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BII ABTOPA

®i3uka € HhyHIaMEHTATBHOIO TUCHUTUTIHOIO, SIKA CIPUSIE CTBOPEHHIO
HAyKOBO1 0a3u 1 GOpMYyBaHHS Cy9aCHOTO CBITOIUIALY JIFOJUHHN Ha OCHOBI
JIOCSTHEHh HAayKd 1 TexHikd. OBOJOMIHHS 3HAaHHSAMH Cy4acHOi (i3uku
dopMye CIPUMHATTS 1 po3yMiHHA sIBHI 1 TpoueciB y npupoai. dizuka €
0a30BOI0 AWCHMILTIHOIO IS IiATOTOBKA BHCOKOKBaTipikoBaHUX (DaxiBIiB
TEXHIIHOTO TIPOQiITIO.

Po3poOka 1 ympoBajKeHHsS TBOMOBHOI NMPAKTUKA Y HABYAJIbHOMY
mporieci TpW BUKIAJAaHHI Kypcy 3aranbHoi (I3UKH y TEeXHIYHOMY
VHIBEpCUTETI 13 3aCTOCYBaHHSM OUTIHTBICTHYHOTO METOJY JO3BOJISIE
BB2)XAaTH HOro NPOrPECMBHAM CYYacCHMM METOJOM HaBUYaHHS, IO Ja€
MOJKJIMBICTh OUTBII ITOBHO 1HTETPYBATHCh MalOyTHIM (haxiBIsIM B €IMHUN
OCBITHI¥ 1 HAYKOBUH €BPOTEHCHKUI MTPOCTIp.

Lle € roJOBHOIO MPHUYMHOIO, IO CIIOHYKajla HamucaTd JABOMOBHUIA
HaBYAJIFHUH MOCIOHHK 13 CHHXPOHHUM TIEPEKIaIOM TeKCTY aHTIIIHCHKOI0 Ta
YKpalHChKOIO MOBaMHU. HaBuanbHWN TOCIOHWK y3aranbHIOE OaraTopidHHN
JIOCBiJ] aBTOpa BUKIJIQJAaHHs Kypcy (Pi3ukH y 3anopi3bKoMy HalliOHaIbHOMY
TEXHIYHOMY YHIBEPCHUTETI CTyIEHTaM, M0 HABYAIOTHCS 3a CIIEIiaTbHICTIO
«EnekTpoeHepreTrka,  €IEKTPOTEXHIKA Ta  €JEKTpOMEXaHika» 3
NOINIMOJICHMM HAaBYAHHSM aHTJIHCBKOI MOBHM, @ TaKOX CTyACHTaM
crnerianbHOCTI «Ilepexmamy.

[lepmuit ToM HaBYANBPHOTO TOCIOHWKA MICTHUTH Iepiri TpU 0a30Bi
po3ainu (i3WKH, M0 BUBYAIOTHCS Y TEXHIYHOMY YHIBEPCHUTETI Ha IMPOTsI3i
OJTHOTO CEMEeCTpy: MeXaHika, MOJeKyJsapHa ¢i3uka i TepMOJMHAMIKA,
eJIeKTpUKa 1 MarHeTu3M. BukiageHi po3aiiu Kypcy (i3WKH BiIIOBIAIOTh
nporpami 1o ¢i3mii JUIsS CTYACHTIB HaBYaJIbHMX 3aKJIJiB BHIOI OCBITH
TexHigHoro  mpodimo. HapuanpHMi  TOCIOHWK  MICTHTH  TaKOX
UTFOCTPaTUBHUI MaTepiajl, KOHTPOJIbHI 3alIUTaHHS, PEIMETHUH TOKKYHK,
nepetiK PpeKOMEH/IOBaHOT JTiTePaTypH.

ABTOp BHUCIIOBIIIOE LIMPY BISYHICTH pPELEH3EHTaM 1 KoJeram
kadeapu ¢izukn 3amopizbKOTr0 HaliOHAaJIBHOTO TEXHIYHOTO YHIBEPCHTETY,
I0 MpUHAMAa y4acTh B OOTOBOPEHHI 3MICTY HaBYaIBHOTO IOCIOHUKA.
Astop Basunuii Coxkon T.O. 3a MOBHe W TEpMIHOJIOTiYHE pelaryBaHHs
NOCiOHMKa aHTJIIHCHKOI0 MOBOIO.
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Introduction

Physics is a science dealing with the most simple and simultaneously
the most general regularities of natural phenomena, properties and structure
of matter and laws of its motion. The word «physics» is derived from Greek
@Vvoil meaning nature.

There are great many parts of physics covering various subjects of
investigations: mechanics, molecular physics and thermodynamics,
electricity and magnetism, optics, physics of solids, atomic and nuclear
physics. Physics is a fundamental science. It is a base for development of
modern science and technology.

1 MECHANICS

Mechanics studies the motion of objects and the forces that affect
their motion. When a body changes its position relative to other bodies with
time it is said to be in mechanical motion.

The classic mechanics was founded in sixteenth and seventeenth
centuries due to the work of Galileo Galilei and Isaac Newton. Mechanics is
divided into three branches:

-kinematics,

-dynamics,

-statics.

Kinematics deals with motion without considering its causes.
Dynamics considers laws of motion and the factors causing this motion.
Statics deals with laws of equilibrium of bodies.

1.1 Kinematics
1.1.1 Basic Concepts of Kinematics
Kinematics studies the motion of bodies regardless to causes of this
motion.
The basic concepts of kinematics are following:
- material point;
- frame of reference;
- radius-vector;
- trajectory;
- path length;
- displacement;
- velocity;
- acceleration.
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Beryn

@izuka — 1€ HayKa, [0 BWBYAE€ HAWMPOCTIII 1 pa3oM 3 THM
HaOIbII 3arajbHi 3aKOHOMIPHOCTI SIBUILl MPUPOJH, BIACTHBOCTI 1 OyA0OBY
Mmarepii Ta 3akoHH ii pyxy. CI0B0O «}i3nuKay» MOXOJUTh BiJ IPEUBKOT0 (PUGIE
— pUpoJa.

Icaye Gararto po3minmiB ¢i3uKH, SKi OXOIUTIOIOTH PI3HI IMpenIMeTH
JOCHIDKEHBb: MeXaHiKa, MOJIEKYIApHa (i3uKa i TepMOIMHAMIKa, eJIeKTPHKa
1 MarHeTu3M, ONTHKA, (i3WKa TBEPIOTO Tila, aTOMHa 1 sjaepHa (i3uKa.
®izuka — me (yHmaMeHTanbHA Hayka. BoHa € OCHOBOIO JJISi PO3BHUTKY
Cy4acHOI HAyKH 1 TEXHIKH.

1 MEXAHIKA

Mexanika BUBYa€ pyX TUI Ta CHJIH, SIKi BIUIMBAIOTH Ha 1ei pyX. Komu
TIJIO 3MIHIOE CBOE IOJIOKEHHS 3 YaCOM BiJHOCHO IHIIUX Tijl, TOBOPSATH, IO
e € MEXaHIYHUH PYX.

Knacnuna mexanika Oyna 3amodatkoBaHa B XVI — XVII cromiTTi B
pobotax [amineo T'amines Ta Icaaka Hrplorona. MexaHiky MOALISIOTE Ha
TPH PO3MLITH:

-KiHEMAaTHKa,
-IMHAaMIKa,
-CTaTHKa.

Kinematnka BHBYae pyx o00’€KTiB 0€3 pO3IJsAy HOTO IPHUYWH.
JuHamika posrisiae 3akoHH pPyxXy Ta MPUYMHM, IO BUKIHMKAIH HOTro.
CraTuka BUBYA€E 3aKOHU PIBHOBAru TiJI.

1.1 KinemaTnka
1.1.1 OcHoOBHi NOHATTA KiHEMATHKH
KinemMatnka BHMBYaE pyX TiJl HE3QJIEKHO BiJ NPUYMH, IO HOTO
CIIPUYUHILITH.
OCHOBHI ITOHATTSA KIHEMATHKH :
- MarepiaabHa TOYKa;
- crcTeMa BiJUTIKY;
- paniyc — BEKTOD;
- TPAEKTOPIS;
- IOBXKWHA TUISAXY;
- IepeMIILECHHS;
- MIBUKICTH;
- IPUCKOPEHHSI.
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Material point (m.p.) is a body whose dimensions can be neglected
within a given problem.

For determination of the location a body at any time it is necessary to
choose frame of reference.

Frame of reference is a body of reference, system of axes connected
with a body and clock. Body of reference is any body with reference to
which positions of other objects are determined.

Space position of the material point may be determined by the
coordinates X, y, z or radius-vector . Radius-vector connects the origin of
a frame of reference O with arbitrary point M (Fig.1.1).

Figure 1.1

Radius-vector I may be resolved into the axes:
F=ri+r,j+rk,
where ry, 1y, I, are projections of radius-vector into the axis;
i’,j,k are unit vectors.
[T I=1il=lk =1
Modulus of the T is given by
|7 1= (6)2 +(6)? +(1,)? .
A motion of the m. p. point is described by the equation:
r=r(t),
that is equivalent to the system of equations:
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MarepianpHa TOUKa (M.T.) — II€ TiJI0, PO3MIPaMH SIKOTO MOYKHA
3HEXTYBATH B YMOBaX JaHOl 3a/iavi.

Jns BU3HAUEHHSI TOJIOKEHHS Tina y Oyab-sKHii 4Yac HEOOXiTHO
BUOpaTH CHCTEMY BiAJIKY.

Cucrema BiUTIKY — TIIO BiIJIIKYy, CHCTeMa KOOPAWHAT, TOB’s3aHa 3
HUM, Ta TOOUHHHK. Tim0 BiMIiKy — 1e Oyap-sIKe TijO, BIAHOCHO SIKOTO,
BM3HAYAIOTH MTOJIOKEHHS 1HIITUX TiJ.

IlonoxxeHHs MartepiabHOI TOYKM y TPOCTOpPI BH3HAYAETHCA 3a
JIOTIOMOTOK  KOOPAMHAT X,Y,Z abo pamiyc-Bektopom [ . Pamiyc-BekTop
3’€IHy€ TIOYaTOK KOOPAMHAT CHUCTeMHU BiUTIKY O 3 JOBUIBHOK TOYKOK M

(puc.1.1).

Pucynoxk 1.1

Paniyc-Bektop I' Moe OYTH PO3KIAIEHUH 1O BiCAM :
F=ri+rj+rk,
ae Iy, Iy, I, - TpoeKii paaiyc-BeKTopa Ha BicCi;

i, ],K - onquanuHi BekTOpH
| =1 =[K|=1.
Monyns ' BU3HAYAETHCS TAKAM YHHOM:

Ir|= \/(rx)z +(ry)2 +(r, ).

Pyx M.T. onHCy€eThCsSI HACTYITHUM PiBHSHHSIM:

r=r(),

10 TOTOKHO CUCTEMI PiBHSHb:
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re = (1)
r,=r,(t)
r,=r(t)

These equations are called kinematics equations of motion for
material point.

The line described by a moving material point in space is called a
trajectory.

The motion is rectilinear if the trajectory is straight line. The motion
is curvilinear when the trajectory is curve.

The motion of a body may be:

- translational (if any straight line that passes through the body
remains continually parallel to itself);

- rotational (if the points of a body describe concentric circles).

Let us consider the motion of the m.p. along the arbitrary trajectory
from initial point 1 to final point 2 (Fig.1.2).

-

Figure 1.2

Path length As is the distance measured along a trajectory.
Displacement Ar of a m.p. is the vector that connects initial point 1
with final point 2:

AT =T, —T,.
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re = (1)
r,=r,(t)
r,=r(t)

Ili piBHSIHHS HA3WBAIOTh KIHCMATHUIHUMH DIBHIHHAMHU _PYXY
MaTepiaJbHOI TOUKH.

Jlinis, sIKy onucye MaTepiajibHa TOYKa MPU HMEepeMIllieHH] y TPOCTopi,
Ha3UBAETHCS TPAEKTOPIELO.

Pyx € npsmoniHiiiHWH, SKIIO TpaekTopielo € mpsaMa JiHis. Pyx e
KPUBOJIIHIHHUH, SKIIO TPAEKTOPIEIO € KPUBA.

Pyx Tina Gysae:

- TIOCTYTAJIBHAUH (SKIIO OyIb-sKa TpsMa ITiHis, SKa POXOJUTH Yepes
TiJ10, 3aJTMIIAETHCS MApaNeIbHOI0 cama co0i);

- 00epTabHUI (SKIO TOYKA TiIa OMMUCYIOTh KOHIIEHTPUYHI KOJIa).

PosrnsaeMo pyxX M.T. B3IOBX JOBUIBHOI TPAEKTOPIi BiJ MOYaTKOBOT
ToukH 1 J10 KiHIIeBOI TOukH 2 (puc.1.2).

1 A8 2
AF
R F,
0
Y
X
Pucynok 1.2

JopxuHa nuisixy AS — 11e BiJICTaHb, BUMIPsIHA B3I0BX TPAEKTOPIl.

Ilepemimenns AF M.T. — Lie BEKTOp, 1O 3’ €IHy€ NOYATKOBY TOUKY 1
3 KIHIIEBOIO TOYKOIO 2:

AT =T, —1,.
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1.1.2 Velocity
To characterize the rapidity of motion the term of velocity is used.

Average velocity ©,, of material point motion for time interval At is the

av

ratio of displacement vector AT to At:

5o_ AT
av At '
The vector 0,, is parallel to vector AF, namely it is oriented in the

same way.

Instantaneous velocity © of material point motion at a given moment
of time is the limit of the ratio AT to At as At tends to zero:

. . AF dr
m—=—.

At—0 At dt

In other words © is the first derivative of radius-vector I with
respect to time t.

Vector © is directed along the tangent to the trajectory in the
direction of motion.

Vector U can be resolved along the axis:

D=0, +0,]+0,k.
Modulus of vector 0 can be expressed as:

0| = v +v] +vf

dr _dr, dr

— X . v =—Y . = z )

“odt Y dt Tt dt

Speed of a m.p. is the ratio of path length to time interval:
AS

L=—.
At

where

It is a scalar quantity.
The unit of velocity and speed is

[v]=ml/s.



19

1.1.2 HIBuakKicTL
Jlis  XapaKTepUCTHKH OHCTPOTH pPYXy, BUKOPHUCTOBYIOTH TEPMiH

MBUAKICTE. CepeaHs MBUIKICT Dcp pyXy M.T 3a iHTepBas yacy At - me

BigHONIEHHS BekTOpa nepemimenns Al o At :
— AT
Yo AL
Bekrop v, mapanenbHuH 10 BEKTOpY AF Ta opieHTOBaHHI TaK

camo, sik Bektop AT .
MuTTEBa NIBUAKICTE O  PyXY Ha JaHUH MOMEHT 4acy — L€ TPaHHMIIs

BigHomenns Al 1o At, komu At HaGIMKAETHCS 10 HYJISL:
- AF dr
O=Ilim—=—.
At—0 At dt
[HIMMYU CIOBaMHM, MHUTTEBA INBUIAKICTh O - I€ IEpIia IOXigHa
paaiyc-BeKTopa 1o 4acy t.
BekTop U cHOpAMOBaHMI B3/I0OBXK JOTMYHOI 0 TpaekTopii B OiK

pyxy.
BeKTop U MOXHa PO3KJIIACTH I10 OCSAM KOOPJIHUHAT:
U=uv,d +v,j+u,k.
Monyib BEKTOPY U MOKHA BUPA3UTH, SK
~ 2 2 2
0| = v +v] +vf
pi(S

U_drx.u_drY.U_drz
X r Yy T z '
dt dt dt
Moysb HIBHIKOCTI M.T. — 1€ BiIHOIIEHHS TOBKUHH IIJISIXY 10
iHTEepBaIly 4acy:

As

U=——,
At

Le ckansipHa Benn4uHA.

OnvHUL BUMiPIOBAaHHS IIBUIKOCTI:

[v]=wm/c.
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1.1.3 Acceleration
The velocity varies with time in the general case. We distinguish
between uniform and non-uniform motion. Uniform motion is the motion if
velocity equals constant:
U = const.
When velocity is not equal constant, motion is non-uniform:
U # const.
Physical value characterizes the time rate of velocity change is called
acceleration.
The average acceleration is the ratio of velocity increment to the time
interval during which this increment takes place:
AU
At
The instantaneous acceleration is the limit of ratio Ao to At as At
tends to zero:

av

. .. A0 do
a=Ilm—-=—.
A0 At dt
In other words vector & is the first derivative of 0 with respect to t.
Vector @ may be expressed as:
dr
_» d (E) d 2 l—;
a=—"=—5.
dt dt
Acceleration is a vector quantity.
The unit of acceleration is [a] = m/s’.

1.1.4 Tangential and Normal Accelerations
Let us consider a material point M that is moving along the
curvilinear trajectory (Fig.1.3). Its velocity varies and is related to time.

M a

T

Figure 1.3
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1.1.3 IlpuckopeHns
Bzarami mBHAKICTE MOXKE 3MIHIOBATHCh 3 YacoM. Po3pi3HSIOTH
OHOPINHUIA Ta HeoAHOpiAHWUK pyx. OOHOPITHUKM pyX BimOyBaeTbes 3
HE3MIHHOO IIBUIKICTIO:
U = const.
Konu mBuaKicTs 3MIHIOETBCA, PyX € HEOAHOPIAHUM:
U # const.
®di3nuHa BeNMYMHA, SIKA XapaKTEPU3Y€e CTYIMiHb 3MiHU MIBUIKOCTI Yy
Yaci, HA3MBAETHCS NPUCKOPECHHSIM.
CepesiHE TPUCKOPEHHS — 1€ BiJHOIICHHS MPUPOCTY IIBUIKOCTI 10
IHTEepBaIly Yacy, IPOTATOM SKOTO IIei MPHUPICT Mae Micie:
o _AD
7 At
MUTTEBE NPUCKOPEHHS — L€ TpaHuLs BiHOmeHHs AD 10 At, konm
At HabIMOKAETHCS 10 HYIIS:

_ .. Ao dv
ad=Ilim—=—.
At—0 At dt
[HIIMMM CITOBaMH, BEKTOp & Lie IepIua IOXiqHa Bi U mot.
BekTop @ MOKHa BUPA3UTH TaK:

dr
960 gy
a=—"—=—-.

dt dt?

[IpuckopeHHs — 11e BEKTOPHA BEJIMYHHA.
OJMHUIS BUMIPIOBAHHS IIPUCKOpeHHs: [a] = m/c’.

1.1.4 TanrenuianbHe Ta HOPpMAaJibHe MPHUCKOPEHHS
PosrisineMo marepianbHy TOUKy M, sika pyXaeThCsl 0 KPUBOTiHIHHIH
Tpaektopii (puc.1.3). [i mBUAKICTH 3MIHIOETHCS 3 YACOM.

Pucynoxk 1.3
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Vector of acceleration can be decomposed by two components
a and d,:
a=a +4a,.

The vector &_ is called the tangential acceleration. Vector @, is

directed along the tangent at the given point of trajectory and represents the
change in the magnitude of the velocity. The tangential vector direction is
coincide with the velocity vector

. do
a =—-.
dt
The vector &, is directed normally to the velocity. It represents the

change in the direction of the velocity and is called the normal acceleration.
This vector equals

where 1 is a unit normal vector, R is a radius of trajectory curvature.

If the point moves along circumference the normal acceleration is
called centripetal.

Any curvilinear trajectory can be considered as sequence of
elementary segments of circumferences each of them being considered as a
circular arc of radius R (Fig.1.4), which is called radius of curvature in the
given point of the trajectory.

Figure 1.4

Modulus of total acceleration is equal to

lal=ai+a?,
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BekTop nprCKOpEeHHs MOXKHA PO3KJIACTH HA JBi CKJIANOBI d_ Ta &,
a=a +4d, .

BeKTOp é , Ha3HBAKOTb TaHI‘eHHiaIII)HI/IM OPUCKOPCHHAM. ]_Ief/'l BCKTOp

CIIPSIMOBaHUH B3/IOBX JOTHYHOI B IaHIN TOUIl 1 TTOKa3ye 3MiHY IIBHUAKOCTI
32 BEIMYMHOI0. BEKTOp TaHTeHIIaJbHOIO TPHUCKOPEHHS CIPSIMOBAHUM
B3JIOBJK BEKTOPa IIBUAKOCTI:

3 do
T - .
dt
Bekrop @, CHpSIMOBAaHMH HOPMAIbHO 10 MIBHAKOCTI. BiH mokasye

3MiHY HanpsMKy IIBHIKOCTI, Ta HA3MBAETHCS HOPMAJILHUM NPUCKOPEHHSM.
Lleit BeKTOp MOPIBHIOE:

v
8=,
ne N - ONMHWYHKI HOPMATBHUI BEKTOP, R - pajiyc KpUBU3HH TPAEKTOPII.
SKnio Touka pPyXaeThCs B3OBXK KOJIA, HOpMallbHE MPUCKOPEHHS
Ha3UBA€ETHCS JOLEHTPOBUM.
Bynp-sika kpuBOmiHiiiHA TpaekTopis Moke OyTH pO3TIISIHYTa, SK
CYKYITHICTh €JIEMEHTApPHUX CETMEHTIB KUJI, KOXEH 3 SAKUX MOXKHA
po3risigatu, SK JOyry Koma paxmiycom R (puc.l.4), skuii Ha3zMBaeThCs

pajiycoM KpUBU3HU JIaHOT TPAEKTOPIl B 3a/1aHii TOYIII.

Pucynoxk 1.4

Mo/1ys1b TOBHOTO MTPUCKOPEHHS TOPiBHIOE:

la|=ai+a?,
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consequently,

azJ(%)z (L)

1.1.5 Uniformly Accelerated Rectilinear Motion
If tangential acceleration is constant and normal acceleration is equal
to zero (a, = const, a, = 0) the rectilinear motion is said to be uniformly
accelerated. In order to deduce formulas for uniformly accelerated
rectilinear motion let us use its definition.
If @ = const, then

~ do

a=—,
t

do = adt,

where U, is initial velocity.
This equation determines the velocity of uniformly accelerated

rectilinear motion at any moment of time.
Further,
am .
— =y, tat,
dt
dr = g,dt + atdt,

jdr = j(ao +at)dt,
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OTIKE,

azJ(%)z (L)

1.1.5 PiBHOMIpHO NpHCKOPeHHUI pyx
S0 TMpPUCKOpEHHST HE 3MIHIOETBCSA, TO TaKWUH pPyX Ha3UBAIOTh
piBHOMipHO TpuckopeHuMm. [llo6 BuBecTH (GdopmMynHm  piBHOMIPHO
MIPUCKOPEHOTO PyXy, BUKOPUCTAEMO HOTO BU3HAYEHHS.
Sxmo a = const, Toni:
. do
a=—,
t
do = adt,
v
[d
Vo

-0, = at,

Ci
I

adt,

Ci
Il
[ ———

L =, +at;
1e U, - MO0YaTKOBA IBU/KICTb.

e piBHSIHHS BU3HAYa€ MIBUKICTh PIBHOMIPHO MTPHCKOPEHOTO PYXY B
OyIb-SIKUIl MOMEHT Hacy.

Hami

ar .
— =y, +at,
dt

dF = 5,dt + atdt,
[dF = [ (B, +atydt,

de =j50dt+j§tdt,
0 0



where T, is the radius-vector of m.p. in initial position.
Consequently, the set of equations
U =0, +at
L L, o at?
F=1+0,t+—
2
describes the uniformly accelerated rectilinear motion.
If @ =0(a,=0, a,=0) these formulas are turned into equations for
uniform rectilinear motion:
r=n+o,t.

1.1.6 Kinematics of Rotational Motion

A motion, in which all points of a body describe circumferences
about a fixed axis, is called a rotational motion. We meet some new
parameters to study kinematics of rotation, they are:

Ag is angle of rotation;

® is angular velocity;

€ is angular acceleration;

T is period of rotation;

v is frequency of rotation.

Suppose the material point rotates in a circle with radius r (Fig.1.5).

Figure 1.5

The angle of rotation is A¢. Elementary angle of rotation d¢ is
called angular displacement. Value of d¢ determines the direction of



27

=42
r=r,+o,t+—,
2

ne [ - pafiyc-BeKTOp MaTepiaibHOI TOYKH B II0YATKOBIH MO3MUILIT.
OTxe, cuctema piBHIHb
U =0, +at
L oat?
F=1+0t+—
2
OTMCY€ PIBHOMIPHO MPUCKOPEHHI PYyX.
Skmo d = 0, wi QopMyaHM MEpETBOPIOIOTLCA Ha PIBHAHHS
PIBHOMIPHOTO PYXY:
r=r+o,t.

1.1.6 KinemaTuka 00epTajabHOT0 pyXy

Pyx, npu KoMy BCi TOUKH Tijla OMUCYIOThH KOJIa BiIHOCHO HEPYXOMOL
0ci, Ha3UBalTh 00epTaLHIM. BUBYal0uN KiHEMaTHKy 00EpTaILHOTO PYXY,
MU 3yCTpiHEMO €Ki HOBI IOHATTS, TakKi sIK:

A@ - KyT obepTaHHS;

@ - KyTOBa IIBHIKICTB,

€ - KyTOBE TIPUCKOPEHHS;

T - mepion oOepTaHHs;

V - 4acToTa 00epTaHHS.

[lpunyctuMo, w10 MartepiajbHa TOYKa O0O0EPTAEThCA IO KOy
paxiycom I (puc.1.5).

Pucynoxk 1.5

Bemnunna AQ € xyrom obepranns. EnementapHuii KyT oOepTaHHA
d@ HasuBaeThCs KyTOBUM nepeMileHHsM. Bemmunna 0@ 3a1ae HanmpsiMok
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rotation and it is the pseudovector. The direction of d¢ is defined by right-
hand screw rule: it is directed in the direction of translational motion of the
screw having the same rotation.
Average angular velocity of rotation @ is a ratio the angle of rotation
of the radius-vector to the respective time interval:
_ A
Mgy =—.
av At
Limit of average angular velocity, when At tends to zero is called
instantaneous angular velocity of rotation at time t:

G= lim 20_9°,
At—0 At dt
Unit of angular velocity is
[o] = rad/s.

The linear velocity v of the m.p. is given by
_ds_d(rg) _ dg_
dt dt dt
In vector form the relationship between v, I, ® may be expressed
by the formula:

ro.

o=[o,r].
Period of rotation T is the time of one complete revolution. In this
case A¢ = 2x.

2 2
o="=T7="T
T ®
The number of revolutions per unit of time is called frequency:
1
vV=—.
T
The unit of frequency is
[v]= 1/s = Hz.
Thus ® = 27v.
Average angular acceleration for the time interval of At equals
- Ao
Cav =

At
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obeprannst i € mceBmoBekTopoMm. Hampsimok d¢ Bu3Ha4YaeThesi 3a

NpaBWJIOM TMPABOr0 TBHHTA: BiH HANpaBICHUWH 3a  HANPIMKOM
MOCTYNAJILHOTO PyXy TBHHTA, IKHH 00€pTAETHCS TaK camo.

CepenHst KyToBa IIBHAKICTH OOEpPTAIBHOTO pyxXy O — 1€
BiJTHOIIEHHS KyTa OOEpTaHHs pajiyc-BEeKTOpa IO BiAMOBITHOTO iHTEpBATY
qacy:

— AP
®, = A
I'panuns cepeanboi KyTOBOI IMIBHUAKOCTI, KoMK At HabmMKaeThCS A0
HYJISl, HA3WBAETHCSI MUTTEBOIO KYTOBOIO INBHIKICTIO 0OEPTaHHS B MOMEHT
yacy t:

&= lim 29 - 90
At—0 At dt
OnuHUISE BUMIPIOBaHHS KYTOBOT IIBUIKOCTI:
[@] = pan/c.
JliniiiHa MBUAKICTH MaTePialbHO TOYKH BU3HAYAETHCS SIK

_ds_d(rg) _ dg _

dt dt dt

V BekTopHiii Qopmi criBBigHOmEHHS Mk U, [, ® MOXHa
BUPA3UTH HOPMYJIOIO:

ro.

o =[o,r].
Iepion obepranHs T — 1ie yac OJHOTO MOBHOTO 00epTy. Y IBOMY
BUNagKy AQ=2T.

27 21
o=—=T=—.
T al
Yucio 00epTiB 32 OJJMHUIIO YaCy HA3UBAETHCS YACTOTOIO:
1
vV=—.
T
OauHHMISE BUMIPIOBAHHS YaCTOTH:
[vl]= l/c = T,
Orxe ® = 27v.
CepeiHe KYTOBE MPUCKOPEHHS 3a MPOMIXKOK Yacy At JOpiBHIOE:
Aw

€, =—.
At
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Limit of average angular acceleration, when At tends to zero is called
the instantaneous angular acceleration:

Unit of angular acceleration ¢ is:
[¢] = rads?.
The angular velocity of rotation @ is a vector directed along the axis
of rotation (Fig.1.6):

Figure 1.6

The direction of @ is defined by the right-hand screw rule, that is in
the direction of translational motion of the screw having the same rotation.

The angular acceleration € is also a vector. The direction of € coincides
with vector o if the angular velocity increases in magnitude. If the angular

velocity @ decreases the vector € is oriented in the direction opposite to
that of angular velocity (Fig 1.7).

£ o

@

d_w>0 d—w<0
dt dt

Figure 1.7

Tangential part of acceleration equals
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I'pannnsg cepemHBOro KyTOBOTO MPHUCKOPEHHS, Komu At mpsimye 10
HyJIsl, HA3HBAETHCS MUTTEBUM KYTOBHMM IIPHCKOPEHHSM:
. o A do  d%
e=lim—=—=—->,
a0 At dt dt
OnuHUIA BUMIPIOBAaHHS CEPEHLOTO KyTOBOTO IIPUCKOPEHHS €:
[8] = pan/c’.

KyToBa mBUIKICTE 00EPTaHHS (O - 1I€ BEKTOP, HAIIPABICHUH Y3I0BK
oci obepranns (puc.1.6):

Pucynoxk 1.6

HanpsiMOK (© BM3HAYa€ThCs 3a MPABMJIOM MNPABOrO T'BUHTA: BiH
HAIpaBICHHUH SIK MOCTYNaJbHUN PYX TBHHTA, KUl 00epPTaEThCS TaK Camo.
KyToBe MPUCKOPEHHSI € TaKOX BEKTOp. SIKIIO KyTOBa MIBMAKICTH 3pOCTAE,
MH MaeMo HalpsMOK &, IO CIiBNajac 3 BEKTOPOM . SIKIIO MOIyJb
BEKTOpa () 3MEHIIYEThCS, BEKTOP & HAIpPaBJICHUH MPOTUIEKHO JIO
BEKTOPY KyTOBOI IBUAKOCTI (puc.1.7).

£ o

@

Ml

d—0)>0 d—0)<0
dt dt

Pucynok 1.7

TaHreHiaibHa CKJIaI0Ba MPUCKOPEHHS JOPIBHIOE:
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a _du_d(mR):Rdu)_

== — =Re.
dt dt dt
The normal part of acceleration is
2 2
R R

The uniformly accelerated rotational motion (€ = const) is given by
the same equation as translational motion.
As
dw
e=—o1,
dt
then
do =edt .

Integration of this equation gives
t

Tdco=j8dt,

0
0—-0, =c¢t,
o=, +et.
As
d
0=92,
dt
then
do = wdt.
Integration of this equation gives

(0] t
[do = [ (e, +at)dt,
Po 0

&t?

gy =gt
P—0Q 0 5

2
(p=(p0+coot+%.
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a _du_d(ooR):Rdu)_

=== — =Re.
dt dt dt
HOpMaJ'II)Ha CKJIal0Ba MPUCKOPCHHA:
2 2
al’] e U_ — @ — (,OZR .
R R

PiBHOMIpHO TpUCKOpeHuit obepTanbHuil pyx (€ = CONst) 3amaeTbes
AHAJIOTIYHUM PIBHSHHSM JIO OITUCY TIOCTYTIOBOTO PYXY.

Tak sx
do
£=—,
dt

TO

do = edt .

[aTerpyBanHs BOro BUpasy Aae€:

® t
jdw=jsdt,
[ON 0
0-0, =c¢t,
o=, +et.
Tak sx
d
0=—r
dt
TO
do = wdt.

IHTerpyBaHHs 1IbOrO BUpA3y Ja€:

jzd(p = 'tf(mo + &t)dt,
0

Po
et?
-, =®ot+7’

2
(p=(p0+ooot+%.
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Consequently the set of equations for uniformly accelerated
rotational motion is

o =g +&t
et? -
=g +600t+7

1.2 Dynamics
Dynamics deals with the motion of bodies under the effect of forces.
The basic physical concepts of dynamics are mass, impulse and force.
Mass is a physical quantity that is a measure of the body inertia and
gravitation. It is a scalar quantity.
The unit of mass is kilogram [m] = kg.
Density is the mass per unit volume of substance:

_m
p v
The unit of density is
k
[Pl=-3.
m

Impulse of a body (linear momentum) is the product of the mass of
body by its velocity. It is a vector quantity.
p=mo.
The unit of impulse is

[p]=kg™".
S

Force is the vector physical quantity that is a measure of interaction
of bodies.
The unit of force is a newton:
[F1=N.

1.2.1 Classification of Forces
We consider three kinds of the forces in dynamics.

1. Gravity force.
According to the law of universal gravitation the gravitational force

between two bodies masses m, and m, is equals to



35

Orxe, cucTeMa DpIBHIHB JUISI  PIBHOMIDHO  IIPHCKOPECHOTO
00epTaBFHOTO PYXY €:
=00, +et
gt? -
P = Po + 0oL+

1.2 Iunamika
Junamika posrisigae pyx Til mig gieto cuia. OCHOBHUMH (i3HYHUMH
BEJIMYMHAMH JHUHAMIKH € Maca, iIMITyJIbC 1 CHJIa.
Maca € ¢i3uuHa BeNMYMHA, SIKA BU3HAYA€ iHEpTHI 1 rpaBiTamiiHi
BJIACTHBOCTI Tijla. Maca € CKaIsipHOIO BETUIHHOIO.
OOUHHMIICI0 MACH € KUIoTpaM  [m] = KT.
I'yctrHa — Maca oguHMI 00'€eMy PEYOBHHU:

b= m
v
OpnuHALIEI0 BUMIPIOBAHHS TYCTHHHU €:
KT
[pl=— .
M3

IMnynbe — 11e OOYTOK MacH Tijla Ha WOTO IIBHIKICTh. IMITyIbC €
BEKTOPHOIO BEJTUIHHOIO:

p=mo.
OnMHHMIECI0 BUMIPIOBAaHHS IMITYJIbCY €:
M
[p]=xr—.
c

Cuna - 11e BekTopHa (hi3WdHa BEJIMUMHA, KA € MiPOIO B3a€MOIT TiJl.
OnvHUIIEI0 BUMIPIOBaHHS CHIIM € HBIOTOH:
[F1=H.

1.2.1 Knacudikanist cui
B nunaMmili po3riisaarTs TPH BUIH CHIL.
1. Cuiia TSOKIHHSL
3riJHO 3aKOHY BCECBITHBOTO TSDKIHHS TpaBiTalliiiHa CHJia MiX JTBOMa
TiJITAMHM Macoro My 1 My TOPIBHIOE:
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F — Y m1m2

where v is the gravitational constant,
v=6.672-10""N-m?/kg®.
R is the distance between the bodies.
Weight of the body is
P=mg,
where @ is the acceleration in a free fall.

2. Force of friction.

The force of friction is interaction force arising between contacting
bodies hindering their motion.

The force of friction is caused by the irregularities of the contacting
surfaces and forces of molecular interaction.

The friction force is presented by

F, =—kN,
where K is the coefficient of friction,

N is the force pressing the contacting surfaces together.
The friction is observed in liquids and gases too, in this case the force
of resistance arises:

Fr =-ro,
where r is the coefficient of the medium resistance,

v is the velocity of a body.

We can see that resistance force is directly proportional to the velocity.

3. Elastic force.

When a body is subjected to deformation the elastic force arises. If
the body restores its initial shape and size after the action of the force, the
deformation is called elastic.

According to the Hook’s law, the stress applied to the elastic body is
directly proportional to the strain produced:

oc=Eg,

F .
where ¢ = § is the stress,



Je Y - rpaBiTalliiiHa KOHCTaHTa:
vy =6,672 107MH - m?/ xr 2.
R - BizmcTranes MK TUTAMH.
Bara Tina:
P=mg.
e § - IPUCKOPEHHS BiTBHOTO Ma iHHSL.

2. Cuna teprs.

Mix TimamMH 10 KOHTAaKTYIOTh BHHHUKA€ CHJIA B3a€EMOii, sKa
nepenKomkae iXxapboMy pyxy. Llg cuna HaszuBaeTbes cuinoio Tepta. Cuiny
TEpPTS BUKJIMKAIOTh HEPETYJISPHICT MIOBEPXOHB, 110 KOHTAKTYIOTh 1 CHJIH
MOJIEKYJIApHOI B3aeMoii. Crita TepTs BUBHAYA€THCS:

F,, =—kN.
ne K - koedimieHT Teprs,

N - crra, siKa IPUTHCKAE TIOBEPXHI 10 KOHTAKTYIOTh.
TepTst cioctepiraeTscsi B piiMHax i ra3ax TakoX, B JAHOMY BHUIAIKY
BUHUKAE CUJIA OIIOpY:

F,=-T0,
Iie I' - KoediIlieHT Omopy cepeIoBHIIa,
U - MIBUIKICTH TiNA.

Mu 6a4nMo, IO CHJIa TEPTS MPSIMO MPOIOPIIiHHA IBUIKOCTI.

3. Cujia npy»KHOCTI

Cuna mpyKHOCTI BUHHUKAE, KOJIH TUIO JIedOpMyeThes. SIKIo Tiio
BiJTHOBITIOE€ CBOIO TIOYAaTKOBY (popMYy 1 po3mip micns mii cuiu, aedopmartis
HA3UBAETHCS MIPYKHOIO.

3rigHo 3akoHy ['yka, HampyXeHHs MPHUKIAJACHE O MPYXHOTO Tiia,
OpsSMO MPOTOPLiHE A0 BiAHOCHOTO HOAOBXKEHHS:

o= Eg,

ae G=§ - HampyKeHHS,
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Al . o .
€= T is the longitudinal strain,

E is Young’s modulus.
Young’s modulus characterizes the elastic properties of a material.
After substitution this formulas in Hook’s law, we obtain:

F_gd
s
ES

F :TAI KA,

ES . . -
where k = I_ is the coefficient of elasticity,

Al is the deformation of a body.
Thus the deformation of an elastic body is directly proportional to the
applied force.
Units of these values:

N
[o]=—5 = Pa,
m
[[]=—=1,

m
[E] = Pa.

1.2.2 Laws of Classical Dynamics

The laws of classical dynamics were formulated by Isaac Newton in
1687.

Newton’s first law. Every body retains its state of rest or straight
line uniform motion unless it is compelled to change that state by the
application of external forces.

Ability of the body to be in a state of rest or straight line uniform
motion without external action is called inertia. So the Newton’s first law is
the law of inertia.

Newton’s second law. The acceleration of a body is directly
proportional to the vector sum of forces acting upon it and is inversely
proportional to the mass of the body. The direction of the acceleration
coincides with direction of the force sum:
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€= T - BiHHOCHe IIOJOBXKCHH:,

E - moxynp FOHra.
Monyne FOHra xapakrepusye npykHi BIacTUBOCTI Marepiamy. [licis
MiCTaHOBKY X (hopMyT B 3aK0H ['yka, MU OTpUMy€eEMO:

F_gal
S |

FzETSAI:kAI ,

ne k= |_ - KoeilieHT IpPYy>KHOCTI,
Al - neopmanis Tina.
Tomy nedopmaliist py>KHOTO TiJia MPSIMO MPOTOPIiHHA 10
MIPUKJIAACHOI CUIIH.
OpnuHALI BUMIPIOBAHHS IIMX BEIWYMH:

H

[c]l=—

M

[g] = M: 1,
M

[E] =Ia.

=Ila,

1.2.2 3aK0oHH KJIACHYHOI AMHAMIKH

3akoHM KJIacCM4YHOI AuHamiku chopmyiroBaB Icaak Hetoron B 1687
potii.

Iepuuii 3akon HuloTona. KoxxHe Tino 30epirae cran crokoro abo
PIBHOMIPDHOTO MpPSIMOJIIHIHHOTO pyXy, MJOKM Jisl 30BHILIHIX CHJ He
NPUMYCHUTh HOTO 3MiHUTH 1IeH CTaH.

3nmaTHicTh Tina 30epiraTd cTaH CIOKOI abo0 MPSIMOJIIHIHHOTO
PIBHOMIPHOTO pyXy MpH BiJICYTHOCTI 30BHINIHKOI JIii HA3MBAIOThH IHEPIIIEIO.
Tomy neprmii 3akoH Hpl0TOHA € 3aKOHOM iHEepIIii.

Jpyruii 3akon HeloTona. IIpuckopeHHs Tina mpsiMo NporopLiiiHe
JI0 BEKTOPHOI CyMH CHJI, [0 JIFOTh Ha HHOTO, 1 00EPHEHO MPOMOPIIHHO 10
MacH Tisa. 32 HAPSMKOM TIPUCKOPEHHS 30irae€ThCsl 3 HAPSIMOM CYMH CHUT:
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F=m—=— 2 _""
2F dt dt dt

The derivative of impulse with respect to time equals to the vector
sum of forces acting upon the body. This formula is Newton’s second law
in general form. This law is basic for classical mechanics.

Newton’s third law. The forces with which two bodies act upon
each other are equal in magnitude and opposite in direction and directed
along one straight line:

F,=-F,;.
Newton’s laws are valid only if:
1) the frame of reference does not accelerate. It is called inertial
frame of reference;
2) the body dimensions are much more than atomic ones;
3) the body velocity is much less than the velocity of light: v <<c.
All laws of physics are the same in all inertial systems.

1.2.3 Law of Impulse Conservation

The law of impulse conservation is a consequence from the Newton’s
second and the third laws. Consider the interaction between some bodies.
Let us assume that there are only internal forces. This is so called closed
system. The Newton’s second law for each body is given by

d(mo,) = = B,
amoy) Fo+Foy+o.+Fy

dt
d(m,v,) = =

dt = I:ln + I:2n +..t I:(n—l)n

where Fy =—F,; ... Foy,=—Fny-



a=—"—,
m
> F =ma,
. do dmo) dp
F=m—-=—2="",
Zi:' dt  dt dt

IToximHa iMITYJIBCY TI0 Yacy JOPIBHIOE BEKTOPHIM CyMi CHII, IO JiIOTh
Ha Tino. g ¢popmyna € qpyrum 3akoHoM HbroToHa B 3araqbHOMY BHTJISIII.
Llett 3aKOH € OCHOBHMM JIJIs1 KJIACHYHOI MEXaHIKH.

Tpertiii 3axkon HploToHa. Crim B3aeMoii JBOX TINI € PIBHUMH 3a
BEJINYMHOIO, TIPOTUIICKHUMH 32 HANPSMKOM 1 HampsIMIICHI B3ZOBX OJHIi€i
psIMOT:

F, =-F,.
3akonn HeloTOHA cripaBe MBI, TUTBKH SKIIO:
1) cucrema BimTiKy HE MPUCKOPIOEThCA. Taka cucTeMa Ha3WBa€ThCS
IHEpILIAJIBbHOIO CUCTEMOIO BIJUTIKY:
2) po3MipH Tifa € 3HaYHO OLTBIIMMU 32 PO3MIPH aTOMa;
3) MIBUAKICTH Tija € HabaraTo MEHIIIOK 3a MBHIKICTh CBITIIA U << C.
Bci 3ak0oHM (i3UKH € OJJHAKOBIUMH Yy BCIiX 1HEPIialbHAX CUCTEMAaX.

1.2.3 3akoH 30epe:keHHs IMIIYJIbCY
3akoH 30epeKeHHS IMITYIbCY € HACIJKOM JAPYroro Ta TPETHOro
3akoHiB HproTroHa. PosrmisgHeMo B3aeEMOOIF0 MDK JEIKUMH TiIaMU.
[Ipumyctrmo, Mo MiXK HAMHU iCHYIOTh TUTbKH BHYTpimmHI cuiu. lle Tax
3BaHa 3aMKHyTa cucrema. J[pyruii 3axoH HbpOTOHA 11 KOXKHOTO Tija Mae
BUTJISIL

dMS) ¢ e . e
dt

Il
T
=~
STI
+
+
_n

— — — —

ne Fyy=—F,; ... F(n—l)n = _Fn(n—l)'
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Thus we obtain the sum of these forces which equals zero:

$9mo) g
i dt
From this equation we obtain:

n
> m; =const .
i=1
The law of impulse conservation reads as follows: the vector sum of
impulses of bodies in a closed system is a constant quantity.

1.2.4 Energy. Work. Power

Energy is the body ability to do work. Energy is universal measure of
different forms of matter’s motion and interaction. Different types of energy
correspond to different forms of matter’s motion: mechanical, internal,
electro-magnetic, nuclear etc. The energy is scalar value, it is expressed in
joules.

The total energy of mass at rest is presented by the Einstein’s
equation:

E =mc?,
where m is the mass of body,
c is a speed of light.

According to this equation mass can be converted into energy and

vice versa.

Work of the force is called the scalar product of a F force by the
elementary displacement of dr .

If the point of the force applied is displaced, we can say that the force
performs work.

Thus

dA= (IE, dF) = F|dF|COS(7, = Fdscosao = Fsds,
where ds = dF| is the pass length,

Fs = Fcosa is a projection of force to the direction of dr .

A force does not perform any work if:
1) the point of the force applied is at rest
r =const;dA=0;dr =0.
2) the force is at the right angle to the displacement vector
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ToMy MH OTPUMYEMO CyMy LIUX CHJI PIBHOIO HYJIIO:

$4m3)
o dt
3 UBOro PiBHSHHS MU OTPUMYEMO:

n
> m, =const.
i-1
3aKkoH 30epeXeHHS IMITYJIbCY MOKHA C(HOPMYITIOBATH TaK: BEKTOPHA
CyMa IMITyJIbCIB TiJ B 3aMKHYTiH CHCTEMI € MOCTIHOIO BETHYUHOIO.

1.2.4 Enepris. Po6ora. [loTy:kHicTh
Eneprisi € 3marHicTIO Tina BUKOHYBaTH poOoty. Enepris e
VHIBEpPCaJIbHOIO MIpOI0 pi3HUX (GopM pyxy matepii 1 B3aemoxii. Pi3Hi Buam
eHeprii BiAMOBINAarOTH pizHUM QopMaM pyXy: MeXaHidHa, BHYTPIIIHA,
€JIEKTPOMArHiTHa, sfepHa, Towmo. EHepris € CKaJsipHOI0 BETMYUHOIO, BOHA
BUMIPIOETHCS B JDKOYJISX.
[ToBHa eHepris MacH y CIIOKOT BU3HAYA€ETHCS piBHsHHAM EfHIITEHHA!

E = mc?,

e M - maca Tina,
C - IBUIKICTH CBITJIA.
3riZiHO LOTO PiBHSHHS Maca Moe OYTH IepEeTBOPEHA B EHEPTIIO 1
HaBIIaKH.

