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HHEPEIMOBA

Knacuyna mexaHika Ta TepMOJMHaMIKa BIIITPalOTh OCOOIMBY POJIb Y BUBUEHHI
3aranbHOI (izuku. [loOya0Ba MpOCTUX MOJCIICH, BUIIJICHHS OCHOBHUX Ta HECYTTEBUX
pUC SBHWIN, $KI PO3TIANAIOTHCS, JICKUThH B OCHOBI BHWBYCHHS SIBHIL TPUPOJIH.
BuBueHHs OCHOBHHUX 3aKOHIB KJIACHMYHOI (DI3UKH CIHPHUAE PO3BUTKY (HI3UIHOTO
MUCJICHHSI Y CTYJI€HTIB, YMIHHIO (JOpMYJIIOBATH Ta PO3B’SA3yBaTU KOHKPETHI (Pi3HUHI
3aj1a4i. Taki BMIHHS Ta HABUYKU HEOOXI1JIHI SIK ISl TIOJAIBIIOTO BUBYEHHS Cy4acHOT
G13UKH, TaK 1 CyYMDKHHUX MPUPOJHUYHMX Ta TEXHIYHUX HayK.

[IporoHoBaHWi HaBYaJbHUK TMOCIOHMK MICTUTh OCHOBHI TEOPETHYHI Ta
CKCIICPUMEHTAIbHI TIOJIOKEHHS KJIACHYHOI MEXaHIKH, TeOpii MEXaHIYHHX KOJIMBAaHb,
OCHOBHM  CIICIIaJIbHOI ~ Teopii BIAHOCHOCTI, KJIACHMYHOI TEPMOJMHAMIKH  Ta
MOJIEKYJIIPHOT (PI3UKH; € CKIIAJOBOI0 YACTHHOI KOMIUIEKCY HaBYAIbHO-METOINIHUX
NnociOHUKIB, BUAAHMX BHKIagadamMu Kadeapu ¢izukud XapKiBCHKOTO JEpPKaBHOTO
YHIBEPCUTETY PaTl0CIEKTPOHIKH.

Hane Bunanng niarorysanu: B.B.Kaninin — po3ain 1; M.I.Ykpaineus — po3zain
2; A.l.Pubanka — po3ginu 3, 7; A.L.LKozaps — po3ain 4; A.B.besyrnumii — po3nin 5;
C.IL.LMenpuuk, B.O.MacnoBa — posain 6; T.b.Tkauenko — poszmum 8, 9, 10,
nepeMoBa Ta pelaryBaHHs HaBYaJIbHOTO NTOCIOHMKA.



YACTHUHA 1. MEXAHIKA
1 KIHEMATHUKA
1.1 MexaHiuyHuil pyx

MexaHika — 1e po3aia (i3uku, 10 PO3MIsAac HaUMpocTiy GopMy pyxy
Marepli — MeXaHIYHUN PyX, SKUM MOJisArae B MEPEMIIISHH] TUI a00 iX 4acCTHUH OJIHI
BIJIHOCHO OJHUX B mpoctopi. ExcnepumeHTanbHI MOCHIIKEHHS pPyXy TII Ta
CTBOPEHHSI MaTeMaTUYHOT TEOPii, 1[0 y3arajJbHIOE PE3yJIbTaTH AOCTIIIB, € OCHOBHOIO
METOI0 MEXaHiKH. MeXaHiKa BCTAHOBIIOE 3aKOHU PYXY, BUKOPUCTOBYIOUH SIKI MOKHA
nependaynuTH pyxX KOHKPETHUX TiJl.

Po3nin MexaHiKM, B SIKOMY BHBYA€THCS MEXaHIYHMI pyX TuUl 0e3 BpaxyBaHHS
OPUYUH, 110 BUKIWKATU UEH pyX, HA3UBAIOTh KiHemamukoro. IHaKIIe KaxKydH,
KIHEMaTUKa pO3TJsAae  “TeoMeTpiro” pyxy, TOOTO BCTAaHOBIIOE MaTeMaTH4HI
CHIBBIAHOLIEHHSI MDK XapakTepUCTUKAMHM  PYyXy, TaKUMH, HaNpUKIad, sK
NIEPEMIIICHHS, IJISAX, BUJIKICTh, PUCKOPEHHS, Yac pyXy.

MexaHiuHMI pyX CHOCTEPIraeThbcsi TOJI, KOJU 3 IUIMHOM 4acy OJiHI Tuia (4u
YaCTUHU Tij1a) MEPEMIIIYIOThCS B MPOCTOP1 BIAHOCHO 1HIIKX TUI. ToMy BHOHpPAIOThH
TIJIO, BIAHOCHO SIKOTO PO3TJISIAIOTh PYX I1HIIMX TUI Ta HA3WBAKOTh HOTO minom
gioniky. Cucmema 6ioniky — 1€ TUIO BIIJIIKY, CUCTEéMa KOOPJIMHAT, IOB’s3aHa 3 HUM,
Ta TOJUHHUK JIJIs1 BAMIPIOBaHHS TIPOMIXKKIB Hacy.

SIBuma Ta mpeaMeTH pPeasbHOTO CBITY Takl Pi3HOMAaHITHI, 110 B3a€MO3B’SI30K
MK HUMH TIOBHOIO MIPOIO OMKMCATH HEMOXJIUBO. ToOTO Oyab-SIKy peanbHy 3aj1ady
abCOIOTHO TOYHO PO3B’SI3aTH HEMOXJIMBO. 3aBXKIW BUKOPUCTOBYIOTh HAOJMKEHI
PO3B’SI3KM, TOYHICTh SKHUX BH3HAYAETHCS XapaKTepOM 3ajadi Ta METOI0, SKOi
HaMararoTbCs JOCATTH. B KiHeMaTuLll CTBOPIOIOTh MOJEI, BUAUISAIOTH TIIBKH CYTT€EBI
JUTSl TaHWX SIBHUIIl BIIACTUBOCTI Ta 3B’S3KM, HEXTYIOUM JCIKUMH (PaKTOpaMH,
PO3KIIaAI0Th CKJIAJAHUI MeXaHIYHUI pyx Ha npoctimi. Hanpuknaa, noctynaibHUM
HA3WBAIOTh PyX Tija, JUIs SIKOTO BCl TOUKH PyXalTbCs TaK, IO MpsiMa, sKa 3’€THYE
JIB1 JOBUJIBHI TOYKH, 3aJUIIAETHCSA MapayiesibHOK camii cobi. Tomai Jyisi BUBHAUYCHHS
MOCTYIAJBHOTO PYXY TLJIa IOCTATHHO OMUCATU PYX OJHOI TOUYKH TiJia, TOOTO BBaXKATH
TIJIO MaTepiaibHOK TOYKOK. 3aMIHUTH TUIO HAa MareplajbHy TOYKY JOIIIBHO Yy
BUIIAJIKAX, KOJM pO3MipaMU HOro MOKHa 3HEXTYBaTH 3a YMOB JlaHOi 3ajaauyi. JIiHis,
Ky OIMUCY€E MaTepialibHa TOYKA 1] 4ac pyXy B MPOCTOPi, HA3UBAETHCS MPAEKMOPIEIO
pyxy. @opMa TpaekTopii 3aJIeKUTh BiJ BUOOpY Tija BIJIIKY, TOOTO TPAEKTOPIs €
BIJIHOCHUM TOHATTSM. B JexkapToBiii cUCTeM1 KOOpAMHAT PIBHSIHHS TPAEKTOPIl Mae
BUTJISI:

f (x, V, z) =0.
1.2 CriocoOu BU3HAYECHHA PYXy MaTepiajibHOI TOYKH

Pyx matepianibHOI TOUKH — 1€ HEMEepepBHa 3MiHA 11 MOJIOKEHHS B MPOCTOPI 3
IMHOM 4acy. [1o710KeHHs TOYKY BU3HAYAIOTh PI3HUMHU CITOCOOAMHU.



Koopounamne e6uznauenns mnonoxkenHss touku M B mnpoctopi (puc. 1.1)
3MIIACHIOIOTH 32 IOTIOMOTOI0 TPhOX HE3aJC)KHUX KOOPIUHAT:

a) X,y,z ISl IPSIMOKYTHOI (A€KapTOBOi) CUCTEMU KOOPJIUHAT;

0) 7,0,¢ - nns chepuuHoi cucTeMHu;

B) 0,®,Z - U HWIHAPUYHOI CUCTEMHU.

VY BUNAAKY 6eKmopHo20 6u3HaueHHs TOJIOKEHHS y mpocTtopli Touku M
BUKOPHCTOBYIOTh PaJliyC-BEKTOP 7 , HAIIPSIM SIKOT'O BU3HAYAE PajiabHUI OPT €,

r=re,,
abo Tpiiika opTiB i,].k (6a3uc MpSMOKYTHOI CUCTEMHU KOOPUHAT):
F=xi+y+ zk .

B 1ux Bupazax r=+/x>+y* +z°;
Yy )

74 o . - .
€. =icosa+ jcosf+kcosy; cosa=e,i,
cosff=e.j,cosy=ek.

ko BiIOMa dbyHKIIIOHATBHA
3AJIEKHICTh Pajiiyc-BeKTOpa Bix vacy 7 = 7(¢)
j YU  3QJEKHICTh KOOpAMHAT B  4acy
8 . x=x(t),y=ylt),z = z(¢) (KiHEeMaTU4H1

g PIBHSIHHS pyXy), TO MOXXHa BHU3HAYUTHU
# 3aJIEKHICTD B yacy OCHOBHHUX
¥ KIHEMaTUYHHUX XapaKTEPUCTUK — IIBHJIKOCTI
Pucvnox 1.1 Ta TpUCKOpeHHA. B npboMy mnomsirae npsama
3a0a4a KiHemamuku, SKy MOXHa pO3B’A3aTH, BUKOPHUCTOBYIOYM TPU OCHOBHHX
CrocoOu BU3HAYEHHSI pyXY: BEKTOPHUN, KOOPJMHATHUN Ta IPUPOTHHIM.
BusnadueHHsi pyXy TOYKHM 3a JOTOMOIOIO MapaMeTpiB TPaeKTopii (MpUpogHUit
croci®6 BHU3HAYEHHS PyXy) BHUKOPHCTOBYIOTH TOJMi, KOJH BiJOMa TPAEKTOPIS PYXY.

Bubuparorh €Ky TOUYKY TPaeKkTopii 3a MO4YaTKOBY S, (B MOYATKOBUH MOMEHT 4acy

ty), PyX MaTepiaJibHOI TOYKU BU3HAYAE 3AJICKHICTh BIJICTaH1 S B3/IOBXK TPAEKTOPIi Bij
qacy: S = S(t).

1.3 llIBuakicTh

KinemaTuuni piBHSHHS PyXy — JIOCTaTHS yMOBa BHU3HAY€HHS IBHIKOCTI Ta
MPUCKOPEHHS MaTepiaibHOT TOUKH.

Axmo 3a NpoMiKOK yacy AN=t,—f MaTepiajJibHa TOYKa IEpPeMICTHIACH 13
HOoJNOKeHHsT 1 i3 pajiyc-BeKTOPOM 7, B IOJOXEHHS 2 3 PaaiyCOM-BEKTOPOM 7,
(puc.1.2) mo msixy AS=S,-S,, TO BEIUMYUHY AF =7, —/ HAa3UBAlOTb BEKTOPOM

. . .= . =\ AF
MEPEMIIICHHS, & BEKTOPOM CEePEIHHO1 INBUIKOCTI1 <V> - BIZTHOIIICHHSA <V> e
CepeHbOIO IIBUIKICTIO HA NMIJISAXY AS Ha3WBAaIOTh CKaJIsP <V> :
A
)=
At
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Braciti ok Toro, mo AS = |A7| (puc.1.2), To (V)= ‘<I7>‘

SAxmo Touka 2 HabIMKaeThes 10 Touku 1 (Tmomokenns 2',2""... Ha puc.1.2),To
TPaHUIlSA BITHOIICHHS A7 /AS JOPIBHIOE

At—0

li AF _dr
1M A6 ™ g

ar .

=7,

1€ 7 - OAMHUYHUNA BEKTOp (OpT)
JOTUYHOT 10 TpaekTopii B Toulli 1,
HaIpsM SIKOr0 301ra€ThCs 3 HAMPSIMKOM
dr . Toal MATTEBOIO IIBUJIKICTIO, 200
IIBUJIKICTIO B JIaHIH TOYIIl TPAEKTOPIT Y
BUMAJIKY TIPUPOHOTO CIIOCOO0Y
BU3HAYCHHSI PyXY € BEJIMUUHA, MOJIYJIb
SIKO1 JIOPIBHIOE

. . AS dS .
r=lim ") =lim =g =
a HaIpsIM BU3HAYA€ BEKTOP 7 :
) Pucynox 1.2 V=1v.
MuTTeBa MBUAKICTD IS
BEKTOPHOI'0 CIIOCO0Y BU3HAYEHHS PYXY:
V:IAiII}Oli—Z:%:?, (1.1)

a JIJIsl KOOPJIMHATHOTO:

ro d(xf+yj+zl€)

— . Ar
=lim7y,

. A d

e V‘ZIA%Q}E:?);:
LA by
Vy=lg£101ﬁ=7f=y;
. Az dz -
VZ:I},EIOIA_t:E:Z;

dt

=Vi+V,j+V.k,

2 2 2
V=Vi+Vi+V:=\x +y +z .

1.4 IlpuckopeHHus

[lin yac pyxy MmaTepiajibHOI TOYKHM ii MIBHJKICTh MOKE 3MIHIOBATHUCH 3a
BEJIMYMHOIO Ta HANpsMOM. SKIIO Af=¢,—¢ HNPOMDKOK 4Yacy, 3a SKUH IIBUAKICTbH

3MiHMITach HA AV =V, -V, TO cepedne npuckopents () 1e BEKTOP, IKUH TOPiBHIOE:

(@)

_Av
At



Mummese npuckopenns, TOOTO TPUCKOPEHHS B JaHUA MOMEHT dYacy abo
IPUCKOPEHHSI B JIaHIM TOYL TPAEKTOPIl BU3HAYAETHCS TPAHUILICIO, IO SKOI NPAMYE LIS
BEJIMYMHA IIpU A = 0:

g AV _dV
N a (1.2)

®opmyina (1.2) BU3HAYa€ MPUCKOPEHHS K (PI3UYHY BEJIMYUHY, CIIPaBEJIUBA Y
BUMAJKY Pi3HUX PyXiB. [Ipu BekTOpHOMY CrOc0o01 BU3HAYEHHS PyXy MaTepiajabHOT
TOYKH BIJIOMa 3JICKHICTh pajaiyc-BeKTOpa BiJ 4Yacy. Tojai MPUCKOPEHHS MOKHA
3HAUTH, AKII0 BUKOPUCTATH O3HAYEHHS MBUAKOCTI (1.1):

dv _d°’F
dt dt*

S0 BiOMI 3aJIeKHOCTI KOOPJIMHAT TOYKHU BijJ Yacy (KOOpJIMHATHUN CTOCIO
BU3HAYEHHS PyXY), TO IPUCKOPEHHS JOPIBHIOE:

o 2 2 2
iy jevk)=aivajrak =T+ LG R ai s pjezk.

a=

dt dt
Moyib BEKTOpa d JOPiBHIOE:

2 2 2
|c7|:a:1/af+ai+af =\x +y +z .

Y Bumagky MNOpUPOAHOTO CIOCOOY BHU3HAYCHHS pPyXYy BIJOMa 3aJICKHICTh

a=

IUIAXy, TpoieHoro TitoM, Bix yacy S(z). IlIBuakicTs Tomi mopiBHIOE V =V7=S7.
3Haiinemo npuckopenss (1.2):
- - 2
i=Lway=rit, &z ydr 45, (1.3)
dt dt dt dt dt
Jlpyruii 10/1aHOK I1i€1 CyMU Ma€ HampsM JOTHYHOI 0 JaHOT TOYKH TPAEKTOPII,
HA3UBAETHCS MAH2EHYIANbHUM NPUCKOPEHHAM Ta XapaKTepU3ye 3MiHY IIBHJKOCTI 3a

BCINYHUHOIO.

_dv. d’S. .
a,=—17=—77=87.
dt dt
[Ipoananizyemo mnepmmii gomanok (1.3). Jlng 1poro posrisHeMO pyx
MaTepialibHOI TOYKH 13 MoJioxkeHHs | 10 monoxkeHHst 2 (puc. 1.3) 3a yac A¢, SKIIO

TPa€eKTOPis pyxy — IUIocka KpuBa. [lepeHecemMo BekTop 7, mapajiebHO B TOUKY 1.
Tomt A7=7,-7, - mnOpupicT opra Ha

usxy AS Big Touku 1 10 2, Ap - KyT
MDK BEKTOpaMu 7, Ta 7,. SIKIIo Touka 2
HaOIMKAEThCS hio) 1, TO
AT = dr;AS —> dS,Ap > d¢ , a Binpizok
TpaekTopii Bil 1 10 2 HaOIMKAETHCS 10
JIyTH KOJia pajilycoM

ds

R=".
do

3HangeMo

Pucynox 1.3



dz _dzds_dz
dt dS dt dS
PosrnsitHeMO TpUKYTHUK, CTOPOHAaMHU SIKOTO € OpTH 7, Ta 7,, Ipu Agp —>0,

(1.4)

poOMMO BHCHOBOK, IO BEKTOp A7 — d7, B Toulll | MEpNEHIUKYISIpHUN 10 opTa 7,
TOOTO Mae HaNpsIM OpTa HOPMaJIi 7. A MOJyJIb BEKTOpa |d7| TOPiBHIOE

d7|=|zldp =dg.
Toni
dt =don . (1.5)
[Ticns mincranoBku (1.5) B (1.4) ogepxxumo:
dr _dp ., V. _
dt dS R

A nepuuii noganok (1.3) gopiBHioe

HAa3UBAETHCS HOPMANbHUM
NPUCKOPEHHAM, MA€E HAIPSIM HOpMaJll 7
JaHO1 TOYKHU TPAEKTOPIi Ta XapaKTepU3ye
3MIHY LIBUJKOCTI 3a HampsMoM. Bektop
HOPMAaJIbHOTO IIPUCKOPEHHS
HAlIpAMJICHUWM 10 LEHTpa KPUBHUHU
TPAEKTOPIi, NEPIEHANKYIIPHUN BEKTOPY
TaHT€HL1aJIbHOTO [IPUCKOPEHHS
(puc.1.4). Toal moBHE TPUCKOPEHHS
a=a,+a,,

HOro MOAYJIb —

2 2
Pucynox 1.4 a=yla, +a; = [d—VJ +(Kj :
' dt R

1.5 OGepHena 3a1aya KiHeMaTHKH

OOepHEHOIO  3a7auer0  KIHEMaTUKU  HA3WBAaIOTh  3aJadyy  BHU3HAYCHHS
KIHEMaTUYHUX PIBHSHB PYXY, SKILIO BiJOMI 3aJIKHOCTI IIBUAKOCTI YU MPUCKOPEHHS
BiJl yacy. OJIHO3HAUYHUN PO3B’A30K LI€i 3a/1a4l MOXJIMBUHN JIHUIIE TOJI, KOJIU BIJOMO

MOYaTKOBl YMOBHU: IIBHUJIKICTH V,, MPUCKOpEHHS d,, pajlyC-BEeKTOp TOYKH /, B

IMOYaTKOBUU MOMEHT 4acy.
SIKIIO, HANIPUKIAM, BiZOMa 3aJeXHICTh BEKTOpa MPHCKOpPEHHs d(f) Bin yacy.

[ToTpiOHO 3HANTH MIBUAKICT V' Ta pajilyc - BEKTOP 7 TOYKHU Y BUIIAJIKy BEKTOPHOTO
crioco0y Bu3HayeHHS pyxy. CKopucTaBmIuCh O3HA4YeHHSIM mpuckopenus (1.2),
3HANJEMO:

dV =adt.



3HANTH IMIBUJAKICTh MOXXHA, IHTETPYHOYM MpaBy Ta JIBY YAaCTHHHU IbOrO
pIBHAHHS. AJie 1HTErpyBaHHsS BHKOHATH MOXHA, SKIIO BI1JIOMO TIpaHULl 3MIHH

BeMMYMH. Tak, MBHUAKICTb 3MIHIOETBCA BiJI TOYAaTKOBOI V, a0 V, Yac — BiA
IIOYaTKOBOT'O MOMEHTY f) 10 MOMEHTY 4Yacy ¢. Toxi
t
V-V, =]adt,
b

V=J‘szt+V0‘ (1.6)

st Toro, mo0 3HANTH pajilyC-BEKTOP TOYKH, CKOPHUCTAEMOCH O3HAYCHHSIM
mBUAKOCTI (1.1), 3BiIKM 1IHTETPYBAHHSIM IILOTO BUPA3y, 3HAXOIUMO

Afzjﬁﬁ,F—%zjﬁﬁ.
ty t

Paniyc — BexTop 3Haxoanmo, Bukopucrapmu (1.6):

t
F = [Vt +7,
V A fo
v BUIAAKY KOOPAMHATHOTO
crnoco0y BU3HAYEHHsS PyXy aHaAJOTIYHUM
crioco0OM MOKHA 3HAWTH KOOPJIMHATH
TiJIa, SKIIO BIIOMO MOYATKOBY IIBHJIKICTh
1 IOYaTKOBE IMPUCKOPEHHS.
[nax, MpoRAEeHNH TOYKOK, MOXKHA

. 3HANTH, SKIIO BUKOPUCTATH
t B3a€MO3B’SI30K MOJYJIsl IIBUJKOCTI V' Ta
XY S:
Pucynox 1.5 y
ds
y=2
dt

3BIIKM dS =Vdt. [HTErpan BiJ 1IbOT0 BUpaA3y — MUISAX, MPONUIEHUM TOYKOIO 3a 4ac BiJl
MOMEHTY fy 10 t;:

U]
S =var.
fy
Sxio Bimoma 3ajaeKHICTh MOYJISI IIBUIKOCTI BiJl Yacy, TO IMUISX — ILIOIIA ITiJT
rpadikom ¥V (¢) (puc. 1.5).

1.6 KinemaTtuka 00epTajJbHOr0 pyxy

30BHIIIHI J1i HA TUIO NPU3BOAATH HE TUIBKU JI0 3MIiHU CTaHy PyXy Tija, aje i
1o nedopmanii Tina. Ase B 0araTboX BUMajkax aedopmaniiHuMu 3MiHaMu Gopmu Ta
pO3MIpiB TUIa MOXHA 3HEXTyBaTH. AOCOJIOTHO TBEPAMM TUIOM B MEXaHilll
HA3MBAaIOTh TI1O, IS SAKOTO BIJACTaHb MK JIBOMa JOBUIBHUMH TOYKaMH HE
3MIHIOETBCA M Yac pyxy. PyX TBepaoro Tijia MOKHA BUPA3UTH SK CYINEPHO3UIIIIO
JIBOX OCHOBHUX THITIB PyXy — MOCTYNAIBHOTO Ta 00EPTaIBHOTO.
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0 Posrnsnemo 0COOJIMBOCTI
00epTambHOrO0 pPyXy aOCONIOTHO TBEPIOTO
tina. [lix yac obepTanbHOro0 pyxy BCl TOUKH
aOCOJIIOTHO TBEPJOTO TiIa PyXarTbCid IO
KojaM, IIEHTPH SKHX Jie)KaTh Ha OJHIN
NpsIMiK, 110 HAa3WBAETHCS BICCIO OOEpPTaHHS.
[Ilo6 omucatu 1eil pyx Tiia, JOCUTh 3HATH
XapaKTEepUCTUKU PyXy OJHOI 3 TOYOK.
PosrisiHemo oGepTanbHUil pyx TBEPAOTo Tijia
HABKOJIO 3aKpimieHoi oci 00' (puc. 1.6).
Touka 4 1BOrO Tia pPyXaerbcs MO KOIY,
0 MOJIOKEHHSI TOYKH BHW3HAYA€E PaJlyC-BEKTOP
Pucynox 1.6 7. SIkuio Touka 4 mepemictuiach 13 1 B 2 (i
TOYKH HECKIHYCHHO OJIN3BKi), TO 3MiHA PajliyC-BEKTOpa JOPIBHIOE d7 , KyT MMOBOPOTY
- do . Moynb nepemilieHHss |dF| Ta 3MiHa KyTa IIOBOPOTY HOB’sA3aHi (GopMyIIok0:

‘df‘:rsina-dgo,

SIK110 KyT MOBOPOTY d @ BBaXaTH BEKTOPOM, MOAYJIb SIKOTO JIOPIBHIOE dg , a
HampsM BU3HAYA€THbCA TPABUIOM TIPAaBOrO TBHUHTA, TO BEKTOpP MEPEMIIICHHS
d ¥ BUBHAYAETHCS BEKTOPHUM JOOYTKOM:

dr =[dp, 7 (1.7)

BekTop KyTa noBopoTy d¢@ H03BOJISIE BIAPI3HUTH OOEPTAHHS TOUYKU MO KOy
3a TOAMHHUKOBOIO CTPUIKOIO Ta MPOTU TOJAMHHHUKOBOI CTPUIKM, 1€ TaK 3BaHHI
MICEBJIOBEKTOP a00 akciadbHUN BEKTOp, BIH HAMNpsMIICHUW B3JIOBXK OCi 0OepTaHHS.
TinbKK 171 HECKIHYEHHO MalMX KyTiB OOEpTaHHS MOKHA BBECTH MOHSTTS BEKTOpa

KyTa oOepTaHHS, IJIs SKOTO MOKHA 3/1ICHIOBATH J0/JaBaHHS BEKTOPIB.
Toni kymosa weuoxkicmes @& - BEKTOP, IO TIOPIBHIOE

5=99
di
A Kymoee npuckopenns & -
L de
E=—"-.
di

Bektopu @ Ta £ TakoXk akciajibHI BEKTOpH, KyTOBa IIBUIKICTb MAa€ HAIpsIM
BEKTOpa d¢, a KyTOBE MPUCKOPEHHS - HANpsIM BEKTOpa 3MiHU KyTOBOi IIBHIKOCTI
do .

OnuHALI BUMIPIOBAaHHS KYTOBOI MIBUIKOCTI - pajiaH 3a cexyHay (paz/c, ¢'), a
KyTOBOTO IPHCKOPEHHS - PaJiaH 3a CeKyH/Iy B KBaaparti (pam/c’, ¢7).

3HaligeMo MBHAKICTL ¥ IOBiIBHOI TOUKM A Tina, o o0epraerbes. s Hboro
noauMMo piBHsHHA (1.7) Ha Yac pyxy dr :

w 48]
dt dt |
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BuxopucroByroun o3HaueHHsa wmBHakocTi (1.1) ta xyroBoi mBuakocti (1.8),
OJIEPIKUMO

/ =[d,7 (1.10)

BuAKICTE TOUKM A Mae HampsMm Bektopa dr (puc. 1.6), - HanpsiM AOTUYHOL
70 KoJIa B JIJaHUM MOMEHT 4acy, Ta € BEKTOPHMM JOOYTKOM BEKTOPIB KyTOBOI
IIBMAKOCTI Ta pajiiyca-BeKTOpa 7 TOUKH. MOIyJIb BEKTOpA IUBUAKOCTI V' JTOPIBHIOE
V =rwsina = @R,

ne R - paaiyc Koja, o IkoMy pyxaetbcsi Touka (puc.1.6).
Axuio 3HaiiTH noxiany Bia mBuUaKocTi (1.10), ogep:KUMO MOBHE MPUCKOPEHHS

d TOYKH :
- dV do _ dr 5,7 [ ]
a= —,7 |+ w,— 8 rl+|w,V
dr | dt dt
[Mepunii 101aHOK Ii€T CYMHU Ma€e HAmpsiM, MEPIECHANKYISAPHUN 10 € Ta 10 7
11e HaIpsAM OpTa JOTHYHOI 10 Kosla 7 (AKILO Bich 0OepTaHHA HEPYXOMa):

8r] a

T2

MOTyJIb TAaHT€HII1aJIbHOTO MPUCKOPEHHS TOPIBHIOE
=resina=Re.

HopmanbHe npuckopeHHs! TOUKH JOPIBHIOE
=|a.7]

MOJyJIb Horo - a, = oV =w’R.
[ToBHE NMpHUCKOPEHHS TOYKU B 00EPTATLHOMY PYCI :

i=d, +a,=[z7]+|a.7]
MOJYJIb SIKOTO

_ 2 2 \/ 42 2p2 \/ 4 2
a=4a,+a, =vO 'R +&'R" =RNo" +¢".

2 JIUHAMIKA
2.1 Tunu B3aemMoaii

Jlunamika — 1€ PO3IiJ MEXaHIKU, y SKOMY BHUBYAIOTHCS 3MIHU PyXy TiJ,
BHACNIIJIOK B3aeMOJIi 3 I1HIMUMU TijdaMd. ICHYIOTh YOTHPHM THUIH B3a€EMOIIN:
rpaBiTalliiiHa, sKa ICHy€ MDK TUIaMH, [0 MarmOTh Macy; eJIeKTpOMarHiTHa, MiX
yacTMHKaMu a0 TuUlaMH, $Ki MalTh €NEeKTPUYHI 3apsau; CWIbHA, MIX
eJIEeMEHTapHUMHU YaCTUHKAMHM, [0 HA3MBAIOTHCS aJpoHaMu; cialka, 1o 00yMOBIIOE
MPOLIECU TEPETBOPEHHS JESKUX EJIEMEHTApHUX YaCTUHOK Ta aTOMHHUX sijep. Bci
YOTHUPH B3a€EMO/IIT y IPUPOJIL € PyHIaMEHTATbHUMU.

['paBiTamiiiHa B3a€EMOISl XapaKTEPHU3YEThCS MaJOK I1HTEHCUBHICTIO, MAae€
HEOOMeXeHU pajaiyc All 1 0AHOOIYHE MPUTATaHHS OYIb-IKUX 00’ €KTiB. JJisi 1bOro
BUJTy B3a€MOJI1 XapaKTEpPHUM € HE HACUUYBaHICTb.
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EnexTpoMarHiTHa B3aeMOAisl B1IOYBA€TbCA YEpE3 EJIEKTPOMArHiTHE IOJIE.
OCHOBHUMU O3HaKaMH LIbOTO BHUJY B3a€EMO/Ii € HEOOMEXEHUHN pajlyc il Ta 3B’ SI30K
IHTEHCUBHOCTI B3a€MOJI1 3 €JIEMEHTapHUM 3apsioM. EjleKkTpomMarHiTHa B3aeMOJIis 3a
CBOEIO0 IHTEHCHUBHICTIO 3aiiMae Japyre Micle Micias CHIbHOI B3aeMOIl cepen
byHIaMeHTAIbHUX B3aeMOJid. [IposiBOM eneKTpOMAarHiTHOI B3a€EMOJIIT € CUIIU TEePTH,
IPY>KHOCTI, TOBEPXHEBOTO HATATY, cuiin Ban-aep-Baanbca, Jlopenna ta Amnepa.

CwibHa B3a€EMOJIISl - HaWOUIbII IHTEHCHUBHA CEpell IHIIUX B3aEMOJIN, Mae
KOPOTKUH pafiyc aii (»<107° M), 3B’I30K HYKJIOHIB Y sIIpi, TEPMOSACPHUI CUHTE3 Ta
BHU3HAYAE 1HIII MPOIECH.

Cnabka B3aeMOJIisI XapaKTEPHU3Y€EThCS MaUM pajiycoM mii (»<2-107"°M) 1 g0
HEl HaJeXUTh - posnan sanep, K - 3aXOIuieHHs eJIeKTPOHIB aToMa, po3majl Py
eJIEMEHTapHUX YaCTHHOK.

B pe3ynbTaTi X YOTUPHOX B3aEMO/IIf BUHUKAIOTH CHJIH.

2.2 Cuaa i maca. Imnyasc

Cuia - 1ie ¢i3u4yHa BEJIMYMHA, [0 XapaKTePU3y€e B3AEMOJIIO TiJ 1 SIK KUIbKICHA
XapaKTePUCTUKA € MIPOI 1HTEHCHBHOCTI B3aemoiii. MexaHiyHa cuja - BEKTOpHa
BEJIMYMHA, TOOTO Ha HEl PO3MOBCIOKYIOThCS MpaBWid Jii 3 BekTopamu. Cuia
BU3HAYAETHCS MOJYJIEM, HAampsIMKOM 1 TOYKOI TpukiamanHs. JliHisg, y370BX SKOi
HampsMJICHa CHUJIa, HA3UBAETHCS JIHIEO JTi1 CHIIH.

SAximo Ha TUTO AiFOTH CHIIM 300Ky 1HIIMX T (200 CHCTEMH TI), TO Ii CHIIU
Ha3UBaIOTHCs 30BHIMHIMHU. CHIM, K1 I1I0Th MDK YaCTHHAMHU OJHOIO M TOr'O CaMOro
T1J1a, HA3UBAIOTh BHYTPIIIHIMHA CHJIAMHU.

Cucrema TiJI, Ha Ky HE JIFOTh 30BHIIIHI CHJIW, HA3UBAEThCS 3aMKHYTOIO a00
130J1bOBAHOI0 CUCTEMOIO.

[Tix miero JEKUTbKOX CUIJI pyX Tila BiIOYBA€ThCS TakK, HIOM HA HHOTO JI€ OJHA
PIBHOJIMHA CUJIa, IO TOPIBHIOE BEKTOPHINA CyMi IIUX CHJI:

F=F+F,+..+F =Y F,, 2.1)

B 3arasipHOMY BUNAAKy, KOJIM Ha TUIO JIi€ O1IbIIE ABOX CHJI, PIBHOMIMHY CHUITY
3HaXOMTh, 3ACTOCOBYIOUHU /IO HUX MOCIIIIOBHO MPABUIIO Mapajienorpama.

VY Bumanky aBox cui Fy [ F,, M0 Jil0Th Y3J0BXK OJHIEI MpsSMOi, piBHOIIHA
HampsimiieHa y OiK OUIbIIOI 3 HHUX, SKIIO CHUJIM HIPOTUJIEXKHI, 1 JOPIBHIOE 3a
BCIMYMHOKO F = ,a00 F =F, +F, , K110 BOHHU HAIPsIMJICHI OJIHAKOBO.

— —

Skmo cunm F @ F, npukiameHi g0 Tia mij KyTOM O OfHA JIO 1HIIOI, TO
BEJIMYMHA PIBHOJIAHOT JOPIBHIOE

\/Flz +F; +2FF, cosa .

KinbkicHO MeXaHIYHUW pyX ONMHUCYETHCS TPhOMA OCHOBHUMHU BEIUYHMHAMM:
JOBXHUHOK L, yacoM ¢, 1 macoro M. Maca Tija € MIpOol0 KUIBKOCTI pEUYOBHHH, IO
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BMIILYETHCS y LIbOMY Ti11. DI3WYHUI CMUCH NOHATTS MacH PO3KPUBAETHCS 3aKOHAMH,
BCTaHOBJIEHUMHU y 1687 p. BUAaTHUM aHIIMCbKUM BuYeHUM Icaakom HproToHOM
(1643-1727 pp.)

SIKu1o mpu NoCTynajabHOMY PYCl TUIO HE B3a€EMOJIE 3 THIIMMH TIJIaMH, TO HOTO
IIBUJIKICTh HE 3MIHIOETHCS. Ll 0COOMMBICTH TiJIa HA3UBAETHCS 1HEPTHICTIO. Miporo
1HEpTHOCTI TUIa € (i3UYHA BEJIMYMHA, KA Ha3UBAETHCS 1THEPTHOK MAacOr ad0 MPOCTO
Macoro. Jlocmian cBig4aTh, IO OJHA W Ta caMa CHJja PI3HUM TUIaM HaJa€ Pi3Hi 3a
BEJIMYMHOIO MPUCKOPEHHS, 10 i CTBEPXKYE HASIBHICTh MACH Y Tija.

Kpim iHepimiiHMX BJIACTMBOCTEH, Maca XapakTepusye 1 TpaBiTalliiiHi
BJIACTUBOCTI T, AKI TOJSATAIOTh B 3JaTHOCTI TUI MPUTATYBAaTH OJHE OJHOrO. 3
JOCIiTHUX (DaKTIB BUIUIMBAE, IO IHEPTHA 1 IpaBiTallifHa MACcH yCiX TUI MPOMOPIIiiHI
onHa iHmid. lle o3Hadae, MO TP BIAMOBIAHOMY BUOOpI OJIMHUIL BHUMIPIOBAHHS
1HEepTHA 1 rpaBITalliiHa MacH € TOTOXHUMU [1].

Omununero mMacu B Cl € kunorpam (kr). 3a Bu3HA4YeHHSIM lKr € Maca
MDKHApPOJHOIO MPOTOTHUITY KUIOrpama - IJIATHHO - 1piAi€BOro UMJIIHAPA JOBKHUHOIO
39 MM 1 miametpoM 39 mwm, sikuii 30epiraeThest y nanami bperens Oins Ilapuxka [2].
[Ipaktruno 1 xr gopiBHIOE Maci 1 jitpa gyuctoi Boau npu Temiepatypi 4°C.

Maca onunuill 00’eMy Tija Ha3UBAETHCA 11 eycmunoro. JIns OMHOPIAHOTO Tijia
T'YCTUHA BU3HAYAETHCS SIK

p:

m
; s
ae m - Maca Tijga 06’emMom V.
JUJ11 HEOHOPITHOTO TiJIa
. Am dm
p=lm-—=—
AVOAY AV
e A m - Maca eJeMeHTa Tiia, A J - 00’eM IIbOTro eJIeMEHTA.
Opununero ryctunu B Cl € kinorpam Ha KyOIYHUN METp:
[ p] = kr/M3.

. . . = dr
HKHIO MaTcplajibHa TOYKa MAaCOIO M PYyXa€TbCA 31 MIBUIAKICTIO V= E , TO BOHaA

Mae iMnyse P :
—~ — dr
P=mV=m—:.
dt
IMIysbCc € BEKTOpHOK BeawuuHOl. Hanpsmok Bekropa P 36iraethes 3

HanpsAMKOM BEKTOpa INBUAKOCTI V', a Horo Momyias y m pasiB Ginblumii 3a MOIYJIb

mBHIKOCTI. Po3mipHicTh iMiynbcy B CI - [P]=kr-m-c™'.

Imnynbe cucteMu TO4OK (200 T1T) JOPIBHIOE
n

P=>mV,
i=1

ne m;V, - BeKTOpH IMIYJIbCYy OKPEMHX TOYOK.
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2.3 3akonu HeroTOoHA

Pyx T mijg Ai€r0 30BHILIHIX CUJI MIAMOPSIKOBY€EThCS 3aKOHAM JUHAMIKH.
OcCHOBY JMHAMIKHU CKJIaat0Th Tpu 3akoHU HptoToHa (1687 p.), siki oTpuMaHi HUISIXOM
y3arajJbHEeHHS AociiaHuX (pakTtiB. KiacuuHa MexaHika 0a3yeThCsi Ha 3aKOHAX
Hprorona 1 Mae neBH1 MeXi 3aCTOCYyBaHHsI. 3akoHM HbroTOHA cripaBeIuBI IS T1J
BEJIMKUX Mac (MOPIBHSIHO 3 MAcOI0 aTOMIB), K1 pyXarOThCs 3 MAIIUMHU IIBUJIKOCTSIMHU
B MOPIBHAHHI 13 MBUAKICTIO cBiTiHa (V<<C, i€ ¢ - IBUJIKICTh CBITIA).

[Tepmuii 3axkoH HeroToHa (3akoH 1HepIlii) BcTaHoBieHO [amimeo Tamineem
(1564 - 1642 pp.). BinmoBigHo [0 IIbOTO 3aKOHY TiJIO 30epirae CTaH CIOKOK abo
PIBHOMIPHOTO 1 TMPSAMOJIHIHHOTO pyXy, SKIIO HAa HBOTO HE JIIOTh IHIN Tija.
MaremaTH4HO 1Ieii 3aKOH MOYKHA 3aIMCcaTH y BUTIISAIL

a=0, AKmo F =0,

ne F - BEKTOpHA CyMa CUIL, sIKi JiFOTh Ha TiJO, & - NPUCKOPEHHS Tija.

3 mepmoro 3akoHy HproTOHa BuIMBae, mo Oyab-sSKka 3MiHA CTaHy PyXy
3yMOBJIEHA JII€10 HA HHOT'O CHJI.

Buxoasuu 13 3akoHy 1Hepuii; HbOTOH [IIIOB BHUCHOBKY MpO I1CHYBaHHS
iHepyianvHux cucmem gioniky. Cucrema BIIJIIKY, Y SIKUM BUKOHYEThCS LIEM 3aKOH,
HA3UBAETHCS iHepyiaibHo. 3MICT MEpIIOro 3akoHy HbpIOTOHA Takuil: SKIIO Ha TLIO
HE JII0Th 30BHIIIHI CHJIM, TO ICHY€ CHUCTE€Ma BIJUIIKY, Y AKId BOHO 3HaXOJUTHCS y
CTaHl CIOKOW0. bynb-ska cucTteMa BiJIIKY, IO PYXa€TbCs 31 MIBUAKICTIO, CTAJIOO
BIJIHOCHO 1HEPLIAJIIbHOI CUCTEMHU BIIJTIKY, TAKOXK OYJi€ 1HEPIIaIbHOIO.

Hpyeuii 3axon Hvromona (OCHOBHHMI 3aKOH JTMHAMIKH) BCTAHOBIIOE 3B’SI30K
MIXK JIIOYOI0 CHJIOK, MPUCKOPEHHSM 1 Macoro Tina. [ns Tima 31 cTajioro Macoro
MIBUAKICT 3MIHU HOTO IMITyJIbCY 3 4acOM JIOPIBHIOE PE3yJIbTYIOUil CUJIl, IO /i€ Ha
TLJI0:

F = d—P. (2.2)
dt

ToOTo piBHOAINHA CWJ, NPUKIAACHUX 1O TLIA JOPIBHIOE MIBUIKOCTI 3MIHU
iMmoynbey Tima. Came B TakoMy BHIJISAl chopmyitoBaB Leid 3akoH HbroToH.

BpaxoByroun, mo P =mV , Bupa3z (2.2) ang Tiia i3 CTajow Macow M = Cconst
3aMUIIEeMO Y BUTJISAIL:

= d( =\ AV
F:—( V)zm—zma.
dt dt
3BiAKH
F
-
Ockinbky B pe3ynbTari Ali Cuil TiIO HaOyBae MPHUCKOPEHHS, OPYTHM 3aKOH

a= (2.3)

Hpi0TOHAa MOKHA c(OPMYITIOBATH TAK: NPUCKOPEHHs d , AKOTO HAaOyBa€ Tilo, MPAMO
MPOTIOPIIiiTHE PiBHOIINMHIN cHil 1 00€peXHO MPOMOPITiHE HOTo Maci.
PiBH s HHSs(2.3) MOXKHA 3a0MCATH Yy BUTTISIL
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d’r .
mo = F a0 mit=F. (2.4.)

