOMOIIBI0 YHCIEHHBIX
SKCTICPUMEHTOB HAaXOAHWTh C JOCTATOYHON TOYHOCTHIO pAI[MOHAIbHBIE 3HAYEHHUS YTJIOB
MOBOPOTA U YTJIOBOM CKOPOCTH, a TAK)KE CKOPOCTH IIEHTPA MACC UCCIIETyeMOro 0OBhEeKTa.
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