P0o60TO0 cHITH HAa3UBAKOTh CKANISIPHUIA 100yTOK ciin F Ha
eseMenTapHe nepemimenns dr
SIK110 TOYKa MPUKIAAAHHS CHIIH TIEPEMIIIYEThCSI, MU MOYKEMO
TOBOPHTH, III0 CHJIa BUKOHYE POOOTY.
Tomy :
dA = (F,dr) = F|dF|cosa = Fdscosa = F,ds,

neds = |df| - IOBKHMHA IUISIXY,

F, =Fcosa - npoekuis cun Ha Hanpsim dF .

Cusa He BUKOHYE HisIKOT poOOTH, SIKIIIO:
1) TOuKa MpUKIIaaHHS CHITH € y CITOKOL
r=const;dr =0; dA=0.

2) cuna 3HaXOAUTHCS MiJ IPSAMUM KYTOM JI0 BEKTOPA MEePEeMilIeHHs
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a==%

N a

cosa =0,

dA=0.
Example:
The centripetal force doesn’t perform any work because it is at the

right angle to the radius. Thuscosa=0; dA=0.
In general case force F is not a constant value therefore the work is
given by
2 ~ Sy
A=|(F,dr)=[Fds.
1 Sy

The definite integral is taken along the trajectory 1 — 2 (Fig. 1.8).

F.n.

Figure 1.8

The work A is equal to the square under the curve (Fig. 1.8).

The force is called potential if the work of this force depends only on
the initial and the final positions of a material point.

The work of the potential force along the arbitrary closed trajectory L
of integration equals zero:

yﬁﬂnzo.

The unit of work as well as of energy is joule:
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o==

NS

cosa =0,
dA=0.
TIpuxnan;
JlolleHTpoBa CHJIa HE BHUKOHYE OyIb-Ky pOOOTY, TOMYy IO BOHa
3HAaXOJUTHCA IIiJl IPAMUM KyToM 110 pazaiycy. Tomy coso=0;dA =0.

V 3arajgpHOMY BHIAJKy CHia F  Moke 3MiHIOBAaTHCh, TOMY poboTa
Oyze DOpiBHIOBATH:

A=j(ﬁjF)=TEd&
1 Sy

Busnauenwuii inTerpan 6eperscs y3m0Bxk TpaekTopii 1 - 2 (puc. 1.8).

F.II.

CJJ"

Pucynoxk 1.8

PoboTa 4 nopiBHIOE IIOMIMHI i KpHuBOO (puc. 1.8).

Cuna Ha3MBAE€TbCS IOTEHIIATBHOIO, SKIIO poboTa Ii€l  CHIH
3aJIeKUTh TUTHKH BiJI TOYATKOBOI 1 KIHIIEBOI MMO3UIIiT MaTepiallbHOT TOYKH.

PoGora moOTeHMIaAbHOI CHJIM B3J0BX JIOBUIBHOI  3aMKHYTOT
TpaekTopii iHTerpyBaHHs L NOpIBHIOE HYIIO:

yﬁﬂmzo.

OpvHuULIEI0 BUMIPIOBaHHS POOOTH TaK SIK 1 €Heprii € HKOYIIb:
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[A]=)=N-m
Power is the work performed per unit of time:
yoGA
dt
(F,df) =dr, =
N = = F,— = F,U .
pramial Ul Bl GHY)

As a result of this equation we may say the more is velocity of an
engine the more is its power.
The unit of power is watt:

[N]=W=£.
S

1.2.5 Mechanical Energy
There are two forms of mechanical energy: kinetic energy and
potential one.
Kinetic energy
Kinetic energy is a function of the state of a body. It depends upon
velocity and mass of the body. Let’s assume that external force F acts upon
a body. According to the Newton’s second law

mdC_g
dt
odt =dr,

where dr is a displacement.

Multiplying these equations scalar we’ll have
2

m(DdD):(If,dF)=>d(m; )=(E,dF),
mo?
E ="

where Ey is called kinetic energy. Thus the increment of kinetic energy
equals the work of the external force.

Potential energy

Potential energy is the reserve of work that a body can perform. It is
the energy of a body position relative to other bodies.

1. Potential energy in the field of gravity.



47

[A]l=]x=HM
IoTyXHICTh - e po00Ta, BUKOHAHA 32 OJMHHMIIIO Yacy:
dA
N=—,
dt
_(F.dr) _

- dr -
N (F,—)=(F,0).
dt dt
Pe3ynpTati 11b0ro piBHAHHS € TE, M0 YMM O1JIBIIE MBUAKICTD
JIBUTYHA, TUM OLITBIIIE HOTO MOTYKHICTb.

OpnuHALEI0 TTOTY>KHOCTI € BaT:

[N]=Br="—.
C

1.2.5 MexaHiuHa eHepris
IcHytOTE ABi hopMHU MeXaHIYHOI eHeprii: KiHeTHYHA 1 MOTeHIlaabHa
eHepris.
KinetnyHa eHepris
Kinetnuna eHepris € QyHKmi€eto crany Tina. BoHa 3ai1exuTts Big Macu
Tina i mBuakocTi. [Ipumyctumo, mo 30BHIMHEA cuna F mie Ha Tino. 3rigHO
JIpyroro 3akoHy HeroToHa:

md—Uzlf,
dt
odt =dr,

ne dr - mepemimenss.
CkansipHuii 10OYTOK IIMX PiBHSIHB Ja€

mo?

m(od5) = (F,dr) => d( , ) =(F,dr),
Ek:muz,
2

ne E, 3Berbcst kiHeTHuHOWO eHeprieto. ToMmy HpupicT KiHETU4HOI eHeprii
JOPIBHIOE POOOTI 30BHILIHBOT CHIIH.

HoreHriansHa eHepris

[lorenuianbHa eHepris € 3amacoM poOOTH, IO TiJIO MOJKE BUKOHATH,
BOHA 3AJIC)KHUTH Bijl PO3MIILEHHS TiJIa BiIHOCHO 1HIINX TiJI.

1. TTorennianbpHa eHepris y N0 paBiTallii.
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If a body is displaced in the field of gravity the work done by the
force of gravity is given by

A:}Pdh:j.mgdh:mgh.
0 0

This work is equal to the change of potential energy of a body. Thus
E, =mgh.
2. Potential energy of a deformed spring.
The force of deformation acting at the end of spring is:
F =kx.
The work done by this force equals

X X k 2
Az!FdXz!kxdx:%,

where k is a coefficient of elasticity.
This work equals to the potential energy of the deformed spring:
kx®

E
P2

1.2.6 Force as a Gradient of Potential Energy
Considering three-dimensional case one can get:

F=Fi+Fj+Fk
dF=de+dyJ?+dzIZ.

The work is
dA=(F,dr) =F,dx+ F,dy + F,dz,
dA, = F,dx
dA, = F, dx.
dA, = F,dx
If work was performed then the potential energy of system reduced:
dA=-dE,

(F,dr) =—dE,,
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Slxmo Tinmo mepeMimyeTbes y ol rpaBirtaiiii, To poboTa, BUKOHaHA CHIIO0
rpaBiTarlii, BH3HAYAETHCS.

A:}Pdh:j.mgdh:mgh.
0 0

s poboTa mopiBHIOE 3MiHI TOTEHITIATBHOT eHeprii Tina. Tomy
E, =mgh.
2. [ToTenuiansHa eHeprig Ae(opMOBaHOI IPY>KUHH.
Cuna gedopmartii, sika i€ Ha KiHELb NPYKUHU TOPiBHIOE:
F =kx.
PoboTa, BUKOHaHA II€I0 CUIIOH0, TOPIBHIOE:

X X k 2
A:_([Fdx=£kxdx=%,

ae K - koedilieHT nmpyXHOCTi.
s poGora nopiBHIOE TOTEHIiANbHIA eHeprii aedopmoBaHOl
NPYKUHH:

1.2.6 Cuna, Ik rpagicHT NOTeHIiaAbHOI eHeprii
Posrisinatoun TpUBMMIipHHI BUITAJ0K, MH OTPHMAEMO:

F=Fi+Fj+Fk
dF = dxi +dyj + dzk

PoGora cumu F mopiBHroe:

dA=(F,dr) =F,dx+ F,dy + F,dz,

dA, = F,dx
dA, = F dx.
dA, = F,dx

Skmo Oyna BHKOHaHa poOOTa, TO MOTEHINadbHA EHEPris CUCTEMH

3MEHIINIACK: dA=—-dE,,

(F,dr) =—dE,,
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oE, oE, oE,
dA=— dx + dy + dz |,
OX oy oz

oE, OE, ok,
F.dx+F dy+F,dz=- dx + dy + dz |.
OX oy oz

Thus

1.2.7 Law of Conservation of Mechanical Energy
Let us consider the system of material points with masses m,...m

n

and velocities 0,...0, .

F...; are internal forces and F.,.; are external forces acting to the m.p.
The Newton’s second law for all m.p. is
do, = = .
ml = I:int.12 +ot I:int.ln + Fext.l
dt
do, = - .
n dtn = Fint.nl +ot I:int.ln(n—l) + Fext.n
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dA=— %, dx+aEH dy+aEH dz |,
OX oy /4
F.dx+F dy+F,dz=— %y dx + %, dy + %y dz |.
OX oy oz
Tomy

= __OE,

g ox

F o %
oy

F, = %o
’ oz

OTxe CHTy MOKHA TIPEICTABUTH TaK:

F=—(—Li+ J+—2k),

1.2.7 3akoH 30epe:keHHs MeXaHIYHOI eHeprii
PosrnsiHeMo cucTeMy MarepialbHHX TOYOK 3 Macamu M..M, i

WIBHAKOCTAMH U ..U, .

F., € BuyrpimmnimMu cutamu i F,, - 30BHimHI cuin, ski 1i10Th Ha
MaTepiajabHi TOUKH.

Jpyruii 3akoH HeloTOHa JUIs BCiX MatepialbHUX TOYOK:
do, =

1 - F@H.lZ +ot I:rm.ln + F306H.l
dt
Ao, - B} .
n _
n dt — Vennl 't + FeH.ln(n—l) + F3(mnn
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Multiplying these equations by corresponding displacement
dr; = 0,dt we obtain

mu,do, = (nt12+ +F

int.1n

m 5,d5, = (F

int.nl

+.. +Fntln(n 1))dr +
Sum of these equations tends to

imiaidai _i(ﬁint.il_’_'“_’_ﬁint.n)dﬁ Zﬁextld
i=1 i=1 i=1

The first member of this equation is an elementary kinetic energy of
m.p.; the second one is the elementary potential energy of m.p. with
“minus” sing.

The right-hand part of this equation is elementary work of external
forces acting on the system of m.p.

Thus

dE, +dE, =dA,
d(E, +E,)=dA
Variation of total mechanical energy of system equals the work of
external forces acting on the system of m.p.
If system of m.p. is closed then:
dA=0,
d(E, +E,)=0,
E, + E, =const.

The law of conservation of mechanical energy reads as follows: the
mechanical energy of closed system does not change with time.

1.2.8 Noninertial Systems. Forces of Inertia

Newton’s laws are true only when the frames of reference are not
accelerated. The frame of reference that is at rest or is moving rectilinearly
and uniformly is called inertial system. The inertial system is connected
with so called “fixed” far stars. The frame of reference which is moving
with acceleration is called noninertial (Fig. 1.9).
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SIkmo MU TTOMHOXXKHMMO I1i PIBHSHHS Ha BITIMOBITHI TEPEMIIICHHS
dr, = 0,dt, To Mu orpumaemo:

mll_).ldl_jl = (IE(;H12 +.ot Ifsuln)dri + Ifa dFl

06H.1

anndUn = (Fen.nl

+ot Fen.ln(n—l))dl_’;q + F306H.ndf;1

CyMma 1ux piBHSHb IPUBOAUTH JI0:

S Mods - (F, -t B, )0 =D F, .
i=1 i=1 i=1

[Mepmmii 4ieH HbOro piBHSAHHS - €IEMEHTapHa KiHETHYHA EHEpris
MaTepiaJbHUX TOYOK; PYTUH WICH - eJIeMEHTapHa NOTEHIiaJIbHA SHEepris
M.T. 31 3HAKOM ,,MiHyC.

[IpaBa wacTrHa IHOTO PIBHSAHHA - €IEeMEHTapHa PoOOTa 30BHINIHIX
CHII, IO AiIOTh Ha CUCTEMY MaTepialbHUX TOYOK.

Otxe:

dE, +dE,, =dA,
d(Ei +E,) =dA

3MiHAa TOBHOI MEXaHIYHOI €Heprii CHUCTeMH IOpiBHIOE pPOOOTI
30BHIIIHIX CHJI, IO JIFOTh HA CUCTEMY MaTepialbHUX TOYOK .

Slkio cucremMa MaTepialbHUX TOUOK 3aMKHEHA, TOJII:

dA=0,
d(E, +E,) =0,
E, +E, =const.

3aKoH 30epeKeHHsS MEeXaHIYHOi eHeprii MokHa c(hOPMYIIOBATH TaK:
MEXaHIYHa eHepris 3aMKHEHOI CHCTEMH HE 3MIHIOETHCS 3 9aCOM.

1.2.8 Heinepuianabhi cucremu. Cuna inepuii
3akoHn HploTOHa cnpaBeasnvBi TiNBKM B CHCTEMax BiIUIIKY, SIKi He
npuckoproroThes. CHcTema BiJUIKY, SKa 3HAXOIUTBCS Y CIIOKOi abo
nepeMily€eTbcsl TPSMOJIHIHHO 1 PIBHOMIPDHO HA3WBAETHCS 1HEPIATbHOKO
CHCTEMOIO. InepuianbHa cucrema TOB’s3aHa 3 TaKk 3BaHUMU
"HepyxoMuMH" pajekuMu 3ipkamu. CHucTeMa BiIUIIKy, SKa PyXaeThCs 3
MIPUCKOPEHHSM, Ha3UBAEThCS HelHepLiaabHOIO (puc. 1.9).




nonineriial

Figure 1.9

In an inertial system Newton’s second law is valid for a body
a=F/m.
In a noninertial system we should add acceleration of body and
acceleration of the frame of reference:

~ . F - . =
a+d,=—=>ma+ma, =F,
m
ma=F -ma,.

The force caused by an acceleration of the frame of reference is
called the force of inertia.

Its magnitude is equal to the product of a body mass and the frame of
reference acceleration.

Force of inertia is directed in the opposite direction to acceleration:

I:in =-Ma,,
ma=F+F,.

The force of inertia has also the following peculiarities and
differences:

1) there are no interaction of bodies;

2) the force changes as a result of a transition to other coordinate
system;

3) the force doesn’t obey the Newton’s third law;

4) the forces of inertia exist only from an observer point of view who
is in the noninertial system.



iHepyiansia

HelHepyIaILHA

Pucynok 1.9

B imepmianpHiA cucTeMi IS Tila CHpaBeIUTMBHIA JPYTUNH 3aKOH
Herorona:
a=F/m.
B HeiHepiianbHil CHCTEMi MM TIOBUHHI CKJIACTH MPUCKOPCHHS Tija 1
MIPUCKOPEHHS CUCTEMH BiJUTIKY:

... F I,
a+d,=—=>ma+ma, =F,
m
ma=F —ma, .

Cuna, BUKJIMKaHa TPUCKOPEHHSIM CHUCTEMH BLIIIKY, Ha3MBA€ThCS
CHJIOKO 1HEpIIi.

[i BenmumHa nOpiBHIOE NOOYTKY MacH Tina i IPHCKOPEHHS CHCTEMH
BIJUTIKY.

Cuna iHepuii crOpsMOBaHa B MPOTHICKHOMY HAMpPSIMKY JIO
MPUCKOPEHHS:

Cuna iHepIIii Mae TaKOX HACTYITHI OCOOJIMBOCTI 1 BiIMiHHOCTI:

1) BigCyTHS B3a€EMOJIis TLIT;

2) cua 3MIHIOETBCS B Pe3yNbTaTi MEPEXOay [0 IHIIOI CHCTEMH
KOOpJIMHAT;

3) cuia He MiANOPAAKOBYIOETHCS TPETHOMY 3aKOHY HbroTOHA ;

4) cunu iHepIii iICHYIOTh TIILKM 3 TOYKH 30py CIIOCTepirada, IIo
3HAXOJIUThCS y HEIHEPIiadbHINA CHCTEMI.
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Let us consider the example. A body lies on a cart. Cart starts the
motion and moves with acceleration &, . The force of inertia

F,, = —ma, acts on the body. The body moves with acceleration — 3, in the

opposite direction under the effect of the force of inertia Ifin. :
Centrifugal Force

Centrifugal force arises in systems, which are rotated.
Let’s consider the body in the noninertial system, rotating with
angular velocity o relative to inertial one (Fig. 1.10):
7

Figure 1.10

If the body connected with the centre of rotation O the elastic force
of thread is the reason of the centripetal acceleration of a body:

2 2
v oR
P = = —( ) = (DZR ,
R R
To equalize the elastic force the centrifugal force is introduced:
Fcf = _mé‘cp ’
F, =-mo’R.

The centrifugal force is directed along the radius from the center of
rotation.

Thus, in noninertial system, which is rotated, the centrifugal force
arises and acts on the body in this system.

Coriolis’ Force

Coriolis’ force arises in the noninertial rotating system and acts upon
a body which is moving in this system. The body is moving under the
action of Coriolis’ force along the curvilinear trajectory OB (Fig. 1.11):
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Posrmsaemo mpukman. Timo neXwuTe Ha BI3KY, SKAA TIOYHMHAE

pyXaTHuch 3 IPUCKOPEHHAM d, . Cuna inepuii Fm =-ma, aie Ha tino. Tino

PYXa€eTbes 3 MPUCKOPEHHAM — &, B MPOTHICKHOMY HAIpPSAMKY MiJ Ji€i0
cuiu inepuii F,, .
BianenTtposa cuna.
BiameHTpoBa cuiia BUHHKAE y CUCTEMAX, sIKi 00CPTarOThCs.
PosrnssreMo Tio B HeiHepIiaNbHINA cHUCTEMI, sSTka 00epTaeThCs 3 KyTOBOIO

MIBUAKICTIO ® II0A0 iHepmianbHOi (puc. 1.10):

Pucynok 1.10

Sxmio Tino 3’enHane 3 neHTpoM obepranHs O, mpyKHa cujla HUTKH €
MPUYHHOIO JIONEHTPOBOTO IIPUCKOPEHHS Tija:

V' (0R)?
RTR

[1106 BpiBHOB&XHUTH MPYXHY CHIIY, 3allPOBAKYETHCS BiIIIEHTPOBA
CUJIa, SIKA JIOPIBHIOE:

=o°R.

F, =-ma,,
2
F, =—Mo°R.
BimnentpoBa cumia chopsMoBaHa Y3[OBX paliycy BiJ ULEHTPY

o0epTaHHs.
ToMy, B HeiHepIiabHIi cHUCTeMi, 5Ka OOEpTAEThCS, BHHUKAE
BIJILICHTPOBA CUJIA, KA i€ HA TIJIO B LI CUCTEMI.
Cuna Kopiodnica
Cuna Kopionica BUHHKa€e B HeiHepLiadbHIA cucTeMi, o o0epTaeThes i
JIi€ Ha TIJI0, SIKE PYXA€ThCS B LiK cucTeMi. TiIo pyXaeTbes Mij M€ CHIIN
Kopiouica y310Bx KpuBomiHiiiHOT Tpaektopii OB (puc. 1.11):



Figure 1.11
Coriolis’ force is given by

F,, =2m[5,a],
where m is the mass of a body,
v is the linear velocity of a body,
o is the angular velocity of a rotating system.
Coriolis> force is directed perpendicular to vector © and ® (Fig.
1.12).

=+
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at
Figure 1.12

1.2.9 Mechanical Principle of Relativity. Galilean Transformations
Let us suppose that we have two reference frames K and K’ with
which the coordinate axes are connected and assume that frames move with
respect to each other (Fig. 1.13).

Figure 1.13



Pucynok 1.11
Cuta Kopiostica BU3Ha9a€ThCS:

E, =2m[5,),

xop

e M - Maca Tia;
» - JiHIMHA IBHIKICTH T1Ja;
® - KyTOBa MIBUAKICTh CHCTEMH, 10 00EPTAETHCS.
Cuna Kopiosica cripsiMoBaHa HEPIEHAUKYIIAPHO 0 BEKTOpa U 1 ©
(puc. 1.12).

1

[k

Pucynok 1.12

1.2.9 Mexaniunuii npuHuun BixHocHocti. [leperBopenns Iainen

[Mpummyctumo, o icHyroTh nBi cuctemu Bimmky K i K, 3 sxumu
MOB’SI3aHI OCI  KOOPAMHAT 1 SKI PyXalThCAd OJHA BIJIHOCHO OJHOI
(puc.1.13).

Pucynok 1.13
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Let us find the connection between the measurement results of the
coordinates and time with respect to two inertial reference systems K and
K'. Let us denote the coordinates of a moving point A and its time by x,y,z,t
measured with respect to K frame and the time and coordinates of the same
point in K’ frame by x7y’z’t".

System K’ moves uniformly and rectilinear with respect to K and
rectilinear with velocity U in the direction of OO'. Initially the origin of the
system K’ was at point O. During the time t the distance between O and O’

becomes equal to ut and radius-vector I = Ut .
From Fig.1.13 we obtain: ¥ =F'+1F, =r'+0t , or in the projections
on to axes:

X=X4+u,t
y=y'+ugt
z=7'+ut
t=t

Classical mechanics assumes that time does not depend on reference
system, therefore t = t”and u << c. These relations are called Galilean
transformations.

Taking the derivative of ' with respect to time one can get:

dr dr* . _
—=—+U=0"+U,
dt dt

v=0'+U.

This equation states the law of velocities adding in classical
mechanics.

Acceleration in the system K:

_do _d(v'+0) dov
dt dt dt

The force acting on the point A in the system K equals force, acting
on the same point in the system K':

F=ma . _
{ =F=F".

— &

jab

F'=ma’
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3HaiiaeMo 3B'SI30K MiX pe3yJbTaTaMi BUMIPIOBaHb KOOPIWHAT 1 4acy
o0 ABOX iHepmianbHuX cucteM Bimmiky K i K'. [To3HaunMo koopauHATH
pyxomoi Toukm A i ii wac sax X\y,zt, BumipsHi B cucremi K, i dac i
KOOpIHWHATH Ti€l camoi Touku B cuctemi K' six X'y, 2" t'.

Cuctema K’ pyxaeTbcst piIBHOMIPHO i IPAMOJIiIHIKHHO 010 cucteMu K
3i mBuakictro Uy Hanpsmky OO’. Cnowarky moyarok cuctemu K’
3HaxoauBes B Touti O. [Iporsrom yacy t Bimctanb Mixk O i O’ crae piBHUM
ut i paniyc — BekTop Hopisuioe: Iy = Ut.

3 puc. 1.13 mu otpumyemo: I =F'+1, ="+ Ut, abo B mpoekuisx

Ha oci:
X=X+u,t
— !
y=y+ugt
z=7"+u,t
t=t

Krnacuuna MexaHika MPHITYCKa€E, 10 Yac HE 3aJIeKUTh BiJl CUCTEMH
Bimtiky, Tomy t=t" i u<< c¢. IIi cmoiBBIIHOIICHHS HAa3UBAITHCS
nepeTBopeHHsaMu [asines.

Bsspmm noxigdy Big ' 1o 9acy MM OTpUMAacMo:

dar drr . .
—=—+U0=0'+1,
dt dt

v=0+0.

Lle piBHAHHS BUpa)ka€ 3aKOH JOJAaBaHHS LIBUIKOCTEH Yy KJIACHYHIH
MEXaHiL.
[puckopenus B cucremi K:
_ do d@+u) do .,
dt dt dt

Cuna, 1o Ji€ Ha TOUKy A, B cuctemi K, 10OpiBHIOE Chili, sIKa Jii€ Ha
1110 TouKy B cuctemi K':

— —

F=ma
. =F=F".
F'=ma’
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These results allow to assume the mechanical principle of relativity
(Galileo principle of relativity):

the laws of mechanical phenomena are the same for all systems of
reference which move rectilinearly and uniformly with respect to each
other.

1.3 Dynamics of Rotational Motion
1.3.1 Concepts of Dynamics of Rotational Motion
There are three basic concepts.
1. Moment of a force relative to the fixed point O is the vector
product of the radius vector I directed from point O to the point of force

applied and the force F :

M =[F,F].
Vector M is directed along the axis of rotation. Its direction is

determined according to the right-hand screw rule: if the head of a screw is
turned in the direction of rotation of a material point then the forward

motion of the screw will coincide with the direction of M (Fig.1. 14).

Figure 1.14

The modulus of M is given by:
M =Frsina=Fl,

where « is the angle between vectors I and F ,

| =rsina is the arm of the force F .

The unit of M is [M]=N-m.

2. Moment of impulse (the angular momentum) of the material point
relative to the fixed point O is the vector product of the radius-vectorr ,
directed from point O to the given material point, and the impulse of this
material point:
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i pe3ymbTaTH MO3BOJAIOTH CHOPMYNIIOBATH MEXaHIYHWN MPHUHIIAT
BITHOCHOCTI (IpUHLMN BifHOCHOCTI ["amines):

3aKOHM MEXaHIYHUX SIBUIL OJHAKOBI y BCiX CHUCTeMax BiJUIiKy, SIKi
PYXaloThCs MPSMOIIHIHHO 1 pIBHOMIPHO OJ{Ha BiTHOCHO OJHOI.

1.3 Junamika 00epTaabHOTO pyXy
1.3.1 IloHATTA AUHAMIKH 00€pPTAJBHOTO PyXy
BuKOpHUCTOBYIOTH TPH OCHOBHHX IOHSTTS.
1. MoMeHT cuim BiTHOCHO ¢ikcoBaHOI TOYKH (O — II€ BEKTOPHUH

n00yTOK pajiyc-BekTopa [, HampaBieHoro Bigx Touku O 10 TOYKU
IpUKJIalaHHsA CUJIA, Ha CUITY IE .
M =[F,F].
Bexkrop M HapSIMIICHUHA Y3[IOBX OCi 0O0epTaHHS. Horo HAIpPSIMOK

BU3HAYAETHCS 3a MPABWJIOM IIPaBOTO TBHHTA: SKIIO TOJIOBKA TBHHTA
o0epTaeThesl B HANPSIMi 00epTaHH MaTepiajJbHOI TOUKH, TO MOCTYIANbHUHA

pyx rBuHTa Oy[e 30iraTucs 3 HaMpsIMKOM BEKTOPY M (puc.1.14).

fl:ir'"'

Pucynok 1.14

Monynb Bexktopy M :
M =Frsina=Fl,
7ie o - KyT Mix Bextopamu T Ta F

| =rsina - weue cum F .
OnuHUIS BUMIPIOBaHHS MOMEHTY CHJIH:
[M]=H-m.

2. MoOMEHT iMIyJbCy MaTepiaylbHOi TOYKH BiZHOCHO (HiKCOBaHOI
Toukn O - BEKTOPHHMiT JOOYTOK pajiyc-BeKTOopa [, HANmpsMIIEHOTO Bij
toukn O 0 33/1aHOi MaTepialibHOT TOYKH, Ta IMITYJILCY Ii€l MaTepianbHOT
TOYKH:
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L=[r, p].
Vector L is directed along the axis of rotation, its direction is

determined according to the right-hand screw rule: if the head of a screw is
turned in the direction of rotation of a material point, then the forward

motion of the screw will coincide with the direction of L (Fig.1.15):

Th
mu=p
H._?ﬁ“-;?"f
'.J'
Figure 1.15

The module of L is given by:
L =rpsina=morsina = pl,
where o is angle between vectors T and p ;

| =rsina is the arm of the impulse p .
Unit of the moment of impulse is
[L] =kg-m?/s.

3. Moment of inertia of a point mass relative to the axis is equal to

the product of the mass and the square of the distance from the given axis:
| =mr?,

This is the scalar value. Unit of moment of inertia is [ | ] = kg-m®.
The moment of inertia of a body is the sum of the moments of inertia of the
point masses which the body is composed of. If the point masses are
continuously distributed over the volume of a body V, then the moment of
inertia of a body is

| = I r’dm= I r’pdV = pj r’dv.
\% \

dm
where p = d_V is the density of a body.

Steiner’s theorem enables to determine the moment of inertia of the
body rotating around the arbitrary axis that is parallel to a given one passing
through the centre of mass of this body.
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=[r, p].
Bektop L HampsmiieHuii y310BX OCi 0OepTaHHs, HOro HAIPSMOK

BHU3HAYa€TbCAd 3a MPABUIOM IMPaBOro TBUHTA: SKIIO TOJOBKa TIBHMHTA
o0epTaeThecs B HAPsAMi 00epTaHH MaTepiajJbHOI TOYKH, TO MOCTYNANbHUHA

pyx rBuHTa OyJie 30iraTucs 3 HaNPsIMKOM BEKTOPY L (puc.1.15):

EA

-

Pucynok 1.15

Mopnynb BEKTOPY L:
L=rpsina=morsina = pl,
neo-kyr Mk I ta p,
| =rsina - nieue immynscy P .
OnuHMISE BUMIPIOBAaHHS MOMEHTY IMITYJIBCY:
[L] =xr-M?/c.

3. MoMeHT iHepIlii TOYKOBOi Macu BiJIHOCHO OCi JIOPiBHIOE TOOYTKY

MacH Ta KBaJpaTy BiJicTaHi BiJ 1€l oci:
| =mr?

Lle ckanspHa BenuurHa. OUHUIL BUMipIOBaHHSI MOMeHTY iHepiii [ | ]
= kr-M°. MoMeHT iHepmii Tijga — e cyMa MOMEHTIB iHepIlii TOYKOBUX Mac
Tina. SIKIIO TOYKOBI Macu Oe3nepepBHO PO3MoiieHi mo 06’emy Tina V, to
MOMEHT iHepIIil TiJia JJOPiBHIOE:

I =Ir2dm =Ir2pdv :pIerV ,
\% \%

m .
Je p = —— -TyCTHHA TiJa.

dv
Teopema IllTeiiHepa A03BOJISIE BU3HAYUTH MOMEHT IHEpIii Tijia, 110
00epTaeThCsl HABKOJIO JIOBUIBHOI OCi, MapaieiabHOl JI0 OCi, M0 MPOXOAUTH
yepes IEHTP MacH IbOTo Tina.
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According to this theorem the moment of inertia of a body | around
any arbitrary axis PP’ (Fig.1.16) is equal to the moment of inertia of the

given body 1, with respect to a parallel axis OO’ passing through the

centre of body mass plus the product of the mass of this body m and the
square of the distance a between these two axes:

I =1_+ma®.

o p

1
¢
|
1

—N

e, cf F
Figure 1.16

1.3.2 Basic Law of Dynamics of Rotational Motion
To obtain the basic law of dynamics of rotational motion let us take

the derivative of L with respect to time:

L =[F,mo],
%=[2—:,m5]+[F,m?j—It)]:[D,mD]+[F,mé].
But
U |Imoand [0,mo]=0.
Thus:
dL .
—=[r,F]=M,
o [F.F]
ie.
&
dt
L=>mur,
AsS
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3riHO 3 Ii€0 TEOPEMOI0 MOMEHT iHepii Tima |, mo obepraeThcs
HaBKOJIO NOBUTHHOT oci PP' (puc.1.16), nopiBHIOE MOMEHTY iHEpIIil JaHOTO

tina |, BimHOCHO mapanensHOi oci OO', WO HPOXOAUTH Yepe3 LEHTP Mac

Tina, miroc JOOYTOK Macu Tijda Ha KBajpaT BiACTaHI MiX LUMH ABOMa
OCSIMHU:

I =1, +ma’.
D.ul :P.-

1
e
I
1

ll—llp

o o

Pucynok 1.16

1.3.2 OcHOBHUI1 3aK0OH TUHAMIKH 00epPTAJTBHOTO PYXY
[Ilo6 oTpuMaTH OCHOBHHI 3aKOH AWHAMIKH OOEpTaTBHOTO PYXY,

—

3HaA/IeMO TOXiIHY BiJl MOMEHTY iMIyibcy L mo gacy:

L =[r,mo],
d. dfr . . dDy . o
— =—,mo|+|r,m—|=|o,mo]+|r,ma).
e [Olt v]+[ Olt] [0, mo]+[ 1
Ane
o Ilmo i [6,m5]=0.
Toi
dL -
—=[F,F]=M,
o [r,F]
TOOTO
&Ly
dt
L=>mur,
SAKIIO



then
L=aY mi’=al
Thus

d(Ia)):M’
dt
|d—°°=|\ﬁ,
dt

l§=M,
M
€=—.

Definition: if an unbalanced moment of force acts about an axis fixed
in a rigid body, an angular acceleration is proportional to the unbalanced
moment of force and inversely proportional to the moment of inertia of the
body about that axis.

You see that the moment of inertia | is analogous to the mass, the

moment of force M - to the force and the angular acceleration € - to the
linear acceleration.

Therefore the basic law of dynamics of rotational motion is the
analogy of the Newton’s second law for translation motion and is called the
Newton’s second law for rotary motion.

M 3R

1.3.3 Law of Conservation of the Impulse Moment
There is no external moment of forces in a closed system.

Thus
>'M, =0.

Consequently:



TOAl
L=6> mf =al
Tomy

d(le) _ N
dt

190 i,
dt
€=M,
.M
€=—-.

BusHayeHHs: fAKIIO He30aJaHCOBAHUN MOMEHT CWIM Jl€ BIIHOCHO
oci, 3B’S3aHOi 3 TLIOM, TO KYTOBE MPUCKOPEHHS TPSMO TMPOIOPIiiiHe
He30a1aHCOBAaHOMY MOMEHTY CHIIM Ta OOEPHEHO MPOMOPIIITHO MOMEHTY
iHepIii Tijia BiTHOCHO IIi€i OcCi.

Mu 6adrMo, 1110 MOMEHT iHepIlii | aHajoriyHui Maci, MOMEHT CHJIN

M - CHJIi, @ KyTOBE PUCKOPEHHS € - JIIHIHOMY NPUCKOPEHHIO.

3BizCH, OCHOBHHUM 3aKOH JUHAMIKN 00€pTaJILHOTO PyXy € aHaJoroM A0
Jpyroro 3akoHy HbI0TOHA /71 MOCTYMAaIbHOTO PYXY, 1 HA3UBAETHCS JPYTUM
3ak0oHOM HproTOHa 151 00epTaIbHOTO PYXY.

ZMi 2R
=1 —oda="—
| m

1.3.3 3akoH 30epe:keHHS MOMEHTY iIMIyJIbCy
MoMeHT 30BHIIIHIX CHJI BIJICYTHIH y 3aMKHEHi# cuctemi.

Tomy:
>'M =0.

OTtxke:
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L =const.

Law of conservation of the impulse moment: the moment of impulse
of the closed system remains constant. According to the law of conservation
of moment of impulse relative to the vertical axis the angular velocity
increases while the moment of inertia decreases:

lo = const.

For example rotation of a figure-skater follows this law. If he presses
arms to his body this results to decrease of moment of inertia (I oc r?). But
the product I must be the same. Consequently his angular velocity
increases.

1.3.4 Kinetic Energy of Rotating Body
The kinetic energy of rotating body is

2

m. v:

E — 11 ’

' Z—Z

where m; is the point mass of small element of a body;
v; is its linear velocity.

As v, = I;,then

m 2I‘-2 2
E, :ZL:m—Zminz.
2 25

More rigorously the kinetic energy for the whole body can be
obtained as:

2 2

O ., lo

E, =—|r’dm=—,
X 2{ 2

where | is the moment of inertia about the axis.
lo®
Thus E,=—.
2
In general case if a body takes part in translational and rotational
motion (for example rolling body) its kinetic energy is
mo® o’

2 2

E, =
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L =const.
3aKoH 30epeKEeHHS MOMEHTY IMITYJIbCY
MOMEHT IMITyJIbCy 3aMKHEHOI CHCTEMH 3aJIMINAETHCS HE3MIHHUM.
3rigHO 3 3aKOHOM 30epeKeHHS MOMEHTY IMIYJNbCy KyTOBa IIBHUAKICTb
301IBIIYETHCS, KOJIM MOMEHT iHEpIIii 3MEHIIY€EThCSI 1 HABMAKH.
loo = const.
Hanpuknan: oOepranHs ¢irypucta MiANOPSIKOBYETHCS LBOMY
3aKOHY — fAKIIO (IrypuUCT MPUTHUCKYE PYKH OO CBOTO Tila, TO MOMEHT

. 2
inepuii 3menmyerses (| ~r°). Ane noOyrok l® moBunen Gytu Takum
camuM. OTKe, HOT0 KyTOBa IIBUAKICTh 301IbITYETHCS.

1.3.4 KineTuuHa eHeprisi Tijia, mo od6epTaerscs
Kinernyna eHepris Tijia, 10 00€pPTAETHCS TOPIBHIOE:

2
£ =y
K — -
— 2
€ M; - TOYKOBa Maca MaJioro CJIIEMCHTY TiJ'Ia;

U, - JiHifHA MIBUJKICTH TOYKOBOI MacH.

Tak sx v; =ofj, 10

2.2
mo’r? o’ )
UL YOS
T2 2 5

Binbi TouHO KiHETHYHA €HEPTisl BChOTO Tija MOXe OyTH BU3HAUYEHA
TaK:

2
|

2
0] 2 0]
Ex=—|rdm=—,
. 2! 2

ne / € MOMEHTOM iHepIii Tija BiTHOCHO OCi.

lo?
TOMyZ Ek = T

B zaragpHOMYy BHINAAKy, SKIIO TUIO MOpUHAMAae ydacTb SIK Y
MOCTYNAJIILHOMY TakK 1 00epTanbHOMY pyci (HampuKIIaz Tijo, 0 KOTUTHCA),
HOro KiHeTHYHa EHEPTis JOPIBHIOE:

2
mo°  lo

2

K2 2
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1.3.5 Work Done During Rotational Motion
The work done by the forces acting on a body when it is rotating
relatively to the fixed axes is
dA=Fds,
but
ds = rdeo,
and
dA = Frde = Mdo.

The elementary work dA of the external force done during the
rotational motion is equal to the product of the torque of this force by the
angle of rotation. The total work can be obtained as:

®

A=fMd(p.

P

1.4 Elements of Hydroaeromechanics

1.4.1 The Equation of Continuity

Hydroaeromechanics is a section of mechanics which studies the
motion and balance of liquids and gases as well as their interaction with
each other and solids.

The concept of ideal liquid is used in the study of the dynamic
properties of liquids which is completely incompressible and devoid of
internal friction.

The set of moving particles of a liquid is called a flow. A flow of
liquid is called stationary if its velocity at all points does not change in time.
Lines and tubes of the flow are used to analyze the flow of liquid or gas.
The line which is tangent to any point with vector of velocity is taken as a
flow line. A tube of the flow is named a part of the liquid which is limited
with the lines of a flow.

Let’s see the tube of a flow (Fig. 1.17). The volume of liquid which
passes through random cross section S; at a velocity v,which is equal to
Syvy is taken per unit of time. The liquid volume S,v, flows through the
cross section S, at a velocity v,. According to the law of conservation of
mass we assume that the mass of a liquid passing per unit of time through
the cross section S; is equal to the mass of the liquid passing through the
cross section S, per unit of time and is shown with formula for ideal liquid:
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1.3.5 Po6oTa npu odepTaibHOMYy pyci
PobGota cun, mo mifoTh Ha TiJIO, IKE 00EPTAETHCS HABKOJIO
¢ikcoBaHoi oci:
dA=Fds,
ane

ds = rdeo,

dA = Frde = Mde.

Enemenrapua po6ota dA 30BHIIIHLOI CHIIH MPH 00epTaILHOMY PyCi
JIOPIBHIOE JOOYTKY MOMEHTY IIi€i CHIIM Ha KyT oOepTaHHs. 3araipHa poOoTa
MOJKe OyTH OTprMaHa SIK:

P2
A= [Mdgp .

9

1.4 EnemenTH rizpoaepoMexaHiku
1.4.1 PiBHSIHHSI HEPO3PUBHOCTI

I'impoaepomexaHika — pO3AiLT MEXaHIKH, B SIKOMY BUBYAETHCA PyX 1
piBHOBara piJiiH Ta Ta3iB, a TaKOXK X B3a€MOJIisi MK COOOIO 1 3 TBEpAUMHU
TiaMu.

Ilpy BUBUYEHHI JUHAMIYHUX BJIACTUBOCTEH PIIMH 3aCTOCOBYIOTbH
MOHATTA i7eaibHOT PIJVHM, 5SKa a0COJIIOTHO HECTHUCIMBA 1 IOBHICTIO
no30aBiieHa BHYTPIIIHBOTO TEPTSI.

CyKyInHICTh PYXOMHMX YaCTHHOK PIIMHH HA3MBAETHCS ITOTOKOM.
Teuiss piIMHU HA3MBAETHCSA CTAIlIOHAPHOK, SKIIO I MIBUAKICTH B YCIX
TOYKAX HE 3MIHIOEThCS 3 4vacoMm. Jlnsi aHamizy pyxy piaumHu abo rasy
3aCTOCOBYIOTH JiHii 1 TpyOku Teuii. Ilixg miHi€ero Tedii po3yMmirOTh JiHIIO,

JIOTUYHA JI0 SIKOT B KOXKHIM TOYIll 30iraeThCsi 3 BEKTOPOM IIBHIKOCTI U
TpyOkoro Tedii Ha3UBAIOTh YACTHHY PiJIUHH, 110 OOMEKeHa JTiHISIMU TEYii.

Posrnsnemo TpyOky Tteuii ( puc. 1.17). 3a oauHuio vacy depes
JIOBUTBHUH Tiepepi3 S; 31 MBHIKICTIO V; TpoTeue 00’€M PIiIVHH, SKHMA
JopiBHIOE S1v1. Uepes mepepi3 S; 31 HIBUAKICTIO V; MPOTede 00’ €M PiauHH
S;0,. [l imeanbHOT pifuHY 32 3aKOHOM 30€PEKEHHS MacH MOYKHA BBaXKATH,
0 Maca PiaUHH, [0 MPOXOAWTH 32 OJHWHUIND 4Yacy 4Yepe3 IMONepeYHUi
nepepiz S; Oy/ie AOpiBHIOBATH Maci PiAWHH, IO IPOXOAUThH Yepe3 mepepis
S, 3a OJMHHMIIIO Yacy:
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Figure 1.17

pu,S, =puv,S, =const,
S0
uS, =0,5, =const,
or
vS =const.

This equation is called the equation of continuity for the flow of an
ideal liquid. It is also used for gases.

Consequently the product of the flow velocity of an ideal liquid on
the cross-sectional area of the flow tube is a constant value.

1.4.2 Bernoulli’s Equation

Let’s consider the region of the flow tube of an ideal liquid of a small
cross-section between the cross sections S; and S, (Fig. 1.18). At the cross
section Sy, the liquid velocity is vy, the pressure - p; and the height of the
center of the cross-section above some horizontal level - h;.Respectevely,
the liquid velocity is vy, the pressure - p, and the height - h, at the cross
section S,.

Within the time At, the volume of liquid moves from the cross

sections S; and S, to Sl' and S; respectively. By the law of conservation of

energy the change in the total energy AE of an ideal liquid is equal to the
work of external forces used for the displacement of the mass m of a liquid:

AE=E,-E =A
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Pucynox 1.17

py,S, =puv,S, =const,
TOMY
u,S, =0,S, =const,
abo
vS = const.

Ile piBHSHHS Ha3WBA€THCS PIBHAHHAM HEPO3PUBHOCTI JJs Tedil
ineanbHOl pinHU. MOro 3aCTOCOBYIOTH TAKOX 1 JI0 Tra3iB.

Omxe, AOOYTOK IIBHIKOCTI Tedii ieallbHOI PIAMHA Ha TUTOILY
MOTIEPEYHOTO Mepepi3y TPYOKH TeUii € CTAIO0 BEIUIHHOK.

1.4.2 Pipusinnus bepnyJsuri
PosrnsaemMo oOmacte TpyOKM Tedii imeanbHOT PIIMHU MAJOTo
nepepizy Mik nonepedHumu mnepepizamm S; 1 S; (Puc. 1.18). B wicmi
nepepizy S; MBHAKICTH PITUHU V3, TUCK P; 1 BUCOTA IEHTPY Iepepizy Hax
JeSIKUM TOPU30HTAIbHUM piBHeM h;. Bimmosigno B Micii mepepisy S,
MIBUIKICTH PiIAHY Vo, TUCK Po 1 BHCOTA h,.
3a yac At 00’eM piguHM pyxaeThCs Bif mepepisiB S; i S; 10 81' i S'2

BIJMOBIAHO. 3a 3aKOHOM 30epe)XeHHsI eHeprii 3MiHa MoBHOI eHeprii AE
i7Iea’TbHOT PiJIMHU JOPiBHIOE pOOOTI 30BHINIHIX CHJI 110 TIEPEMIIIICHHIO MACH
m piauHu:

AE=E,-E =A
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Ay v2 F2
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h hz2
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Figure 1.18

Work A is performed by forces of pressure and it is equal to:
A=Fl +FL,.
Consider that the force F, is negative, since it is directed in the opposite
direction relatively to the liquid flow:
A=pSl —p,S,l, =pV, - p,V,
Accordingly the change in total energy equals:

AE:mz_Uzz

2
U,
+ nghz - m121 - 1gh1-

Consider thatm = pV :

2

AE = pV2 +pvgh, - PYU

—pVgh,.
Then the energy conservation law will be written:
AE=E,-E =A

2

V2 Vo,
pTZ"'PVghz P 5 : _PVgh1 =pV —p,V.

After transformations we obtain:
2 2

p1+Pghl+_— p, +pgh, + 22
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02

Pucynoxk 1.18

PobGoTa A BUKOHY€TBCS CHIIaMH TUCKY 1 BOHA JIOPIBHIOE:
A=Fl +FL,.
Bpaxyemo, mo cuna F, Bii’eMHa, OCKiJIBKH HaIllpsMJICHA B MPOTHIIC)KHUI
OiK BITHOCHO 710 Tedii piAnHU:
A=pSl—p,S,l, = PV, - p,V,.
BinmnogiaHo, 3MiHa MOBHOI €HEPril IOPIBHIOE:

2
m,v,

2
[
AE = +m,gh, — m121 —mgh,.
Bpaxyemo, mo m= pV :
2

2
AE = pVTUZ+ pVgh, — pVZUl —pVgh..

Tomi 3aKk0H 30€pEeIKEHHS CHEPTIl 3aMUIICThCS
AE=E,-E =A
2

Vo2 Vo,
p72+pVgh2 P S~ pVah = pV —pV.

ITicnst mepeTBOpEHb OTPUMAEMO:

2 2
P,

1y)
p1+pghl+p71= b, +pgh, +
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Consequently for any section of the flow tube the condition is realized:
2

p+pgh+ % = const.

This equation is called the Bernoulli’s equation for the stationary
flow of an ideal liquid. The value pis called static pressure, pgh -
2

hydrostatic pressure, % - dynamic pressure in the flow.

The Bernoulli’s equation can be formulated as follows: in the
stationary flow of an ideal liquid the sum of static, dynamic and hydrostatic
pressures is a constant value at an arbitrary cross section of the flow.

From this equation it follows that the sum of the static and dynamic
pressures along the horizontal pipe of the flow of the variable section
remains constant when h; = h,. This concept is used in the work of water jet
pumps, carburettors, liquid mixers, spray guns. Bernoulli’s equation
explaines the phenomenon of the lifting force of the wing of an airplane.

Control questions

. What does a mechanics study?

. What are the main concepts of kinematics?

. What is a material point?

. What is a frame of reference?

. What is displacement?