PiBusanns  (2.2)—2.4) Ha3UBaOTb OCHOBHUM  DIBHAHHAM  OUHAMIKU
mamepianbHoi mouku y eekmopuitl ¢popmi. B ckamsipuit hopmi piBasHHES (2.3) ab0
(2.4) exBiBaJICHTHI PIBHSHHSIM:

my=F_, mp=F,  mi=F, (2.5)

ne F,, F,, I, — npoekuii cuiu F Ha BiANOBigHI OCi 1€KapTOBOi CHCTEMH KOOPIMHAT.
Ha ocnoBi piBHsiHHS (2.3) BBoguThCs oauHulg cuin. B cucremi CI ogunuiiero
cuu € Heroton (H).
KT - M
[ F ] =H =
CZ

Ooun Hvromon oopisHioe cuni, axa naoae miny macorw 1 ke npuckopenus 1

2
m/c .

PiBusinast (2.4) 1 (2.5) BigHOCHO yacy ¢ € AudepeHLiaJbHUMH PIBHAHHAMU
Opyroro mnopsaky. Po3p’d3yroud Il pIBHSHHSA JUIsl TEBHUX IIOYAaTKOBHUX YMOB,
BU3HAYAEMO TIOJIOKEHHS MaTepiaJbHOI TOYKM ab0 Tila MAacow m Ta MIBUIKICTH Y
OyIb-SIKMI1 HACTYITHUI MOMEHT 4acy >1.

3 npyroro 3akoHy HploTOHa MOKHa onepkaTH (I3UYHY BEJIMYUHY, SIKa
Ha3UBA€EThCS iMnynrbcom cunu. Ilomuoxusim Bupas (2.2) Ha dt, maemo:

dP = Fdt (2.6)

3 dopmynu (2.6) BUIUIMBAE, IO 3MiHA IMITYJIbCY TiJIa 3aJI€KUTh HE JIMIIE BiJl

CWJIH, ajie ¥ BIiJ Yacy, MPOTSATOM SIKOTO Cuja Ji€ Ha TUT0. 3a MPOMIKOK 4Yacy, Bif

MOMEHTY t; 70 MOMEHTY t,, iMIyJIbC 3MiHIOEThCA Bix 3HaueHHs P 1o P,. Orxe,
SKIIO MPOIHTETpyBaTH BUpa3 (2.6), To 3a 1el yac 3MiHa IMITYJIbCY JOPIBHIOE

Axiio cuna F, sika Jii€ Ha MaTepiaibHy TOUKY a00 TLJI0 32 MPOMDKOK Yacy #;-1;,

€ BEJIMYMHOIO CTAJIO0, TOJI1 3MiHA IMITYJIbCY Tijia 3a IIeH Yac JTOPiBHIOE
AP = P, - P, = F(t,—-t,).

TakuM YWHOM, IMITyJIBC CHJIM - 1€ JAWHAMIYHA BEIWUYHMHA, SIKA YUCEITHHO
JOPIBHIOE JOOYTKY CHJIM Ha Yac ii J1i. OnuHuLs iMnyibey cuiu — HbloTOH cekyHaa
[H-c].

Imnynec cuin siBAsie coOOK MIpy TPUBAJIOCTI [Jii CWJIM 1 CBIIYUTH, IO
TUHAMIYHUN e(eKT, BUKIMKAHUHA CHIIOK, 3aJIeKUTh HE JIMIIE BiA 1i BEJIMYUHH 1
HaIpsIMKY, ajie ¥ Bij yacy, MpOTATrOM sIKOro BoHa jisia. Llel edekT momnsrae B 3MiHi
IMITYJIbCY MaTepiajibHOI TOYKH a0 Tija.

Tpemiii 3axon Hvromona (3akoH il Ta IpOTUIT) GOPMYITIOETECS TaK: CUIU, 3

AKUMU Oitomb O00He MIN0 Ha IHWe Npu iX 63aemMoO0ii, pieHI 3a BeAUUUHON U
NPOMUNEHCHO CNPAMOBAHI.
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Axmo F; — cuna, 3 SKOK NIeplie TUIO Jl€ Ha Jpyre, a F; — cuiia, 3 KO
Jpyre TUI0 Ji€ Ha mepiiie, TOAl TpeTid 3aKkoH HpoTOHA 3anuIleMo y BUTJIS/IL:
F =-F,
i cunu cripsiMOBaH1 y3JI0OBX OJHIET IPSIMOT, siKa 3’€IHY€E MepIIe 1 Ipyre Tija.
3ayBaxuMo, 10 CUJIU FI [72 NpUKJIaACH] 10 pizHuX Tin. Cuia F2 HA3UBAETHCS
CHJIOIO PEakKIlii 1o BITHOIIEHHIO 10 F 1, acuia F | — CHJIOIO peaKIlii Mo BIAHOIICHHIO

o F » . L1 cuiam BUHUKAIOThH 3aBXKW IMOMAPHO: CUJIl, MPUKIAJICHIN 0 TiIa, MOXKHA
31CTaBUTHU PIBHY 32 BEJIMYMHOIO MPOTUIICKHO CIIPSIMOBAHY CUITY, SIKa MPHUKIIAZeHA 10
JPYToro Tina.

Cnin 3ayBaxkuT, WO TpeTii 3akoH HpOTOHA 3 BHUCOKOI TOYHICTIO
BUKOHYETBCS JIMIIE IPU O€3M10CEPETHHOMY KOHTAKT1 TUT a00 P B3a€EMO/III IBOX TLJ,
K1 1epeOyBatOTh y CIIOKOI.

Bci Tpu 3akonn HproTOoHA cripaBeiyiuBI TUIBKU B IHEPLIAJIbHIA CUCTEMI BIITIKY
1 JIUIIe JyIsl TUT, IO PyXaroThCs 13 MIBUAKOCTSIMU, MaJIMMU MOPIBHSIHO 13 HIBUJIKICTIO
CBITJIa Y BaKyyMi.

Pyx Tin 13 3Haunmmu mBugkocTsMu (V' = () poO3rISHYTO MEXaHIKOO
EliHIITenHa.

2.4 Ilpunuun BigHocHocTi I'asines

amineo Tamineir (1564—1642 pp.) — BuUAATHUNA ITaMIAChKUN (I3UK 1
acTpoHoM, B 1636 p. chopmysitoBaB MPUHIUIT BIAHOCHOCTI, SIKMI BiJIIrpa€ BEIUKY
POJIb Y PO3BUTKY HE JIMILIE MEXaHIKH, ajie i yciei ¢pi3uku. Ha ocHOBI LIbOTO MPUHLIKITY
Icaak HproTOH 1HIIIOB BUCHOBKY IMPO ICHYBaHHS 1HEPIIAJIbHUX CUCTEM, a AJbOepT
ElfiHInTeliH MOIMMpPUB MEXaHIYHMM NpUHIMI BigHOCHOCTI [amines Ha yci izuuHi
IpolLecH, 30KpemMa, Ha CBITJIO, 1 CTBOPUB CHEIlaibHy Ta 3arajbHy TEOpiio
BIIHOCHOCTI, 3aMIHHMBIIM TP I[OMY TMepeTBOpeHHs [amines nepeTBopeHHsIMU
Jlopenna. (I'enpik AnTton Jlopeni (1853—1928 pp.) — BugaTHU# HigepIaHICHKHI

(b13UK-TEOPETHUK.
M 3rigHO 3 NPUHIUAIIOM
laminess 3aKOHM MEXaHIKU
OTHAKOBI B  Oynb-sKiif
1HepUIaJIbHIN CUCTEMI.
Posrnsnemo 1Bi cucremu
BIIUTIKY, SIKI pyXaroTbcs
OJlHa BIJHOCHO 1HIIOI 13

¥ ol

£} A

Y

il ok ,
CTAJIOKO HBHUAKICTHO VO .

2 Baxxatrumemo omHy 13

!
|
|
|
|
|
|
|
|
|
|
by ¢ ! |.i# CHCTEM YMOBHO

’7 / Hepyxomoro. [TozHaunmo ii
pt aiteporo S. IHma cucrema
3 (mo3nayeHna iteporo S’ )

Pucynor 2.1 pyXaerbcs BIJTHOCHO
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cucteMd S i3 mBuakictio V,. LIg IIBUAKICTE HA3UBAECTHCA EPEHOCHOIO.

BBaxkxarumemo asisi cripoienHs, mo oci OX 1 OX’ cucrem 30iratoteesd, a oci OY 1 OY
ta OZ 1 OZ’BianoBigHo napanenbHi (puc. 2.1).

3HaiiieMo 3B’SI30K MDK KOOpaMHataMu Touku M B cucremax S 1 S7
[ToyaTkOoBMM BBa)XaEMO MOMEHT Yacy, KOJHU IOYaTOK KOOpPIAMHAT 000X CHCTEM,
3HaXOJIUThCS B OJHIN Toulli. KpiM Toro, B KJlacCHUHIM MeXaHIIll BBAXKAETHCS, 10 Yac B
yCIX CHUCTeMaXxX IUIMHE OJHAKOBO, TOOTO MJIA CHCTEM, SIKl PO3IJISIAAIOTHCS Y IbOMY
Bunajaky: t=t” Tomui 3 puc. 2.1. ogepxKuMo:

x=x"+V,-t,

y=y", (2.8)
z=2z2"

t=t".

P iBH s HH g (2.8) Ha3UBaOTHCS nepemeopenuamu I anines.
[TponudepeniroemMo 3a yacom nepiui TpH CriBBIAHOIIECHHS (2.8):

x=x"+V,,
y=y,
z=2z",
A0O
V.=V._ +V,
v,=Vv,, (2.9)
V.=V,

V' cniBBimHomeHHsax (2.9) Bemmuunn V,, V), V. € mnpoekuisMu BEKTOpa
mwBuakocti ¥V Touku Ha KOOPJMHATHI OCl Hepyxomoi cucremu S, a Vi, V| V.’
MPOEKIIii BEKTOpa MBHAKOCTI V' y pyxomii cucteMi S’ . Lli ckanspHi piBHSHHS
(2.20) exBiBaNeHTHI HACTYHOMY CIiBBiJHOLIEHHIO Mi BEKTOPaMH IIBHAKOCTeH Vi

V’

!
V=r"+V,. (2.10)
CmiBBigHomieHnnss (2.10) € knacuynum  HepensmuBiCMCbKUM — 3AKOHOM
. ) . L odr _, drF’ )
CKNadaHHsa weuokocmeiu. Y 1bOMY PpIBHSHHI V = E’V =, ~— IBuaxocti

MartepialibHOi ToukH (200 Tija) B cuctemax S1S BiAMOBIAHO, V,— cTajia MIBUAKICTh

pyxy cuctemu S BiTHOCHO S, 71 7' — pajalycu-BeKkTopu Touku M B cucremax S1i.S'.
3ayBa)XKMMO, W10 BEKTOpHE CHiBBIOHOWIEHHS (2.10) BHUKOHYETbCS NpH
JOBUIBHOMY BHOOp1 B3a€MHHUX HAaNpsIMKIB OCel KOOpJAMHAT cucteM S 1 S, B TOU yac
K CKaJISIpHI CHiBBigHOIICHHS (2.9) crpaBemivBi JMINE IJis PO3TAIlyBaHHS OCEH,
HaBEJICHOTro Ha puc. 2.1.
[Tpoaudepeniroemo ciiBpigHomeHHs (2.10) 3a yvacoM. Toai orpumaemo:
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727, a6o d=da

b

— MPUCKOPEHHS MaTepiaibHOI TOUKHU B

dt dt*’ dt  dt’
1HepIiaJbHUX cucTeMax S 1.5/ BIMOBIIHO.

OTxe, NPUCKOPEHHS MaTepiaJIbHOI TOYKU B 1HEPIIAIBHUX CUCTEMax BIIJIIKY €
OJIHUM 1 THUM CaMHUM, TOOTO IHGApiaHMHUM (He3MIiHHUM) BIJTHOCHO IIEPETBOPCHD
Tanines. Ile o3Hauae, mo KouH ojHa i3 cucreM € inepmiansaoro (@ =0), to i Bei inmi
Tex inepuianehi (@' =0).

3 meperBopeHs [anines BUIUIMBA€E 1 TaKU BUCHOBOK: OCKITBKH MPUCKOPEHHS
TiJIa Y JBOX 1HEPIiaIbHUX CHUCTEMax OJIHAKOBI, TO 1 CHJIM, SIKI JiIOTh Ha II€ TLJIO Y
cucremax S 1 S, y BIANOBIZHOCTI A0 APYyroro 3akoHy HpioToHa OyayTh OIHAKOBI,
TOOTO

F=F",

Takum 4YUHOM, pigHAHHA MexaHiku Hvlomona € iHeapianmHumu GiOHOCHO
nepemeopens I anines, moomo GOHU 3ANUULAIOMBCSA HE3MIHHUMU NPU nepexooi 8io
00HI€l iHepyianbHOi cucmemu 8iONiKy 00 IHUOI.

OTxe, BCl MEXaHI4H1 SBHILA y PI3HUX IHEPUIAIbHUX CUCTEMAX B1JOYBAOThHCS
OJIHAKOBO 1 HISSKUMU MEXaHIYHUMHU JIOCHIJaMU HE MOXJIMBO BCTAHOBHUTH, YM JaHa
CUCTEMa BIJUTIKY 3HaXOJUTHCS Y CIIOKOT, UM PYXAETHCS MPSIMOJIIHIIHO Ta PIBHOMIPHO.

[TpuHiun BigHOCHOCTI ['aminest cTBEpIKye€ BIIHOCHICTh MEXAHIYHOIO PYXY.
[e#t pyx 3aJa€ThCsl BIJIHOCHO KOHKPETHOI 1HEpLIAJbHOT CUCTEMU BIUTIKY. B TOil ke
qac 1ed IPUHIIUI CTBEP/KYE PIBHONPABHICTD BCIX 1HEPIIAIBHUX CUCTEM.

[Ipunuun BigHOCHOCTI ['amimes 1 3akoHu HbIOTOHA CKJIagalOTh OCHOBY
K1acu4Hoi meopii 8i0HOCHOCHI.

2.5 3akoH 30epekeHHs IMITYJIbCY

3aKkoH 30epeKeHHS IMITYJbCy — 1€ OAuH 3 (yHJAAMEHTAJbHHUX 3aKOHIB
IPUPOAH, BIH € YHIBEPCATbHUM (TOYHUM).
ap |
3 OCHOBHOTO 3aKOHY JIMHAMIKU r = BUILJIUBAE, 10 KOJM Ha TIIO HE
dpP
niroTh iHmi Tina (to6ro F =0), TO e 0.
ToOTo IMIyJIbC Tija B I[bOMY BHUMAJKY 3aJIHIIAETHCSA CTATUM
P = const . (2.11)

Bupas (2.11) € 3akoHOM 30€epeKeHHs IMITYJIbCY JIJIsi OAHOTO Tija.
Posrnsinemo cucremy, sika CKJIaIa€ThCs 3 TPhOX TLI.

Hexail Ha KOXHE 3 IMX TUI, KPIM BHYTPILIHIX CHJI f,-k , Jal0Th 1 30BHIIIHI CHJIN
€¢I
i

F, (puc.2.2). Ingexc “i” BKasye Tijo, Ha sAKe Ji€ Cuila, a ingekc “k” — Tino, 3 6oKy
SKOTO Jli€ 111 CHJIa. 3aluIeMo Ui KOSKHOTO 3 IMX TLT ApyTruit 3akoH HeloToHa:
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= _ 7 7 .
?1'3 ) i 7P3_f31+f32+F39
gl 2 _dt .
3 BigmoBigHO 10 TPETBOro  3aKOHY
A Herorona BHYTPILLIHI CUIIN
Pucyrowr 2.2 fik = —f % IOIIAPHO  CKOMIIEHCYIOTH  OJIHA
OJIHY, TOA1
d

dt(PﬁPz +P)=F +F,+F, 2.12)

Bupasz y ayxkax (2.12) — 11e mOBHUH IMITYJIbC CHCTEMHU P= F’l —|—]_52 +P3.
ToOTo

P=F+F+F,

dt
SAxio cucrema 3aMKHYyTa (30BHIIIHI CUJIU BIJICYTHI), TO
dP _
— =0, P =const
dt

TakuM YUHOM, TIOBHUH IMITYJIbC CHCTEMH TPbOXMaTEPiaIbHUX 3 YacOM TOYOK
HE 3MIiHIOEThCA. Llell pe3ynbTrar y3arajabHIOETHCS 1 HA BHUNAAOK, KOJM CHCTEMa
CKJIaJIA€ThCS 3 TOBUILHOTO YKCIia (PI3MYHMUX T1JI.

ChopmymroeMo 3aK0H 30€pEeKEHHS IMITYJIBbCY: LMAYIbC 3AMKHYMOIL cucmemu
MaAmMepiaibHUX MOY0K 3aAIUUAEMbCSA CMAIUM. 3ayBOXKHMO, 10 Ha BIAMIHY BiJ
3akoHIB HbproTOHA, 3aKOH 30€peKeHHs IMIYJbCy BUKOHYETHCS HE JIMIIE B paMKax
KJIACHYHOI MeXaHiKd. BiH BiIHOCHTBCSA 10 (GyHIAMEHTAIbHHX (PI3MYHUX 3aKOHIB,
TOMY IO TTOB’SI3aHUH 3 TAKOIO BJIIACTUBICTIO IPOCTOPY, K MOTO 0OHOPIOHICMb.

[Tpu upbOMy OJHOPIAHICTH MPOCTOPY O3HAYAE, IO 3aKOHH (PI3UKH OJHAKOBI y
BCIX TOYKax MPOCTOPY 1 HE 3ajJeXarb BiJg BHOOPY MOJOKEHHS MOYATKy KOOPAHHAT
1HepIliaThbHOI CUCTEMH BIJUTIKY, @ 0OHOpIOHicmMb uacy — IO 3aKOHU (I3UKH HE
3MIHIOIOTBCS 3 YACOM.

CTOCOBHO 10 CHCTEM, SIKi ONHCYIOTHhCS KIACHYHOK MEXaHIKOI0, 3aKOH
30epeKeHHsI IMITYJIbCY MOKHA PO3TJISAIaTH SIK HACI1I0K 3aKOHIB HbroTOHA.

2.6 Pyx Tiua i3 3MiHHOI0 MaCOI0

[Tix pyxoMm 13 3MIHHOIO Macol0 PO3yMilOTh TaKUW pyX TiJIa, IPH SIKOMY HOTO
Maca 3 4acoM 3MiHIOeThCA. JIMHamika pyxy TUT 13 3MIHHOIO Macol0 JIEKHUTh B OCHOBI
PEaKTUBHOTO PyXy, SKa BHKOPUCTOBYETHCS B paKeTo- 1 JiTakoOyayBaHHI. Pyx
YACTMHKM i3 3MiHHOW Macoro m=m(t) ommcyerhcs piBHsHHAM 1.B.Memepchkoro
(1858-1935pp.), mo Oa3yeTbcsd Ha 3aKOHI 30epexeHHs IMIyibCy. Lle piBHSHHSA
y3arajibHIO€ 3akoHH Hbl0TOHA Ha BUMNAJ0K, KOJIM Maca Tila € QyHKIIE vacy.
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VY knacuyHii (HbIOTOHIBCHKIM) MeXaHilll Maca Tijla MOYKE€ 3MIHIOBATHUCS JIUIIIE B
pe3ynabTaTi BIJOKPEMIIIOBaHHA a00 TpPUEAHAHHS 10 HBOTO YAaCTUHOK PEUYOBUHH.
[Tpuknaaom Tina 13 3MIHHOIO MAcol0 € pakeTa IiJl 4yac nojaboTy. Uepes comio pakeTu
(puc. 2.3) BUTIKAE CTPYMiHb MacH, 10 BIJIOKPEMIIIOETHCS B Pe3yJIbTaTl 3rOpaHHs Bijl
yciei manuBHOI Macu. Hexaii Maca pakeTu 3 mMajJMBOM Yy MOMEHT 4acy ¢ JOPIBHIOE
M(t).

o —= IIpotarom mnosbOTY pakeru ii
Maca 3MIHIOETHCS  BHACHIIIOK
e e T A 3ropaHHs nanuBa. Hexan 3a yac

: dt Maca pakeTH 3MEHIIYEThCS Ha
| | mit) BEJIMYMHY PEUOBHHU dm, 1O

\ ' noyiimae pakery. Toxal mpupict

O MacH BCI€l pakeTH € BiJl’€EMHOIO
dm BEJIMYNHOIO
Pucynox 2.3 M (¢ +dt)~ M (t)=~dM (z)

1 IOPIBHIOE Maci, 110 MOJIHUIIAE PAKETY
dm=—dM (¢). (2.13)
[Ting wac pyxy pakeTu BiOyBaeThbCs 3MiHA 11 MIBHUAKOCTI BHACTIJAOK i JBOX
dakropiB. ITepIIoro TAKOK IPHYMHOIO € CHIa mpuTsranHs F mo Semui. Lls cua mo
BIJIHOILIIEHHIO /10 PAaKeTH € 30BHIMIHBOW. [IIBUIKICTH MiJ BIUIMBOM IIi€i 30BHIIIHBOT
CHJIM 3MIHIOETBCS Ha dV,. JIpyra mpu4uMHa B TOMY, IO 3 paKeTH 4Yepes il corio e
MOTIK PEYOBUHH, SIKUW 1 BAHOCUTb Macy 1 SIKM MPU3BOJUTH 10 3MIHU IIBUAKOCTI Ha
BEJMYUHY dV,. B pesynbrari aii nux aBox GaxTopiB MBHAKICTH PAKETH 3MIHIOETHCS
Ha BEJIUYUHY

AV =dv, +dV,.
Benwuuny JV, 3Halinemo 3 apyroro 3akony Herorona:
a4 _Fle)
dt M)
3BIIKH
dv, = malt .

M(r)

Jliist 3HAXOIKEHHs BEJIUYMHHU dV, 3aCTOCYEMO 3aKOH 30€pPEKEHHS iMITyIIbCY.
B3aemonist mixk macamu M (t) Ta dm 3a XapakTepoMm € KOHTakTHOI0. ToMy ii MokHa
po3MIIsiAaTH SIK MPY>KHUM yaap ABOX Mac - M (t) 1 dm. Tonl 3aKkoH 30epexKeHHS
IMITyJTECY Ma€ BUTIISA

(M(t) - dm)\V +dV, )+ Odm = M (e , (2.14)

ne V - WBHAKICTH PAKETH Y MOMEHT 4acy ¢, U - IBHAKICT MAaCH PEUOBHHH
dm , o 3anuinae pakety. CkopuctaeMoch yMoBOIO (2.13) 1 po3kpuemo Bupas (2.14):
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dAM(t WV +M(t)dV, + dM(¢)dV, —UdM (t)=0. (2.15)
Hobytoxk dM (t)de y Bupasi (2.15) € HECKIHYEHHO MaJIOK BEIUYHMHOIO
BUIIOTO MOPAAKY. ToMy MM JOOYTKOM MOKHA 3HEXTYBATH:

AV, [M(¢)+dM (¢)]+ (7 - T Jam (£)=0
3BIOKH
) U-v

dv, = 0+ d ()dM(f). (2.16)

B 3namennuky Bupasy (2.16) MoxHa 3HEXTYBAaTH BEIMUUHOIO dM (t) <M (t):
- U-V

=0

dM(t).

abo

MO~ F()+ (0 - 7)™M0). @.17)

Pisumms mBuakocteit U —V =V, ~ Mae HasBy BiZHOCHOI WIBHIKOCTI
BUTIKaHHSA Macu BIJTHOCHO TiJia (paKeTH). I Toxi piBHsHHS (2.17) HaOyBae BUTISAY

M(t)cii—ljF( )+ 7 df‘jt(f). 2.18)

6I0H

PiBusunas (2.17) a6o (2.18) Ha3uBaeTbCs PIBHAHHAM HOCHMYHAILHO20 DPYXY
3MIHHOT Macu abo pisHAHHAM Mewepcbkoeo.
Bemnuuna
am(t) _ 5 dM ()
dt 8I0H dt
HA3MBAETHCS PEAKTUBHOIO CUJIOK0 ab0 CWIIOI TAru. PeakTwBHA cuiia XapakTepHU3ye
MEXaHIYHY 10 Ha TIJIO MacH, 10 TTOKUJIa€ HOro abo MPUETHYETHCS 10 HHOTO.

—

F, =(0-7) =Y

SIKIIO 30BHILIHI CHIIM HOPIBHIOIOTH HyIIO: F =0, TO piBHSHHS pyXy (2.18) Mae
BHTJISII;

M(t)dV =V, dM(t)

8

V ., =const,po3B S3KOM 1IbOTO PiBHAHHS Oy
M
V(t)=Vy =V In—25, 2.19
( ) 6i0H M(l) ( )

ne V, 1 M, - BUIKICT 1 Maca TiJla B TOYaTKOBUH MOMEHT 4acy.
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SIK10 moyaTKOBa MIBUAKICT TiNa (pakeTH) AOPIBHIOE HYJTIO, TO TLJ10 (paKeTa)
pyXaeTbcs MPSMOINIHIMHO y HampsSMKY, MNPOTHJICKHOMY BIAHOCHIN IIBHAKOCTI 1
CTPYMEHIO Ta3y Ha BUXOJIl 13 cOIUla JBUryHa. B 1mpoMy Bumanky piBHsSHHS (2.19)
HaOyBae CKasIpHOi (DOPMHU 1 Oro pO3B A30K MA€E BUTIIAIL:

o o
MU) (2.20)

OpHoMmipHMA pyX Tida B MYCTOTI 3a BIJICYTHOCTI 30BHILIHIX CHJI (I:“ = O)
cknagae cythb nepmioi 3aaadi K.E. IlionkoBcbkoro (1857-1935 pp.), a popmyna (2.20)
HA3UBAETHC opmynoio Llionkoscvrozo (1895p.). Sxmio pyx pakeT BinOyBa€eThCs Yy
BEPTUKAIBHOMY HAampsMKy B TpaBiTamidHoMy momi 3emii (gpyra 3agada
[{i0TKOBCBHKOT0), TO 30BHINIHBOIO CHJIOK € CHWJIa TSDKIHHSA, HAMpsM TPOTHIICKHO
pyxoBi paketu. Toni piBHIHHS pyXy (2.18) MoxkHa 3anucaTy y CKalsipHii popmi:

dv dM (t)

Mt V..
()df 8I0H dt

1€ g - MPUCKOPEHHS BUIBHOTO M {IHHS.

-M(t)g,

P03B 130K 11bOrO pIBHSAHHS IpU YMOBI V., =const 1 6e3 ypaxyBaHHS OIOpPY
TOBITPS 1 3MIHK g 3 BUCOTOIO Ma€ BUTJIS

V=V, In (2.21)

M, ;
—_ g ,
M(r)
BukopucroBytoun (2.21), MOkHa 3HANTH BUCOTY MiANOMY pakeTH HaJl 3€MIICIO
Ta YMOBH, SIKUM 3aJI0BOJIbHSIE Maca, 1110 BUKHAAETHCS PAKETOIO, JJISl PyXYy PaKeTu y
MOJT1 TSDKIHHS 3eMIJIl.

3 POBOTA, IIOTYXKHICTb, EHEPT'Is
3.1 PoOoTa, noTy:KHICTH

[ToHsiTT pOOOTH B MEXaHIIll MOB’SI3aHO 3 TOHSITTSIM CUJU W TIEPEMIIICHHS.
ko 4YacTUHKA M7 JIEI0 CUJIM TEPEeMINIy€eThCA IO JEeAKI TpaekTopili, Tak, IO
NEpEeMIIIECHHS TOPIBHIOE dF, TO €JIEMEHTapHOIO
poboToro 94 cunmu F (cuma He 3MIHIOETHCH)
HA3WBAETHCS CKAISIPHUN JOOYTOK:

“ 84 = Fdr = Fdrcosa = F.dr,
e a- KyT MiX BekTopamu df i F , F, -
IPOEKI[is BeKTopa F Ha BekTop dF  (puc.3.1).
Bemnmunna 04 — anreOpaiyHa;  SKIIO

V4 T
By <a<rm 0A — nonmarHa BenuuuHa; pu 0 <a < 5

P (VoK 1.1
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: T =
eJleMeHTapHa poboTa BiJl’€MHA; KOJIU & = BY 0A=0 (B oMy Bumnaaky F L dr).
Po6ora Ha gutstHIN TpaekTopii 1-2 AOPIBHIOE IHTETpay:

A, :fﬁd?:chosadrszrdr, (3.1)
1 1 1

B xoopaunatHiit popmi 3anucy:

F=Fi+F,j+F.k, dr = dxi +dyj +dzk |,
X2 by Z3 (32)
Ay = [Fudx+|F,dy+|F,dz.
X Vi Z

[TonsiTTIO pOOOTH MOXXHA HaJATH
FeOMETpUYHUM  cmucia. ko
300pa3utu Tpadik 3aleKHOCTI F,
BiJl TIOJOXEHHS YAaCTUHKU 7 Ha
8 tpaektopii 1-2  (puc.3.2), TO
- eJIeMEeHTapHa poboTa 04 JOPIBHIOE
+ IUTOII  3aIITPUXOBAHOI CMYIKKH.
3ayBaXMMO, IO BIAPI3KU  dr
ir S— IIOBUHHI OyTH HaCTiJI.LKI/.I Mainmy,
o0 B MeXax IMX BIAPI3KIB CHITY

o TT— MO>KHa OyJI0 BBaXKaTH CTaJIOI0.

' PoGora A;; wHa mingHI
TpaekTopii 1-2 mopiBHIO€ 101 Birypu, oOMexxeHoi KpuBoro F,(r), opauHartamu 1 12
1 Biccto 7. [Ipu nboMy 1utoma Girypu Haj BicCro 7 6epeThes 31 3HAKOM IUTIOC (J10/1aTHA
poboTa), a oA mij BICCIo 7 - 31 3HaKOM MiHYC (B11’ €MHa poOoTa).

Opunaunero po6otu B cucrteMi Cl € mxoyns. Pobota B oawH KOYIH — II€
po0oTa, 1o BUKOHYETHCS CHIIOIO B OJIMH HBIOTOH Ha MIEPEMIIIICHHI OJMH METP.

1 Jx=1H*1mM.

JI1st XapaKTepUCTUKH MBHUIKOCTI, 3 SIKOI0 BUKOHYETHCS P0O0Ta, 3aCTOCOBYETHCS
MOTYKHICTh — BEJIMYMHA POOOTH, BUKOHAHOI 32 OJIMHUIIIO Yacy
p=44
At
SKI0 MOTYXHICTh 3 YaCOM 3MIHIOETHCS, TO IHTCHCUBHICTh BUKOHAHHS POOOTH
XapaKTEPU3y€EThCSI MUTTEBOIO TIOTYKHICTIO:

R L
dt dt '

ToOTo MHUTTEBA MOTYXHICTH JTOPIBHIOE CKAISIPHOMY JO0YTKY BEKTOpa CHUJIIU Ha
BEKTOpP MIBUIKOCTI, 3 SKOK PYXa€ThCcs 4YacTHHKA. fIK 1 poOoTa, MOTYXHICTh —
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BeIMUMHA anreOpaiuyHa. 3HAIOUM TMOTYXKHICTh CHUJIM, MOXKHA 3HAWTH pOOOTY, SAKY
3MIACHIOE CHJIA 33 MPOMIKOK Yacy f:

Ay, = fﬁdﬁ = jﬁﬁd{ :j Pdt.
1 0 0

Onununiero notyxHocTi B CI € Bar (Bt). [loTyXHIcTh B OAMH BaT 1€ Taka
BEJIMYMHA, KOJIM 32 | CEKyHAY BUKOHYEThCS poOOTa B OJIUH JIKOYIIb:

1BT=1]Ix/1c.

[IpakTHYHO YacTO KOPUCTYIOTHCS TaKMMHU OJMHHIIIMH SIK TE€KTOBAT, KiJOBAT,
! N 2 3
MeraBaT. 3B 530K MiXK HaBeaeHMMH oauHuIsMu Takuii: 1rBt=10"BT, 1kB1=10"BT,
106
IMBT=10"BT.

3.2 Kineruuna eneprisi. TeopeMa npo 3MiHy KiIHeTHYHOI eHeprii

Pyx — HeBix e€MHa BIAacTUBICTh Marepli. Y (i3ulll BBOJSATh CKAIAPHY (I3UUHY
BEJIUYMHY, SIKA € KUIbKICHOIO XapakTEepPUCTHKOW pi3HUX (OpM pyxy Matepii 1
BIAMOBIAHUX iM B3aemomiil. Ilsg BemuuumHa — eHepris, ogHa 3 (yHIaMEHTAIBHUX
XapaKTePUCTUK PI3HUX CHCTEM. 3 PI3HUMH (popMamMu pyxy Marepii MoB’s3aHi Pi3HI
BUJIU CHEPT1i — MEXaHIuHa, TEIUIOBa, CHEPTis MAarHITHOTO IOJs, XIMIUHA, siIepHA Ta
1H.

B mexaHiii KiTbKICHOI MIpPOI0 MEXaHIYHOTO PYXy JaHOi CHCTEMH, a TaKOXK
MEXaHIYHOI B3a€MOJIIi TUT CUCTEMHU M1k COOOIO 1 3 30BHIIIHIMH TUIAMU € MEXaHIYHA
CHEPTis, KA CKIATAETHCS 3 KIHETUYHOI 1 MOTEHITIaIbHO1 EHeprii.

Hexall yacTMHKa Maco0 m PyXacThes Mifx micro meskoi cumu F . Bepyuu 10
yBar, 1o

dp dv
"
elleMeHTapHa poboTa ITiel cuay Ha TIepeMimeHHi d7

64 = Fdr =mVdV .
CkansapHuii 100yTOK Vdv = Vd 17),, , e (dV), — TpoeKIis BekTopa dV Ha

F= dr =Vdt,

HanpsMOK Bekrtopa ¥ . Ilg mpoekiis mopiBHIOE dV — NPUPOCTY MOIYJsA BEKTOPA
mBHIKOCTI, ToMy VdV =VdV i enemenrapHa pobora:
2
mV

OA=mVdV =d

Od4eBuIHO, 110 3a PaXyHOK POOOTH PE3YNIbTYIOUOI CHIIA BiIOYBAETHCS MPUPICT
JeSKO1 BeTUYMHU, KA Ma€ Ha3By KIHCTUIHOI CHEPTii:

mV?
2

T =

Taxum unHOM:
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dT=5A4, (3.3)

a MpHU MepeMileHH] YaCTUHKY 3 TOUYKHU | B TOUKY 2:

2 2 2
Vi mv
AH:mJVdV:m; I, T, T = A, (3.4)
1

2

To6To mpupicT KIHETHYHOI €Heprii YacTUHKM Ha JeSIKOMY IepeMillleHH1
TopiBHIOE anreOpaidyHiii cymi poOiT, BUKOHAHUX BCiMa CHJIaMH, SKi JIIOTh Ha IIO
yacTUHKY. Lle 1 € popmyntoBaHHAM TeOpeMH MPO 3MiHY KIHETUYHOI €HEePTii.

Axmo A;,>0, toni 7,>T;, KiHeTUYHA eHepris 30UIbIIyeThCs; Koau A;,<0,
KIHETMYHA €HEPT1sl 3MEHUITY€ThCS.

[TpupoaHo, 1110 OJTUHMIICIO BUMIPIOBAHHSI €HEPT1i, SIK 1 pOOOTH, € HKOYJIb.

PiBusnns (3.3) MoXkHa 3anmucaTH y BUTIISIL:

oA_dT _Ejp_p. (3.5)
dt dt

Ile o3Hauae, 1O MIBUAKICTH 3MIHM KIHETUYHOI €HEpPrii BU3HAYAETHCS
IOTYKHICTIO PE3YJILTYI0UO0I CHIIU F , SIKA JIi€ HA YaCTUHKY.

OcCKUIbKH KIHETUYHA €HEPTis 3aJICKHUTh Bl IIBUAKOCTI YACTUHKH, a MBUAKICTH
BU3HAYAETHCS BIIHOCHO TEBHOI CHUCTEMH BIIIIKY, TO 1 KIHETUYHA EHEPTis TaKOX
3aJICKUTH BiJl BUOOPY CUCTEMH BIAJIIKY.

PiBustaas (3.4) 1 (3.5) npuitHATHI SK B iHEpIiaNbHIN, Tak 1 B HEIHEPIIATbHIN
CUCTeMax BiIJIIKy. B ocTaHHIX, KpiM CHJI, 11O JIIIOTh Ha YACTHHKY 3 OOKY IHIIHX TLI
(cuit B3aeMoiii), HEOOX1IHO BpaxoBYBaTH 1 cuiu 1HepIli. Tomy poOoTa (MOTYKHICTb)
B 1IUX ¢Gopmysiax € anreOpaidyHoI CYMOKO poOIT (MOTYXKHOCTEH) SIK CHJI B3aEMOII,
TaK 1 CUJI 1HEPILi.

3.3 CuiioBe nmoreHuianbHe noJie. KoncepparuBHi i HEKOHCEPBATUBHI CHJIN

SIko Ha YacTMHKY B KOXKHIM TOYIll MPOCTOPY Ji€ CUJja, sIKa 3MIHIOETHCS Y
MIPOCTOPI 3a JCSIKUM 3aKOHOM, TO I1I€ O3HAYae, 10 YaCTUHKA rmepedyBae B MOJ1 CHIIH
TsDKIHHA 3emiti 00 B IMOJTI CHJI OMIOPY B MOTOLI pinuHu (razy). B ymoBax, konu cuna
B KOXXHIM TOYIll CWJIOBOTO TOJS HE 3aJeKHUTh BiJ dacy, 1€ IOJ€ Ha3HBAIOTh
CTarlioHapHUM. B 1IbOMy BUTIQIKy CHJIAa 3aJICKUThH TUIBKH BiJl TIOJIOKCHHS] YaCTUHKH.
OueBHIHO, 1I0 CUJIOBE TIOJIE€, CTalliOHApHE B OHIM CHCTEeMI BIAJIIKY, B IHIIIH MOXe
BUSIBUTUCH HECTAI[IOHAPHUM.

Poborta, Ky BUKOHYIOTh CHJIM TOJISI IPU NEPEMIIICHH] YACTUHKHU 3 TOYKU 1 B
TOYKY 2, B 3araJbHOMY BHUMAIKy 3aJICKUTh BiJ NUIAXYy. AJie Cepell CTalioHApHUX
CUJIOBUX IOJIB € TaKi, B IKMX po0OTa HE 3aJIeKUTh BIJl IIJISAXY, a 3aJEKUTH JIUIIE BiJ
MOJIOKEHHSI IUX TOYOK. Taki Tmoyis Ha3uBalOTh MOTEHLIAJIbHUMH, a CHJIUd —
KOHCEpBaTUBHUMHM. JI0 OCTaHHIX HaJIeKaTh JAMCHUIATHBHI CHJIM (CWJa TEepTs, CHIIa
OTIOpY, SIK1 3 SBJISIIOTHCS, KOJIM TIJI0O PyXae€ThCs y piuHI ado0 rasi), Ta T1pOCKOIIYHI

25



CWJIH, SIKI 3aBXKIH 3aJieXkaTh BiJl MIBHJIKOCTI 1 IIIOTh MEPIEHIUKYJISAPHO MIBHUAKOCTI
(cuna Jlopenta, cmta Kopiomica).
B notenmianbHOMY 10J11 pOOOTa KOHCEPBATUBHUX CHII MO 3aMKHYTOMY HUIAXY
MOXHA TMOJAUTUTH Ha JAB1 TOBUIbHI yacTuHU (puc.3.3) 1a2 1 2B1.
3Bakaroyy Ha Te€, MO IOJIC MOTEHIalbHE, A n=Am 3
4 1HIIOTO OOKY -Ajp=Ass1, 3BIAKA AjntAr=Ain-An=0.
SIxuro poOoTa cUil Mo MO 3aMKHYTOMY HUISIXY JOPIBHIOE
HYJIIO, TO poOOTa , IMX CWJI Ha HUIAXY MIX JOBUIBHUMH
TouKamMu 1 1 2 HE 3aJeXHUTh BiJ POPMH NUIAXY — IOJe
. MOTEHITIaTbHE.
Taxum unHOM, ISl KOHCEPBATUBHUX CHJI MOXKHA
Pucynox 3.3 HABECTH JIBa BUSHAUEHHS: K CUJI, poOOTa AKUX HE 3aJ1I€KUTh
Bil (hopMH TpaekTopii YACTHUHKH, a 3aJCKHUTh JIUIIE BiJ
MOYaTKOBOTO 1 KIHIIEBOTO MOJIOKEHB; SIK CUJI, poOOTa SAKUX MO 3aMKHYTOMY HUIAXY
JOPIBHIOE HYJIIO.

L

3.4 lloTreHuianbHA eHePrisi YaCTHHKH

Hexaii B craimioHapHOMY IMOJIi
KOHCEPBAaTUBHHUX CHJI YaCTHHKA
MEePEMIIIYETHCA 3 PI3HUX TOYOK
B; B Touky O (puc.3.4).
3Bakaroud Ha Te€, IO CHJIH
KOHCEpBaTUBHI, poboTa HE
3QJIEKUTh BIJT dbopmu
TpPaeKkTOpii, a TakoX BIA
HOJIOKEHHS TPUOK B;, TOOTO
poboTa € Jeskor (YHKIIIE

= e " F . —
Pucynox 3.4 paniyc — BekTopa Touku 7. Lld
GyHKIIISI Ma€ Ha3BY MOTEHIIAILHOT €HEPTii YACTUHKH B IAaHOMY TIOJIi:
0
Ago :_[ dr =U(r) . (3.6)
B
i 4 3HaiineMo poOOTy MO MEPEMIICHHI0 YaCTUHKH 3

T.1 B T.2. Hexail TpaekTopis mpoiiae yepe3 TOUKY

O (puc.3.5). Toni poboty Ha musixy /02 MoXHA

~——" 3anucatd  y BUNIAnl:  Ap=AijotAor=A10-Aso.
& Bpaxosyrouu (3.6), maemo:

Pucynox 3.3

2
A, :defol ~U, =-AU 3.7)
1

Po6oTa koHCepBaTUBHUX CHIJI MPHU MEPEMIIIIEHH] YACTUHKU 3 TOUYKH | B TOUKY 2
JOPIBHIOE 3MiHI MMOTEHIIAIHOT €HEPrii 31 3HaKOM MiHYC.
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Tpeba po3pi3HATH MOHATTS 3MIHH 200 MPUPOCTY MOTEHIIATBHOI eHeprii, KOJIu
AU=U,-U,, 1 TOHATTS 3MEHIIEHHS MOTeHIlanbHOo1 eHeprii, konu U;-U,=-AU.

OTxe, MOTEHIllabHA €HEprisi — 1€ €eHepris, MOB’si3aHa 3 PO3TalllyBaHHSIM
YaCTUHKH, TOOTO 3 KOOPJMHATAMH 1 HE 3aJICKUTh B1J 1i IIBUJIKOCTI 1 TPAEKTOPIT PYXYy.