. Define the mean and instantaneous speed.

. Give the definition of average and instantaneous acceleration.

. What is angular velocity, angular acceleration?

. What is force?

10. Formulate the laws of Newton.

11. Formulate the law of conservation of momentum.

12. Give the definition of energy, work, power.

13. Formulate the law of conservation of energy.

14. What are non-inertial frames of reference, what are the forces of inertia?
15. What is the moment of force, moment of impulse, moment of inertia?

OO ~NO Ok~ WN B
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Omxe, aist OyAb AKOTO TIepepi3y TPyOKH Tedil BUKOHYEThCS yMOBA!
2

p+pgh+ % = const.

Ile piBHSHHS HAa3UBAEThCS PIBHAHHAM BEepHYIUI 1 CTAI[lOHAPHOTO
HOTOKY i/1eabHOi pinuHN. Benmunaa P Ha3WBAE€THCS CTATUYHHM THCKOM,
2

pv

pgh - rizpocraTnunnM THCKOM, T - AIMHAMIYHUM TUCKOM Y TOTOLI.

PiastaEs  bepHymti MokHa CcQOpPMYITIOBAaTH TakuM YHHOM: B
CTaI[lOHAPHOMY IOTOIII iIealbHOT PITUHKM CyMa CTaTUYHOTO, JMHAMIYHOTO 1
TiIPOCTaTUYHOTO THCKIB € CTAJOK BEIMYMHOK HA JIOBUILHOMY
MOTIEPEYHOMY TIepepi3i MOTOKY.

3 1BOT0 PIBHSHHSA BUIUIMBAE, IO CyMa CTaTUYHOTO 1 JTUHAMIYHOTO
TUCKIB Y3[0BX TOPHU30HTAIBHOI TPyOM Tedii 3MIHHOTO Tepepizy, KOJH
hi=h,, JMIIAETBCS  CTaioro. Lle  BHKOPUCTOBYEThCS B POOOTI
BOJIOCTPYMHHHUX  HAacociB,  kapOmoparopiB,  3MmillyBayax  piauH,
MmyJbBepHU3aTOpax. 3riJHO PIBHAHHA BepHYyIUIi TMOSICHIOEThCS ICHYBaHHS
i AIAMaTBHOT CHITH KPHJIA JTiTaKa.

KouTpoabHi 3anuranus

. [Ilo BuBuae MexaHika?

. Ha3BiTh OCHOBHI MOHATTSI KIHEMATHKH.

. lllo Take MaTepiaiapbHa TOUKa?

. lllo Take cucrema BiJuTiKy?

. lo Ha3uBaeThCs MepeMillieHHIM ?

. JaiiTe BU3HAYCHHS CEPEHBOI Ta MUTTEBOI IIIBUIKOCTI.

. aliTe BU3HAUYEHHSI CEPEAHBOrO Ta MUTTEBOI'O IPUCKOPEHHSI.

. lllo Ha3MBa€eThCSA KyTOBOIO MIBUIKICTIO, KyTOBUM IPUCKOPEHHM?
9. 1o Take cuia?

10. Copmymroiite 3akonn HproToHa.

11. ChopmymroiiTe 3aK0H 30epeKeHHS IMITYJIbCY.

12. laiiTe BU3HAYEHHSI €HEprii, poOOTH, MOTY>KHOCTI.

13. ChopmyiroiitTe 3aK0H 30€PEIKEHHS SHEPTi.

14. 1o Take HeiHepLialbHI CUCTEMH BIITIKY, SIKl ICHYIOTb CHJIM iHEpLii?
15. Illo Take MOMEHT CHJIM, MOMEHT IMITyJIbCY, MOMEHT IHEpILIii?

O DN b W —
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16. Formulate the Steiner theorem.

17. Formulate the basic law of dynamics of rotational motion.

18. What is the analogy between the fundamental law of the dynamics of
the rotational and translational motion.

19. Formulate the law of conservation of the impulse moment.

20. How is the kinetic energy of the rotating body determined?

21. How is the work of forces determined during the rotational motion?
22. Write down and explain the equation of continuity.

23. Explain the Bernoulli’s equation.

24. Explain the origin of the lifting force of the wing of an airplane.
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16. Chopmymoiite Teopemy Llltetinepa.

17. ChopmymroiiTe OCHOBHHI 3aKOH JUHAMIKH 00€pTaIbHOTO PYXY.
18. Y oMy nonsirae aHaJyorisi Mi>k OCHOBHUM 3aKOHOM JIMHAMIKU
00epTaNLHOTO 1 MOCTYNAILHOTO PYXY.

19. ChopmynroiiTe 3aKOH 30€pEKESHHS MOMEHTY IMITYJIBCY.

20. Sk BU3HAYAETHCA KIHETHYHA CHEPIis Tija, 110 00epTaeThes?

21. Sk Bu3HAYa€eTHCS poOOTA CHIT ITPU 00EPTAITLHOMY pyci?

22. 3anuIliTh 1 MOSACHITH PIBHAHHSI HEPO3PUBHOCTI.

23. IoscHiTh piBHSIHHS BepHyi.

24. TlosicHIT, BAHUKHEHHS TTiiHMalTbHOI CHIJTH KPHJIA JTiTaKa.
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2 MOLECULAR PHYSICS AND THERMODYNAMICS
2.1 Molecular Physics

Molecular physics studies the structure, physical properties and
aggregates of matter on the basis of the laws of their microscopic structure,
motion, and the interaction of molecules or atoms. This part of physics
deals with gases, liquids and solids depending on the conditions of the state
of the substance.

Molecular physics is based on the molecular - kinetic theory which
uses a statistical method for the investigation of macroscopic systems
consisting of a large number of small particles. The statistical method is
based on the consideration of the mean values of physical quantities that
characterize the properties of individual molecules.

Fundamentals of molecular - kinetic theory were laid in the XVIII
century by M.V. Lomonosov and developed in the following century by
prominent physicists D. Joul, R. Klausis, D. Maxwell and L. Boltzmann.

The main conceptions of the molecular - kinetic theory are:

1) all substances consist of particles - molecules;

2) molecules are in the state of uninterrupted continious chaotic
motion being called a heat motion;

3) the molecules interact with each other.

These conceptions are confirmed experimentally. Molecules can be
observed using modern methods of electronic and tunneling microscopy
and X-ray. The thermal motion of molecules is confirmed by diffusion
phenomena, Brownian motion and others. The interaction of molecules is
confirmed by the existence of forces of elasticity in mechanical
deformations.

2.1.1 Basic Physical Values of Molecular Physics

The state of a given substance is characterized by the physical values
being called parameters of state: pressure, volume, temperature etc.

Let us define so called macroscopic and microscopic parameters.

Pressure, volume, temperature, mass and amount of substance belong
to the first ones. Number of molecules, mass of a single molecule, velocities
of molecules belong to the last ones. Our aim is to find a relationship
between these two groups, which characterize the molecular systems. Let’s
consider these concepts in detail.
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2 MOJIEKYJISIPHA ®I3UKA I TEPMO/JUHAMIKA
2.1 MonekyaspHa ¢izuka

MonekynspHa ¢isuka BuB4ae OynoBy, (iswmuHi BIacTUBOCTI 1
arperaTHi CTaHM pEYOBHMHHM Ha OCHOBI 3aKOHOMIpHOCTEH  IXHBOI
MIKpOCKOIYHOi OymoBH, pyXy 1 B3aemofii Momekyna abo aromiB. Lls
yacTrHa (PI3UKKM Mae CIpaBy 3 Ta3aMH, PiAMHAMHU i TBEpAWMH TilaMH B
3aJIeKHOCTI BiJl yMOB CTaHy HiepeOyBaHHS pEUOBHHU.

MornekynsapHa Qizuka 0a3yerbcs Ha MOJEKYISIPHO-KIHETHYHIN
TEeOpii, SKa 3aCTOCOBYE CTATHCTHYHUA METO] MOCHIPKCHHS MaKpOCKO-
MIYHUX CHUCTEM, IO CKJIAJar0ThCsl 3 BEJMKOI KIIBKOCTI MaJeHbKHUX YacTH-
HOK. CTaTUCTHYHHMH METOJ IPYHTYETHCS Ha PO3TJII CepelHIX 3HAuCHb
(I3MYHUX BEHYUH, K XapaKTePU3YIOTh BIACTHBOCTI OKPEMIX MOJIEKYII.

OCHOBHU MOJIEKYJISIpHO-KiHETHUHIHM Teopii Oymu 3aknaneHi y XVIII
cromitti M.B. JloMOHOCOBMM 1 pO3BHHYTI B HAcCTyITHOMY CTOJITTI
BugatanMu ¢izukamu [, xoynem, P. Kmaysicom, JI. Makcsemnom i JL
bonsuMaHoM.

OCHOBHMMU TIOJIOKEHHSIMUA MOJICKYJISIPHO - KIHETUYHIHN Teopii €:

1) yci pedoBUHY CKIIQAAIOTHCA 3 YACTHHOK — MOJIEKYIT;

2) Mosekyau TepeOyBaloTh y Oe3MepepBHOMY XaOTHYHOMY PYCi,
KU HA3WBAETHCS TEIJIOBUM PYXOM;

3) MOJIEeKyJIM B3aEMOJIIFOTH MiXk CO00I0.

L1i monokeHHs MiATBEPUKEH] eKCliepuMeHTAIEHO. MOoJIeKy I MOXKHA
CIIOCTEpITaTH 3a JIOTIOMOTOI0 CYYaCHHX METOJIIB €IeKTPOHHOI 1 TYHEJbHOI
Mikpockorii Ta peHTreHorpadii. TeruioBmid pyx MOJEKYI MiTBEPAKYEThCS
saBUIaMH TU(y3ii, OpOyHIBCEKHM PYXOM Ta iHIIMMHU. B3aemogis Monekyn
MiATBEPIKYETECA  ICHYBaHHSM CHJI  TPYXKHOCTI TpU  MeXaHIYHHX
nedopMartisx.

2.1.1 OcHoBHi ¢Qi3H4HI BeTHYMHHA MOJICKYJISIPHOI (isuku

CraH pEYOBMHM XapaKTEePH3YEThCs (BI3UYHUMH BEJIMYMHAMH, SKi
HA3MBaIOTHCA TapaMeTPaMH CTaHy: THCKOM, 00'eMOM, TEMIIEPATypPOIO 1 T.JI.

BusnaunMo Tak 3BaHi MakpOCKOMIYHI i MIKPOCKOIIIYHI HapaMeTpH.
Tuck, o0'em, TemmepaTypa, Maca i1 KUIbKICTh PEUYOBHMHU HaJeXaTh [0
MaKpOCKOITIYHUX MapaMeTpiB. YHUCIIO MOJIEKYJI, Maca MOJICKYJIH, IIBUIKICTh
MOJIEKYJIH - JI0 MIKpOCKOMIYHMX napamerpiB. Hama wmera - 3HaiiTH
CHIBBIAHOWIEHHS MDK ULUMH JBOMAa TIpyHaMH, SKi XapaKTepu3yroTb
MOJIEKYJISIpHI cucTeMu. PO3risiHeMo 11l MOHATTS JeTalbHO.
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Pressure is the force acting normally per unit of area:

p=dF
ds
Unit of pressure is pascal:
N
[p]=— =Pa,
m

Volume is one of the quantity characteristics of body geometry. It is
usually denoted as V.
Unit of volume V:

[V]=m?

Temperature is a physical quantity which characterizes the degree of
heating of a matter. Temperature related to the mean Kinetic energy of
molecules. The more is the kinetic energy of molecules, the higher is the
temperature.

Today two temperature scales are used:

- the thermodynamics scale, graduated in kelvin (K);

- the international scale, graduated in degrees of Celsius (°C).
Relationship between these two scales is:
T(K)=t(°C) +273.15.
Graduation value of kelvin and the degree of Celsius are the same:
1K=1°C.
The temperature T = 0 K is called the absolute zero. It is the point to count
of the thermodynamic scale.

Amount of substance v is physical quantity equal to the number of

structure elements of system. It is measured in moles:
[v] = mole.

Mole is the quantity of substance, which consists of such number of
molecules that equal to the number of atoms in 0.012 kg of the carbon
isotope **C.

Avogadro’s Law states: one mole of any substance consists of the
same number of molecules:

N, =6.02-10%° mole™.
This value N, is called Avogadro’s constant.
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TrCcKOM Ha3WBAETHCS CHIIA, SIKA i€ HOPMAIHHO Ha OIUHUITIO TITOTII:

) OF
ds

OpnuHALEI0 BUMIPIOBAHHS THCKY € TTACKaib:

[p]=1 = Ia.
M

OG'eM € oOnHi€I0O 3 KINBKICHUX XapaKTEPUCTHK TeOMETpii Tina.
3BUYAIHO BiH MO3HAYAETHCS SIK V.
Opnuanns 00’ emy:

V1=

Temnepartypa € (Qi3UUHOIO BEIMYHHOIO, SIKA XapaKTEpU3YeE CTYIiHb
HarpiBy pedoBHHH. TemmepaTypa IOB’sA3aHa 3 CEpPEIHBOIO KIHETHYHOIO
eHepriero Moinekya. Yum Oinble KiHeTHYHA SHEpPTisi MOJIEKYJ, THM BHIIE
TeMIeparypa.
Ha croromHi 3aCTOCOBYIOTH /IBi TEMITEpaTypHIi IIKAJH:
- TepMOJIHAMIYHa IIIKaNa, siKa rpaayroeTses B kenbBinax (K);
- MiDKHApO/IHA IIKAJIA, SIKa rpaayoeThes B rpagycax Lemscis (°C).

CriBBiIHOLIEHHS MiX [IUMHA JBOMA IIKAJIAMU:

T (K) =t (°C) + 273,15.
Bennunna xenbBiHa i rpagyca Llenbcist omHakoBa:
1K=1°C.

Temneparypa 7 = 0 K HasuBaerbcs abcomoTHUM HyneM. lle € Toukoro
BiJUTIKY TEPMOJIMHAMIYHOT ITKAJIH.

KisibKicTh PEYOBMHU V - € (Bi3UYHOI BEJIMYMHOK, SKa JOPIBHIOE
KUJIBKOCTI CTPYKTYPHHUX €JIEMEHTIB CUcTeMH. BOHa BUMIpPIOETHCS B MOJISIX:

[V] = mous.
Monb — 1ie KUTBKICTh PEUYOBHHH, SIKA MIiCTHUTH TaKe YUCIIO MOJIEKYI,

. . . 12
siKe J1opiBHIOE uncity aTomis B 0.012 kr i3otomy Byremo ~ C .

3akoH ABOragpo CTBEpIUKYE: OAWH MOJb Oydb - SIKOi PEYOBHHHU
MICTHTh OHAKOBE YHCJIO MOJICKYII:

1

N 5= 6,02 -10% momp

Na Ha3UBAETHCS CTANOK ABOTapO.
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Relative molecular (atomic) mass is the ratio of the molecule (or

1
atom) mass to 5 part of carbon atom mass **C:

Mr=1 —
EleC

It is the dimensionless value.

. . 1
Atomic mass unit (a.m.u.) is E part of the carbon atom mass *2C:

1
lam.u. = Em“c =1.66-107%" kg.
Molar mass p is the mass of one mole:
m
p=—,u=moNp;
1%
where m is the mass of substance,

m, is mass of one molecule.

Unit of molar mass p:

k
=3
mole
k
The numerical value of the molar mass ( g or g ) coincides with

mole  kmole
the relative molecular mass of a given substance.

2.1.2 Main Equation of Molecular-Kinetic Theory of Gases

To explain the property of gases the molecular-kinetic theory the
model of an ideal gas is used.

An ideal gas satisfies the following conditions:
1) proper volume of molecules or atoms is negligibly small in comparison
with that of vessel in which gas is kept;
2) forces of interaction between molecules are absent;
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Bignocna monekyisipaa (a0o aToMHa) Maca — 1€ BIIHOIIEHHS MacH

12
MOJICKYJIN (360 aTOMy) a0 E YaCTHHU MAaCH aToOMa BYTJICIIO C .

— mO
M, T
12 12C

Bona € 6e3p03MipHOI0 BEITTIHHOO.

Omuanns aromHoi Macu ( 0.a.M.) € E YJaCTUHOIO MacH aToMa

BYTJICIIO 12 C .
1
Loam. = — M = 1,66 10?7 «r.
12
MOJ‘IHQHa Maca % € MaCOK OHOT'O MOJISA:
m
p=—, p=moNa.

A%

e M - Maca peuoBHHU
M, - MOJIIPHA Maca OJIHOI MOJIEKYJIH.

OnuHMIS BUMIPIOBAHHS MOJISIPHOT MacH |

KT
(] = :
MOJIb
. r KT .
LII/ICJ'IOBa. BCJIIMYHUHA MOJ'ISIpHOl MacCHu ( , 3,60 ) CII1BIIagac€ 3
MOJIb KMOJIb

BiILHOCHOI-O MOJICKYJISIPHOKO MacCoOro JaHo1 PEYOBUHU.

2.1.2 OcHoBHe PiBHSIHHSA MOJIEKYJISPHO - KIHeTUYHOI Teopii rasis
st Toro, 1106 NOsSICHUTH BIACTUBOCTI T'a3iB, MOJIEKYJISIPHO —
KiHETHYHA TEOPisi BHKOPUCTOBYE MOJIEIb 1I€ATBHOTO Ta3y.
IneanbHMii a3 3a10BOJIbHSE HACTYITHI YMOBH:
1) BnacHwmii 00’ €M MOJIEKyJI 200 aTOMIB Ha/ITO MaJIMii MMOPIBHSHO 3 00’ €MOM
MOCYIUHH, B SKi 3HAXOAUTHCS T'a3;
2) cuiy B3a€MOJIIT MiXK MOJIEKYJIaMHU BiJICYTHI;
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3) collisions of molecules with each other and with the vessel walls are
perfectly elastic.

The main equation of molecular-kinetic theory of gases states the
relationship between gas pressure and velocities of motion of its molecules.
As molecules in chaotic motion collide with the vessel walls, this process
can be considered on the principle of classic mechanical laws, as the
pressure on these walls.

Let’s consider a vessel of a cubic shape to derive the main equation
of molecular-kinetic theory of gases (Fig.2.1.), which contains a monatomic
ideal gas. Any molecule in the middle of the vessel moves at a velocity that
can be resolved into three components along the coordinate axes:

U, =0, +0, +0,.

=
Il{)iz
Uy,
" i
‘Uix
X
Figure 2.1
Let’s denote:
N is the number of molecules in a vessel;
| is a side of the vessel;
V is the volume of the vessel;
v=1I°.
n is molecular concentration
N N N
VA A

my is mass of one molecule;
i is number of molecules, i=1,2 ... N;

v; is velocity of i-th molecule;
Dix is projection of v;on x-axis.
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3) 3iTKHEHHS MOJEKYNI MK 0000 1 31 CTIHKAMHU MOCYAWHH aOCOIIOTHO
MIPYKHI.

OcHOBHE PpIBHSHHS MOJEKYIAPDHO — KIHETHYHOI Teopii Tas3iB
BCTaHOBIIIOE 3B 30K MiXK THCKOM ra3y 1 MIBUAKOCTSIMH pyXy MoJiekys. Tak
K MOJEKYJIH TpH XAOTHYHOMY pyCi 3IITOBXYIOTHCS 31 CTIHKaMH
NOCYIUHHM, Leil Ipouec MOXHA PO3IVISLIATH HA OCHOBI 3aKOHIB KJIaCHYHOI
MEXaHIKH, K THCK Ha Ili CTIHKH.

s Toro, moO BHUBECTM OCHOBHE PIBHSHHSI MOJIEKYJISIPHO —
KIHETUYIHOI Teopii rasis, po3rIIsTHEMO OCYIMHY KyOiuHoi opmu ( puc.2.1),
B SKIi MICTHTBCS OJHOATOMHUH iJleaibHUN ra3. Bynp ska MoJikyna B
CepeiHi IIOCYAUHH PYXa€ThCs 31 MIBUAKICTIO U, , IKy MOXKHA PO3KIACTH Ha
TPH CKJIaJI0B1 B3JIOBXK KOOPIWHATHUX OCEH:

L% =:L%x_+l%y %_L%z'

=

h{)‘-

w

v ix

Pucynok 2.1

ITo3raunmo:
N - KiIBKICTh MOJIEKYIT Y TIOCY/IHMHI;
| — cTopona mocyauHwy;
V- 006'eM nocyiuHU
V=13
N — KOHIEHTPAITisl MOJIEKYT
N N
(VAR

n=

M, - Maca oJ(Hi€l MOJIEKyYIIH;
I - Homep mMonekyi, 1 = 1,2 ... N;
L - LIBUJKICTB I-TOT MOJICKYJIH;

Diy - IPOEKIIIs IIBHKOCTI Ha BICh X.
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As shown in Fig.2.2 the change of molecule impulse after the
perfectly elastic impact on the vessel wall along the x — axis is:

A(Movix) = Movjy — (=Mgjy ) = 2MyLiy -

Figure 2.2

On the basis of the Newton’s second law impulse of force is equal to
the change of molecule impulse:

FAt = A(myv),
where F is the force, acting on the molecule;

At —is the time of impact.
Let’s change the notation:

ft=A(myu;, ),
where Tix is the mean force acting on the molecule from the wall side;
T is the time of molecule flying across the vessel forward and back.
2
=

IX

T

Then
ris movzix
ix = ¢
According to Newton’s third law the magnitude of force acting on
the molecule is equal to the force acting to the vessel wall from the part of
the molecules. As molecules move with different velocities v,, ....0y, we
add the effect of all the molecules upon the wall:

2 2
= - = + My myv

_ _ 0~1x 0~'Nx __
Fx=f,+f, +.+f = I +.o.+ D
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3rigHo 3 prc.2.2. 3MiHa IMITyJTECY MOJIEKYIIH TICIIST a0COIOTHO
MPY’KHOTO 3ITKHEHHS 31 CTIHKOIO TTOCYAMHH y3/I0BX OC1 X!

A(Mgviy) = Mguix — (=Mgviy ) = 2MyLjy -

Pucynoxk 2.2.

Ha ocHoBi npyroro 3akony Hel0TOHA IMITYJIEC CHITH JTIOPIBHIOE 3MiHI
IMITyJTECY MOJIEKYIIH:
FAt = A(myv,)
ne F - cuna, sxa nie na Mosexyiy;
At —yac 3iTKHEHHS.
3MIHUMO MO3HAYEHHS:

?ixr = A(mOUix) '

ne T, — cepenns cuna aii Ha Mmonexyity 3 6oKy CTiHKH;

T - 4acC MOJbOTY MOJICKYJIN Y31OBK NOCYJAUHU: BIICPC i Hasaj.

2l
T=—"1.

Uix

Toni:
2
- m,u:
— o%ix
fix -

I
3rigHo 3 TpeTiM 3akoHOM HbIOTOHA cwila, sika Ji€ Ha MOJICKYIY,
JIOPIBHIOE CWJII JiT MOJIGKYJM Ha CTIHKY IMOCYAWHH. Tak sSK MOJEKYJIH
PYXaloThCS 3 PI3HUMH HIBHJIKOCTSAMH, JOAAMO CHJIM Ail yCiX MOJEKYN Ha
CTIHKY:
2 2
_ Moy, My O

+..+f = I +..+ T
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~ myN lez +...+UN2
| N '

2 2
— le +...+UN
Usq =VUx =|/—mMmMmM™

N

is called root mean square velocity of the gas molecules.
Thus, we obtain

The quantity

m.N —
0" v’

EXZ

Turning to pressure we get
_ Ex _ moNa)(2

-2
pX_ |2 - |3 :mOnUX !

. N . .
since n = |—3 is concentration of molecules.
As itis illustrated in Fig.2.1
2 =2 T2 T2
UV =Ux +tLy +Uz ,

2 T2 T2 =2 2
v =vy =v; =>v =3vx".

Then
p= ! nm 52
3 07
Multiplying and dividing by two we obtain:
2 mpo’ 2 —
p=—n 0 _“nhE ,
3 2 3

where E is the mean kinetic energy of a molecule.

This equation is called the main equation of molecular-kinetic theory
of gases.

Consequently we’ve got the eventually remarkable equation. We
started from the Newton’s second law of classic dynamics and eventually
arrived at the principle equation of the molecular physics. Different parts of
physics are closely connected with each other.




Benmunuuna

Ha3UBAETHCS CEPEIHBOI0 KBAAPATHYHOIO IIBUAKICTIO MOJIEKYJ rasy.
Tomy, MU OTpUMaEMO:

= mN-;
Fx= (i Dx
IlepeTBOpUMO Yy TUCK:
= —2
_ Fx mONUx . — 2
P, B E mynox”,
TakK SIK N = — € KOHLEHTPALisl MOJIEKYJI.

|3

Tak, six moka3ano Ha puc. 2.1:

2 =2 T2 T2
U =0x +Uy + Uz,
—2 T2 —T2_ 72 — 2
v =vy =0, = =3vx".

Toni
1 —2

p=3NMev .

[ToMHOXHMO 1 PO3AUTUMO OCTAHHE PIBHSHHS Ha J[Ba!
—2
2 m 2 =
p=—-n———=-—nE,
3 2 3

ne E € cepenns KiHeTHYHA €HEPTisi MOJICKYIIH.

Lle piBHSHHS Ha3MBAETHCS OCHOBHHMM DIBHAHHSIM MOJICKYJSIPHO —
KiHETHUYHOI Teopii rasis.

VY pesynbTari MH OTPHMAJIM BaXJIMBE pIBHSIHHA. MU movyanmu 3
Jpyroro 3akoHy HbIOTOHa KIIACHMYHOI JAMHAMIKH 1 Y KiHIICBOMY BHUIAJKy
OTpPUMAaJIM OCHOBHE PIBHSHHS MOJEKYJISIpHOT (i3uku. PizHi po3ninu ¢isuxu
TICHO TIOB’sI3aHi MK CO00I0.
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2.1.3 Molecular — Kinetic Interpretation of Temperature

Absolute temperature T is a positive quantity T > 0. If two physical
systems had got non-equal temperatures and come into contact with each
other heat would pass from the system having higher T to the system,
having lower T. After some time the heat transfer stops and the
thermodynamic equilibrium is established. If T; = T,, there is no heat
exchange between the systems and there is no heat transfer.

Experimental investigations have proved that relationship of

ﬂ = const
N

is true for any gases.
This value is related to the temperature:

[V
N

J
where k =1.38-1072° E is Boltzmann’s constant.

By the main equation of molecular- kinetic theory of ideal gas:

2 _
=—nE.
P 3
N .
As N = —, we obtain;
\%
2 N=
==.—E,
P 3V
V_2g
N 3
So, we may write down:
Eﬁsz,
3
EzEkT.
2

Consequently, the mean kinetic energy of translational motion of
ideal gas monoatomic molecules is directly proportional to the temperature.
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2.1.3 MoJjekyasipHO — KiHETHYHA iHTepnpeTanis TeMnepaTypu
AbGcomoTHa Temrieparypa T € Mo3uTHBHOO BennyrHOIO T > 0. SIkmio
IBi (Di3UYHI CHCTEMH MajM pi3Hi TeMIepaTypH i BCTYIWIN B KOHTaKT OJHA
3 O/IHOIO, TEIUIOTa Oy MEePEeXOAUTH BiJl CHCTEMHU 3 BHILOIO TEMIEPATYpPOIO
JI0 CHCTEMH 3 HIDKYOIO TeMIeparyporo. Uepes aeskuil gac mepexis] TerIoTH
3YMUHSIETHCA 1 BCTAHOBIIOETHCS TEPMOIUHAMIUHA piBHOBara. Skmo T, = Ty,
TEI000MiH Mi>K CHCTEeMaMH BiJICYTHIH i Iepexi TeIIOTH He BiIOyBaeThCs.
ExcriepuMeHTaIbHI JOCTIKEHHS JOBEIH, IO CITiBBIAHOIICHHS
pVv
—— =const
N
€ CTIpaBeNTUBUM 11711 Oyb-sKUX ra3iB. L1 BenmnyrHa oB s3aHa 3
TeMIIepaTyporo:

[
N
JIx

ne k=1,38-10% ? € cranoro bombIiMaHa.

3riTHO 3 OCHOBHUM PiBHSHHSM MOJEKYJISIPHO - KIHETUYHOT Teopii
11ealTbHOTO Ta3y

2 _
=—nE.
P 3
N
Tak sx N = v, MU OTPUMAEMO:
2 N=
=2._"E,
P 3V
PV_2¢
N 3
Tomy, MU MaemMo:
2E kT,
E = 3T,
2

OTxe, cepeliHs KiHETHMYHA EHEPris MOCTYHAJbHOTO PYXy MOJICKYII
1/IeaJIbHOTO OJIHOATOMHOTO a3y MPSIMO MPOIOPIIiiHA 10 TeMIIEPaTypH.
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This formula expresses the molecular-kinetic interpretation of
temperature. That is, the temperature is a measure of the average kinetic
energy of the translational motion of the molecules.

2.1.4 Law of Uniform Distribution of Energy into Molecule Degrees of
Freedom

The number of molecular degrees of freedom is defined as the
number of its possible types of movements. Each molecule has a definite
number of degrees of freedom. A monatomic molecule possesses three
degrees of freedom of translational motion (i =3). A diatomic molecule
possesses five degrees of freedom: three degrees of freedom of translational
and two degrees of freedom of rotational motion (i =5). A molecule that has
three or more atoms, possesses six degrees of freedom: three translational
and three rotational degrees of freedom (i =6).

The mean Kinetic energy of translational motion of molecule is:

E_mo”
2

As motion of molecules is chaotic all directions are equivalent and that’s
why:

m, ,_ _ _
= 7°(uf+u§ +07).

Consequently

As for monatomic molecule
= 3
E =—KT,
2
then the energy corresponds to one degree of freedom is
= 1= 1
Ei ==—E =—KkT.
3 2
Boltzmann’s Law of uniform energy distribution into molecule
degrees of freedom takes place:

= 1
the same energy E; = 2 KT corresponds to each degree of molecule

freedom. The mean kinetic energy of any molecule may be defined as:
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s dopmyna BimoOpakae MONEKYISPHO-KIHETHUHY IHTEpPIpETAIliio
Temmeparypu. TobTo Temmeparypa € Mipoo cepeqHbOi KiHETUIHOI eHeprii
MOCTYMAJILHOTO PYXY MOJICKYJI.

2.1.4 3akoH piBHOMIPHOI0 po3Moily eHeprii 3a cTynmeHAMH BUJILHOCTI
MOJIEKYJI

Yucno CTyNeHiB BUTBOCTI MOJIEKYJIM BH3HAUAETHCA SK YHCIIO
MOJIMBUX BUIB 11 pyxiB. KokHa Monekyna mMae MeBHE YHCIO CTYIEHIB
BiTbocTi. OTHOATOMHA MOJIEKYJIa Ma€ TPHU CTYIIEH] BITLOCTI MTOCTYIAIFHOTO
pyxy (i = 3). /IBoaTomMHa MoJieKyja Ma€ I’SITh CTYNEHIB BUILOCTI: TPH
CTYICHI BUIBOCTI TMOCTYHaJbHOTO 1 MBI CTYIEHI BITBOCTI 00EpTaIBLHOTO
pyxy (i = 5). Mosekyaa 3 Tppox ab0 OiJIbllle aTOMIB Ma€ IIiCTh CTYIICHIB
BUIBOCTI: TPU MOCTYHAJBHOI 1 TpH 00epTalibHOI cTyMeHi BibocTi (i = 6).

CepenHst KiHETHYHA EHEPTis NOCTYHNAIBHOTO PyXY MOJIEKYIIH:

—2
= my my ,—» —» _—
E =—°2 =7°(UX2+U§+UZZ).
Tak sk pyX MOJIEKYJI XaOTHYHUH, YCi HATIPSIMKH € €KBiBAJICHTHUMH
—2_ T2 T2
Ux =Dy =0U;
Tomy
— — - 1-2
Z)x2 = Uy2 = 1)22 == .
3
Tak sk JuIs1 0THOATOMHOT MOJIEKYJT!
= 3
E =—KkT,
2
TO EHepris, sKa MPHIIAJA€ HA OJIMH CTYIIHb BiJIbOCTI JOPIBHIOE:
= 1= 1
Ei =—E ==KkT.
3 2

Mae Micre 3ak0H bonpliMaHa po piBHOMIPpHHUI PO3IIOJIJI €HEPril 3a
CTYIIEHAMH BUILOCTI MOJIEKYI:

oxHakoBa exepris Ej = E KT npunamae Ha KoKeH CTyIiHb BUILHOCTI

MOJIEKYJIH.
Cepenns eHeprist Oyab-s1K0T MOJICKYJIH MOXe OyTH BU3HAUCHA SIK:
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—2 .
-V _lyr,
2 2

where i is the number of molecular degrees of freedom.

2.1.5 Ideal Gas Equation of State
The equation which states the relationship between parameters of
state is called equation of state:
f(p,V,T)=0.
Earlier we have obtained the equation:

2 _
=—nE.
P 3

Let’s turn microscopic parameters n and E into macroscopic ones p, V, T,
m. According to kinetic theory of ideal gases the mean kinetic energy of a
molecule is given by:

E=>kT.

N | W

Thus

p:gn-EsznkT.
3 2

o N .
Taking into account that N = v we obtain

N
=—KT.
P \

. m
The number of molecules N is N =—Naj.
i
Incorporeting previous equation into the equation for pressure we obtain:

pv =N, kT = "RT,
[ [
J
K -mole
The last equation of the state for the ideal gas in this form is called
Clapeyron -Mendeleyev equation:

where R= N, -K is universal gas constant, R = 8.31




99

_2 -
E=TY _lyr,
2 2

1€ | - YHCIIO CTYICHIB BUTLOCTI MOJICKYJIH.

2.1.5 PiBHSIHHA CTaHY i1€eaJIbHOT0 razy
PiBHSHHS, 110 BCTAHOBIIIOE 3B’ S[30K MK TapaMeTpaMH CTaHy,
HA3UBAETHCSI PIBHSIHHSAM CTaHy:

f(p,V,T)=0.

Panimre Mu oTpuMany piBHIHHS.

2 _
=—nE .
P 3

3aMiHUMO MIKpOCKOMiuHI mapameTpu N i E Ha makpockomivdi p, V, T, m.
3riqHO KIHETHYHOI Teopii ifeanpbHWX Tra3iB cepeqHs KiHeTHMYHa eHeprii
MOJIEKYJIH BU3HAYAETHCS 32 HOPMYIIOL0:

E=2kT.
2
Tomy

p:gn-EsznkT.
3 2

N
3Baxkarouu Ha Te, o N = v , MH OTPUMYEMO
N
= KT,
P \

. m
Yucino mosekyn N gopiaioe: N =—N, .
v

[lincTaBUBIIM OCTaHHE PIBHSHHS Y PIBHSHHS JJISI TUCKY, MH OTPHMY€EMO:

m m
pVv =—NAkT=—RT,

U u
K - mons

OcTaHHE PiBHIHHS CTaHY 1€aJbHOTO T'a3y HA3UBAETHCS PIBHAHHAM
Menneneena - Knaneliposa:

ne R =N, - k e ynisepcanbna rasosa crana, R = 8,31
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oV =RT.
i

2.1.6 lIdeal Gas Isoprocesses

The isoprocess of an ideal gas is a process with a constant mass of
gas in which one of the state parameters ( p,V,T ) is a constant value.

1. Isothermal process: T, m = const.
Equation of Clapeyron-Mendeleyev results in

pV = const.

This relationship is called Boyle-Mariottes law.
The graph of isothermal process is shown in Fig. 2.3:

P

Tp=T;

Tz
T

>
Figure 2.3

2. Isobaric process: p, m = const.
The volume of gas varies directly as the absolute temperature T:

V =V, (1+aT)
where o =1/273 K" —thermal coefficient of volume expansion.
Vv
— =const.
T

This is Gay-Lussac’s law
The graph of isobaric process is shown in Fig. 2.4:

Figure 2.4
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oV =RT.
i

2.1.6 I3onpouecu igeaJbHOro razy

[3omporniec imeanpHOTO razy —Iie Mporec 3i CTAI0K Macolo rasy, IMpu
SKOMY OJTMH i3 mapametpiB ctany ( p,V,T ) € MOCTIiHOI BETHYHHOIO.

1. I3otepmiunmii mpouec: T, m = const.
PiBusiaas Menneneepa - Kinanefipona cBiT4uTh mpo Te, 110

pV = const.

e criBBiIHOIICHHS HA3UBAETHCS 3aKOHOM bolins-Mapiorra.
I'padik i3o0TepmiuHOTO TpoLIecy 300paXkeHo Ha puc. 2.3:

P

Ta=T;

Tz
Ty

=
Pucynoxk 2.3

2. [306apHuit mpomec: p, M = const.
O0'em rasy 3MiHIOETHCS MPSIMO MPOIIOPLIMHO 0 aOCOIIOTHOT TeMIIEpaTypH:

V =V,(1+aT),

ne oo =1/273K" - Tepmiunmii KoedillieHT 06’ €EMHOTO PO3MMPEHHS.
\Y%
— =const.

Lle € 3akon I'eit — JIroccaka.
I'padik i306apHOTO NpoLIEeCcy 300paxkeHo Ha puc. 2.4:

V/E B
.I'J/ Fa=F;

T
Pucynok 2.4.
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3. Isochoric process: V, m = const.
The pressure of gas varies directly as the absolute temperature:

p= p0(1+aT),
E = const.
T

This is Charle’s law.
The graph of isochoric process is shown in Fig. 2.5:

ooy,

[ o

Faa

Figure 2.5

2.1.7 Maxwell’s Distribution Law of Gas Molecules by Velocities

Every gas molecule has got its velocity. A statistical method is used
for description of molecules distribution as per velocities. The velocities of
individual molecules vary within a wide range of magnitude. There is a
characteristic distribution of molecule velocities for a given gas. It depends
on the temperature.

Maxwell first solved the problem of the most probable distribution of
velocities in a very large number of molecules. Maxwell's molecule
velocity distribution law for gas is

3 2
f(u) = 4n] o | 2% 27
2nkT

The function
dN
f(v)=—,
© NdV
denoting the relative number of molecules per unit velocity interval is
called the distribution function or the function of velocity distribution. This
distribution of molecule velocity is represented graphically in Fig 2.6.
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3. Isoxopuuii mpouec V, m = const.
Tuck razy 3MiHIOETBCS IPSIMO TIPOMOPIIIIHO 10 aOCOMOTHOT TeMIIepaTypH:

p= p0(1+aT),
E = const.
T

Ile € 3akon laps.
I'padik i30X0pHOTO MpoIIeCy 300paxeHo Ha puc. 2.5:

ooy,

T
Pucynok 2.5

2.1.7 3akoH po3noainy MakcBeJia 1l LIBUAKOCTel MOJIEKYJ ra3sy
KoxxHa MoJiekyiia rasy Ma€ CBOK MIBUAKICTh. )i OMUCy PO3MOAiTY

MOJIEKYJ 3a IIBHAKOCTSMH BHKOPHUCTOBYETHCS CTATUCTUYHHN METOI.
IIBHIKOCTI OKPEMUX MOIIEKYI 3MIHIOIOTBCS Y IIMPOKOMY Jiana3oHi. IcHye
XapaKTePUCTUYHUM PO3MOALT IIBUIKOCTSH MOJICKYJ JUIsS JaHOro rasy. Bin
3aJIeKUTh Bijl TEMIIEPATYPH.

MakcBemr 'y 1869 p. mepmmii BHpIHMB TPoOIEMy 1MOBIpHOTO
PO3MOITY HIBUAKOCTEH JyXe BEIMKOI KIJIBKOCTI MOJICKYJ. 3aKOH
po3nojiny MakcBena Jijist BUIKOCTEH MOJICKYJI Ta3y €:

3 .
f(0) = dn| Do "2 2T
2nkT
OyHKIIIA
dN
f(v)=—,
= \av

sIka BU3HAYA€ BITHOCHE YKMCJIO MOJICKYII Ha OJMHUIIIO IHTEPBATy IIBUIKOCTI
HA3MBAETHCS (DYHKIIEID PO3MOALTY a00 (DYHKINE PO3MOIIIY IIBUIKOCTEH.
Leit po3nonin mBHAKOCTEH MOJIEKyYJ ITOKa3aHo rpadiyHo Ha puc. 2.6.
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7o) T,
| T > 7
|
|
7

Ve p. du u
Figure 2.6
The shaded area equals
f(oydv =N
N’

In other words it’s equal to the relative number of molecules whose
velocities are withino... v+dov.

The velocity which corresponds to the maximum value of the
distribution function and which is denoted by v, is called the most
probable velocity of gas molecules. If temperature increases the curve in
Fig.2.6 changes as shown. But the area under the curve remains the same.

2.1.8 Velocities of Gas Molecules
We should distinguish between three kinds of velocities:
1) root mean square velocity U ;
2) most probable velocity v mp;
3) mean velocity v .
Let’s consider them in detail.
1) By definition the root mean square velocity is

where N is the total numbers of molecules.
The mean square velocity is related to mean kinetic energy of gas
molecules. The latter is directly proportional to the absolute temperature:
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7o) T,
|
| T >7,
|
|
7
U . duw v
Pucynoxk 2.6
3amTprxoBaHa IJIOIIA JOPIBHIOE:
dN
f(L)dV =—.
V=T

[HmMMYU c10BaMM BOHA JOPIBHIOE BITHOCHOMY YHCITY MOJIEKYJ, IIBUAKOCTI
KOTPHUX € y ME&Kax U... 0 +dv.

IlIBuakicTh, SKa BIAMOBIZAE MaKCHMMajIbHOMY 3HAUCHHIO (YHKIIIT
po3Moaily 1 sKa IO3HAYAETHCS U, HA3UBAETHCA HAHIMOBIPHIIIOW
IMIBUJAKICTIO MOJIGKYJT ra3y. SIKimo Ttemmeparypa 30UIBIIYEThCS, KpUBa
3MIHIOETBCS SIK MMOKa3aHO Ha pUC.2.6. AJie IJiomia i KPUBOK JIMIIAETHCS
CTaJIONO.

2.1.8 lIBuAKOCTI MOJIEKYJI ra3y

Po3pi3HAIOTE TPH BUIM HIBUIKOCTEH:

1) cepennst KBapaTHYHA MIBUIKICTH Ucp ke

2) HaiiMOBIpHIIIIA MIBHIKICTH v,;

3) cepenHs MBHAKICTH U .
PosrnsiHeMo ix netanbHoO.
1) 3a BU3HAYCHHSM cepe/IHs KBaJpaTHyHa NIBUIKICTh JOPiBHIOE:

Vep e

ne N - 3arajibHe YuCII0 MOJIEKYI.
CepenHs KBapaTH4YHa MBUAKICTH MMOB'13aHa 3 KIHETUYHOIO SHEPTi€l0
MoJieky: ra3y. OcTaHHs IpsMO NPOIOpLiiiHa aOcomoTHIN Temmneparypi:
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M Syr
2 2

The translational motion of molecules has got three degrees of
freedom according to three axes. Each degree of freedom of any molecule
acquires the average energy which is equal to %2 KT. From the last equation

we have got
Do = /3k_T_ /BRT
. Mo B

as k-N,=R; my-N, =p,
where my is the mass of one molecule.

2) The velocity which corresponds to the maximum value of the
distribution function of gas molecules is called the most probable velocity.
It is denoted as U ..

One can find this value as follows:

f()=0=>vp = /zr:—; = /%

3) The mean velocity is
_ 1
O=—)>0;
2%

5_ [BkT _ [eRT
m, o

Position of these kinds of velocities in the graph is shown in Fig. 2.7:
frw)

L 1 |
Usap U Ui v
Figure 2.7
Consequently v, , <U <vg,.
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mOUZCp.K@ _ § kT

2 2
IIpu mocTynmanpHOMY pyci MOJIEKyJa Ma€ TpH CTyrmeHi cBoboan. Ha
KOXKEH CTYyMiHb CBOOOAM OyAb-KO1 MOJIEKYNH MPHUIAAae CepelHsl eHepris,

110 J0piBHIOE %2 KT. 3 OCTaHHBOTO PIBHSHHS MA€EMO:

o 3kT _ [3RT
cp.K8 mO M
Tak 9K K - NaA=R; mo-Na=p,
Jie My € Maca OfHieT MOJIEeKyITH.

2) llIBuakicTh, sSiKa BIAMOBiae MaKCHMAaIbHOMY 3HaYeHHIO (PyHKIIT
PO3MOILTY MOJICKYJI Ta3y Ha3MBAETHCSA HAWIMOBIPHIIIOW MIBUIKICTIO. BoHa

IIO3HA4Ya€ThCA U, .

MorkHa BU3HAYUTH ITIO BCIIMYMHY HACTYITHUM YHHOM:

fy=0=>p, = |21 _ |2RT
m, n

3) CepeHst BHIKICTS €

_ 1
Uzﬁzi:ui;

5= 8KT  [8RT
Mo T '
ITonoxeHHs IMX BUIB MIBUIKOCTEH Ha rpadiky MOKa3aHO HA PHUC.

2.7
fu

Pucynok 2.7
Omre Uy <U <Ugp ke
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2.1.9 Barometric Formula. Boltzmann’s Distribution

There is a definite distribution of air molecules in the gravitational
field of the Earth. We deduce an equation that establishes a connection
between atmospheric pressure and height above the surface of the Earth.
When the height increases for dh, the pressure decreases respectively for
dp, therefore

dp =—pgdh,

where p is the air density; g - acceleration of free fall.

. m )
From the Mendeleev-Clapeyron equation pV = — RT we determine

the air density:

V. RT’
Then
dp =9 pdh,
p RT p
or
%=—ﬂdh.
p RT

Integrating this equation within the range from p, to p and from 0 to
ho and assuming T = const, we obtain

tdp g
o= ar[®

Po

nP__ky
Po T
from here
_M9
P=Pe RT.

The obtained formula is called the barometric formula. Thus atmospheric
pressure decreases with the increas of height above the Earth's surface in
the exponential law (Fig. 2.8). To determine the height above the surface of
the Earth an altimeter device is used. The principle of its operation is based
on the application of the barometric formula.
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2.1.9 bapomerpuuHa ¢opmyaa. Poznogin boabumana
IcHye meBHHMI PO3MOMIT MOJIEKYN MOBITPS y TpaBiTamiifHOMY IO
3emini. BuBenpeMo piBHSAHHS, IO BCTAHOBIIOE 3B’SI30K MK aTMOC(EpHUM
THCKOM 1 BHCOTOIO HaJ MOBepXHE 3emii. 3i 30impmennsmM Bucot Ha dh
THCK BIIMOBITHO 3MEHIHUTRLCS Ha AP, TOMY
dp = —pgdh,

Jie p — TYCTHHA TOBITPS; § — MPUCKOPEHHS BUTHHOTO MAIiHHS.

. . m
3 piBusHH  MennaeneeBa-Knaneiipona PV = — RT Buznaunmo

1)

TYCTHUHY TIOBITpSI:

m_Pu

V RT
Toni

dp = “ g pdh
abo
dp__h9 4,
p RT

[HTerpytoun 1€ PIiBHSHHSA B Mexax Big Po 1o P i Bix 0 mo hy i
BBaXKaro4® [=CONSt, oTpuMyemMO

[2-- Idh

Po

InP -1y
Po RT
3BIJICH
g,
P=P€e RT

Otpumana ¢opMysia HA3UBAETHCS 0apOMETPHYHOKW Qopmynor. Takum
YUHOM aTMOC(EPHUH THUCK 3MEHIIYEThCS 13 30UIBIICHHSIM BHCOTH Hal
MOBEpPXHE 3eMili 3a eKCIOHCHIanbHUM 3akoHOM (puc. 2.8). Jlns
BU3HAYCHHSI BUCOTU HAJ TIOBEPXHEIO 3eMIli BUKOPUCTOBYIOTh HPHIIAJ, IO
3BETbCS BHCOTOMIpOM a0o aibrumeTpoM. [lpunHnmn #Horo pobotu
3aCHOBaHUI Ha 3aCTOCYBaHHI 0apOMETPUIHOIT (POPMYIIH.
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Po

Figure 2.8

Using the barometric formula, one can find the relation between the
concentration of molecules and the height above the surface of the Earth. If
we take into account the equation of the state of the ideal gas then pressure
equals p=nkT and

_M,
n=n,e R .
where n is the concentration of gas molecules at height h, ny is the
concentration of gas molecules at h = 0.
As p=myN, andR=KkN, then
_Mogh &
n=n.e T =n,ev,
where E, is the potential energy of molecules in the gravitational field of
the Earth.

This relationship shows that the concentration of gas molecules
decreases in exponential law with increase in height above the Earth's
surface. Boltzmann proved that the obtained relationship is performed not
only for particles in the gravitational field of the Earth but also for particles
that are in a state of chaotic thermal motion in an arbitrary potential force
field of external forces. This law states that the concentration of molecules
increases with a decrease of their potential energy.

The obtained formula is called the Boltzmann’s distribution in an
external potential field.
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Py

Pucynok 2.8

3a nmomomoror OapoMeTpuyHOi (OopMyNmH MOXKHAa  3HAWUTH
CITIBBITHOIICHHS MK KOHIICHTPAIII€I0 MOJICKYJ i BUCOTOIO HaJl MOBEPXHEIO
3emui. fkmo BpaxyBaTH, IO 3TiAHO 3 PIBHSHHSAM CTaHy i€albHOTO raszy
trck popiBaioe P = NKT , To

_M,
n=n,e
Jie N-KOHIIEHTPAIlisA MOJIEKYJI ra3y Ha BHCOTI N, Ng — KOHIIEHTPALlisT MOJIEKYJT
rasy Ha Bucoti h=0.
Tak sk p=myN, ,a R=kN, , o
_Mogh E
n=n.e T =n,ev,
ne E,- moteHnianeHa eHepris MOJIeKyII B TpaBiTallitHOMY TOJTI 3eMIIi.

Ile cmiBBimHOMIEHHS TOKa3ye, MO 13 30iJIBIIEHHSAM BUCOTH HAaj
MOBEpPXHEI0 3eMIli  KOHIIGHTpAIlisi MOJIEKYNl Ta3y 3MEHINYEThCS 32
eKCIIOHCHIIIalbHUM ~ 3aKOHOM.  bosibllMaH  JIOBiB, 10  OTpHMaHe
CHIBBiIHOLIICHHS BUKOHYETHCSI HE TUIBKM JJIsl YACTUHOK B IpaBiTallifHOMY
noni 3emut, ane 1 JUIS YacTUHOK, IO Mepe0yBaloTh Y CTaHI XaOTHYHOTO
TEIIOBOTO pPyXy B JIOBUIBHOMY TMOTEHI[IaIbHOMY CHJIOBOMY TOJI
30BHIIIHIX cui. Lleil 3aKOH BCTAHOBJIOE, IO KOHIEHTPALiS MOJEKYI
3pOcCTac i3 3MEHIICHHSM X MMOTEeHI[IAJIbHOI eHeprii.

Otpumana ¢opmyna Ha3UBaeTbca posmopiniom bonbsivmana y
30BHIIIHBOMY MOTEHLiaJIbHOMY ITOJI.
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2.1.10 Transfer Phenomena
The phenomena in thermodynamically nonequilibrium systems,
related to the chaotic molecule motion, are called the phenomena of
transfer. Diffusion, thermal conductivity and internal friction belong to
them. As a result of these phenomena the mass, energy and impulse are
transmitted respectively. The phenomena of transfer are described by the
following values:

A is mean free path of molecules between two collisions;
is mean velocity of molecules;

v
T is mean time between two collisions;
Z is mean number of collisions per unit of time:
7 =/272d%nD
where d is molecule diameter; wd? is the effective cross-section of a
molecule, n is concentration of molecules.
- 0 1
A=— TN
Z  2rnd’n

2.1.11 Diffusion
Diffusion denotes the process of leveling out concentrations due to
the transfer of a substance by means of molecules motion.
The amount of mass dm diffusing through the area S per unit of time
dt is proportional to density gradient:

dm =—Dgrad pSdit.

This equation is called the diffusion equation, or the Fick's law.
The density of mass flow is:

. dm
=—=-Dgrad p,
Im Sdt grad p

where D is diffusion coefficient, p is density of matter.
The diffusion coefficient is determined:

p=1un.
3

m2

The unit of this coefficient is [D] = m. m=—.
S S
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2.1.10 sIBuuia mepeHocy
SlBuia B TepMOIMHAMIYHO HEPIBHOBAXHUX CHUCTEMaX, SKi OB’ sA3aHi
3 XaOTHYHHM PYXOM MOJIEKYJI, Ha3UBAIOThCS SIBUIIAMU NepeHocy. Jlo Hux
HalexaTh AUQYy3is, TEIUIONPOBIAHICTh 1 BHYTpIMIHE TepTs. B pesynbraTi
X SIBUII BiOYBa€ThCS MEPEHOC MAacH, €Heprii i IMITyIbCy BiATIOBiTHO.
SIBuIa mepeHoCy ONHUCYIOThCS HACTYITHUMHU BETMIMHAMU:

A - cepenHs JOBXKHHA BUTBHOIO MPOOITy MOJIEKYIIH ;

U - cepeaHAa HIBI/II[KiCTI) MOJICKYIJI;

T - Cepe/Hiil yac Mix JIBOMa 3iTKHCHHSIMU,
Z - cepe/iHs KUIBKICTh 3ITKHEHb 33 OJIUHUIIIO Yacy:
Z =+/21d°no
e d - miamerp mMonexynu; 70° - edexTHBHHI IEpepi3 MOTEKyIH, N —
KOHIIEHTpAIliSl MOJIEKYIL.
. v 1
Z  J2rd°n

2.1.11 Qudysin
Jdudysis o3Hauae mpollec BUPIBHIOBaHHS KOHIIEHTpAIii pPEYOBHHU
HUISIXOM 11 IEPEHOCY 3aBIISIKA PYyXY MOJIEKYII.
Kinbkicte Macu dm, sika 1udyHIye yepes IUIOILY S 3a OMHUIII0 Yacy
dt, € mponopIiitHOO TPaIEHTY TYCTUHU:

dm =—Dgrad pSdt.

Lle piBHSHHS Ha3WBAETHCS PIBHAHHAM qUQY3ii, a0o 3akoHoM Dika.
['ycTHHA MOTOKY MacH €:

. dm
=—Dgrad p,
= St grad p

ae D - xoedinienT nudysii, P —rycTHHa pe4OBUHH.
KoedimienT nudysii qopiBHIOE:

1—
D==vA.
3
2
M M
Onunuus BuMipy 1poro koedimienta € [D] = —-Mm = —
c c
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2.1.12 Thermal Conductivity
The resultant transfer of heat dQ through the area S per unit of time
dt is directly proportional to S, dt and the temperature gradient:
dQ = —ygrad TSdt .

It is the law of thermal conductivity — Fourier’s law.
The density of thermal flow is

dQ
Jo=—=—ygrad T,
@ T ™
where y is called the coefficient of thermal conductivity.
1—
X = gUXnCV .

2.1.13 Internal Friction (Viscosity)

The force of internal friction (viscosity) arises in gases if one gas
layer slides over another. The force of internal friction is proportional to the
velocity gradient and area S (the Newton’s law):

do
F=-n—S;
" dx
f _F __Jdv
s~ Max|'
where f is the force per unit of area;
n is called the coefficient of internal friction:
1—
=—UMNp.
n=3 Ap
As F= dp ,
dt
then
dp__ Jdvlg
dt dx
The density of impulse flow is:
. dp do
o= 5at ™ ax|
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2.1.12 TensionpoBigHicTh
Pesynbrytounii mepenoc teruta dQ yepes mionry S 3a OAMHHINO Yacy
dt npsimo mpomnopiiinmii 1o S, dt i rpamieHTy TemnepaTypu:

dQ = —ygrad TSdt .

Lleii 3aKOH TETIONPOBIAHOCTI € 3aK0HOM Dyp €.
I'ycTiHA TEIIOBOTO MOTOKY TOPIBHIOE:

dQ
Jo=—=—grad T ,
@ Tsgt .
JIe ), HA3UBAETHCS KOe(DiliEHTOM TEeTUTOPOBITHOCTI:
1—
X = guknCV .

2.1.13 BuyTpiuHe TepTa (B'A3KiCTDH)
Cuna BHYTPIIIHBOTO TepTs (B'SI3KICTh) BUHHUKAE Y ra3ax, SKIIO OJUH
map Ta3y KoB3ae BimHOCHO iHmoOro. Cuia BHYTPINIHBOTO TEPTS
MPOTMOpLiiHa A0 TpajieHTa MIBHIKOCTI, miomi S (3akoH HetoTtona):

dov
F=-n—S;
ndx
f_F__Jdv
s x|’

ne f e cuna, sgxa i€ Ha OIMHUIIIO TUTOLI;
T Ha3WBAETHCS KOE(IIIEHTOM BHYTPILIHHOTO TEPTSL:

1—
=—UMp.
n=3uM
Tax six F= % ,
dt
TO
dp __ ld]g
dt dx
['yctrHa MOTOKY IMITYJIBCY AOPiBHIOE:
[ _dp __ldv
CTE
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2.1.13 Real Gases. Van der Waal’s Equation
The gas properties of which depend upon interaction between
molecules, is called the real gas. The equation for equilibrium state:

pv =R,
1)
This equation is true for gases on condition that there are relatively low
pressure and high temperature. However, considerable deviations from the
equation of state are observed especially for high pressure and low

temperature. The product pV differs from mRT . In this case pV# const.
1}
There are two reasons for these deviations:
1) proper volume of molecules is not equal to zero;
2) molecular forces act between molecules.
Van der Waal made two corrections in the equation of the gas state.
Let’s consider them in details. If only one mole of real gas is given, then

V =V” . The first correction of VVan der Waals b takes into consideration the
proper volume of molecules. We should subtract b from V,

p(v, —b)=RT.

The second correction is introduced into equation of state in order to
take into account the attractive forces. These forces exist between
molecules and have got an electric nature.

Let’s assume that a molecule is found inside a vessel. Then the
attraction of molecule A is always compensated by molecule A'. The sum of
attractive forces is equal to zero (Fig.2.8).

Another thing is if the molecule under consideration located near the
vessel wall. In this case the attractive forces don’t compensate each other
(Fig. 2.8).

ey

SR ST F
S F=0 S F=0

Figure 2.8
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2.1.13 PeanbHi rasu. PiBussnast Ban n1ep Baaabca
I"a3, BTacTUBOCTI KOTPOTO 3aJIeKATh BiJl B3aEMOJIl MK MOJIEKYJIaMH,
HA3MBAEThCS PEATLHUM Ta30M. PiBHSHHS cTaHy:

ov =Rt
1)
Lle piBHSHHS cIipaBeUIMBE VIS Ta3iB, 32 YMOBH, 110 BOHH 3HAXOISTHCS MPH
HU3BKOMY THCKY 1 BHUCOKiH Temmepatypi. [IpoTe, 3HauHi BiAXWIeHHS BiA
PIBHSHHSL CTaHy CIOCTEpIraloThCs OCOONMBO MpPHU BHUCOKOMY THCKY 1

HU3bKHX Temmeparypax. J1o0yTok pV Biapi3HseTbCs Bil m RT . B nanomy
0
Bunanky pV # const. IcHye ABi MPUYMHU IUX BiJXUJICHB:
1) BnacHwuii 00'eM MOJICKYJI HE JOPIBHIOE HYIIIO;
2) MIX MOJIEKYJIaMH JiIOTh MOJEKYJISIPHI CHIIH.
Ban nep Baanbc BHIC ABi TONpaBKH y pIiBHSHHS CTaHy Tasy.
Posrmsiremo ix y neramax. SIKIIO KibKICTh PEYOBHHHM — OIHMH MOJb

peansHoro rasy, toxi V =V . llepma nonpaska Ban nep Baambca b

BPaxoBy€ BIacHHii 00'eM MoseKy:1. Mu noBuHHi BignsTu b Bix V, !
p(v, —b)=RT.

Jlpyra mompaBKa BBOJAUTBCS Y PIBHSHHS CTaHy JuIsi TOro, mio0
BpaxyBaTH CWIM TPUTITAaHHA MK Moiekyidamu. Lli cuim icHyroTh Mix
MOJIEKYJIaMH 1 MAIOTh €IEKTPHYHY IPHPOTY.

[IpumycTiMo, IO MOJIEKYJIa 3HAXOIUTHCS BCEPEAMHI TOCYAWHH.
[Iputsaranas Moyekynu A 3aBXIU KOMIIEHCYEThCsl Mosiekynoro A'. Cyma
CHJI IPUTSATAHHS IOpiBHIOE HYrO(puc.2.8.).

IHma piy, AKIO MOJEKysla 3HaXOOUThCS OIS CTIHKM MOcyAuHu. B
JAaHOMY BHUIAJKY CHJIM MIPUTSTaHHS HE KOMIICHCYIOTh OJJHa OJHY (pHc.2.8).

B 4
A B

S E -
S E=0

Beaf
[l
o

el

[\

Pucynok 2.8
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Consequently an internal pressure exists
2
p = Vuz :
This internal pressure should be added to the external one and the equation
of state for one mole is:

a
(p+\/—fJ~(\/”—b)=RT.

The equation of state for any volume V = vV, , where V is arbitrary

volume and v is the number of mole:

av’ \
— || —=b|=RT.
5 )(5-)

This equation is called Van der Waals equation.

Equation of Van der Waals is the equation of third power in respect
to volume. Accordingly this equation has got three roots in general case.
This relation between p and V at different temperatures is shown in Fig. 2.9:

F

A

Figure 2.9
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Tomy icHye BHYTpIIITHIHN THCK
p'=
=—.
Vﬂ
Leit BHYTpimIHINA THCK MOTPIOHO AOAATH IO 30BHINTHHOTO, TOAI PIBHSHHS
CTaHy Uil OJHOTO MOJIIO €:

a
p+yz |V, ~b)=RT.

n
Piustaus cTany s Oyap-sikoro o6'emy V =WV, , ne V - nosinbauii

00'eM 1 vV — KUTbKICTh PEYOBHHHU:

av® V
+ & Y p|=RT.
RV (v j

e piBHSHHS Ha3WBa€ThCS PiBHAHHAM Ban nep Baanbca.

PiBusuas Ban nep Baanmbca € piBHSHHSAM TPETHOI'O CTYICHIO IO
BITHOIIIEHHIO JI0 00'eMy. BiAMoBiHO Ii¢ pIBHSHHSA Ma€ TPU KOPEHS B
3aranbHOMY BHUNAIKY. L5 3amexxHicTs Mixk P 1 V mpu pi3HHX TeMmepaTrypax
MokaszaHa Ha puc.2.9:

P

131

Pucynok 2.9
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At temperature T = T, equation has only one root and corresponding
curve has bending point. At this temperature V; = V, = V3. The temperature
T, is called the critical temperature.

At high temperatures T > T, gas is in one state of substance and it
doesn’t transform into another ones (Fig. 2.10). At low temperatures T < T,
any curve is divided into three parts. These parts correspond to vapor, liquid
plus vapor, liquid ( Fig.2.10).

P

L - Higuid,
LAV — liguid + wapor;
¥ —vapor,

F—gas.

Figure 2.10

Let us consider the curve at T < T,. If vapor is being compressed at T,
( Fig.2.11), its pressure increases from point 6 up to point 5.

Figure 2.11

At the point 5 vapor starts transforming into liquid. Along the curve
5-2 vapor and liquid coexist. At the point 2 only liquid exists. Further liquid
is being compressed.
5-4 and 3-2 are regions of instability. In the region 5-4 the substance
represents a state of supersaturated vapor. In the region 3-2 the substance
represents a state of superheated liquid. Region 4-3 isn’t realized usually.
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IIpn Temmepatypi T = T, piBHAHHS Ma€ TiITbKA OIMH KOPiHB 1
BiJINIOBi/THA KpHBa Ma€e TOUKy neperudy. [Ipu miit remneparypi Vi =V, = V.
Temnepatypa T, Ha3MBa€ThCsI KPUTUYHOIO TEMIICPATYPOIO.

[Tpu Bucokux Temmeparypax T > T ra3 3HaXOAUTHCS B OJHOMY CTaH1
pEeJoBUHM 1 BiH He MOXke OyTH mepeBefernii B inmi crtanu (puc.2.10). Ilpu
HU3BKHX TeMmmeparypax T < T. Oyap-fika KpuBa AUTUTHCS Ha TPHU YACTHHU.
i vacTHHY BiAMIOBIAAOTH TIAPI, PIIKHI WTIOC Napi, piguHi (puc.2.10).

p

r LI
ds

J A G
! ¥
| L .l":
AN,

L -piguHa;

L+ - piguHa+napa;
Y- napa;

G- raz.

Pucynok 2.10

Posrnsmemo kpuBy nipu T < T.. SIkmmo mapa cTUCKaeTbCs IpH 1
(puc.2.11),1i THck 3pocTae Bijg Touku 6 10 TOukH 5.

Pucynok 2.11

VY touni 5 napa noynHaE NEPETBOPIOBATHUCH B piauHy. B3moBxk
KpHUBOI 5-2 mapa i piJliHa CIiBiCHYIOTh. ¥ TOYIII 2 iCHY€E TUIBKH PiJHHA.
Jani piguHa CTUCKAETHCS.

5-4 1 3-2 € perionamu HecTiHKOCTi. Y perioHi 5-4 peyoBHHA SBIISIE
c00010 CTaH NepeHacuueHoi mapu. Y perioHi 3-2 pedyoBuHa sBIsiE CO00I0
CTaH neperpitoi pinuHu. Perion 4-3 3a3Bn4ail He peani3yeThesl.
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Experimental isothermal curves of real gases differ from Van der
Vaals curves and proceed along the curve 1-2-5-6.

At high temperature T > T these curves have the shape close to
hyperbola pV = const. If T > T, gas cannot be transformed into liquid by
any pressure.

2.2 Thermodynamics

Thermodynamics studies the most common properties of
macroscopic physical systems in the state of thermodynamic equilibrium,
and the processes of transition between these states. Thermodynamics is
based on the thermodynamic method, which does not consider microscopic
processes, but only determines the state of the thermodynamic system,
which is characterized by macroscopic parameters: temperature, pressure,
volume, and others. Thermodynamics studies heat phenomena, that is, the
laws of propagation and conservation of heat.

2.2.1 The First Law of Thermodynamics

The first law of thermodynamics is fundamental law of nature. It was
established on the base of huge numbers of experimental facts and presents
the law of conservation and transformation of energy for thermodynamic
processes.

There are some definitions of this law. The basic definition
formulates as follows:

the heat given to a system is spent on increment of it's internal
energy of system and the work performed by this system against external
forces:

dQ =dU + dA,
where dQ is the heat given to a system, dU is increment of the internal
energy, dA is the work, performed by a system against external forces.

If the system periodically returns to initial state (for example periodic
acting engine), then the change of its internal energy equals zero AU =0.
Then the first law of the thermodynamics writes as follows:

dQ =dA.

Consequently the first law of thermodynamics can be formulated in
another way: perpetuum mobile of the first kind is impossible, i.e.
periodically acting engine which would make more work, than amount of
transformed to it energy.
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ExcniepuMenTanbHi 130TepMidHi KpHBI peaTbHIX rasiB
BIZIPI3HAIOTECS BiJ KpuBHX BaH nmep Baambca 1 mpomoBXKYIOTBCS Y3IOBXK
KpHBoi 1-2-5-6.

ITpu Bucokiit Temnepatypi T > T, Ui KpuBi MatoTh GopMy OIU3BKY
mo rimepbomm pV =const. Sdxmo T > T, , To ra3 He Moxe OytH
TIEPETBOPEHUH B PIIMHY TIPH OyAb-IKOMY THCKY.

2.2 Tepmoaunamika

TepmomuHaMmika  BHBYa€  HAWOULIBII ~ 3arajlbHI  BJIACTUBOCTI
MakpOCKOIIYHMX  (PI3UYHMX CHCTEM, [0 3HAXOMAThCS B  CTaHi
TEPMOJIMHAMIYHOT PIBHOBAru, Ta MPOILECH MEepPexXoqy MK IIMMH CTaHAMH.
TepMmonnHaMika OCHOBaHA Ha TEPMOAWHAMIYHOMY METOII, SAKHH He
po3risjgae  MIKPOCKOMIYHI — MPOIECH, a BU3HAYa€ TUIBKA  CTaH
TEPMOJIMHAMIYHOT CHCTEMH, SIKUM XapaKTepH3YEThCS MaKPOCKOIIYHUMHU
nmapaMeTpaMu: TeMIleparypa, THCK, 00’eM Ta iH. TepmoauHamika BUBYA€E
TEIUTOBI SBUIIA, TOOTO 3aKOHU MOIIUPEHHS Ta 30epeKEeHHS TeruIa.

2.2.1 Tlepminii 3aKOH TEPMOAUHAMIKHU

[lepmuit 3akoH TepMomMHAMIKH € (HyHIAMEHTAIFHUM 3aKOHOM
npupoaud. BiH OyB BCTaHOBIEHHH Ha OCHOBI BEIMYE3HOI KIIBKOCTI
EKCIIEpUMEHTIB 1 ABJSIE COOOI0 3aKOH 30€pEeKEHHS 1 TIePEeTBOPEHHS EHepTii
JUTSL TEPMOAMHAMIYHIX TIPOIIECIB.

€ gekimbka (QOpMYIIOBaHb MEPHIOrO 3aKOHY TEPMOJUHAMIKH.
OCHOBHUM 3 HUX €:

TEIJIOTa, HaJaHa CHCTEMi, BUTpadaeTbcs Ha 30UIbLICHHS 11
BHYTPILIHBOT €HEprii i Ha BUKOHAHHS CUCTEMOIO POOOTH MPOTH 30BHIIIHIX
CHIT: dQ =dU +dA,
ne dQ — Temnorta, HamaHa cuctemi; dU — 3MmiHa BHYTpPIIIHBOI €Heprii
cuctemu; dA — po0OTa, 10 BUKOHYETHCS CHCTEMOIO POTH 30BHIIIHIX CHIL.

SIKIo cucteMa TMepioJIMYHO TIOBEPTAETHCS IO TOYATKOBOTO CTaHy
(HarpuKIa I, MepioANYHO JII0YHI IBUTYH), TO 3MiHa 11 BHYTPIIIHKOI eHeprii
nopiaroe  mymo dU =0. VY npomy Bumagky nepmuii  3aKoH
TEPMOJIMHAMIKM 3anuIneThest TakuM uuHoM: dQ = dA.

To0OTo nepimii 3aK0H TEPMOAMHAMIKM MOKHA C(HOPMYITIOBATH I1IE TaK:
BIYHHMH JIBUTYH IMEPIIOr0 POJIY, TOOTO MEPIOJUYHO JIFOYUIA JBUTYH, SIKHIA
BUKOHYBaB OW po0OoTy Oinblly, HDK KUIBKICTh HaJaHOi eHeprii,
HEMOKITMBHI.
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2.2.2 Internal Energy of the Ideal Gas
Energy of molecules and atoms of the ideal gas is called an internal
energy. One may say that internal energy U is a single-valued function of
state of thermodynamic system. This means that any state of gas
corresponds to its own value of U. For ideal gas U depends upon
temperature, amount of gas and upon a kind of a molecule:

u=_.Mgr,
2 p
where m is mass of the gas;
i is number of degrees of freedom of gas molecule.
As number of molecules

N=TN,
il
and
R= kNA,
we have got for a single molecule:
U=—1kT.
2

The change of the internal energy as a result of temperature change is
equal to:

i m
Uz _U1 =_'_R(T2 _T1)
2 n
or
dU = LM Ryt .
2p

One can see that dU depends upon dT.

2.2.3 Work Done by Gas during Alternation of its Volume
Let’s assume that gas is inside a vessel provided with a piston (Fig.
2.12). If gas extends, a work is performed by gas.
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2.2.2 BHyTpiuIHs eHepris iteaabHOro rasy
Eneprist MoJeKyn i1eabHOTO Ta3y Ha3WBAETHCS WOTO BHYTPIITHBOO
e”Hepriero. MokHa cKa3aTH, IO BHYTpilmHSA eHeprii U € OJHO3HAaYHOIO
(YHKII€EI0 TEPMOAMHAMIYHOTO CTaHy cuctemu. lle o3Hauae, 1mo Oyb-
SKOMY CTaHy Ta3y BiAmoBimae cBoe BrnacHe 3HaueHHs U. [{ns imeampHOTO
ra3y U 3aiexxuTs Big TeMmepaTypH, KiIbKOCTI ra3y Ta BUAY MOJIEKYJITH:

u=_.Mgr,

2 p

Jie M - Macca rasy;
i - KITBKICTB CTYTIEHIB CBOOOIH MOJIEKYJIH Tasy.
Tak sk KUTbKICTh MOJICKYJI

m
N =—Naq,
1)
Ta
R=KNp,
MU OTPUMYEMO BHYTPIIIHIO €HEPTiIO IS OTHOATOMHOTO ra3y:
i
U =—kT.
2

3MiHa BHYTPIIIHBOI €HEpPrii BiAMOBIAHO 10 3MiHH TEMIIEPaTypH
JTIOPIBHIOE:

i m
Uz_U1:_'_R(T2 _T1) )
2 p
a6o
qu =t Medr
2

Mu 6aunmo, mo dU 3anexurs Big dT.

2.2.3 Po0ora ra3y npu 3MiHi iioro 00’emy
[pumyctiumo, mo ra3 3HaXOJIUThCS y MOCYAWHI TiJl MopIIHeM (pHC.
2.12). SIkmio ra3 po3MUpPIOETHCS, TO BiH BUKOHYE POOOTY.
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[T dx
IR
|5
Figure 2.12
Work may be expressed as:
dA=(F,dx).
But F =pS, so

dA = Fdx = pSdx = pdV .
Then

VZ
A= pdv.
Vi
The work done by gas is equal to the area under the curve (Fig. 2.13)

F

4 v
Figure 2.13
The first law of thermodynamics may be written now as:

dQ = L. M RdT + pdv .
2 n

The rule of signs is the following:
V,>V; = dV>0 = dA>0.
Gas expands and performs work over other bodies. In this case the
work is positive.
If
V,<V; = dV<0= dA<0.
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[T dx
I |

B
Pucynox 2.12
Pob6oTy MokHa BUPA3HUTH TaK:
dA=(F,dx).
Ane F = pS, Toni
dA = Fdx = PSdx = PdV .

OT1xe

V2
A= j pdV .
Vi
Po6orta, BuKOHaHA ra30M JIOPIBHIOE TUTOIII (HITypH ITiJ] KPHBOIO
(puc.2.13).

F

v, v

Pucynok 2.13
[Mepimii 3aK0H TEPMOAMHAMIKH Telep MOXKe OyTH 3alMCaHHH TaK:

dQ =~ M RdT + pdv .
2 p

[IpaBuio 3HaKiB HACTYIHE:
Vo >V =dV >0=dA>0.
I'a3 po3MHPIOETHCS Ta BUKOHYE POOOTY HaJl IHIMUMH TilaMu. Y
bOMY BUIaIKy POOOTa MO3UTUBHA.
Sxmo
Vo <V; =dV <0=dA<0.



128

Gas is compressed in this case and work is performed over gas by
other bodies. The work is negative.

2.2.4 Heat capacity
1. The quantity of heat required to raise the temperature of a body by
one Kelvin is called the heat capacity:

c-9Q
dT
Unit of C is J/K.
2. The quantity of heat required to raise the temperature of one kg of
a substance by one kelvin is known as the specific heat capacity ¢ of that
substance
e 9Q

 mdT

It is measured in

kg-K
3. The quantity of heat required to raise the temperature of one mole
of substance by one Kelvin is called the molar heat capacity c, of that

substance:
C B dQ

By ovdT

It is measured in —————.
mole - K

We should distinguish between C, and C,.
C, is heat capacity at p = const,

Cy is heat capacity at V = const:

o8] olg

p = const V = const
If V = const, dV = 0 and as a consequence the performed work is
equal to zero. Thus in this case the first law of thermodynamics may be
expressed as:
dQ = du.
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l'a3 ctuckaerbes 1 poboTa BUKOHYETHCS IHIIMMHU TILTAMHA HaJ ITUM
ra3oM. Po6oTa € HeraTuBHOIO.

2.2.4 Ten1oeMHiCTH
1. KigpKicTh TETioTH, OTpPUMaHa TPW 3MiHI TEMIIEpaTypu Tijda Ha
OJIMH KeJIbBIH HA3UBAETHCS TEMIOEMHICTIO:

dQ
C g
Temnoemuicts BuMiproeTsest B JIx/K.
2. KinpkicTh TEmJIOTH, OTpUMaHa MPH 3MiHI TeMIlepaTypd OIHOTO
KiJJorpaMa pPEYOBHHH HAa OJMH KEIbBIH HA3WBAE€THCSA  ITHTOMOIO

TEIUIOEMHICTIO
d
o 4Q

mdT
. Jhx
Ta BUMIPIOETHCS B
kr-K
3. KimpkicTe TemioTH, mOTpiOHA A MiABUINEHHS TeMIIepaTypH
OJTHOTO MOJII0O PEYOBMHM Ha OJHMH KENbBIH HA3UBAETHCS MOJSIPHOIO

TEIIOEMHICTIO:
dQ

C, = .
HovdT
Bona BUMIpIOETBCS B ———— .
MoJb - K
IcHye pizHuis mixk termnoemuoctsamu Cy ta Cy.

C, — Lie TeIUI0EMHICTB IpH P = CONSt,
Cy — e TermoemMHicTh Tipu V = const:

dQ doQ
C =|— = —1 .
PldT ), “ =T v
p = const V = const

Sxmio V = const, dV = 0, a oke BUKOHAHA poOOTa JOPIBHIOE HYIIIO.
VY 11bOMy BHUIAKy MEPIIUH 3aKOH TEPMOIUHAMIKN BUPAKAETHCS TaK:

dQ =dU .
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Consequently:

o-(2).

dUu =C\dT.
Now the first law of thermodynamics may be written as:
dQ = C\dT+pdV.
Differentiating this equation with respect to T provided p = const, we

obtain:
dQ dV
(dT j =G+ Py
However from the equation pV =RT (v=1 mole) we obtain:
pdV = RdT;
dQ dT
+R-—
(@) -orar
Thus
C,=C, +R
This formula is called Mayer’s equation. From this equation you see
that Cp > Cy.
Let’s calculate Cpyand Cy:
U=L.RT;
du
Cy =——:
YoodT
i
C, =—R;
o2
Y= &
C,
where v is called Poisson’s coefficient.
C, =C, +R.
c,-1*2 g

2
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du
cy = &
v (de\,

du =CydT.
Temnep meprmuii 3aK0H TEPMOAMHAMIKHA MOYKHA 3aITACATH TaK:
dQ =C,,/dT + pdV .

SAxmo npoaudepeHuiroBaTy el BUpas 1o T, mpu P = CONst, Mu

OTPUMAEMO:
d dv
) ot

p

Toni:

dT dT
Ta 3 Bupasy pV = RT (v = 1 M0JIb) MU Ma€eMO:
pdV = RdT ;
d_Q = CV =+ R . d_T.
dT J, dT
Otxe
C,=C, +R
LIst hopmyiia Ha3UBAETHCS PiBHAHHI Maepa. 3 1[bOT0 PiBHSIHHS

ciigye, mo C,> Cy.
Busnaunmo Cyta Cy:

JIe Y - Ha3uBa€eThCs KoeditientoM [lyaccona.
C, =C, +R;

i+2
CP=T-R.
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Let’s fill in the table 2.1:

Table 2.1
Cv, C
Gas U 3 J Cp, y=—t Example
mole K-mole Cy
K-mole
3 3 5
One-atom SRT SR SR 1.67 Ar, Ne
5 5 7
Two-atom ERT ER ER 1.40 0O,, N,, H,
6 6 8 H,0,
Three-atom SR SR ER 1.33 co,

2.2.5 Work Done by Ideal Gas in Isoprocesses
We have obtained the general formula for the work done by gas

dA = pdV . Value of work done by gas depends upon the type of
thermodynamic process.

1. Isothermal process: T=const.
Work done by gas at isothermal expansion:

v,
A = j pdV .
Vl
However according to the Clapeyron —Mendeleyev equation
ov =" RT,
il
and
oM RT
oV
then
A= j— RTO'—Vzm RT-In2
V

1

The graph of |sothermal process is represented in Fig. 2.14 as
hyperbole. The work done by gas in the isothermal process is equal to the
area of the figure under the curve.
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3anoBHUMO Ta0OMHIEo 2.1:

Taommms 2.1
U1 CV! pr C,
l'as Jhx Jix Jox Y=o ITpuxnan
MOJTb K - Mo11b K-momn v
OmaHOaTOMHUH g RT g R g R 1,67 Ar, Ne
JIBoaToMHMIT g RT SR % R 1,40 0,5, Ny, H,
Tpuatommmii | oRT *n SR | 133 | HO,CO,

2.2.5 PoOora ra3y B i3ompoiecax

Mu orpumanu 3aranbHy (Gopmyny mwis poboru rasy dA = pdV .
3HaueHHS  poOOTH,  BHUKOHAHOI  Ia3oM
TEPMOMHAMIYHOIO TIPOLIECY.

1. I3otrepmiunmii npouec: 7 = const.
PoGora ra3zy npu i30TepMiYHOMY PO3IINPEHHI:

Vv,
A= [pdv.

V1
Aune 3rinHo 3 piBHAHHS Menneneesa-Knaneiipona

3aJICKUTH Bl):[ TUITY

ov =" RT,
n
Ta
,_m RT
pov
Toni
A= j— RT_:E.RT-m\Q.
H Vi

I'padix i30TepM1qH0r0 nporecy 300paxkeHuid Ha puc. 2.14 i sBuse

coboto rimepbony. PoGoTa raszy mpu i30TepMiYHOMY TIpOILIEC JTOPIBHIOE
wioti Girypw Iiji KpUBOIKO.




Figure 2.14

2. Isobaric process: p=const.
\Z
A= pdv = p(v, -V,)
Vi

But

oV, =L .RT,, pv, =M RT,.
m M

Thus
A=" R, -T,)
u

The graph of isobaric process is represented in Fig. 2.15. The work
done by gas in the isobaric process is equal to the area of the figure under

the graph.
F

z nov
Figure 2.15

3. Isochoric process: V=const.
dv = 0A=0.
Gas doesn’t perform any work in the isochoric process.
The graph of isochoric process is represented in Fig. 2.16. The area
of the figure below the graph is zero.
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: A

Pucynok 2.14

2. I306apHuii mporiec: p = CONst.
VZ
A= pdv = p(v, -V,)
Vi

Mo peui

oV, =L .RT,, pv, =M RT,.
i

v

Otxe
A= R(T,-T)
u

I'padik i300apHOTO Mpoliecy 300pakeHuii Ha puc. 2.15. Pobora ra3y
MIPH 130TEPMIYHOMY IIPOILIEC] OPIBHIOE IO (irypu iz rpadikom.

F

A n 7
Pucynok 2.15

3. Boxopuwuii mpomnec: V = const.
dv = 0 A=0.
[Ipu i30x0pHOMY TpoLIECi ra3 He BUKOHYE poOOTY.
I'padik i30xopHOro mponecy 300paxxenuii Ha puc. 2.16. [Inoma ¢irypu
i1 rpadikoM JOPIBHIOE HYITIO.
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7
Figure 2.16

2.2.6 Adiabatic Process
The process in which there is no heat exchange between gas and
surrounding medium is called adiabatic process. This process is a fast one.

For the process under consideration:
dQ =0.
The first law of thermodynamics for adiabatic process:
dUu +dA=0.

Gas can perform work whereas the internal energy of system

decreases:
dA=-dU,

or dA = (U, -U,)=U, —-U,.
If dA > O, then U,< U;.

Let’s consider the equation that results from the first law of
thermodynamics:
C,dT + pdV =0, for one mole pV = RT .
Taking the derivative from the last equation we obtain:
pdV +Vdp = RdT,
dT = pdVv +Vdp.

Incorporating the last equation into the equation that comes from the
first law of thermodynamics, we’ve got:

c, PV VAP gy o,

C, pdV +C,Vvdp +RpdV =0,
C,pdV +C,Vdp =0.
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=
Pucynok 2.16

2.2.6 AniabaTHuii mpouec

IIpomec, mpm sKoMy BIACYTHIHi TEIUIOOOMIH MK Ta3oM Ta
HABKOJIMIITHIM CEPEIOBUINEM HA3MBA€EThCs aniadatHuM. lle wmuTTeBHi
npoiiec.

Jnst po3riIsiiaEMoro mporecy:

dQ =0.
[Mepmmii 3aK0H TEPMOAMHAMIKH IS a/1iabaTHYHOTO MPOLECY:
dUu +dA=0.

I'a3 MoXe BUKOHYBaTH poOOTY, IPU IIbOMY BHYTPILIHS €HEPTist

3MEHIITYETBCS:

dA =—-dU,
a6o dA = U, -U,)=U, —-U,.
Skmo dA >0, roxi Uy <Uj.

Po3riissHeMo piBHSHHS, 1110 BUTIKAE 3 MEPIIOTO 3aKOHY
TEPMOTUHAMIKH:

C,dT + pdV =0, mst ogroro Mmoo pV = RT .
[poandepeHtiiroBaBIIY OCTAaHHE PIBHSHHS, OTPUMAEMO:
pdV +Vdp = RdT,
pdV +Vdp
— R

[lincTaBuBIIM OCTAaHHE PIBHSAHHS B PIBHSAHHS, IO CIIITY€E 3 IEPIIOTO
3aKOHY TEPMOUHAMIKH, OTPUMAEMO:

c, pdV +Vdp N

dT =

pdV =0,

Cy pdV +CpVdp + RpdV =0,
CppdV +CyVdp =0.
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Dividing the last equation by CppV and taking into account that
Ce
C,

=y we obtain:

v rd
IV'VWFF):O;

v-InV +1In p =const.
Finally the adiabatic process equation may be expressed as:

pV" = const.

Other form of this equation is given by:
TV'™ =const.
We can get it:
RT
pV =RT (for one mole) => p = v

EVY = Const,

TV'™ =const.
The Fig. 2.17 presents to the adiabatic process:

Figure 2.17

Graphically this process is represented by the curve which is steeper
than the curve of the isothermal process. Work performed by gas is
expressed as the area under the curve (shadowed). The following equation
can be derived:
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[Moxinusmu ocranuiii Bupas na C P pV , ta BpaxoByro04H, 1110

Cp
—— =Y, MA OTPUMAEMO:
Cv

dv. .d

I'y — 4 _p — O :
v P
v-InV +1In p = const.
OCTaTO‘lHO, piBHHHHH aﬂia6aTHOl"O mpouccCy MOKHA BUPA3UTH TaK:

pV " = const.

Iama dopma nBOTO PiBHSHHS:

TV = const.
Mu MokeMo i1 BUBECTH:
RT
pV = RT (wis ogHoro Momio) => p = v
EV ¥ = const,
\Y
TV = const.

Puc. 2.17 Bianoginae agiabaTHOMY MPOIECY:

Pucynox 2.17
I'padiuno meli mporec BimoOpa)kaeThCsl KPUBOKO, MO KpyTima 3a
KpHBY 130TepMidHOro mpouecy. Pob6oTa, BUKOHaHa Ta30M JOPiBHIOE IO
¢irypu mix xpuBoro (3amTpuxoBana). HacTymHe piBHSHHS Moxe OyTu
BUBEJICHO:
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A= plvl 1_\/1«/71
y-10 v,

where V, > V.

2.2.7 Cyclic Process. Heat Engines and Refrigerators
A process in which the system passes through a series of intermediate
states returning exactly to its initial state is called a cyclic process or cycle.
The graph of cycle is shown by closed curve. Let’s consider the following
cycle in the Fig. 2.18:

Figure 2.18

The gas obtained the heat Q; and did the positive work A, during the
process 1-2. The change of internal energy is:

AU =U, -U,.
In the process 2-1 gas is compressed and gives back the heat Q, ,

then the work A,; is negative. The change of internal energy in this process
is:

AU =U, -U,.
The first law of thermodynamics results in:
1-2: Q=U,-U, +A,
2-1: -Q,=U,-U,-A,,.

The sum of these equations is

Q-Q,=A,-A,=A



1
APV,
v-1 vt

ne Vo >V,

2.2.7 KosioBuii nmpomnec. TenaoBi IBUryHU Ta X0J0AUIbHI MAIIIMHA
ITpouec, mpu sIKOMy cuUCTeMa NPOXOAMWTH JACKUJIbKa 3MiH CTaHy,
HOBEPTAIOYUCh O IIOYAaTKOBOIO, HA3MBAE€THCS KOJOBUM IIpolecoM abo
nukiaoM. ['padik muxiry 300pakaroTh 3aMKHYTOI KpPUBOK. PosrmsHemo

HAaCTyNHHUM LMKI Ha puc. 2.18:
£

Pucynok 2.18
I'a3 orprMaB KiNbKiCTh TEIUIOTH Q) 1 BUKOHAB TTO3UTHBHY po0OTY Aj)p
BITPOJIOBX Tiporiecy 1-2. 3MiHa BHYTPIIIHBOI €HEPril P OMY:
AU =U, -U,.
VY mporeci 2-1 ra3 cTUCKaeThCS Ta Bijjae Ha3aa KUTBKICTh TEIIOTH
Q., pobota Ay — HeraTuBHa. 3MiHa BHYTPIIIHBOI €HEPrii y bOMY HPOLECi:

AU =U, -U,.
3 mepuIoro 3aKOHy TEPMOAMHAMIKHY BHUTIKAE:
1-2: Ql =U2 _Ul + A12;
2-1: —Q,=U;-U, - A,

Cyma nux piBHSAHB:

Q-Q,=A,-A,=A
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If work done during cycle is positive, cycle is called straight. A
straight cycle that repeats continuously is a base of the heat engines. Any
heat engine comprises three parts. It contains a working body (gas), a heater
and a refrigerator (Fig.2.19).

L]

e
‘ Worldng body }—- A= -0,
2]

L= ]

Figure 2.19

A temperature of heater is T, A temperature of refrigerator is T, (T, >
T,). Useful work done during a cycle is:

A:Ql_QZ_

The efficiency 1 of a heat engine is equal to the ratio of useful work
Ato a heat Q, obtained by a working body (gas) from the heat source:

_A_Q-Q_, Q

ACRGY Q
The reverse process is used in the refrigerator when the heat transfers
from the body of lower temperature T, to another body with the higher
temperature T (Fig.2.20). The work is done by means of external forces.

N

o)

| Refidgerator )17 A

2

EN

Figure 2.20

In this process the delivered heat Q, is equal to the sum of received
heat Q,and the work done by the external forces:

Q=Q,+A.
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Slkmo 3a WK BUKOHYETHCS JofaTHa pobora A>0, To BiH
Ha3uBa€eThCs NMpsiMuM. [IpsMuil nuki, mo Oe3nepepBHO NMOBTOPIOETHCA, €
OCHOBOIO pOOOTH TEMJIOBUX [BUTYHIB. ByIb-KMH TEIUIOBH IBUTYH
BKIIfo4ae B ceOe Tpu yacTWHH. BiH Mae poboue Tino (Ta3), HarpiBHHUK Ta
XOJIOAMIIBHHK (pHc.2.19).

Pucynok 2.19
Temnepartypa HarpiBHuKa — T;. Temmeparypa xomomumbHuUKa — T;
(T, >T,). KopucHa poboTa, BUKOHAHA ITi/1 4ac UKy JOPIBHIOE:

A:Q1_Q2.
KK/ m TemnoBoro JABHIYHa JOPIBHIOE BiJHOIIEHHIO KOPHCHOI

pobotu A 10 KIMBKOCTI TeIOTH Q;, OTpIMaHO1 poOOYNM TiIOM (Ta30M) BiX
JpKepena Teria:

A_QU-Q _,
Q1 Q Q

Slkmo 3a UK BUKOHYETHhCS Bij’eMHa pobora A4<(0, TO BiH
Ha3MBAETHCSI 3BOPOTHUM. 3BOPOTHIH IPOIEC BUKOPHCTOBYETHCS B
XOJOAMIBHUKY, KOJHM 3aBISKH POOOTI 30BHIIIHIX CHJI BiJIOyBa€ThCs
TEIIO00MIH MK TIJIOM 3 HH)KUOKO TEMIICPATypOIO T, Ta TLIOM 3 OLIBIIO0
temmeparyporo T, (puc. 2.20).

[ = |

&

‘ XON0OUTLHUK "714

o

IR

Pucynox 2.20
VY npomy mpoueci Bigmana temiora Q; AOpiBHIOE CyMi OTpUMaHOl
TerioTH Q; Ta poOOTH, BUKOHAHOT 30BHILITHIMH CHIAMH:

Q=Q,+A.
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The thermodynamic process is called reversible if it takes place as in
the straight direction as well in reversible one without any alternation in the
surrounding medium and in a given system.

The thermodynamic process that is impossible in the reverse
direction is called irreversible. Irreversible process may occur only in one
direction. All real processes in nature are always irreversible.

2.2.8 Carnot Cycle

The Carnot cycle is called the ideal thermodynamic process, which is
considered in an ideal heat machine. This process has the maximum
efficiency, as it happens without loss of energy. Its working body is an ideal
gas. The heat machine works using a heater at the temperature T; and a
refrigerator at the temperature T,. The Carnot cycle is reversible and
consists of two isothermal and two adiabatic processes. Cycle of Carnot is
represented in Fig. 2.21:

Figure 2.21

In region 1—2 the gas obtains heat Q; from a heater and performs
mechanical work A;. Its temperature T, is a constant value (isothermal
expansion).

In region 2—3 the gas performs external work by decreasing of its
internal energy. Temperature of the gas decreases. T, < T; (adiabatic
expansion).

Further in region 3—4 the gas is compressed isothermically. It gives
heat Q3 back to the refrigerator. The work is performed upon the engine and
it is negative (isothermal compression).

In region 4—1 gas is compressed further by external bodies.
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TepMmomuHaMigyHUK MpOIIEC HA3WBAETHCS OOOPOTHHUM, SKINO BiH
MPOTiKae SIK B MPSAMOMY TaK 1 B 3BOPOTHOMY Hampsimi, 0e3 3MiH B
HaBKOJMIITHHOMY CEpEOBHUIIII Ta B JaHIl CUCTEMI.

TepMmoauHaMiyHUN TIPOIIEC, HEMOXIUBUN B 3BOPOTHOMY HAIpsMi,
HA3MBAETHCSI HEOOOPOTHUM. BiH MOXe MpOTiKaTH JHIIE B OJHOMY HaMpsMI.
Vi peanbHi MPOIIECH B IPUPO/Ii € HEOOOPOTHUMH.