3HavYeHHS TIOTEHIIAJIbHOI eHeprii 3aJIeKuTh BiJ BHOOPY IMOYATKOBOTO
MOJIOKEHHST cucTeMu. [Ipu 3aMiHl OJIHOTO MOYATKY BIAJIIKY Ha 1HIINI MOTEHIIalbHA
SHEpris 3MIHIOETHCSA Ha CTANly BEJIMYMHY, TOOTO BOHA BU3HAYAETHCS HE OJJHO3HAYHO,
a 3 TOYHICTIO O MOBUIbHOI ctanoi. OpgHak Tpeba 3ayBakKMTH, IO 3BHYAWHO HAC
I[IKaBUTh HE a0COJIOTHE 3HAYECHHS MOTEHIIaJbHOI €HEeprii, a TUIbKU 11 PI3HUIS B
pI3HUX CTaHaX 1 B [bOMY BUIAJKy HAasBHICTb JOBUIBHOI CTAJIO] HE MA€ 3HAUCHHS.

3HailleMO TOTEHLIAJIbHY €HEpril0 YacTUHKH, SKa TmepedyBae y Mol
HeHTpadbHUX cuil. LleHTpanbHi cwiM 3aiexarh JIMIIe BiJ BIICTaHI Mixk
B3a€EMOJIIIOYMMH YaCTUHKAMH 1 HaNpaBlIeHI B3JIOBXK NpPsIMOi, sKa 3 €IHY€E i
yacTUHKU. [IpuKIIaoM TakuX CWJI € TpaBiTalliiiHa CUJia, CTBOpPEHA IpaBiTallliHUM
1oJieM, Ta KyJIOHIBCbKa CuJa.

Hexaii B TOYIII O
3HAXOAMTHCS HEpyXOoMa YacTHUHKa
Macoro m; (puc.3.6).

~ mm, r
F,=G—12%.— 37
12 2 M . 3.7)
: Pozpaxyemo poboty
) "~ TpasiTamiitHoi CHIIN npu

i+ == _ _
' MEPEMIIIIEHH] YaCTUHKHU MAacoOI0 71; 3

TOYKHU | B TOUKY 2:
Pucyiox 3.6 y

L @i =-Gmm, [ L =G| ™2 | g M2 | (3 9
r

4 7 < dr m,m

*~_ 1772

A4, = _[Fr— 1m2I 3
1 1

| n r,

Tyt BpaxoBaHo, 10 7dF=rdr. 3 (3.7) BUIIMBae, IO MOTEHIIAJIbHA
EHEeprisi YaCTUHKH m; B TpaBITAI[iItHOMY II0JIi, CTBOPEHOMY YacCTHUHKOKO 1),
JIOPI1BHIOE:

U@r)=-g 1™

3HaliIeMO MOTEHIIaTbHY €HEPril0 YACTHHKH B TMOJ1 MPYKHUX CHJL.
[IpyxHa cuna F = k7, 1e 7 — pajiyc-BEKTOP YaCTUHKH.
Po6oTta nepeMillleHHS YaCTUHKHU MO JAOBUIBHOMY HUISIXY 3 TOYKH 1 B TOUKY 2
JIOP1BHIOE:
2 2 2
Ajy = | FdF =-[ kidF =-[ krdr = fry | _[ k2
; ] 2 2

3 ypaxyBaHHsM (3.7) noTeHIllalbHAa €HEePrisl YACTUHKHU B MOJI1 MPYKHUX CHJI:
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(s

Sxuo npyskHa cuiia Ji€ TUIbKU B HAPsIMKY oci X, TOi:

kXZ
U =|—|.
=(=)

[ToTeHIianbHy €HEprit0 YacTMHKM Macow m B
OJTHOPIJTHOMY TOJI1 CHJI TSOKIHHS MOOJIU3Y TOBEPXHI 3emMili
BHU3HAYMMO aHAJIOTIYHO MOMEPEHIM IBOM MPUKJIIAIaM.

- -h Cuna TsoxkiHHS F =mg (g — NPUCKOPEHHS BUIBLHOTO

s NajiHHs) Ma€ OJHAKOBY BEIMYMHY 1 HAMPAMOK y OYIib-

SK1H TOYII MK BUCOTaMHU /; 1 h; (puc 3.7).

[Ipoekmiss cunmu  TsDKiHHA Ha Bich OZ, ska-
HampsMJIeHa Bropy, MOpiBHIOE F,=-mg, Tonl 0A=- mgdrcosa=-mgdz; (drcosa=dz).
Pob6ota cunu TSOKIHHS HA NIUTAXY Bif TOYKA 1 10 TOUkH 2:

Pucyrnor 3.7

hy
A, = —jmgdz = mg(h] - h, )
h[
Toni moreHmianbHa eHepris yactuHku U=mgh, ne h — Bucora migiiomy Tina

HaJ[ TOBEpXHEI0 3eMJli, EHepris BIAPaxoBYeThCs Bl moBepxHI 3emii, ae U=0.
3.5 B3aeM03B’AA30K CHJIM TA MOTEHUiaAbHOI eHepril

Hexall yacTuHKaA 37iliCHMIA MIEpEMIlleHHs dF min miero cumm F . Pobora wiei
CHJIM JOPIBHIOE 3MEHIIIEHHIO TTOTEHITIAJIbHOT €Heprii:

0A=Fdi; 64 =-dU; Fdi =-dU.
SIxmio 3anmucaTé pobOTy Yepes MPOEeKIIil BEKTOpa CHIIM 1 IEPEMIIIEHHS], TO:
Fidx+F,dy+F.dz=-dU.

bepemo 1o yBaru, 1o KOOpJMHATH TOYKH X, Y, Z HE3QJICKHI 3MIHHI. K0

: oUu : _(oU
3a(ikcyBaTH KOOpIUHATH Y, z. To onepxumo F, =— <, |2 2HATIOTIIHO F, == )

x E3

oU

F = —(—j , TOI:
0z

~ oU-. oU- 0U -
F=- |+ | + k. )
(le 5yj oz ] (3-8)

ToOTo, gKkmO BiZoMa HOTeHLialbHAa eHepris U(X,),z),1uisl BU3HAYEHHS CUJIU
Tpeba 3HANTH YaCTUHHI MOX1AHI MOTEHIIAIbHOI €Heprii BiJ KOOPIUHAT.
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Bektop y nmyxkax (3.8) HazuBaeThcs rpanienToM (yHkuii U 1 mo3HadaeTbes
grad U:

F= —gradU .

YacTto 1o popMyiy 3amucyroTh y BUTIISIII:

—

F=-VU,

ov- oV~ oV .
- +—Jj+—k - oneparop I'aminbTOHA.

V= I
o ox oy 0z

OTtxe, cuia, siKa Ji€ HA YACTUHKY B MOTEHIIIAILHOMY TOJI1, TOPIBHIOE B3ITOMY
31 3HAKOM MIHYC TPaJi€HTy TOTEHIaJbHOI €Heprii Ii€i YaCTMHKU B JaHIM TOYII
TIOJIA.

3HaK MIHyC BKa3zy€ Ha Te, II0 HAampsSMKH CHJIM 1 TPaJi€eHTa MOTEHI[aIbHOI
eHeprii NpoTusexHi. BekTop cuiu HanmpsiMiieHu# y 01K MaKCUMaJIbHOTO 3MEHIIICHHS
MOTEHII1AJIbHOT €HEePrii.

CMucn rpajieHTa CTaHe OUIbII  3pO3yMLIUM,
SIKIIIO BBECTU TOHATTSI €KBIMOTEHIIAIbHOI TTOBEPXHi-
MOBEPXHi, Y BCIX TOYKaxX SKOI1 MOTEHIlalbHA CHEPTis
Ma€e oOJHE 1 TeX 3HaueHHsS. KoXXHOMYy 3Ha4YeHHIO
[MOTEHI1AJILHOL eHeprii BIZIIIOB1Ia€ CBOS
eKBITTOTEHIIIaJIbHA TTOBEpXHs (puc.3.8).

HanpsMok cunu F - 36iraeTbest 3 HampsMKOM
; MaKCUMaJIbHOI 3MIHM TOTEHIlaIbHOI eHeprii, BiH
HOPMaJIbHUN 70 EKBIMOTCHIIAIbHUX IOBEPXOHb. B
Puepeon 58 AOBUILHOMY HANPAMKY l l'IpOG-KLIISI CWJIH B Toulll P Ha

et HanpsiM | jopiBHIOBaTUME:

__ou
el

3.6 IloBHa MexaHiYHA eHeprisi YAaCTHHKM i CHCTEeMH YaCTHHOK. 3aKOH
30epeKeHHs] MeXaHiYHOl eHepril cucTeMu

Hexali Ha 4YacTWHKY [iIOTh TIJIBKM KOHCEPBAaTHUBHI CHJIHM, TOJ1I POOOTa,
3MiiCHEHa HaJ YaCTHHKOIO, 3 OJHOTO OOKY JOPIBHIOE 3MEHIICHHIO MOTEHIliadbHOT
eneprii (3.7). 3 iHIIOr0, 32 TEOPEMOIO TIPO 3MIHY KIHETHYHOI €Heprii, BOHa JOPIBHIOE
3MiHI KiHeTuuHOi eHeprii (3.4). Toxi :

UI-UZZTQ-T],' T1+U]:T2+U2_ (39)

Cyma kiHeTHYHOI 1 mOTeHHianpHOi eHeprii 7+U=E, mae Ha3By MOBHOI
MeXaHI9HOi eHeprii yacTuHku. 3 (3.9) BummBac:

T+U=E=const; E,=E,,
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TOOTO, ONEPKYEMO 3aKOH 30EpEeKCHHS CHeprii il YaCTHHKHU: CHEeprisd
YaCTUHKH, siKa repedyBa€e B MOJl KOHCEPBATUBHHUX CHJI, 3QJIMIIAETHCSA CTAJOK 1 €
IHTErpajoM pyxy.

Posrnsaemo Tenep cucremy, sika CKIagaeThcs 3 N HE B3a€MOIIIOUMX MiXK
c00010 YaCTUHOK, 1110 IepeOyBalOTh Yy MOJI1 KOHCEPBATUBHUX CHIL

KoxHa 3 HHX Mae KiHetmuny emepriio 1,=0,5m;VY 1 NOTeHI{aIbHY
Ui=Ui(xi.yi.z).

J1J1st KO’KHOT YaCTMHKY BUKOHYETHCS 3aKOH 30€pE’KEeHHS €Heprii:

E=T;+U;=const.

[Ticast cymyBaHHS 1O BCIM YaCTUHKAM OJIEPKHMO:

N N N
:ZEi:ZTi+ZUi:T+U:c0nst ,
oy '

ne I'= ZT, , U= ZU i - CyMapHa KiHeTHYHA 1 MOTEHIliaJIbHA EHePTis
i=1 i=1

CHUCTEMHU YaCTHHOK, BiNmoBimHO. [loBHa MexaHidHa €HEpris — aJuTUBHA BEIWYHMHA,
SKa JJIS 3aMKHYTOI CHCTEMH HE B3a€MOJIIOYMX YACTUHOK, Ha SKi JIIOTH JIKIIE
KOHCEPBAaTHUBHI CHJIM, 3aJUINAETHCS CTATOI0 BEIUYMHOI — II€ 3aKOH 30EpE:KCHHS
SHEPTii JAJIg IaHOi CUCTEMHU.

PosrasgneMo 3aralbHMM BHNAIOK, KOJIM CHCTEMa CKIamaeTrbess 3 N
B3aEMOJIIOUUX TIJ, MK SKHMU JIIFOTh KOHCEPBAaTHMBHI 1 HEKOHCEPBATHMBHI CHJIH,
TaKOXX Ha CUCTEMY JIII0Th 30BHIIIHI CHJIM (KOHCEPBATUBHI 1 HEKOHCEPBATUBHI).

Akmo KoxHE TiO0 — MmaTtepiaabHa Touka Macoro m; (i=1,2,....N), To s
KOXKHOTO TiJIa MOKHA 3aMucaTy Apyruil 3akoH HeroToHa:

FKOHC n F_.v.HeKOHC FKOHC n ﬁHeKOHC

dv
m' l'

l d t fmym ! 6HYmM L5061 306H

[ToMHOXHMO i-T€ piBHAHHA HA d7. =V.dt i nogamo Bei N piBHSAHB:

N

Z Kone dl" + ZFHeKOHcd + ZFKOHC dl" + ZFHEKOHCd

i,6Hym i,6Hym 306H 306H
i=1 i=1

(3.10)

JliBa yactuna piBHsHHSA (3.10) MOpiIBHIOE KIHETUYHOT €HEPT1i CUCTEMU:

2
Nm A7 =aS ™ r
> > : |

l:l l=1

|
|

~.
~.
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[Tepmmii momaHOK TIPaBOi YACTHHH JOPIBHIOE 3MEHIIECHHIO TMOTEHIIATBHOT

eHeprii B3aeMo/Iii YaCTUHOK M1k cO00I0:
N

S di= U,

i,eHym
i=1

Hpyruit nogaHok - 1e po0oTa BHYTPIIIHIX HEKOHCEPBATUBHUX CHJL:
N

s HEKOHC - HEKOHC
ZE,B’OBH dr = A306H .
i=1
3rinno (3.7) tperit momaHok (3.10) — 3MeHIIEHHS MOTEHIIAIBHOT €Heprii
CHUCTEMH B 30BHIITHROMY T0JI1 KOHCEPBATUBHUX CHUII:

N —_
Z Fl'HeKOHC d’;’ — _dU

306H 306H °

i=1

Hapermti, ocTanHil 101aHOK TOPIBHIOE POOOTI HEKOHCEPBATUBHUX 30BHIIIHIX
CHII:

F_’viHeKOHc dr = dA HeKOHC

306H 306H

M=

i=1

Tenep piBHsHHS (3.10) MOXHa 3anMKcaTH Tak :

d(T +U, +U,,, ): A "eoHe - g 4 Hexone

306H GHYm

Bemvmuuna E=T+U,+U,,, Ha3UBA€ThCS TOBHOK MEXAHIYHOK EHEPTi€I0
CUCTEMHU. SKIIO HEKOHCEpPBAaTHMBHI CUJIM BIJACYTHI, [OBHA €HEPris CUCTEMHU
3aMImaEeThesl cranoto. [loBHa MexaHiyHa €Heprisi CUCTeMHM Til, Ha K1 JII0Th JIUIIe
KOHCEPBATUBHI CUJIHU, 3aJIUIIAETHCS CTANIO0 — 3aKOH 30€pEKEHHSI MEXaHIYHOI EHEepTii.

JI1st 3aMKHYTO1 cucTeMH T, KOJIU Fypy, =0

E=T+V,, =const.

3akoH 30epeKeHHSI MEXaHIYHOI eHeprii CUCTEMU MOXHa C(hOpMyIIIOBAaTH TaK:
MOBHA MEXaHIYHAa EHEPris 3aMKHYTOI CHUCTEMH TUI, MK SKUMH JIIOTh TUIbKU
KOHCEPBATUBHI CUJIU, 3aJTUIIAETHCS CTAJIOKO.

SIKmo B 3aMKHYTIH cuCTeMi, KpIM KOHCEPBAaTUBHUX CHJI, [IIOTh 1
HEKOHCEPBATUBHI CHJIM, TO MOBHA MEXaHiUHA €HEpris CUCTeMH He 30epiraeTbes. i
3MiHa JOPIBHIOE POOOTI HE KOHCEPBATUBHUX CHJI:

dE = d(T +V,)) = dA!
E2 _ E"1 — AleeKOHC .
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3.7 YMoBH PIBHOBATH MEXAHIYHOI CHCTEMH

Ha ocHoOBI 3akoHy 30epexeHHs

U MEXaHI4HO1 eHeprii MOXKHA

chopmynOBaTH  3arajbHi  YMOBH

piBHOBAru tijia abo CUCTEMH TiJl.

K [loBHa MexaHiYHa  €HEPTis

nopiBatoe E=T+U 1 KiHeTHUYHA

x; SHEepriss He MoXe OyTH BiJI’€MHOIO,

| onepxkumo E > U (3HaKk piBHOCTI OyJe

: npu T=0). Skmo Timo pyxaeTbes y

: noteHianbHoMy nom U(x), rpadik
|
|

aKkoro Ha puc.3.9, a moBHa eHepris
=  Tina E, To TiNO MOXe mepeOyBaTH B
< B g R X o6mactsx 3 koopauHATAMHE X <X<X; Ta
X>Xs AJie HE MOXKE IOTpaluTH B
obmacti  0<x<x;, X3<xX<Xs5, SKi

HA3MBAIOTHCA MOTEHIIaTbHUMU O0ap’epamu. Ockinbku U=U(X), TO MOKHA 3amUCcaTH:

L+
|
|
|
|
|
]

- o SN N L K N L Kl W |

Pucynor 3.9

Binomo, mo noxigHa BiJ (yHKIII TOPIBHIOE TAHT€HCY KyTa HaXWIy JOTHYHOI
1o kpuBoi. Toai cuna F=(0 B TOUKax 3 KOOpAMHATAMU X Ta X, (TOUKAX €KCTPEMYMIB).
SKIo Ti0 3HAXOAUTHCA B Toulll M 3 KOOpJIMHATOI X, TO HWOTO CTaH BiJIOBIJIAE
CTIWKIA piBHOBa3l. B 1bOMy TIOJIO)KEHHI 3HAYCHHS TMIOTEHILIAIBHOI eHeprii
MiHiManbHe. CtaH B Tourli K 3 KoopiMHATOO X, — CTaH HECTINKOI pIBHOBArH.

4 MEXAHIKA TBEPJAOI'O TIVIA

4.1 Pyx a0co/1I0THO TBEpPAOIO Tija

Tina MoxyTh 3MiHIOBaTH CBOIO hopMy Ta po3Mipu, AehopmyBartucs. Hazsemo
T1JI0, pO3MIpH Ta Gopma SKOTO HE 3MIHIOIOTHCS MiJI Yac pyxy, aOCOTIOTHO TBEPAUM
TioM. B 3aranpHOMY BHIIaJIKy pyX TBEpPAOro Tila MOXHA PO3KIACTH Ha
MOCTYMAJbHUN PYX 3 MEBHOIO MIBUIKICTIO Ta O0EpPTAIBHHUI pyX HABKOJO JIESAKOi OCi
obepTaHHS.

[Ipu moctynanbHOMY pycl 3a OJHAKOBI MPOMIDKKH 4acy MEpeMIIICHHS BCiX
TOUYOK TiIa OIHAKOB1. TOMY IIBHJIKOCTI Ta MPUCKOPEHHS Tila OJHAKOBI 1 JOCTaTHHO
BU3HAYUTH PYyX OJHOI 3 TOYOK JUIsl MOBHOTO BHU3HAUEHHS MOCTYMAIBHOTO PYXY
TBepJioro Tua. Takow TOUKOK MOXke OyTH LIEHTp Mac Tuia. [Jenmpom mac abo
YyeHmpom iHepyii Ha3UBAIOTh TOUKY, PaAlyC-BEKTOP SIKOI IJisi TUT 3 JAUCKPETHUM
PO3MOIIIIOM Mac BU3HAYAETHCS PIBHIHHAM
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- _Zmi°rz’
=S,
Zmi

ne m;,r; - Macu Ta pajilyc-BeKTOPU OKPEMHUX TOUOK CHCTEMH, z m; = m- Maca
CUCTeMH. SIKII0 Maca po3Mo/ilJieHa pIBHOMIPHO, TO:

FC:jp-F-dV
m

5

ne O -TrycTuHa Tina, 7' - pajiyc-BekTop 06’emy dV .
BuxopucToByoun 03Hau€HHS LIEHTPA Mac, OAEPKUMO: IMITYJIbC TijIa TOPIBHIOE
N00yTKY MacH Tila Ha WIBUJKICTh pyXy IEHTpa Mac:

mV,=> m-V,. (4.1)
3acTtocyemo Jpyruii 3akoH HpIOTOHAa 10 KOXHOI MarepiajibHOI TOYKH, Ta
BpaxyeMo piBHsHHA (4.1), Toxi
)
dt i i Z s

mad, =y F, 4.2)

ne d, - IPUCKOPEHHs LIEHTpa Mac, ZF,- - BEKTOpHA CyMa 30BHIIIHIX CHJI, 11O

Y
!

JI0Th Ha cucTeMy. PiBHSHHS (4.2) HA3UBAIOTh PiGHAHHAM pYXy yeumpa mac. LleHTp
Mac PyXaeThCs TaK, K pyxajach OW IMiJ JI€l0 BCIX MPUKIAACHUX CHJI TOYKA, Maca
SIKOT JIOPIBHIOE Maci Tina.

[Ipu obGepTasibHOMY pyci BCl TOYKH TBEPAOrO TiJIa OMUCYIOTh KOJa, IEHTPH
AKX JIe)KaTb Ha OJHIM MpsAMIA, 10 HAa3UBAETbCA GICCIO  0OEPMAHHAL.
XapakTepucTukaMu O0O0epTaIbHOTO pPyXy Tila € KyTOBa IIBHIAKICTH Ta KyTOBE
IPUCKOPEHHS, 11 BETUYUHHU CTaJl I BC1X TOYOK TiJa.

Pyx TBepmoro Tila B IPOCTOPi 3a4ar0Th IIiCTh BEIWYHH : X,V,Z, &, 3,7, mo
3MIHIOIOTECS 3 4acoM (puc. 4.1). Tpu koopauHaTH (X,y,Z) BU3HAYAIOTH MOJIOKEHHS
nentpa iHepmii C, a 3a BIZOMHUMH 3aJEKHOCTSIMH IX BiJl 4Yacy BHW3HA4YaIOTh
XapaKTePUCTUKH MOCTYMAIBLHOTO PyXy Tija.

KyroBi koopmunatu (&,[f,7) BU3HAYAIOTH

D"“w: . posramryBanus oceit OO i O’O’ B mpocropi

v - (puc.4.1). Kyru «a Ta [ Bu3HauaoTh

I nonoxkeHHss oci OO, MmO MOPOXOAUTH uepes3

o Ny - -0’ v nmoyarok koopauHat O Ta LEHTpP ngpL[i'l' C, a

- J ™ KyT ) - pozramyBaHHi oci 0’0’

- : nepreHauKyJsipHoi g0 OO.
RN - 3mina KyTiB &,[,7 3 4acoM BH3Hadae
- e XapaKTePUCTUKU 00EpPTAIIBHOIO PyXY TiJa.

Pucynok 4.1
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4.2 MoOMeHT iMIIyJIbCy MaTepiaJibHOI TOYKH TA MOMEHT CHJIH

B 3amayax JuHaMIKM KPHUBOJIIHIMHOIO PyXy, KpIM TOHSTh IMIYJbCY
MaTepialbHOI TOYKM Ta CHJIM, BBOJATH MOHSTTS MOMEHTY IMIIYyJIbCY T4 MOMEHTY
cuiau. PosrisiHeMO pyX BIAHOCHO Jeakoi (hiKCOBaHOiI TOYKU. Taka TOouKa MOXKeE
30iraTucs 3 LEHTPOM oOepTaHHs a0o 3 IEHTPOM CHIIA Y BUIAJKY TMOJS LHEHTPATbHUX
cuil (HampuKiIad, A TOYKOBOTO E€JIEKTPUYHOTO 3apsily Yd TOYKOBOI IpaBITalliHOI
MacH).

Skmo immynee  p=mV
TOYKH MiJI 4ac PyXy 3MIHIOETHCA |,
TO Ha TOYKY JIi€ CHUJIa

F=%
dt
[TomMHOXXMMO  JIBY Ta TIpaBy
YaCTUHHU LbOIO BUpPA3y BEKTOPHO
Ha pajiyc-BEKTOp 7 MaTepialbHOl
TOYKM  BiHOCHO  Touku O
(puc.4.2):

X S N T R OE

Pucynok 4.2 Ha3zsemo  Bennunny N = [F,F“]

=l

MOMEHTOM cHId BimHocHO Touku O. Bexktop N - akcianbHuii BeKTOp, HOro Momyib
JIOPIBHIOE

IN| =[] F|sin] 7" F | =|F|n

ST A =
ne h:"” ‘sm ¥ F| - mrese cumm BigHocHo Touku O (puc. 4.2). Hampsim

BekTOopa N MeprneHIUKYISpHUE 10 IUIONIMHH, POBEIACHOI uepe3 Bektopu 7, F .
b

IIpu cnocrepexenni 3 kinug Bekropa N wmalikoporime oOepranHs Bim 7 go F
BiJI0YBAETHCS IPOTU TOJUHHUKOBOI CTPUIKH.

Bennuuny M | mio nopisHIoe
M = [r, p] ,
HA3BEMO MOMEHMOM IMNYabCy MamepianvHoi mouky BiqHocHO Touku O. Bekrop M -
aKClaJlbHUM, MOJIYJIb OTO TOPIBHIOE

‘M‘:‘Fuf"sin : =mV -h

— . —_ /\ — . .
ne h = ‘r‘sm ¥ p | - miueve iMnysascy BiiHOCHO Touku O (puc. 4.2).
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PiBasiaHs (4.3) TOMI 3anuIIeMoO y BUTTISIL

- dM
N=—- (4.4)
dt
TOOTO TOXIJIHA 32 YacOM BIJ MOMEHTY IMIYJbCYy MaTepiajibHOI TOYKH JOPIBHIOE

MOMEHTY PIBHOJIIMHOI CWJI, MPUKIAJACHUX 0 1i€i Touku. PiBHsIHHS (4.4) HAa3UBAIOThH

pisusHuAm momenmis. SIlkmo N =0 BimHOCHO TOukHm O, TO MOMEHT IMITYJbCY
YaCTUHKHU BIIHOCHO ITI€1 TOYKHU HE 3MIHIOETHCS:

—

M = const |
TOOTO MOMEHT IMITYJIbCY YACTUHKH BEJIMUMHA CTajla - 3aKOH 30epedcenHsi MOMEHN)
iMnynscy mamepianbHoi mouku. SIKIO TMPOEKIisT MOMEHTY CWJIM Ha JCSKUN HaIpsM
JIOPIBHIOE HYJIO, TO 1 MIPOEKIliSi MOMEHTY IMITyJIbCY Ha 1€l HampsM HE 3MIHIOETHCS 3
4acoM, a BEKTOP MOMEHTY IMITYJILCY MO>K€ 3MIHIOBATHCh.
I3 piBHsHHS (4.4) MOXHA 3HANTH 3aJIEKHICTh MOMEHTY IMITYJIbCY BiJl 4acy,

—

SAKIIO BiZoMi 09aTkoBi ymoBu - M (t =1, ) =M,:

Vo= N, [ N

4.3 MOMEHT iMIIyJIbCY TA MOMEHT CHJIM CHCTEMH MaTePiajibHUX TOYOK

PosrnsiHemo cucremy n MarepialbHHUX TOYOK, SIKI PyXarOThCS B TPOCTOPI
BITHOCHO Jesikoi Hepyxomoi Touku O. Toml momokeHHs 1 - 1 TOYKH B TPOCTOPI

BU3HAYa€ pajiyc-BeKTop /;, moyaTok sikoro 3HaxoauThcs B Toulll O. Ilo3Haunmo

—

F} - BuyTpimni cunn B3aemonii i - i ta k - 1 Touok, a F} - piBHOiitHY 30BHImHIX
CHJI, SIK1 JIIIOTh Ha 1-Ty TOYKY. 3a IpYruM 3akOoHOM HbIOTOHA PIBHSHHS pyXy TOUYKU
Maco M; Ma€ BUTJISA:
d{ =\ <= =
)= YR+ F,
dt k=1 ?
(ki)
ne V. =dr./dt - mBunkicts i - i Toukn, a inmexc k HaOyBae 3Ha4YeHHs Big 1 10
n, okpiM k=i.
PiBHSIHHSI pyXy CHCTEMU N MaTEPiaJbHUX TOUOK MAIOTh BUTJISAL:

G =SSP ) D

i=1 k=1
JIOMHO)XUMO BEKTOPHO 3JliBa KOXXHHMHA JOMAHOK Ha BIAMOBIMHUNA pajaiyc-
BEKTOP, OJICPKUMO:

—Z[’?smV] ZZ([ ,k]+[rk,F D+Z[”F] 4.5)

i=1 k=1
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—

3rigiHo 3 TpeTiM 3akoHOM HbloTOHa F, =-F, . Tosuauumo ¥, —7; = Vi,
TOJII:
[Y}’F;k]+ [rkaFki]: [(’"z _rk)’E ]: I:rik’E' ]
Ane BekTopu 7 Ta F, - KOJIIHEeapHi, TOMY KOXHUH 3 JOJIaHKIB MOJBIMHOI

cymu B (4.5) NOpIBHIOE HYJIO, TOOTO BEKTOPHA CyMa MOMEHTIB BHYTPIIIHIX CHJI
CHUCTEeMH MaTepiaJbHUX TOYOK BITHOCHO TOUKU O JOPIBHIOE HYJIIO:

Zn:i([’_’;’ﬁik]"'[’?k’ﬁki])zo.

i=1 k=1
Toni (4.5) 3anummemo Tak:

%; [g,mﬁ]=g[7;,é]. (4.6)

Ha3BeMo BEKTOpHY CyMy MOMEHTIB IMIYJbCY TOUYOK CUCTEMHU PE3YJIbTYIOUUM
MOMEHTOM CHCTEMH BIAHOCHO ToukH O:

it =3 [r.m7]
i=1

BekTopHy CyMy MOMEHTIB BCIX 30BHIIIHIX CHUJI HA3MBAIOTh PE3YJIbTYIOUUM
MOMEHTOM 30BHIIIHIX CHAJI BIZHOCHO TOYKH O:
n
N =2 [’” i i]-
i=1
Toni piBHsiHHS (4.6) Mae BUTIISA!
N dM
= , 4.7)
dt
TOOTO MIBUJAKICTH 3MIHU PE3YJIbTYIOUOTO MOMEHTY IMIYJIbCY L CHCTEMH B1JIHOCHO
HepyxoMmoi Touku O JOpIBHIOE pe3yJIbTYIOUOMY MOMEHTY 30BHINIHIX Ccul N
BiTHOCHO 11i€i Touku. Lle ocnosnutl 3axon Oounamixu pyxy cucmemu mamepianibHUux
MOYOK BIOHOCHO HEPYXOMOI MOYKU.

. dM
Skmo B (4.7) N=0, T0 ?=0,

TOOTO Pe3yIbTYIOUMi MOMEHT iMITyJbCY CHCTEMH - cTama BenmumHa: L = Const .
[Ipoexiiiss pe3yabTyl0O4OTO MOMEHTY IMIYJIbCY CHUCTEMH JJIS TIEBHOTO HAmNpsIMy
3aJIMIIAETHCS CTANO0, SKIIO MPOEKIIiS Pe3yIbTyI0U0ro MOMEHTY CHJI Ha 1€l HampsM
JopiBHIOE Hym0. [[ms 3aMKHYTOi cHCTEMH MaTepiaJbHUX TOYOK PE3yJIbTYIOUHA
MOMEHT 30BHIILIHIX CHJI BITHOCHO OY/b-sIKOi HEPYXOMOI TOUKHU JOPIBHIOE HYJIIO.

B iHepmiagpHUX cHcTeMaxX BUIKY Pe3ylbTyIOUUH MOMEHT IMITYJIbCY
3aMKHYTOI CHCTEMH MaTeplalbHUX TOYOK 3aJMIIAETHCS HE3MIHHUM - 3dKOH
30epedxceHHs Momenmy iMnyabcy cucmemu. MOMEHT IMITyJIbCYy CHUCTEMHU He
3MIHIOETHCS BHACIZOK Jii BHYTPIIIHIX CHJI, 5IK1 32 TPeTiM 3akoHOM HproTOHA piBHI 3a
BEJTMYMHOIO Ta TMPOTWUJICKHI 3a HampsiMoM. [lis BHYTpIIIHIX CHJ BHUKJIUKAE 3MIHY
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MOMEHTY IMIIyJIbCY OKpPEMHUX TUI, ajié MOBHUA MOMEHT IMIIyJbCy CHCTEMHU
3aJIMIIAETHCS HE3MIHHUM.

4.4 O0epTaHHA TBEPAOIo0 TiJIa HABK0JIO HEPYXOMOI Oci

PosrnssHemMo  TBepae | TUIO K
CHUCTeMy MaTepiaJbHUX TOYOK, B3a€EMHE
pO3TallyBaHHS SKHX I 4Yac pyxy He
3MiHIOEThCS. Hexail 11e TiJ10 3aKpinmin Ha
HEPYXOMIil BEpTUKAJIbHIN OCi, Opi€HTAIlis
AKOT B pocTopi 3adikcoBaHa
nigmmunHuKamu ( puc. 4.3 ). Bubepemo Ha
oci obepraHHs J0BUIbHY TOuky O Ta
BU3HAYMMO ITOJIOKEHHS YaCTUHKHA MacoOl0

, paniyc-ektopom 7. IlIBuakicts V,

JaCTHHOK Tija MIEPICHANKYISIPHA
IUIOLIMHI PUCYHKA, a KyTOBa IIBUAKICTH -
B3JIOBX  oci  oOepranHa  (KyToBa
MIBUJKICTh JJII BCIX TOYOK OJIHAKOBA).
Macy Tila m BuUpa3uMO 4epe3 MacH

mzlimZm Jdm

n—0

Pucynox 4.3

OKPCMHX YaCTHUHOK:

3anuiemMo MOMEHT IMITYJIbCY Tina:

_hmZ[ leZ]ZT[I_;,V]dm (4.8)

n—o0

Toni pe3ynbTyt0ounii MOMEHT 30BHIIIHIX CUJI IOPIBHIOE

n—>x0

—hmZ[n-,mﬁ,-]=T[F,ZZ m, 4.9)
0

1€ d; - TPUCKOPEHHS 1 - 1 TOUKH.

PiBusiHHSA, sike moB’si3ye M Ta N, ananoriune (4.7).

Mowmenr immynscy M, okpemoi 4acTHHKH BigHOCHO ToUkH O TOpiBHIOE

M, = [ri:miVi ]
PoskiasieMo BEKTOp 7; Ha JBi CKJ’IaI[OBiI
7, + v,

ae 7; - CKIaJoBa, IapajenbHa oci O6€pTaHH$I, a 7, - NMeprIeHAuKyJsipHa OcCi

o6epranns. Toi wBMAKicT V; yacTHHKM 10piBHIOE
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Z:Wﬂ’l] [w(1| )][ ] qu].

BekTopu W Ta ¥ ” - MapaJjelbHi, TOMy lW J TO/I
V. =[w, ru]-
BpaxoByrour, 1m0 NOABIMHUN BEKTOPHUI J1OOYTOK BEKTOPIB JOPIBHIOE

{aalbac :b(ac)_c ab , 3AITAIIIEMO:

= m,[wl7, 7, )- 7 (n »

+m, [er rl(rL,vT/)]

i
Ane (’7;||a’7;¢): 0, (’_”;i,ﬂ’): 0, Toni
M;‘ = mi[_ ;';L(Finﬂ )+FLW]_
= m, [_ rywr, + ’”iiw] = Mu + Mi||
[lepmmii  10HaHOK M ;L - CKIIaIoBa BEKTOpaA M i, TIEPIICHIUKYJSIPHA OCi

—

obepranns, M, - napanensna oci.

SIKIIo TiNO CUMETPHYHE BiHOCHO oci oOepranHs, To M, KOMIEHCYeThCA 3a
PaxyHOK aHaJIOT14HOI CKJIaJ0BOi, CUMETPUYHOI BIJHOCHO OCi TOYkH. [[ns BuUmagky

HECHMETPMYHUX Till cknagoBa M, € npu4YMHOK BUHUKHEHHS CHJI OOKOBOI'O THCKY
Ha TIIIIUIHUKA 3 00Ky oci oOepranHsa. Peakiiss MiAIIMIHUKIB KOMIIEHCYE
NEPHEHAUKYJIAPHY JI0 OC1 CKJIAJIOBY 3araiIbHOTO MOMEHTY IMITYJIbCY Tija.

JUsl HECHMETPHYHOIO Tina BekTop M, omucye KOHyC HaBKOJIO OCi 06epTaHHsl,

a JUIsl CAMETPUYHOTO TiIa HAmpsIMJICHUH B3JIOBX OCl oOepTaHHsA. {1 CUMETpUIHUX
TII 3a BIJACYTHOCTI CWIM TsDKIHHS MOXHa Oyi0 O 3HSATHM NIJIIMIIHUKA, a BICh
o0OepTaHHs 30epirajia O CBO€ MOJOKEHHS B MPOCTOPI.

Jlns Tina, gKe 3aKpiluIeHO Ha HEepyXOMIiH OCl 00epTaHHSA, MOMEHT IMITYJIbCY
JIOPIBHIOE

n
y . 2 - - 2
M = lim Z m.r,w= wJ.rL dm
_1 :
Bennuuny

I=[ridm 4.10)
0

HA3BEMO MOMEeHMOM iHepyii mina BIATHOCHO ocl oOepTaHHs. To/ll MOMEHT IMITYJIbCY
Tijla TOPIBHIOE
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M = I (4.11)

a Bextopu M Ta W - xomiHeapHi.
Bigznaunmo, 1o a1 oHi€T MaTepiaibHOT TOUKHM MOMEHT 1HEPIIii JOPIBHIOE

_ 2
I, =mr;
Toni ocHOBHE PiBHSHHS TUHAMIKY (4.7) Ma€ BUTIISI:

N = a d([w) Id—w_lg
dt dt dt

ne N - pesynbTyrounii MOMEHT BCiX 3OBHIIIHIX CHJI BiJHOCHO TOYKM Ha OCi

- dw —
obepTaHHs, € =~ - KyTOBE NPUCKOPEHHS Tina. SIKo0 MOMEHT 30BHimHIX cun [V

dt
JIOPIBHIOE HYJIIO, TO MOMEHT IMITYJIbCY TLJIA € CTAJIOI BEIMYMHOK. B 1miboMy mosirae
3aKOH 30€peKEHHsI MOMEHTY IMITYJIbCy. 3aKOH 30€peKEHHS MOMEHTY IMITYJIbCY, fK 1
3aKOHM 30€pEKEHHS IMIYJbCYy Ta €Heprii € OoJHWM 3 (PYHIaMEHTaJbHUX 3aKOHIB
(i3uKH.
KinetnuHa enepris Tina, sike O6epTa€TBC$I BiJTHOCHO HepyXOMo'l' 0Cl, TOPIBHIOE

2
—hmz mV;’ ——hmZml v, =

n—»0 n—»o0

Po60Ta 30BHINIHIX CHJI IIPU MOBOPOTI Tija HAa KyT d¢) HABKOJIO HEPYXOMOI OCi
JIOPIBHIOE

0A=N_dp,

ne IV, - moment cun BigHOCHO oci. SIkmo N, Ta d¢ MarOTh O{HAKOBI 3HAKH -
A > 0, B npormiekHoMy BUIAaIKy 04 < 0.

4.5 MomeHT iHepuii Tizia, 3aKpiNJIeHOro Ha HepPyXoMiii oci

MoMeHT iHepIii OJHOro Tijia MOKe OyTH PI3HUM BIJHOCHO pi3HHX ocel. s

BU3HAYEHHS MOMEHTY IHEpIii Tila KOPHUCTYIOThCSA

'9) dr aIUTUBHICTIO MOMEHTY 1HEpLii: MOMEHT IHepIil Tiia

BIJIHOCHO JI€AKOi OCl JIOPIBHIOE CyM1 MOMEHTIB IHEpIIi
OKpPEMHX YaCTHH Tijla BIAHOCHO LI€T OCI.

Iy 3HaliIeMO MOMEHT 1HepIii UWJIHIpa, BIChH

‘ - 00epTaHHA SIKOTO IPOXOJUTh NEPIEHANKYIISIPHO TBIpHIN

HWJIIHIpa, yepe3 ocHOBY mumiHApa (puc. 4.4). I'yctuna

Pucynox 4.4 mutiHApa O .

39



h T R’ mR’
Izj-rfdmzj.prdeszJ.rfdrsz3: 3
0 0

B neskux Bumamkax s 3HAXO/DKEHHS MOMEHTY 1HEpIIi Tila MO)KHA

ckopucTatucs meopemoio Ilmeiicepa: momenT ineprii { BimHOCHO mOBiNBHOI OCi

O'O' nopiBHIoE cyMi MoMeHTy imeprii /, BimrocHO oci OO, 1O MPOXOANTH Yepe3

IIEHTpP Mac MapajeiabHo JIaHii, Ta TOOYTKY MacH Tijia Ha KBaJpaT BiICTaHI MK OCAMH
(puc. 4.5):

o' 0 [=Io+ma2_

Pucynok 4.5

4.6 BisibHe 00epTaHHs TBEPAOIO Tijia

S0 TOJOXKEHHSI B MPOCTOP1 OCl OOepTaHHS 3aJUIIAETHCS HE3MIHHUM 3a
BIJICYTHOCT1 30BHIIIHIX CHJI, TO Taka BIChb HA3MBAETHCS BLILHOMW BICCIO 0OEPMAHHSL.
Jlig Tin OBUTHHOI (POPMU € TPH B3a€EMHO MEPHEHIUKYISIPHUX OCl, SIKI € BUIBHUMH
OCAMH Ta MPOXOAATh Yepes LEHTp iHeplii Tina. [X HAa3MBAIOTH IIe TONOBHUMH OCSAMHU
iHeprii Tuta. Hampuknaa, mist oqHOPITHOTO Tapalernenineaa BUIbHI OCl TPOXOISTh
yepe3 LUEHTP Mac Ta LEHTPU MPOTHIECKHUX T'paHed, y OJAHOPIAHOL Kyl 1€ OyIb-sKi
TPH B3a€EMHO NEPHEHAUKYJISPHI OCl, 10 MPOXOJATh Yepe3 LEHTP 1HEPIIi.

JlocipKeHHsT CTIMKOCTI pyXy AOBOJSIThH, IO 3a BIJCYTHOCTI 30BHIIIHIX CHJI
HaWOIIBII CTIKKUM € PyX HABKOJIO BUIBHMX OCEH, ISl SKMX MOMEHT 1HEpIii
MaKCHUMAaJIbHUI Ta MiHIMaIbHUMH.

[Ipy HasBHOCTI 30BHIIIHIX CHJI CTIMKMMHU € 0OepTaHHS HABKOJIO BUJIBHOI OCi,
BIJIHOCHO SIKOT MOMEHT 1HEpIIii HaHOIbITHH.

B 3aranpHOMy BuManKy oOepTaJIbHOTO PYXy IOJIOKEHHS OCi 0OepTaHHS HE
3QIMIIAETHCS HE3MIHHUM H1 JJII HEPYXOMOi CHUCTEMHU BIJJIIKY, HI JJIa Tija, sKe
o0OepraeThcsi. MOXHaA TOBOPUTH JIUIIE MPO MUTTEBY BiCh O0EpPTAaHHSA, HANPSM SKOI
3MIHIOETHCS 3 YACOM.
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Tounnit PO3B’SI30K
3arajibHoOi 3amadi npo
JIOBLJIbHE 00€pTaHHS TBEPAOTO
TiJ]a MOXKHA OJIEp>KaTHU JIMIIE
JUTSL ESKUX BUIIAIKIB, 9acTO
BUKOPHUCTOBYIOTH  HaOJIMKEHI
METO/IH.

Skmo Bich o0bOepTaHHS

Y Tula He 30epirae  CBO€l
*  Opl€HTAallli B IPOCTOP1, BEKTOP

MOMEHTY IMIyJbCy Tina M
HE IApaJICIbHUHA  BEKTOPY

KyTOBOi mBuakocti W (puc.
X 4.6). Sk 3a3Hauvanocsi BUIIE,

JUIT BUIBHOI'O TIiJJa MOMEHT
Pucynox 4.6 : : —
IMITYJIbCY TL1a M

napaneabHuii W, SKI0 Bich 00epTaHHs 30ira€ThCs i3 BUIBHOIO BICCHO.
B 3aranibHOMY BUIIAKy

XX Xy Xz

L=Iw=\1 I I |w
ooy ooyz
I I 1

zx zy zz
Benuuuna [ B poMy Bupasi — TEH30p iHepLii, TEH30p APYroro paury. I
XX

I , I - BIChOBI KOMIIOHEHTH TE€H30pa, OCTaHHI — BIJIIIEHTPOBI MOMEHTH 1HEPIIIi.
yy zZ

SK110 0c1 KOOPAUHAT MAIOTh HAMPSM TOJIOBHUX OCEH 1HEpIlii, TO TeH30p 1HEpIii —
IlaroHaJILHUMN:

XX 0
yy 0 w=1,, x+1yy y+IZZ 2

0 7,

me Ly :J-(y2 +2°)dm Iy, =J.(x2 +2%)dm . I,, = I(xz +y2)dm,
IHTErpyBaHHs MPOBOJATH 32 MACOIO Tija.

SIK10 BEKTOp KyTOBOi IIBHAKOCTI w Ma€ HalpsM OJHOI 3 TFOJOBHUX OCEH
1HEpIIi1, TO TPOEKIis W Ha inmi oci JIOPIBHIOE HYJIIO, TOA1

M:MZ:]ZZW=j(x2+y2)dm.
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TiJ'IO, I aKkoro I  #1[1 #1 , Ha3UBAKOTb ACMMCTPUYHOIO KUIOKO; SKIIO
XX zz

Yy

I =1 =1 o TO 1€ CUMETPUYHA A3Ura, a Jjisi CQEepUIHOi J3Uru [ o I =1

XX yy

yy zz"

Skio TeH30p 1HEpIi TUIa JiaroHajdbHUM, TO KIHETUYHA €HEpPris Tija

JIOPIBHIOE:

Yy

E; = ;(] wy+1 wy+1 w2)

Jist chepuunoi a3uru popMysia KIHETUIHOT €Heprii Ma€e BUTIISAL:

1( 2, .2
Ek=§ Wy + Wy, +w;

4.7 Iliiockuii pyx TBepAOro Tijia

2): n?

[lin gac TIOCKOrO pyXy BCl TOYKH TBEPAOrO TiJIa PyXalOThCs B IUIOIIMHAX,
napayieTbHUX JIeAKid TUIONINHI, SKa HepyXoMa IS JaHOI CUCTEMH BIJJIIKY, & BEKTOP

KyTOBOI MIBHIKOCTI W TepneHIuKyJIsspHHNA i TutomuHi. [IpukiamoM 1uiockoro

}F.l'.

Pucynox 4.7

pyXy € UWIHAp, 10 CKOYYETHCA 3
MOXHUJIO1 TUTOLIUHU 0e3
MIPOKOB3yBaHHSI (puc. 4.7).
[ToB’sKEMO 3 LUIIHIAPOM PyXOMY
cucremy xkoopmuHar K', a 3
MOXUJIOK) TUIOIIMHOI0 — HEPYXOMY
cucremy K. Bice Z' cucremn K’
MPOXOJIUTh Yepe3 MEeHTP 1HepIi
oWIiHApa 1 ma  4ac  pyxy
3QIIMIIAETHCS  MapaielibHOI ocl Z
cucremu K. Cucrema K' BITHOCHO
CHUCTEMHU K pyxaerbcs

MOCTYIAJbHO, 3HAYUThH IEHTP 1HEpIii IMWIIHApPA TAKOX PYyXa€ThbCs MOCTYIAILHO B
. . ! . o . . !
cucremi K. Bigaocno K pyx nuninapa — obepranbHuii BiqHOCHO oci Z' 3 KyTOBOIO

mBHaKicTIO W, ska meprneHaukyispHa no Hepyxomoi rmiomman XOY. TooOro,
IUIOCKUI pyX TBEPAOIO TiJIa MOYXHA PO3KJIACTH HA MOCTYNAIBHUNA pyX LIEHTpa 1HEepIIi

o . ’ .. . o
Ta 00epTaNbHUIL PyX HaBKOJIO oci Z . Toxi piBHAHHSA, SKi BU3HAYAIOTH IUIOCKUH PYX,

TaKi;

n
IOgZ' — ZNZ ,

i=1
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e m - Maca Tuia, V¥, - IBHUIKICTh LIEHTpa 1HEpIii, ZF, - cyma 30BHIIIHIX
CUII, pUKIafeHux 1o Tina, /o, (C;Z! 2N i7" - MOMEHT 1HepIIii, KyTOBE MPUCKOPECHHS

o . . ' .
Ta CyMapHUI MOMEHT CHJI BiJHOCHO oci Z | 0 NPOXOJAMTH Yepe3 LEHTP 1HepIii.
Kinetnana eHepris Tiia sl BUTIAJKY TUIOCKOTO PyXY JTOPIBHIOE
2 2
mV, I,w
_MYe Lo

E
k 2 2

4.8 I'ipockon

['ipockonom Ha3MBaIOTh MAaCHUBHE CUMETPUYHE TiJIO, SIKE 00EepTaeThCs 3

BEJIMKOIO KyTOBOIO MIBUAKICTIO W HaBKoJIO BUIbHOI oci. [Tpukiagom takoro Tina €
cuMmerpuuHa m3ura. [lig mi€ro cuil TSOKIHHS Take TUIO 3A1MCHIOE TpEeIecito, TOOTO
HOro BUIbHA BICh PYXAE€ThCS, OIMUCYIOYM KOHYC HAaBKOJO BEPTHKAJi, 3 KYTOBOIO

mBuakictio W, . I3 36inbIeHHsIM KyTOBOI MIBHUAKOCTI W IMIBHAKICTH mperecii w,
3MEHILYEThCSA. Y TIPOCKONA TOYKA OMOPH 3HAXOJUTHCA HUXKYE LIEHTpa IHEpIli
(puc. 4.8), MOMEHT CHJIU TSKIHHA N
W Mae Takui Hampsm, o0 HaMPAMKH
nperecii Ta oOepTaHHS TipOCKoma
30iraaucb. MOMEHT IMITYJIbCY M,
M BiJTHOCHO TOYKH oropu O TOpiBHIOE
My=M,+M
b
ne M, - moment IMITYJIbCY,
MOB’SI3aHUI 3 TPELECI€l0 TipocKoma

MOMEHT IMITyJIbCY BiTHOCHO BUIBHOI

I
|
| BiIHOCHO BepTHKanpHOi oci, M -
| mg ripockona. Bracminok Toro, mo

W>>W, MOXKHA BB@KATH, IO
O .
Mn <M , TOM1
Pucynox 4.8 - ~ -
My=M=1Iw,

ne I - moment iHepIIii TipocKoIa BITHOCHO HOro BiIbHOI oci. BHacmigok mii

MOMEHTY CHITH TsKiHHs IV | MOMEHT iMITyJIbCy FipOCKOIa 3MiHIOEThCS
dM = Ndt .
Bekropu dM i N marots omnakosuii Hanpsm, a Bekrop dM  neprenaukynspHuii

M (puc 4.8). Toni Bekrop M 3nilicHroe pemnecito HABKOIO BEPTUKAIBHOI OC.
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[ipockonu BHUKOPUCTOBYIOTBCS B TIpOKOMIIacax, aBTOIMIOTAaX, CHCTEMax
HaBEJCHHS PaKeT Ta IHIINX MpUIagax.

5 OCHOBHA CHEI_IIAJII)HOi TEOPII BIIHOCHOCTI
5.1 CkiHYeHHICTh IIBUIKOCTI PO3MOBCIOIKEHHS B3a€EMO/Iii

B3aemoniro MarepiallbHMX YacCTMHOK B KJIACHYHIM MeXaHIlll OMHCYHOTh 3a
JIOTIOMOTOI0 TMOTEHIAIbHOT €Heprii B3aeMOjli, sika € (YHKIIE JHIIE KOOPAUHAT
YaCTHMHOK, IO B3a€EMOJIIOTh. Takuil croci®d Oomucy B3aeMOAIl MICTUTH B C€OOi
MPUIYIIEHHS PO MUTTEBICTH PO3MOBCIOKEHHS B3aeMoii. [{iicHO, CviH, SIK1 JIOTh
Ha KOXKHY YaCTHMHKY 3 OOKy IHINWX, B KOKHMM MOMEHT 3ajiekaTh TUIBKH BIJ 1X
MOJIOKEHHST B II€l MOMEHT uYacy. 3MiHa TIOJIOKCHHS OJIHI€T 13 B3a€EMOIFOUMX
YaCTHMHOK BIUIMBA€E HA PyX IHIMUX B TOW K€ MOMEHT uacy. Jlocmiau, olHaK, CBiT4aTh,
10 MUTTEBHX B3a€MOJIM B MPHUPOAI HE ICHye. A TOMy MeXaHiKa, SKa BHUXOAUTH 3
MOJIOKEHHSI TPO MUTTEBICTh PO3MOBCIOKEHHSI B3a€EMO/IIA, MICTUTh B €001 JIEAKY
HETOYHICTb. B AIMCHOCTI, SIKIIO 3 OJHUM 13 B3a€MOJIIOUUX TUT BiIOYBAETHCS SIKACH
3MiHa, TO Ha IHIIE TUIO II€ BIUIMHE JIMIIE 4Yepe3 ACIKUM MPOMDKOK 4acy. SKIo
MOAUTMTH BIJICTaHh MIXK TIJJaMU Ha 1€ MPOMIDKOK 4acy, MM 3HalJIeMO MIBUAKICTH
PO3MOBCIOIKEHHS B3a€MOIIM.

3a3Ha4MMO, 110 1[I0 MIBUAKICTh MOXHA HA3MBAaTH MAaKCUMAJIbHOIO HIBUIKICTIO
PO3MOBCIOJKEHHSI B3aeMoOii. BoHa Bu3Hauae TOW MPOMIKOK Yacy, MICIS SKOTO
3MiHH, K1 BiOYBalOTbCS 3 OJHUM TUIOM, MOYUHAIOTH MPOSBISITHCS HA JAPYrOMY.
Od4eBUIHO, IO ICHYBAaHHS MAaKCHUMAJIBHOI IITBUJKOCTI PO3MOBCIOIKCHHS B3a€MO/IIN
O03HAa4Ya€ BOJHOYAC, IO B MPHUPOJI B3arajii HEMOXJIUBUNA PyX TUT 3 IMIBHIAKICTIO
OUTBIIIOIO 3a IF0. A SIKIIO BCE K MPUITYCTUTH, IO TaKUWA PyX MOKIWBHMA, TO Yepes3
HOTO TIOCEPETHUIITBO MOKHA OyJio O 3MIMCHUTH B3a€EMOJIIIO 3 MIBHAKICTIO, OUTHIIIO0
3a HAlOUTBIITY MOXKIIUBY IIBUJKICTH PO3IIOBCIOIKEHHS B3a€MO/II].

5.2 IleperBopenns JlopeHua

JlociKeHHS eeKTPOMAarHiTHUX Ta ONTUYHUX SBUII y3aralbHEHO KIACUTHOIO
eIIEKTPOIMHAMIKOIO, B OCHOBi sKO1 € piBHAHHA MakcBemia. OnHaK piBHSHHSA
MakcBena, sik BUSIBUIIOCS, HEIHBapiaHTHI BIIHOCHO nepeTBopeHsb [ amines. [Tocrano
MUTAHHS, Y4 HEMAE B HUX MOMUWIOK? CrpoOu 3MIHUTH PIBHSHHS TAKUM YUHOM, 11100
BOHU 33JI0BOJIbHSJIM TPUHIIMITY BITHOCHOCTI [‘amijesi, mpu3Benw 10 TMOSBH B
PIBHSIHHSIX €JIEKTPOJMHAMIKM HOBHX YJICHIB, SIKI TIepen0avyaii HOB1 €eKTPOMAarHiTHI
SBUINA, aje JOCHiAM iX He marBepawid. [locTymoBo craBajgo sICHO, IO PIBHSIHHS
MakxkcBesia abCOMIOTHO NMPaBUIIbHI 1 IPUYKHA B 1HIIOMY.

Binomuit Higepnanncekuii ¢pizuxk X.A.Jlopenn (1853-1928pp.) B 1904p. noBis,
110 KOJIK 3poOUTH B piBHAHHIX MakcBesuIa MiJCTaHOBKY
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' X —ut ' ' ' 2
X =—F, Yy =Y, zZ =2z, t:—c D (51)

u u
l-— 1-=
c c
t’_ﬂ
/ !
X +ut 2
X=—— Y=y z=z"} t=—S_, (5.2)
u’ u’
1—72 1_72
c c

1e X, Y, z, t — KOOpJIMHATH Ta 4ac B HEPYXOoMiid cuctemi BiIIKY K, a x',y"z't' —
B pyxoMiil cucteMi K', u — MBUAKICTb PyXy cucteMu K, ¢ — MBUIKICTh CBITIIA Y
BaKyyMi, TO (popMa piBHSIHB B 1HEPIIAILHUX CUCTEMaX BIJUTIKY HE 3MIHIOBaJIach!

Cucremu K ta K' posraiioBani Tak, sk Ha puc.2.1.

PiBussnua  (5.1)-(5.2) Ha3uBawTh mnepeTBOpeHHsMHU  JlopeHma.  Ase
nepeTBopeHHs JIopeHIla He 3aauIaloTh HE3MIHHUMHU PIBHSIHHS MEXaHikH. SIKIIO0
BBKATU TPABWIBHUMH DPIBHSAHHS MakcBemia, TO TOAl Tpeba 3MIHUTH PIBHSHHS
MEXaHIKA TaKUM YHMHOM, MO0 3aJIMIIAIUCh 1HBAPIAHTHUMH BiJHOCHO TMEPETBOPCHD
Jlopenmnia. Sk BUSBWIIOCS, IS IILOTO JTOCUTH, 0O Maca B piBHIHHSIX HbroTOHA Mana
BUTJISIT

m=—"—, (5.3)

JIe my — Maca CIOKOI0, TOOTO Maca HEpyXOMOTO Tijia.

Ane B TakoMmy pasi Tpeba MOTOAMTHCS 3 THM, IO Maca Tija 3aJeXUTh BiJl
MIBUJKOCTI HOro pyxXy, a Iie OUIbIl HE3pO3yMLIO, II0 Yac B PI3HHUX 1HEpPLiaTbHUX
CUCTEMAax #Jie Mo-pi3HOMY, 110 BUILIMBAE 3 BiAMOBIMHUX PiBHSAHB (5.1) 1 (5.2)! 106
po3i0oparucs B 1[bOMY, TpeOa MpoaHali3yBaTH Hallll YSBJIEHHS PO MPOCTIp Ta yac, 110
i 3pobuB cBoro wyacy FEiiHmreiH. Ane mnepm HDK 1€ 3pOOHUTH, PO3IVISTHEMO
pe3yabTatu gociiny MaiikenbcoHa - Mopiii, sIKHid MaB Jy>Ke BEJIUKE 3HAUYCHHS st
dbopmyBanHs EifHIITEiHOM HOBOTO MPUHIIMITY B1JIHOCHOCTI.

et mocmiax mpoeneHo y 1881 p. aMepuKaHCHKUMU BUYEHHMH 3 METOO
BUBUCHHS BIUIMBY pyXy 3€Mili Ha IIBUAKICTh PO3MOBCIOKEHHsS CBITNA. IcHyBasa
rinore3a Mmpo Te, L0 3eMJsl pPyXaeTbCs B MPOCTOPi, 3allOBHEHOMY JI€SIKUM
TIIOTETUIHUM CePeIOBUIIEM — e(DIpOM.

BuwmiproBanss MPOBOANIKNCH 3a JIOTIOMOT OO iHTEpdhepomeTpa,
CKOHCTPYHOBaHOTO MaifkeIbCOHOM, CXeMa SIKOTo 300pakeHa Ha puc. 2.1. CBiTiIO Bij
JDKepena S po3auIsiETbCs HAmIBIPO30pUM J3epkaioM H Tak, 1o oxHa mMOJOBHHA
my4yka TPOAOBXKYE PO3MOBCIOJKYBATUCA B TOMY K Hampsimi, a japyra -—
NEePIEeHINKYIAPHO 10 Hboro. I[lyuku BimbuBaroThcs a3epkanamu M; ta M,. O6unsa
IIPOMEHI MOMaal0Th Ha ekpaH E, Ha AKOMY yTBOPIOEThCS 1HTep(dEpeHIIIiHAa KapTHHA.
Ski110 yac Npoxo/KEHHS CBITJIOM BiJICTaH1 10 A3epkana M; Ta Ha3an o minactuau H
TaKUi ke, SIK y MepHeHIuKyISIpHOMY HampsaMi (1o M, Ta Hazan no H), To pizHuus
(a3 MBOX MyYKiB HE 3MIHIOETHCS 1 IPY HAKJIalaHH1 BUHUKAE MeBHA 1HTep(epeHItiiina
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7y M, KapTHHA. SIKII0 MPOMIKKH Yacy BIAPIZHIIOTHCS
— iHTepdepeHIIiiiHa KapTuHa 3MIHUTHCS. SIKIIO
L, L, npuiaa BiAHOCHO edipy He pyXaeTbcs, TO I
S OPOMDKKM 4Yacy oaHakoBl (L,=L, ), sxuio
M, pyXaeTbCsd  HAmpaBO 31 IMIBUAKICTIO U, TO
H 3’SIBUTHCS PI3HMIIS B Yacl.
Yac po3mnoBcropkeHHs CBITIa 10 M, Ta
Ha3aJ1 IOPIBHIOE

E
L L 2L
Pucynox 5.1 l,=—2—+——=
c—u c+u

= e
c(l1-—7)
c

Jie TIePIIN JOJIaHOK XapaKTepU3y€ 4Yac MPOXOJDKEHHS CBITJIOM BifacTaHi L,
3J1iBa HAMPaBO, a APYTU — B 3BOPOTHOMY HampsiMi.

M; Jyist Mo10NIaHHA CBITJIOM TUIAXY BiA J3epKana
H nmo mepkama M; Ta Hazag HEOOXITHO
3aTpaTUTH  JEAKHM dYac t;, SKAW MOXKHA

ct ct BH3HAYMTH, BUKOPHUCTOBYKOUM pHC. 5.2:

=L +ult’ t, =2t=

2ut

A
A 4

Pucynox 5.2

ko muieui iHTepdepomerpa oaHakoBi (L;=L,=L), To pi3HULS B Yacl CKJIaaae

BEJIIMUUHY Af:
2

Lu
At=t —t,=——.
cc

(5.4)

Lle mocuth mana BelIWYHHA, ajie IHTepPEPOMETP MaB JOCTATHIO TOYHICTb, 11100
il 3adikcyBatu. OmgHak B gocimimax MelikenbcoHa - Mopimi HISKOTO 3MilIeHHS
1HTEpPEPEHLIITHUX CMYT NpU 00EpTaHHI HE BUSIBJIECHO.

BuuepnHe mnoHATTS pe3ynbTaTiB - gocaixy  Meiikenscona - Mopmi  gaB
A. Eitamrreitn B 1905 p. EiftHITeiin 11idii10B BUCHOBKY, 110 €dipy, TOOTO 0COOJIUBOTO
CepeIoBUIINA, SIKE MOTJIO OyTH aOCOJIIOTHOK CUCTEMOIO BIIIIKY, HE icHye. IIIBUAKICTD
CBITJIa HE 3aJ€XKHUTh BiJ TOrO, PyXalOThCSd YU 3HAXOMATHCS Yy CIIOKOI JKepesno abo
npuiiMay cBiTJA.

Cpoi BucHoBku EWHHIITEHH CchopMyTioBaB y BUTJIAAI JBOX IOCTYJIATIB
CIeiaJIbHOT Teopii BiTHOCHOCTI:

a) BC1 3aKOHHU MPUPOJIU OJIHAKOBI B YCIX 1HEPIIIATbHUX CUCTEMAaX BIJIIIKY;
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0) MmMBUAKICTH CBITJIa y BaKyyMi OJHAKOBa B YCIX I1HEpLIaIbHUX CHUCTEMax
BIJUTIKY, HE 3aJIKUTH BiJ] pyXy JKepena ado nmpuitmaya.

5.3 BigHoCHIiCTH MOHATTH OJJHOYACHOCTI

[IpoananizyeMo nesiki HaCJiJIKH, 1110 BUILIMBAIOTH 13 IepeTBOpeHb JlopeHtia.

B mopanpimioMy KOpPUCTYBAaTHUMEMOCS TOHATTSM IOJ1i: OIS BU3HAYAETHCS
MICIIEM JI€ BOHA cTajlacs, Ta MOMEHTOM 4Yacy, KoJIu BOHa crajacs. [IpukiagoM momdii
MOKe OYTH BiJITPaBICHHS €JIEKTPOMArHITHOTO CUTHATY.

[Tpunyctumo, mo B cuctemi K 0JHOYACHO B MOMEHT 4Yacy ¢;= f,= { B TOUKax 3
KOOpAMHATaMU X;, X, BimOyBaroThes Bl momii. um momism B cuctemi K’
BIJIMOB1AaI0Th KoopauHatH (5.1):

- ut - ut ( 5 5)
Ta MOMCHTH 4acCy
. uix1 ux2
(5.6)

3 (5.5) ta (5.6) BumnMBae, MO y BUIMAAKY, KOau Tomii B cuctemi K
BiIOYyBalOThCA B OJIHIN TOUIll (X; = X,), TO BOHHU 30iratoThcsi y mpoctopi (x’; = x’;) Ta B
yaci (¢'; = t';) Takox 1 B cucteMi K'. Skmo x moxii B cuctemi K BigOyBaroThbCs B
PI3HUX TOYKaX (X;#x,), TO B cuctemMi K’ BOHU TaKoX BiJokpemJyieHl (x';#x",), ane He
OynyTh oaHouyacHUMU (t'/#t';). 3HaK pi3HULI ¢, - ¢'; BUSHAYAETbCA 3HAKOM BHpa3y
u(x;-x,), TOOTO B OJTHUX CHUCTEMax BIUIIKY mojis 1 Bumepepkae Mol 2, B 1HIINUX
CHUCTEeMaxX HaBIMaKW. 3a3HAYMMO, 1110 11€ BIIHOCUTHCS JI0 MOJIIHA, MIXK SIKUMH BIJICYTHIHN
NPUYUMHHUN 3B’s30K. [IprunHHO MOB’s13aH1 MOAIT (HaMpUKiIaa, MOCTPUT Ta BIYyUYCHHS
KyJl B MIIICHb) B JKOJHIM CHUCTeMlI HE MOXYTh OyTH OJIHOYACHHUMHM, IPUYHHA
BUIIEPEKAE HACTIIKH.

5.4 BiZHOCHICTH TOBKMH Ta MPOMIKKIB 4acy

PosrnsiHeMo cTepkeHb, pPO3TAlIOBAHMNA B3JOBXK OCl X, HEPYXOMHUU BIHOCHO
cuctemu K'. JlomkuHa #oro B i cuctemi gopiBHioe [p= x', - x';, ne x';, x', —
KOOpJAWHATU KIHIIB CTep>KHs. BimHocHO cucremu K CTepkKeHb pPyXaeThes 3i
MIBUJKICTIO . [  BU3HAUEGHHS  JOBXKUHU CTEpKHS B cuctemi K HEOOXigHO
BU3HAYUTU KOOPJMHATHA MOTO KIHIIIB X'; Ta X'; B OJIMH 1 TOM K€ MOMEHT Yacy f; = t,=t.
Ix pi3HUIA [= X, - X;, 1Ie JOBXKUHA cTepxkHA B cucteMi K. 3rijgHo 3 (5.1):

X, —ut X, —ut

!
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3BiAKHA

x;—xl’:u, 1=1]1-% . (5.7)

To6T10, TOBX)HKHA CTEP)KHS [ BUMIpsIHA B CUCTEMI1, BITHOCHO SIKOi BIH PyXa€ThCs,
BUSIBJISIETHCSI MEHILIOIO JIOBXXHHU [), sKa BHUMIpSHa B CHCTE€MIi, BIJIHOCHO SIKO1
CTep>KEHb 3HAXOJIUTHCS B CTaHI CIIOKOIO.

Takum 4YMHOM, y TII, SKI PyXarOThCA, IX PO3MIPH B HANPAMKY PYyXy
cKopouyroThcs. Lle sBuie mae Ha3By JIOpEHIIOBOrO CKOPOUYEHHS JOBKUHMU.

[IpumycTumo Temep, MmO B TOYLl, HEPyXomiil BigHOCHO cuctemu K,
B110yBa€ThCS MO TPUBATICTIO At, = ¢, —¢|. IlodyaTKy moii BiAMOBIIA€ B 11 CUCTEMI
KOOpAWHaTa X' Ta MOMEHT 4Yacy ¢',KIHIII0 MoJIii KoOpJuHaTa X', Ta MOMEHT 4acy t.
Touka, B AKil BiIOyBa€ThCs MOIisA, MEPEMIITYEThCS BITHOCHO cucteMu K. 3rigHo 3
(5.2) mouatky Ta KiHIItO TTOAlT B cucTeMi K BIJMIOBIIalOTh MOMEHTH

u
! ’ ’
tl +72x1
C

u

t2 +72.x1 ' i

t, —t At

C 2 1 . _ 0

W= hE e hohEpe A=
u u u u

Ji- 1= 1= Ji-
C C C C

B (5.8) 4ty — TpuBamicTh momii, MO BHUMIpsHA 3a JOMOMOTOI0 TOJIWHHHKA
CHUCTEMH, IO PYXAEThCS 3 TIEIO X MIBUAKICTIO, IO ¥ Tino. Ilpomixkok dacy At
BUMIPIOETHCS 32 JJOTIOMOTOI0 TOAMHHUKA CUCTEMH, BITHOCHO SIKOi TIJIO pyXaeTbes. Sk
BUILJIMBAE 3 CHIBBIAHOIIECHHS (5.8), mpoMiKOK Hacy A#< At. Tomy MOXXHa CKa3aTH,
10 TOJIMHHUK, IKUW PYXA€ThCH, /1€ MOBUIBHIIIE, HIXK HEPYXOMUH.

Yac At), BUMIpsSHUNA 3a JOMOMOIOK TOAWHHUKA, SKUW PYXa€ThCAd pPa3oM 3
T1JIOM, Ha3UBAETHCS BIIACHUM YacOM I1IbOTO T1Ja.

PensituBicTchbKUi  epeKT YMNOBUIBHEHHS 4Yacy Ma€ eKCIIepUMEHTalIbHe
niaTBepokeHHss. B 1971 p. aroMHMI TOIWHHMK, SIKMM 3I1MCHIOE KOJIMBAaHHS 3
gacrororo 10 ¢!, mpoTArom Micsis 3HAXOAMBCS B MONBOTI HA PEAKTHBHHX JITAKAX,
JIPYTUA TaKWM K€ TOAWHHHUK 3HAXOJIWUBCSA Ha 3emun. ['OAWHHUK, IO 3HAXOJMBCS B
noJiboTi, BijcTaB Ha 203 He. BignosigHuii po3paxyHok naB 184 Hc.

(5.8)

5.5 InTepBaa

[Toaito BU3HAYAIOTH TOYKA POCTOPY, B sSIKIA BOHA BiAOynacs 3 KOOpAUHATAMU
X,y,Z Ta 4ac t, Koy BoHa BiaOynacs. TakuM YUHOM, MOAII0 XapaKTepU3yIOTh YOTHPHU
yucna: x,),zt. BBegemo ysBHUN 4OTUPUBUMIPHUI MPOCTIP, HA KOOPJAUHATHUX OCSX
SAKOTO BIJKJIAJa€EMO MPOCTOPOBI KOOPAMHATH Ta 4Yac. B 1mboMy mOpocTopi MHOJII0
300pa)ka€ TOUKa, SIKy Ha3MBAaIOTh CBITOBOK. PyXy UM CIIOKOIO JOBIIBHOI YaCTUHKH
BIJIMOBIAa€ B YOTUPUBUMIPHOMY TTPOCTOPI JIiHIs, SIKY HA3UBaOTh CBITOBOIO.
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[Ipunyctumo, 1O OAHA MO Ma€e KOOPAWHATH X; V; Z5, 1, JApyra —
KOOPIWHATH X2, V>, Z2 t,. Benmnunny

S =t —1) = (xs = x,)" = (¥, = 9,) = (2, — 2,)" (5.9)

HA3UBAIOTh IHMEPBALIoM MIXK BIIMOBIIHUMU MO ISIMHU.
BBenemo nmo3HadeHH:

llz:\/(xz_x1)2+(J’2_J’1)2+(22_Zl)3 ly =1, =1,

S, =+lc’t], —ci, . (5.10)

Jlerko BIEBHUTHCH (CKOPUCTABIINCH MEPETBOPEHHAMU JIopeH1a), no iHTepBa
MDK JBOMa TaKMMHU CaMUMHM MOJISIMH OJTHAKOBHUU B YyCIX IHEpIIaJIbHUX CHUCTEMax
BIJIJTIKY.

[Tpumnyctumo, 110 nepia mnojis B TOMy, 10 3 TOUYKH 3 KOOPJAUHATAMH X;, V;, Z;
B MOMEHT /; BIJITIPABJICHO CBITJIOBUH CUTHAJ, a Apyra MOl — IPUHOM I[bOT'0 CUTHAITY
B TOUIIl X, V3, Z, B MOMEHT f,. CHUTHAJI PO3MOBCIOKYETHCS 3 MIBHJKICTIO ¢, TAKHUM
YUHOM, BIJICTaHb MK TOUYKaMu [;,=ct;;. 3BIJACH BUILIMBAE, IO 1HTEpBal S;; MiX
oAISIMA JTOpIBHIOE HYJHO (nuB. 5.10). SIKII0 BigCcTaHh MIXK TOYKAMH [;,; TIEPEBUIILYE
cti;; (I;2>ct;;), To 1l moali HISK HE MOXYTh BIUIMHYTH OJHA Ha OAHY (HE icHyeE
B3aEMO/IIH, 110 PO3MOBCIOIKYIOTHCS 3 MIBHUKICTIO, OLIBINOO 3a ¢). Taki ABI mofii He
MOXXYTh OyTH TIPUYMHHO 3B’si3aHuMU. [3 (5.10) BumIMBae, mo iHTEpBAI S;; B IIOMY
BUMAJKY YSIBHE UHCIIO. Y SIBHI IHTEPBaJIM HA3WBAIOTh MPOCTOPOBOMOAIOHUMHU.

JlilicHi iHTepBayM (S, >0) Ha3WBaWOTbCA dvacomomiOHumu. Jlms  HEX
BUKOHYEThCSI YMoBa [;,<ct;;. TakuMm 4uMHOM, MO1i, SKI PO3/IJIEHI YacOMOI0HUMHU
1HTEepBaJlaMH, MOXKYTh OyTH KPUTUYHO OB’ I3aHUMHU OJTHA 3 OJTHOIO.

TOM1

5.6 PeasiTuBICTCHKHMH 3aKOH NEePEeTBOPEHHS MIBUIKOCTI

I3 meperBopens Jlopenma (5.1) 1 (5.2) BUIUIMBaE 3aKOH TEPETBOPEHHS

. . d
IIBUJIKOCTI. 3T1JTHO 3 O3HAYCHHSIM v, = ?); I3 popmya (5.2) BurmuBae, 1o

dx:dx +uait; di =
c

Takum yrHOM, v, =——p. (5.11)

Otpumanuii Bupas (5.11) — penaTUBICTCHKUNM 3aKOH NEPETBOPEHHS IITBUJIKOCTI
Vy, SIKUM KOPUCTYIOTBCS TpU Tiepexo/ii Bif cuctemu K 1o cuctemu K.
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[I1o6 oTpuMaTH 3aKOH MEPETBOPEHHS JIJIsi 3BOPOTHOTO TIEPEXOAY, BiJl CHCTEMHU
K' o cuctemu K, MOXHa TIPOCTO BU3HAYUTHU Vv,' 3 BHpasy (5.11), abo x obumcauTu

!
!

dx . )
Ve=o KOPHUCTYIOUUCh niepeTBopeHHs MU Jlopenia (5.1). Toai orpumaemo:

X

5.7 PeasituBicTChKe PiBHSIHHSI AMHAMIKH

Sk Bke 3a3HayaoCs, A TOro, 1Mo0 PIBHAHHS JUHAMIKUA OyJIO 1HBaplaHTHUM
BIJIHOCHO TepeTBOpeHb JlopeHia, HeoOxiaHo, 00 Maca m MaTeplajabHOI TOUYKH, SKa
pyXaeThes 13 MBUAKICTIO U, TOPIBHIOBaIA

m
m = :
uZ
==
C
i€ M) — Maca HepyXoMoOi TOUKH.
Toni penATUBICTCHKUN IMITYJIBC TIOPIBHIOE:
- myu
p=—Fr—. (5.12)
u
I=-
C

- d u
F=—|—2—]. 5.13
- (5.13)

AHamni3yloud 3aJeXHICTh IMIYJbCY BIJI MWBUAKOCTI pyxy Tima (5.12),

OJIEPKUMO, 110 NPH MaJIUX 3HAYEHHAX IIBHUJKOCTI IMIYJBC 3pOCTa€ 3a PaxyHOK
2

YU CCJIbHUKA, 00 BeIMYMHA — MaJjla 1 3HAMCHHUK HpI/I6JII/13HO OOP1IBHKOE€ OJHWHHUIIL.
c

[Ipy BenUKMX 3HAYEHHSX MIBUAKOCTI, KOJIM Y — ¢, YUCEIBHUK 3POCTAE JIyXKE
MOBUIBHO 1 IMITYJIBC PI3KO 3pOCTA€ 32 PaXyHOK 3HAMEHHHUKA, 10 HAOIMKAETHCA 0
HyJs. Takum yuHOM, TIpH ¥4 — ¢ JUIA TOTO, 00 XOY TPOXH 3MIHUTH IMITYJIbC,
NOTPIOHO 3aTPATUTH AyXKe BEIHUKY KIJIbKICTh €HEPTii, a TOMY MPAKTHUYHO HEMOKIHBO
PO3IrHATH TUIO CKIHYEHOT MacH CIIOKOIO /1) IO UIBUAKOCTI CBITJIA.

Cnin 3a3Hauutd, mo ¢opmynu (5.12) ta (5.13) mepexoAsTh y BiJNOBIAHI
BHpa3U KIIACUYHOI MEXAHIKH, KOJIH U << c.
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5.8 IloBHa Ta KiHeTHYHA eHePrifl YACTHHKH

Jlomuoxxumo piBHsiHHS (5.13) Ha mnepemilieHHs dYacTUHKU dS =udt. B
pe3yNbTaTi OTPUMAEMO

JliBa yacTHHA IHOTO PIBHSIHHS JOPIBHIOE poOOTI dA, sAKa BUKOHYETbCA Hal
YAaCTUHKOIO 3a 4Yac dt. I3 3akoHy 30epekeHHsI €Heprii BUIUIMBAE, IO ISl poOoTa
JOPIBHIOE 30IBIIEHHIO ii eHeprii dE:

IaTerpyroun nei Bupas, 0AepKUMO:

2
_myC
2
u
==
C

Hocmiani ¢akTu CTBEPKYIOTh, 0 const=(0. Tonai MoBHA €HEPris YacTHHU

JIOPIBHIOE
2
m.,c
E=—"23" =mc*.
u2
iy
C

Y BUMagKy, KOJHM MIBUAKICTh YaCTUHKU u=(), eHepris E =m,c’ Ma€ Ha3By

+ const .

(5.14)

€Heprii CoKo YacTUHKHU. L5 eHepris — BHYTpILIHA €Hepris YaCTUHKH, HE TIOB’s13aHa
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3 PYXOM YacCTHUHKH SIK 1UI0TO. /[0 eHeprii cmokoro, K i 10 moBHOI eHeprii (5.14), He
BXOJIUTH MOTEHITIa]IbHA €HEPTis Tijia B 30BHIMIHHOMY CHJIOBOMY TIOJI.
KineTnuHa eHepris BU3Ha4aeTbes K pi3HuLA £ Ta Ej:

TOOTO KIHETHMYHA €HEPTisl BUBHAYAETHCS (DOPMYJIIOIO KIIACUYHOI (Pi3UKHU.
I3 (5.14) BumuBae, 1o eHepris Tuia E 1 HOro pensiTUBICTChKA Maca m MpsiMO
nponopuiiHi. Mo)Ha CTBEpKyBaTH, 110 3MiHa eHeprii Tuta AE cynmpoBOIKYEThCS

SMIHOIO PEIITUBICTCBKO1 MacCHu Am =-—- 1 HaBlaKH, 3MlHa PCJITUBICTCHKO1 MacCH
C

CYIPOBOJIKYETHCS 3MIHOKO €HEpTii Tija:
AE = Amc” .
5.9 B3aemo3B’s130k eHeprii Ta iMmmyabcy. YacTHHKA 3 HYJIbOBOK MACOI0

Axmio BukItOuMTH 3 piBHAHB (5.12) Ta (5.14) mBuUAKICT u (NIPU LBOMY
piBHSIHHSA (5.12) B3STH B CKaJIsipHOMY BHIJISIAN),

E=c2p2 +m§c4,
abo
E*—-c’p*=mict. (5.15)

B npagiit yuctuHi (5.15) CTOATH BEIMUUHH, SIKI 3QJIMIIATHCS HE3MIHHUMHU TIPU
Tepexo/Ii BiJ OJHIET IHEepIiaIbHOI cHcTeMHu 10 iHmoi. Tomi BeawunHa E° —c’p’ —
iHBapiaHTHA. SK110 nmoknactu B (5.15) my=0, To TOMI OTpUMAEMO E = cp .

I3 piBHsHB (5.12) Ta (5.14) BUnmnBae, 1o

. E .
p=—i (5.16)



ko my=0, To Toxi i3 (5.15) orpumaemo: E=cp.

[le cniBBigHOIIEHHS Y3TOKY€EThCs 3 (5.16) B TOMy BUNAAKY, KOJau u=c. ToOTO
YaCTUHKA 3 HYJbOBOIO MAacOI0 CIIOKOIO 3aBXKIU PYXae€ThCs 13 MIBUAKICTIO CBiTiA. J{o
TaKMX YaCTMHOK HAJIEKUTH (DOTOH.

6 EJIEMEHTU MEXAHIKHA PIZIVH TA I'A3IB

Jlanuit po3/ia 4acTo Ha3WBAIOThH T1IPOACPOANHAMIKOIO, SIKa BUBYAE PIBHOBATY
Ta pyX PiIMH 1 rasiB, iX B3a€EMOJII0 MK COOOI0 Ta TBEPAMMH TIJIaMH, SKI HUMH
00TIKAIOTHCS.

[Ipu mpomy 1 anms piawH, 1 A0 Ta3iB 3aCTOCOBYETHCS E€NUHUMA MIIXiMd, SKUH
0a3yeThCs Ha YSABICHHI PO HUX SIK PO CYLILJIbHE CEPEIOBUIIIE.

Jloci My po3risigany MaTepiaibHi 00’ €KTH y TBepaoMYy cTaHi. [l BU3HaUYEHHs
iX pyXy BUKOPUCTOBYIOTH MOJIETl MaTepiaibHOi TOYKH ab0 aOCONIOTHO TBEPIOTrO
Tia. SIKI0 po3rasgaEMo pyx piauHU abo raszy, TO KOXKHY 3 IIMX MOJENeld He MOKHa
3actocoByBaTu. [lo-mepimre, ToMy, 1O iX po3MipamMu, SK TpaBWIO, HE MOKHA
3HexTyBaTu. llo-mpyre, Tomy, mo iXx (opMa 3MIHIOETBCA TiJI Yac pyxy. Y I
cutyallii Tpeba BU3HAYMTH HOBY XapaKTEPHY BJIACTUBICTH 00’ €KTIB, IO JIO3BOJIUTH
CIPOCTUTH iX onucaHHs. [Hakiie Tpeda Oyyno 6 BUBHAUYNTH KOOPJIMHATU Ta MIBUAKICTD
KOXHOI 3 ToHaz 6-10% MOJIEKYJI B KO)KHOMY MOJIi PEUOBUHH.

Takoro BIacTHUBICTIO MOYKHA BBAXKaTH OJHOPIIHICTh PEYOBHHH Yy PiAKOMY a0o0
ra3oBomy ctasi. ToOTO 3aaBaTH cEpeIHIO TYCTUHY BEIMKOI KIJIBKOCTI MOJIEKYJ Ta 1X
CEepPEeHIO IMIBUAKICTh. BUABIAETBCSA, MO MHOTO JOCUTH, MO0 BH3HAYUTH, SK
3MIHIOBAaTUMYThCS 11 TapamMeTpu 3 4yacoM. TuM made, MO0 ¥ Ha pyX I1HIIUX TII
BIUIMBAIOTh TUIBKM Il cepeaHi mapameTpu. [IpudymHu 1poro OyayTh BHUSBICHI TIPHU
BUBYCHHI CTATUYHOI (PI3UKHU.

s momenpb, K 1 iHINI, € HAOMMKEHHSM, 3aCTOCOBHICTH SKOTO 3aJICKUTh HE
TIIBKH BiJl camoro o0’ €KTa, a ¥ BiJ Ti€i 3a1a4i, 110 po3B’sa3yeThes. Hanpukmanm, 30pi y
TaJIaKTUIl BBAKAIOTh MaTepiaIbHUMHU TOYKAMHU MPU BU3HAUEHHI iX TPAaeKTOpii pyXxy,
TBEPAUMU TIJIaMHU TIPH PO3TJSAaHHI iX BJIACHOrO oOepTaHHS, Ta i7€aIbHUM Ta30M Y
BUIIAJIKY PO3B’SI3aHHS 3314l €BOJOIIT ()OPMHU TaTaKTUKH.