2.2.8 Iluxa Kapno

Iluxnom KapHOo Ha3wWBaeThCs imeanbHUN TEPMOIWHAMIYHUHN TMPOIIEC,
SKUI PO3MISNIAEThCS B iJicalIbHIA TEIUIOBIM MamuHi. Takuil mporiec mae
makcumanbhnii KKJI, Tak sk BinbyBaeThcs Ge3 Brpar eHeprii. Moro
poGounMm TimOM € imeampHMHA Ta3. TemoBa MalMHA ~TIPAIIOE
BUKOPUCTOBYIOUM HArpiBHUK 3 TEMIIEPAaTypol0 1; Ta XOJNOJWIBHHUK 3
Ttemneparypoto T,. Llukn KapHo € 000opoTHUM 1 CKJIagaeThCsl 3 JBOX
i30TepMiuyHMX 1 NMBOX amiabatHux mporeciB. I{ukn KapHo mokazaHo Ha
puc.2.21:

Q3l A3 E:[:]

Pucynok 2.21

Ha ginsani 1—2 ra3 orpumye Temio Q; Bl TEIUIOBOTO JpKepena i
BUKOHy€ MeXaHiuHy poGory A;. Moro temmeparypa 7, He3MiHHa
(i3oTepMiyHE PO3IIUPEHHS).

Ha ginsHui 2—3 ra3 BUKOHY€E 30BHIIIHIO pOOOTY, @ HOro BHYTPILIHS
EHepris 3MEHIYeThes. 1, < Ty (aaiabaTHE pO3IIUPEHHS).

Ha npinsnii 3—4 ra3 cTHCKaOTh 130T€pMIiYHO 1 BiH Bigmae temio Qs
XOJOAMIBHUKY. PoOOTa BHKOHYETHCS HaJl IBUTYHOM 1 BOHA HEraTWBHA
(i30TepMiYHE CTHCHEHHS).

Ha ningani 4—1 ra3 cruckaeTbes I A1€K 30BHIMIHIX CHIL.
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The work is performed upon the gas and its temperature increases
(T, < T,) (adiabatic compression).
The total work of Carnot’s cycle is given by

A=A+A+A +A,.
However
A =-A,,
and
A=A +A,.
Vv
A= RTl'In\é-i- RT2~In\£= RT1~In\£—RT2 [In==2.
V, V, V, Vv,
Let’s prove that \é = \é
vV, V,

The equation of adiabatic process results in:
23 TV =TV
41 TV =TV
Dividing the first line by the second one we obtain
Vo Vs
V, V,’
Thus
A=RIn %(Tl -T,)
1
According to the law of the energy conservation A = Q, .
Efficiency of Carnot’s Cycle:

RInV—Z(Tl—TZ)

A A V. T,-T
n A 1 _ "l

Ql Ai RTl In Viz Tl
1
It depends on the temperature of the heater and the temperature of
refrigerator only and doesn’t depend upon the nature of a working body.
The efficiency of any other heat machine due to energy losses is
lower than that considered in the Carnot cycle.
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PoGora BUKOHYeThCS Ham Ta3oM 1 HOro TeMIeparypa 3pOCTae
(amiabaTHE CTUCHEHHS).
3aranpHa poboTa nukia KapHo BUpaxkaeThes Tak

A=A+A +A+A,.
Ay =-Ag,
A=A +A,.

Aie

Vv Y \Y V.
A=RT, -In-2+RT,-In-2=RT,-In-2-RT, - In-2.
V, V, V, V,
V3 V2
0BELEMO, 1110 —= ==
Hosenemo, 111 v, "V,

3 piBHSHHS a/1ia0aTHOTO TPOIIECY BHUTIKAE:
23 TV =TV
41 TV =TV .
PozninuBmm neprmii BUpa3 Ha APYTUi, OTPUMAEMO
Vo Vs
V, V,’
Toni
A= Rln\%(Tl -T,)
1
3rigHo 3 3aKoHOM 30epexenHs eneprii A = Q.

KK uuxny Kapho:
V
RIn -2 (T, -T,)
n_A_A_ \A T -Tp
= =—= Y = ,

Vi
BiH 3aJie)XHTh TUTBKH BiJI TeMIepaTypy HarpiBHHKA i TeMIepaTypu
XOJIOJIMJIBHUKA Ta HISIK HE 3aJICKUTh Bl MPUPOIX POOOUOro Tija.
KKJ[ Oynp-sixoi iHIIOT TEIUIOBOI MAalIMHM 4Yepe3 BTpPAaTH EHeprii
HIDKYMN HIK pO3TISIHYTHH B 1uKiIl KapHo i1eansHOi TerioBoi MaliHy.
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2.2.9 Entropy
Entropy S is a function of state of thermodynamic system. By
definition entropy is the function of state differential of which is

=99
‘

where dS is differential of entropy;
dQ is the heat obtained by a system;
T is the temperature of system.
Thermodynamics considers only the change of entropy. The change
of entropy while equilibrium transfer of system from one state to another is
defined by the formula

2
dQ
AS=52—51=!?.
Along reversible process in closed system the change of entropy
equals zero:

§ Q_,
T
This means that dS is a full differential and S is single-value function
of state of thermodynamic system. The change of entropy does not depend
on the way of transition from state 1 to state 2. For example, the change of
entropy during Carnot’s cycle is equal to zero
AS =0.
During transition of a closed system from one state to another at
irreversible process entropy increases
AS > 0.
Summing up these statements we obtain Clausius” inequality:
AS >0,
i.e. entropy of closed system may increase in a case of irreversible
processes or stay constant in a case of reversible processes.

2.2.10 Second Law of Thermodynamics

The limitation of the first law of thermodynamics is impossibility to
predict the direction of thermodynamic process. The second law of
thermodynamics states the direction of processes in nature. There are some
equivalent formulas of this law.
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2.2.9 EnTponmist
Entponiss S € QyHKIi€r0 cTaHy TepMOIWHAMIYHOT CHCTEMH. 3a
BU3HAYEHHSIM EHTPOIIis — 11e GYHKIis cTaHy, TudepeHmian Kol TopiBHIOE

as = 2

ne dS — ue 3MiHa eHTpoIIii;
dQ — ue TemoTa, OTpUMaHa CHCTEMOIO;
T — Temmieparypa cucTemMu.
TepmoauHamika po3risiAae JHIIie 3MiHY eHTpomii. 3MiHa EeHTpOomii
BIIPOJIOBXK PIBHOB&KHOTO IMEPEXOJy CHCTEMH 3 OJHOTO CTaHy B iHIIHWIA
BU3HAYAETHCS (POPMYIIOF0:

2
A5=52—51=jd—Q.
1 T
Brpomosx o000opoTHOro mpomecy B 3aMKHYTIH CHCTeMi 3MiHa
EHTPOIIi1 TOPIBHIOE HYJIIO:
§ Q_g
T
Ile o3navae, mo dS € moBHUM audepeHIiaioM, a S ABIsLE COOOIO
OJIHO3HAYHY ()YHKILIiIO CTaHy TEPMOJMHAMI4HOI CHCTEMH. 3MiHA E€HTPOIIii
HE 3aJCKUTh B NUIIXY I[EpPexXoJy CHUCTeMH 31 cTany | B craH 2.
Hanpukinaz, 3MiHa eHTpormii mij yac 1ukiny KapHo TopiBHIOE HYJTHO
AS =0.
ITpu mepexomi 3aMKHYTOI CHCTEMHU 3 OJHOTO CTaHy B iHIIWH TpHU
Heo0opoTHOMY TIponeci enrTporris 3poctae AS > 0.
Y3araipHIOIOYH 11l TBEPIKESHHS MPUXOAUMO J10 HepiBHOcTI Kiaysiyca:
AS >0,
TOOTO EHTpOIIisi 3aMKHEHOI CHCTeMH a00 3pocTae B pa3i HEOOOPOTHHX
MPOLIECIB, a00 3aIUINAETHCS CTAIO0 B Pa3i 000POTHUX IPOIIECIB.

2.2.10 Apyruii 3aK0H TepMOAUHAMIKH
OOMeXEeHHSIM TIepIIOr0 3aKOHY TEPMOJUHAMIKA € HEMOMIIUBICTb
nepeadaunTH HampsIMOK TEpPMOJMHAMIYHOTO mpouecy. /[pyruii 3akon
TEPMOJIMHAMIKA BCTAHOBIIIOE HAMpPAMOK TIpoleciB B mpupodi. IcHye
JIEKLTbKa eKBIBAEHTHUX (DOPMYITIOBAHb IIbOTO 3aKOHY.
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German scientist Clausius formulated the second law of
thermodynamics at first time:

heat by itself can’t flow from the bodies with the lower temperature
to the bodies with higher temperature.

This process can be realized only if external work is done. For
example, the refrigerator does work and compels the heat to flow from a
colder to a warmer body.

English scientist Thompson formulated the second law of
thermodynamics as:

cyclic process is impossible whose only result is the transformation
of heat obtained from heat source into equivalent mechanical work.

In other words, the engine with efficiency of n =1 (Q, = 0) that has
only heat source without refrigerator is impossible. Such engine is called
the perpetuum mobile of the second kind. Therefore the second law of
thermodynamics can be formulated as:

the perpetuum mobile of the second kind is impossible.

Efficiency of real heat engine is always n < 1 as the only part of heat
obtained from the heat source is transformed into mechanical work:

A:Ql_QZ'
The heat Q, passes to the refrigerator and disperses into the
surrounding medium.
If we have the perpetuum mobile of the second kind we will be able
to transform the thermal energy of the ocean into mechanical work
(Fig.2.22).

mechanical work

Figure 2.22

If the temperature of the ocean is decreased by the 0.1 K the
equivalent energy would be provided for all of the mankind for 1500 years.
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Brnepmie npyruii 3akoH TepMoAMHAMIKH C(HOPMYITIOBaB HIMEIIBKAN BUSHUN
Kimaysiyc:

TEIJIOTa HE MOXKE IMEPEeXOAUTH cama CO0OI0 Bill TN 3 HHXKYOKO
TEMIIEPaTypoIo J0 TiJl 3 BUIIOK TEMIIEPaTyporo.

Leit mporiec Moke OyTH 3MiCHEHUH TITBKH, SIKIIO BUKOHAHA 30BHIIIHA
pobota. Hammpukian, XomoanipHa MalliHA BUKOHYE POOOTY 1 MPUMYIITYE
TEIJIOTY MEPEXOAUTH BiJ] MEHIII HATPITOTO Tijia O OLIBII HATPITOTO.

Amnrmiviceknii  BueHH TomcoH chopmymoBaB JApyruil  3aKOH
TepPMOJIUHAMIKH TaK:

HEMOXIIMBHI KPYTrOBHH TpOLEC, €IWHUM PpE3yJbTaTOM SIKOTO €
MIEPETBOPEHHS TEIUIOTH, OTPUMAHOI BiJ] HArPiBHUKA, B €KBIBAJICHTHY HOMY
pobory.

Inmmmu coBamu, nBuryH 3 KKJI n = 1 (Q; = 0), skuii mae
HarpiBHUK 1 HE Ma€ XOJIOAWIbHMKA HEMOXIUBUH. Takuii NIBUTYH
Ha3UBA€THCSl BIYHMM JBUTYHOM Jpyroro poay. Toai Apyruil 3akoH
TEPMOIMHAMIKH MOXKe OyTH c(pOopMyITpOBaHUIl TaK:

BIYHHH IBUTYH JPYTOr0 POy HEMOXKIMBHH.

KK/ peanbHOro TEIIOBOro ABUIYHA 3aBXAW MeHIIE oguHuLi 1 < 1,
Tak K TUIBKA YacTUHA OTPUMAHOl B HArpiBHUKA TEIUIOTH
MIEPETBOPIOETHCS Y MEXaHIuHy poOOTY:

A=Q-Qy.

Kinpkicte Termna Q, mepexoiuTh J0 XOIOAUIHHHUKA i PO3CIFOETHCS B
HABKOJUIIHHOMY cepesoBuINi. SIKimo 6 MU Malld BIYHUN JBUTYH JPYroro
POy, TO MOTTH O MEPETBOPUTH TepMallbHY E€HEpril0 CBITOBOTO OKEaHY B
MexaHiuHy pobory (puc.2.22).

MexaHniuna poboma

08U2YH

St CeImMOeGUI oKear- - Lt

Pucynok 2.22
Sxmo 6 Temmneparypa cBiToBoro okeany 3menmmiacs Ha 0,1 K,
BiZMOBiAHA eHepris 3a0e3neumnia 0 yce moacTBo Ha 1500 pokis.
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But it is impossible to realize this project due to the second law of
thermodynamics.

Using Clausius’ inequality the second law of thermodynamics also
can be formulated as:

entropy of a closed system increases or does not change:

AS >0.
As real processes are irreversible then they go on in the direction of
the entropy increasing of an closed thermodynamic system.

Control questions
1. What are the main physical quantities of molecular physics?
2. Formulate the law of Avogadro.
3. Formulate the basic equation of the molecular-kinetic theory of ideal gas.
4. What is the temperature?
5. Formulate the law of the uniform distribution of energy by degrees of
freedom of molecules.
6. Record the equation of the ideal gas state.
7. Formulate and analyze the laws of ideal gas.
8. Write down and explain the barometric formula
9. What are the phenomena of transfer?
10. What is the difference between real gas and ideal?
11. Record the Van der Waals equation and analyze its isotherms.
12. What is the internal energy of ideal gas?
13. Formulate the first law of thermodynamics.
14. What is heat capacity of gas?
15. What is an adiabatic process?
16. What process is called circular?
17. How is the thermal efficiency coefficient of heat engine determined?
18. What thermodynamic processes are called reversible and irreversible?
19. What is Carnot's cycle and how is its efficiency coefficient determined?
20. Give the definition of entropy.
21. Formulate the second law of thermodynamics.
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Ane 3IiHCHEHHS I[HOTO IPOEKTY HEMOXJIMBE BiJIMOBIAHO IO IPYroro
3aKOHY TePMOJMHAMIKH,

3acrocoBytoun HepiBHICTH Kitaysiyca, qpyruii 3aKoH TepMOANHAMIKH
MOYKHa C(OPMYIIIOBATH LIE TaK:

EHTPOTIsl 3aMKHEHOI CHCTEMH 30UTBIIYETHCA, a00 3alUIIA€THCS
HE3MIHHOIO:

AS>0.

Tak sk yci peanmpHI TpoIleCH B MPUPOAI HEOOOPOTHI, TO EHTPOITis

3aMKHEHOI CHCTEMH 3aBASKH LM Mpoliecam 3011bIIyEThCS.

KouTpoabHi 3anuTanus
1. Ha3BiTh OCHOBHI (hi3W4YHI BETUYHHN MOJEKYISPHOT (Pi3UKH.
2. Chopmymroiite 3aK0H ABOTaApO.
3. ChopmymnroiiTe OCHOBHE PIBHSIHHS MOJICKYJISPHO-KiHETHYHOT Teopii
1IeaIbHOTO Ta3y.
4. Illo Take Temmnepatypa?
5. Chopmysroiite 3ak0H PiIBHOMIPHOTO PO3MOLUTY €HEPTii 32 CTYIEHAMU
BUTBHOCTI MOJIEKYII.
6. 3anuImiTh PiBHSHHS CTaHy i€aAIbHOTO Ta3y.
7. ChopmyitoiiTe i mpoaHali3yiTe 3aKOHH 11€aNbHOTO Tazy.
8. 3anmumIiTh 1 HOACHITH 6apoMeTpUUHY (POPMYITy.
9. SIki icHYIOTH SIBUIIIA TIEpPEHOCY?
10.Yum BiJipi3HAETHCS peasibHUM ra3 Bij i/IeaIbHOTO?
11. 3anuwiTh piBHsHHS Ban nep Baanbca i mpoaHanizyliTe HOro i30TepMH.
12. lllo Take BHYTpIiITHS €HEPTis i7€aTbHOTO Ta3y?
13. ChopmystroiiTe mepiuii 3aK0H TEPMOIUHAMIKH.
14. lllo Take TEIUIOEMHICTD Ta3y?
15. o Take agiabaTHUII mporec?
16. SIxuit mporiec HA3UBAETHCA KOJIOBUM?
17. Sk Bu3Ha4aeThCs KOe(DIlIEHT KOPUCHOT il TEIIOBOrO ABUTYHA?
18. SIki TepMoaMHAMIUHI IPOLIECH HA3UBAIOTHCS OOOPOTHUMH i
HEOO0OPOTHUMH?
19. o Take muki KapHo i ik BU3HAYAETHCS HOTO KOeilieHT KOPUCHOT
ii?
20. laiiTe BU3HAUYEHHS EHTPOIIIi.
21. Copmymroiite 1pyruii 3aK0H TEPMOANHAMIKH.
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3ELECTRICITY AND MAGNETISM
3.1 Electrostatics
3.1.1 Electric Charges. Law of Conservation of an Electric Charge

Electrostatics studies motionless electric charges and its electric
fields. Electric fields are created by electric charges in space. Thus every
charged body is surrounded by its electric field, which theoretically extends
out to infinity.

There are two kinds of electric charges: positive and negative.

Electrons are carries of negative charge. The charge of an electron is

g, = —1.6-10™° Coulomb (C).
The least negative charge is equal to charge of electron.
Protons are carries of positive charge. The charge of a proton is
q,=+1.6-10"C.
The least positive charge is equal to charge of proton.

The law of conservation of electric charge states that in an isolated
system the algebraic sum of electric charges is a constant value:

> q; = const.
1

3.1.2 Coulomb’s Law
A charged body, dimensions of which is neglected in comparison
with distance to other bodies is called the point charge.
The Coulomb’s law was found experimentally by the French
physicist Coulomb in 1785.
The law of Coulomb considers the point charges and describes the
interaction between them:

in vacuum a force of interaction of two point charges q: and Q2 is

directly proportional to the product of these charges and is inversely
proportional to the squared distance r between them. The force is directed
along the line connecting two charges:

Fo_t 0% ;
4ne, r
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3 EJIEKTPUKA I MATHETHU3M
3.1 EnexTpocTraTuka
3.1.1 Enextpuyni 3apsaau. 3akoH 30epe:KeHHs1 eJ1eKTPUYHOTO
3apsay

EnexTpocratnka BHBYaEe HEPYXOMi EIIEKTPUYHI 3apagud Ta IXHi
CNEeKTpUYHI TNONA. EJeKTpuuyHi TMONS y MPOCTOPi  CTBOPIOIOTHCS
CIIEKTPHYHUMHU 3apsimamMu. ToMy KOXHE 3apsKeHe TiIo OTOuYeHE
€JIEKTPUYHHUM II0JIEM, K€ TEOPETHYHO CIPSIMOBAHE y HECKIHUCHHICTb.

IcHye 1Ba BUAM €NEKTPUYHUX 3apsiliB: O3UTHBHI Ta HETATHBHI.

EnekTpoHn € HOCIEM HETraTMBHOTO 3apsay. 3apsii eJIeKTPOHa
JTIOPIBHIOE:

d, = —1,6-107"° kymon (Kux).

HaiiMeHmmii HeraTUBHUM 3aps]] TOPIBHIOE 3apsiIy eNeKTPOoHa.

[IpoToHM € HOCISIMU TO3UTHBHOTO 3apsiny. 3apsi/i MPOTOHY AOPiBHIOE:

g, =+16-10™"Kn.

HaiimeHmmii NO3UTUBHUH 3apsl AOPIBHIOE 3apsay IPOTOHA.

3aKoH 30epekKEHHs eICKTPUYHOTO 3apsay CTBEPIKYE, 110
anrebpaiyHa cyMma eJeKTPUYHHX 3apsAlliB y 3aMKHEHIH CHCTeMi € CTajoro
BEJIMYMHOIO.

2.Q; =const.

3.1.2 3akon KyJiiona
3apsypKeHe Tijo, po3MipaMH SIKOTO MOKHA 3HEXTYBATH Y MOPiBHSIHHI
3 BiJICTAHHIO JI0 1HIIKMX TiJI, HA3UBAETHCS TOYKOBUM 3apsiJIOM.
3akon KysnoHa OyB BIAKpUTHH €KCHEPUMEHTAIBLHO (PaHIy3bKUM
¢izuxom Kymonom y 1785 porii.
3akon KynoHa po3risigae TOUKOBI 3apsiid 1 OMHCY€E B3a€EMOMIII0 MiXK
HUMHU:

cHJia B3a€MOJIIT IBOX TOYKOBHX 3apsaiB (i Ta (2 y BakyyMi mpsimMo

nponopuUiiHa AoOyTKy HMX 3apsiiiB i oOepHEHO NpomopIiiiHa KBaapaTry
BijcTaHi M HuMU. Cuila HampsMIICHAa B3JIOBX NPSIMOI, 10 3 €IHYE JBa
3apsiu:

Fo_1 0% ;.
e, r



156

= . . . . .
where | =— is the unit vector, g, is the electric constant. This value has
r

no any physical sense and it is presented in this law to agreement of units.
In the Sl-system the numerical value of this quantity is

g, =8.85-107 F/m.
2
C F
[80 ]: =
N.-m2 m
If charges are in a homogeneous medium the Coulomb’s Law is:

E__1 4%
dnee >
where € is dielectric permittivity of a medium.

Value of ¢ characterizes the electric properties of the medium and
shows how much the Coulomb’s force in vacuum F; is greater than in a
medium:

_Fo
=
For vacuum dielectric permittivity is equal to € =1.

€

3.1.3 Density of Electric Charge
We should distinguish three types of the charge density.
1. The ratio of the charge value to volume, in which it is distributed,
is called the volume charge density:

_ dg
p_dV’
C
[P]ZF-

2. The ratio of the charge value to area over which it is distributed is
called the surface charge density:
_dq
ds '’

(¢
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-~ T
ae | =— - OJMHMYHHMH BEKTOp, €, - €JNEKTpUYHa cTana. {1 BenuuuHa He
Mae (pi3UYHOro 3MICTY 1 TPEACTaBICHA y IIBOMY 3aKOHI JJIS Y3TOJUKCHHS

ofuHUIb. Yncnoe 3HaYeHHs €, B cucteMi CI nopiBHIOE:

)
g, =885-10" —.
M

Kni? @

g lF——=—.
L] H-mM*> M

SIKIo 3apsan 3HAXOAATHCS B OJHOPIAHOMY CEpENOBHINI, TO 3aKOH
Kynona mae Burmsia:

If 1 i ql(;‘Z I“ ’
4ree, I

Ie € - IieNeKTPUYHA POHUKHICTh CEPEIOBHIIA.
Bennumnna € xapakTepusye eJIeKTPUYHI BIACTHUBOCTI CEpeOBHINA i

nokasye Hackinpkum cmina Kymoma F, y Bakyymi Oimblua, HiK y

CEPEIOBMILLL:
F
g=-—"2,

F
st BaKyyMy JieNleKTpUYHA IPOHUKHICTD CEPEIOBHIIA JIOPIBHIOE
e=1.
3.1.3 I'ycTuHA e1eKTPUYHOIO0 3apsay
Po3pi3HAIOTH TPU TUIH TYCTUHH 3apsILy:
1. O6’€e€MHOI0 TYCTHHOIO 3apsi/ly Ha3UBA€ThCS BiTHOMICHHS BETHIHHH
3apsiy 0 00’ €My, B IKOMY BiH PO3ITOJIIICHHIA:

_dq
P=av’
Kn
[P]=—3-
M

2. lloBepxHEBOI TYCTHHOIO 3apsay HA3WBAETHCS BiHOMICHHS
BEJIMYMHH 3aps/Ly J0 IUIOIII, Ha SIKIf BiH pO3MOIiICHUI:

c= ’
ds
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[o]=—>.
m

3. The ratio of the charge value to the length of line along which it is
distributed is called the linear charge density:

r=2
dl

D=2
m

3.1.4 Intensity of Electric Field
Intensity of an electric field is its force characteristic which depends

upon coordinates. Generally E=E (X, Y, 2). The intensity of an electric field
at a given point is equal to the force acting on a unit positive charge, placed
at this point:

. F
E=—,
do
where ¢o= +1 C is a test charge.

Intensity is a vector value. The direction of E vector coincides with
that of the force acting on the positive charge in the electric field. The unit of
the intensity of the electric field in Sl system is

[q:ﬂzx_
C m
The electric field of fixed charges is called electrostatic field.
We should distinguish homogeneous and heterogeneous fields. At

any point of homogeneous field vector E is the same. On the contrary, at

any point of heterogeneous field there are different E vectors.
The superposition principle takes place:

the vector E at a given point for electric field of any system of

electric charges may be found by summing the vectors Ei for each of
individual charges:
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[
o= K
2
M
3. JIiHiliHOIO TYCTHHOIO 3apsiAy Ha3WBAETHCS BiIHOIICHHS BEITUYMHH
3aps/Iy 10 JOBKUHU TIPSIMOi, B3/IOBXK SIKOT BiH PO3IOJIITICHHUI:

8
dl

p1="2.
M

3.1.4 HanpykeHicTh eJIeKTPUYHOTO MMOJIs1
HampyxeHicTh  €IeKTpUYHOTO  TONS €  HOro  CHJIOBOIO

XapaKTEPUCTHKOIO, KA 3aJICKUTh Bix KoopauHat. Biarami E = E (X, Yy, 2).
HanpyskeHIiCTh €JIeKTPUYHOTO MOJS B JaHii TOYIl JOPIBHIOE CHJI, sIKa i€
Ha OJAMHUYHUN TIO3UTUBHUM 3apsiji, pO3TAIOBAHUH Y il TOYIII:

E-—
o
ne o= +1 K — mpobuwmii 3apsiz.
HanpyxeHicTh € BEKTOPHOIO BEIMYMHOIO. HampsiMm BeKkTOpy E
CHIBIIAJIAa€ 3 CHWIOK, IO i€ HA TO3UTHUBHUH 3aps B ENEKTPUYHOMY IOJI.
OnuHUIIS HATPY)KEHOCTI SJICKTPUYHOTO 1moJjist B cuctemi CI:

H B
El-r-2
Kn ™
Enexrpuune roJie HEPYXOMHX 3apsiiB Ha3UBAEThCS

€JICKTPOCTATUYHUM TIOJICM.
PospizHstoTe ogHOpPiAHI 1 HeomHOpiAHI ToNsA. Y Oyab-sKidd TOYIN

OJIHOPIJTHOTO TOJIsi BeKTOp E € He3MiHHUM i1 HaBmaku, y Oy/ab-sKidl TOYII

HEOJIHOPITHOTO TIOJIs BeKTOp E € 3MiHHKM.
Mae miciie OpUHINI CYIIEPIIO3ULLi:

BekTop Ey mamiit Touri emexTpuuHOro MO OYyaB-AKOI CHCTEMHU

3apsi/iB MOXKHA 3HAHTH Jozaroun BekTopu E,, yTBopeHi KOXHHM 3apsiaoMm

OKpEMO:



where n is the number of charges.
The intensities should be added as vector values.

3.1.5 Force Lines of an Electric Field

The electric field graphically is represented with force lines. A line
the tangent to which at each point coincides with direction of the intensity
vector is called the force line of an electric field. These lines are imaginable
ones. A view of the force lines depends upon arrangements of charges. The
electric force lines have got two properties:

1) they can be started and finished at electric charges or at the infinity
only;

2) they cannot cross each other.

Examples of some electric fields are shown in the Fig. 3.1:

|
|
o |
|
|
|

Figure 3.1

Force lines are initiated at the positive charges and finished at the
negative charges or in infinity.

The density of force lines is determined by magnitude of intensity of
electric field. The quantity of force lines that penetrate normally the unit

area is equal to the module of vector E.

3.1.6 Flux of Intensity Vector
Let's consider an arbitrary plane dS in a homogeneous electric field E

= const (Fig. 3.2). The vector of the intensity of the electric field E iswitha
vector of normal i to the plane the angle a.. The projection of the intencity

vector E on the perpendicular to the elementary dS area denote E,.



JIe N — 9HCITIO 3apsiIiB.
Hampy»eHOCTi 101at0ThCs SIK BEKTOPHI BETMYUHHU.

3.1.5 CuuioBi JiHiil eJIEeKTPHYHOTO MOJIsT

Enexrpuyne none rpadivyHo 300pakyr0Th CHIOBUMH JiHisiMU. JIiHis,
JOTUYHA A0 $KOI y KOXHIM TOUli CHIiBIaga€ 3 HampsMKOM BEKTOpa
HaTPY>KEHOCT1, HA3MBAETHCS CHIIOBOIO JTHIEIO eNeKTpruaHoro mosst. Li miHii
ysBHI. Burism cuimoBux JTiHIM 3aNeXHTh Bif PO3TAlIyBaHHS 3apsiB.
EnexTpu4Hi CHIIOBI JTiHIT MarOTh ABi BIaCTUBOCTI:

1) BOHM MOYMHAIOTHCS 200 3aKiHUYIOTHCS Ha ENIEKTPUYHUX 3apsAaax
41 HECKIHYEHOCTI,

2) BOHM HE MOXYTb NIEpPETUHATUCS.

Ha puc.3.1 300paxkeHO IPUKIIAAM JCSIKUX SICKTPUYHUX TTOJIB:

|
|
o |
|
|
|

Pucynoxk 3.1.
CuIioBi JiHIT MTOYMHAIOTHCS Ha MO3UTHUBHUX 3apsjax 1 3aKiHUYIOTHCS
Ha HEraTUBHHX 3apsiax ab0 y HECKIHYEHHOCTI.
I'yctuna cuinoBuX JiHIM BH3HAYa€ BENMYMHY HANPYXEHOCTI
eleKTpuyHOoro mods. KiJgbKicTh CHJIOBHX JIiHIH, $KI MNEPEeTHHAIOTH

MNEPICHAUKYIISIPHO OAUHHUIIO HJ'IO]J_[i, ,Z[OpiBHI-Oe MOAYJII0 BEKTOpa E.

3.1.6 MoTik BekTOpa Hanpymeﬂocﬁ
PosrisiHemo noBUIBHY MuomuHy 0S B OJHOPIIHOMY €IEKTPUYHOMY

nomi E = const (puc.3.2). BexTop HanmpyXeHOCTi eJIEKTPHYHOTO OIS E
CKJIaJiae 3 BEKTOPOM HopMmai N 1o miomunau Kyt o . [Ipoekuiro BekTopa

HanpykeHocti E Ha mneprneHauKymsip 10 ejleMeHTapHoi IuronmHu dS
no3Hauumo E,.
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Figure 3.2

The product of E, by dS is called the elementary flux of intensity E
vector through this area:

d®, =E,dS = EdS cosa = (E,dS),
where dS =dS -f.

The total flux @ of intensity vector of the electric field through
surface S is
@ = [E,dS = [EcosadsS .
S S

A flux of intensity vector of the electric field E through a closed area
@, ={E,dS.

The unit of g is
[@®:]=Vm

3.1.7 The Ostrogradsky-Gauss Theorem for Electrostatic Field in
Vacuum

The Ostrogradsky-Gauss theorem for an electrostatic field in a
vacuum allows us to determine the electric field intencity of different
systems of electric charges. This theorem is used based on the consideration
of the form of charged bodies. In fact it is a consequence of the Coulomb's
law.

Let’s consider the electric field formed at the point charge q (Fig. 3.3).
Determine the flux of electrostatic field intencity through an arbitrary closed
surface covering the point charge g. A test charge qo put at a distance r of this
charge.
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Pucynok 3.2.
Jlooytok E, Ha dS HasuBaeThcs eleMEHTApHUM IMOTOKOM BEKTOpa

HarpyxeHocti E uepes 1o mony:
d®, = E,dS = EdS cosa = (E,dS),
ne dS =dS-fi.

[NoBHwuit noTik @ BeKTOpa HATPYKEHOCTI ENEKTPUIHOTO TIOJIS Yepes3
MOBEPXHIO S:

@, = [E,dS = [Ecosads .

IToTik BEKTOpa HATIPY)KEHOCTI EIEKTPUIHOrO MO E Kpi3k 3aMKHYTY
TIOBEPXHIO:

®, ={E.dS.
S

Onuanig O

3.1.7 Teopema Octporpaacbkoro — 'aycca st
€J1eKTPOCTATUYHOI0 MOJIs Y BaKyyMi

Teopema Octporpanacskoro — ['aycca mist eeKTpOCTaTHIHOTO OIS Y
BaKyyMi JIO3BOJISIE BH3HAYUTH HANPYKEHOCTh EIEKTPUYHOTO TIOJIST Pi3HUX
CHCTEM eJNEKTPUYHUX 3apsamiB. Ll Teopema 3acTOCOBYETHCS BHXOASYH 3
posrisiny GopMH 3apsUDKeHUX Tl DakTUYHO BOHA € HACHIKOM 3aKOHY
Kynona.

PosrisiHeMO enekTpu4HE MoJie, IO YTBOPIOETHCS Oifii TOYKOBOTO
3apsimy  (puc.3.3). Bu3HauMMO MOTIK HANpy»XEHOCTI €JIeKTPOCTATUYHOTO
NOJIS Yepe3 JIOBUIbHY 3aMKHEHY MTOBEPXHIO, 110 OXOILTIOE TOUYKOBHH 3apsi (.
Ha Bifcrasi I Bij] 5OTO 3apsiTy MOMICTHMO TIPOOHUI 3apsif Jo.
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g
Iy
&n

Figure 3.3

The Coulomb force acts on the test charge ¢, located in the electric field
of charge q:

Fo_t 9%
dne, 1’
By definition
E-= E =E= ! % .
do dne, r

The flux of intensity vector E through the sphere of radius r equals
1
% Aqr? = a ,
dne, r €
where S is the surface of sphere of r radius. A closed surface is called the
surface of Gauss.

In the general form the Ostrogradsky-Gauss theorem for
electrostatic field in vacuum is formulated as follows:

the flux of the intensity vector for electrostatic field in vacuum through
an arbitrary closed surface is equal to the sum of charges surrounded by this
surface divided by the electric constante,,

1

D zg_’zqi-

0 i

@ =E-S=

Thus
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G0
Pucynok 3.3.

Ha mpo6nwmii 3apsn (o , I10 3HAXOAUTHCA B ENEKTPHIHOMY TIOJI 3apsy
q, mie cuna Kynona:

o 1 9%
dne, 1’
3a BU3HAYEHHIM:
e-Foeg- 2.9
Jo 4ne, r

[loTik BekTOpa HAMPYXKEHOCTI EIEKTPUIHOTO IO E Kpi3b chepy
paziycoMm I IOpiBHIOE:
1
®,=E-5=— . dgg2 -9

2
4ne, r €

ne S — mioma cdepu paxmiycom I. 3aMKHyTa IOBEPXHS HAa3HBAETHCS
nosepxHero ['aycca.

B 3arameniit ¢opmi Teopema Octporpaincekoro — Iaycca ans
€JIeKTPOCTATHIHOTO TOJISL Y BaKyyMi (DOPMYIIOETHCS TaK:

MOTIK BEKTOpa HAMPYXEHOCTI €IeKTPOCTATHYHOTO TOJNS Y BaKyyMi
Kpi3b JIOBUIbHY 3aMKHYTy IIOBEPXHIO JIOPIBHIOE CyMi 3apsiiB, sKi
pO3TaloBaHl B cepeAMHi Li€i MOBEpXHi, PO3AIICHOI Ha €JIEKTPUYHY CTalLy

€
'ZQi :

OTxe:

1
fEndszg-Zqi.
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3.1.8 Application of the Ostrogratsky — Gauss Theorem for the
Electric Fields Calculation in Vacuum
1. Intensity of an electric field created by a point charge.
Let us consider the point charge that creates an electric field in
space.

=

Figure 3.4

In Figure 3.4 q is the charge that creates an electric field; r - distance
to the selected point M.
Our aim is to determine the intensity of an electric field at this point. It is
reasonable to draw a sphere of Gauss passing through a given point M.

Now we've got:

O, =
€
because only the charge q is located inside this sphere.
Further
g =ES=E-4ur2=1,
€0
thus
g-_t .9
47‘[80 r2

In Fig. 3.5 the value of vector E is plotted versus distance r:
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3.1.8 3acTtocyBanns Teopemu Octporpaacbkoro — I'aycca ais
PO3pPaxyHKy eJeKTPUYHHX MOJiB Y BaKyyMi
1. HampykeHIiCTb eJIeKTPUYHOIO MOJsl, CTBOPEHOIO TOYKOBUM
3apsIIOM.
PosrnsiHeMO TOYKOBME 3apsi, L0 CTBOPIOE EJIEKTPUYHE IONE Yy
TIPOCTOPI.

it

Pucynok 3.4

Ha pucynky 3.4  — 3apsij, SKuil CTBOPIOE €JNEKTpUYHE Toje; I —
BiJICTaHb 10 BUOPaHOT TOUKH M.

Hama wmera - BU3HAUUTH HANpYKEHICTh EJNEKTPUYHOIO MONSA Y
MoBUTRHIN Toumi M. JlomineHO 300pasutu moBepxHIO ['aycca y Burismi
cdepu, 0 MPOXOJUTH Yepe3 3a1aHy TOuKy M.

B cepenuni cdepn po3raiioBaHUN TIJIBKH 3apsf (|, TOMY MU
OTPUMY€EMO, IO MOTIK BEKTOPA HAMPY>KEHOCTI €IEKTPHYHOTO OIS

0,= 3
€9
Hani:
®, =ES=E-4ur?="1;
€
Tomy
-1 .9
4ne, r

Ha puc. 3.5 300paxena 3ajexHICTh BekTopa £ Bij BiCTaHi I
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E 0 r
\_ E
g=0 r g<0
Figure 3.5

2. Intensity of an electric field created by a hollow charged sphere
Let us consider that there is a hollow charged sphere of R, radius

(Fig.3.6).
(4

Figure 3.6
Let’s determine its electric field near the sphere. It means that we

should find a vector E at any point of space. R, is radius of a real charged

sphere; r is radius of an imagined sphere of Gauss. If r > R, the theorem of
Ostrogradsky-Gauss looks like
1 oc4zR? oR)

E-dnr2=9E= L '%= 7
&f

N g=0
£

Figure 3.7
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E 0

OL r

E
g=0 r g<0
Pucynok 3.5
2. HanpyxXeHiCTb €JEeKTPUYHOTO TI0Jsl, CTBOPEHOTO ITOPOKHBOIO
3apsAKEHOI0 cheporo.
[Mpunycrumo, 1o icHye MOpoxkHs cdepa 3apsaoM ( 3 TOBEPXHEBOIO

rycTHHOK +O cdepa pagiycom R (puc.3.6).

/)

Pucynox 3.6
BuszHaunMmo HaIpyXeHICTh eJIeKTPUIHOT0 Moist Oinst chepr. MaeTbes

Ha yBas3i, o Tpeda 3HANTH BEKTOp E y Oyab-sKiii Touri mpocropy. R -
paniyc peanbHOi 3apspkeHoi cdepu; ' — pagiyc ysBHoI chepu [aycca.
Sk r > Ry, To Teopema Octporpaacekoro-I'aycca Mae BUTIISI:

1 1 oc4rR? oR/
Egur?=d gt 4 _ 1 o4TRy _OR
€ dne, r°  4ns, r &l
£ r
£ g=0 0 :
g=0
E
E, r

Pucynok 3.7
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If r < R,, g =0 inside the sphere and E = 0 (Fig. 3.7).

3. Intensity of an electric field created by uniformly charged infinite
plane.

Let us see an infinite charged plane. The surface charge density is
equal to +o. It is reasonable to use a cylinder as a surface of Gauss (Fig.
3.8).

Figure 3.8

The flux of vector intensity through a side surface is zero. As for
butt-end surface it is:

2Es =4
)
as
g=oS,
thus
S
2ES =22
€y
Then
E-_%
2¢g,

and intensity vector E doesn’t depend upon r (Fig.3.9).
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Sxmo r <R, g = 0 Bcepenuni chepu i E = 0 (puc. 3.7).

3. HampyeHIiCTb €JIEKTpMYHOIO IIOJII, CTBOPEHA PIBHOMIipHO
3apsKEHOI0 HECKIHYEHOO IIOIMHOIO.

PosrnsiHeMo HeckiHueHyY 3apspkeHy muiomuHy. [loBepxHeBa rycTHHA

3apsaay JopiBHIOE +G. B TakoMmy BHManKy IOIIJIEHO BUKOPHCTOBYBAaTH
MWTHID, K moBepxHIO ["ayca (puc.3.8).

Pucynoxk 3.8

IloTik BekTOpa HampyKEHOCTI dYepe3 OiUHY IMOBEPXHIO IHIIIHIpA
JopiBHIOE HYII0. Kpi3b MOBEPXHIO OCHOBH BiH JOPIBHIOE:

2Es =4,
€
TaK K
g=oS,
TO
S
2ES =22
€
Toni
E-_%
2¢g,

i BekTop HampyxeHocti E He 3amexxurb Bim BiacTaHi 10 IUIOIIMHH
(puc.3.9).
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Figure 3.9

4. The electric field of two uniformly charged parallel infinite planes
Let us consider two parallel infinite planes that are evenly charged
with electric charges of the opposite sign (Fig. 3.10).

+ 0 A+ -
+—— —_— —
— B —_ —
E_
— —_— —
—_— — —_—
— — —
— — . —
o
Figure 3.10
dg

The surface charge density is ¢ = % The distance between planes

isd.
The intensity of an electric field between the parallel planes
according to the principle of superposition is:
E-E+E-2.2-2
28, g,
Outside the parallel planes the directions of the electric fields are

opposite and according to the superposition principle the intencity of an
electric field is zero (Fig. 3.11).
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Pucynok 3.9
4. EnextpruyHe mosie [BOX PIBHOMIPDHO 3apsUDKCHUX MapasielbHUX
HeCKiH‘IeHI/IX TITOIIWH.
PosrmsiHemMo /Bi mapanensHi HeCKiHYEHUX IDIONIMHH, SIKi pIBHOMIPHO
3apsDKEHI eIIEKTPUYHUMHE 3apsiIaMd IPOTHIISKHOTO 3HaKy (puc.3.10).

+ T -
£+
— e —
E_
—_— — —
— — —
— — —
—
)

Pucynok 3.10

[loBepxHeBa rycTuHa 3apsy JMAOpPIBHIOE G =—q. Bincrans mix

dsS
wiomuHaMu d.
HanpyseHicTh eIeKTPUIHOTO IOJIsI MiX MapalleIbHUMH TUTOIMHAMHA
3TiJIHO MPUHIIUTIA CYTIEPIIO3HUIIiT JOPiBHIOE:

E=E +E =2.2. =2
28, g,
3a MexamH TapaliellbHUX TUIOIIWH HANPSMKH EJIEKTPUYHUX OB
OPOTWJICXKHI 1  3TIHO  TPUHIMIA  CYNEpIo3Wlii  HamlpyKeHICTh
EJIEKTPUYHOTO TOJIs TOPiBHIOE HYIO (puc. 3.11).
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al - - ——
~

0
Figure 3.11

5. The electric field of an infinitly uniformly charged wire.

Let us consider an infinitly uniformly charged wire.

In this case, it is advisable to choose a Gauss surface with a cylinder
covering a charged wire (Fig. 3.12). The radius of the cylinder is indicated
by r, and the length is I.

eaf A
\ F

A J
{
Figure 3.12
The line charge density A is
4
dl
The theorem of Ostrogradsky and Gauss is:
E-2nrl = k—l;
€y
as
g=Al.
Therefore, the electric field intencity is equal:
1 A

2ng, I
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—

|

|

|

|

|
0 d r
Pucynok 3.11

5. HampyxeHICTb €JEKTPUYHOr'0 I0JIsI HECKIHYEHOIr'o DPIBHOMIPHO
3apSUDKEHOr0 IPOTY.

PosrnsiHemMo HeckiHUeHHI PiBHOMIPHO 3apsKSHHIN IPOT.

B 1mipoMy Bumanaky moBepxHero laycca JOIIIBHO BUOpATH IUTIHAP,
1110 OXOIUTIOE 3apsypKeHui 1poT (prc.3.12). Pamiyc mtiHapa mo3HadyeHo I, a
noBxuHa — |.

waf A
K_LJ r

Pucynok 3.12
JliniiiHa rycTHHA 3apsiay AOPIBHIOE:

d
p=29
dl

Teopema Octporpaacekoro-I"aycca:

M
E-2nrl=—,
€y
TaK SK
g=Al.
ToMy HanpyXeHiCTh eNIEKTPUIHOTO TOJIS JIOPIBHIOE

1 A

E =

2ne, I
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3.1.9 Circulation of the Electrostatic Field Intensity Vector

Let us move a positive unit charge ¢, from the first point to the
second one along line L and calculate the work required to do
displacement (Fig. 3.11):

g
Figure 3.13

The elementary part of length dl is so small, that the electric

field intensity E may be taken as a constant in magnitude and
direction within the limits of dI.

The elemenary work done in this small interval is

dA = Fd|COSa=L-q—(l°d|COS(1,

dne, T
as dlcosa =dr,
then dA= 1 -q—qz‘)dr.

4ne, r

The total work is:

A:TdAzﬁfﬂz 1 (g9 _99%)
. 4ne, r? dne,\ 1 r,

n

From this equation we can see that a work done is not related to the
shape and length of the path L. A work is defined only by the position of the
points 1 and 2. Consequently the electric field of a unit charge is potential
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3.1.9 Hupkyasinisi BEKTOPa HANIPYKEHOCTi eJIEKTPOCTATHYHOT O
noJis
[epeMicTHMO MTO3UTHBHUI OJUHUYHHN 3apsi (o B €IEKTPOCTATHIHOMY
nom 3apsay ( 3 Hepioi TOYKW A0 Apyroi y3moex jiHil L 1 pospaxyemo
po0OTY, HEOOXIAHY s 3AiHCHEHHS iepemimenHs (puc. 3.13).

&

Pucynoxk 3.13
EnemenrapHa nosxuHa dl Taka Maia, 10 HAaPYXEHICTh EICKTPUYHOTO

nosist E MokHa BBaXKaTH MOCTIHHOO 32 BETMYMHOKO i HAPsIMOM B Meskax dl.
EnemenrapHa poboTa Ha IIbOMY MAJIOMY iHTEPBaJIi TOPIiBHIOE:

dA = Fd|COS(x=L-q—Clod|COSa,

4ne,
TaK sIK dlcosa =dr ,
TO
da=—1 Bbog
dre, r

[ToBHa poboTa TOpiBHIOE:

A:TdA:%Tﬂ_ 1 (99, ado

dng,  r? dme,\ T,

3 1IOT0 PIBHSHHSA MOXKHA 3pOOUTH BHCHOBOK, 1[0 pOOOTa HE 3aJIe)KUTh
BiJ (hopMu Ta OBXKHMHU IUIIXY L. PoOoTa BU3HAYA€THCS TUIBKU MOJI0KEHHIM
To4oK 1 i 2. Tomy, elnekTpuvHe 1moJie TOYKOBOTO 3apsily - IIOTEHITaIbHE,
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and electrostatic force is conservative. The work done by electrostatic forces
around any closed contour is always zero:

fda=o.
L
That is
fa,Edi =0.
L
For unitcharge , =+1 C

fEdl =0.
L

This integral is called the circulation of the intensity vector E .
Consequently the circulation of the vector intensity of electrostatic field
around any closed contour is always equal to zero. The field that has this
property is called potential.

3.1.10 Potential of the Electrostatic Field
The potential is an energetic characteristic of an electric field. It is
denoted as . The potential at a given point of the electrostatic field is the
potential energy of a unit positive charge placed at this point:

W
Q="
Jo

It is a scalar function of coordinates: ¢ = ¢(z,Y,z) = ¢(r).