6.1 EnemenTn rigpoaepocraruku. 3akonn Ilackans ta Apximena

PozrnsiHemo siBUIA, OB’ s3aH1 3 HEPYXOMUM Ta3oM Ta piauHo0. ToOTO sBUIIA
2iopo - ma aepocmamuxu. Ha BiAMIHY B1J CTaTHMKU TBEPAUX TUI, MOJIEKYJH PiAUHU
a00 Ta3y MOKHA BBa)XKaTH HEPYXOMUMHU TiJIbKU B CEPEAHBOMY. A X BIaCHHUM pyX, M0
3BEThCSl MeNn108UM, 3yMOBIIOE HOBE (pi3MUHE SIBUIIE — MuUck. Tak caMO Ha3UBaIOTh
G13UYHy BEIUYMHY, 1110 HOTO XapaKTepU3ye KIIbKICHO.

Tuck (p) — ¢p13uvHa BeIMUMHA, IKa BU3HAYAETHCS HOPMAIBHOIO CHIIOK), IO i€
3 OOKy pITMHU YU Ta3y HAa OJMHMINO TUIONI TOBIIBLHOT MOBEPXHI, 110 3HAXOIUTHCS Yy
piauHi abo rasi:
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dF,
ds

MoBa #iae TUTBKM TIPO CEPEeNHI0O 3a ACIKANA MPOMDKOK dYacy CHIy, IO
CKJIQZIA€EThCS 3 TIONMITOBXiB KOXKHOI 3 MOJICKYJ, IO CTHCKAIOTHhCS 3 ITOBEPXHEO.
BuH#Kae THCK TITBKH TOMY, IO KOXKHA 3 MOJIEKYJ PYXA€ThCs, HAaBITh KOJHU ra3 YH
plIMHA 3HAXOISITHCS Y CIIOKOI.

B crani piBHOBaru THCK PiWHU 1 ra3y BU3HAYA€ThCS 3akoHom llackans: muck
Y 0y0b-aKiti mouyi Hepyxomoi piOuHu O0OHAKOBUU V 6CIX HANPAMKAX I OOHAKOBO
nepeoaemvcsi no 8Cbomy 00 ’ekmy.

Ileit eMmipuYHUI 3aKOH TMOSCHUMO, KOPUCTYIOUHCH MOJICKYJISIPHOIO TEOPIEHO.
BBaxkaemo, mo cwia THCKy 3 OOKYy piJIMHM Ha MOBEPXHIO Tijia, 3aHYPEHOrO Y IO
plauHy, TMEepHeHIUuKyIsIpHa moBepxHi. L{s BracTuUBICTH piIMH Ta ra3iB MOB’s3aHa 3
BIJICYTHICTIO CHJI CyXOro TepTs. TO/dl CHIIM THCKY Ha TPUKYTHY MPU3MY, 3aHYPEHY Y
piauHy, TIIOTH TakK, AK MOKa3aHo Ha puc 6.1 (po3mipu mpu3Mu BHOMPAEMO TOCHUTH
MaJIMMHU, 100 CHIOIO TSHKIHHS MOXHA OyJI0 3HEXTYBATH).

p:

a F,
FS a Fy Fx
—
d
F, b | F
Pucynox 6.1

Cuna, mo i€ Ha II0 TPUKYTHY MPU3MY, B CTaHI PIBHOBaru JOPIBHIOE HYIIIO.
ToMy MOKHa 3amucarty:

F.+F +F, =0.

3Biacu

F 1

X

a. F_F
F, 1ga b’ a b’

To6To Tuck y BHOpaHHX HampsiMKax oOJHAaKOBUH. BHachimok Ttoro, mio
HanpsMU BUOpaHO JOBLIBHO, 3aKoH [lackans noBeaeHo.

3akoH [lackans € B OCHOBI poOOTH TiIpaBIIYHUX MPECIB, TIAPABIIUYHUX TajbM,
JIOMKpATiB.

VY moni TsKIHHA 3eMill pO3TJISTHEMO, HANpPHUKIIad, CTOBH PIAUHU MOCTIHHOTO
nepepizy (puc. 6.2). BiH OTOUeHMI TaKOK X PIAMHOK 1 3HAXOIUTHCSA Y CTaHI
piBHOBaru. ToMy cyma cuil, 1110 Ha HbOT'O J10Th, JOPIBHIOE HYJIIO:

PS+mq=P,S.
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3BIIKH P, =P +%=pl+pqh,

1€ p1,p2 — TUCK Ha BEPXHIO Ta HWXKHIO MMOBEPXHI, / — BUCOTa CTOBMNA PIAUHH,
p — TYCTHHA P1IVHHU.

Ile o3Hauae, 110 TUCK Y PiTUHI 3 TIIU-
OMHOIO 3OLIBIIYEThCA 1 Ha TIIMOWHI,
nHanpukiaa, 10 km gopisaroe 1000 atmo-
chep. Lle ayxe ycCKIaIHIOE CTBOPCHHS
IMOOKOBOJHUX amapariB Ta BOJ0JIA3HO-
ro cnopsipkenHs. B atmocdepi 3emii cu-
Tyallist SMIHIOETbCS: TyCTHHA aTMochepu
3MEHIIY€ETHCS 3 BUCOTOW. TOal ofepxu-
MO PiBHSIHHSA

hZ
P,=p + Jp(h)qdh .
hl
AJe 11e CTOCYETHCS TUTBKU HEPYXOMOT
piauHU. SKI10, HAMPUKIIA, PIAUHA PAa30M
3 MMOCY/IMHOI0 PYXA€ThCSA 13 MPUCKOPEH-
HAM a (puc. 6.3), To y HeiHeplianbHII
Pucynox 6.2 CUCTEMI BIIUTIKY IO CHWJIA TSOKIHHA mq
JIOJTA€ThCS CUJIa THEPIlIl — ma . Ix piBHOII-
fiHa 3yMOBIIIOE HOBUH HAaNpsMOK CWiIH (puc. 6.3) Ta HOBY 3aJICKHICTh THUCKY Bij
rJIAOUHM.

Sxio pianHa pyXaeTbest BHU3 3 MPUCKO-
pPEHHSM, OUTBIIIAM 3a ¢, TO TUCK 3 TIUOH-
HOTO HE 301TBIITY€ETHCS, & 3MEHIITYETHCSI.
Pi3HuIIs TUCKIB HA PI3HUX TJIHOU-
Hax y piiuH a0o ra3iB B MOJ1 TSKIHHS
MPU3BOUTH J0 TOTO, IO THCK HA BEPXHIO
3aHYpPEHOI0 Y PIIMHY Tija MEHIITUH, HIXK
Ha HIDKHIO. A 1€, y CBOIO 4Yepry, € Mpu-
YMHOK) BWHHUKHCHHS BHINTOBXYBAJIBHOI

cunu. Ii MokHA OGUMCIIIOBATH Pi3HUMU
y cnocobamu. Ilepuri 3 HUX TOB’s3aHI 3
Pucynox 6.3 OOYHMCIIEHHSIM CyMapHOi CHUJIM TUCKY Ha
MOBEPXHIO Tiy1a. BpaxyeMmo, o THCK
PIIMHYU CIIPSMOBAHO NEPHEHANKYJIIPHO MOBEPXHI TJIa, a CUIIM TOJAI0THCS BEKTOPHO.
[Hmmit cnoci6, MaOyTh, BUHANUIIIOB ApXiMes, KOJIM, 3T1IHO JIET€H/ll, BUCTPUOHYB 13
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BaHHU 3 BoJot0 Ta nooOir Cipaky3amu i3 kpuxkom “EBpuka!”. Cuia TucKy, IO Ji€
Ha 3aHypeHE y PIIMHY TUI0, HE 3aJI€KUTh BiJl TOTO, SIKE TLIO0 3aHypeHe. ToMy Taka
BUIUTOBXYBaJIbHA CHJIa [II€ 1 HA MIMIOK Takoi * (OpMH, 3alIOBHEHUN PIIUHOIO (pHC.
6.4).

Ileit 06’emM piIUHM 3HAXO-
JTUTHCSI Y CTaHl piBHOBaru. Tomy
CymMa CHJ THCKY, IO JIIOTh Ha
HbOT'O, JIOPIBHIOE Ba3l PIIUHU Yy
y iboMy 00’eMi. 3akoH Apximena
CTBEP/IKY€E, IO BHUINTOBXYBaJIbHA
CuJIa, fKa Ji€ Ha TIJI0, 3aHypeHE Y
piaMHy 4YHM Ta3, JOPIBHIOE Basl
piauHu abo ra3y B 00’emi 3aHype-
HOTO TuUla. 3a3HauUMoO, IO Yy
—_ — —_ BUIAJIKY, KOJH TLJIO 3aHYpEeHE He
MOBHICTIO, Tpeba BpaxOByBaTH Ba-
Ty PIAVHY TUIbKYU Y 3aHYpeH1i yac-
THHI T1JIa, a TaKOX T€, 110 Bara pi-
Pucynox 6.4 JIUHU 3aJIE)KUTH HE TUIBKU B1JI CH-
JIY TSDKIHHS, a ¥ B1J] TPUCKOPEHHS,

3 SIKUM PiIMHA PyXa€ThCs (UB. BUIIIE).

BumroBxyBanbHa cujia 3BEThCA TaKOX CHIIOK Apximeaa. BoHa Ji€e He TUTbKH
Ha 3aHYpEHy y pIAUMHY YM Ta3 TiIa, a TaKoX Ha camy piauHy uu ra3. lle moxe
IPU3BECTH JI0 TAKOTO SBUILA SIK KOHBEKIIISL.

S0, HaMpUKIIaA, Y AeAKiil YacTHHI 3eMHOI1 aTMOC(epr BUHMKAE Maca OUIbII
TEIUIOTO TMOBITPS, TO HOro Bara MEHIIA 3a Bary OTOYYHOUOT'O XOJOJHOTO MOBITPS, Y
TOMY X caMoMy 00’emi. ToMy BHUIITOBXyBajbHA CHJIA € OUTBIIIOO 33 CHITY TSDKIHHS 1
s Maca MOBITPSA MiAiMMaeTbcsl Bropy. SKio € mocTiiHUKA OpuUIuiuB eHeprii (y
naHomy Bunaaky Bijl CoHIIsS), 0 POOUTH T'yCTHUHY HMIKHIX LIAPIB PIAMHU a0 Taszy
MEHIIIOI0, TO KOHBEKIIisI € Oe3MepepBHUM TPOIIECOM.

JInst 3aCBO€HHSI LILOTO MaTepialy CIpoOyHTe CaMOCTIMHO BHUPIINIUTH, KYIU
nepeTiKae piiMHa IPH HarpiBaHHI 11 y JiBiM nocyauni? Y npasiii? (puc. 6.5)

Pucynox 6.5
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6.2 PiBusinnus bepuyJsuii

Jloci Mu po3riigiainy CTaTUYHUM CTaH piIuHU. AJle y 0araTboX BUIAJKaX BOHA
pyxaeTbcs. BinnmoBiHO [0 KJIACMYHOI MEXaHIKM PyX PILAMHHU MPU3BOJAUTH 1O TOTO,
10 CUJIH, SIKI Jisiiii © Ha piAuMHYy a0o0 ras, BXK€ HE CKOMIICHCOBaHI. KO0 BUAUIUTH Y
piavHI a00 Ta3l HEBENUMKUN 3a po3MipaMu 00°€éM, TO HOro MOXHA BBa)KaTu
MaTepialibHOIO TOYKOI0 1 BHUKOPHUCTOBYBAaTH IS BHUBYEHHS HOro pyxy 3aKOHH
Herorona.

CroyaTKy OMNMUIIEMO BIJIACTUBOCTI PYXOMOi piavHM sKicHO. [Ipu HeBenuKux
MIBUAKOCTSX PYXy OKpPEMi HEBEIHKI 00’ €MU PIUHU PYyXalOThCS HE MEPEMIIITYIOUUCH.
Takuii pyx pilMHU 3BEThCS Jaminapuum. JIiHis Teuli — JiHisA, TOTUYHA JO AKOi B
KOXKHIM TOYIll 30Ira€ThCs 3 BEKTOPOM MBHAKOCTI. Lli JiHIi, oueBHIHO, HiJe HE
MIEPETHHAIOTHCA (TIEPETUH JTiHIN 03HA4YaB Ou, 110 B OJHIN TOYIN YaCTUHKA PIIMHHA Ma€
OJIHOYACHO JIBa HAMPsAMKH MBHAKOCTI). KpiM TOro, BoHM He MarOTh Hi MMOYATKY, Hi
KiHLA, TOOTO, 6e3nepepBHi. YacTUHY piAvHU , OOMEXKEHY JiHISIMH Teuii, HA3UBaIOTh
TpyOkow Tedii (puc. 6.6). KoxkHy MalleHbKy 4YacTHHY Li€i TpyOKM Tedii MOXHa
BBKATH MaTepialbHOI0 TOYKOIO Majioi Macu Am Ta BUKOPHUCTOBYBATH ISl HEl BiKe
BIJIOM1 HaM 3aKOHH pyXy MaTepiaJIbHOI TOUKH.

B inmomy Bunaaky, MoJeKyiIu pi-
JUHU MOXYTh IepeMilryBaTuch. ToOTo
TPAEKTOPIi PyXy YACTUHOK PIAMHH MO-
KYTh BUMQJKOBO 3MIHIOBATUCH 13 YaCOM.
Y 1upoMy  BUINAAKy TeYis 3BETHCS
mypoOy1eHmHo10.

OpnnaiTa X Tedis MoXe OyTH SK
JaMiHapHOI0, Tak 1 TypOyneHTHorw. lle,
HAIPUKIIAJ, MOXKHA CIIOCTEPIraTu, SKIIO0

Pucynox 6.6 JTUBUTUCS HA JIUM, SKUH ITiIIHMa€EThCS
Bropy Bija curapetu (puc. 6.7). JIoku WBUIKICTh TeUli Majia — Teuis jJamiHapHa. Ha
JesKid BUCOTI MIBUAKICTh T€Uli TEIUIOrO MOBITPS CTa€ JOCUTHh BEIUKOIO 1 JIaMiHaApHa
Teuis MePeXOqUTh y TYpOYJICHTHY.

Am

VY pi3HUX OUISHKaX TPYOKH JaMiHApHOI
Teuli MOXKYTh BIIPI3HATUCS TTapaMeTpH Tedii —
TUCK, IIBUJIKICTh, TeMIiepaTypa. J1jis Bu3HaueH-
HS1 B3aEMO3B SI3KY IIUX BEITUYMH 3aCTOCOBYEMO
hgp — JI0 PIJIMHHU, 1110 3HAXOJAUTHCS B TPYOIl Tedii MiX
JBOMa IepepizamMu S; Ta S, 3aK0H 30eperKeHHS
eHeprii (puc. 6.8). BBaxkaemo, 1mo 3a JesaKuid
gac At 10 TpyOKHM HAAXOIUThH PiIUHA MACOIO
Am . Tomi

Am, = pAV, = p,S,Ax, = p,S\v,At,
1€ v, - BHUJAKICTh PIIUHH Y IOMY TIepe

Pucynox 6.7 pi3i;

Q
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p1 — TYCTHHA PIAVHU.

Pucynok 6.8

AHaJOTI4YHO AJIsl APYTOTOo Mepepizy MOKHA 3alHucaTu:
Am, = p,S,v,At .

Sxmo Tewis cramioHapHa, TO Maca pPiAWH, MO MPOXOAUThH MDK JIBOMa
nepepizamMu, 3 4aCOM He 3MIHIOEThCA. T0OTO Am, = Am,, Ta

PS8V, = piSiv,. (6.1)

SIKmo piauMHa HecTHCIuBa (BOAY 3a HOPMaJIbHUX YMOB 3 BEJIMKOI TOYHICTIO
MO’KHA BBaXaTH HECTUCIIHMBOIO PIAMHOIO), TO i T'yCTHHA B PI3HUX TOYKaX OJHAKOBA.
Toni:

Sv, =8,v,, abo. Sv=const. (6.2)

PiBusnas (6.1) Tta (6.2) Ha3uBalOTh PIBHSIHHSAM HEPO3PUBHOCTI Teil.
3a3HauMMO, 1110 y BUIMAJIKY, KOJU TEYisl Ma€ MIBUJIKICTh, HE MEPIEHANKYIISIPHY IO
nepepizy, TO pIBHSHHS Ma€ BEKTOPHUMN BUTIISI:

—_

SV = const .

SIkmo Tedist He cTalliloHapHA, TO TYCTUHA Y KOXKHINA TOYII 3MIHIOETHCS 3 4YaCOM.
B upomy Bumaaky piBHSHHS HEPO3PUBHOCTI 3alMCYIOTh Y AudepeHIiaibHOMY
BUIJISAOL:

op _
8),‘ - ( )9
\V4 1" : V — ;i + _:i + ];g
Pl (] - OﬂepaTOp aM1UJIbTOHA, ax J ay 62 .
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Po3rnsiHeMo eHepreTHyH1 MEPETBOPEHHS, 1[0 BUHUKAIOTh y pinuHi. Maca Am
Ma€ TMOTEHI[IAJIbHY €HEprilo y MOoJl TsDKIHHA 3eMill, KIHETMYHY Ta BHYTPILIHIO
e”eprito. TooTo
Am, v}
2

E, =Amqh, + +u,.

AHaJIOT1YHO Maca Am,, 110 BUTIKAE 3 Mepepizy S,, Ma€ SHEPTito:

A 2
E, = Am,qh, +%+u2,

Axmo Am, = Am, = Am, TO 3MiHa TTOBHOI €HEPTii PIAWHM, IO 3HAXOAUTHCS MIXK
nepepizamu S; Ta S», 3a IPOMIKOK 4acy At JOPIBHIOE:

AE = E, — E, = AmgAh +A7m(v§ —v2)+Au.

Ils 3miHa eHeprii moB’s3aHa 3 POOOTOI 30BHIMIHIX CHJI (CHJI THUCKY) Haj
00’emMoM pinuHU, 1O posriagaeTsess. Cunma Ttucky £, =PFS, BuUKOHYe poOOTY
A, = F Ay, = Fv,At , tacuna F, = P,S,, pooory 4, = F,Ar, = F,v,At,

3a3znaummo, o pobota A; — nonatHa, a A, — Bix €MHa, 00 HampsAMKU cuil F 1

MIBUIKOCTI P1IMHU V, — IPOTUIICHKHI.
I3 3akony 30epexeHHs eHeprii

A=A, -A, =AE,

abo
pS v,At—p,S,v,At = AE .
3BiAKH
2 2
12 Am - D, Anm = Amgq(h, —h1)+Amu+Au;
Py P 2
2
p+ pgh+ pv?—lr u, = const, (6.3)

1€ u, - BHYTPIIIHA €Hepris OAUHULI 00’ eMy.
3akoH 30epeXeHHsS eHeprii B LbOMY BHIAJKY 1 € piBHAHHAM bepHymmi ans
namiHapHoi Teuii. SIkio Temmneparypa piguHu abo razy He 3MIHIOETHCS, TO OCTaHHIN

JNOJAHOK u, MOXHa He nucaTd. Ilepuil Tpu wieHH pIBHAHHS MarOTh PO3MIPHICTH
2

o . o v . . o

TUCKY: p — CTAaTUYHUI THUCK, pgh - TIAPOCTATUYHHUMA THUCK, p~ - TINpOIMHAMITHHHA

THUCK.
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3 piBasHHAM bepnymm (6.3) moB’si3aHO 0arato SBWIN MPUPOIU. 3aJEKHICThH
TUCKY DPIAMHM BiJ MIBUIKOCTI € B OCHOBI Aii 06araThb0X MEXaHI3MIB Ta MPUJIAIIB.
Haiinpocrimuii 3 HuX — myabsBepuzaTop (puc. 6.9).

Py BHacninok BeaMKOl IIBUI-
KOCT1 TIOBITPSI, SIK€ MMPOXOIUTH 10

\f

TOPU3OHTAIBHINA TpYyOIll, TUCK Yy

HI{ 3MEHIIIYETHCS 1 piIUHA 3 TIOCY-
T JMHH “BCMOKTYETHCS Yy TIOBITPSIHY
TEUio.
Pucynox 6.9

6.3 Cuiin onopy Ta B’ SI3KiCTh

PiBusinus bepuynni onep)kanu, HE BpaxoBYHOYHM B’si3kocTi. [lif B’sI3KICTIO
PO3yMIIOTh BUHUKHEHHS CUJI TEPTS MK IIapaMH PITUHU, SIKI CTUKAIOTHCA Ta MAOTh
pizHi mBUAKOCTI. 1{i cumm MOTWYHI MO IUIOMIMH JOTHUKAHHS IHapiB, AIIOTH 3 OOKY
m1apy, MBHUIKICTh SIKOTO MEHIIA Ha IIap, IMIBUAKICTH SIKOTO OUIbIIA, MPOTHIEKHO
HaNpsAMY IIBHIKOCTI.

Jli€to cui B’A3KOTO TEPTs MOSICHIOETHCS, HANPUKIIAM, MAJAIHHSI THUCKY B3IOBXK
TpyO mOCTiiiHOrO mnepepidy (3riiHO pPIBHSAHHIO bepHysul 1eil TUCK HE MOBHHEH
3MIHIOBATHCh).

PosrnsitHemo namiHapHy Tedil0 pPIAMHM, IO 3HAXOJIUThCA MK JBOMaA
napajieJbHUMU TUIOIMIMHAMH, OJIHA 3 SIKAUX HEPYXOMa, a 1HIIA PYyXa€ThCA 3 MOCTIHHOIO
MBUIKICTIO V (puc. 6.10).

Pucynox 6. 10

BusBnserscs, mo i1 UbOrO J0 BEPXHBOI IJIACTUHU MOTPIOHO MPHUKIACTU
nocTiiiHy cwity F. PobGota 1i€i cuim mepexoauTh 3a paxyHOK CHJI BHYTPIIIHBOTO
TepTs (CUJI B’SA3KOCTI1) y TEIUIO 1 TABUIILY€E TEMIIepaTypy piJIiHU.

YMOBHO pPO3AUIMMO IIAp PIAMHM HABIIJI TOPU3OHTAIBHOIO TUIOMIMHOI AA'.
[lepeiinemo B iHEpLiadbHy CUCTEMY BIIUIIKY, SIKA PyXa€ThCS 13 MIBUIAKICTIO PIAMHU Y
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pOMy Tepepi3i. Y LIl cUcTeMi BIUIIKY piIMHA BCEPEAMHI HEPyXOMa, a IJIaCTUHU

. \4
PYXAKTHCA Yy MPOTWICKHUX HAIIPAMKAX 3 OJHAKOBOK HMIBUAKICTHO E (33 PaxyHOK

cumetpii). I mporo Tpeba M0 KOXKHOI 3 HUX MPUKIACTH OJHAKOBY cuiy Fj.
3a3HA4MMO, 110 32 OJIMHHUILIIO Yacy y HOBIM cUCTeM1 BIJJIIKy TOBUHHA BUKOHYBATHUCH
Ta % cama poborta. ToO6TO

Fv=FY+F Y
22

. F
3BIJIKH OJIEPKYEMO [ = 5

[IpooBxkyrour pO3IiICHHS KOXKHOI 3 TOJIOBUH 1€ pa3 HaBmil (1 T.A.), MU
MO>KEMO JOBECTH, IO SIK IIBUAKICTH, TaK 1 HEOOXIOHA CHia JIHIMHO 3aJIEKUTh BI
TOBIIMHU 1Iapy piauuu (puc. 6.10).

dv .
TakyM YUHOM, MOXKHA 3aIUCATH F ~ ?S, 1e S — moIa K0XHOI 3 IMIACTHH.
t

KoedimienT nmpomopiiitHocTi 3BeThest KoedimieHToM B’ si3kocTi. Moro 3HaueHHs
3aJICKUTh TUIBKU BiJ] BIACTUBOCTEH PiIMHMU:

F=ns. (6.4)

OnuHulill BUMIpIOBaHHS — HBIOTOH-CEK/M".

Ha mnpakTuii 4acTo KOPHCTYIOTBCSI MUTOMOIO B’S3KICTIO, fIKa JOPIBHIOE
Koe(illieHTy B’A3KOCTI, MOJAUIEHOMY Ha TycTUHy piauHu. [lpm upomy nuromi
B’SI3KOCTI pi3HUX piguH Jierko nopisuroBaTy. Tak, s Boau mpu 20°C

To10 2,
P c
2
7151002
C

J171s1 BU3BHAYEHHS BEJIMYMHU B’ I3KOCTI popmyny (6.4) BaKKO 3aCTOCOBYBATH.

[lepmmii 3 MHUPOKO BIJOMUX METOJIB BUMIPIOBAHHS B’SI3KOCTI OB S3aHUI 3
pyxoM TBepAMX TN y piauHi. Ilpy Mamux MBUAKOCTSIX CcUJa ONOPY PIAUHU
MpomopIiifHa 11 IBUIKOCTI, XapaKTEPHOMY PO3MIpY Tijia Ta KOe(PIIIEHTY B’ SI3KOCTI:

IUISI TIOBITPS

F =kivnp.

be3po3mipauii koedimieHT k 3anexuTh TUIbKU Bix (opmu Tinma. Jus kymi,
HANpUKJIaa, k=6x. TakuM 4YUHOM, BUMIPIOIOYM MIBUJKICTh MAJIHHS KyJi BiJOMOTO
paziycy r, MO>KHa po3paxyBaT KOE(IIIEHT B’ I3KOCT1 PITUHU.

Tpeba 3a3HaunTH, MO0 0€3 ypaxyBaHHS MIBHAKOCTI CHJIA OMOPY Kyii, IIO
pYyXa€eTbcsl y pIiAMHI, TOBUHHA JOpiBHIOBATH Hym0. lle Tak 3BaHMii mapagokc
1’ Anambepa, pillieHHs SIKOTO TOB’S3aHO 3 BBEJCHHSIM B’ SI3KOCTI.

[HIIMM MeTO0M BHU3HAYCHHS KOE(]illi€eHTa B’S3KOCTI € MPOTIKAHHSA PIAMHU
yepe3 TpyOKy MOCTIMHOTO Mepepisy.
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3anexHICTh 00’ €My PiIMHH, KA MPOTIKAE O TPYOIll, BUPAKAETHCS (HOPMYIIOIO
[lyazews:

4
- 7 tAp
8ln

ne r — pajaiyc TpyOKu, ¢ — 4dac MPOTIKAHHs, Ap - PI3HULS TUCKY Ha i1 KIHIIAX,
[ — noBxxuHa TpyOH, # — Koe(Dili€HT B’ SI3KOCTI.

3anucani Buie (GopMyaH BIANOBINAIOTH JIAMIHAPHOMY TOTOKY PiIMHU. AJe
IpU BEIMKHUX IIBUIKOCTSAX MPOTIKAHHA MOTIK cTae TypOyiaeHTHuM. [lapameTrpom, 1o
XapakTepu3ye TMepexiy BIJ JAMIHAPHOTO JO0 TYpOYJEHTHOrO MOTOKY, € YHCIO
Peiinomnbaca:

ne k~1 - 6e3po3MipHUM KOEDIIIEHT, IO XapaKTEPU3y€e reOMeTpio 3aaadi, p —
T'YCTHMHA PIAWHM, V — MBUAKICTh PYXY, d — XapaKTEPHHUMN po3Mip Tijia.

ko R,<I — Tedis namiHapHa, k1o R,>1 — tedis TypOyneHTHa, ako R.~1 —
Ma€EMO MEPEXiTHUN PEKUM.

7 MEXAHIYHI KOJINUBAHHS
7.1 Buau KoJuBaHb

KpiMm mnocrynanbHOro i o0epTanbHOro pyxiB Ti, sIKI OyJHM pPO3TIASHYTI Y
MoMNepeHIX PO3JAlIax, JYXKE PO3IMOBCIOHKEHUM 1 y TPHUPOIl, 1 B TEXHIIl €
KOJIMBAIBHUM PYyX.

Konusanus — pyx abo mpoiiec, SIKUil XapaKTepU3y€eTbCs MMEBHUM MMOBTOPEHHIM
3 yacoM. KonmBanbHUI pyX 3aBXKIU BIIOYBAETHCS BITHOCHO IMOJOXKEHHS CTIMKOI

_)
pIBHOBarv, B SIKOMY pPIBHOBa)KHa CHJia, IO i€ Ha cuctemy » F;=0. KonuBaHHs

B1I0YBaIOTHCS BIJIHOCHO TOYOK MIHIMYMY IOTEHIIQJIbHOI €HEeprii, BHACIIJIOK TOTO,
oU
or

3aie)kHO Bl (GIBUYHOT TPUPOIM  TPOIECY PO3PI3HSIOTh, HANPUKIA,
KOJIMBAHHS MEXaHI4Hi, eJIEKTPOMAarHiTHi, eJIeKTPOMEXaHiuHl. AJie qy’Ke BaXJIHUBUM €
(dakT, 0 KOJIMBaJIbHI MPOIIECH, Pi3HI 32 CBOEIO (PI3MYHOIO MPUPOJIOI0, OIMHMCYIOTHCS
AHAJIOTTYHUMH XapaKTePUCTUKAMHU Ta PIBHAHHAMH. 3 (P110CO(CHKOI TOYKU 30Dy
TaKui 30ir He BUIIAKOBHMA, BiH BiIOWBAaE B3a€MO3B’S30K SBUII IPUPOIH, ii €THICTS.
Tax, HanpuKIa, KOJUBAIBHUNA PyX 3M1HCHIOIOTH Pi3HI MasTHUKU, CTPYMHU; aTOMHU Ta
10HM B TBEPJAUX TUIaX TAKOXXK KOJMBAIOTHCS HABKOJIO BY3JI1B KPUCTAIIYHOI PEIIITKH, B
pamioTeXHIll PO3MISAAOTh €JIEKTPOMAarHiTHI KoJuBalibHI mpouecu. I[lepeBaxHa
OUTBIIICTh aKYCTUYHUX 1 ONTUYHUX MPOIIECIB OB’ sI3aHA 3 KOJIMBAIIBHUMH PyXaMH.

mo F. =—
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KonuBanbHuit pyx MoXe 1 3aBAaBaTH IIKOAY, IO BUSBJISETHCS, HANPHUKIA,
IpU KOJMBAHHAX HE30aJaHCOBAHMX POTOPIB TypOiH, €NEeKTPOJBUTYHIB, IPU POOOTI
Ha TOKapHUX BepCTaTax.

XapakTep BIUIMBY 30BHIIIHBOTO CEPEIOBHUINA HA KOJIWBAJIbHY CHCTEMY
J03BOJISIE PO3PI3HATU BUIbHI (200 BJIACHI) KOJMBAHHS, BUMYILIECHI, aBTOKOJIMBAHHS Ta
napaMeTpHUyH1 KOJIMBAHHS.

BinbHumMu (abo BIacHMMM) Ha3WMBAIOTHCS KOJMBAHHS, K1 B1IOYBAarOTBHCS 3a
BIJICYTHOCT1 30BHIIIHBOTO BIJIMBY Ha KOJHUBAJIbHY CHCTEMY 1 BHUHUKAIOTh IpU
[IOYAaTKOBOMY BIAXMJIEHHI II€] CHCTEMHM BiJ MOJIOKEHHS piBHOBaru. KonuBasbHI
CUCTEMH, y SIKUX (Pi3udHi mapameTpu (KOe(IIleHT MPY>KHOCTI 1 OMOPY CEepelOBUIIA,
eJIEKTPOOIIp, EMHICTh 1 IHAYKTUBHICTh KOJIMBAJILHOTO KOHTYpPY) 3 4YacoM He
3MIHIOIOTBCSI, HA3UBAIOTHCA JIHIMHUMHM KOJUBaJIbHUMU cucteMamu. KonuBanbHi
CUCTEMH, TApaMETPH SKHUX 3aJIekKaTh BiJl CTAaHY CUCTEMH, Ha3MBAIOTh HEJIIHIMHAMH.

[Tpornecn, siki BigOyBalOThCs y JTIHIMHUX KOJUBAIBHUX CHCTEMaX, OMUCYIOTHCS
THIMHUME TUEepeHLiaTbHUMU PIBHAHHAMH JPYroro MOPSAAKY  OJHAKOBUMHU 32
BUIVISIIOM I KOJMBAJIBHUX CHUCTEM pi3HOi (i3uyHoi npupoau. KonuBaHHA
NepioJInyHi, SKIIO 3HAYeHHS BCIX (I3UMYHUX XapaKTEPUCTUK CHUCTEMH, SIKI
3MIHIOIOTBCSl TIPU KOJMBAHHSX, TOBTOPIOIOTHCS HYepe3 MEBHUM MPOMIDKOK 4acy —
nepioj KoJauBaHp -

xt)=x(t+T)=x(t+2T)=....=x(t+nl), n=123...
X Ha puc.7.1 300paxkeHO NpuUKIagu pI3HUX 32

/\\ / dhopMor0 TIepIOANIHUX KOJMBAHb.

B I v W

X
A A
1,
X
t
T
X

r
k.

Pucynox 7.1

63



7.2 'apMOHIYHI KOJIMBAHHS

HaiinpocTtimiuM 1 HaWNOMIMPEHIIIMM TUNOM (32 (OPMOI) MEepPIOAUYHUX
KOJINBaHb € TAPMOHIYHI KoJuBaHH:. KonnBaHHS HAa3MBAIOTHCS TAPMOHIYHUMH, SKIIO
BEJIMUYMHA, SKa KOJHMBAETHCS, 3MIHIOETHCS 3a 3aKOHOM CHHYyca abo KOCHHYcA.
["apMOHIYHI KOJUBaHHS MOYKHA 300pa3uTH Ha BEKTOPHIN Aiarpami. B ribomy BUmaaxky

3 movarky koopauHat O Ha IUIONIMHI MPOBOJATH BEKTOP Z, MOJYJb SIKOTO
JOpIBHIOE aMIUNTyAl  KomuBaHb A =X, ( Xpwx — MaKCHUMalbHE 3HAYCHHS
BEJIMYMHU, KA KOJIMBAETHCS) 1 CKJIAAAa€ 3 BICCIO X

."\\V KYT, SIKMM JTIOpiBHIOE (ha3i KOJIMBaHb B JaHWH MOMEHT
EY qacy ¢o=ot+¢, (puc.7.2). Tyt  ¢@,=00) -
P \ nouatkoBa  (aza  komuBaHb mpu  t=0, a

T .
(o:Zch:? - HOHUKJIIIYHa 4YaCTOoTa KOJIMBAHb, sAKa

30ira€Thcsi 3 KYTOBOK  IMIBHUJKICTIO — GOCPTaHHS
BekTopa A, v=1/T miniitHa 9actota, T — mepion
FPucyror 7.2 KOJINBAaHb.

[Ipoexkiisi BekTopa A Ha Bich X (3MIIICHHS BEJIMYUHM BiJl MOJOKEHHS PIBHOBATH)
3MIHIOETHCA 32 3aKOHOM :

x(t) = Acos(ot + @), (7.1)
abo
X(t)= Asin(ot + ¢;),

T
ne @ Z(Po"‘z'

[lepma 1 gpyra moxinaHi Bif (7.1) 32 4acom € MBUIKICTIO 1 TIPUCKOPEHHSM BEJTUYHHH,
sIKa KOJIUBAETHCS:

Vt)= % =—Aosin(of + ¢,)) = Aocos(ot + ¢, + g) =V, cos(ot + ¢, + g) ; (7.2)
a(t)= m =—-An” cos(ot + @y) =An” cos(ot + @, + m) =a, cos(ot + ¢, + 1), (7.3)

ne Vy=A4Ao 1 a, = Aw’ - aMILIITya IMBUIKOCTI Ta MPUCKOPECHHS.

3 (7.2) ta (7.3) 6Gaummo, 110 WIBUJKICTh Ta TPUCKOPCHHS BEJIMYMHH, SKa
KOJIMBAETHCS, TAKOXK 3MIHIOETHCA 32 TAPMOHIYHUM 3aKOHOM 3 TIEIO K YacCTOTOIO, aJie

. . T
MBUAKICTH \% BUIICPCIKAE€ 3MIINICHHA X 3a (1)3.30}0 Ha 5 , A4 IIPUCKOPCHHA — HA 7

(puc.7.3). Oxpim Toro, 3 (7.3) omepxkumo, IO a(t):—(oz x(t), TOOTO MPUCKOPECHHS
IOPOMOPIIiiHE 3MIMIEHHI0 3  MPOTWICKHUM 3HakoM. Lleil 3B’S30Kk € O3HaKoIo
TapMOHIYHUX KOJIMBAaHb
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2

Pucynox.7.3

7.3 'apMoOHiYHHIT OCUMIATOP

Hexait matepianbHa TOYKa KOJMBAETHCS HABKOJIO MOJOXKEHHS PIBHOBATH, SIKE
BBAXKAETHCA MOYATKOM KoopauHaT. OCKIIbKH MaTepiajbHa TOUYKa PyXaeThes 3

npucKopeHHsM (7.3), To 11e 03Havae, 10 Ha Hel i€ cuJa:

_ _ 2
F.=ma,=-mw’x,

F=—kx, (7.5)
ne k =mo’— crana, Mo XapaKTepu3ye KOIHBAIbHHIT IPOIIEC.
OTxe, cuia MpOMOPIIiiiHA 3MIIIEHHIO MaTeplalbHOI TOUKH BiJ] IOJOKEHHS PIBHOBAru
1 HampsIMJICHA TPOTHIICKHO 3MIMIEHHIO (70 TMONOoXKeHHs piBHOBaru). Toxi 3 (7.5)
Ma€eMO:

d’x d’x k

Fx:max, -/cx=ma; -IOC:WZF; d—2+—x=0;
t t m
2
% +oix=0, (7.6)
t

Ik
Ie ®) =,/— -4acroTa,
m
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m . :
1,=2mn i nepioJl BUIbHUX a00 BIACHUX KOJIMBAHb.

3BEpHEMO yBary Ha Te, IO IepioJ KoauBaHb 1, 1 4acToTa ®, = 2TV, HE

3ajekaTh B aMIUTITYOd KOJHMBaHb. Ll BIAacTUBICTh KOJMMBAaHb HA3UBAETHCS
130XpOHHICTIO 1 € XapaKTepHOI0 PUCOI0 BCIX JIIHIMHUX KOJUBaJIbHUX cucteM. [lpu
NOpYILIEHH] I1i€] YMOBH — KOJIMBAHHSA HEMIHIMHI.

Po3B’s3kom piBHAHHA (7.6) € x= Acos(wyt+@y), O MOXHA HEPEBIPUTH

MiJICTAHOBKOIO. AMIUTITYly 1 MOYaTKOBY a3y KOJIMBaHb HE MOXXHA BU3HAUUTHU 3
mudepeHIianbHoro piBHAHHA (7.6), a TUIBKK 3 MOYaTKOBUX YMOB, 32 SIKMX BHUHHKIIH
KOJIMBAHHS.

Tpeba 3ayBaxuth, 1m0 JiHIiHE AUQEpeHiiaTbHe PIBHIAHHSA IPYroro MOPSAKY
(7.6) onucye rapMOHIYHI JiHIAHI KOJUBAHHSA OyIb-SIKOTO TIOXO/KEHHS (MEXaHIYHI —
KOJIMBAHHS MasTHUKA, €IEKTPOMATHITHI — KOJIMBaHHA 3apsay Ta iH.). [Ipu mpomy B
KOJMBAJIBHIA CHCTEMI HE OOOB’SI3KOBO TOBHWHHA MISTH MPYXKHA CHJA, JOCUTH 100
cuia 3MiHIOBalach 3a 3akoHoM (7.5). Taka cuiia Ha3MBAETHCA KBa3IMPYXKHOIO, a
KOJIMBAJIbHA CHUCTEMa Ma€ y3arajlbHIOIUY Ha3BY 2apMOHiuH020 ocyunamopa. IloBHa

eHepris ocmwiaTopa E CKIamaeTbes 3 KiHETHYHOI FE,. 1 moTeHIianbHOI FE

K n:

KinetnuHa eHeprist ocuuisATOpa 3 ypaxyBaHHsIM Bupasy (7.2.):
my? H’IA2(DZSiI12((D t+oy) 1
= 0 . 0"~ 0 :Zm@§A2[1+cos2((00t+(p0)]. (7.7)

[ToTeHIiaNbHY  CHEPrif0  3HAXOAUMO, BHUKOPUCTOBYIOYH  (OpMyly 3B SI3KY
noTeHIianbHoi eHeprii U 3 cuioro:

E

— X X 2
F=-gradU, Fx:—d—U, U:—jdex:jkxdx:kx_;
dx 0 0 2
2
U:%:ékAz cosZ(coOt+(p0).

BpaxoByrouu, mo k = moo02

U= %ma)ozAz cos(,t + @,) = %ma’ozf‘lz[1 —cos2(at +¢,)] =

1 (7.8)
= Zma)ozA2 [1 +cosLQwyt +2¢, + 7[)] .

3 BupaziB (7.7) Ta (7.8) BumuMBae, MmO KIHETUYHA 1 IOTEHIAJIbHA CHEPTIs
KOJIMBAJIBHOI CUCTEMHU 3MIHIOIOTHCS TAKOX MEPIOIUYHO, aje 3 MUKIIYHOI YaCTOTOIO
20, BABOE OUIBIIOK HIK YacTOTa KOJIMBaHb, Ta 13 3CyBOM ¢a3zu Mix E, 1 U, saxuil

nopiBHIOE 7 (puc.7.3).
[Ipy BINBHUX KOJIMBAaHHAX BUKOHYETHCS 3aKOH 30€peKCHHS eHeprii
(KkBa3impy>kHa CHJIa KOHCEPBATHBHA), TOMY ITOBHA €HEPTisl 3aJIUIIAETHCS CTAJIOK :

E :émoa()ZAz zékA2 :émVoz = const . (7.9)

OckinbKkHM cepefHl 3Ha4YeHHs (YHKINN sin’ (gt + @) i cos’ (gt +¢y) 3a
nepion gopiBHOOTE 1/2, T0o 3 (7.7) 1 (7.8) omepxumo, MmO CepeaHI 3HAYCHHS
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KIHETUYHOI 1 MOTEHIIaIbHOT €HepTii 3a mepioj] OAHAKOBI 1 KOXKHE 3 HUX JOPIBHIOE
MIOJIOBHHI ITOBHOI €HEPTii BUThHUX KOJUBaHb (pHC.7.3).

2 4

7.4 BiibHI He3raca4i KOJTUBaHHS MPYKHOI0, Gi3UYHOrO Ta
MATeMATHYHOI0 MAasITHUKIB

OnHuM 3 TIPUKIAAIB JIIHIHHOTO OCIWJIATOpPA € MPYKHUN

j e MasSTHUK — MaTepiajbHa TOYKa MacH m 3aKpilieHa Ha
an i npyxuHi (puc.7.4). Macor npyXuHH 1 TEPTIM HEXTYyEMO. Y
J0BH . . .
j,wwmmﬁ?mnﬁ_)) MOJIOKEHH1 PIBHOBaru Tija mpykuHa HenedopmoBana. Lle
* ¥ mosoxeHHs BHOEpEMO 3a MOYaTOK KoopauHat, a Bick OX
CIpsIMyEMO BIpaBo. SIKIIO TijJ Mdi€l0 30BHINIHBOT CHIIU
FucyHor 7.4 pAMY P

F 306y TIIO 3MIIIy€ThCA BiA TOJOXKEHHS PIBHOBArd Ha
BijicTaHb x (puc.7.4) Ha HBOTO, 3a 3aKoHOM ['yka, i€ cuia
npy»kHOCTI [, =—kx, fe k -KOCQILIEHT NPYX)HOCTI NPYKUHH. 3a APYTHM 3aKOHOM

Hrrotona: ma=-kx ;
2 2
d°x d°x «
m—2=—l<x; —2+—X:0. (711)
dt dt© m
[TopiBatoroun piBHsHHES (7.11) 3 (7.6) poOMMO BHUCHOBOK, IO MPYKHHMA
MasTHUK 3[1ICHIOE€ BUIbHI TapMOHIYHI KOJMBAHHA 32 3aKOHOM X = Acos(®yf + @),

: . [k :
110 € PO3B’sI3KOM piBHAHHA (7.11) 3 HMKIIIYHOIO YaCTOTOK M) =,[—  Ta NEPIOAOM
m

1,=2mn T [lepion konmBaHB 1 YAacTOTa HE 3aJIEkKATh Bl aMIUNTYyId. PiBHSIHHSA

. 2 . o
(7.11) nepenumemo y BUIIAAl: X+, x=0. AHaJOriYHUI XapakTep MarOTh

KOJIMBAHHS TiJIa MiABIIIIEHOTO /10 PpYXUHH. [ToTeHI1anbHa eHeprisl 111€i KOJIUBATBHOT
2

1 : : .
cucremu U :3kx2 , @ TIOBHa eHepria £ :7. @i3uyHUN MaITHUK — aOCOIIOTHO

TBEpJIe TUIO JOBLILHOI (POPMH Macoro m, sIKe KOJHMBAETHCS Yy TMOJI CHUIIM TSOKIHHS
HaBKOJIO OC1 z, SIKa HEe IPOXOJUTH uepe3 HeHTp Tsokinua C.

— Ha puc.7.5 Bicb oOepranHs z  HampsMieHa
OIE) \\.\x NEPIECHINKYISAPHO IUIOLUIMHI PUCYHKA, LIEHTP TSOKIHHSA
. E‘* \““'5 postamoBanuii B Touill C Ha BijctaHi R Big oci O, sika
r’fx\ C . 36iraeT_5051 3 BICCIO Z . 3FiI[H0. 3 OCHOBHHUM 3aKOHOM
] . -, JUHAMIKH O0OepTaIbHOTO pyXy TiJa 3 HEPYXOMOIO BICCIO
S N \ oOepTaHHsl PIBHSHHSA pPyXy MAasTHHUKA MPU BIIXHIEHHI
| . Mloro BiJl IOJIO’KEHHS PIBHOBArM Ha KYT L Ma€ BUTJIAL :
w9 IP.=M..

— ,_,-‘—_FJ

Fucynow 7.5 67



ne M, =-mgRsina. - o0epTaabHUIl MOMEHT CHJIN TSKIHHS BIAHOCHO OcCl z, /-
d2

: : : o
MOMEHT IHepLii MasTHUKA BITHOCHO 0C1 z, 3, = —— - KyTOBE [PHCKOPCHHSL.
dt
d’a :
]d—zz—ngsmoc. (7.12)
t

3HaK MIHYC BKa3y€ Ha Te, IO HAmpsAM MOMEHTY CWJIH TsDKIHHS Ta KyTOBOTO

TPUCKOPEHHS MpOTHIeKHi. [T Manux KyTiB Bimxmmenms sino~o, ax35" =77 i
piBHsiHHS (7.12) HaOyBa€e BUTIIALY :

2
1 d_;x =-mgRa.,
dt
d’ R
T8 a=0 (7.13)
dt
3a BurnsgoMm piBHsAHHS (7.13) 30iraerbces 3 piBHSIHHSM (7.6), SIKIIIO 3aMIHUTH X
ng 2

Ha o Ta IIO3HA4YNTH =0y . Takum YUHOM, 34 Bi,ZICYTHOCTi TCPTA MaJi

KOJIMBaHHS (DI3UYHOTO MAasITHUKA € TAPMOHIYHUMH :
o =0,cos(myt+@p),

mgR :
e M, = ,|—— - HUKIIYHA YacToTa
0 ] )
1

T,=2mn , (7.14)

mgR

nepioj] BJIaCHUX KOJIUBaHb (DI3UYHOTO MasITHUKA.
MaTteMaTUyHUN MasTHUK — MaTepiajibHa TOYKAa MAcol0 7 3aKpilljieHa Ha KIHII
HEBAromMoi HEpO3TSKHOI HHUTKU JIOBXKUHOIO /, sIKa KOJMBAETHCA Yy BEPTUKAIIbHIN

O TUIOMIMHI T JIIE€0 CUIM TOKiHHA (puc.7.6). MaremaTuuHuii
AL_ﬁL MasATHUK — TPaHUYHUM BUMNAIOK (i3WyHOTO MasTHHKA. [lpu
I“"C:“\_l IIbOMY MOMEHT 1HEpIi 1hOro MasTHHKAa BiTHOCHO oci O.
| N I=ml’ , @ BIACTaHb IEHTPAa TSHKIHHSA JO OCI JOPIBHIOE

| JIOB)XUHI HUTKA R =1 .
| [ukmiyHa 4YacToTa 1 MepioA KOJIWMBaHb TaKOrO0 MasTHHUKA

my g l
JIOPIBHIOIOTh (M) = Ik T, =2n_|—. Mam KOJIMBaHHS
g

Fucyrox 7.6 - .
¢Gi3uyHOrO Ta MATEMaTUYHOTO MASTHHUKIB 3 HEBEJIHUKOIO

aMIUTITYI0K0 130XpOHHI, TOOTO iX 4YacTOTH 1 mMepioau He
3anexarh Bl aMIUNTYAM O.,. B 3arajbHOMY BUIAJKy Mepioj KOJMBaHb (PI3UYHOIO

MasITHUKA 3aJI€KUTh Bl aMIUTITYIU O :
2 2
T=2m 1 ]+(£j sin2@+(i-i) sin? PO 4.
mgR 2 2 2 4 2
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. . a . .
HpI/I MaJIUX KyTaX BIAXWJICHHA JOJaHKaMH = Sll’1270, Ta OUIBIII BHCOKHX CTEIICHIB

MOJKHA 3HEXTYBATH, TO 1 0iepKy€eMo Bupa3 (7.14). 3ayBaxumo, 110 3MiHa nepiony 7,
npu 30UIbLIeHHI @, 10 15 He nepesuirye 0,5%.
SAxmo matemMaTUYHUN Ta (I3UYHUN MasSTHUKH MAalOTh OJHAKOBHHA TEPioj

KOJINBaHb, TO B IbOMY BHUIIAJIKY JOBKWMHA MAaTCMATUYHOI'0 MAasATHHUKA 136 = _R Mac€
m

Ha3By 3BEJCHOI JNOBXKMHHM (PI3UYHOrO MasATHUKA. 3aBxkiu [, >/=R- BIACTaHb 10

LEHTpa Mac, ToMy 110 3a TeopeMoro LlIteitHepa MOMEHT 1HepIIii MasTHUKA BITHOCHO

TOYKH MiJiBicy O TOPIBHIOE : 5
Iy=1,+mR

2
ne I, - MOMEHT 1HepIlii MasiTHUKa BiJHOCHO oci C, sika mapanenbHa oci O Ta
MIPOXOJIUTH Yepe3 IIEHTP Mac Tija.

I
s Ll iror,
mR mR

Touka O ', o0 3HaxoAuThes Ha JiHil OC (puc.7.5) Ha BiacTaHi1 Ly, Big Touku O,
HA3MBAETHCS TOYKOIO KOJIMBAaHb, a00 IIEHTPOM KOJWBaHb (HI3UYHOTO MAasTHUKA.
Touxka miaBicy dismunoro mMasTauka O i #oro HEHTp KonuBaHb O € B3aEMHUMH a60
CIIpsDKEHUMH. SIKIO B TOWII O mimsicuru G1BUYHUN MasSTHUK, TO WOro Tepion
KOJIMBaHb HE 3MIHHMTHCS, a IIEHTP KOJMBaHb mepeiiae B Touky O. Llg BIacTUBICTH
BUKOPHUCTOBYETHCS B 000OPOTHUX MasiTHUKAX, K1 3aCTOCOBYIOTHCS JIJISI BU3HAUCHHS

3 BEJIMKOIO TOYHICTIO MPUCKOPEHHS BUILHOTO NMAAIHHS B PI3HUX TOYKAX 3€MUIL.

MasTHUKH TIMPOKO 3aCTOCOBYIOTHCS Yy TOAWHHUKAX, Yy TpuWiagax s
BU3HAYEHHS TNPUCKOPEHHS PYXOMHUX TUI Ta BHUBYEHHS KOJIMBAaHb 3€MHOI KOpHU
(ceiicMorpadmu); y TIpOCKOMIYHUX TpUiIagax, y Npuiagax sl eKCIePUMEHTaTbHOTO
BU3HAYEHHS MOMEHTIB 1HEPIi TUI, JJ AOCIHIPKEHHS MEXaHIYHMX BJIACTUBOCTEH
TBEPAUX T 32 PI3HUX (HI3UYHUX YMOB.

7.5 lonaBaHHsI KOJIMBAHb

Hexaii Ti710 6epe yuacTh y ABOX KOJMBAHHSAX OJJHOTO HAMpPsIMY 3 OJIHAKOBOIO
4acTOTOIO
x;=A;cos(ot +¢;), x,=A4,cos(0t+@,).
3a J0MOMOro0 METOAY BEKTOPHHX JiarpaM MOXKHAa 3pOOWTH BHCHOBOK, IO
pe3yibTyroue 3MIIIeHHS Tila y OyIb-sSKUii MOMEHT dYacy

e JOPIBHIOE CyMl HE3aJeKHUX 3MIOIEHb @ X=X;+X,.
—> .f";’”ﬁ . - .

Ay o i ;’i Ockinbku BekTOpu A;1 A, 00epTaroThCs HaBKOJIO TOYKU O
. f/:’ib ;'\Eh:-npl 3 OJJHAKOBUMH KyTOBHUMH HIBUIKOCTSIMU ®, TO 3CyB (ha3 Mixk
,fiE;,;/ j}"f :r HUMH @=@, —(; 3 4aCOM He 3MIHIOETbCA 1 BEKTOp A
5}% ﬁ"{' ©® 1 | TakokK 00epTaTUMEThCs 3 KyTOBOK WIBMAKICTIO ®. Toi

0 x X <  PE3yJIbTyIoue KOJUBaHHs] FapMOHIYHE, HOr0 PiBHAHHSA

Fucyrow 7.7
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Ma€ BUIIAL X =X; + X, = Acos(ot + @), Ae A- ammiTyna 1 ¢ - nodyaTkona (¢aza

PE3YNIBTYI0YOT0 KOJTHBAHHS.
3 pucyHka (7.7) onepKKumMo

_ Ajsing; + A, sing,

1gQ (7.16)

A;cosq; + A,c0809,
3 (7.15) BugHO, 10 aMIUTITyAa pPE3YyJbTYIOUOTO KOJHMBAHHS 3aJIeKHUTh BIJ
pizHuLl (a3 ckiIamoBUX KosumBaHb. Skmo ¢, —¢;=2nn(n=0,1,2,..) TO
A=A4,+4,, npu ¢, —¢;=2n+1n,(n=0,1,2...), ToOTO CKJIaAOBl KOJIMBAHHS
BIIOYBalOThCS B MNPOTUIEKHUX (a3ax, a pesynbryroua ammunryga A=(A4, — A4;)
(aMImTiTYI@ 3aBKIM JTOAATHA BEIWYMHA). 3Ba)KAIOYM Ha Te, IO SHEPTis KOJIWBaHHS
IPOMNOpITiHA KBAJpaTy aMILTITYIH, OACPKUMO:
E=E +E,+ 2\/E1E2 cos(@, — ;) ,
TOOTO TIOBHA €HEPTisS PE3yJbTYIOYOrO0 KOJMBAHHS £ TaKOX 3aJIeKUTh BiJl PI3HMII
(a3 ckinanoBux 3 eHeprisimu E; 1 E,.

SIKIIO CKJ1a/aTy KOJIMBAHHSA 3 PI3HUMHU, ajle OJIM3bKUMU YaCTOTaMU
x;=A;cos(w;t+¢;), x,=A4,cos(®;t+¢;),
TO BEKTOpHU A; 1 A; 00epTatoThes 3 pI3SHUMHU KYTOBUMH IIBUJIKOCTSAMH, KyT MI’)K HUMH
Ta aMIUTITY/1a 3MIHIOBATUMYThCS 3 YaCOM — KOJIMBAHHS OyyTh HETAPMOHIYHUMH.
Jlns cripolieHHs BBaxaeMo, 1o A; = A, = A, 1 noyaTtkosi (pa3u AOPIBHIOKOTb

Hymo. Toal x; = Aycosw;t, x, = Ay cos®,t. CymapHe KOIMBaHHI: X =X; + X, =

W, —® W, +®
=A(cosm;t +cosm,t) =24, cos(%t) cos(%t). Axmo o, —w; =

Aw .
=Aw<<®;,0,,T0 X = (2Acos7t) Cos ;! , TOOTO aMILTITyAa (BUpa3 y JyXkKKax)

: : 2n
3MIHIOETBCS 3 4aCOM MEPIOAUYHO: Ty = —.
Ao
5 Jpyruii  MHOXXHUK  3MIHIOETHCS
T :

T=" IIBUJIKO, B PE3yJbTaTl MM OJEPKYEMO

. 2n
KOJMBaHHS 3 ep10aoM Tr=—,

®

aMIUTITyla  SKUX  3MIHIOETBCS 32
NEpPIOIMYHUM  3aKOHOM 3  MEpioJoM

T, = i—n (pucynok 7.8). Taki KoTuBaHHS
®

MarOTb Ha3BYy «OUTTAY.

Pucynox 7.8
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Cxiamai mepiofuyHi KOJMBAHHS  MOXHA  TOJATH  SIK  CYNEPIO3UINI0
OJIHOYaCHUX FapMOHIYHHMX KOJIMBAHb 3 PI3HUMH aMIUIITYIaMU, IOYaTKOBUMHU (pazaMu
1 4acTOTaMH, KPaTHUMH LHUKIIYHIN 9aCTOTI @

A
f(@)= 70+ A; cos(pt ++9;) + A, cosCwpt +@,) ++...+ 4, cos(yt +¢,,) .

Takuit Bua mnepioguyHol (YHKIII MOB’SI3aHUN 3 METOAOM T'apMOHIYHOTO
aHaJi3y CKJIaJHOTO MEepIOAMYHOr0 KOoJuBaHHS abo po3kinagoM Dyp’e. Unenu psgy
dyp’e, K1 BIANOBINAIOTH 33 FAPMOHIYHI KOJIMBAHHA 3 4acTOTaMU ,20,,30,...

MaloTh Ha3By IMeplIoi (OCHOBHOi), APyroi, TPeThOI Ta 1H. TAPMOHIK CKJIAJHOTO
NEePIOIMYHOTO KOJIMBAHHSI. Sxuo Timo Oepe y4yacThb y KOJUBAHHSX, HaNpsIMU
SKUX B3a€EMHO TEPIEHIUKYJSIPHI, @ YaCTOTH OJHAKOBI, TO TPAEKTOPIS KOJWBAHb
KpUBOJIHINHA, opMa 1i 3aIeKUTh B pi3HUII (a3 000X KOJIUBAHb.

Hexan
x=A;cos(ot +¢;) (7.17)
y=A4,cos(wf+,). '
Onep>KUMO piBHSHHSA TPAEKTOPIi pe3yIbTYIOUYOTO PyXY:
Ai:cosa)t-coscpj—sincot-sin(p,, (7.18)
1
Al:cosoat-cosqb—sin(ot-sin(pz. (7.19)
2

JoMHOxuMo piBHsAHHSA (7.18) Ha cos@,, a (7.19) Ha cosg; 1 3HalgeMoO ix
pi3HUILIIO, MOTIM TOMHOXkUMO (7.18) Ha sin@, , a (7.19) Ha sin@; 1 TakoX 3HaiemMo

PI3HHUITIO.
B pe3ynbTaTi 01epKUMO:
icoscp2 —lcoscp] =sinw? - sin(Q, —¢;), (7.20)
4 4,
X . y . :

—sin@, ———sin@; =cosw? - sin(Q, — ;). (7.21)
4 4,

PiBustans (7.20) 1 (7.21) migHeceMo A0 KBajapara i mowieHHO aoAamo ix. Jlictanemo:

2 2

T Y, Xy
Al A3 AA,
Bupas (7.22) € piBHSHHSM TpaeKTOpli pe3yiabTYHOHOro pyXy Tijla, K€ OAHOYACHO
Oepe y4acThb y JIBOX B3aEMHO TMEpPHNEHIUKYISPHUX KOJMBaHHAX. B 3aranbHOMY
BUIAJKY 1Ie euninc. BuzHauuMo ¢popMy TpaeKkTopii JUisl OKPEMHUX BUITAJIKIB .
Sxmo pi3HUNS paz @, —¢@; =0 , TO piBHAHHA (7.22) Mae BUIIIA
2

cos(p; — @) = Sinz((Pz Q). (7.22)

X oy : : . A .
— ——=—| =0, 3BiAKM OAEPKUMO PIBHSIHHS MPSAMOI y = —= x. Pe3ynpTyrounii pyx

4, 4, 4,

€ TAPMOHIYHUM KOJIMBAHHSM 3 YaCTOTOIO (O B3JIOBXK MPSAMOi, HAXUIIEHOT MiJI KyTOM
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4, . : : . .
o= arctgA— 10 oci OX. 3MilleHHS! TOYKH BiJ MOJOXKEHHS PIBHOBAru y OyIb-sIKUI

1

MOMEHT 4Yacy 3HaiigemMo sK S =x’ + y2 (puc.7.9(a)), ammniTyna  KOJHBaHb

S =A=\/A12 +A22. B npomy Bumagky MoBa i€ NOpo JIHIMHO MOJSPU30BaHI

KOJIUBaHHS . 3a YMOBU @, —@; =*xm 3 (7.22) onepxuMo, 110 TPAEKTOPIA - IpsAMa

¥ ¥
| e
500 |
Vob--x 1A Agi R
P o P
| |
7 X x X s x
a) 6)
Fricyror 7.4

. . A
miHiA, 3 pIBHAHHAM y=——2x, fKa
4

YTBOPIOE 3 BICCIO 0X
4,
KyTQ = arctg| — —
4;

Pesynpryrounit pyx TaKOX

KOJIMBaJIbHUM pyXx (puc7.96). ko
. T .
pi3HULIL daz @, —Q; = iE PIBHSIHHS

(7.22) naGyBae BUTIISIY:

2 2
X +y =1,

a4

TOOTO 1€ PIBHSHHS €JIiNca, Y SKOro IiBOCI JOPIBHIOWOTh A; i A, 1 Opi€HTOBaHI

B3JIOBXK KOOpJMHATHUX ocer Ox 1 Oy.

¥y

p=-mn/2

Fucynow 710

SIKI0 aMIITITYId OTHAKOBI
A; = A, = A , eninc NepeTBOPIOETHCS B
KOJIO.

Y BUIIAJIKY, KOJIU
O=0, —¢Q; =71/2 TIIO pyXaeTbci MO

SNINCY 3a CTPUIKOI0 TOJIWHHUKA, SKIIO
@=-n/2 , pyX ONPpOTH TOAMHHUKOBOI
ctpuiku (puc.7.10). Taki KonMBaHHS
HA3WBAIOTHCS ITUPKYJISIPHO
NOJSIPU30BAaHUMH, a00 KOJWUBAHHSIMHU
TIOJISIPU30BAHUMH T10 KOITY.

SKI0 4YacTOTH B3a€EMHO MEPHEHAMKYJISPHUX KOJHMBAHb, SKI CKJIQJalOThCS,
pi3HI, TO 3aMKHEHI TPAEKTOPii PE3yJbTYIOUMX KOJWUBAHb JOCUTH CKJIAJIHI 1 MalOTh
Ha3By ¢iryp Jliccaxy. Cnoctepesxxenns diryp Jliccaxy € B OCHOBI JOCUTb 3py4YHOTO
METOJIy JOCIIPKeHHSI CIIBBITHOIICHh MK 9YaCTOTaMu 1 (pa3aMH KOJMBaHb, a TAKOX
dbopmu kommBaHb. [ mporo ¢irypu Jliccaxy BOUCYIOTBCS B MPSIMOKYTHHUK, IICHTP
SKOTO 30IraeThCsl 3 MOYATKOM KOOPJAMHAT, @ O0KOBI CTOpOHM HapaienbHi ocsim OX i
OV 1 po3ramioBasi o 00M/IBl CTOPOHM B HUX Ha BiacTaHsax A4; i A,. BinHomeHHs

4aCcTOT KOJIMBaHb, SIKi CKIIAQJAIOThCS, JOPIBHIOE BiAHOIICHHIO YMCIA TOYOK TOTHUKY
¢iryp Jliccaxxy 3 cropoHaMu MPSIMOKYTHHUKA.
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1:2

1:3

A

Pucynox 7.11

Ha puc.7.11 nHaBeneHo ¢irypu uisi BUMNAJKIB, KOJIM YaCTOTHU CKJIQJIOBUX
KOJWBaHb BigHOCAThCA sk 1:2, 1:3, 2:3 BignoBigHo i pi3HUIl  ¢a3
T 37T
KOJIMBaHb P, — ¢; = Ap =0, 3,7,71.

NP

7.6 3aTyxaro4i KOJIMBAHHA

Mu posrasgand KOJWBadbHI PYXH, HEXTYIOUH JI€I0 CHJI TEPTS 1 OMOpPOM
cepenoBuiia. B peanbHiil cuTyarlii BHACTiOK BTpAaTU €HEPTii HA BUKOHAHHS poOOTH
IPOTU CHJI ONOPY 1 TEPTs Ta HAa BUIPOMIHIOBAHHS aMIUIITy/la KOJHMBAaHb 3 YacOM
3MeHIIy€eThCsl. Taki KOMMBaHHS HA3WBAIOTHCS 3aracalounMH.

PozrisiHemMo pyx niHIHOrO ocHuiATopa y B’si3koMmy cepenosuii. Ha Hboro,
KpIM KBasilpPYXHOI cund F,  =—kx, TpH HEBEJMKIA MIBUAKOCTI KOJIMBAJBHOI

CUCTEMHU [li€ CHWJIa OIOpPY CEpPEJOBHINA MPOIOPIIiifHA MIBUIKOCTI Ta HAMpPSIMIICHA
3aBXKAM IPOTH HANpsAMY MIBUJKOCTI cUcTeMu: F, =-—rl, ne r — Koe(ILIEHT OIopy.

3a npyrum 3akoHoM HproToHa nudepeHuianbHe PIBHAHHS PyXy OCIHJIATOpa Mae
BUTJISI:

X +2B% + 0gx =0, (7.23)
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r . k :
ne B=—— - KoeillleHT 3aTyXxaHHs, ®, =./— - YaCTOTa BUILHUX KOJUBAaHb
2 Y
m m

CUCTEMH 3a BiJICyTHOCTI CHJIU OTIOPY.
P03B’5130K 11bOTO PIBHSHHS (SKIO O = (00 B >0):
x(t) = A(t) cos(of + @) , (7.24)
7ie @ - 4acTOTa 3aTyXal0unX KOJINBaHb.
3ayBa)kMMO, 10 B [bOMY BHUMAJKy aMIUNITyJa KOJHWBaHb IOBHUHHA

3MEHIIYBAaTHCh 3 YaCOM 3aBJsIKKM BTpaTaM €HEprii Ha BUKOHAHHSA pOOOTH MPOTH CHII
onopy. 3a 4yac d¢f BTpaTH €Heprii:

dE=F, -dx=—rV,Vdt=—rV’dt; =i

—_— = =——F,. 7.25
dt m 2 m K ( )

3 (7.24) 3naiinemo BTpatu eHeprii 3a ofauH mepioA. OCKIIbKM CepeHE 3HAUYCHHS
KIHETUYHOI €Heprii KOJWBAJIbHOTO PyXy MAOPIBHIOE IOJIOBMHI HOTO MOBHOI €HEeprii

(7.10), o610 E) = éE , TOJ1 pIBHICTH (7.24) MOKHA MEPENUCATH SIK:

9E_ T o pE. (7.26)
dt m

3 (7.24) oyeBuAHO, MIO WIBUAKICTP 3MEHLICHHS €HEprii MpH 3aTyXardux

KOJIMBAHHSX IponopiiiiHa eneprii. [lepenumemo Bupas (7.25):

dE
— =—2PBdt;
Z B
E=E, ¢ P (7.27)
PiBusanHa (7.27) - 3akOH BTpaTH €HEprii 3 4dacoM, ne £, - 3Ha4Y€HHs €Heprii B

MOMEHT 4acy ¢ = (). OcKiIbKM NTOBHA €HEPTrisl MPOIMOpIiiHA KBaApaTy aMILIITyAH, TO
3 (7.27) ogepKUMo 3aJeXKHICTh aMIUTITYIM 3aTyXal0unuX KOJMBAHb BiJ 4acy:

At)=4, -
OTxe, aMIUTTyJa 3aTyXalouhX KOJUBaHb
x 3MEHIIYE€ThCS 3 qacoM 3a
A Fleos (ot + ¢y ) eKCIIOHEHI[IAIbHUM  3aKOHOM, TOOTO

pO3B’sA30K piBHSHHSA (7.22) Ma€e BUTIIL :

A—Ane Y
x(t)= dge P cos(ot + ¢p) . (7.28)
A /\/ Ha pucynky 7.12 300pakeHO 3aJI€KHICTh

}g f A\ j Lf t (7.28) . baunmo, 1m0 amIUIITYya KOJMBAaHb

A=A4ye®  smenmyerscs 3 wacom 3a

o EKCIIOHEHI[IaIbHUM  3aKoHOM, 4, -
MOYaTKOBA aMILIITy a2 npu t=0.

Pucynox 7.12 KomvBanHs B 1bOMYy BHUNAAKYy HE €

NEePIOIMYHUMU, aJie MPU MajJuX 3aTyXaHHSIX MOXKHa BBECTH YMOBHHUU mepion (abo
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KBA3iMepion), SKUil TOPIBHIOE :

1 301IbIIY€ETHCA 13 3pOCTaHHAM Koe(ilieHTa 3aTyxaHHs 3. OueBHIHO, 1110 el nepioj

) . ) i 27
OlMpIIMIA 3a Tepio]] BIACHUX TapMOHIYHUX KOJIMBaHb Oe3 3aryxaHHA 1) =—<T .

@y
[Tpomixkok Yacy, 3a SIKMW aMmIUIITyJa KOJUBaHb 3MEHIIYETHCS Y € Pas3iB, Ma€ Ha3BY
yacy penakcauii 7 :
A(t) _ eBr
A(t+1)
Yac penakcariii - BenuunHa o0epHeHa KOe(IIIEHTY 3aTyXaHHS.
HarypanbHuii norapudm BiZHOIIEHHS JBOX TMOCTIAOBHUX AaMIUNTYM, SKi
BIJIPI3HAIOTHCS O[HA BiJl OAHOI HA TEPiOJ,, MA€ HA3BY JIOTAPU(MIYHOTO JIEKPEMEHTa
3racaHHs A. BiH xapakTepu3ye MBUAKICTh 3aTyXaHHS KOJMBAHb 1 JOPIBHIOE :

=e; Bt=1; rzl.

_B[
hem—A0 __y, Ae g
At +T) Aje PUrD)
T I
7\(: t:—:—‘
P T N

Tob6to morapudgMiyHUi JEKPEMEHT 3racaHHs - (i3MYHa BEeIWYHMHA OOEpHEHA YHCITy
KOJIMBaHb N, gKe 31HCHUTh CUCTEMA, JOKH aMIUTITYy/]a 3MEHILYEThCS Y € pPa3iB.

VY TexHilll BUKOPHUCTOBYIOTh BEJIWYWHY, SKa Ma€ Ha3By JOOPOTHOCTI -
BEJIMYMHU TMPOIOPIIIAHIN BITHOIIECHHIO €HEPTii KOJUBAJIBHOI CUCTEMU B JICSKUIM
MOMEHT 4acy J0 3MIHH BEJIMYMHU €HEPTii 3a Mepio/;

0=2n E() _
Et)-Et+T)
bepyun no yBarmu, mio eHeprisi KOJIMBaHb MPOMOpPIIHHA KBaJgpaTy aMILTITyId

U1 MaJIuX 3Ha4€Hb A 0JIEPKUMO:
AZ —2Bt ] ]
0=2n . _Zﬁtoe P =21n g = 2T 5

2

k1o A Mane, To pO3KJIaBIId e A y psii, MAaEMO: e =1+20+...,

Q="=mN,
A
TOOTO JAOOPOTHICTH MPOMOPIliiHA YHUCITYy KOJIMBAaHb, AK€ 3IMCHUTH CHUCTEMA 3a Yac
penakcanii, 3a Yac 3MEHIICHHS aMIUNITyId KOJMBaHb B € pasiB. Skmio
(o:cog —[32 <0, To mpu 30UIbIIEHH]I Koe(dillieHTa 3aTyXaHHS YMOBHHI Mepion
3poctae 1 npu =, oO0epTaeTbcs Ha HECKIHYEHHICTb. Pyx Oyzae amepioguuHuM.

k1o cucteMy BUBECTH 13 CTaHy PIBHOBArd, MOBEPTAETHCS IO IBOTO CTaHy CHUCTEMa
0e3 31IMCHEHHS KOJIMBAHb.
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7.7 BumynieHi KOJMBAHHS

Ak Oyno po3ryisiHYTO B po3Autl 7.6, B peaJibHUX CHUCTeMax BiJIOyBa€TbCs
3racaHHs KoJuBaHb. J[JI1 MIATPUMKU CTajloi aMIUTITYJd BTpaTU e€Heprii Tpeda
KOMITEHCYBATH JI€10 30BHIIIHBOI IEPIOANYHOT CHUIIH.

PosrnssHemMo JMHIWHUN OCHIIISTOP, aHAJIOTTYHUN PO3IIISTHYTOMY Y po3au 7.6,
aJie 32 YMOBH Ji1i 30BHINTHBOI MEPIOUIHOT CUITH:

F(t)=Fycos Qt

ne Fy i (2-ammiiTyaa 1 4acToTa 3MyIIyH4O0l CHIIH.

B npomy Bumnanky piBHsHHS (7.22) Ma€ BUTIIAI;

X+ 2B x+ co%x = F—Ocoth . (7.29)
m

Lle HeogHOpiaHE AUdepeHIianbHe PIBHAHHSA IPYroro MOpsIKy. 3aralbHU po3B’ 30K
TaKOTO PIBHSIHHS X(?) € CYMOIO 3araIbHOTO PO3B’SI3KY OJHOPITHOTO PIBHSHHS X;(?), Ta
YaCTUHHOTO PO3B’A3KY HEOJHOPIIHOTO AU(EePEHITIAIBHOTO PIBHIHHS X;(2):
X(1)=x;(t) + x,5(1).
3aranbHU PO3B’ 30K OJHOPITHOTO PIBHSAHHSA MA€ BUTJIS]
x;(1) = Aye™™ cos(ot +¢,), (7.30)

2 @2 -
e o=+0;,—B" ,a A, , ¢, — CcTani BeIUUNHHU.

YactuHHUHN po3B’ 30K HEOJTHOPITHOTO PIBHSIHHS ITYKAEMO Y BUTIIAII:
X,(t)= Acos(Ct + @), (7.31)
ne A - aMIUliTyAa yCTaJIGHUX KOJWBaHb, (- 3CyB (a3 MiX 3MIIIEHHAM 1
3MYIIYIOYOI0 CHUIIOH0.
Jliist po3paxyHKy 4 1 ¢ Bi3pbMeMo mepiry 1 gpyry noxigHy Bix (7.31) 3a yacom 1
M1JIcCTaBUMO B piBHsIHHSA (7.29) :

F,
A’ cos(Qt + @+ 1) + 2QAcos(Qt + ¢ + g) + cogA cos(Qt + @) =—LcosQt  (7.32)
m

3BIIKM BUIUIMBAE, MO CcTali 4 1 (¢ MaloOTh Takl 3HAYEHHs, 3a SKUX TapMOHIYHA

. F, : . . NV
dynxmis  —LcosQ¢ nmopiBHIOBama 6 CyMi TPhOX TIapMOHIYHHX (YHKIiH IiBOI
m

YaCTUHU PIBHSIHHSA. 3aCTOCYEMO METOJ] BEKTOpHHMX miarpam. Ha pucynky 7.13
300pa)K€HO BEKTOPH1 aMILIITYIM BCIX YOTUPHOX KOJMBaHb 3 YpaxXyBaHHSM 3CyBY (a3.
Tomi:
F2

A (0 - Q) +4p°Q° 47 =1,
m
_ Fy

my(w — Q) +4p°Q)°

3cyB (a3 MiXK 3MILIIEHHSM 1 3MYIITYIOUOI0 CHIIOKO:

A (7.33)
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2BQ

(7.34)

2BQA i
m

¢

DN
> >

AQ? Alo; -Q7%) Ao,

A
A

Pucynox 7.13

B pesynbrati po3B’s30K piBHsIHHS (7.32) Ma€e BUTTIS;

x(t) = Aoe_m cos(wf + @) + Acos(Qt + ).

[Mepmmii mogaHOK Mae TIEpEeBaKHE 3HAYCHHS TITBKH HAa TIOYATKY KOJWBaHb
(mepio BCTAaHOBIICHHS KOJIMBaHb), JOKA aMIUTITyJa He fAocarHe BennyuHu (7.33). B
YCTAJIEHOMY PEKMMI BHUMYIIEHI KOJIMBAHHS € TapMOHIYHMMM 1 BIIOYBarOThCA 3
4aCTOTOIO 3MYyIIyrouoi cuiau Q (puc. 7.14).

3 (7.33) BumimBae, 10 aMIUITyJa BUMYIICHHUX KOJIMBAHb 3aJICKUTH BIJ
YacTOTH 3MYyIIyouoi cuii. [Ipy HaGIMKEHHI 4aCTOTH 30BHINIHBOI CHJIM JIO BJIACHOT
YaCTOTH KOJMBaHb CHUCTEMH aMIUIITyJa KOJIuBaHb 3poctae (puc.7.15). Lle sBurie
Ma€ Ha3By pe3oHaHCy. YacToTy 3MyIIyIO4Yoi CHJIM, TpPH SKi CIOCTepiraeTbes
MaKCUMaJIbHE 3HA4YeHHS aMIUNTyau (Mpu ctamomMy [3), Ha3MBaIOTh PE30HAHCHOIO

< gacToToro (2 pes B wmpomy Bumnaaky

3HaMeHHUK B (7.33) TOBUHEH MaTHu
MIHIMaJIbHE 3HAYCHHS, K€ BU3HAYAETHCS

P 3a YMOBH, IO TOXiJHA BiJ 3HAMCHHHKA
f’/\ JIOPIBHIOE HYJIIO:
2 2 2
o, —Q° .. —2p =0.

4
~ 0
4 e3
Y} U t g
e vy oy oy €1auHe 3HAYCHHS (D, SKE Mae

¢b13uuHUM 3MICT:

_ [ 2 a2
4aC YCTAHORIIEHHS QpeS’_ oy — 2P~ . (7.35)

BHMYII €HHX KOITHB aHb Konun  koediiieHT  3aTyxaHHS
Pucyson 7.14 B=0 , to npu Q=0wm, amIUNTyIa CTa€
HECKIHYEHHO BEJIUKOIO. Hacmiagkom
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30UTBIIICHHS 3aTyXaHHS [3 € 3MEHIIEHHS aMIUNTYAu KOJIMBaHb 1 3CyBY PE30HAHCHOI

YaCTOTH J0 MEHIIMX 3Ha4yeHb (puc.7.15).
3 (735 1 (7.33)

A
OJIEP’KUMO BEIIMUUHY
| B,=0 aMILTITYIU TIPU PE30HAHCI:
F,
B2=P3<By Ay = 02 =
2mBy oy — P
v Tpeba 3ayBaxuTu, IO
e N . Opd  3MEHIIEHHI  4YacTOTH
Moy (6:';'&)0 3MYIIYIO4O0i CHJIM 10 HyJIs, Ha
’ (2 pe30HAaHCHHX KPHBUX OJHAKOBE
, F,
Fucynor 715 3HAYCHHS aMILTITy N —02 , 400
mwo
F, . :
it [le cratwyHe BIOXWJICHHS, TOOTO BEIWYMHA 3CYBY BIJI TIOJOXKEHHS
piBHOBary, sike Ma€ cucteMa npu aii cranoi cun £ (puc. 7.15).
¢
T
B2<PB3<PBs
T
2
0 Mo Q

Pucynox 7.16

Ha (puc.7.16) 300paxkeHO CIMEMCTBO (ha30BUX PE3OHAHCHUX KPHUBHUX, TOOTO
3QJICKHICTh 3CYBY (a3 MK CHJIOIO 1 3MIIICHHSM BiJ 4acTOTH CHUIX (2 JUIS Pi3HUX

3Ha4eHb 3. 3 (7.34) acHo, moipu Q=01 =0, xomu Q=w, ¢ :g 3a OyAb-SIKUX

3HaueHb KoediuieHTa 3aTyxaHHs [3. [Ipm 30unbmenHi ) 3cyB ¢a3 3poctae i npu
Q>> o, ¢®— T , TOOTO Pa3za KoJIMBaHb Maike MpoTUiiekHa (a3l 30BHINIHBOI
CHJIH.

SBuiie pe3oHaHCY MoOKe OyTH sIK KOpUCHUM (B palOTeXHilll, MPUKIaTHIN
aKyCTHIIl, €JICKTPOTEXHIIll), TaK 1 MIKIJUTMBUM (IPU KOHCTPYIOBAHHI MaIllMH, IBUTYHIB
1 IHIIUX MEXaHI3MIB Tpeba YHHMKATH LBOTO SIBUINA, 100 3amo0irTH pyWHYBaHHIO
MEXaHI3My ).

7.8 IlapaMeTpUYHMiA Pe30HAHC

HeszaTyxaroui KoJMBaHHS MOXHA OJepXKaTH HE TUIBKM BHACIIJIOK Ail
30BHINIHBOI HE(PI3UYHOI CHJIM, a TaKOoX TMpU TEpPIOAUYHIN 3MiHI IMapaMeTpiB
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KOJMBAJIBHOI CHUCTEeMH. AMIUTITY/la KOJWBaHb B 3aJCKHOCTI BiJ YaCTOTH 3MiHH
mapaMeTpiB  MoOXe  3pocTaTH. Take 30ymKEHHS  KOJIMBaHb  HA3HUBAETHCSA
napaMeTPUIHUM PE30HAHCOM.
Sx mpukiIan, MOXHA HABECTH PO3TOWMIYBaHHS TOWIAIKW JIFOJUHOIO, SKa
pPETYISIPHO TIpHCiTae 1 TMITHIMAETHCA, TOOTO B IMHOMY BHUIAAKY IEPIOJTUIHO
3MIILYETHCS MOJIOKEHHS [IEHTPA Mac CUCTEMH.
gy JI1s MOSCHEHHS LLOIO METOAY 30YIKEHHS
KOJIMBaHb PO3IJITHEMO  KOJIMBaHHS MasiTHUKA,
JOBXHHY HHUTKH SKOTO MOXXHAa 3MIHIOBATH,
F nmepexunyBmm ii uepes Onok. Hexaii B MOMeHT
- KOXXHOTO  TMPOXO/UKEHHS  4Yepe3  IMOJIOKEHHS
pIBHOBAaru MasiTHUK TMIATATYETHCS 30BHIIMIHBOIO
CWIO F Ha JesKy HEBEIUKY BHUCOTY h (Mmaiy
MOPIBHSHO 3 JOBXHHOK MasTHWKa [), a B
KOXXHOMY  KpallHbOMYy  TIOJIO)KCHHI  HHUTKa
BIJINYCKAETHCA HAa Ty )X JOBXHHY /. 3a KOXHUU
nepioj IOBXKHHA MasTHHUKA B4l 30UIBIIYETHCS 1
3MEHIIYEThCS, TOOTO YacTOTa MEPIOJUYHOI 3MIHU
napaMerpa (JIOBXXKMHA MasTHHUKA) BIBIUl OlIbIIa
Y 4acTOTH MHOro BIACHUX KoJuBaHb. [lomoBikeHHs
HUTKH BIJOYBAETHCA TIPU TMOXUJIOMY IOJOXKEHHI
MasTHUKA, TOJII B IIE MOMEHT BiH OITYCKA€ThCS Ha
Prcviox 717 BUCOTY  hCOS@,, $Ka MEHIIA 3a BHCOTY /A

mg me

MIJHIMAHHS B MOMEHTHM BKOPOYYBAHHS HUTKH.
ToMy 3a KOKHE MOJIOBXKEHHS 1 BKOPOUYBAHHSI HUTKH 30BHIIIHS CUJIa BUKOHYE MPOTH
CWJIM TSDKIHHS pOOOTY, sIKa JOPIBHIOE:

1
A=mgh(1 ~cos g,) ~— mgho]

(KYT @, BBaXXa€TbCsI MMM, TOAL COSQ, ~ [ — @70).

Kpim Toro, 30BHIIHSA cuia F BUKOHYE IIe poOOTY MPOTH BIAIEHTPOBOI CHIIH, SKa
2

po3tsarye HuUTKy. Ll pobora nopiBHIOE (V) — MakcuManbHa HIBHIKICTb

MasiTHHKA) B HI)KHbOMY TMOJIOKEHHI MAasITHUKA 1 HYJIFO B HOro KpalHIX MOJIOKEHHSIX
(m1e MBUIKICT, MAasTHHKA JOPIBHIOE HYJNI0). TakuM YMHOM, CyMmMapHa poOoTa
30BHIIIHBOI CUJTU 32 MEP10/1 KOJMBAHHS MasTHUKA JJOPIBHIOE:
2
mV,
[

A= 2(§mgh(p5 + h).