The potential difference between two points of an electric field is
determined by a linear integral

2
¢, =9, = J. Edl.
1
The unit of potential is volt:
j
===V.
[o] c

The work electric field performs on removing the unit positive charge
g, in the electrostatic field of charge g from point 1 to point 2 is
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a eIeKTpU4YHa CHjIa - KOHCepBaTUBHA. PoOora, sKa BHUKOHYETBCS
€JICKTPOCTATUYHUMHU CHJIaMH B3IOBX OyIb-IKOTO 3aMKHEHOTO KOHTYPY
3aB)K/IH IOPIBHIOE HYIIIO:

fdA:O.
L

Toni faoEdi =0.
L

Jlist ToukoBoro 3apsiny (, = +1 Kn
f Edl =0.
L

Leit inTerpanm Ha3WBa€ThCA IHMPKYISIIEID BEKTOpa HAIMpPYKEHOCTI

E .Takum unHOM, IIUPKYIIAIISA BEKTOPA HANIPYKEHOCTI €IEKTPOCTATHYHOTO
TOJIST B3JIOBXK 3aMKHEHOTO KOHTYPY 3aBXIU JOpIBHIOE HYH0. [lone, sike mae
TaKy BJIACTHBICTh, HA3UBAETHCS MOTCHITIAILHYM.

3.1.10 IToTeHuiajg €JeKTPOCTATUYHOIO MOJIS
IMoTeHIian - 11e eHepreTHYHA XapaKTePUCTHKA EICKTPHIHOTO MoJjist. Bin
no3HavaeTbes sk (P . [loTeHmian B 3aaniif TOUI €1eKTPOCTATHYHOTO MO €

MOTCHIIHHOIO SHEPri€l0 OUMHHUYHOTO MO3UTUBHOTO 3aps/ly, PO3MIIIIEHOTO B
IH TOYII:
W
o=—".
Jo

TMoTeHIian € ckaIApHOIO GyHKIeroKoopauHaT: @ = ((Z, Y, Z) = ¢(r).
PizHuns moTeHmiadmiB MK JBOMa TOYKAMHU EINEKTPUYHOTO OIS
BU3HAYAETHCS JIIHIHHUM iHTErpaioM

2
0, -0, = J. Edl.
1
O,Z[I/IHI/I].[CIO BI/IMipIOBaHHH HOTCHHiaHy € BOJIBT:
JOx
[(p] ="_=B.
K

PobGoTa, sKy BHKOHY€ eJNEKTpUYHE TII0JIe TPH MepeMilleHH]
OJJMHUYHOT'O MO3UTUBHOTO 3apsany (, B €l1eKTPOCTATHYHOMY IOJI 3apsiy

g 3 Touku | 0 TOUKH 2 TOPIBHIOE:
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A L (qqo_qqo}wl_wz.

- dre,\ 1 r,
The work is equal to the difference of potential energies of charge g,
at the point 1and 2.

By definition: o=V __1 9
g, 4me, r
% (9 9
and A=—2| -2 |= —0,).
Amee, (rl rzj qo((Pl (Pz)

If positive unit charge moves from given point to infinity potential of
which is ¢ =0, the work is

A, = 0o
and
A,
o=—.
o

This is the next definition of potential: the work electric field
performs on removing unit positive charge from given point to infinity is
called the potential of an electric field at a given point.

At the given point the potential of a set of point charges is the
algebraic sum of the potentials created at the given point by each charge

separately:
°=20i.
[

3.1.11 Relationship between Intensity Vector and Potential
Work of electric charge g movement in the electric field is

dA=(F,dr) =(qE, dr)
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A= 1 qqo_qqo :Wl_W?_'

dre,\ 1 r,

PoboTa nopiBHIOE pi3HUILI NOTEHIIAIBHEX €HEPTiH 3apsxy (, B TOYLI
1i2.

w 1 ¢
3a BU3HAYCHHSIM: p=—= =
q, 4me, r
i
q
A=—2— 4.9 :qo((Pl_(Pz)-

dnee, \ 1, T,

SKmo nepemillyBaTH OAWHUYHUN TTO3UTHUBHUH 3apsij 3 JaHOT TOUKHU Yy
HECKIHYEHICTh, TIOTEHIliAN $KOi JOpiBHIOE HYJIIO, TO pobota Oyxae
BHU3HAYATHCB!

A, =0,9;

A
%o
Takum yriHOM, PoOOTa IEPEMIILICHHS OTMHUYHOTO TIO3UTUBHOTO 3apsiLy

3 33/1aHOT TOYKH Y HECKIHUCHHICTh HA3WBAETHCS MOTCHINATIOM ENICKTPUYHOTO
I10JI B AaHIN TOYLII.

(p:

B naHifi ToYIll TMOTEHIAJ JAEKUIBKOX TOYKOBHX 3apsijiiB JIOPIBHIOE
anreOpaiuHiii Cymi TOTEHIlialiB, CTBOPEHHWX B [aHId TOYIl OKPEMHUMHU

3apsaaaMu:
=0

3.1.11 3B’ 5130K Mik BEKTOPOM HANPY:KEHOCTi Ta MOTEHIIAI0M
Po6oTa 1o nepeMillieHHIO eNEeKTPHYHOTO 3apsiny (| B eNEKTPUIHOMY
TOJTI:

dA=(F,dr) =(qE, dr).
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On the other hand this work can be defined through the potential difference

dA =—qde
Thus equating right parts these equations we have:

— qdg = (gE, dF) = q(E, dF),

do

dr

Considering the charge movement along the axes we have
g =-d0. g _ G0 __do

" dx' 7 dy’ dz

Thus E vector can be presented as

E:Exi+Eyj+E k,

OX 8y o
(g 6 2 0
(272271 Py,
Ty

From the vector analy5|s it follows that in brackets there is a value
called the gradient of the scalar value:
E=—grad ¢.
At the given point of an electric field the intensity vector equals

minus gradient of potential at this point. A minus sign means that E vector
is directed to the side of ¢ potential decreasing.
The geometric location of points with the same potential is called the

equopotential surface. The vector Eis always directed perpendicular to the
equopotential surface.

Intensity of a field E vector and ¢ potential comparison is shown in
the table 3.1.
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3 irmoro 60Ky 1151 poboTa Moke OyTH 3HaliIeHa Yepe3 Pi3HUITIO
NOTEHIIAMIB!
dA=—-qde.
Topni, npupiBHABIIM NpaBi YaCTUHU LUX PiBHAHB, OTPUMAEMO:
—qde = (gE, dr) = q(E, dr),
—do = (E, dr),
de
dr
SIK1Io po3risaaTy mepeMileHHs 3apsay B3I0BXK Ocel, TO MU
OTPUMAEMO:

E, ——d—(p; E, :—d—(P; E, :—d—(P.
dx dy dz
Tomi BexTOp E MOJKHA IIPEICTaBUTH, SK:

E=E,i+E j+EK,

OX oy oz

3 BEKTOPHOTO aHalli3y BHUILIMBAE, 110 B CKOOKAX CTOITh BEJIMYUHA, IIO
HA3MBAETBCS IPAJIEHTOM CKAISIPHOT BEJIMYMHU (

E=—grad ¢.

B nmaniif TO4Ili €NEKTPUYHOTO TOJISI BEKTOP HAMPYKEHOCTI TOPIBHIOE

IPajlieHTy TIOTEHIiaTy 31 3HAKOM MiHyC. 3HaK MiHyC O3Hauae, o Bektop E

CHpsSIMOBaHUH y OiK yOMBaHHs MOTEHIIATY .

I'eomeTpuyHe Miclle TOYOK 3 OJHAKOBUM TOTCHIIIAIIOM Ha3WBAETHCS
eKBIMOTCHIATPHOI MOBEepxHEI0. Bekrop E  3aBkaum  HampsmieHuit
NEPIEHTUKYIISIPHO 10 eKBIMOTEHIIAIbHOT ITOBEPXHI.

IMopiBHSHHS BEKTOpPa HAMPYXEHOCTI eleKTpudyHoro moiast E i
MOTEHIIIaTy @ HajaHo B Tabui 3.1.
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Table 3.1
The intensity vector E The potential ¢
Vector, E scalar, @
I = W . .
E = —, force characteristic (p = —, energetic characteristic
do Ao
N V j
E = —= — e V = =
El-g = fpl=v=1
L,
E=—grad ¢ P1—92 = I(E,dF)
h
For a point charge:
-1t 4 o=—>_.4
dne, r dneg I

3.1.12 Electric Field in Dielectrics
All substances can be divided into three groups: conductors,
dielectrics (insulators) and semiconductors. Conductors have so called free
electrical charges (electrons). They can move within the entire sample.
Dielectrics are called substances that practically do not conduct electric
current. Specific electrical resistance of dielectrics is p ~ 10°+10" Q-:m.

Each dielectric molecule consists of a positively charged nucleus and
negatively charged electrons that move around the nucleus. The total charge
of atomic nuclei and electrons is zero. Therefore, the dielectric molecules
are electrically neutral. Dielectrics have no free electrical charges. They
have only fixed charges. It means that in dielectrics electrical charges move
only within molecules. Every electric charge is fixed by its molecule.

Let’s consider the dielectric which is put in electric field. In
dielectrics fixed charges oriented under the effect of the outside electric
field. The molecules of the dielectric under the effect of the electric field
are situated as it is shown in Fig. 3.14:
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Tabmur 3.1
Bexkrop HanpyxeHOCTI E Horenuian ¢
E, BEKTOpHA BEJIMUMHA ¢, CKJIIpHA BEIIMIMHA
E = i , CHJIOBa (p = —, CHCPIreTU4IHA
o o
XapaKTepHUCTHKa XapaKTCpUCTHKA
H B JIx
[El=—-== [p]=B=""
Kn ™m Kn
T3
E:—grad 0 P =0, —I(E,dl’)
n
7151 TouKOBOrO 3apsay:
47’580 r? 4me o T

3.1.12 EsexTpu4He noJie B AieIeKTPUKAX
Bci pe4oBuHM NOAUISIOTECS HA TPY TPYIH: TIPOBITHUKH, TICIEKTPUKH 1
HamiBNPOBiIHUKH. [IpOBITHUKY MalOTh TaK 3BaHi BUIBHI €NEKTPUYHI 3apsiiu
(emexTpoHu). BoHM MOXYTh pyXaTHCh BCEpEOMHI BCHOTO IPOBIITHUKA.
JlieneKTpUKaMl Ha3WBAIOTh PEYOBHHH, SKI MPAaKTUYHO HE IPOBOJSITH
SNIEKTPHYHUI cTpyM. [IMTOMUI eNeKTpUYHUIA Omip JIieJeKTPUKIB CTAaHOBUTH
p ~ 10°+10® Owm-m. Koxna MOJIEKyJa [ieleKTPUKa  CKJIAJIA€ThCS 3

MO3UTUBHO 3aps/PKECHOTO S/Ipa 1 HETaTHMBHO 3aps/KCHUX €JICKTPOHIB, SIKI
pyXarThCsl HaBKOJO sapa. CymapHHid 3apsij aTOMHHX SJEp 1 €JICKTPOHIB
JOpiBHIOE HyJI0. TOMy MOJIEKy/lH IieleKTpHKa eJIEKTPUYHO HEHTpabHI.
JienekTpuku HEe MalOTh BUIBHUX EJEKTPUYHHMX 3apsdiB. Y HHUX € TiIbKH
3B’s13aHi 3apsau. Lle o3Hauae, 110 B TieIEKTPHKaX eNEKTPUIHI 3apsii MOXKYTh
pyXaTuch BcepeAuHi MoyeKyian. KOoKHHMH eNeKTpHUYHWI 3apsiyi 3B’ s3aHHR
CBOEI0 MOJIEKYJIOIO.

Po3riisiHeMO JieNneKTprK, KU 3HAXOAUTHCS B eJIeKTpUYHOMY Toii. B
JUENISKTPUKAX i €0 30BHIMIHBOTO €ICKTPUYHOIO IMOJIs 3B’s3aHi  3apsiiu.
Monekynu AieneKTpuKa MiJ A€o eIeKTPUYHOro MO PO3TALIOBYIOTHCS, SIK
MIOKa3aHo Ha puc.3.14.
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Figure 3.14

The field of dielectrics E' is in the opposite direction regarding to

the external field E . Thus a field of dielectrics reduces an external field.
The force of interaction F of two charges is less in dielectrics than in
vacuum. This idea may be expressed as:

F=o
81

where F is force of interaction in dielectric;
F, is force of interaction in vacuum;

¢ is dielectric permittivity of an environment. It is dimensionless
value.

3.1.13 Polarization of Dielectrics
The formation of electric moment in molecules of dielectrics is called
the polarization.
An electric dipole is the system of two opposite charges equal in the
magnitude (Fig. 3.15):

gE———a tg

Figure 3.15

I is the dipole arm. It is the vector directed from the negative charge
to the positive one and numerically equal to the distance | between them.
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Pucynoxk 3.14

[Tone nienextpuka E'mae npoTunexHuii HampsiM Mo BiHOLICHHIO 110

30BHIIIHBOTO oSt E . Tomy mosie miesekTprKa 3MEHIIY€E 30BHIIITHE TTOJIE.
Cuna B3aemonmii F 1mBOX 3apsiziB B HieJeKTPUKaxX MEHINIA, HDK Y BaKkyyMi.
Tomy:

ne F — cuna B3aeMoii B JieNeKTPUKY;
Fo — cua B3aemonii y Bakyymi;
€ — JIieNeKTpUYHA POHUKHICTH CEPEIOBHIIIA.

3.1.13 MMoasipu3anisi aieJeKTPUKIB
YTBOpPEHHSI ENEeKTPUYHOTO MOMEHTY Y MOJIEKYJIaX JieleKTPUKiB
Ha3MBAETHCS IOJIIpU3alicr0. ENeKTpUYHMN JHUIIONh € CHUCTEMOIO JBOX
NPOTHIICKHKX 3aps/IiB PIBHUX 3a BEJMUMHOIO (puc.3.15).

g e I_,, @ +g

Pucynox 3.15

| ¢ nneyem gumonsa. Ile BekTOp, KMl HampsAMIEHWH Bix
HETATHBHOTO 3apsIy J0 MO3UTHBHOTO 1 KITBKICHO AOpPiBHIOE BifcTaHi | Mixk
HUMM.
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The product p = qr is called the electric dipole moment. The sum of
dipole moments of molecules per unite of volume is called the polarization

vector:
2B
_

Vv
Unit of P:
C
m
The more is the intensity of an outside electric field the more is the
polarization.
For homogeneous isotropic dielectrics:

P= soxE

where 7 is the electric susceptibility.
We can describe the electric field in dielectrics by vector of electric
induction (displacement) D:
B=gE+P,
The vector D characterizes the electrostatic field of free charges ( in
vacuum ) distributed in space in the presence of an dielectric.
D=g,E+P=g,E+e,)E =¢,(1+%)E =g,¢E,
where
e=1+y.

3.1.14 Ferroelectrics
Ferroelectrics is dielectrics having spontaneous polarization in a
definite range of temperatures when external electric field is absanes.
Its name ferroelectrics was obtained after typical exemplar - ferrous
salt which was studied by L.V. Kurchatov and P.P. Kobeko in 1930.
Nowadays, more than 600 ferroelectric substances are known — they are
double or triple metal oxides (BaTiOs), organic substances, polymers.
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Jlobytok P =0l HasuBaeThCs EIEKTPUYHUM MOMEHTOM JIMIIOJS.

CyMa MOMEHTIB JUTIOJI MOJICKYJI OI[I/IHI/IL[i O6’€My Ha3UBA€THLCA BEKTOPOM

N
P=—t .

MTOJISIPH3AILii:
\Y

Onnuni P:

Kn
[P]=—1.
2
M
UnM Oinblla HAMpPY)KEHICTh 30BHIIIHBOTO TIONS, THM  OijiblIa
TOJISIPU3ALIis TiCIEKTPUKA.
JJ1s OTHOPIIHUX 130TPOITHUX JIICTICKTPHUKIR:

P=¢gyE,
Je Y - JieNeKTpUYHA CIIPUHHATIUBICTS.
Enextpryne mone B IENEKTPUYHHMX CEPEIOBUIAX MOXKHA OIHCATH
BEKTOPOM EJIEKTPHYHOT 1HIYKILiT D:
Be, P,
Bexkrop D XapaKTepU3ye eIEKTPOCTaTUYHE MOJIE BUTbHUX 3apsiiiB ( Yy
BaKyyMi ), III0 PO3TO/iJIEH]I Y IPOCTOPi 32 HABHOCTI JlieIEKTPHUKA.

D=g,E+P=¢g,E+eE =¢,(1+%)E =es,E,

ne
e=1+y.

3.1.14 CerseroejieKTPHKH

CerHeToeneKTpukn — 1€ [ieJIeKTPUKH, SIKi MaloTh CIIOHTaHHY
MOJISIPU30BAHICTh Y TIGBHOMY 1IHTEpBajJi TeMmIeparyp 3a BiJICYTHOCTI
30BHIIIHBOTO ENIEKTPUIHOTO TIOJIS.

CBoI0 Ha3By CETHETOEJEKTPUKH OTPUMAJIM  BiJf THUIIOBOTO
NpeAcTaBHUKa — CerHeToBoi coui, siky BuBdasnu [.B. Kypuaros i ILIL
KobGeko y 1930 p. ¥V Hamr 4ac Bimomo moHajx 600 cerHeToeneKTpUIHUX
PEUOBHMH — L€ MOJBIHHI 1 MOTPiiiHI OKCHIM MeTaliB (HApPUKJIA[d TUTaHAT
Hatpito BaTiOs), opranivHi CIIOIYKH, HOJTIMEPH TOLIO.
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The dielectric permittivity € and dielectric susceptibility y of ferroelectrics
depend on intensity of electric field E and the dependence between

polarization vector P and intensity of electric field is non-linear.

The phenomenon of dielectric hysteresis is inherent in ferroelectrics.
The graph of dependence of polarization P and intensity of electric field E
has form of a loop and is called the hysteresis loop (Fig.3.16).

P

B
2/1
3

Figure 3.16

With a growth of intensity of an electric field the polarization grows
as well and reaches saturation (curve 1). With decrease of E the polarization
decreases according to curve 2. When E = 0 the ferroelectric stays
polarized. Pq is called residual polarization. To reduce polarization the
external electric field E. is applied, and it is called coercive force. Then the
P is changed according to curve 3.

In the absence of external electric field the volume of ferroelectric
consists regions having spontaneous polarization. These regions are called
domains. Electrical dipoles moments of different domains are oriented
chaotically and dipoles moments of ferroelectrics are common and equal to
zero.

In external electric field the domains are oriented along field and they
save their orientation after the external electric filed is being switched off.
Ferroelectric becomes polarized (Fig.3.17).
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HienekTpuyHa TNPOHUKHICTE € 1 [i€JeKTPUYHA CHOPHUSTIMBICTD

CETHETOCNICKTPHKIB 3aJI€KHTh BiJ] HANPYKEHOCTI eleKTpuyHoro mois E , a
3aJISKHICTh MK BEKTOPOM MoJisipu3anii P i HanpyXeHiCTIO eNeKTPUIHOTO

nonst E weniniitua.

Jisi  CerHETOENEeKTPUKIB ~ XapakTepHE SIBUIIC Hi€ICKTPUYHOTO
ricrepesucy. I'padik 3anexxHocTi monsipuzoBanocti P Big Hampyxenocti E
EJIeKTPUIHOTO MO Ma€e (popMy MmeTii i Ha3UBAETHCS TETIIEI0 TiCTEPE3nCy
(Puc.3.16).

P

B
2/1
3

Pucynok 3.16

Ilpu  30impmieHHi  HampykeHocti E  enekTpuvHoro  mois
noJsipu3oBaHicTh P 3pocrae i gocsirae HacuueHocti (kpuBa 1). Ilpu
3MeHIeHHI E monsipusoBanicTe 3MeHITyeThcs 1Mo Kpusiidh 2 mpu E = 0

CETHETOCNIEKTPUK  3aJIMINAEThCS TOJSApU30oBaHuM, Py — HasuBaeThcs
3aIMIIKOBOIO TONIspu3aniiero. s 3HATTSA i€l moispu3arii HeoOXigHO
MPHUKJIACTH  3BOPOTHE elnekTpuyHe mone Eg, ke Ha3uBaeThes

KOEpIUTHUBHOO cuiioto. Jlami P 3MeHIIyeTses mo KpuBiii 3.

3a  BiACYTHOCTI  30BHIIIHBOTO  EJIEKTPUYHOTO TONA 00 €M
CETHETOCNIEKTPUKA CKJIAJa€Thcsl 3 OOJNACTeH, SKi MaloTh CIOHTAHHY
nonsipu3ariiro. i obmacTi Ha3uBaIOThCs JloMeHaMH. ENEKTpUYHI AMITONBHI
MOMEHTH Pi3HHX JOMEHIB OpI€HTOBAaHI XaOTUYHO 1 JHUIOJLHUA MOMEHT
CETHETOENIEKTPUKA B LIIJIOMY JIOPiBHIOE HYJIIO.

B 30BHINIHBOMY €NEKTPUYHOMY TIOJNI JOMEHU OpIEHTYIOTBCS 3a
nojeM 1 30epiraloTb CBOIO OpPIEHTALiI0 MICIS BUMKHEHHS 30BHIIIHBOTO
eJIEKTPUYHOTO 110Jisl. CEerHeTOENEeKTPHK CTae NoIsipu30BaHuM (puc.3.17).
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Figure 3.17

Ferroelectrics have abnormal high values of dielectric permittivity (for

ferrous salt & ~10%).

The properties of ferroelectrics depend on the temperature. At some
definite temperature the phase transition takes place and spontaneous
polarization disappears and ferroelectrics become ordinary dielectrics. Such
temperature is called the Kurri point.

In some polar dielectrics takes place the piezoelectric effect. Direct
piezoelectric effect is an appearance of fixed charges with opposite signs on
the opposite faces of crystals, because of mechanical deformation. These
charges appear because of molecular dipoles rotation of the crystal. When
the deformation stops the charges disappear. Inverse piezoelectric effect is a
mechanical deformation of the crystal under the action of electric field.

There exists another type of dielectrics having spontaneous
polarization — pyroelectrics. With the change of a temperature their
polarization changes as well and electric charges appear on their surface.
The event of appearance of connecting charges on the surface of crystals
with the change of temperature is called pyroelectric effect.

3.1.15 Conductors in Electric Field
The conductors contain free charge carries. In conductors free charge
carriers are conduction electrons and in electrolytes there are free ions. The
electrical properties of conductors are determined by these free charge
carriers . Two features of conductors are responsible for electric properties.
The first one is very big mobility of charges.
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Pucynok 3.17
CerHeroeneKTpuKH MaloTh aHOMAJIBHO BHCOKI 3HA4YeHHS JieNeKTPUYHOI

MPOHUKHOCTI (JUIst cerHeroenekTpukin & ~ 10%).

BracTBOCTI CeTrHETOENEKTPHKIB 3ajexkaTh Bim Temreparypu. [lpm
MEeBHIM  TeMmmepaTypi BimOyBaeTbcss (a3oBUil  mepexin, CIIOHTaHHA
TOJISIpH3AaIlisl 3HUKA€E 1 CETHETOGNEKTPUK CTa€ 3BHUYANHHUM JieTEKTPHKOM.
Ls TemmepaTypa Ha3uBa€eThC TeMIeparyporo Kiopi.

VYV Jeskux TONSPHUX MICJICKTPHKIB Mae€ MICIe I’ €30CJICKTPUYHUN
ebekr. llpsmuii 1€30enekTpuuHMii epekT — e BUHUKHEHHS Ha
OPOTWICKHUX TIPaHSIX KPUCTAJiB 3B’S3aHUX EJICKTPUYHUX 3apsjiB
BHACIIZIOK iX MexaHiyHoi nedopmarnii. Lli 3apsam BUHUKAIOTH BHACHIJOK
MOBEPTaHHS MOJIEKYJISIPHUX JHIIONIB Kpuctamy. [licns mpunuHeHHS
nedopmanii 3apsian 3HUKaTh. OOepHEHUH I’ €30€TIeKTPUUHUN eeKT — 1e
nedopMartist KpucTana i Ji€r eleKTPHIHOTO OIS,

IcHye 11e OMH BUJI JICJCKTPUKIB 31 CIIOHTAHHOK MOJISAPHU3AIIEI —
nipoenexTpuky. [Ipu 3miHI Temmneparypu iX monspu3aiis 3MIiHIOETbCS 1 Ha
MOBEPXHI BUHMKAIOTH EIEKTPUYHI 3apsiu. SIBUIE BUHUKHEHHS 3B’S3aHUX
3apsi/liB Ha TOBEpXHI KpUCTalda TPU 3MiHI TeMIepaTypy Ha3HBa€ThCS
HipOENIEKTPUIHUM e(heKTOM.

3.1.15 IIpoBinHNKH B eJIEKTPUYHOMY TOJTi
[MpoBiAHUKHM MICTATH BiNBbHI HOCIT 3apsity. Y MpOBiJHUKAX BiTBHUMH
HOCISIMH 3apsily € €JISKTPOHHU MPOBITHOCTI, a B €IEKTPOJIITAX — BiJIbHI 10HU.
EnexTpruHi BNacTUBOCTI MPOBIJHMKIB BHU3HAYAIOTHCS LHMH BUIBHUMH
HOCIsIMU 3apsiy. ICHYIOTB JIBi OCOOJIHMBOCTI, SIKI XapaKTepHi JJIsl eJeKTPUIHHIX
BJIaCTUBOCTEH TMpoBifHUKIB. [lepmia OcCOONMBICTH — BHCOKA PYXJIUBICTH
3apsmiB.
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The second feature is their interaction according to Coulomb’s law.
When a conductor is placed in an electric field the Coulomb forces act upon
free charge carries and move them. Charges of opposite sign are induced in
conductor and redistributed in such a manner that in any point inside the
conductor the electric field of electrons and positive ions will compensate
the external electric field.

The Fig. 3.18 shows distribution of a homogenous electric field E' in
the middle of a conductor of arbitrary shape which is located in an external

electric field E .

th
g
X +
N
+""
-}

Figure 3.18

The total electric field inside the conductor is zero:
E+E =0.
The redistribution of free charges in a conductor under the action of

an external electric field is called electrostatic induction.
If the electric field inside the conductor is zero it means that

E=—grad ¢ =0,
and potential in any point of conductor is constant
¢ =const.

Consequently the surface of conductor is an equipotential surface.
The vector of intensity of electrostatic field is perpendicular to the surface

of a charged conductor (E = En). There is no tangential component of

vector E .

Let us suppose the opposite view (Fig. 3.19). Then the vector E can
be resolved into two components

E=E +E..
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Hpyra ocobmuBicTs — 11e TXHS B3aeMo/Iis 3riqHo 3akoHy Kymnona. Komm
MIPOBITHUK PO3MIIIEHHUIA B €JIEKTPHYHOMY ITOJTi, KYJIOHIBCHKi CHIJIHM [ifOTh Ha
BiNBHI HOCIT 3apsAy 1 mepemimaroTh iX. B MpoBigHWKY BUHHMKAIOTH 3apsiau
1HILIOrO 3HAKY 1 BOHU MEPEPO3NOALICH] TAKUM YMHOM, 10 B Oyab-siKiil Toumi
BCEpEIUHI TPOBITHUKA EIEKTPUYHE TOJIC EIIEKTPOHIB 1 MMO3UTHBHHUX iOHIB
Oyze KOMITEHCYBaTH 30BHIIITHE eJIEKTPHYHE TIOJE.

Ha puc. 3.18 300paskeHO pO3IMOIiI OAHOPIIHOTO E€ICKTPHYHOTO OIS
E' cepelvHI TPOBIAHUKA JOBUTGHOI (OPMH, SKUH pO3MIlICHHH Y

30BHIITHEOMY €JICKTPUYHOMY 110 E .

= +
_"7++1_
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Pucynox 3.18

CymapHe elIeKTpU4HE TI0JIe BCepeIHHI MPOBIHNKA JOPIBHIOE HYIIO:
E+E =0.

[lepepo3noain BiIbHUX 3apsAiB y TIPOBITHHUKY ITiJ] BIULTHBOM
30BHIIIHBOTO €JIEKTPHYHOTO TIOJISI HA3UBAETBCS EIEKTPOCTATHYHOIO
THIIYKIT€IO.

SIK110 eNeKTpUYHE MMoJie BCEPEIMHI MPOBITHIKA JOPIBHIOE HYIIO, TOJI

E=—grad ¢ =0,
1 TIOTEHITia B Oy/ib-sIKii TOYIIl MPOBIIHUKA ITOCTIHHMUI:
¢ =const .

ToMy TmoOBepxHs TMpOBIJHMKA €  eKBiNOTeHHiliHOW. Bekrop
HAINpPY>KEHOCT] ENIEKTPOCTATUYHOTO TONSI  MEPICHANKYISIPHUNA JI0 MOBEpXHi

3apsIPKEHOr0 POBiIHUKA (E =E, ) TanreHianpHa cKiiagoBa Bektopa E
BiJICYTHSL.

[Mpunycrumo npotuiexue (puc. 3.19). Toxai Bektop E moxe Oyrtu
PO3KJIaIcHU# Ha Bl KOMIIOHEHTH:

E=E +E..
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Figure 3.19
Under the action of ET charges will redistribute until E, is equal to

zero and charges redistribution achieves equilibrium.

Uncompensated charges are situated on the surface of a conductor
only. It follows from the theorem of Ostrogradsky-Gauss according to
which the charge inside the conductor equals zero:

q=¢ofEdS =0,
s
as intensity of electric field inside the conductor equals to zero

E=0.
Relationship between vectors E,D and surface charge density o
takes place. Let us find this relationship with the help of Ostrogradsky-
Gauss theorem. Small cylinder is taken as Gaussian surface the half of

which is inside of a conductor, and the other is outside of a conductor as
shown in Fig. 3.20.

D

ko
A5

D=0
Figure 3.20

According to the theorem of Ostrogradsky-Gauss for dielectrics:
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Pucynoxk 3.19

—

ITig miero ET , 3apAu OyAyTh MEPEPO3MOAIIATHCS, JOKH ET HE cTaHe

piBHUIT HYIIO 1 TEPEePO3MOIiT 3apsi/IiB HE JOCATHE PIBHOBArH.

HeckommieHncoBani  3apsiii  po3MillleHI TUTBKM Ha  TOBEpXHIi
nposiguuka. L{e BummBae 3 Teopemu Octporpaackkoro — ['aycca, 3rijHo 3
SIKOT 3apsiT BCEpEINHI TPOBITHUKA TOPIBHIOE HYIIO:

q=¢eof EdS =0,
s
TOMy IO HANpPYKEHICTh ENEKTPUYHOTO TIONISI BCEpPEeNWHI IPOBiITHUKA
JIOPIBHIOE HYJTIO
E=0.
Mae wmicrie criBBigHOmEeHHsS Mk Bektopamu E,D i moeepxueBoro

TYCTHHOIO 3apsAfiB ©. 3HalWJEeMO 1€ CIiBBiJHOIICHHS, BUKOPHUCTOBYIOUH
teopemy Octporpaacekoro — I'aycca. 3a moBepxHio OcTporpaacbkoro-
[aycca  oOMpaeMO MayMii IWIHAP, IOJOBHHA SIKOTO 3HAXOIHMTHCS
BCEpeUHI TMPOBIHMWKA, a iHIIA — 330BHI MPOBIIHHUKA, SK 300pa)KEHO Ha
puc.3.20.

AS

—_

D=0

Pucynoxk 3.20
3rigHo 3 Teopemoro Ocrporpajackkoro — [aycca:



198

fDds=q.
S

The flux of the displacement vector D will only come from the outer
surface of the cylinder so

D-AS=06-AS,
D=oc,
g, D_o

€g, &g,

Therefore the displacement and intensity vectors of electric field near
the surface of a charged conductor are proportional to the surface charge
density.

The absence of an electric field inside the hollow conductor is used
for electrostatic insulation. This is the method of a protection of a body
from the action of an external electric field. In engineering metal nets are
used for this purpose.

Let’s enumerate the special features of conductors put in an electric
field:

1) there is no electric field inside a conductor;

2) all points of a conductor surface have got the same value of
potential.

3) intensity vector is perpendicular to the surface of a conductor.

4) in an electric field the conductor charges are situated on the
surface only;

5) displacement D and intensity E vectors of electric field near
surface of a charged conductor are proportional to the surface charge
density.

3.1.16 Electric Capacitance
The electric capacitance is a property of any conductor. This property
provides an ability to accumulate the electric charges by a conductor. By
definition the ratio of g charge of a conductor to its potential ¢ is called
electric capacity of an isolated conductor:
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{DdS:q.

[Totik BekTopa 3mimieHHs D Oyne TpPOXOAWTH TIBKU  Kpi3b
30BHINIHIO TOBEPXHIO IUIIHAPA, TOI:

D-AS=c-AS,
D=o,
g, D_o

€g, &gy

TakuM YMHOM BEKTOPH 3MILICHHS 1 HANPYKEHOCTI EIEKTPHYHOTO MOJIs
Oinst TTOBepXHi 3apsMHKEHOTO MPOBITHUKA MIPOTIOPIIiiiHI TOBEPXHEBIN T'yCTHHI
3apsy.

BincyTHiCTh €EKTPUYHOTO TOJIST BCEPEAMHI TOPOKHBOTO MPOBiIHUKA
BUKOPHCTOBYETHCS JUISI €IEKTPOCTaTHYHOrO 3aXMcTy. Lle MeTon ekpanyBaHHS
TiNa BiJ Jii 30BHIOTHBOTO E€EKTPHUYHOTO TMOJs. Y TEXHIli BUKOPHUCTOBYIOThH
METAJIEB] CITKH IS L€l METH.

[lepepaxyemMo xapakTepHi OCOOJMBOCTI IMPOBIIHUKIB, PO3MIILICHUX B
EJIEKTPUIHOMY TTOJIi:

1) He iCHye eIeKTPUYHOTO OIS BCEPEANHI MPOBIIHHUKA;

2) BCi TOYKM TIOBEPXHI IPOBIJHUKA MAIOTh OJHAKOBY BEJIMYHHY
MOTEHIIIAITY;

3) BEKTOp HANPY)KEHOCTI MEPIEHIUKY/ISIPHIIA 10 TOBEPXHI MMPOBITHHKA,;

4) B €JIEKTPHYHOMY IOJI 3apsiid MPOBIAHMKA PO3TAIIOBaHI TUTBKH Ha
Horo MoBepxHi;

5) BekTopu 3miternst D 1 Hanpyxenocti E enexkrpuunoro mosst 6isist
MOBEPXHI 3aps/PKEHOT0 MPOBIIHUKA TPOTOPIiiHI JO MOBEPXHEBOI
T'YCTUHH 3apsiy.

3.1.16 EnexTpoeMHicTh
EnexkTpoeMHiCTh € BIACTUBICTIO Oyab-sKOro TpoBimHuKa. Ls
BJIaCTUBICTH 3a0e3ledye 3[aTHICTh IPOBIAHMKA HAKONWYYBAaTH €JIEKTPUYHI
3apsad. 3a BU3HAUCHHSM BiJHOIIGHHS 3apsily (| MpOBiOHUKA 10 HOro
TOTEHINATY () HA3HBAETHCS SIIEKTPOEMHICTIO BiJIOKPEMIICHOTO MTPOBIIHUKA!




Isolated conductor is located sufficiently far from other bodies. As
we know for a point charge:

_ 1 q
dnsey T
Thus
¢~q
and
1,
(p C )

where C is the coefficient of proportionality. C is an electric capacitance.
The Sl unit of electric capacitance is farad:
C
Cl=F=—.
[C] v

Let’s calculate the electric capacitance of a charged sphere:

c=-4
¢
The potential of a charged sphere is

1
4neg

where R is the radius of the sphere.
Then, from the previous equations we obtain:

C =4neggR.
For example the capacitance of Earth is approximately equal to C = 0.7 mF.

A
RY

3.1.17 Capacitance of a Plane Capacitor
A system of two unlikely charged conductors with dielectric between
them is called capacitor. A plane capacitor consists of two parallel plane
electrodes (Fig. 3.21).
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c=1
¢
BigokpemieHni MPOBIAHUK, PO3TAIIOBAHWNA NOCTAaTHHO NAJIEKO Bl
IHIIKUX TUT. Ik MU 3HAEMO, JIUTsl TOYKOBOTO 3apsy:

_ 1 g

_41[880 r
Tomy

¢~q
1

1

cp—Eq,

ne C — koedimiert nponopiHoCcTi. C € enekTpoeMHIcTI0. OIUHAIICIO
EJICKTPOEMHOCTI € (hapa;

= =2
[c]=0="".

EnexTpoeMHicTh 3apsmkeHol chepr Moxke OyTH 3HaiIeHa SIK:

c=4
¢
[orenmian 3apsmxenoi chepu:
__ 1 9
4neeg R’
ne R — paniyc chepu.
Toni 3 ocTaHHIX PIBHSIHH MU OTPHUMAEMO:

C =4mnegyR.

Hampukian, enekrpoemuicts 3eMii gopisHioe C = 0,7 Mm®.

3.1.17 EfneKTPOEMHICTh MJIOCKOI0 KOHAEHCATOPa
Cucrema JBOX pI3HOWMEHHUX 3apA/UKCHHX MPOBITHUKIB 3
JIEIGKTPUKOM MDK HHMH Ha3MBAE€TbCS KOHIEHCATOpoM. [limockwii
KOHJICHCATOp CKJIAJAEThCcs 3 JIBOX MapalieIbHUX IUIOCKUX EJIEKTPOIiB
(puc.3.21).
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Figure 3.21

S is the area of plane electrode, d is the distance between them, ¢ is
the dielectric permittivity of a medium inside the capacitor.
By definition the electric capacitance of a capacitor:

Ao
where
Ap=0¢, —¢,.
Potential difference between the plates of a capacitor can be defined
as
Ap=Ed=-"24d,
€€,
where & is the surface charge density that equals
o=3
S
Then the capacitance is equal to
C— €609 _
d

We can change the capacitance by connecting the capacitors in
battery. If capacitors are connected in parallel (Fig. 3.22) the common
charge of the battery equals to the sum of charges of each capacitor:

qz :Zqi :ZCiU :Uzci :UCparaIIeI !

Cparallel = Zci :
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Pucynoxk 3.21

S € momIer0 IIaCTHHHU eNeKTposa, d - BiACTaHh MK IUTACTHHAMH,
€ - TieNeKTpHYHA MPOHUKHICTh CEPEOBHUIIA B CEPEUHI KOHAEHCATOpA.

3a BU3HAUCHHSM €JICKTPOEMHICTh KOHJICHCATOpA:
C=—,
A
Ie
Ap=¢, —@,.
PizHuns moTeHmiamiB MK IUTACTUHAMH  KOHJEHCATOpa
BU3HAYUTH, SIK:

c
Ap=Ed=-"2d
€€,
Jie © - MIOBEpXHEBa I'yCTHHA 3aps/y, sIKa JOPIBHIOE:

c=—".
S

Tomi eneKkTpoeMHICTh IIOCKOTO KOHIEHCATOPa JIOPiBHIOE:
C— €4S

MOXXHa

EnextpoeMHicTh MOXHA 3MIHUTH TMiJIKIFOYEHHSIM KOHIIEHCATOPIB B
Oarapeto. SIKImI0 KOHICHCATOPH MiKIIIOYEHI mapaiensHo (puc.3.22), 1o
3arajbHUN 3apsi 6aTapei TOPIBHIOE CyMi 3apsiiiB KOXKHOTO KOH/IEHCATOpa:

qZ :Zqi :ZCiU :UZCi :UCnap !
C.p=2.Ci-
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I

Figure 3.22

For series connected capacitors (Fig. 3.23) the total voltage of the
battery equals the sum of voltages for each capacitor'

TR o s

serles

thus

C _Z_

series

+U 4+, -+~ + - -
—
I:jl Cﬂ CE
Figure 3.23

3.1.18 Energy of Electric Field
The energy of electric field is conserved inside the plane capacitor. If
q is a charge of a capacitor, and Ap =@, — @, is the potential difference
between its plates (Fig.3.24), the work must be done for movement dqg from
negative charged plate to positive one

dA= ((Pz —Q, dq (3.1)

o

Figure 3.24
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LY

—.0
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Pucynoxk 3.22
JlJis mOCHiIOBHO TMIAKIFOUYEHUX KOHJeHcaTopiB (puc.3.23) 3arambpHa
Harpyra 6aTapei TOpiBHIOE CyMi HAIPYT KOXKHOTO KOHI[eHcaTOpai

q
ZU Z I_qzc CSGI’IeS
Yo
+U -+ - - -
+ + +
c, C G

Pucynoxk 3.23

3.1.18 Eneprist eJIEKTPUYHOTO OIS
EHeprisi enekTpMYHOrO TMOJIS 3allaceHa BCEPEeUHI 3apsKEHOro

KOHJIeHcaTopa. SIKio ¢ — 3apsiy KoHjaeHcartopa, a AQ =@, — @, - pi3HULA
HOTEHINATiB MK Horo miactuHamu (puc.3.24), TO 1Isl TIEPEHOCY Majoro

3apsity (Q 3 HEraTMBHO 3apsKEHOI IUIACTHHU 0 MO3UTHBHO 3apsKEHOT
HEOOXIIHO BUKOHATH POOOTY

dA=(p, -9, )dq. (3.1)

o

Pucynok 3.24
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As an electric capacitance of a capacitor is

c-—4 | (3.2)
P —P;
thus:
dga—-999.
C
Potential energy is:
dw =—dA.

Then the energy of electric field of a charged capacitor equals the necessary
work for increasing of the charge of a capacitor from 0 to q:

t 17
u-figfo—ic

In other way:
W:%quT(PzéCA(pz. (3.3)
Considering that:
Co €€,S | (3.4)

let us express the energy through the intensity of an electric field.
Incorporating ( 3.4 ) in ( 3.3 ) we obtain the energy of an electric
field:

W = 1880E28d :
2

However Sd =V (volume of the capacitor). Dividing the last equation
by V, we obtain the energy located inside the unit of volume of an electric
field:

W z»:goE2

vV o2
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Tak sIK eleKTPOEMHICTh KOHJICHCATOPA.

c-—9 | (3.2)
Oy =P,

TO.

dA:ldq'

[loTeHuiliHa eHEPTis JOPIBHIOE:
dW= - d4.
Tomi eHepris eNeKTPUYHOTO TIONSA 3apAHKEHOTO KOHAeHcaTopa Oyne
JIOPIBHIOBATH POOOTI, HEOOXiMHOT 1y 30UMBINEHHS 3apsay KOHJIEHcAaTopa
Bix 0 10 Q:

W[ Gda=g Jata=7c
0

2C
Abo:
a° _gde_1.
W=—= —CA 3.3
¢ 2 2% (33)
BpaxoByrouu, 110:
S
c=02 (34)

BUPA3MMO €HEPTilo Yepe3 HapPYyXKEeHICTh eJEKTPUUHOTO IOJIS.

IMigcraBusmu ( 3.4 ) B ( 3.3 ) oTpUMaEeMO €HEPrit0 CICKTPHIHOTO
TOJIS:

1 2
W ==¢gg,E°Sd .
2
IMpore Sd = V (o0’em koHAeHcaTropa). Po3mimuBIIM OCTaHHE
piBHSAHHS Ha V, OTPUMAEMO €HEPTil0, 110 3HAXOAMTHCSA B OJUHHMIN 00’ €My
EJNIEKTPUYHOTO OIS
2
W  egyE
O=—-= .
V 2
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Value of o is called the volume density of an electric field energy.
That energy is the one which is concentrated in the unite of volume of
electric field.

Unit of o is

3.2 Electric Current
3.2.1 Direct Electric Current

The orderly motion of electric charges is called the electric current.
The direct current is the current that has constant magnitude and direction.
At constant current the same quantities of charges passes through a cross-
section of a conductor in any equal intervals of time. The direction of
electric current coincides with the direction of positive charges movement.
The existence of an electric current requires the presence of free charge
carriers and the electric field.The electric current is produced by a
difference of potentials between two points of the conductor (@i- @2, ¢1>
®2).

The electric charge passing through a cross-section of a conductor
per unit of time is called the current intensity:

=9
dt
Current intensity is a scalar quantity.
Unit of current intensity is ampere:
C
[I]===A.
S

The current density | is a vector directed along the orderly motion

of positive charges. The modulus of m is

A
=

Unit of j is
a1 A
[J]=—2
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Benmnmunna ®  Ha3WBAaETbCsl  O0’EMHOIO  TYCTHHOIO  €HEprii
enekTpuyHoro mois. lle eHepris, sika CKOHIIEHTPOBaHA B OJWHUII 00’eMy
EIIEKTPUYHOTO TTOJISL.

OnuHuIEo O €:

ol =~

3.2 EnekTpu4yHHii cTPyM
3.2.1 HocTiitHuii eJJeKTPUYHUI CTPYM
BropsiakoBaHWii  pyxX ~ €NEKTPUYHUX  3apsdiB  Ha3MBAETHCS
ENEeKTPUYHUM CTPYMOM. [IOCTIHMIA CTPYM - 1€ CTPYM, KU Ma€ MOCTIHHY
BeIMUMHY 1 HampsaMmok. llpum mocTriiHOMYy CTpyMi OJHAKOBUH 3apsn
MPOXOJIUTHh Kpi3hb MOMEPEYHUH Tepepi3 MpoBiAHWKA 3a OyAb-siKi piBHI
IHTEpBal®  dYacy. 3a HalpsIMKOM €NeKTPUYHUN CTpyM 30iraerbcs 3
HanpsIMKOM pPyXy TO3UTHBHUX 3apsiniB. s iCHyBaHHS €JIEKTPUYHOTO
CTpyMy HeoOXiJiHa HasSBHICTh BUIBHMX HOCIIB 3apsily 1 HasBHICTh
CIIEKTPUYHOTO TMOJIs. EJEKTpUYHHMI CTPYM CTBOPIOETCS  Pi3HHUIICIO
MOTEHI[iaiB MK JIBOMA TOYKAMH MPOBiTHKUKA (Q1- Oz, P1> ©2).
EnexTpuyanil 3apsa, moO MTPOXOAUTH Kpi3h IONMEpEeYHHN Mepepis
MIPOBI/THUKA 32 OJIMHUIIIO YaCy HA3UBAETHCS CUIIOI0 CTPYMY:
1=
dt
Cuna cTpyMy € CKaJSIpHOIO BETUYHHOIO.
OAVHULIEIO CHITH CTPYMY € amIiep:

[|]=9=A

C
I'yvctuna crpymy je BEKTOpPOM, SIKUM HamNpaBJI€HUN Y3JI0BXK

BIIOPSIIKOBAHOTO PYXY IMO3UTHBHUX 3apsiiB. MoyJib m :

_d
S dse

[il=45.

j

Onuuwuero j €:
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3.2.2 Ohm’s Law for Uniform Conductor.
Resistance of Conductor
A uniform conductor doesn’t contain any current sources. Ohm’s law
reads as follows: the current intensity through a uniform conductor is
directly proportional to the difference of potentials at its ends and inversely
proportional to an electric resistance of a conductor:

I (Pl_(PZ_ﬂ

R R
where R is the resistance of a conductor.
Unit of R is

[R] = Q.
Conductor resistance of constant S cross-section and | length is
I
R=p—,
Ps
where p is the specific resistivity.
Unit of p is:
[p]=Q'm.

The inverse R value is called the conductance:

1
G=—.
R
The unit of G is simens:
[G]=S.
The inverse p value is called the conductivity:
1
Y=—
p
The unit of y is
[y] =S/m.