Ane V() = I(P()O), AC =, ,% - BJIaCHA 44CTOTa KOJIMBAHb MAaATHUKA, TOMY

hmV§
[ 2

A=6—
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Pobota, siky BUKOHYE 30BHIIIHS CHUJIa HAJ MasTHUKOM, J0JaTHA 1 MPOMOPIIiitHa Horo
eHeprii. ToMy eHeprisi MasTHHUKa MNEPIOJUYHO 30UIBLIYETHCS, OJEPKYE 3a KOXKEH

nepioJl HEeBEIUKUN MPHUPICT, MPONOPLUIMHMM LIA €HEeprii 1 BeJIMYHHI s B npomy

NOJIATa€ MEXaHI3M MapaMeTpPUYHOIro pe3oHaHcy. IlepiomnyHa 3MiHAa MapaMeTpiB
KOJMBAJIbHOI CUCTEMM (3 YAaCTOTOIO BJIBiYl OLIBIIOI 32 BJIACHY YaCTOTYy CHCTEMH)
MPU3BOJUTE JI0 CUCTEMATUYHOTO 30UIBIIEHHS i CEpelNHbOi eHeprii £, MBHUAKICTH
I[bOT'0 301TBIIICHHS MTponopIliiiHa £ :

d—E:2NE,
dt

e N - HEBeJIUKa cTajia BeJIWnYnHa.
[{e ciiBBiAHOIIIEHHS TaKe K, K 1 JJIS 3aTyXalUWX KOJHMBaHb, ajie¢ B I[bOMY BHITQJIKY

MOX1/THa = HE BiJI €MHa, a qonatHa. lle o3Havae, mo eHepris, a 3 HEIO 1 aMIUTITyAa
t

eKCIOHEHI1aJIbHO 3pOCTAIOTh 3 YACOM.

[CHYIOTh KOJMBAJIbHI CHCTEMH, KOJWBAaHHS SKUX 30Y/KYIOTHCSA 32 PaxyHOK
MOCTIAHO J1t04oro jpkepena eHeprii. Lle mkepeno mocTiiiHO KOMIIEHCY€E 3MEHILICHHS
€Heprii B CUCTEMI BHACHIOK 3aTyxaHHs. [IpukiaagoM Takoi CUCTEMH € MeXaHIYHI
TOJIMHHUKH, B SKUX JKEPEJIOM €HEpPTii € CTUCHYTa MpykuHa abo migHATI rupi. Taki
CUCTEMU HA3MBAIOTHCS aBTOKOJIUBAJIBLHUMU.

ABTOKOJIMBallbHA CHUCTEMAa CKJIQJA€TbCsl 3 TPbOX €JEMEHTIB: Tija, IO
KOJIMBAETHCS (B TOAUHHUKY I1€ MasSTHHUK), CTAIlIOHAPHOTO JpKepesia eHeprii (miaHsaTa
rups abo MpyKUHA), TPUCTPOIO, SIKUM PETYIIOE Tiepeady eHeprii Bij 11 Jpkepena J0
KOJUBaAJIBHOI cucteMu. Koam eHepris, IO TIepelaeTbes Bia JpKepena [0
KOJIMBAJIBHOTO Tij1a 3a MEP1oJl KOJUBaHb, IOPIBHIOE EHEPTil, BUTPAUCHIN TIIOM 32 IIei
MPOMIDKOK 4Yacy Ha TOJOJAaHHS CHUJ TEPTSA, TO B  CHCTEMiI  BCTAHOBIIOIOTHCS
HE3aTyXardl KOJMBAHHS 3 CTAJIO0 aMILTITYI0F0 — aBTOKOJIMBAHHSI.
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YACTHUHA 11. MOJIEKYJISIPHA ®I3UKA I TEPMO/IMHAMIKA
8 TIEPIIUN 3AKOH TEPMOJANHAMIKUA
8.1 CraTucT4HMii Ta TEPMOAUHAMIYHHMI METOIM TOCTiIKEHb

TepmoaumHaMika Ta MOJEKyJsipHa (i3WKa BHUBYAIOTH SIBUINA, SKI 3YMOBIICHI
O€3IMepepBHUM PYXOM Ta B3a€EMOJIIEI0 BEIWYE3HOI KIJTBLKOCTI MOJIEKYJ a0o0 1HIIMX
YaCTUHOK, 3 SKUX CKJIaJarThesa Tuta. [IpeameTom 1ux po3aiaiB Gpi3MKU € BUBUCHHS
3aKOHOMIPDHOCTEH menniogo2o pyxy, aje CYTTEBOIO BIAMIHHICTIO € METO/IH
JIOCI1IKEHb.

Tepmoounamiunuii METOJI HE BUKOPUCTOBYE YSIBJICHB MPO MOJIEKYJISIPHY OyJI0BY
peuoBUMH Ta (Pi3UUHY NOPUPOLY TEIUIOTH, HE PO3TISAAE BHYTPIMIHIA MeXaHI3M
JOCHIPKYBaHUX SIBUIL. TepMoaMHaMiKa € aKkCIOMaTUYHOK HAYKOH, BUCHOBKU SKOT
IPYHTYIOTBCSI Ha 3arajbHUX 3aKOHAaX ab0 Hadajax, [0 € y3arajJbHEHHSIM JIOCIHiTHUX
(dakTiB.

Monexkynapua ¢izuxa — po3ain Gi13UKH, sIKUM BUBYA€ (DI3UUYHI BIACTUBOCTI Ta
CTaH TiJI, CHUPAIOYUCh Ha YSABJICHHS MPO BHYTPILIHIO OYJI0BY, B3a€EMOJII0 YaCTHHOK,
Mo CKIAJAl0Th Tina, Ta ix xapaktep pyxy. O6’eM razy Im® wmicture ~ 107
CTPYKTYPHUX OAWHHIIL (aTOMIB, MOJIEKYJ), SIKI O€3MepepBHO PYyXaroThCH,
CTHKAIOYNCh MK co0oro. KoopamHatu, MmBHIKICTH, €HEprisi OKpeMOi YaCTHHKH €
BUIIaIKOBUMH BEJIMYMHAMMU, aji€ MMOBEIIHKY CYKYIHOCTI BEJIMKOI KIJIbKOCTI YACTUHOK
MO’KHA BU3HAYUTH, BUKOPUCTOBYIOUH METOIN MAaTEMATUYHOI CTATUCTUKH.

MonexynsipHa ¢bi3uka BCTAHOBJTIOE CTaTUCTUYHI 3aKOHOMIPHOCTI
MaKpOCKOMNIYHOI MOBEIIHKU CUCTEM, BIJCYTHI JIJIsl OKPEMHUX MOJIEKYL.

Takum YMHOM, TEPMOJMHAMIYHMI Ta CTATUCTUYHUN METOAM JOCIIIKEHb
JOTIOBHIOIOTH OJMH OJTHOTO, PO3TJISAAI0YH TEIUIOBI SBUINA 3 PI3HUX TOYOK 30Dy .

8.2 OcHOBHI MOHATTHA TEPMOAMHAMIKHU

TernoBuii pyx NpuTaMaHHUW TIIBKA 00’ €KTaMm, IO CKJIAJAIOTHCA 3 BEJIHMKOI
KUTBKOCTI  CTPYKTYPHUX OJUHHUIL — MAaKpOCKOIMYHUM cuctemam. Cucrema
MaKpOCKOMIYHUX TUI, SKI B3a€EMOJIIOTH Ta OOMIHIOIOTBCS  EHEPri€l0  —
mepmoounamiyna cucmema. Di3uYHI BEIUYMHH, SKI XapaKTEPU3YIOTh CUCTEMY —
mepmMoOuHamiyni napamempu, ab0 napamempu cmawy cucmemu. MaKpOCKOIIUHI
BEIIMYHMHMY, SKI BU3HAYAIOTHCS TIOJOKECHHSIM Ta BJIACTUBOCTSMHM Tijl, IO HE BXOJSATH
0 CKJIaAy CHUCTEMH, HA3UBAKOTh 306HIWHIMU napamempamu. Brympiwmnimu
napamempamuy Ha3WBAIOTh BETUYMHU, IO BU3HAYAIOTh BHYTPIIIHIN CTaH CHUCTEMH,
BOHU 3aJI€KaTh BiJ MOJIO)KEHHS 30BHIIIHIX TUI Ta BiJ PYXY 1 MOJOXEHHS YaCTUHOK
cuctemMu. Hampuknaza, sKIio ra3 3HaXOAUTHCS B IMOCYAMHI TEBHOTO 00’emy V B
CJICKTPOCTATUYHOMY TIOJIi, TO 30BHIIIHIMHU MapaMeTpaMu € 00’ €M (BiH 3aJICKUTh Bij
pO3TallyBaHHs CTIHOK IOCYJAMHHM) Ta HANPY>KEHICTh 30BHIIIHHOTO €IEKTPUYHOTO
noJig. BHyTpimiHI mapaMeTpu — THCK Ta €JIEKTPUYHUN JUIOJILHUNH MOMEHT (BEKTOP
noJisIpu3ariii) rasy.
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Ao napaMeTpu CHCTEMH HE 3MIHIOIOTBCS 3 4YacoM, TO CTaH CHCTEMH
HA3UBAIOTh CIMAYIOHAPHUM.

Sxuo cuctema He OOMIHIOETHCSI €HEPTi€r0, PEYOBUHOI UM BUIIPOMIHIOBAHHSIM
3 30BHIIIHIMM TiIaMH, TO TaKy CUCTEMY Ha3UBAIOTh i30.1b068aHOI0. Y3arajibHEHHSIM
JOCIITHUX PE3YJbTATIB € MOJOKEHHS NpO ICHYBaHHS CTaHy MepMOOUHAMIUHOT
pisHoBacu, sIK€ HA3UBAKOTb NePUWUM HOCMYAAMOM MEPMOOUHAMIKU: 130JbOBAHA
MaKpOCKOIIIYHA CHCTEMa 3a HE3MIHHHUX 30BHIIIHIX YMOB IEPEXOJUTh A0 CTaHy
TepPMOJMHAMIYHOI piBHOBaru. B 1bOMY CTaHI MaKpOCKOITIYHI TapamMeTpu
3aJIMIIAI0THCS CTAJIMMU, CUCTEMA CIIOHTAHHO HE MOXE BUITH 13 CTaHy pIBHOBArH.

Cratuctuyna (i3uka JOBOAUTH, IO CTaH TEPMOJUHAMIYHOI PIBHOBAarM —
HAWOUIBIII IMOBIPHHMIM CTaH CUCTEMH, SIKMM HAW4YacCTillleé CTBOPIOETHCS UYACTUHKAMH,
mo Oe3nepepBHO pyxaroTbea. ToOTO MOCTyJaT MpPO Mepexif CUCTEeMU A0 CTaHy
TEPMOJIMHAMIYHOI PIBHOBarM BKa3ye Ha HAWIMOBIPHIIIY MOBEIIHKY CHCTEMH.
CroHTaHH! BIAXWJIEHHS [apaMeTpiB CHCTEMHM BIJ PIBHOBaXXHUX 3HAYEHb
(pmykTyamii) MOKIMBI BHACTIOK HEMEPEPBHOTO TEIUIOBOTO PyXy. Alle BHIIQIKOBI
BIJIXWJICHHSI TTapaMeTpiB CUCTEMHU BiJ CEpelIHIX 3HAUYE€Hb BUHUKAIOTh Y HEBEJIMKHUX
00’eMax abo0 MPOTITOM HEBEIMKUX MPOMIKKIB yacy. JIJisi MakpOCKOIMIYHUX CHCTEM
BIIHOCHI (piIyKTyamii TMM MEHIIl, YUM OuIbIlIa KUIBKICTh YAaCTUHOK BXOAMUTH IO
ckiany cucteMu. Tomy mosiBa 3HauHUX (IyKTyalid B TEPMOJMHAMIYHMX CHUCTEMax
MaJIOiMOBIpHA.

[Tepexin 1301bOBAHOI CHCTEMH JIO CTaHy TEPMOJMHAMIYHOI pIBHOBAru
HA3UBAIOTh NPOYECcoOM perakcayii, a 4ac, MpOTIroM sIKOTO B1AOYBA€EThCS LIEH MPOLEC —
yacom penaxcayii. 30BHIITHI yMOBHY TOBUHHI 3MIHIOBATUCHh HACTUIBKU TOBUIBHO, 1100
CHUCTEMAa TPOXOJuia Yepe3 TMOCHIJOBHICTh PIBHOBAXHUX CTaHIB. Taki mporecu
HA3UBAIOTh K6A3ICMAMUYHUMU YA KEA3IPIBHOBANCHUMU.

Hexail nB1 piBHOBaXkH1 cucteMu A Ta B nmpuBeaeHo 10 termnoBoro KoHTakry. L
CUCTEMH, HE3aJIeKHO BiJ 3HAYEHb 30BHIIIHIX MapaMeTpiB, a00 3aJIMILIATUMYThCS B
TOMY  CTaHI piBHOBaru, abo BHACIHIZOK OOMiIHY €HEpTri€l0 MPUHAYThH IO CIIIBHOTO
CTaHy pIBHOBaru, BIAMIHHOTO Bij cTaHiB piBHOBaru cucteM A Tta B. Tonal ichye
¢d13M4Ha BEIMYMHA, SIKA 3aJ€KUTh BiJl BHYTPIIIHBOIO CTaHYy CHUCTEMH, HE 3aJICKUTh
BIJl YKCJIa YACTUHOK CHUCTEMH, 3aJIUIIAETHCS MOCTIMHOIO IJIsl BCIX YaCTUH CUCTEMHU B
CTaHl TEepMOJMHAMIYHOI piBHOBaru. lls BennuMHA Ha3UBAETBCA mMemMnepamypoio,
BU3HAYa€ B3a€EMHY PIBHOBAry TEPMOJMHAMIYHMX CHUCTEM B TEIUIOBOMY KOHTAaKTI.
TeMmreparypa 3aJIe)KUTh BiJl BHYTPIIIHBOTO PYXy YaCTHHOK, € MIPOIO 1HTEHCHUBHOCTI
TEIIOBOro pyxy. fAxkuio cucremu A Ta B 10 TEIUIOBOro KOHTAKTY MarOTh OJHAKOBY
TEMIEpPaTypy, TO TEIUIOBUM KOHTAKT HE IMOPYIIyeE CTaHy TEePMOJAUHAMIYHOI
piBHOBaru. Y BUMAJKY PI3HUX TEMIEPATyp KOHTAKTYIOUUX CHCTEM BHACIIOK OOMIHY
CHEpri€l0 BCTAHOBJIOETHCS OJHAKOBA TeMIlepaTypa y BCIX YacTHHAX CHCTEMHU.
TeMmneparypa € BEIWYMHOIO, IO BH3HAYa€ CTaH TEPMOJMHAMIYHOI PIBHOBAru
CHUCTEM.

PiBHOBaXHI BHYTpIIIHI MapaMeTpyd TEPMOIMHAMIYHOI CHUCTEMH € (PYHKIIISIMU
30BHIIIHIX MapaMeTpiB Ta Temneparypu. Tojl, 3MIHIOIOYM OJHWH 3 BHYTPILIHIX
napaMmeTpiB, MO’KHAa BU3HAYUTHU 3MiHY Temreparypu Tiia. Llel nmpuHUuUI € B OCHOBI
BUMIpPIOBaHb TEMIIEpaTypu TEPMOMETpPOM. B TepMomeTpax BHKOPUCTOBYIOTH
3aJIeKHICTh JOBXKUHHU, 00’€My, TYCTUHH, €JIEKTPUYHOI'O ONOPY, BUIPOMIHIOBAIbHOI
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3JaTHOCTI Ta IHIIMX 30BHILIHIX [apameTpiB Bl Temreparypu. /s BUMIproBaHb
TEMIIEpaTypyu BUKOPUCTOBYIOTh PI3HI TEPMOMETPUYHI TUIa Ta TEPMOMETPUUHY
mkany. Tak, 3a mkanoro Ilenscis mouatok Bimiiky temneparypu (0°C) Biamorimae
TeMIiepaTypl IiaBleHHs Jeoay, a 100°C — TtemmepaTypl KHUIIHHS BOJIU 3a
HOPMaJIbHUX YMOB. Pi3HULA TemnepaTtyp MIX UMM ABOMa OCHOBHUMU (PEHEPHUMH )
Toukamu, mojuieHa Ha 100, BigmoBizae ogHOMY Trpaaycy 3a mikanorw llenbcis.
['panyiioBaHMii TakKMM YMHOM TEPMOMETP (HANPUKIAJ, 3a JIHIHHOIO 3aJEXKHICTIO
00’eMy BIJ TeMmrepaTrypu), NPUBOIATH JO CTaHy TEIUIOBOi PIBHOBAard 3 TIIOM,
TEeMIIepaTypy SIKOr0 BUMIPIOIOTb.

[Toka3un TepMOMETpIB 3 pPI3HUMH TEPMOMETPUUHHUMH TIJIaMH, SK TPABUIIO,
301rafoThCsl TUIBKK JUISI OCHOBHUX TOYOK IIKaJdW, BIIPIZHAIOYKMCH IS IHIIHX
TemiiepaTyp. TeMriepaTypHa IIKala, sika He 3aJIeKUTh Bl BUOOPY TEPMOMETPUUHOTO
TiJla, BCTAHOBIIOETHCS JPYTUM HAYaJiOM TEPMOAMHAMIKM Ta HA3UBAETHCS
TEPMOJIMHAMIYHOIO IIKaJIOK Temmeparyp abo mkamoto KenbBina. OauHuUIEO
BUMIPIOBaHHS TeMIieparypu 3a miero 1mkanor € kenbBiH (1 K). Temmneparypa T 3a
mkanoro KenbBina, Ta Temneparypa ¢ 3a mkanoro Llenbcist moB’s3ani Gopmynoro

T=t+273,15.

8.3 IneannHunii ras

OcHoBHI (h13U4HI 3aKOHOMIPHOCTI, SIKI MalOTh MICLIE€ B PEaJIbHUX ra3zax, MOKHa
BHUBYATH, BUKOPUCTOBYIOUM MOJEINb 1A€aIbHOTO Ta3y. BBaxkaroTh, 10 MOJEKYJIH
171eaTbHOTO Ta3y HE B3aEMOJIIIOTh MiX CO0OI0 Ta MalOTh BJIACHI pO3MIpH, HabaraTo
MEHIIII 3a XapaKTepHI BIACTaHI MIX MOJIEKyJaMu. MoJeKylu 17eadbHOro Trasy
PYXarOThCsl XAOTHYHO, CTHKAIOUHMCh MK COOOI0 3a 3aKOHAMHM NPYKHHX yIapiB.
BractuBocTi peanpHuX rasiB 3a Mayioi TYCTHHH (PO3PIDKEHI Ta3u) 3 BEJIUKOIO
TOYHICTIO 301ral0ThCS 3 BIIACTUBOCTSMH 1€aIbHOTO Ta3y.

CraH imeambHOTO Ta3y BHU3HAYAIOTh HOTO Maca m, MOJIIpHA Maca [, THCK p,
00’em V, temmneparypa 7, B3a€EMO3B’SI30K MIXK SKHMHU BU3HAYAETHCS PIBHSHHSIM
MenpeneeBa-Knaneitpona:

m

pV =—RT, (8.1)
U
Il .
ne R =831——— - yHiBepcaJbpHa ra3osa CTaa.
MOJlb -
PiBasinns (8.1) — 11e pIBHSHHS CTaHY 1€aJIbHOTO ra3sy.
[To3naunmo

R __ 831 [ _,

N, 602-10® K
ne Ny — uncno ABoragpo (YUCIIO YaCTUHOK B MOJi OyAb-sIKOT pEYOBUHHM), k —

ctana bonpumana. (Pi3uuHuil cMucn cranoi bonbliMana k po3riasiHEMO B HACTyIHUX

poszninax). Toxai piBHsHHSA (8.1) MOXKHA 3anTMCaTy B 1HIIIOMY BUTJISII:

pV ="N kT pV = NkT'; ngkT,
7

38-107 [T /K

ne N — 4ucino MOJIEKyJI razy Macolo 1.
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[Toznaunmo n=N/V — koHUEeHTpaLlig MOJIeKyd. Toxi
p =nkT . (8.2)
PiBusinns (8.1)-(8.2) — piBHSIHHS CTaHy 1/1€alIbHOTO razy.

8.4 BuyTpimns eHeprisi, po00oTa, KiJIbKiCTh TEIJIOTH

B tepmoanHamiIl TEIIOBHUI pyX MOJIEKYJI Ta IEPETBOPEHHSI €Heprii, OB’ sI3aHi 3
HUM, BIJIITPalOTh BU3HAYAJIBHY POJIb. MexaHiuHa €HepTis TePMOJUHAMIYHOI CHCTEMH
B LIJIOMY — 30BHIIIIHS €HEPT1sl — TEPMOJUHAMIKOIO HE PO3TJISIAI0ThCH.

Brympiwmna enepeia cucmemu — 1€ €HEprisg pyxy Ta B3aeMOJIl YaCTHUHOK, IO
CKJIQZIAIOTh CUCTEMY: KIHETHYHA €HEpris TEIUIOBOTO PYXy YACTHHOK, MOTEHIllabHA
eHeprisg ix B3a€MOJii, KIHETUYHA Ta TMOTEHIlaJbHA EHEPTis KOJWUBAIBLHOTO PYXY
aTOMIB B  MOJIEKYJIaX, BHYTpPIIIHbOATOMHA Ta BHYTPIIIHbOSAIEPHA EHEPIisl.
BHyTpinHs eHepris € 0JHO3HaYHOK (YHKLIEI0 CTAHY CUCTEMHU. 3MIHA BHYTPILIIHBOI
eHeprii AU mnpu mnepexojil CUCTEeMM 13 IMOYaTKOBOTO cTaHy 3 eHepriero U; 10
KiHIIeBOTO cTaHy 3 eHeprieto U, nopiBHioe AU=U,-U,;, Ta He 3aJIC)KUTH BiJI IPOILIECIB,
10 TPU3BENH JI0 Mepexody. SKIIo cUcTeMa MOBEPTAETHCS A0 MOMEPEAHBOIO CTaHy,
BHYTPIIIHS €HEpTis ii 3anmuiraeTscss He3MiHHOIO. To0To nudepeHiian BHYTPIITHBOT
eHeprii dU € moBHUM JU(epeHLianom:

fau =0 (8.3)

BHyTpiliHs eHepris piBHOBaXKHOI CUCTEMH 3aJI€KUTh BiJ] 30BHILIHIX TapaMeTpPiB
Ta TEMIEpaTypu, € aauTUBHOIO BenuuuHoro. Ilig wac B3aemonli cucremMu 3
30BHINIHIMM TUIAMHU 3JIIHCHIOETbCST OOMiH eHepriero. CTaH TepMOIUHAMIYHOT
CHUCTEMH 3MIHIOETHCS IBOMA CIIOCOOAaMM: 13 3MIHOIO 30BHIIIHIX MapaMeTpiB, Ta TO/,
KOJIM 30BHINIHI TapamMeTpu HE3MiHHI. Y TMEpIIOMYy BHIIAJIKy BiOyBaeThCs
MaKpOCKOIIYHE TIEPEMIIICHHS 30BHIIIHIX T,
BUKOHYETHCS Makpockoniuna poooma. Hexai
B IWIHAPI MiJ TOpPIIHEM IUIOIEK S
3HAXOAMTHCS CTUCHYTHH ra3 (puc.8.1), THhck
AKoro nopiBHwoe p. Toxi cunma TUCKy F=pS,
SKIIO  TOPIICHh TPH  KBa3iCTATUIHOMY
dy PO3IIMPEHHI Ta3y NMEePEMICTUBCS Ha dx, TO ras
= - BMKOHAE POOOTY
Prcyior 8.1 0A=Fdx=pSdx=pdV.

PoGora, BHKOHaHa CHCTEMOIO TMpHU
E CKIHYEHHOMY pPO3IIHUPEHHI B 00’emy V; mo V;

JIOP1BHIOE

A= IpdV. (8.4)

"

N

Ley

=
e
RERERN

b

p-V (puc.8.2), nerko 3po3ymiTH, 1o podora (8.4)
_ 3QJICKHUTh BiJl CIOCOOY Mepexoay 13 TOYKd [ 10
K Iz I” Touku 2 (poboTa JOPiBHIOE IUIONI MiJ Tpadikom

300pa3uBIIM MIpoLEC MEepexoay Ha Jiarpami
| A o
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3anexxHocTi p(V)). Takum ynHOM poboTa HE € PyHKIie cTany. ToMmy nudepeniian
po0oTH 04 HE € MOBHUM JU(EPEHLIIaIOM Ha BIIMIHY Bij JudepeHiiany BHYTPILIHbOT
eHeprii dU.

Hpyrum ciocoOoM repenadi eHeprii € npoyec menioooMiny, IKUA BiIOYyBaA€ThCS
3a HE3MIHHMX 30BHIIIHIX TapameTpiB. TemiooOMiH 3yMOBJIEHO PI3HHUIICIO
BHYTpIIIHIX @apaMmeTpiB cucTeMH. Kinvkicmb menaomu OQ — €Heprisi, 0o
NepPeaeTbCsd CUCTEMI B Mpoleci TemiooOMiHy. B mpoMy Bumnaaxky BinOyBaeTbcs
nepenaya eHeprii HUIsiXoM 0e3MmocepeHbOI B3a€MO/I1i MOJIEKYJI KOHTAKTYHOUHUX T1JI.

Axmo poOoTa mMoB’si3aHa 31 3MIHAMU MaKpPOCKOMIYHOIO CTaHy CHUCTEMH, TO
Terionepeaya — 1€ MIKPONpOIEeCH, IO MPU3BOJATh JO Mepenadi eHeprii.
3MIMCHIOIOYH HaJ CHUCTEMOIO pOOOTYy — 3MYIIyeEMO 1i YacCTHHKH PYXaTUCh
BIIOPSIIKOBAHO; MIepeayua MeBHOI KUIBKOCTI TEIUIOTH OB’ A3aHa 13 HEBIMOPSAKOBAHUM
TEIUIOBUM PYXOM MOJIEKYI.

I po6ora, 1 KITBKICTh TETUIOTH HE AOPIBHIOIOTH HYJIO TIIBKH B IIPOILIEC mepeaayi
eHeprii, a YhceJlbHEe 3HaUEHHS 1X CYTTEBO 3aJIEXKUTH BiJl BUIY LBOTO Ipouecy. TooTo
poboTa Ta KIIBKICTh TEIJIOTH HE € (POPMOIO CHEPTii, BOHH XapaKTepHU3yIOTh CIIOCOOH
nepenayi eHeprii, 3ajexarb BiJ] TOTO, SIKUM CIIOCOOOM 3IIHMCHEHO MPOIEC MEPEXOTY
B1J1 IOYATKOBOT'O J0 KIHIIEBOT'O CTaHy.

8.5 Ilepuinii 3aK0H TepMOAUHAMIKH

3a dopmynoro (8.4) MOxHA 3HAUTH POOOTY IS JOBUIBHOTO IIPOIECY, IO
B1IOYBAa€ThCS 3 TEPMOAMHAMIYHOIO CHCTEMOIO. 3MiHA BHYTPINIHBOI €HEeprii Ta
nepefana TerioTa yHiBepcaldbHUX (OpPMYJ BH3HAYEHHS HE MaioTh. AJie ICHYE
B3a€EMO3B 130K MK TEIUIOTOI0, 3MIHOK BHYTPIIIHKOI €HEeprii Ta poOOTOl0, SAKY
BHUKOHAJIa CUCTEMA.

[lepmmii 3akoH (mepiie Hadaao) TEPMOJMHAMIKK € Yy3arajJbHEHHSM 3aKOHY
30epeKeHHsT Ta MEPETBOPEHHS €HEprii Jisd TepMoAuHaMiYHuX cucteM. Lleil 3akoH
BCTAHOBJICHO €KCIIEPUMEHTAILHUMHU Ta TEOPETUIHUMHU JOCIIKEHHIMU aHTIACHKUX
dizukiB JIx.I1.Jxoyms (1818-1889 pp.), Y.Tomcona (mopaa Kenbpina)(1824-1907
pp.), HIMEUBKUX JOCIIAHUKIB, JIIKapiB 3a ocBiToro, I'.I'enbmromnsna (1821-1894 pp.)
ta KO.P.Maiiepa (1814-1878 pp.). llepwuii 3axkon mepmoouHamixu CTBEPIKYE, 110
KUIBKICTh TEIUIOTH o0, Ky OJep)Kajla CUCTEMA, IOPIBHIOE CyMl 3MIHM BHYTPIIITHBO1
eHeprii cuctemMu dU 1a pod0oTH JA, IKY BUKOHAJA CUCTEMAa HaJ 30BHIIIHIMU TiJIaMU:

00=dU+A. (8.5)

PiBusnHS (8.5) — mepiuii 3aK0H TepMOAUHAMIKY B AU(EPEHIIIAIbHOMY BUTJISII.
Skmo TepMoaMHAMIYHA CHCTEMa KBa3iCTaTHUYHO 3AIMCHWJIA Tepexid MK JBOMa
(biKCOBaHMMU CTaHAMH, TO 1HTErpytouu (8.5), ogepKUMo

O=(UU))+4, (8.6)

NEePIINNA 3aKOH TEPMOJMHAMIKY B 1HTErpajlbHOMY BUIJISAL. SIKIIO MOYATKOBHH 1
KIHIIEBUI CTaHU CUCTEMH 301raloThCsl, TO, BpaxoByrouH (8.3), oaepKuMo

0=A.

Toni pobGota B KpyroBoMy rporieci (IUKI1) AOPIBHIOE KIIBKOCTI TEIJIOTH,
OJIep’KaHOi  cucTeMoro. BHacmiok 1pOro TMepHIMi  3aKOH TEPMOJUHAMIKU
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(GOPMYIIOIOTH SIK IMOJIOKEHHS MPO HEMOXJIMBICTH BIYHOIO JBUTYHA MEPIIOrO POAY:
HEMOXJIMBUM TaKWil TMEpIOAVNYHUNA MPUCTPIM, SKU BUKOHYBaB Ou poOoTy 0e3
oJiep>KaHHs eHeprii 330BHI. TOOTO poOOTY HE MOXKHA CTBOPUTH 13 HiUOro (0e3 3aTpat
€Heprii) Ta He MOKHA MEPETBOPUTHU B HIILO (0€3 BUAUICHHS €Heprii).

8.6 TemuroemuicTh. I30mpouecu B ieajabHOMYy rasi

SxIo Ty HaAAaTH KUTBKICTh TEIJIOTH Q) 1 TeMIiepaTypa Mpu [bOMY 3MIHUAIACH
Ha dT, To mennoemuicmio mina Ha3UBAIOTh BEIUYHUHY
O
C= LY )
dT
Ilumomoro mennoemuicmioo HA3UBAIOTh BEJIMYMHY, IO JOPIBHIOE KUIBKOCTI

TEIJIOTH, He0OX11HOI /715 30uIblieHHs HA 1 K Temneparypu 1 kr pedoBUHU:
_C_ %0
m mdl
Monsipua mennoemmnicms ¢ TOPIBHIOE
oS _H 0O
m m dT

3aJIe)KHO BiJI YMOB HarpiBaHHsI TEIUIOEMHICTH TiMa BiApi3HAETbC. Po3risHemo
OCHOBHI TMPOIIECH B 17IeaIbHOMY Ta3l, 10 BiIOYBAIOTHCA 32 YMOB CTAJIOCTI OJHOTO 3
napameTpiB CTaHy.

s isoxopuunux npoyecie V=const. Toxi 13 (8.4) ta (8.5) onepxumo:

00=dU.
3naxonumo 60 13 (8.7), BpaxoByouH, 1o V=const.
m

00 =—c,dT
7

Co

(8.7)

dv="c ar, (8.8)
y7i
Jie Cy — MOJISIpHA TEIJIOEMHICTD 130XOPHOTO MPOIIECY .
I3 (8.8) 3po3ymuto, mo BHYTpilIHA eHeprii U 3alexuTh TUIBKU Bl
TEMIIEpaTypH VIS 11€aJIbHOTO Tasy.
s izomepmiunux npoyecie T=const, Toni 13 (8.8) dU=0, a 3 (8.4) ta (8.5)
0JICPKUMO

O0A=pdV; 00=0A.
I3 piBusanns MenneneeBa-Knaneiipona (8.1) omepxxumo
oa=pav =" rr 4"
Y7, 4

[Ticnst iHTErpyBaHHS OJEP>KUMO pOOOTY B 130TEPMIYHOMY HPOIIECI:

m V.

A=0=—RTh—>, (8.9

H 4 :

Axio npoyec iz06apruii, mo p=const. Toni 13 (8.4) Ta (8.1) ogepxumo
o4 = pdV =" Rar . A=""RAT

H H
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I3 o3HaUeHHST MOSIPHOT TETIOEMHOCT1 3HAXOAUMO

80 =c,2dT
Y7,
JI€ ¢, — MOJISIpHA TEIUIOEMHICTD B 1300apHOMY IIPOLECI.
Toni 13 (8.5) Ta (8.8) 3HaiiAeMO
00 =dU + 04 ;
2 ar="c dr +ZRar .
H 7 7
Tomi MoOMSApHI TEIJIOEMHOCTI 1300apHOTO Ta 130XOpPHOTO  TPOILECIB
B3a€MO3B’S13aH1 PIBHAHHAM
c,=CytR, (8.10)
SIK€ Ha3UBAETHCS pisHsaHHAM Maiiepa.
Aoiabamni npoyecu BIIOYBarOThCA 0€3 TEIIOOOMIHY 3 HaBKOJUIIHIMHU
Timamu, T00T0 0Q=0. Toxi i3 mepIIoTo 3aKOHY TEPMOIUHAMIKH (8.5):
-dU=04,
poboTta raszy JIOPIBHIOE 3MEHUIEHHIO BHYTPIIIHBOT EHeprii.
[MponudepenttitoBaBiu piBHAHHS (8.1), 3HaX0AUMO:

ﬂRdepdV+Vdp. (8.11)
Y7
I3 (8.5) Ta (8.8) omepxuMoO Mepirii 3aKOH TEPMOJIUHAMIKH JIJIs1 a11abaTHOTO

porecy:
M e, dT + pdV =0,
7
a3 (8.11) 3naxogumo d7T Ta miaCTaBISIEMO B 1€ PIBHSIHHS:
%/(pdV+Vdp)+pdV=0, (8.12)

[To3Haunmo y=c,/cy — IOKa3HUK aJlabaTH.
I3 piBasinHsg Maiiepa (8.10):
¢ _+R_, R R

b

Toni (8.12) 3anumemMo y BUTIIs1
pdV +Vdp +(y —1)pdV =0

Pl '=const wpdV +Vdp =0,
!_'l
l 4 d_V + d_p =0 )
P
[ - Pl=const [Ticns inTerpyBanns (8.13) ogep:xumo
pV’=const.

PiBusnns (8.14) — piBHsIHHS ajia0aTy B
koopauHatax p,V — piBagaHHsA I[lyaccona.
[Toka3uuk amiabatu »>1, Tomy anmiabara Ha
Jiarpami p, V' B Toulll NepeTUHy ajaiadaTu Ta
130TEpMH  CHaJae KpyTille 3a 130TepMmy

i
o
i

by

—

Pucyuow 8.3
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(puc.8.3). J[iiicHo, amiabaTHe pO3LIMPEHHS, HAa BIIMIHY BIJ 130TE€PMIYHOIO,
BIJI0OYBa€ThCS 0€3 HalaHHS CUCTEMI TEIJIOTH. TOMYy 3MEHILEHHS] TUCKY 3YMOBJIEHE
HE TUIbKY 30UIBIIEHHSIM 00’ €My, a i 3MEHIIIEHHSAM TeMIIepaTypH.
PiBHsiHHSIM aniabaTtu B koopauHaTax 71,V ta p, T € piBHSIHHS
TV’ = const ; (8.15)
p" ™ [T7 = const. (8.16)
Hacnigkom piBHsiHHS (8.15) € HarpiBaHHS Ta3y y BHMAAKy aaiadaTHOTO
cTucky. lle sBuile BUKOPUCTOBYETHhCS B JBUTYHI Jlizens Juisl criajgaxyBaHHS
3aiiMucTOl cyminm. SIKmo 00’eM 30UTBIIYEThCS, TO TEMIIEpaTypa B aaiadaTHOMY
MPOIIEeCi 3MEHIITYETHCS — II€ OJIUH 13 CIIOCO0IB OJIepP>KaHH HU3bKUX TEMITEpaTyp.
3naiinemMo poOoTy raszy 3a aaiadaTHUX yMOB (IUIOIIA 3aIITPUXOBAHOI (Irypu

Ha puc.8.3):
v v v, A
¢ ¢ dVv p 1 1 pV 14
PR P Py i I 1
14 14 V 2 V= 2

9 IPYTUH 3AKOH TEPMOJUHAMIKHA

9.1 B3aemonepeTBOopeHHsI pOOOTH Ta TEIIOTH.
Hanpsimok TenjioBux npoiecis

PoGoTa Ta TemioTa € €KBIBAJIGHTHUMH SIK JIBA MOXKJIMBUX CIOCOOU Tepenadi
€Heprii, ajge B IPUPOJl ICHYE ACUMETPIsi CTOCOBHO iX B3a€EMHHX MEpPETBOpeHb. PoboTy
MO>KHA MOBHICTIO TIEPETBOPUTH B OJIMH 3 BUJIB €HEPTii, TEIJI0Ta Oe3mocepeiHbo (6e3
MOMEPETHHOT0 TEPETBOPEHHS B POOOTY) MEPETBOPIOETHCS TUIBKA y BHYTPILIHIO
eHeprito. OkpiM 1pOT0o, pOOOTY MOXXHA TIOBHICTIO TIEPETBOPUTH B TEIUIOTY
(HampuKIIan, TpHW TadbMyBaHHI aBTOMOOWIA), 0€3 3MIHM CTaHy IHIIUX TUI, TaKWAW
mporiec BigO0yBaeThCs caM c000r0. SKIIO TepMoauHaMiYHA CHCTEMa 130JbOBaHA, TO
nepexig poOOTH B TEIUIOTY Bi0OYyBAa€ThCS CaMOBUIBHO, 0€3 OyIb-IKUX JOJaTKOBUX
nporeciB (6e3 kommeHcarlii). 3aiiiCHeHHs OOEpPHEHOTO MpOLEeCy MepeTBOPEHHS
TEIUIOTH B POOOTY HEMOXJIHMBE O€3 3MIHM CTaHy IHIOUX TUI, TaKUM MpOLEC HE €
€MHUM TPOLECOM B 130JbOBaHIM CHUCTEMI, CYNPOBOKYETHCS KOMIICHCAIIIEIO.
HepiBHOmpaBHICTh B3a€EMONIEPETBOPEHD POOOTH Ta TEILUIOTH NPU3BOAUTH O TOTO, IO
IpUPOAHI IpouecH BiAOyBalOThCs B MEBHOMY HampsiMi. Hampukian, rapadi Tijna 3
IUIMHOM 4acy OXOJIOJKYIOTBCS, a XOJIOJHI caMmi COOOK HE HarpiBarOThCS; TEIJIOTa
NEePEXOAUTH BIJ TLIa 3 BULIOKO TEMIIEPATYPOIO A0 Tia 3 HUKYOIO TEMIIEPATYPOIO IPU
TEMJIOBOMY KOHTAaKTi JIBOX TiJI, @ HE HaBMaKW; M A4, 10 MaJa€ HA TOPU3OHTAIBHY
MOBEPXHIO 3 JIESKOi BUCOTH, YePe3 ACSIKUNA Yac 3yMUHAETHCS 1 caM co00I0 HE MOYMHAE
MiCTpUOYyBaTH.

BignoBigHo 10 mepmioro 3akoHy TEPMOAWMHAMIKH TIOBHA KIJIBKICTh €HEprii
TEPMOJIMHAMIYHOT CHUCTEMH T[IOBMHHA 3aJIUIIATUCh HE3MIHHOIO B JOBUIHBHHUX
mpolecax, po3MOAUT €HEprii 3MIHIOEThCSA HEO0OOPOTHO. ACHMETpIS MPHUPOTHUX
IPOLIECIB BIJOOPaXaeThCs IPYTUM 3aKOHOM TEPMOAMHAMIKH, SKUH BKa3ye HAa HAPAM
3MIHH PO3IMOLLY €HEeprii.
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9.2 O6opoTHi Ta HeoOopoTHI npouecu. [luka Kapuo

Hexaii 3a monoMoru esKoro mpoiecy TepMOJAUHAMIYHa CUCTeMa MEePEXOANTH 13
cTany A 110 CTaHy B, SKIIO MOXJHBO MOBEPHYTH CHUCTEMY JIO IMOYATKOBOTO CTaHY
TakK, 100 y BCIX 1HIIMX TLJIaX HE BIAOYJIOCH HIIKUX 3MiH, TO LEH MPOLIEC HA3UBAETHCS
obopomnum. KBazicraTuuHi npoiecu — oOOpOTHI; NpsIMUK Ta 0OCpHEHHUI MIPOILECH
B1IOYBaIOThCA 4Yepe3 Ti caMl MPOMIDKHI CTaHHM, HE 3MIHIOETbCA CTaH TUI, SKI HE
BXOAATh JIO CKJIaay cucremMu. To0To 000poTHI mpolecu BiaOyBaroThes 0e3
KOMIIEHcaIlil.

Heobopomni npoyecu — mpouiecu, SKi HE MOXHA 3JIMCHUTH B OOEpHEHOMY
HampsiMi 0e3 3MiH B 30BHINIHIX Tinax. ToOTO HEOOOPOTHI MPOIECH BiIOYBAIOTHCS 3
KOMITIeHcalli€o. PeanpHl Tipolieck B TpUpPOAl  BiOYBAarOThCSA 13 CKIHUEHHOIO
MIBUKICTIO, CYIIPOBOUKYIOTBCS — TEPTSAM, TOOTO € HEOOOPOTHHMH. AJie BUBUCHHS
171eaIbHUX 0OOPOTHUX MPOILIECIB Ja€ MOKIIMBICTD BUSIBJIICHHS IUISIXIB MAKCUMAJIBHOTO
HAOMMKEHHSI pEaIbHUX HEOOOPOTHUX MPOIIECIB 10 0OOPOTHHUX.

[Tpuknagamu 0OOPOTHUX MPOLECIB € BCl MEXaHI4HI MPOLECH 3a BIJACYTHOCTI
TEPTH; He3aTyxaroyi €JIEKTPOMArHITHI KOJIMBAHHS; PO3IMOBCIOIKEHHS
€JIEKTPOMArHiTHUX XBWJIb B cepefoBUIIaXx Oe€3 TMOIJIMHAHHS, TEePMOJMHAMIYHI
KBa31CTaTUYHI MPOIIECH.

HeoGopoTtHumu € mporiecu Terionepeaadi 3a CKIHUCHHOI PI3HUII TEMIIepaTyp;
pO3IIMpeHHsT Tra3y B mycTory; audy3sii; BCl MexXaHIYHI TPOIECH, IO
CYNPOBOKYIOTHCS] TEPTSAM Ta 1HIII MTPOLIECH.

Oco0nuBy yBary nmpuBEpTaIOTh TEPMOJIUHAMIYHI TIPOLIECH, B IKUX BIIOYBAETHCS
MEPETBOPEHHS TEIUIOTH B pOOOTY Ta CUCTEMA MOBEPTAETHCS JIO TONEPETHHOTO CTaHYy.
Taxi nporiecu € B OCHOBI POOOTH TEIUIOBUX MAIIIHH, 1€ K008I npoyecu ado Yukiu.

TennoBa MalllMHA CKIIAJAEThCS 3 poOOUOro Tina (HaillyacTiiie ra3), HarpiBHUKa
Ta XojoauiabHuKa. IlouaTkoBuil cTan poOoyoro Tina (rasy B LMIIHAPI TEIJIOBOI
MalMH) — Touka 1 Ha mgiarpami pV (puc.9.1). IlpuBenemo poboue TijI0 B KOHTAKT 3

HarpiBHUKOM, TOOTO TLIIOM,

P, TeMIieparypa SIKOT0 BHIIIA
temriepatypu razy. la3  Oyne

2 HArpiBaTHCh Ta  PO3IIUPIOBATHCH,

301ACHIOIOUN po0OTY A; — mpouec
la2 Ha puc.9.1. 3a nepmnm 3aKOHOM
TEPMOJUHAMIKHA KUIBKICTh TEIJIOTH

. B Q,, OHepXkaHa Big HarpiBHHKa,
JIOPIBHIOE
Pucynox 9.1 Tenep HEOOX11HO OBEPHYTH T'a3 B

HOTIEPE/THE TTOJIOKEHHS — CTUCHYTH
ras, ajie Tak, o6 pobora B upomy mnpoueci 4, Oyna meHuor 3a A;. Poboue Tino

IIPUBOAATH B KOHTAKT 3 XOJIOJWJIBbHHUKOM (TeMnepaTypa XO0JIOJWJIbHHUKA MCHIIIAa 3a
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TeMIepaTrypy poOo4oro Tula), CTUCKYIOTh TIa3, 3A1MCHIOI04YM poboty A, (2Bl Ha
puc.9.1). XonoaWIBHUK 32 IUX YMOB OJIEP’KUThH KUIBKICTh TEIUIOTH (O, :

-0,=U,-U,;-4,.
Toni koedilieHT KOPUCHOI J1i TaKO1 TEIIOBOI MAIlIMHU JOPIBHIOE

_ A4 _9-0
o o

a poOoTa A, BUKOHaHa 3a IIUKJI IOPIBHIOE IO 3aITPUXOBaHO1 irypu Ha puc.9.1.
Sxmo @, =0, ToOTO KUIBKICTb TEIUIOTH, IO NEPENAETbCS XOJOIWIBHUKY
JIOPIBHIOE HYJIO, TO OJEPKMMO TEIUIOBY MamuHy, mo mae M =1. Taka mammna
Moria O TMOBHICTIO MEPETBOPIOBATH Ha POOOTY BCIO TEIJIOTY, fKa OAEpKaHa BiJ
HarpiBada. CTBOpEHHS TaKoi TEIJIOBOI MAaIlIMHU HE 3a00POHSAETHCS MEPIIUM 3aKOHOM
TepMOJIMHaMIKK. Taky TeloBy MamMHy HiMenpkuii BueHud B.OctBanbn (1853 —
1932 pp.) Ha3BaB 8iuHUM O08USYHOM OpY2020 pody. Takuil ABUTYH MIT O MpalioBaT
3a paxyHOK MPAKTHYHO HEBUYEPITHUX JDKEpeN BHYTPINIHBOI €Heprii, HampuKIas,
eHeprii BOAX MOPIB Ta OKEaHIB. AJie pe3yibTaTH €KCIEPUMEHTIB AOBOJATH, 110 TAKy
17IeanbHy TEIUIOBY MAIlIMHY HE MOKHA CTBOPHUTH.
PoGora TemnoBux MaliMH BHepile poO3TisiHyTa (GpaHIly3bKUM IOCTIIHHUKOM
H.Kapno (1796 — 1832 pp.) B 1824 pomi. PosrnsHemo oOOpPOTHHI IIHMKI, IO
CKIIQZIAa€ThCsl 3 JIBOX 130TE€pM Ta JABOX
amiabar — muukn Kapuo (puc.9.2). Ha
TIUTSAHIN 1-2 BimOyBa€eThCs 130TEPMIYHE
1 lQl pO3LIUPEHHS Trasy, .ﬂKI/II\/II SHaXOMUTHCS B
2 TEIUIOBOMY KOHTAaKTi 3 HarpiBadem, 0 Mae
temneparypy 1;. T'a3  130TepMiuyHO

P L

4 ) NEPEeXOuTh JO CTaHy 2, OJepKaBIlIn

L Q, KUIBKICTh TeINIOTH (J; BIX Harpisava.

ITepexin 2-3 — anmiabaTHE pPO3IMIKUPEHHS

» razy, Ipu »ObOMY TeMIepaTrypa Trasy
v . .

3MeHmyerses BiL 1; no 7,. B mpouect 3—+4

Pucyron 9.2 Bi/0yBa€ThCA 130TEpMIYHUI CTHUCK rasy, IO
3HAXOANUTHCS B KOHTAKTI 3 XOJOAWJIBHUKOM mpu Temnepatrypi 7,. ['a3 Ha mpomy
eTalll BiJJ1a€ XOJOAMWIBHUKY KIIbKICTh TetuloTH Q,. Ilepexin 4—1— aniabatHuii cruck
ra3y, Temneparypa 30uiblyeTbest Big 1, no 7;. BukopuctoByrouu nepumii 3aKoH

TepMoauHaMiku (8.5) Ta po3paxyHku poOOTH B i30TepMiuyHOMY mporeci (8.9),
BHYTPILIHBOI €HEPTii 171eaabHOro ra3y (8.8), 3HaliieMo poOOTy Ha OKpEMHUX JIISTHKAX
uukny Kapno:

Ay =" R = 0; ©.1)
H "
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m
Ajy; :_AU:_;CV(TZ -1, );

V.
Az =""RTyIn-*=-0,; 9.2)
H Vs

m
Ay :_AU:_;CV(TI -T1;).

Toni moBHa poGoTa rasy 3a nuuki KapHo qopiBHIOE:

A=Ay + Ay + A3y + Agy =01 — Oy

% %
A="Rr 2 "R, 2.

K ou Vy
BukopuctoBytoun piBHsSHHS afgiadbatu (8.15), 3anumemo
Tley_l = T2V3Y_1 ’ TlVly_l = TzV4y_1 ’
3BIIKU
n_r
"oV

Toni koediumieHT KOpUCHOI nii MamuHu, 1O 3AlicHIoe 1K Kapho,
JOPIBHIOE

nzile—Qz _hL-T,
O O I

ne T, — TeMieparypa HarpiBada, /, — TeMIepaTypa X0J0JUIbLHUKA.
1 > £2

(9.3)

KoedimieHT KOpUCHOI TemiIoBOi MamMHM, WO 37AikcHIoe 1uka Kapho,
BU3HAYAEThCSl  TUIBKM TEMIIEpaTyporo HarpiBaya 1; Ta XoJloAWJIbHMKA 1,, HE
3aJICKUTh BiJ] MIPUPOAU poOOYOro Tina — 1e 3MicT meopemu Kapno. Taka Teroa
MallMHa Ma€ HaOUThIMi KOe(IIEHT KOPHUCHOI [ii, MOPIBHIHO 3 I1HIIUMU
TEIUIOBUMHU MalllMHAMHM, Y SIKUX Takl K FpaHU4yHi Temneparypu. Bemnumna m<1.
Tinbku y Bunaaky 7'; o a6o 7, -0 mn— 1, 110 HEMOXJIMBO 311MCHUTH.

Sxmo nBuryH mpaioe 3a ooepruenuM mukioMm Kapuo 1 >4 —>3—>2 -1, 10
BIIOyBa€eThCs Tepefadya TEIUIOTH BiJl XOJOJHOrO Tila JO TapsSsdyoro 3a paxyHOK
poOOTH 30BHIMIHIX CHJI. 32 TaAKUM MPUHIUIIOM MIPALOIOTh XOJOAWUIbHI YCTAaHOBKH.
Arne Takuil TIpoleC CYMPOBOMKYETbCS MEPEXOJOM TEIUIOTH Bid Tija, SKe
OXOJIO/IKY€THCS, B HABKOJIMILIHE CEPEIOBHUIIIE.
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9.3 Entponis. /lpyruii 3aK0OH TepMOAUHAMIKH

B i3oTtepmiunux nponecax 1-2 ta 3-4 nuxny Kapno 13 piBusasb (9.1) — (9.2)
0JIEP>KUMO

L T
Benuuuna Q/T Ha3uBaeThCs 3BEICHOIO TEIIoTO0. (9.4) 03Hauae, MO cyma

@9, 9% (9.4)

3BEICHUX TEIIOT B obopoTHoMy mmkii KapHo mopiBHioe Hymo. Lleii BHCHOBOK
MOXKHA TOMIMPUTH Ha JOBUTbHI [HKIW, PO3TJSAAI0YM 1X SIK CYKYIHICTh
enementapuux 1wk Kapno. Tomi (9.4) MokHa y3araJlbHUTH ISl JOBUIBHOTO
000pPOTHOTO ITHUKITY:

80 _
§T =0. (9.5)

3akoH (9.5) o3Hauae, MmO 1HTErpajg MO JOBUILHOMY KOHTYPY BIJ 3BEIEHOI
TEIUVIOTH 3a OOOPOTHHM LMKJI JOpiBHIOE Hymo. Tomi 13 (9.5) BummBae, o0
migiHTerpagbHa  (QYHKIS € TOBHUM JudepeHliagoM Jeskoi (yHKUIi cTaHy
TEPMOJIMHAMIYHOT CUCTEMHU:

s =2 (9.6)

®yukuiro S Brepiie BBiB HiMenbkuil Buenuit P.Knaysiyc (1822-1888 pp.) B
1854 p., Ha3BaB ii ewmponiero. EnTponia — ogHO3Ha4YHA (PYHKIIA CTaHYy CHUCTEMHU,
AKOU 11e 0YyJIO HE TaK, TO MOXHa 0yJIo O CTBOPUTH BIYHUM JIBUTYH JIPYTrOro pomay.

Entpomiss — QyHKIIS cTaHy, HE 3aJeXUTh BIJ TPOIECYy IEepexoay BiA
MOYaTKOBOTO 0 KIHIIEBOTO CTaHy, € aJIUTUBHOIO BeNW4HMHOI0. [3 Teopemu Kapho
K.K.JI. TETUTOBOT MAIIIMHY, 110 MPAIIO€ 32 HEOOOPOTHUM IIUKJIOM 1|, MEHIITUH 3a K.K.1.
MaIluHH, [0 TPAIOE 32 000POTHUM IIUKIIOM T :

Ql_Qz STI_TZ;

N <Ng,
O I
%+&SO. (9.7)
n I

HepiBnicts (9.7) — HepiBHicTh Kiaysiyca, 3HaK pIBHOCTI TYT BIAMOBiIa€e
o0opoTHUM npouecam. i1 HEOOOPOTHHUX MPOLECIB CyMa 3BEJEHUX TEIUIOT MEHIIA 3a
HyJb. Toni HepiBHICTh Kiay3iyca i1l JOBUIBHOTO LIMKITY MA€ BUTJISIL:
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§8—Qso. (9.8)

PiBastaas (9.6) — (9.8) — BU3HAYAIOTH iICHYBaHHS €HTPOIIIi, K (QYHKIi CTaHy
TEPMOJIMHAMIYHOI CHUCTEMH, fKa 30UIBIIYETHCA B HEOOOPOTHUX Ipolecax Ta HE
3MEHUIYETHCS IS 1301b0BaHUX cucTeM. Lli TBep/pKeHHS CKiIalaloTh 3MICT JIPYroro
3aKOHY TEpMOAMHAMIKHM, SK 3aKOHY 3pOCTaHHA EHTpOIii. AHaJOTIYHMI BHpa3
0py2020 3aKOHy mepmoouHamixy B nudepeHiaibHIi GopMi:

Y
ds === (9.9)

s 6cix HeobopomHUX NPoyecis 8 I301b08AHIL CUCTNEMI eHMPONis 3pOCMAE, OJisl
000pOMHUX NpOYecié eHmponisa cucmemu He 3MIiHIOEmMbCs. PeanbHl TpUPOIHI
MPOLIECH € HEOOOPOTHUMHU, TUIBKU B OKPEMHUX BHUIAJIKaX MPOIIECH MOKHA HAOIMKEHO
BBa)XaTU HEOOOPOTHUMHU. TOMY €HTpOIIis 130Jb0BAHOT CUCTEMH HE 3MEHILYEThCS, HE
3HUKaE. SIKI0 BCl HEOOOPOTHI MPOIECH B 130JbOBaHIN CHUCTEMI 3aBEPIIYIOTHCS, TO
MOJANBIIIOTO 3POCTAaHHSA EHTpOIii He OyJe, EHTPOmis csIra€c MaKCHUMaJIbHOTO
3HAYCHHS. EHmponis i301608aH0I cucmemu HAOAUHCAEMBbCA 00 MAKCUMYMY.

3HallTh 3MiIHY eHTpomii B pI3HUX OOOPOTHUX Tpollecax MOXKHA,
BUKOPUCTOBYIOYH (HOPMYITY

dS:%(dU+5A).

Hpyruii 3akoH (Ipyre Hayalo) TEpPMOJMHAMIKM BCTAaHOBJIEHO HA OCHOBI
y3arajJbHEHHS EKCIIePUMEHTAIbHUX JOCHIIKEeHb, I 3aKOH BCTAaHOBIIOE MOXKIIUBI
MeX1 IEPETBOPEHHS TEIJIOTH B poOOTY, BU3HAYAE HAIIPSAM IpolieciB. MOKHA HaBECTH
JIeKUIbKa €KBIBAJICHTHUX (DOPMYIIIOBAHBL 0PY2020 3aKOHY MePMOOUHAMIKU:

a) HEMOXKJIMBO MPOBECTH TAaKUW KOJOBHUH MPOIIEC, €AUHUM PE3YIbTATOM SIKOTO €
3[IIACHEHHS pOOOTH 32 paxyHOK 0X0jo0/keHHs oaHoro Tina (Y.Tomcon, 1851 p.);

0) TeroTa HE MOXE camMa COO0OK0 TEPEXOJUTH BiJI MEHII HArpiToro Tiia J0
outbmr Harpitoro (P.Knaysiyc, 1850 p.);

B) BIUHHI JABUTYH Jpyroro poay HemoxxyiuBuit (B.OcTBansn).

Haii6Ginpmr  yHiBepcalbHUM  MaTeMaTUYHHM  BHPA30M  JPYroro 3aKOHY
TepMoIMHaMIKH € (9.9) — 3aKOH 3pOCTaHHs €HTPOIII 130JIbOBAHOI cUcTeMH. B po3ini
10 po3rnsnaeTsCs CTATUCTUYHUNA CMHCI TOHSTTS €HTPOIIi — MIpH XaOTHYHOCTI,
HEBIMOPSAIKOBAHOCTI CHCTEMH, MIpH WMOBIPHOCTI TEPMOJUHAMIYHOTO CTaHy (pO3ALI
10.4).

Jpyruii 3aK0H TEPMOAMHAMIKH € OCHOBOIO ISl BU3HAUEHHS TEPMOJUHAMIYHOT
IIKaJIA TEeMIIepaTyp, sika He 3aJIeKUTHh BiJl TEPMOMETPUYHOI PEUOBHHH Ta OyHAOBU
TepMoMmeTpa. B OCHOBI Takoi aOCOJIOTHOI TEPMOJAMHAMIYHOI IIKAJIM TEMIEPATyp
JexuTh TeopeMa KapHo, BIAMOBIAHO 10 AKOi K.K.J. HUKITY KapHO 3aleXuTh TIIBKH
BIJl TEMIIEpaTypy HarpiBaya Ta XOJOJIWUJIbHUKA 1 HE 3aJIEKUTh Bi OyIOBU TEIJIOBOL
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MAaIIMHU Ta Ipupoau pododoro Tina (9.3). 3a mi€ro MKaJIOK €IUHOI0 BU3HAYATIHHOIO
TOUKOIO € TemIepaTypa MOTpiiHol Touku Boau — 273,16 K. [loxmamuime mpo
abCOIOTHY TepMOAMHAMIYHY IIKaimy nuB. B [1] Ta [3].

10 OCHOBM MOJIEKYJISIPHO-KIHETUYHOI TEOPII T'A3IB
10.1 MoJsiekyasipHO-KiHETHYHE TIYMAYeHHs THCKY Ta TeMIIEPATyPH

Bci matepianbHi Tijla CKIAQTAIOTHCS 3 BETUKOI KUIBKOCTI aTOMIB 1 MOJIEKYJI, SIKi
nepeOyBalOTh B XaOTHYHOMY pyci. SIKIIo TepMoanHaMika BCTAHOBIIOE 3aKOHH
MOBEAIHKA TEPMOJUHAMIYHUX CHUCTEM, HE PpO3IVIBIIAI0YM MIKPOCKOMIYHUM pyX
MOJIEKYJ, TO CTaTUCTUYHHA METOJl TIPYHTYEThCS Ha BCTAaHOBJIEHHI TOBEIIHKU
MaKpOCHCTEM Ha OCHOBI pO3IJIALY OCOOJMBOCTEH TEMJIOBOIO PYXy MOJIEKYI.
MaTteMaTHYHUMH METOJAAMHU MOJIEKYJISIpHOT (I3UKH € Teopis WMOBIpHOCTEH Ta
MaTeMaTUYHa CTaTUCTHKA.

Mopenb 11eabHOro ra3y 3a MOJIEKYJIIPHO-KIHETUYHOIO TEOPI€r0 — Lie chepruyHi
MOJIEKYJIM, pPO3MIpaMH SKUX MOXHA 3HEXTYBaTH, Kl pyXarTbCid TakK, L0 BCl
HaIpsSIMKKA PyXy € PIBHONPABHUMHU Ta PIBHOMMOBIPHUMHM. 3ITKHEHHSI MOJICKYJ MiXk
co000 Ta 13 CTIHKaMHU TOCYAMHHU BiIOYBAaOThCS 3a 3aKOHAMH TPYKHHUX yaapiB. B
MPOMIKKAX MK 3ITKHEHHSIMH MOJICKYJIM PyXarOThCs MPSMOJIIHIMHO Ta piBHOMIPHO,
MOTEHIIIaJIbHA CHEPT1s 1X B3a€EMO/Iii TOPIBHIOE HYIIIO.

Tuck rasy Ha CTIHKHM TOCYJIMHU, B SIKiil BIH 3HAXOJAUTHCS, 3yMOBJICHUHN yIapaMu
MouiekyJl. [Ipu KoxHOMY yaapi MOJIEKYJH 00 CTIHKY 3MIHIOETHCS IMITYJIbC MOJIEKYIIH,
a 3a JPYrMM Ta TpeTiM 3akoHOM HBIOTOHAa BHHHKAa€e CHWiIa, sKa Ji€ Ha CTIHKY
NoCcyAWHU. BigHOIIEHHS CUTH, IO Ji€ HA CTIHKY 3 OOKY MOJIEKYJ, A0 TUIOIII CTIHKU
BU3HAYa€ BEIMYMHY TUCKY ra3zy.

Benmuuuny THCKy rasy, sSIKMid 3HaXOOUTBHCS B CTaHl PIBHOBaru, MOKHa 3HAUTH
BUKOPHCTOBYIOUM 3aKOHM KJIACHYHOI MEXaHIKM Ta OCHOBHI  IOJIOKEHHS
MOJIEKYJIIPHO-KIHETUYHOI Teopii iaeanbHoro rasy [1].

BiAnoBiqHO 10 OCHOBHO20  pIBHAHHA  MOAEKYIAPHO-KIHEMUYHOI  meopii
i0eanvHo20 2azy:

p=§n<Ek>, (10.1)
2

. my
J€ p — THCK, n — KOHLEHTpaLlsi MOJIEKyI] rasy, < £, >=< Eu > - cepelHs

KIHETUYHA €HEeprisi MOJIEKYJ ra3y.

Ile piBHAHHSA BCTaHOBIIIOE€ B3a€MO3B 30K MIX MIKPOCKOMIYHUMHU BEIHMYWHAMU
(Macoro Ta MIBUIKICTIO MOJIEKYJI) Ta MAaKpPOCKOMIYHOK BEJIMYMHOI — TUCKOM. THCK
ra3y € CTaTUCTHUYHOIO BEJIMYMHOI0, BUHUKAE BHACIIJOK YJapiB BEJIHMKOI KUIBKOCTI
MOJIEKYJd. SIKIIO B TOCYJIMHI 3HAXOAUTHCS HEBEIWKAa KUIBKICTh MOJIEKYJ, TO iX
3ITKHEHHS 13 CTIHKaMH BIJIOYBAaIOThCA PIJIKO Ta HEPErYyJSAPHO (Yac MK OKPEMHUMH
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3ITKHEHHSMH BEIUKWN). SIKIO YHMCIIO MOJIEKYJT BEJIMKE, TO 3ITKHEHHS MOJEKYN i3
CTIHKaMH BITOYBAa€ThCs AyXKE 4acTo. [0l HECKIHUCHHO Maji CHJIM il OKpeMHuX
MOJIEKYJI Ha CTIHKY CKJIQJIal0Th MOBHY CHIIY, 1110 Ji€ Ha CTiHKY. CepelnHe 3a 4yacom
3HAYEHHS 111€1 CUJIM, 1O /1€ Ha OJIMHMUITIO IO, 1 BU3HAYA€E TUCK Tra3y.

[TopiBHsSIEMO pIBHAHHS CTaHy iaeajdbHOro razy (9.2) Ta OCHOBHE pPIBHSHHS
MOJIEKYJIsIpHO-KiHeTHYHO1 Teopii (10.1):

p:§n<Ek>; p=nkT .
Toni
3
<E, >:5kT’ (10.2)

Cepennsi KiHETHYHA €HEPTis MOCTYNAIBHOTO PYXYy MOJIEKYJ 1€allbHOTO Ta3y
npsiMO TIPOTIOpIliiiHa aOconoTHIN TemmepaTypi. ToO0To memnepamypa — mipa
CepeoOHbOi KIHemUyHoi eHepeii NOCMmynaibHO20 pPyXy MOAeKV1 10ealbHo20 2d3y 8
CMaHi MepmMoOUHAMIYHOT PiBHOBA2U.

[TocTymansHuii pyX MOJIEKYJIH 11€aJTbHOTO Ta3y MOBHICTIO BU3HAYAETHCS TPHOMA
KoopJauHaTaMu. ToMmy JUIsi MOJEKYJIHM 1€albHOTO Ta3y € TPU CTYIEHI CBOOOIH
(ctyneni BUIbHOCTi). Yuciom cmynenie c600600u Ha3UBAIOTh HAWMEHILE YHUCIIO
HE3aJIeKHUX BEJIWYHMH, 110 BH3HAYAIOTh TMOJOKEHHA Tima. Jlosg Momekyn
OJTHOATOMHOTO Ta3y YHCIIO CTYNEeHIB CBOOOAU i = 3, Ui TBOATOMHOTO Ta3y, BiJCTaHb
MDK aTOMaMH SIKOTO HE 3MIHIOEThCA, [ =5 (JIBa CTymneHi cBOOOaM 00epTalbHOIO Ta
TPHU TOCTyHaIBHOTO PyXiB). JJis MoJiekysl 6araToaTOMHOTO razy i =06 (TpH CTyNeHi
CBOOOIM  TOCTYNaJbHOTO pyxXy Ta Tpu  o0epTalibHOrOo  pyxy). Tpu
B3a€MOIIEPIIEHIUKYIISIPHI HaNPsIMUA MOCTYIMAJIBLHOTO PYyXYy OJIHOATOMHOI MOJIEKYJIU €
PIBHOWMOBIPHUMH, TOMY Ha KOKHHMH CTyMiHb CBOOOIM mpumnanae enepris /2 kT .
[le TBepmKEHHS, 110 HA3UBAETHCS 3AKOHOM DIBHOPO3NOOINY eHepeii 3a CMyneHAMU
c60000u, JIOBEJACHO METOJaMHU CTAaTUCTUYHOI (PI3UKH aBCTPIMCHKUM  (DI3UKOM-
teopetukoM Jl.bonmbumanom (1844 — 1906 pp.) Ta aHrmCHKUM  (HI3UKOM
Jlx.Maxcemiom (1831 — 1874 pp.). Toxi cepents KiHeTUIHA €HEPTisI MOJIEKYJ Ta3y,
KU Ma€ i CTYTEHIB CBOOOH, TOPIBHIOE

<E, >:§kT. (10.3)

Moiekynu 1€albHOrO Ta3y HE B3a€EMOJIIOTh MIDK COO0OI0, TOJI BHYTPILIHA
EHEpTis 171eaJTbHOro0 ra3y JOpiBHIOE JOOYTKY cepelHboi eHeprii mosiekynu (10.3) Ha
quciao ABoragpo N , Ta YUCIO MOJIIB:
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N, tkr=""Lgr.

v="
Y7 2 U2

Toai MoJisipHa TETUIOEMHICTh 171€aIbHOTO a3y B 130XOPHOMY IPOIIEC] JOPIBHIOE
C, =—R. (10.4)
A MoOJIsIpHa TEIJIOEMHICTH 1300apHOTO TIPOIIECY

Cp=Cp+R="T72

R. (10.5)

BinnosigHo no kimacuuHoi Teopii TemoemHocTi Cp ta Cp (104 — 10.5) He

3ajieXxaTh Bl TEMIEPATypu Ta BU3HAYAIOTHCS TIABKA YHMCIOM CTYIEHIB CBOOOIM 1.
Ane Taki BUCHOBKHM KJIACHYHOI (DI3UKHM HE MIATBEPIKYIOTHCS EKCIEPUMEHTAIBHO.
Tinbku Ans OKpeMHX TeMIEepaTypHUX IHTEPBATIB Ta JOCUTH BEIMKHX TEMIEPATyp
CKCIIEPUMEHTAIbHI 3aJIe)KHOCTI TEIUIOEMHOCTI BIJl TeMIepaTypu 30iraloTbCcs 3
BUCHOBKAMH KJIACUYHOI CTaTUCTUYHOI (i3uku. [IpuunnHa Takoi po30iKHOCTI B TOMY,
0 pyX MOJIEKYJl ONHCYETHCS KBAHTOBOIO Teopiero [4], 3riAHO 3 SIKOIO €Hepris
KOJIUBAJILHOTO Ta 00€PTAIbHOTO PyXiB MOJIEKYJI € BETUYUHOIO JUCKPETHOIO.

10.2 Po3moaij MoJIeKYyJI i1eaJIbHOT0 ra3y 3a IBUAKOCTAMH

SAxmo ra3 3HAXOMWUTHCS B CTaHI TEPMOJIWHAMIYHOI pPIBHOBar#M, TO HOTO
temriepatypa 1 =const, ane 11¢ TBEP/DKEHHS HE O3HAuYa€, MO0 B CTaHI PIBHOBArd
MOyl MIBUAKOCTI MOJEKYJ OJHAKOBI. AKE MOJIEKYJIH OE3MEepPEPBHO CTUKAIOTHCS
MDK cOOOI0 Ta 13 CTIHKaMU MOCYJMHHU 1 X HMIBUIKOCTI BHACIIIOK ILOTO 3MIHIOIOTHCS.
Bci HanpsiMu pyxy MOJEKYJd pPIBHOMMOBIPHI, a MIBHJKICTH OKPEMOI MOJIEKYJU B
JaHUH MOMEHT dYacy BEJIMYMHA BHMAAKOBa. TOOTO MoOJIeKyja HaBiTh MPOTATOM
HEBEJIMKUX TMPOMDKKIB Yacy 3MIHIOE HalpsM Ta BEJIWYHWHY IIBUJIKOCTI — ICHYE

PO3IIOIITT MOJICKYJT 3a MBUAKOCTIMH. L{e o3Hauae, M0 MBUIAKICTH B IHTEPBAII BIJ V

0 V+dv MaloTh MEBHE 4YUCI0 MOJIeKyJ. OCKIJIBKM B CTaHI pPIBHOBAaru CTajiolo €
TeMIieparypa, sika MoB’s3aHa 13 CEPEeIHbOI0 KIHETMYHOK eHepriero Moiekyn (10.3),
TO BHACTIOK MPHWHIMITY JETAJIbHOI PIBHOBAard CKUIBKM MOJEKYJ TOKHIAIOTh
IHTEepBaJI MIBUIKOCTI, CTUIBKM X iX 1 MpUOYBaIOTh 1O IbOIO IHTEPBAY 3a MaJIMM
MPOMIXKOK dYacy. TOOTO pO3MOIII MOJIEKYJ 3a MIBUAKOCTAMH € CTaOUTbHHM, HE
3aJIEKUTH BiJl 4acy. 3aKOH PO3MOJLTY MOJEKYJ 1JealbHOTO ra3y 3a IIBHUIKOCTSIMHU
BcTaHoBieHO JIx.MakcBemiom B 1859 p. PosrisiHemMo OCHOBHI BJIAaCTHBOCTI
posmoiny MakcBemia. Hexall mBUAKICTE B 1HTEpBaJl Big v 10 v+ dv MawTh dN
MoJiekyn. Toxi IMOBIpHICTh TOTO, IO MOJEKYJa Ma€ IIBHJKICTh B I[bOMY IHTEpBaJi
JIOPIBHIOE
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ap=N
N

ne N — [OBHE YKCIIO MOJIEKYJI B ITOCY/IMHI.
L1 IMOBIpPHICTH MPSAMO MPOMOPIIiiHA IHTEpBATY IIBUAKOCTI:

dP = f(v)dv, (10.6)
ne f(v) - dyHKUiS po3moAlTy 3a IMIBUJIKOCTSIMHU, SKa Ma€ 3MICT TYCTHHHU
HMOBIPHOCTI1 PO3IOALITY MOJIEKYJI 33 IIBUIKOCTSIMHU.

Toni

dN
S(wydv = N (10.7)

— BIJIHOCHA JIOJISI MOJIEKYJI, SIKI MalOTh IIBUAKICTh B IHTEPBAJIl BiJ v 10
v+dv. 13 (10.7) 3Haxoaumo

dN = Nf (v)dv,

IiCJIs IHTErpyBaHHs I[LOI0 BUPA3y OJEPKUMO IOBHE YKCIIO YACTHHOK:
[dN = [Nf(v)dv; N=N|[f(v)dv;
0 0
[f(v)dv=1. (10.8)
0

Ywmosa (10.8) — ymoBa HOpMyBaHHS (PyHKIIII po3noainy MakcBeia, o3Havae,
0 WMOBIPHICTH TOTO, IIO0 MOJIEKYyJia Ma€ IIBUAKICTh B IHTEpPBaJil Bif HYJS 0
HECKIHYEHHOCTI, JOPIBHIOE OJTMHHUIII.

Burnsa gyskiii posnoainy MakcBernia 3a aOCONIOTHUM 3HAYEHHSIM IIBUIKOCTI
MO’KHA OJIep’KaTH, BUKOPUCTOBYIOUM METOIU CTAaTUCTU4YHOI (pizuku (Hampukiazg [1],
[5]). Take moBeneHHS BUXOIWTH 3a PAMKHU KypCy 3arajbHoi (Di3UKH, TOMY HaBEIEMO
el 3aKOH 0€e3 TOBEJEHHS:

, (10.9)

m j% 2 mv?
v

=4 exp| —
A n(2nkT Pl "ok

Jie m— maca MOJIeKylH, k— ctaia bonpuMana.

3anexHicTe GyHKIIT po3noauty Makcemia Biji aOCOJIOTHOTO 3HAYEHHS
MIBUJKOCTI 300pakeHa Ha puc.10.1 ans pizHux temneparyp 1) <7, <Tj.
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SO

v

Pucynox 10.1

SIKII0 3MIHIOETHCS TEMIIepaTypa rasdy, TO 3MIIyeTbCca MaKCUMyM QYHKIT f(V)
B 01K 3pOCTaHHS IMBUAKOCTI, a Tuioma mija rpadikom f(v) He 3MiHroeThes (10.8).
BukopucroByrouu (10.9), MOYKHA 3HAWUTH CEpEeIIHIO <v>,

CEpENHBOKBAAPATUUHY V; =< v? >, Ta Halibimbm iMOBipHY Vinax IBHIKOCTI

MOJIEKYJ. V., BIAMOBigae MakcumMyMy pyHKuii posnoainy f(v) (10.9):
o,
dv V=1V

— Ymax

[\

m 2 mv* m % my my?
47 2v-exp| — —4rn -——exp| — =0;
2TkT 2kT 2nkT kT 2kT

y, = L (10.10)
m

CepeiHIO MIBUIKICTh 3HAXOJUMO 3 YMOBH

<v>:ojof(v)vdv:1/8k—T. (10.11)
0 ™m

A cepeqiHe 3HAYCHHS KBajipaTa IIBUIKOCT1 MOJIEKYJT 3Haxoaumo 3 (10.2):
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Tomi cepenHbOKBapPATUYHA IIIBUIKICTH TOPIBHIOE

v, =<y’ > = 3T (10.12)

m

3akoH MakcBemia BioOpa)xka€ CTATUCTUYHI 3aKOHOMIPHOCTI XaOTUYHOTO
TEIUIOBOTO pyXy MoJiekynd. He 3Bakaroun Ha BUMAagKOBUM, XaOTUYHHUI PyX MOJIEKYJ,
CYKYIIHICTh BEJIHMKOi KUIBKOCTI MOJIEKYN mignopsiakoBaHa 3akoHy (10.9), axuil mae
dbyHIaMeHTalbHE 3HAYCHHS JIJIs1 MOJICKYJISIPHOI (Di3UKH.

ExcnepuMeHTanbHy TMepeBipKy 3akoHy MakcBenjia BrOepine 3A1HCHEHO B
nociigax HiMerbkoro BueHoro O.Illtepna (1888 — 1969 pp.) B 1920 p. binbin Touna
nepeBipka 3aiiicHeHa B pociigax Emapimpka ta Jlammepra B 1926 — 1929 pp.
ExcnepuMeHTH 10BeIH 3 BUCOKOIO TOYHICTIO CIIPaBEAIMBICTh 3aKOHY MakcBea.

10.3 bapomerpuuna ¢popmy.a. Poznoain Makcsesia-boasumana

Posnoain MakcBemia He BpaxoBYy€e 30BHIIIHIX CUJI, 1110 JIFOTh HA MOJICKYJIU. AJe
noOnu3y MOoBepXxHI 3emili Ha MOJIEKYJU [II0Th CWIM TsDKIHHSA. ToMmy po3mojin
MOJIEKYJ Ta3zy B aTMocdepl BU3HAYAETHCS TEIUIOBUM PYXOM Ta JIE€I0 CUJ TSKIHHS.
Bracnigok 1boro TUCK MOBITPSl 3MEHIIY€ETHCS 3 BUCOTOIO.

Po3rnssHeMo BepTHKadbHHI CTOBH TMOBITPs,, IO 3HAXOAUTHCS B CTaHi
TEPMOAMHAMIUHOI piBHOBaru npu temmnepatypi 7' (puc.10.2). Buginumo ToHKUH 11ap

MOBITPSI BUCOTOIO d/, TYCTUHA TIOBITPSI p— CTajla  BEJIWYUHA.

h a [Ipu 3611bII€HH] BUCOTH Ha d/ TUCK HA BEPXHIO TOBEPXHIO
p—dp apy MOBITPsI 3MEHIITY€ThCS HA
dh
P
0 dp =—pgdh .
Pucynox 10.2
Axmo m — Maca MOJEKYJIH, a #n— KOHIEHTpaIis MOJEeKyJ, TO p=mn.

KoHieHTpartlito MoJieKyJl 3HaXOJMMO 13 PIBHSHHSA CTaHy iaealbHoro razy (9.1):
n=p/kT.Tonui

mg

dp = —
="

Po3aingioun 3MiHHI Ta IHTETPYIOUN OJIEp:KaHU BUpa3:
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p h
P kT o P kT

mg
= exp| ——=h|. 10.13
P=Dy p( T j ( )

(10.13) — 6apomeTpuuHa hopMmya, 11e PIBHSIHHS J03BOJISE 3HAWTU TUCK Tazy p
Ha BUCOTI /; p, — TUCK ra3y Ha Bucoti 4 =0. Jlng HEeBeJIMKUX BUCOT OGapoMeTpUYHA

dbopmMyra 03BOJISIE TOCUTh TOYHO BU3HAYWUTH THUCK. [Ipw 301IbIIEHHI BHCOTH THCK
EKCITOHEHITIaTbHO 3MEHIITYE€ThCS.

BukopucrtoByrouu (10.13), 3HaiiieMo 3ak0H pO3MOALTY MOJEKYJ 32 BUCOTOIO B
MOJT1 TSKIHHS. 3HANWIEMO KOHIIEHTPAIII0 MOJICKYJT 7 :

mg
=nkT ; n=nyexp| ———nh|;
p 0 P( T j

AU

n=nyexp| ———|, (10.14)
’ kT

1ie 1, — KOHIIEHTpallil MOJeKya Ha BUCOTI 7 =0; AU — 3MiHa NOTEHIiaJbHO]
€Heprii MOJIEKYJI B MOJI1 CHJIA TSKIHHSL.

3akon (10.14) — 3akon bonpliMaHa pIBHOBa)XXHOTO PO3MOALTY YAaCTUHOK Y
30BHINIHBOMY TOTeHIliabHOMY modi. Bimmosimao mo (10.14) umcmo 94acTHHOK B
OJIMHUIII 00’€MYy EKCIOHEHIIaJTbHO 3MEHIIYEThCSA MPU 30UIBIIEHHI MOTEHIIAIbHOT
€HEeprli.

3HailIeMo 4uciI0 dn MOJEKyJ, 110 3HAXOAATHCS B OJMHHULI 00’€eMy B IIapi Ha
BUCOTI MiX h 1 h+dh:

mgh
dn = ——=— |dh,
n=n, exp( T j

a BUKOPHUCTOBYIOUM po3nonin Makcsemna (10.9), 3HaiiieMo 4HCIO MOJEKYI,
HIBUAKOCT] SIKMX € B IHTEpBaJIl Bl v J0 V+dv Ta Ll MOJEKYJIH OJHOYACHO MAlOTh
noTeHIianbHy eHeprito U :

4 m \2 m"7 +AU
dn = ”0( ) exp L2 W2y, (10.15)
Jr U\ 2mkT kT
3akon (10.15) — 3akoH posnoauty MakcBemna-bonbiiMana MoJieKysl 3a

MBUAKOCTAMHU Ta HOTGHHiaHBHI/IMI/I GHCpFiSIMPI.
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10.4 B3aeMo03B’SI30K eHTpPONii Ta HMOBIPHOCTI CTaHYy TepPMOAMHAMIYHOI
CHCTEeMH

Jpyruii 3aKk0oH TEpMOJUHAMIKH, SIK 3aKOH 3POCTaHHS €HTPOIIli BKa3ye Ha Te, 110
CHTPOIMIST 130JIbOBAHOI CHUCTEMHU JIOCATAa€ MaKCUMallbHOro 3HaueHHs. llepexin
CHUCTEMH 10 CTaHy TEePMOJMHAMIUYHOI PIBHOBAaru HAMOUIBII IMOBIPHHM, TOOTO MiXk
CHTPOIIEI0 Ta IMOBIPHICTIO CTaHy TEPMOJMHAMIYHOI CHUCTEMH € (DYHKIIIOHAJTbHUIMA
3B’ SI30K.

Ileit 3B’ 130K BcTaHOBIIIOE (popMyrna bospiimana:

S=kInQ, (10.16)

ne ) — TepMoauMHaMiuHa WMOBIPHICTH JTAaHOTO CTaHy, a00 CTaTUCTUYHA Bara
CTaHy.

Tepmoounamiuna  UMOGIpHICMb  OOPIBHIOE  HUCTY  MIKPOCMAHIB, WO
gionogioaroms O0anomy makpocmary cucmemu. JlopeaeHus dopmynu bonbiimana
(10.16) mpoBeneHO B Kypci CTaTUCTUYHOI (P13UKH, HAIPUKIA, B [S].

®opmyna bonbliMana cTBEpIKye, 1O TEPMOJMHAMIYHA HMOBIPHICTH CTaHY
130JIbOBAHOI CHUCTEMU HE 3MEHIIYETHCS, CSITal0ud MAKCHUMaJIbHOTO 3HAYEHHS s
piBHOBaxHOTO cTaHy. CTaH CHCTEMH 3MIHIOETHCS TaK, 10 BIIOYBAETHCS MEPEXiJl BiJl
MEHIIT IMOBIPHOTO JI0 OUTBIIT IMOBIPHOTO CTaHy. B cTaHi TepMOAMHAMIYHOI piBHOBAru
TEepMOJIMHaMIYHa WMOBIPHICTh MaKCHUMaJibHa. AJie HaBITh HaMEHIIl IMOBIPHI CTaHH,
BIJIMMOBIAHO 70 Teopii MOBIPHOCTI, HE € HEMOKJIUBUMH. ToAl MOXJIMBI CaMOBLIbHI
BIIXWJICHHS (DI3UYHUX BEIIUYUH BIJ] CEPEHIX 3HAYECHb, 3yMOBJICHI TETUIOBUM PYXOM,
Kl Ha3uBawTbcad (uykTyanismu. BimHocHo Benuki (uykTyamii 3ycTpidaroThbes
TITBKA B CHCTEMax 3 MaJldM YHCIOM 4YacTUHOK. [loOnmu3y craHy piBHOBaru
¢ykTyarii BenuuuH B 01K 301IbIICHHS UM 3MEHIICHHS PIBHONMOBIpHI.

Hacnigkom (10.16) € MOXIMBICTh MEPEXOAy CHUCTEMH 3 OLIbII IMOBIPHOTO
CTaHy JO0 MEHII IMOBIPHOTO, aje€ Takuil TepexiJ MOXIUBUN JUIIe TOMAl, KOIU
B1I0yBa€ThCs MPOIEC KOMIIEHCAIlli B 30BHIMIHIX Ti1axX (y BIAMOBIAHOCTI JO APYTroro
3aKOHY TEPMOJIMHAMIKH ).

Jpyruii 3akoH TEepMOJMHAMIKM Ma€ CTAaTUCTUYHHUI XapakTep, BKazye Ha
HaWOLIBIIT IMOBIPHI MEPEXOIU CUCTEMH, PO3KPUBAKOYM (PIZUUHUM 3MICT €HTPOIIi SK
MIpU HAOMKEHHA CTaHy TEPMOJMHAMIYHOI CHUCTEMH JI0 PIBHOBar", Mipu
Xa0TUYHOCTI Ta HEBMOPSAIKOBAHOCTI CTaHy CUCTEMH.
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MEXAHIKA. MOJIEKYJISIPHA ®I31UKA TA TEPMOJNUHAMIKA

HaBuanpHUM 11O0CIOHUK

YHopsiiHUKY: TKAYEHKO Terssna BopuciBHa
VKPAIHEIIb  Mukona IBanoBHY
KAJITHIH Bitamii BeniaminoBuu
PUBAJIKA AnToHIHa IBaHiBHa
BE3VIJINU Anaromi BacwminoBuu
KO3APbH Amnartonii IBaHOBUY
MEJIBHUK Cepriit IBanoBuu
MACJIOBA Banentuna
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