3.2.3 Ohm’s Law in Differential Form
Ohm’s law in the differential form is related to any point of a
conductor.
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3.2.2 3akon OMma AJ1s1 oTHOpiTHOTr0 MpoBiaHUKAa. Omip
NMPOBiTHUKA
OpHOpPiMHUH TPOBITHUK HE MICTUTH JDKEpen ctpymy. Y 1826 p.
HiMenbkul i3k OM eKCIIepPUMEHTAIBHO BCTAHOBUB, II0 CHJIA CTPyMY B
OHOPITHOMY IPOBIMTHUKY TMPSMO TPOMOPIiiiHA PI3HWIII TOTEHIlialliB Ha
HOT0 KIHISIX 1 00epHEHO MPOTOPIIiiHA EIEeKTPUIHOMY OTIOpY:

| o9 =P A9

R R
e R — enexTpuuHuii omip IpOBIIHUKA.
Opunuiiero BuMiproBanss R €:

[R] = Om.
JI71st IPOBiTHUKA 3 TTOTIEPEYHUM TIEPEPi3oM S 1 TOBKHUHOIO |
I
R=p—,
Ps

Jie p — IUTOMHUYN eNeKTPUYHUH OTIip.
OnuHAIIEI0 BUMIPIOBaHHS p €:
[p] = Om-m.
BenuunHa, o6epHeHa /10 R, Ha3MBa€THCS SIEKTPUYHOK MPOBIIHICTIO!

G=1.
R

Opunuiiero BuMiproBanHs G € CiMeHC:
[G] = Cwm.
OOepHeHa BEeJTMYHHA JIO P HA3UBAETHCS IUTOMOK) SIEKTPHYHOIO
IPOBIIHICTIO:

1
Y=".
p
O}_II/IHI/ILICIO BI/IMipIOBaHHH Y €:

=

3.2.3 3akon Oma B nudepennianbuiii popmi
s dpopma 3akoHy OMa BCTAHOBIIIOE 3B’ 30K MiXK TYCTHHOIO CTPYMY i
HaNpyXeHiCTIO eJIEKTPUYHOTO MO B Oy1b-sIKiil TOUL MPOBiAHMKA!
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Iz(Pl_(Pz _P TP _ El =ES
R

I p
Ps

L

S
Dividing the above equation by S, we obtain:
Il E

S p

j="E=1E.

D |~

Thus
] =vE.
The above equation is Ohm’s law in the differential form.

The current density is directly proportional to the electric field intensity at
given conductor point and has the same direction.

3.2.4 Ohm’s Law for Heterogeneous Circuit

In order to obtain a current in a conductor a difference of potentials
must be maintained at its ends. Devices able to maintain a potential
difference are called current sources. Outside forces are not of an
electrostatic nature, i.e. they are not coulomb. They can be caused of
mechanical, chemical, heat processes etc. Electrochemical sources are often
used, they are accumulators.

A part of a circuit that has a current source is called heterogeneous
one.

Any current source has got two characteristics: the electromotive
force (e.m.f.) of a source € and the internal resistance r (Fig. 3.25).

Unit of the electromotive force (e.m.f.) is volt:

[E]=V.

F

Figure 3.25
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|:‘~P1_(P2 _P TP _ El _ES

R | I p
Ps  Ps

ITominuBIIK OCTAHHE PIBHAHHS Ha S MM OTPUMAEMO:

1_E

S p’

j=tE-E
p

Tomy:

] =vE.

OctanHe piBHAHHA - I 3aKkoH Oma y nudepeHmianpHii dhopwMi.
['ycTnHa eneKTpUYHOrOo CTpyMy B Oynp SIKIH TOYNI  OJHOPIAHOTO
MPOBITHUKA TPOTIOPIiHA HAPYKEHOCTI NEKTPHUIHOTO OIS

3.2.4 3akon OMa 17151 HEOHOPIAHOI TIJISTHKU KOJ1a

{00 oTpuMaTH CTPyM B MPOBIAHUKY HEOOXITHO MPUKIACTH PI3HHUIO
MOTEHIiaMiB Ha Woro KiHsX. [lpucTpiil, sikuit m03BONIAE TiATPUMYBATH
PI3HHUII0 TOTEHIIAJIB 332 JIOMIOMOTOK CTOPOHHIX CHJI, Ha3WUBAEThCS
okepesioM ctpyMmy. CTOPOHHI CHIIM MalOTh HEENEKTPOCTATHYHY MPHPOY,
TOOTO BOHHM HE € KYJOHIBCBKUMH. BOHUM MOXyTh OyTH 3yMOBIIEHI
MEXaHIYHUMH, XIMIYHHMH, TEIUIOBUMH IPOLECAMH TOIIO. 3a3BHYail
3aCTOCOBYIOTH €JIEKTPOXIMIUHI JKEpena — aKyMyJISITOPH.

HinsHka Koja, $Ka MICTUTh [DKEPENO CTPyMY, Ha3HBAEThCS
HEOJTHOPIAHOIO J1ISTHKOIO.

Bynp-sike [pkepeno cTpyMy Mae JIBI XapaKTEePUCTHKH: BHYTPINIHIN
omip r i enekrpopymiiiny cuny (EPC) mxepena € 1 BHyTpimmHii ormip r
(puc. 3.25).

OnuHuIero BUMiproBaHHs enekTpopyiiiHoi cun (EPC) € BoJIbT:

[E]=B.

F

Pucynox 3.25
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Figure 3.26

In an external circuit current flows from plus to minus. However in
the current source the current flows visa versa: from minus to plus as it is
shown in Fig. 3.25. This phenomenon is stipulated by charges movement
inside the current source under external forces action.

You can see that a drop in potential is observed in external circuit.
However the increase in potential occurs inside a source (Fig3.26).

Ohm'’s law is given by the next formula:

I — (pl - (PZ +&
R+r
where R is an electric resistance of an external circuit part.

I(R+|’):(p1 -, +¢.
The above equation is Ohm’s law for heterogeneous circuit which is
general form of Ohm’s law.

3.2.5 Difference of Potentials. Electromotive Force. VVoltage
The work of transfer of the test charge (qo = +1 C) in an electric field
is called the difference of potentials. It doesn’t depend on the path of
transfer.
_ Ay

Q=P =—.
Qo
The electromotive force is the work done by external forces for
movement of unite positive charge. This work depends upon
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Pucynox 3.26

B 30BHIIIHIA AUISHIN KOJa CTPYyM Te4e BiJ Iuttoca 10 MiHyca. [Ipore,
B JDKEpEJi CTpyMy BiH Tede HaBIIAKH: BiJ MiHyca J0 IDIIOCA, K 300payKeHO
Ha puc.3.25. lle 3yMOBIEHO INEPEeHOCOM 3aps/iB B CEpelIuHI JDKepena
CTpYMY iJ €10 CTOPOHHIX CHIL.

[lagiHHs MOTEHIIAMy CIOCTEPITacThCsl HAa 30BHIMIHIM TUISHIN KOJa.
IIpote, B cepenuHi Kepena cTpyMy BiiOyBaeTbCs 30UTBIIIEHHS TOTEHITIATY
(puc. 3.26).

3akon OMa MOXKHA 3amKcaTH y HACTYMHIN Gopmi:
I — (pl — (pZ +&
R+r
ne R-enekTpuuHMiA OMip 30BHIIIHBOT AUISTHKH KOJIA.
I(R+|’):(p1 -, +¢.
OcranHe piBHSIHHA € 3aK0HOM OMa Juisd HEOJTHOPIIHOT IISIHKM KOJa,
SIKUU € y3araglbHEHUM 3aKOHOM OMa.

3.2.5 Pisnuus norenmiajiis. Ejgexkrpopymiiina cuna. Hanpyra
PoGora mo mepemimeHHio oxuHM4HOTO 3apsny (Qo = +1 Ku) B
EIeKTPUYHOMY TIOJIi HA3WBAETHhCS PI3HUIECIO TOTeHIlamiB. Bona He
3aJIEKUTh BiJ| IUISAXY TTEPEMIIICHHSI:

A,
P =, =—2.
P g,

EnexrpopymiiiiHa cuia € poO0TOI0, SIKy BUKOHYIOTH CTOPOHHI CHJIH
IpY NepeMillieHHI OJMHUYHOTO IO3WTHBHOTrO 3apsay. BoHa 3anexuTs Bia
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the path of transfer. The electromotive force is equal to work, done against
the electrostatic forces.

The voltage is the sum of works of electrostatic and external forces.
It depends upon the transfer path.

Thus:

U12=I(R+I‘):(pl—(p2 +¢g.

Product IR is called the drop in voltage in the external part of circuit.
Product Ir is called the drop in voltage inside the current source.
Voltage equals to the potential difference for homogeneous circuit part

where current source is absent .

U,=0¢,—0,.

3.2.6 Ohm’s Law for a Closed Circuit
Connecting ends of a heterogeneous circuit part (Fig.3.25) their
potentials will be equal to each other ¢, = @,. As a result a closed circuit is
formed formed which consists of a current source with an EMF ¢ and an
internal resistance r, as well as an external resistance R (Fig. 3.27).

R

1
| S |

“

7
Figure 3.27
Consequently from the Ohm’s law in general form we obtain:
e=IR+Ir,
€
(R+r)’

It is the Ohm’s law for a closed circuit.
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NUIAXY TepeMimeHHs. EnextpopymiiiHa cruia TopiBHIOE poOO0Ti, BUKOHAHIH
Ha MPOTHIIIO ENECKTPOCTATHIHAM CHJIAM.

Hanpyra € cymoro po0iT el1eKTpOCTaTUYHUX 1 CTOPOHHIX CHI MpHU
nepeMillleHHI OJWHUYHOTO TO3UTHBHOTO 3apsiny. BoHa 3amexurs Bix
IUIAXY TePEMIIICHHS.

Tomy:
U,,= I(R+I’)=(p1 -, +&.

JoOyrok IR Ha3mBaeThcs MamiHHSIM HANPYTW B 30BHINIHINA JUISHIT
KOJIa.

JoOyTok |Ir Ha3WBaeThCS MagiHHSAM HAMPYTH BCEPEIWHI DhKepena
CTpYyMy.

Jnst ogHOpiAHOT AINSHKY KOJIA, HAa SIKi BIACYTHI JpKepena CTpyMmy,
HaTpyTa AOPiBHIOE Pi3HUII TOTSHITIAIIB:

U,=0¢,—0,.

3.2.6 3axon OMa 1,191 3aMKHEHOI'0 Ko0J1a
Axmo 3’eqHaTH MK COOOK KiHII HEOJHOPIAHOI JUISIHKH KOJa
(puc.3.25), To ix moreHumianmu OymyTh piBHUMU @, =@,. B pesymbrari
YTBOPHUTHCS 3aMKHEHE KOJIO, SIKE CKIIQaeThes 3 Jpkepena ctpymy 3 EPC € i

BHYTPIIIHIM OTIOPOM I, a TAKOXK 3 30BHIITHUM o1iopoM R (puc. 3.27).
R

1
| S |

“

|

7|
Pucynox 3.27

Towmy 3 y3aranpHeHOTr0 3aKOHY OMa OTPHMAa€EMO:

e=IR+Ir,
€

R

L[e piBHHHHﬂ € 3akoHOM Oma JJIA 3aMKHCHOTO KOJIa.
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3.2.7 Kirchhoff’s Laws

It was German physicist Q. Kirchhoff who published the first in 1847
systematic formulation of the principles governing the behavior of electric
circuits. Kirchhoft’s theory includes two laws.

The first law deals with the so called junction point (node). By
definition a point of an electric circuit, where three or more conductors are
connected is called the junction point.

1. The Kirchhoff’s first law states, the algebraic sum of the currents
crossing or leaving the junction point at any instant of time is equal to zero.
In other words, the algebraic sum of the currents at any junction point

equals zero:
D1 =0.

In other words the sum of currents intensities entering or outgoing of
the nodes in any time moment equals zero.

The current which enters junction point is considered to be positive.
The current which leaves junction point is considered to be negative
(Fig.3.28).

EE fl
EE \{4
Figure 3.28

For example, for fig. 3.28 the first law of Kirchhoff will be written:
IL+1,-1;,-1,=0.
This law is derived from the law of charge conservation. If a charge
comes to node it must go away.

2. The Kirchhoff’s second law deals with closed loops in a branched
circuit (Fig. 3.29).
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3.2.7 3akonu Kipxroga

Y 1847 poni uimenpkuit ¢izuk Kipxrod mnepmmm omyOmikyBaB
CUCTEMHE (POPMYITFOBAaHHS OCHOBHHX MPHHIIMITIB POOOTH €IEKTPHYHUX KiJI.
Teopis Kipxroga Briatovae aBa 3aK0OHU.

[Tepmmii 3akoH TOB’SI3aHUKA 3 TAaK 3BAHOIO TOYKOI 3 €THAHHS -
BY3JIOM. 3a BU3HAYEHHSIM, TOYKA MIJISHKH €JIEKTPUYHOTO KoJa, /e € 3 abo
OiNbBIIe MPOBITHUKIB, 3’€THAHUX Pa30M, HA3UBAETHCSA TOYKOK 3’ €JIHAHHS
(Byz710M).

1. Hepmmuit 3akon Kipxroda ctBepmkye, mo anredpaiuHa cyma cui
CTPYMIB, SIKi CXOIATBCSL Y Oyb-IKOMY BY3JIi IOPiBHIOE HYJIIO:

Z|i=0.

[HmmMu cnoBaMu, cyMa CHIJI CTPYMIB, SIKi BXOJISITh, 200 BUXOIATH 3
By3J1a B OY/Ib SIKHH MOMEHT 4acy, TOPiBHIOE HYITIO.

CrtpyM, SKUIl BXOJIUTH JI0 By3ja, BBaXKAIOTh MO3UTUBHUM. CTpyM,
SIKMH BUXOJIUTP 3 By3Jla, BBAXKAIOTh HEeraTUBHUM (puc.3.28).

I, i

! 3 “‘n\{-’f
Pucynok 3.28

Hanpuxian, mis puc 3.28 nepmuii 3axkon Kipxroda 3amumerscst:
IL+1,-1;,-1,=0.
Leit 3akoH BHTIKAaE 3 3aKOHY 30epexeHHs 3apsany. SKmo 3apsn
BXOJIUTH B BY30J1, BiH Ma€ i BUHTH 3 HBOTO.

2. Jpyruii 3akoH Kipxroda € y3araibHeHUM 3akoHOM Oma st
3aMKHEHOT0 KOHTYPY po3raiyxeHoro koiua (puc. 3.29).
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Figure 3.29

According to general form of Ohm’s law:
|1(R1 + r1)= ¢ =0, +8
Iz(Rz + rz):(Pz —P3 T &y,
Is(Ra + I’3)= Q3 =@y + &3
LR +1)+ 1L, (R, +1,)+1,(Ry+1,)=¢, +¢, +¢,.

This law states that for any closed loop taken in a branched circuit,
the algebraic sum of the products of the currents and the respective
resistances is equal to the algebraic sum of all the electromotive forces in
the loop. Currents directions which coincide with the direction of bypass

loop are assumed to be positive. E.m.f. is assumed to be positive if it
increases the potential in the direction of bypass loop. (Fig 3.26).

1 | | =_
£=0 &<0
el Ty

Figure 3.26

Consequently:

zli(Ri +ri):ZSk-

i k



221

Pucynok 3.29

3rifiHo y3araibHEeHOTo 3aKoHy OMa sl TPhOX JUISHOK:
|1(R1 + rl): ¢ =0, +&
Iz(Rz + rz):(Pz 3+ &,
Ly (Ry +15) = 03 — ¢, +24
LR, +1)+1,(R, +1r)+1,(R, +1,)=¢, +&, +&,

Hpyrmii  3akon  Kipxroda cTBepmkye, moO g OyIb-sIKOTO
3aMKHEHOT'0 KOHTYPY B PO3Tay’KeHOMY KOJIi, aireOpaiuHa cyma J00yTKiB
CHJI CTPyMYy 1 BIANOBIZIHOTO OMOpPY JOPIiBHIOE anreOpaidHiid cymi YcCixX
eJIEKTPOPYIITHHUX CHI Y KOHTYpi. CTpyMH, HaNpsIMKH SIKUX CITiBIAJAI0Th 3
HanpsMKOM 00XO/y KOHTYpY, BB@KArOTh NMO3UTUBHUMH. Enextpopyuriiini

CHUJIM BBaXKAIOTHhCS MO3UTHBHHUMH, SKIIO BOHHU 30LIBIIYIOTH MOTEHINAT Y
HaMpsAMKY 00xoay kKoHTYpy (prc.3.30).

— |+ +| =
|| ||
£ =0 E <D
Ty ey

Pucynoxk 3.30

OTtxe:

Zli(Ri +ri):Zk:8k
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3.2.8 Work and Power of Electric Current. Joule-Lenz Law
Let’s consider a homogeneous conductor with resistance R, and
voltage U applied to it. The intensity of current, flowing inside a conductor:
-9
dt -
It means, that over the time t through a cross-section of a conductor a

charge dg = Idt is transferred. Work done by electrostatic field to transmit
a charge is equal to work done by current:
2
dA=dqU = IUdt = | *Rdt :%dt :

For direct current work done by a current within the time t is:
A=j IUdt = Ut
For alternating current, the work gone by a current within the time t is:
A:.t[ I % (t)Rdt.
0

Power of a current is:

2
p_ A _jy_irL
dt R

Work done by a current flowing along an immobile conductor is expended
onto it’s heating
dQ=dA.
So,
U 2
dQ = IUdt = | Rdt :th,

t
Q:IIUdt:IUt.
0

This is Joule-Lenz law: heat generated by a constant current flowing
through a conductor is directly proportional to current intensity I, voltage
on its ends U and to time t of current flowing

Q=IUt
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3.2.8 Po6oTa i moTy:KHicTh eleKTpUYHOro cTpymy. 3akoH J:koys-
Jlenna
PosrnsHemMo onHOpigHMH TPOBIAHMK 3 omopoM R, 10 sKOro
npukianena Hanpyra U. Cuia cTpyMy, 10 MPOXOAUTH MO MPOBIAHUKY

dg
l=—.
dt
Lle o3nauae, mo 3a yac dt yepe3 mepepi3 MPOBiTHUKA TIEPEHOCUTHCS 3apsi/
dg = Idt. PoGora eneKTpOCTATHYHOTO TOJISI IO TMEPEMIIICHHIO 3apsay

JOPIBHIOE POOOTI CTpyMyY
2
dA=dqU = IUdt = | *Rdt =U?dt :

[Ipu mocTtiitHOMYy cTpyMi 3a CHIIOI0 3a TPOMDKOK dYacy t pobGora
€JIEKTPUYHOr0 CTPYyMY:

t
A=j lUdt = Ut
0
SIKI10 CTpyM 3MIHIOETBCSI, TO POOOTa CTPyMYy 3a yac t

A:j.lz(t)Rdt.

2
[MotyxHicts ctpymy P = Z—? =lU=I°R= U?

[Ipu MPOXOPKEHH] CTPyMY 110 HEPYXOMOMY MPOBIJIHKUKY, po0OTa CTpyMy
iine Ha iioro HarpiBaHHsI dQ=dA.
Otxe

2
dQ:lUdt:lZRdt:%dt,

t
Q:IIUdt:IUt.
0

e € 3akon Jxoyns-JIeHIa: KiTbKiCTh TEMJIOTH, IO BUIIISETHCS B
MPOBITHUKY TIPU MPOXOPKEHHI IO HBOMY TIOCTIHHOTO EIEKTPUYHOTO
CTpyMy, IpSIMO IpomopiiiiHa cuiai crpyMy |, Hanpy3i U Ha Horo KIiHISX 1
yacy t IpOXODKEHHS CTPyMY:

Q=IUt.
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Heat emission of a conductor, along which flows a current, is
explained by energy dispersion of mobile carriers, caused by their collisions
with knots of crystal lattice.

Let’s calculate heat, emitted by a local area of conductor. Let’s take
an elementary volume inside of a conductor having a shape of a cylinder of
the length dl and area dS. According to Joule-Lenz law inside this volume
within the time dt the emitted heat is:

dQ = I Rdt =(de)2p%dt=pj2dth.

Heat, emitted in elementary volume of conductor over elementary
time is called specific thermal power of a current:

0=32
dvdt
So,
0=pj°.

This formula represents Joule-Lenz law in differential form.

Since j=vE,and p= l so it can be represented as:
Y
o= jE=yE>.

3.3 Magnetic Field
3.3.1 Magnetic Field and its characteristics

Magnetic field is one of the forms of matter. It is created by moving
electric charges or permanent magnets. No magnetic field appears around
electric charges at rest. There is no difference where electric charges move.
Magnetic field can be created when electric charges move in space, in a
conductor, in a molecule or in atom. Thus, magnetism is typical only for
moving electric charges. A magnetic field exists near all the planets. The
investigation of the magnetic field of the Earth is a very important problem.
But the nature of this phenomenon is unknown today.

Magnetic field can be detected due to its action on magnetic needle,
moving charges or conductors with current. If magnetic needle is in a
magnetic field, a moment of force (rotational moment) acts on it.
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BuaineHHsI TEMIOTH B TPOBIHUKY, 1O SIKOMY TPOXOJTUTH CTPYM,
TIOSICHIOETBCSL PO3CISIHHSAM €HEepTii PyXOMHUX HOCIiB 3apsiay, 3yMOBICHUM
3ITKHEHHSIM iX 3 By3JaMH KPUCTAJIIYHOI TPaTKH.

BusHauuMo KiJBKICTh TEIUIOTH, IO BHUIUIAETHCS B JACSIKOMY
JOKAIbHOMY Micmi TpoBigHWKa. Mg IhOr0 BUALTAMO B CEpeanHi
OPOBIJHAKA EJIEMEHTapHUI 00°€M y BHIUISAI ITiHApa, 3aBmoBxku dl i
rtomieto ocHoBu dS. 3a 3akoHoM [[koyis-JIeHna B iboMy 00’ €Mi IPOTATOM
yacy dt BUAUTUTBCS KUTbKICTh TEIUIOTH

dQ = 1 2Rdt :(de)Zp%dt:pjdedt.

KinpkicTh TemoTH, Mo BUAUIAETHCS B OJAWHUII 00’ €My MPOBITHHUKA
32 OJTMHHMIIIO YaCy, HA3UBAETHCS TTMTOMOIO TEIUIOBOIO TIOTYKHICTIO CTPYMY

d
0= —Q :
dvdt
Orxe w=pj’.
s dopmyna mpeacrasisie 3akoH Jxoyns-Jlenna B qudepeHiansHii

dopmi. Ockinbku j =vE ,a p=—, To if0ro Mo>xHa IPEACTABUTH Y
HACTYITHOMY BHTJISIII o= jE =yE>.

3.3 MarHniTHe noJie
3.3.1 MarniTHe noJe i Horo xapakTepucTHKH

MarsiTHe mose — 1ie OJWH i3 BUIIB Matepii. BoHO BHHMKa€e MOOIM3Y
PYXOMHUX eJeKTPUYHHX 3apsAaiB abo MOCTIHHWX MarHiTiB. MarHiTHe mose
HE BHHUKAE HABKOJIO €JICKTPHYHHX 3apsiB y cTaHi crokoto. Hemae pizHuii
JIe PyXaeThCsl EMEKTPUYHUMA 3apsii. Mar"iTHe 1ojie BUHMKAE Mix 9ac pyxy
EIeKTPUYHHX 3aps/iiB B MPOCTOPi, B MPOBIIHUKY, B MOJEKYJi UM aTOMi.
OTxe, MarHeTH3M XapaKTepHUH TUIBKH JJISi PYXOMHUX EJIEKTPHYHHX
3apsaiB. MarHiTHe I1ojie ICHY€ HABKOJIO BCiX IuIaHeT. JlocnmiukeHHs
MAarHiTHOTO MoJis 3eMJli € Iy)e aKTyaJbHOIO 3a7adero. Aje MpupoAa IbOro
SIBUIIA JOC1 HEBIZIOMA.

MarsiTHe TMOJi€ MOXHAa BHSBUTH 3aBASKH HOro il Ha MarHiTHY
CTPINKY, HPOBIIHUK 31 cTpymMOoM abo pyxoMmuil 3apsan. SIKmo MarHiTHa
CTpiIKa 3HAXOOUTHCA B MArHiTHOMY IOJIi, TO Ha Hel Ji€ MOMEHT CHI
(obepTanbHUI MOMEHT).
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In this case the orientation of north pole of magnetic needle
coincides with the direction of magnetic field at this point, i.e. from the
south pole to the north pole (Fig. 3.31).

F o
fﬁ:‘u_ s -
\

Tt
o

v

Figure 3.31

The magnitude of magnetic field is proportional to the maximum
value of the rotational moment acting on the needle. A rotational moment
also acts on a coil of wire in the magnetic field. The orientation of the
normal vector, being perpendicular to the contour, coincides with the
direction of magnetic field. Magnitude of the rotational moment depends
upon the size of the contour and the current in it.

The rotational moment, acting on a plane current loop, placed in
magnetic field, is:
M =[P, BI.
where P, is the magnetic moment of the loop,

B is the magnetic induction.
Vector P, is
p,=1Sn,
where | is the current intensity,
S is the area of the loop,
A is the unit normal vector to the surface of the loop.
The direction of the vector of the magnetic moment p,, is

determined according to the right-hand screw rule: if the head of the screw
is rotated in the direction of the loop current the forward motion of the

screw will coincide with the direction of p,, .
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B npomy BHMaaKy, HanpsM Opi€HTAIi] MBHIYHOTO MTOTF0Ca MAarHITHOL
CTPUIKU CHIBIIafa€e 3 HAIPSIMKOM MAarHiTHOTO ITOJISI B Il TOYIN, TOOTO 3
HiBJICHHOTO MOJTIOCa Ha MiBHIUHMA (puc.3.31).

o

rain®
A
\

¥

=
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o

Pucynok 3.31

¥

Benuuuna MarHiTHOTO TIOJISI psIMO MPOMOPITiOHATHbHA
MaKCHMaTbHOMY 00epTalbHOMY MOMEHTY, IIIO Jli€ Ha MarHiTHy CTpinKy. Ha
KOHTYp 31 CTPyMOM B MarHiTHOMY IIOJIi TaKOX Ji€ 0O0epTalbHUN MOMEHT.
Hanpsimok BekTopa HOpMalli 10 paMKH CIiBHAIa€ 3 HAPSIMKOM MarHiTHOTO
mons. Benmnuanaa 00epTambHOrO MOMEHTY 3aJI€KWTh Bill PO3MIPY paMKH i
CTPyMY B HiM.

OOepranbHU MOMEHTH CHJI, SKHH Ji€ Ha KOHTYp 31 CTPYMOM Y
MarHiTHOMY II0JIi, IOPiBHIOE:
M =[p,.B].
ae P,, - BEKTOp MarHiTHOrO MOMEHTY KOHTYDY,

B - BekTOp MaruiTHOI iHIYyKIIil.
Bekrop P,, AopiBHIOE:
p,=1Sn,
ne [— cuna cTpymy,
S — mIoma KOHTYypY,
Ml — OJMHMYHHMIT BEKTOP HOPMAJIi IO MOBEPXHI KOHTYPY.
HampsiMOk BeKTOpa MarHiTHOrO MOMEHTY [),, BH3HAYaeThCs 3a

NPaBWIOM TMPAaBOrO TBUHTA: SIKIIO TOJIOBKA CBEP/JIMKA OOEPTAETHCS Y
HaNpsIMKY MPOTIKaHHS CTPYMYy B KOHTYpi, TO MOCTYNAJbHUKA PyX MPaBOTO

IBHHTA CIIBIIAJIATHME 3 HAIPSIMKOM [, .
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The magnetic induction magnitude at a given point of magnetic field
is determined as maximum rotational moment acting on the contour with a
unite magnetic moment:

B = —max
Pm
where M is the maximal rotational moment acting on the loop with
current.
A unit of magnetic induction is tesla (T).

Vector H is called intensity of magnetic field, it characterizes

magnetic field in vacuum. Intensity H is created by macro-currents only.
Intensity of magnetic field doesn't depend on environmental properties but

induction B does.

Magnetic induction vector B characterizes resultant magnetic field of
macro-currents and micro-currents. Micro-currents originate in atoms
under the effect of magnetic field of macro-currents they amplify.

Magnetic induction vector B is related to magnetic field intensity
vector H by relation:

B =pouH,
where 1, is the magnetic constant,
u is the magnetic permeability of substance.

u, =1.26.10° 1
m

The direction of vector H coincides with the direction of vector B .
Unit of vector H is

A
[H]=".
m

3.3.2 Force Lines of the Magnetic Field
The force lines of the magnetic field are the imagined lines, tangents
of which coincide with the direction of the magnetic induction at the given

point. The magnetic force lines are not interrupted at any space point. They
are closed. Such fields are called vortex. The force lines near a conductor
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MarsuiTHa IHAYKIiS B JIaHI TOYII MarHiTHOTO TIOJS BH3HAYAETHCS
MaKCHMaJbHUM 00epTalOYNM MOMEHTOM, IO JIi€ Ha KOHTYP 3 OJUHUYHHM
MarHiTHUM MOMEHTOM:

P
Iie Mpax — 116 MaKcHMaNbHUN 00epTaNbHAN MOMEHT CHJI, IO Ji€ Ha KOHTYP
31 CTPYMOM.
OpuHuIero BUMipy BeKTOpy MarHiTHOI iHAykUii € Tecaa (Tm).

Bekrop H Ha3uBaeTbcst HaNPYKEHICTIO MarHITHOTO TIOJISI, BiH

XapaKkTepu3ye Mardithe moje y Bakyymi. Hampyskenicte H yTBOproerscst
TINBKM MakpocTpyMaMmu. HampyskeHicTh MarHiTHOTO TOJISI HE 3aJIEKUTh BiJ

BJIACTHBOCTEH HABKOJMIITHBOTO CEPEAOBHINA, TOI SIK IHAyKIlisA B -
3QIIEKUTE.

BekTop marnitTHOI inaykiii B xapaktepusye pe3ynbTyroue MarHiTHe
MoJIe MAKPOCTPYMiB 1 MIKpOCTpyMiB. MiKpOCTpYMH BUHHKAIOTH B aTOMax
PEYOBUHM IIiJ] Ti€F0 MAarHiTHOTO ITOJIT MAaKPOCTPYMIB, SIKE€ BOHU
i/ICHIIIOIOTb.
Bekrop maruitHOI iHAYKIi B 3B's3aHuii 3 BEKTOPOM HANpPYKEHOCTI
MarHiTHOro mois H cnisBinHOmEHHM:
B=pouH,
Iie [lo — MarHiTHa cTana,
[L — MarHiTHa MPOHHUKJIUBICTD PEYOBUHH.

r
W, =126-10"° -1
M
Hampsimok BekTOpy H cnienanae 3 HaIIpsIMKOM BEKTOPY B . Omuuuus
- A
sumipy H : [H]=—.
M

3.3.2 CuJioBi JiiHil MAarHITHOTO MOJISI
CuyioBi JiiHIT MarHiTHOrO THOJS — II¢ YABHI JIiHIi, JOTHYHI 10 SKHUX
CHIBMAJarOTh 3 HANPsIMOM MarHiTHOI iHAYKLii B naHiid Touwi. CuioBi miHii
MarHiTHOTO IOJIsI HE TEPEePUBAIOTHCS B JKOJAHIM TOYIl TpocTtopy. Bonu
3aMKHyTI. Taki 1MoJis Ha3uBaIOTHCsA BUXpoBuMH. CHIIOBI JTiHIT Oiyist
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with current are concentric circles in a plane perpendicular to the conductor

(Fig 3.32).

)

Figure 3.32

The direction of the force lines of magnetic field is determined by the
right-hand screw rule: if a right screw is turned in forward direction of the
current the direction of its rotation will coincide with that of the force lines.

3.3.3 Ampere’s Force
If a conductor with the current is placed into a magnetic field, the
Ampere’s force effects on it (Fig. 3.33).

5

By
5

Figure 3.33

Ampere’s force dlancting on the element of Iengthdr of a

conductor with current in the magnetic field is directly proportional to the
current intensity | in the conductor and to the vector product of the element

of length dl and magnetic induction B:
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MPOBIAHMKA 3 TOKOM — II€ KOHIIGHTPHYHI KOJIa B  IUIONIWHI,
MIEPIICHANKYJISIPHOT 10 TpoBinHUKa (puc.3.32).

I

&l

[ >

Pucynoxk 3.32

Harmpsim cunoBuX JIiHIA MarHiTHOTO TIOJISI BU3HAYAETHCS 32 IPABUIIOM
NpaBOro TBHHTA: SKIIO TPAaBUH TBHHT BKPYYyBaTH 32 HANPSIMKOM 0
MPOTIKAaHHS CTPYMY, TO MOTO OOEPTaHHS CIIBIAJE 3 HAMPSIMKOM CHJIOBHX
TiHIH.

3.3.3 Cusa AmMnepa
SIK110 MPOBIIHUK 31 CTPYMOM MOMICTHUTH B MarHiTHE TOJ€, Ha HbOTO
Oyne nisitu cuna Amriepa (puc.3.33).

—-—

2

“
L

Pucynok 3.33

Cuna Amnepa dF,, sika nie Ha enement posxunoro 0l nposinxuka
3i CTPyMOM B MarHiTHOMY HOJIi, OPsMO IPOINOpLiiiHa 10 cuam crpymy | B
NPOBIJHUKY i 10 BekTOpa 100YyTKy enementa jgosxkuuu Ol na marmitay

inaykmio B :
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dF, = I[dI, B],
where dl is an element length of conductor with current.

B is magnetic induction vector.
This is Ampere’s law.

One can see that the direction of dlfA is perpendicular to B as well

asto dl and is determined by the left-hand rule. If an open palm of a left
hand is oriented so that the vector of magnetic induction enters the palm,
while the extended forefingers point in the direction of the current then the
extended thumb points in the direction of Ampere’s force. The modulus of
Ampere’s force is

dF, = IBdlsina,
where o is the angle between vectors dl and B.

3.3.4 Biot-Savart-Laplace’s Law
Using the Biot-Savart-Laplace’s law we can calculate the magnetic
field induction at any point of space near the conductor with current.

According to the superposition principle induction B in the arbitrary point
of magnetic field near the conductor with current is a vector sum of

elementary values of induction B created by the elements dl of a
conductor (Fig. 3.34).

Figure 3.34
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dF, = I[dI, B],

ne dl - enement noBxuHM MPOBiAHKUKA 3i CTPYMOM,

B - BexTop MaruiTHOT iHAyKIIii.
Le € 3akon Amriepa.

Bouesnp, mwo nanpsmok dF, neprenaukymspauit no B Ta dl i
BU3HAYAETHCS 3a MPABUIIOM JiBOT pyKH. SIKIIO BIAKPUTY JOJIOHb JIiBOI pyKH
pO3TaIIyBaT TakK, MO0 BEKTOp MAarHITHO! IHAYKIii BXOAWB Yy IOJIOHb, a
YOTHUPHU BHTATHYTI MAJbIl CHOPSIMYBATH B HANPSMKY CTPYMY, TO BEIHKHIA
majels BKazyBaTUME HampsM cuid Awmmepa. Moaynb cuinu Ammepa
JIOPIBHIOE:

dF, = IBdIsina,

ne o - kyT mixk Bektopamu 0l Ta B.

3.3.4 3akon bio-CaBapa-Jlansiaca
BukopucroBytoun 3akon bio-Capapa-Jlammaca, MOXXKHA BHU3HAUYWTH
MarHiTHy IHIYKIil0O B OyAb-AKiii TodIli TpoCTOpy OiNA MpOBigHUKA 3i

CTPYMOM. 3a TPHHIMIIOM CyMeprno3umii iHaykmis B B goBinbHIN TouUll
Mar"iTHOro ToJs Oins TPOBIAHHKA 31 CTPYMOM € BEKTOPHOK CYMOIO

eJIeMEHTapHUX 3HauYeHb iHayKiii B, yrBOpeHHX OKpeMHMH ejleMeHTaMu

dl mposimmuxa (puc.3.34).

Pucynok 3.34
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The distance from dl to the M point is defined with the help of the
radius-vector I . The Biot-Savart-Laplace’s law may be written in vector
formas
di,r

3

dB = Hot .
4 r
Vector B is perpendicular to diand 7
dB LdI,dB LF,
its direction coincides with the tangent to the line of magnetic induction and

can be determined by the right-hand screw rule.
In scalar form

Idl sin
dg = Mot _20‘ .
4t r
Resulting value of magnetic induction vector B can be determined
integrating by all elementsdl :
B=[dB.
|
Let’s consider Biot-Savart-Laplace’s law application for
determination of magnetic field induction.

1. Magpnetic field of a straight conductor with current.
Let us assume that current flows in an infinitely long thin straight

conductor. The small element dl creates magnetic induction dB in the M
point. The distance between the conductor and M point is R. The direction

of magnetic induction dB in M point is determined by the right-hand screw
rule. The direction of the vector of the magnetic induction of all elements

dl is the same as dB (Fig. 3.35).

AT

Al P, pedin

kg
I dB

Figure 3.35
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Bincrans Bin dl 10 Toukn M Bu3HAa4aeThCA 3a JIOMOMOIOK pajiyc-

BekTopy I . 3akon bio-CaBapa-Jlammaca MOXHa 3amucaTtd y BEKTOPHiH
dbopwmi:
dl,r

3

dB = Hott .
47 r
Bexrop dB mepreHauKyspHuii 10 dl iF:
dB Ldl,dB LT,
HOT0 HaIPSIMOK 30ira€ThCs 3 JOTHYHOIO JI0 JIiHIT MarHITHOI IHAYKIIT 1 MOXe
OyTH 3HalIeHn} 32 MPaBUIIOM MPABOTO TBUHTA.
B ckanspwiii ¢popmi:
_ Hon Idlsina
 4n rz

Pe3ysbTyroue 3HaYeHHs BEKTOpa MarHiTHOI iHaykiii B moxxHa

dB

3HAWTH iHTErpyroun no Beim enementam dl :
B=[dB.
|
1. MarniTHe nojie IpsIMOTO TPOBiTHHUKA.

[lpunycTuMo, MO CTPYM NPOTIKA€ IO HECKIHYEHHO JIOBIOMY

nposigauky. Mamuii enement dl crBoproe marmiThy imgykuiro 0B B
toulti M. BifgctaHp MiX MPOBiTHUKOM 1 Toukoro M nopiBHIOe R. Hampsimok

MarHitHOi iHaykmii B B Touri M Bu3HAuYaeThCs 3a MPABUIIOM TPABOTO
rBuHTa. HanpsMok BekTopiB MarHiTHoi imaykuii Bim Beix enementis dl

Taxuii camuit sk i B (puc.3.35).

Al pd

Pucynok 3.35
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Total vector B equals to the sum of moduli of dB vectors.
According to the Biot-Savart-Laplace’s law, modulus of magnetic
induction is
g - Mokt Idlsina

d
4n r?

where | is the current,

a is an angle between F and dI
r isaradius-vector.
From Figure 3.31 we have

R rdOL
r=——, dl=
Sina Sln()t

By incorporating these parameters into the above formula we obtain
dB = 2 | sinoda.
4t
As angle o varies from 0 to 7, then the resulting vector B is

B= .[dB MOMIjsmozd ZOMZRI
7T

Finally the induction of magnetlc field of a straight conductor may be
expressed as
g_ Mok 1
27 R’
2. The magnetic induction at the center of a circumference conductor
with current.
At the center of a circumference conductor sin o =sin90° =1.
Thus
B “O“ Djdl lvloli|12r_lio”|
4 2r

3.3.5 Full Current Law for the Magnetic Field in Vacuum

Circulation of induction vector of magnetic field B in closed contour
L is called the integral of the form
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Pesynbrytoumnii BeKTOp B nopiBHIOE cymi Moy 0B.

3rigHo 3akony bio-CaBapa-Jlamnaca, MOTysTs MarHiTHOI IHAYKIII{
JIOPIBHIOE:
g - Mokt Idlsina

d
4n r?
ne I — cuna ctpymy,
o—xkyr mik T ta dl,
I - pamiyc — BEKTOp.
3 pucyska 3.31 maemo:
R rda
r=——, dl=——.
SIna Sina

[lincTaBuBmIy 11i 3HAUYEHHS B OCTAHHIO (DOPMYITY, OTPUMAEMO:

dB:MISinada.
4n

Tak sk KyT 0 3MiHIOETBCS B IHTEPBAII BiJl HYJISI IO T, PE3yIbTYIOUNI BEKTOP

B mopiBHio€:

B=[dB= “°“|jsmad ‘Z’“ZR'
7T

Takum YHUHOM, lH,I[YKL[lH MAarHiTHOT'O IOJISt npsAMOro HpOBi,Z[HI/IKa
BHU3HAYA€THCA TaAK:

_ bt 1
2n R’
2. MarHiTHa iHIYKIIiS B IIEHTPi KPyrOBOTO MPOBITHUKA 31 CTPYMOM.
B nentpi kpyroBoro HpOBi,I[HPIKa sina =sin90° =1:
B “O“ Ujdl lvlolili 2 r_”ou_l
4n 2r

3.3.5 3aK0H NOBHOIO CTPYMY /UISI MATHITHOTO IOJISI y BAKyyMi

[upkyssiiiero BEKTOpa iHAYyKIIil MarHitHOro nojs B mo
3aMKHEHOMY KOHTYpY L Ha3uBaeTbCs iHTErpall:
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fBd ={Bdl
L L

where dl is a vector of an element of contour length directed along by
pass direction of the contour, B, = Bcosa is a projection of the vector

B on the tangent to the loop, a is the angle between vectors Band dl .
The law of full current for magnetic field in vacuum (theorem about
circulation of intensity vector of magnetic field): circulation of induction

magnetic vector B of direct currents in arbitrary closed loop is equal to the
product of the magnetic constant p, and algebraic sum of the currents that
are covered by this contour

{édr:Hth.

The direction of current which coincides with a direction of contour by pass
is determined by right hand screw rule and is considered as a positive; the
current that has an opposite direction is negative (Fig.3.36).

1,>0 I, <0
Figure 3.36

The fields which circulation is not equal to zero are called vortex.

Since circulation of the vector B isn’t equal to zero, so the magnetic field
is vortex. The lines of magnetic induction are closed or tend to infinity.
Let’s apply the law of full current to calculate magnetic field.

1. The magnetic field of direct current.
Let’s calculate the induction of magnetic field of the infinite straight
conductor with a current | placed in the vacuum.

Let’s find a circulation of vector B along the closed contour as circle of
radius r
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fBdl' ={BdI,
L L

ne dl — BexTOp enemeHTa NOBKMHM KOHTYpY, HANpsSMJICHHN B3IOBXK
00X01y KOHTYDY,

B, = B0S a.— npoexuist BekTopa B Ha DOTHYHY 10 KOHTYPY, O - KyT MiK
sextopamu B i dl .

3aKOH MOBHOI'O CTPYMY JUISI MATHITHOTO HOJIS V BaKyyMi (TeopemMa o
LUPKYJIAIIT BEKTOpa IHAYKINI MarHiTHOTO MOJisf): IUPKYJIAIIS BEKTOpa

iHAyKIii Mar"itHoro mojis B mocTiiHMX CTpyMiB MO  JIOBiITBHOMY
3aMKHEHOMY KOHTYPY JOpPiBHIOE JOOYTKYy MarHiTHOi cTajoi [ Ha
anredpaidHy cyMy CTPYMIB, SIKI OXOILTIOIOTHCS IIM KOHTYPOM:

{édrzquIi.

I103UTUBHUM BBayKa€THCS CTPYM, HAIIPSIMOK SIKOTO 3B’S3aHUM 3 HAIPSAMKOM
00X0Jly MO0 KOHTYpPY MPaBUJIOM MPAaBOrO TI'BHUHTA; CTPYM MPOTHIICKHOTO
HANpPSMKY BB2XKA€ThCS HeTaTUBHUM (prc.3.36)

I, <0 I, <0 I, <0
Pucynoxk 3.36

[Monst, TMPKYJISMiA SIKUX HE JNOPIBHIOE HYIIO € BUXPOBHUMH. Tak K

UPKYJIALIS BeKTopa B He MOpiBHIOE HYIIO, TO MarHiTHE MOJIe — BUXPOBE.
Jlinii MarHiTHOT IHAYKLIT € 3aMKHEHUMH a00 NPSMYIOTh Y HECKiHUEHHICTb.
3acTocyeMO 3aKOH MTOBHOT'O CTPYMY ISl OOUMCIIEHHS MarHiTHOTO IOJIS.

1. MarHiTHe 1oJie IpsiMOro CTpyMy.
Po3paxyemMo iHIYKIIF0 MarHiTHOTO TOJISI HECKIHUYEHOTO MPSMOJIHIHHOTO
NpOBiAHMKA 31 cTpymMOoM |, IO 3HaXOAWTHCS Yy BakyyMi. 3HaiiaeMo

LUPKYJSILiF0 BekTopa B B3710BXK 3aMKHEHOrO KOHTYPY y BHIJISII KOJa
paniyca r
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§B dl =B2nr.
L
According to the law of full current:
B2nr =p,l.
Then magnetic induction is
g Mol
2nr

2. Magnetic field of solenoid.

Let’s calculate the induction of a magnetic field inside long solenoid with
length | and N number of turns and with current | (Fig.3.37).

L

= 1 1
Figure 3.37

So as solenoid is long then it’s length is greater then it’s diameter 1>>d .

According to the law of full current circulation of the vector B along
closed contour L is equal to:

§Bdl =po 1, = NI
L 1

Circulation of vector B along the contour L may be represented in the
form of the sum of two integrals along the internal part of contour L, and
external part of contour L,

§Bdl = [Bdl + [BdI.

L L L,
Magnetic field of solenoid is almost localized inside it and outside it is
much lower i.e. IBdI ~0.

L

Then
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:deIzBan.
L

3riIHO 3aKOHY ITOBHOTO CTPYMY
B2nr =p,l.

Tomi iHIYKIIiS MarHITHOTO TIOJS

g Mol
2mr
2. MarHiTHe 10JIe COJIEHOi .
Po3paxyeMo iHIyKIiF0 MarHiTHOTO MOJISI B CEpPEIUHI JOBLOrO COJICHOIAa
3aBJ0BXKH | 3 kinmbkicTio BuTKiB N i cunoro ctpymy | (puc. 3.37)

Pucynox 3.37

Tak sK CONEeHOI] AOBIHi, TO HOro MOBXWHA HabaraTo OinbIna 3a JiamMeTp

I>>d. Hupkynsuis Bekropa B 1o 3amkHeHOMY KOHTYpY L 3rimHO 3akoHy
HIOBHOT'O CTPYMY:

§Bdl =po T, = NI
L 1

Hupkyssiito Bektopa B 1o koHTYpy L MOXHA momaté y BTV JBOX
iHTerpatiB [0 BHYTPILIHIA YacTHHI KOHTYpY L; 1 30BHImHIN yacTuHi L;:
§Bdl = [Bdl + [BdI.
L L L
MarniTHe 10J1e COJIeHOi1a MPAKTUYHO MOBHICTIO JIOKAJII30BaHO B CEpeANHI

iforo, a 3a HOTO MeXaMH € 3HAYHO MEHIINM, TOOTO f Bdl 0.
LZ
Toni
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fiBdl = [ Bdl =BI.
L L
According to the full current law
Bl =p,NI.
So, induction of magnetic field is equal to:
g=tNL_

I
N . . .
where n = I_ is a number of turns per unit of solenoid length.

2. Magnetic field of toroid.

Let’s calculate the induction of magnetic field of a toroid
Toroid is a circular coil whose turns are wounded around a core having the
shape of toroid (Fig.3.38).

Figure 3.38

The lines of magnetic field induction of the toroid have the shape of circles
with a center on axis of toroid.

Circulation of the vector B along the circle with radius r is equal to:

2nr

deI:BJ.dI:BZRr.
L 0

According to full current law
B2nr =p NI,
then the induction of magnetic field is equal to:
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[jdel :deI =Bl
L L
3riJ{HO 3aKOHY MTOBHOTO CTPYyMY
Bl = to NI,
TO/I IHAYKIIiSI MAarHITHOTO TIOJIS
NI
B = MOI = MOnI ,
N

e N= T — YKCJIO BUTKIB Ha OQUHULIIO JOBXUHU COJIEHOIA.

3. MarHiTHe moJe Topoija.

Pospaxyemo iHAyKIifo MarHiTHOro mois Topoima. Topoinm — e
KiJTbLIeBa KOTYIIKAa BHUTKH SIKOI HAMOTAHO Ha ocepiasd, mo Mae (opmy
topoina (puc.3.38)

Pucynoxk 3.38

Jlinii iHAYKIT MarHiTHOTO TMOJS TOPOoila MalTh GOPMY Kill, IEHTPH SKUX

—

Jexarh Ha oci Topoina. upkyssiis Bekropa B B3moBxk kosa pamiycom r
JOPIBHIOE
2nr

del:Bjdl:Ban.
L 0

3riZIHO 3aKOHY TIOBHOT'O CTPYMY
B2nr =p NI,

TOJI IHAYKIIiSI MATHITHOTO TTOJIS:
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B — lJ‘ONI ,
2nr
where N is a number of turns of the toroid.

3.3.6 Lorentz’s Force
Magnetic field doesn’t effect on immobile electric charge. If a charge

is moving with o velocity in magnetic field of B induction Lorentz’s
force acts on it. It is given by the following formula
F_=q[v,B].
The direction of the Lorentz’s force is determined by the rule of the
left hand: if the open palm of the left hand is placed so that the vector of

magnetic induction B enters the palm while the extended forefingers point
in the direction of the positive charge velocity v then the extended thumb

points in the direction of Lorentz’s force acting onto the positive charge.
Lorentz’s force acts on the negative charge in opposite direction. Lorentz’s

force is directed perpendicularly to the vectors o and B (Fig.3.39).

—

Ry

|
]

2l

g=0 g=d

1
Figure3.39

Modulus of Lorentz’s force vector is
F. =quBsina,
where o is the angle between 0 and B .
Lorentz’s force is usually used in engineering in order to accelerate
charged particles. We consider motion of an electron in uniform magnetic
field. We assume that the electron witho velocity flies into the magnetic

field of B induction.
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B — uONI
2nr

ne N — yrcno BUTKIB TOpoia.

3.3.6 Cuaa Jlopenna

MarsuiTHe 1oJjie He Ji€ Ha HEPYXOMHUH CNeKTPUYHUU 3apsa. SKiio
3apsijl PYXa€eThes 31 IBUAKICTIO Oy MAarHiTHOMY MoJji 3 iHaykitiero B, To
Ha Hboro gie cwia Jlopenna. Bona BH3Ha4YaeTbcs 3a HACTYITHOIO
dhopmyioro:

F.=d[5,B].

Hanpsimok cunu JlopeHiia BU3HAYaEThCS 3a MPABUIIOM JIIBOI PYKH:

SKIIO JIOJIOHIO JIiBOI PYKH PO3MICTUTH TakK, 00 B Hei BXOAWB BEKTOP

MarditHoi iHaykuii B, a 4oTpu BUTArHYTI manbli COPSIMYBaTH B3JIOBK
BEKTOpA IIBUAKOCTI U  PyXy MO3UTUBHOTO 3apsiLy, TO BiIIMHYTHI BETUKUI
najiepb MOKaXe HanpsMOK cuid JlopeHua, mo 1i€ Ha MO3UTUBHUM 3apsi.
Ha nerartuBHmii 3apsg cwna JlopeHna i€ B MPOTHIICKHOMY HANPSMKY.

Cuna JlopeHIa HampaBleHa IEPINEHIMKYISPHO 10 BekTopiB U i B
(puc.3.39).

F —
E E
T
g=0 v g=d
Fr
Pucynoxk 3.39
Monyns BekTopa cuiu JIopeHIa 10piBHIOE:
F, =quBsina,

ne o —KyT Mk O TaB.

Cuna JlopeHma 3a3BuYaii BHKOPHUCTOBYETbCS B TEXHIIll IS
NPUCKOPEHHSI 3aps/DKCHMX YacTHHOK. PO3IJsiHEMO pyX eNeKTpOHY B
piBHOMIpHOMY MarHitTHOMy moji. [IpumycTuMo, IO ENeKTPOH BIiTaE 3i

MIBUIKICTIO U B MarHiTHE MoJie 3 ingykuiero B .
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Velocity vector v is perpendicular to magnetic induction vector B.
An electron being under Lorentz’s force acting must deviate from z-axis as
it is shown in Fig. 3.40.

z

H

L3

Iy

Figure 3.40

The direction of the deviation is in the surface perpendicular to B
and O . Further, Lorentz force continues to act and the deviation arises
again. It is easy to see that the Lorentz’s force acts as centripetal force.
Thus electron moves along the circumference. The equation of motion is
given by:

2

4Bu = mo

=

From this equation you can find the radius of the circumference on
which the electron moves:

m o
r=—-—.

q B

The period of rotation of the electron is
po2ar_2nm

v B q

If electron velocity © is directed at the angle a to the magnetic
induction vector B electron moves along a spiral (Fig. 3.41).
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Bektop mBUAKOCTI O MNEPHEHAMKYISPHHI 10 BEKTOpA MAarHiTHOI

inaykii B . Omke, enexTpon mia miero cun JIOpeHiia Mae BiIXUISATHCS Bil
oci Z Tak, sk 300paskeHo Ha puc.3.40:

z

O

o
r —>
B Y

[y L

X \/ 0
Pucynoxk 3.40

Hanpsim BinxuieHHs: BiAOyBa€eTbcsi B IUIOLIMHI, MEPHEHIUKYISIPHIH

g0 B igo 0. Hani cuma JlopeHnla TPOJOBXKYE IisITH Ha €JIEKTPOH 1
BiIXHWJICHHS 3HOBY 30inbInyeThes. HeBaxkko momituty, mo cuia JlopeHna
Jlie, SK JOLEHTPOBa cuia. ToOMy €IIEKTPOH PYXa€eThCs MO KOy. PiBHSHHS
PYXy MOXe OyTH 3amHcaHe TAKUM YHHOM:

4Bu = mo

=

3 BOTO PIBHSHHS MOXKHA 3HAWTH PAJIiyCc KOJja, 1O SKOMY PyXaeThCsl
€JIEKTPOH:

m o
r=—-—.
q B
[Tepion obepTaHHs €ICKTPOHA:
2nr 2mm
T 2 _2nm
v B q

SIKIO MIBUKICTB €IEKTPOHA U HAIpPAMIICHA HiJ KyTOM 0. 10 BEKTOpa

MarHiTHOI 1HIYKIIi1 B, o €JIEKTPOH PyXa€eThcs 1o cripam (puc.3.41).
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Figure 3.41
Since
v, =vCos a,
v, =vsina,
then radius of the spire is determined as
e mosin a
B
The step of a spiral is

h =uyT =ul COS(IZ%'—mUCOSQ.
q

If B increases then r and h decrease. This case is used for focusing
the charged particle beam (Fig.3.42).
£

e

Figure 3.42

3.3.7 Hall’s Effect
Hall’s effect was discovered by American scientist E. Hall in 1879.
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Pucynok 3.41
Tak sk
Ly, =0v COS a.,
v, =vsina,
TO pajiiyc cripaji BU3HaYa€eThes 3a (OPMYIIO0:
pom vsina
B
Kpoxk crmipauti h:

0S
hzuyT =ul COSGZ%-M.
q

Skmo B 3pocrae, To I Ta h 3MeHmryroTbes. Takuii BHUIAIOK
BUKOPUCTOBYETBCS ISl (POKYCYBaHHS IIy4Ka 3apsyDKEHHX YaCTHHOK
(puc.3.42).

z

Pucynoxk 3.42

3.3.7 Edexr XoJ11a
Edext Xomnna OyB BikpuTHii ameprukaHcbkuM BueHUM E.Xomiom y
1879 p.
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Hall’s effect is the existence of e.m.f. in metal or semiconductor specimen
with electric current which is situated in external magnetic field.
Let’s consider the specimen in external magnetic field (Fig. 3.43).

REAN

Figure 3.43

Lorentz's force is acting upon a positive charge in the magnetic field.
The direction of this force is determined by the rule of left hand. As a result
on the lateral planes of the specimen electromotive force of Hall arises.

Accumulation of charges will exist until formation of field intensity
E, which equalizes Lorentz's force and as a result stationary distribution of
charges in the polar direction will occur.

In this case
Ag
E,=g— ,
gey =( o
q&:qUB1
C
Ag = vBc.

Let’s determine velocity v:
| =jS=ngquS (S=a-c),
I

v=—.
ngac
Then
ap—_ gL 1B_pIB
nga nqg a a

1 .
where R =— is Hall’s constant.
ng
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Edexr Xomma momsrae B icayBamHi EPC 'y wmertameBomy um
HaIIBIPOBITHUKOBOMY  3pa3Ky 31 CTPyMOM, pO3TalllOBAaHOMY B
30BHIIIHLOMY MarHiTHOMY ITOJIi.

PosrnsiHeMo 3pa3ok y 30BHIIIHEOMY MarHiTHoMy nodmi (puc.3.43).

\
LY
'\r-
|
|
|
. |
1
1
et

REAR

Pucynok 3.43

Cuna JlopeHna nie Ha TO3UTHUBHHMK 3apsii y MarHiTHOMY IIOJIi.
Hampsimok mi€i cunm BU3HAaYaeThCS 3a MPaBUIIOM JiBOi pykH. B pe3ynbrari,
Ha OIYHUX IUIOIIMHAX MTPOBITHUKA BUHHUKAE CICKTPOpYIIiiiHa cruia XoJuia.

HaxomnuienHst 3apsiB Oyze IpoIOBKYBaTHCS, TOKH HE CPOPMYETHCSI
HampyXeHicTs nois E,, nig sxoi BpiBHOBaxye cwmry Jloperma. B pesyibrari
BOTO BiNOYJETHhCS CTAIliOHAPHE PO3MOAUICHHS 3apsiB Y IOIEPEIHOMY
Hanpsmi.
B nipomy Bunaaxy:

A
E,=0— ,
qex =9 .
qﬂ=tu,
C
Ag = vBc.

BusHaunmo mBUAKICTE D :

| =jS=ngquS (S=a-c),

v=—.
ngac
Tomi:
rpo g L B_ 1B
nga ng a a
ne R =— - crana Xomra.

ng
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By measuring R we can determine concentration of the current
carriers in a conductor and assume the nature of conductance as the sign of
Hall’s constant that coincides with that of current carriers charge.

Hall’s effect has very wide practical applications in devices to
measure induction of constant and variable magnetic fields.

3.3.8 Magnetic Flux
Let us consider a closed loop of dS area. The loop may have any
shape (Fig. 3.44).

)

Figure 3.44

By definition the elementary magnetic flux through the area dS is a
scalar physical value that is equal to:

d®, =BdS =B,dS,

where B, is projection of B onto the direction of the normal i to the area
ds:

B, =Bcosa,

where a is the angle between B andfi.
Magnetic flux through the arbitrary surface S is equal to

®, =[B,ds,
S

and through the arbitrary closed surface:
®, ={B,dS.
S

The unit of magnetic flux is weber (Wb).
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Buwmiproroun R, MOkeMO BH3HAYUTH KOHIICHTPAIIIO HOCIIB CTpyMy B
MPOBITHUKY 1 BCTAHOBHUTH MIPHUPOY MPOBITHOCTI, TaK SIK 3HAK cTasoi Xoia
CIIBIIAJa€ 31 3HAKOM HOCIIB 3apsjy.

Edexr Xonna Mae Benmuke MpakTUYHE 3HAYCHHSI: IOT'0 3aCTOCOBYIOTh

Yy IPUCTPOSIX ISl BUMIPIOBaHHS 1HAYKINT MOCTIHHUX Ta 3MIHHUX MarHiTHUX
IIOJIIB.

3.3.8 MarHiTHuii nortik
Po3risiHeMo 3aMKHyTHE KOHTYD 3 1utorieto dS. Koutyp mosxke OyTu
Oynb-sxoi popmu (puc.3.44).

g

Pucynok 3.44

3a BU3HAUEHHSM, €JIEMEHTAPHUI MarHiTHUH MOTIK 4Yepe3 IUIOLaaKy
dS e ckanspHOIO (hi3HUHOIO BEINYHNHOIO, KA JOPIBHIOE:

d®, =BdS =B, dS,
ne B, - mpoexkiris B ma HAIPAMOK HopMaui 1 1o mromaaku dS:
B, =Bcosa,

e o —1e KyT Mix B Tafi.
MarsiTHU# MOTIK Yepe3 JAOBIIbHY MOBEPXHIO S IOPIBHIOE:

®, =[B,ds,
S

a yepe3 )_'[OBiJ'H:Hy 3aMKHCHY ITOBCPXHIO:

®, ={B,dS.
S

OpvHULS BUMIpY MarHiTHOTo noToky — Bedep (BO).
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3.3.9 Ostrogradsky-Gauss’s Theorem for the Magnetic Field
Ostrogradsky-Gauss’s theorem for the magnetic field states that the
magnetic flux through any closed surface is zero:

fBdS =§Bds=0.
S S

This theorem is a consequence of the fact that there are no magnetic
charges in nature, the lines of magnetic field induction are closed and the
magnetic field is vortex.

3.3.10 Work done by displacement of a conductor and contour with
current in magnetic field
A conductor with the current in a magnetic field can move under the
action of Ampere’s force (Fig.3.45).

Figure 3.45

The conductor moves in the direction of the force dlfA acting on it.

Work done by the Ampere force for displacement of a conductor with a
current for dr a distance is equal to:

dA=F,dr = IBIdr = IBdS = Id®,,

If the current | = const, then integrating this expression, we obtain work
done by the Ampere force for displacement of a conductor with a current in
a magnetic field:

A=[1do,.
A=[1dD, = 1@y, - @y, )= 1AD,.
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3.3.9 Teopema OcTtporpaacbkoro-I'aycca 111 MAarHiTHOro 1oJIst

Teopema  Octporpaacekoro-l'aycca s MarHiTHOTO — TIOJS
CTBEPIKYE, M0 MArHITHHW TOTIK uYepe3 OyAb-iKy 3aMKHEHY ITOBEPXHIO
JOPIBHIOE HYIIO:

fBdS = {B,ds =0.
S S

s Teopema € HaCIiAKOM TOTO, IO B IPUPOZi BiICyTHI MarHiTHI
3apsAau, JTiHIT IHIYKIT MardHiTHOTO TOJIS € 3aMKHEHHMH a MarHiTHE TOJIE €
BUXPOBUM.

3.3.10 PoGoTa nepemileHHs MPOBITHUKA i KOHTYPY 3i CTPyMOM Y
MAarHiTHOMY HOJi
[TpoBiAHUK 3i CTPYMOM Y MarHiTHOMY TOJi MOXKE PyXaTHCh MiJ €0
cun Amrepa (puc. 3.45).

!
F T +
-
No—m & —&
[
[
¥ . "
dr
Pucynok 3.45

[posinunk nepemimyersess B Hampsamky cwii 0F,, sika gie wa

HBOT0. PoboTa cun AMniepa Ipu TIepeMillieHH] TPOBIIHUKA 31 CTPyMOM Ha
Bijictanb dr TOPiBHIOE:

dA=F,dr =IBIldr = IBdS = ld®D,,
Sxmio cuia ctpymy |=C0ONst, To iHTErpy0YH 1el BUpa3, OTPUMAEMO POOOTY
cuii Amnepa IpH TepeMillleHHI B MAarHiTHOMY TIOJNI TPOBIIHUKA 3i
CTPYMOM:

A=[1do,,
A=[1dD, = 1@y, - @y, )= 1AD,.
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So, work done for displacement of a conductor with current in
magnetic field is equal to a product of current intensity and a change of
magnetic flux through a surface intersected by a conductor.

Let’s calculate work done for displacement of a closed contour with
current in magnetic field (Fig.3.46)

Figure 3.46

Work done by Ampere’s force for displacement a closed contour in
magnetic field for dx distance is equal to the algebraic sum of works of
displacement of conductors AB and BA:

dA=dA,; +dA;,.
Work dA,; >0 is positive, because angle a between Ampere’s force and
displacement is acute:
dA, = 1(dDy, + dDy, ).
Work dAg, <0 is negative, because angle o in this case is obtuse:
dAg, =—1(dD,, + ddg, ).
The total work is
dA = 1d®,, + 1dD,, — 1dDy, — 1Dy, = | (dDy, — dDy, )= 1dD,.
Integrating this expression, we obtain full work done by Ampere's forces
for displacement closed contour with a current in a magnetic field:
A=[1do, = 1AD,.
The work done for displacement of closed contour with a current in

magnetic field is equal to the product of current intensity and change of
magnetic flux bonded with contour.
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Orxe, poboTa mepeMimieHHs TPOBiTHUKA 31 CTPYMOM Y MarHiTHOMY
T0JTi JOPIBHIOE MOOYTKY CHIIM CTPYMY Ha 3MiHY MarHiTHOTO TOTOKY Kpi3b
MOBEPXHIO, SIKY MEPETUHAE MPOBITHHK.

OOuncnuMo poOOTy MO MEepeMilleHHI0 3aMKHEHOTO KOHTYpY 3i
CTpyMOM y MarHiTHOMY ot (Puc. 3.46).

Pucynok 3.46

PoGota ciia Amriepa mpu mepeMilieHHi 3aMKHEHOTO KOHTYpy Ha dX
JIOpiBHIOE anreOpaiuHiil cymi poOiT iepeMillieHHs TPOBITHAUKIB AB 1 BA:
dA=dA,, +dA,,.
PoGora O0A,; >0 e nmosutnBHOW0, Tak sIK KyT 0 MDK CHiIo0 Ammepa i
MEPEMILIIEHHSIM TOCTPHIA:
dA, = 1(dDy, +dDg, ).
Po6ora dA;, <0 HeraTuBHa, Tax SIK y UbOMY BHIAIKY KyT O TyIIHIA:
dA, =—1(dD,, + ddg, ).
IloBHa pobora:
dA = 1d®,, + 1dD,, — 1dD,, — 1Dy, = | (dDy, —dDy, )= 1dD, .
IaTerpytoun mel Bupa3, OTpHUMaeMO IMOBHY poOOTy cuin Ammepa mpu
MEPEMIIIICHHI B MATHITHOMY T10JIi 3aMKHEHOT'O KOHTYPY 31 CTPYMOM:
A=[1do, = 1AD,.
Pobota cumu Amnepa npu TepeMillleHHI 3aMKHEHOTO KOHTYpY 3i

CTPYMOM B MAarHiTHOMY IIOJIi JIOPIBHIOE NOOYTKY CHIIM CTPyMy Ha 3MiHY
MAarHiTHOTO MTOTOKY, 34EIUIEHOTO 3 KOHTYPOM.
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3.3.11 Comparison of Electric and Magnetic Fields
Compare the basic properties and characteristics of the electric and
magnetic fields (Table 3.2).

Table 3.2

Electric field Magnetic field

1.1t is created by electric charges. 1.1t is created by moving electric
charges.
2.1t can be discovered by the force 2.1t can be discovered by the force,
acting on probe charge tested. acting on a conductor with current
or magnetic needle.

3.1t is described by the intensity 3.1t is described by the magnetic
vector: B induction vector B :

- F V

E=", [E]=~. B =M. 1g1=7.

q m Pm

4.The lines of force start and finish 4.The lines of force are closed.
at charges or at infinity.

5.The flux of the intensity vector E | 5-There are no magnetic field

in vacuum through an arbitrary charges in nature:
closed surface is proportional to the § B,dS =0.
sum of charges, surrounded by this
surface:
{E ds = Zq,
€

6. Electric fleld is potential: 6. Magnetic field is vortex:

fEdl =o0. §Bdl =0.

L L

3.4 Electromagnetic Induction
3.4.1 Electromagnetic Induction Phenomenon. Faraday’s law
Phenomenon of electromagnetic induction was discovered by
Faraday in 1831. He found that in the closed conducting circuit an electric
current occurs when the magnetic flux is changed through this circuit. Let
us consider two experiments made by Faraday (Fig.3.47).
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3.3.11 llopiBHSIHHS €JIEKTPUYHOTO TA MATHITHOIO MOJIiB
ITopiBHIEMO OCHOBHI BJIACTHBOCTI 1 XapaKTEPUCTUKH CICKTPUIHOTO Ta

MarHiTHoro nouiB (Tabmums 3.2).

Tabnurs 3.2

EnexTpuune nosne

MarsiTHe 1oJe

1. CTBOPIOETHCS EEKTPUIHIMH
3apsiiaMi.

1. CTBOPIOETBCSA PYXOMUMHU
CJICKTPUYHHUMU 3apsiiaMu.

2. Moxe OyTH BU3Ha4YeHE CHIIOIO, 110
Jlie Ha IPOOHUI 3apsi.

2. Moxe OyTH BU3HAUEHE CHIIOIO,
10 Ji€ Ha TPOBIAHMK 31 CTPYMOM
ab0 MarHiTHy CTPIJIKY.

3. OnucyeThbCst BEKTOPOM
HANpPYKXEHOCTI eIEKTPUIHOTO TOJISL:

E:E,¢ﬂ=¥
q m

3. OnucyeThCst BEKTOPOM
MarHiTHOI 1HIYKIIT :

M
B=—m™"- IB]=Tn
b [B] =Tx

m

4. CunoBi JiHil MIOYHUHAIOTHCS 1
3aKiH‘IyIOTI)C$I Ha eJ'ICKTpI/I‘-IHI/IX
3apsiaax abo y HECKIHUEHHOCTI.

4. Cunosi niHi1 € 3aMKHYTHMHU.

5. TToTik BEeKTOpY HANpyKEHOCTI E s
BaKyyMi uepe3 3aMKHYTY TIOBEPXHIO €
MIPOTIOPIIIHUI CyMi 3aps/IiB,
OTOYEHUX ILI€I0 TOBEPXHEIO:

:fEndS = iZqi.
S €y

5. Y npupoai He iCHy€e MarHiTHUX
3apsiB:

§B,ds=0.
S

6. Enextpuune mnosne €
MOTEHIIIAJIEHUM:

{Emzo.
L

6. MarHiTHe 1oJye € BUXPOBUM:

§Bm¢o.
L

3.4 EnexTpoMardiTHa iHgyKuis
3.4.1 sIBuine ejieKTpOoMarHiTHOI iHaykuii. 3akon ®apagest
SBumie enexkTpoMmarHitHoi iHAYKuUii Oyno Binkpuro dapageem y
1831p. Bin BusBUB, 10 B 3aMKHEHOMY IPOBLJIHOMY KOHTYpi BUHHKA€
SJIEKTPHUYHHN CTPYM MpPH 3MiHI MAarHiTHOIO TOTOKY 4epe3 Ileld KOHTYP.

Posrasaemo ABa CKCIICpUMCHTH,

IIOCTaBJIEH]

dapaneem (puc.3.47).
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) ¥
Figure 3.47

We can see in the first experiment that any motion of permanent
magnet relative to the coil produces the current flowing through it. It is
important that the current rises, only with the moving of magnet. The
galvanometer doesn’t show anything if the magnet is at rest.

In the second experiment galvanometer shows the current only if the
switch is closing or opening. If the switch is closed no effect is observed.
These are only two of many Faraday’s experiments showing that the current
rises in the closed contour by changing magnetic field through the surface
of this contour.

The electromagnetic induction phenomenon is the origination of
current in closed conducted contour under the action of varying magnetic
field.

Rising current is called induced one. Arising induced current is the
result of exiatance of e.m.f. of electromagnetic induction. Faraday
formulated the electromagnetic induction law: e.m.f. of electromagnetic
induction in closed conducted contour is numerically equal and is opposite
in sign of the rate of magnetic flux changing through the area limited by
this contour

_do,
dt

Sign is a mathematical expression of Lenz’s law: a direction of
induction current in a contour is such as its magnetic

g =

(134



', ¥
Pucynoxk 3.47

VY mepmioMy ekcnepuMeHTi OyIbp-sKHii PyX TOCTIHHOTO MarHiTy
BiITHOCHO KOTYIIKH BUKJIMKA€ MPOXO/DKEHHS CTpyMy B Hill. BaximBo, 1o
CTPYyM BWHHUKAa€, TUTBKH TOMi, KOJHM MArHIT pyXaeThcs. | anpbBaHOMETP
HIYOTO HE IMOKa3y€e, KOJIHM MarHiT 3HaXOAUTHCSA y CTaHI CIIOKO¥O.

VY npyroMmy eKCIepHUMEHTI TalbBaHOMETP MOKa3y€e HASIBHICTh CTPYyMY
TITPKA TP BBIMKHEHHI a00 BHWMKHEHHI BHMHKada. [lpm 3amKHyTOMY
BuMuKadi edexT BimcytHid. lle nmme nBa 3 0ararboX eKCIEPUMEHTIB
®apayes, AKi MOKa3yOTh, IO B 3aMKHEHOMY KOHTYpi BUHHKA€ CTPYM IPH
3MiHI MarHiTHOTO IOJIS Yepe3 IUIOILY IIbOT0 KOHTYPY.

SIBUILIE BUHUKHEHHS CTPYMY B 3aMKHEHOMY IPOBITHOMY KOHTYpi iz
€0 3MIHHONO MAr”HITHOIO II0J HA3UBAE€THCS  EJIEKTPOMATHITHOIO
IHAYKIUERO.

CrpyM, 11O BHMHUKA€, HA3UBAETHCS 1HAYKUIHHUM. BUHUKHEHHS
iHAyKLOiiiHOTO CcTpyMy 0OyMmMoBieHO icHyBaHHsM EPC enexTpomarsitHoi
IHYKIIIT,

Qapaneit chopmyaioBaB 3akoH enekTpomarHiTHoi iHaykuii: EPC
€JIEKTPOMArHiTHOI IHAYKLIl B 3aMKHEHOMY HPOBIIHOMY KOHTYp1 YHCEIBHO
JIOPIBHIOE 1 MPOTHIICKHA 32 3HAKOM IMIBUAKOCTI 3MIHM MAarHiTHOTO IMOTOKY
Kpi3b MOBEPXHIO, OOMEXKEHY ITUM KOHTYPOM

_do,
dt

3Hak "-" B IbOMY 3aKOHI € MaTeMaTHYHUM BHPa3oM npaBuiia JleHna:
HanpsM IHIYKUIHHOTO CTPYMY B KOHTYpi 3aBXIW TaKHH, 110 HOTO MarHiTHe

g =

n_n
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field prevents the change of magnetic flux that excites this induction
current.

If magnetic flux increases ddg > 0 then g, < 0 and magnetic field of
induction current is directed towards the magnetic flux, if magnetic flux
decreases ddg < 0 then ¢; > 0 and direction of magnetic field of induction

current coincides with magnetic flux direction.

Value of induction current in a closed conducting loop with R
resistance is determined by the Ohm’s law
g 1 dog

"R R dt

3.4.2 Source of Alternating Current (Generator)

Due to the phenomenon of electromagnetic induction transformation
of mechanical energy into electrical one is possible. Electrical generator
which are the sources of a.c. current are used for this transformation. Let’s
consider electrical generator work principle with an example of rectangular
contour, rotating with the constant angular velocity in the uniform magnetic
field (Fig. 3.48).

|~ /O'
~
- 'f—“,—z B
-
s / .
r(_/ -
o @/’
Figure 3.48

The contour rotates around the axis OO'. The magnetic flux through
this contour can be calculated by the formula
@&, =BScosa, (B,S =const).
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ToJIe MMPOTHUIIE 3MiHI MarHITHOTO TOTOKY, SKHHA 30YIDKye Tel 1HAYKIIHHAN
CTpyMy.
SIKI0 MarHiTHU# MOTIK 30inbinyeThest dDg > 0, TO € <0 i marniTHe

noje iHAYKUIMHOTO CTpyMy HampaBlieHe Ha3yCcTpid IOJI0, L0 YTBOPIOE

MarHiTHHI MOTIK, KO % MAarHiTHUI MOTiK 3MeHmyeThest APy < 0, To € >

0 1 HampsiM MarHITHOTO TONA IHIYKIIITHOTO CTPyMy 30iraeThecs 3 HAIIPSIMOM
TIOJISL, III0 YTBOPIOE MAarHITHAN TOTIK.
Bennuuna iHAYKUOIHHOTO CTpyMy B 3aMKHEHOMY MpPOBiZHOMY
KOHTYpi 3 ormopoM R Bu3HadaeThCs 3a 3aKk0oHOM OMma:
g 1 doyg
R R dt

3.4.2 JI:xepes1o 3MiHHOTO CTPYMY (reHepaTop)
3aBIsKH SBUILY €IEKTPOMATrHITHOI IHAYKIIT MOXIIMBE TIEPETBOPEHHS
MexaHiuHOi eHeprii B enekTpuuHy. [jis 1mbOro BHUKOPHCTOBYIOTH
EJIeKTPUYHI TEHEePaTOpH, SIKi € JDKeperIoM 3MIHHOTO CTpyMmy. PosrisHemo
OPUHIMI poOOTH ENEKTPUYHOTO TeHepaTopa Ha MPHKIaAi MPSIMOKYTHOTO
KOHTYPY, 110 00€PTAETHCS 31 CTANIOI KYTOBOO IIBHJIKICTIO B OJHOPITHOMY
Mar"iTHomy noni (puc 3.48).

2

Pucynok 3.48

Konryp obepraerbcss HaBkosno oci OO'. MarsiTHHH MOTIK, IO
MPOXOJIUTH KPi3b KOHTYP, MOXXHA BU3HAYUTH 32 POPMYJIIOI0:
@&, =BS cosa, (B,S =const) .
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Angle of rotating a is changing
o=ot.
Consequently,
®, =BScoswt.

Thus, taking the derivative we obtain e.m.f. of induction that arises in the
contour

€ =— Ao, = ®BS sin wt.
dt

Maximum e.m.f. value is with sin ot =1
€ max = ®BS, (Sin ot =1),
Consequently, e.m.f. of induction generated in the conducted contour
on its rotation in the magnetic field changes according to the harmonic law.
Increasing of e.m.f. of induction is possible due to increasing of B
and S, as w is determined as constant value

v="2_50Hz,
27

which is used in CIS and Europe.

Reverse process of transformation electrical energy to mechanical one
is possible and it is used in electric motors. The principle of electric
motor’s work consists in rotating of the contour with the current in the
magnetic field.

3.4.3 Eddy Currents

Induction currents arising in massive conductors with varying
magnetic flux, penetrate them, is called eddy currents or Foucault currents.

Eddy currents arise when massive conductors move inside a
magnetic field or under the action of varying magnetic field. These currents
are found inside a conductor volume and have a shape of closed eddy lines.
The eddy currents obey the Lenz rule: their magnetic field is directed in
such a way as to counteract the change in the magnetic flux inducing eddy
currents.

Foucault currents play both as useful as well as harmful effect.
Useful effect they play in inductance furnace for metals melting, as they
cause an intensive heating of conductors.




265

Kyt noBopoTy a 3MiHIOETBCA:
o=ot.
OTrxe,

®, =BScoswt.

ITicns obuncnenns noxiguoi, orpumaemo EPC inaykii, sika BUHUKAE
B KOHTYDI:

Ao, = ®BS sin wt.

Makcumanbre 3nadenns EPC naGysae, konu Sin ot =1:

€ max = ®BS, (Sin ot =1),

Otxe, EPC inaykuii, mo yTBOPIOEThCA y MPOBITHUKOBOMY KOHTYPI
mpu HOro oOepTaHHI B MarHiTHOMY IIOJ, 3MIHIOETHCS 32 TapMOHIYHAM
3aKOHOM.

36inpmennst EPC inayknii MosknuBe 3a paxyHOK 30iblieHHs B abo
S, Tak SIK (0 BU3HAYA€THCS CTAJIOI0 YaCTOTOO:

v=—2 —50H;z,
2n
sKa 3aCTOCOBY€EThCA y Kpainax CH/I Ta €Bpomnu.

MosxnBuii 1 3BOpOTHUIT TIpoOLIeC NEPETBOPEHHS eNEKTPUYHOI eHeprii
B MEXaHIYHY, SIKHIl 3aCTOCOBY€ETHCS B €JIEKTPOABUTYHaX. [IpuHIun podotn
€JIEKTPO/IBUTYHA TOJISIrae B 00epTaHHI KOHTYPY 31 CTPYMOM B MarHiTHOMY
THOJII.

3.4.3 BuxpoBi crpymu

[HaykmiiHI cTpymH, SIKi BUHHUKAIOTh Y MAaCHUBHHMX IPOBIJHHKAX 3i
3MIHOI0O MarHiTHOTO IOTOKY, IO iX MPOHW3Y€, HAa3WBAIOTHCS BHXPOBHMH,
abo crpymamu Dyxo.

BuxpoBi cTpyMu BUHHKAIOTH il 9aCc PyXy MAaCHBHUX MPOBITHUKIB Yy
MarHiTHOMY Toui, abo Mmij Ji€ro 3MIHHOrO MarHitTHoro mouist. Lli ctpymn
3aMUKaIOThCS B 00'€Mi MPOBiTHUKA Y BUIJISAJI BUXOPOMOMIOHUX 3aMKHEHUX
NiHii. BUXpOBi cTpyMH MiANOPsSAKOBYIOThCs NpaBuiny JleHna: ix mMarnitHe
MoJie CIPSMOBAHO TaKUM YHHOM, H[O0 MNPOTHUIISATA 3MiHI MAarHiTHOIO
MOTOKY, IO 1HIYKYE BUXPOBI CTPYMH.

Crpymu ®Dyko BifirpaioTe SK KOPHUCHY, TaK 1 IIKI[UIUBY pOJb.
KopucHy pons BOHM BiJirpaioTh, HANPHKIAJ, B 1HAYKIIMHUX Me4ax JUis
TUTABJICHHS METANIB TaK SK BOHHM CHPUYMHSIOTH IHTCHCHBHE HArpiBaHHS
MPOBIIHUKIB.
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Induction currents may be also used for damping the moving parts of
devices. If a metal needle vibrates near the poles of electromagnet, the
induction current arises in it according to the Lenz’s law and damps the
motion of a needle.

The appearance of huge eddy currents in cores of electromagnets,
transformers, magnetic circuits of electric machines is harmful, as it causes
its heating and the considerable losses of energy. That is why the cores of
transformers and magnetic circuits are made not solid. They are made from
thin plates, isolated one from the other with dielectric layers, for example,
from thin metal plates with oxidized surface.

With a frequency growth of eddy currents they are distributed mainly
in near-surface layer of a conductor. This phenomenon is called skin-effect.
It is used for surface hardening of metals.

3.4.4 Eddy Electric Field

The induced e.m.f. arises in the motionless contour, placed in the
variable magnetic field. Lorentz’s force doesn’t act on the motionless
charges inside this contour and appearance of the e.m.f. of electromagnetic
induction in motionless coil cannot be explained by the arising of Lorentz’s
force. To explain this phenomenon Maxwell assumed that any variable
magnetic field excites an eddy electric field in the surrounding medium. Tt’s
force lines are closed and it causes the appearance of induction current
inside a contour.

The circulation of the eddy electric field intensity along the arbitrary
closed contour isn’t equal to zero unlike electrostatic field, and it is equal to
the rate of a magnetic flux change along this contour, i.e. the e.m.f. of
electromagnetic induction inside this contour:

fEBaI ___0% =g, .
L dt

Thus, the variable magnetic field exites the eddy electric field that
causes the appearance of an induction current.
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BuxpoBi  cTpyMH  TakoX  MOXXHa  BHUKOPHCTOBYBATH  JIJISI
nemrdepyBaHHs PYXJIMBUX YaCTHH B MpWiIaaax. SIKIIo MeralieBa CTpiika
KOJIMBAETHCS MIXK TIOJFOCAMH SJICKTPOMArHiTHA, TO 3rifHO mpaBuia JIeHma,
BUXPOBI IHAYKIIHHI CTPyMH MalOTh TAaKWH HAIPsIM, 110 CHJIH, AIF0UH 3 OOKY
MarHiTHOTO TIOJISL, TaTbMYIOTh I1i KOJTMBAaHHSI.

BUHUKHEHHS ~ 3HaYHMX  BHUXPOBHX  CTPYMIiB B OCepIsX
€JIEKTPOMArHiTiB, TpaHCPOPMATOPIB, MArHITHUX KOJax EJIEKTPUIHUX
MAaIlliH € IIKIJJIABUM, OCKIIBKH IPH3BOMITH IO iX HarpiBaHHS 1 3HAYHHUX
BTpar enekTpuuHoi eHeprii. CaMe TOMYy MarHiTHI KoOJla EJEKTPHUIHHX
MallMH i ocepAs TpaHC(HOPMATOPIB BUTOTOBIAIOTH HE CYLITBHUMH. X
BUTOTOBJISIIOTh 3 TOHKMX IUIACTHH, K1 130JbOBaHI OJIHA BiJ OJHOI MIapaMu
nienektpuka. Hampukiiaa, 3 TOHKAX METaleBUX TUIACTHH, MOBEPXHS SKUX
OKHCJICHA.

[Tpu 30inMbIIEHH] YaCTOTH BUXPOBUX CTPYMIB BOHU PO3MOIINISIOTHCS
MePEBKHO B MPHUIIOBEPXHEBOMY IIapi mpoBigHuKa. Ile sBuie Ha3UBaeThCs
cKkiH-e(pexToM. MOro BHKOPHCTOBYIOTH JJIsi MOBEPXHEBOIO TapTyBAaHHS
METaJIiB.

3.4.4 BuxpoBe eJIEeKTPpUYHE MOJIe

EPC enexTpoMaritHOi iHAYKIII BHHUKAE Y HEPYXOMOMY KOHTYPI,
PO3MIllIEHOMY y 3MIHHOMY Mar”iTHOMY moui. Ajie cuia JlopeHiia He jie Ha
HEepyXOMi 3apsiiu B IboMy KOHTYpi 1 BunukHeHHs EPC inaykuii He MoxHa
MOSICHUTH 11 Ji€r0. J[iis mosicHeHHs 1bOro (akTy MaKCBeJUT PUITYCTHUB, 1110
BCSIKE 3MiHHE MAarHiTHe moJsie 30y/DKye B OTOYYIOUOMY MPOCTOPI BHXPOBE
enektpuyHe none. CuioBi JiHIT HOro € 3aMKHEHMMH i BOHO CHPHYMHSIE
BUHUKHEHHS IHAYKI[IHHOTO CTPyMY B IIPOBITHUKOBOMY KOHTYDI.

Lnpkynsmisi BeKTOpa HANPYKEHOCTI BUXPOBOTO €IIEKTPUIHOTO TOJIS
M0 JIOBUTBHOMY 3aMKHEHOMY KOHTYpY HE JOPIBHIOE HYIIO, Ha BiMIiHY Bij
€JIEKTPOCTaTUYHOIO TIONSA, a JOPIBHIOE IIBHUAKOCTI 3MiHM MAarHiTHOTO
MOTOKY Yepe3 IeW KoHTyp, ToOTo mopiBHioe EPC enekrpoMartiTHol
IHAYKIIT B IbOMY KOHTYPI:

TakuM YMHOM, 3MiHHE MarHiTHe 1oJje 30y/Kye BUXPOBE €JIEKTPUIHE
TnoJie, sike CIIPUYMHSIE BHHUKHEHHS THIYKIIITHOTO CTPYMY.
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3.4.5 Self-induction. Inductance

Let us assume that in an electric circuit the changing current is
flowing. In this case | # const. This current generates changing magnetic
field. Thus a magnetic flux changes throw a contour. In its turn this change
of magnetic flux results in e.m.f. appearance of induction inside the same
contour.

Thus, rising of an e.m.f. in the same circuit, in which the changing
current flows, is called the phenomenon of self-induction. E.m.f. of
induction in this case is called e.m.f. of induction.

The current of self-induction appears when closing and opening any
electric circuit. An example of current of self-induction when opening a
circuit is shown in the Fig. 3.49:

I
Figure 3.49

When the circuit is unlocked e.m.f. of self-induction arises in a coil
which will maintain a current. As a result for some time the current will
flow through the galvanometer.

As a magnetic flux @g is proportional to an induction of a magnetic
field B, and B is proportional to a current intensity | inside a contour

Dy ~B~I,
so, a magnetic flux is proportional to a current intensity:
@, = LI,
where L — is a coefficient of proportionality, it is called an inductance of a
contour or a self-induction coefficient.

A unit of a self-induction in Sl system is Henry [H].

1H is an inductance of a contour which magnetic flux at a current of
1A is equal to 1Wh.

The inductance of a conductive contour depends on the geometric
shape of a contour and a magnetic permittivity of a medium it is placed in.
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3.4.5 Camoinaykuis. [ngykTHBHICTH

[Mpunyctumo, MmO B EISKTPHYHOMY KOJII TIPOXOJUTH 3MiHHHN
cTpyMy, ToO0To l#£const. Lleit cTpym CTBOpIOE MarHiTHe ToOje, IO
3MIHIOETBCS. [IpM 1BbOMY 3MIHIOETBCSI MArHITHHM MOTIK Yepe3 Ie
eJIeKTPUYHE KOJ0. 3MiHa MArHiTHOTO MOTOKY BUKJINKae BUHUKHEHHS EPC
IHAYKII] B TOMY 3K €IeKTPUIHOMY KOJTi.

Bunuknenns EPC inaykuii B mpoBiAHOMY KOJi IpW 3MiHI B HBOMY
CHJIH CTPYMy Ha3WBaeThes siBumieM camoinaykmii. EPC inaykmii B mpomy
BUTIAAKY HaznBaeThcsi EPC camoinmykiii.

CtpyM caMOiHAYKUii BHHUKAE TpU OyAb-SIKOMY 3aMHUKaHHI YU
pPO3MHUKaHHI  €IeKTpHUYHOro Koma. [Ipukian  icCHyBaHHA  CTpyMy
CaMOIHIYKIII TPH PO3MHUKAaHHI KOJa 300paXeHO Ha PUCYHKY 3.49:

I
Pucynok 3.49

ITpu posMukanHi xona B Koty Bunukae EPC camoinaykuii, sika
Oyze miaTpuMyBaTH CTpyM. B pe3ymnbraTi yepe3 raibBaHOMETp ACSIKHU dac
OyJe MpOTIKaTH CTPYM.

Tak sk MarHiTHHE TOTIK Dp TPOMOPIIAHMKA IHAYKIII MarHiTHOTO
noJs B, a B mponopuiiiHa cuiti ctpymy | B KoHTYpi

Op~B~I,
TO MarHITHHH MOTIK MPOTIOPIIHHUHN CHJIi CTPyMY:
@, = LI,

ne L — xoeQilieHT MNpOMOPLIMHOCTI, SKUKA HA3UBaIOTh 1HAYKTHBHICTIO
KOHTYpY a00 KOe(iIlieHTOM CaMOiHYKIIii.

Opuunng ingyktusHocTi B CI - renpi (I'n).

1 I'n - iHIYKTHUBHICTh TAKOTO KOHTYPY, MarHITHUH MOTIK SKOTO MpU
ctpymi 1 A nopisaioe 1 B6.

[HAYKTUBHICTD NPOBITHOIO KOHTYPY 3aJIE)KUTh BiJ] T€OMETPUYHOI
(hopMHU KOHTYpY, HOTO PO3MIpiB Ta MAarHITHOI MPOHUKHOCTI CEpEIOBUINA, B
SIKOMY BiH 3HaXOJIHThCS.
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E.m.f. of self-induction due to Faraday’s law is:
do, d(LI)
&g =~ == :
dt dt

If L=const:

€ = —Ld—l.
dt
A sign “-” is determined by a Lenz rule and it shows that an
induction current resists the changes of a current, which casing a self-
induction, i.e. it slows down an increase or decrease of a current. If a
current inside of a contour increases a self-induction current is directed
oppositely and counteracts its increase; if a current decreases its direction
coincides with a direction of a self-induction current and it counteracts its
decrease. So, the inductance of a contour is a measure of its inertia with
respect to a current change and it plays the same role in electrodynamics as
a mass in mechanics.
As an example let’s calculate an inductance of a solenoid of a length
I. Let N is a number of turns of a solenoid, so a number of turn per unit of
length:

The magnetic flux through N turns:
@, =BSN.
Magnetic field induction of the solenoid is:

NI
B=uouT = Hounl.
Then the inductance of a solenoid is

2
L =% =BSTN =uouNTS = Houn’V,

where V =Sl is the volume of solenoid.

So, the inductance of a solenoid depends upon the number of turns,
its dimensions and a magnetic permittivity of a medium inside it.

The phenomenon of self-induction causes the emergence of
extracurrents of the closing or unlocking of electric circuits containing
solenoids with high inductance.
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EPC camoinnykmii 3a 3axonom Dapanest:

L __ 0Py __d(Lh
B dt dt
Slkmio L=const, To:
dl
gg=—-L—.
dt
3Hak ,,-” 3yMOBJICHUH TpaBwioM JleHla, OKa3ye, 10 iHAYKIIHHAN

CTPYM TIPOTH/II€ 3MiHAM CTPYMY, SKHH BHKJIMKAE CAMOIHAYKIIif0, TOOTO BiH
CIOBIJIBHIOE HOro 3pocTaHHs ab0 3MEHIIeHHS. SKIIO cTpyM B KOHTYpi
3pOCTae, TO CTPYM CaMOIHAYKIii HANpsSMIICHUH MPOTH HBOTO i MPOTHIIE
HOro 3pOCTaHHIO; SKIIO K CTPYM 3MEHIIYETHCS, TO HAIpPSM CTPyMYy
CaMOIHIYKII1 30iraeTecs 3 HAOmpSIMOM CTpyMy 1 TpoTuaie ioro
3MeHIIeHH. OTKe, IHAYKTUBHICT KOHTYPY € MIpOI0 HOro iHEpTHOCTI MO
BiTHOIIIEHHIO JI0 3MiHH CTPYMY 1 B €NEKTPOAMHAMIIII BiJIIrpa€e TaKy K POk,
SK Maca B MEXaHiLli.

Jlis mpukiIamy po3paxyeMo iHAYKTHBHICTH COJIEHOIAA JOBKHHOIO .
Hexait N — KiIBKICTH BUTKIB COJIEHOINA, TOJI KIJIBKICTh BUTKIB Ha OJUHHULIIO
JIOBXKUHH:

MarwnitHuit notik yepe3 N BUTKIB cosieHOia:
@, =BSN.

[HaYyKIist MarHITHOTO MOJIS CONICHOI/Ia:
NI
B=uouT = pounl.

Tomi iHAYKTUBHICTB COJICHOI/Ia JOPIBHIOE:
@, BSN N2 2
=—=——=HH——S =punV,
| | |

ne V=S| — 06’em conenoiga.

OTxe, IHIYKTHBHICTh COJICHOI/a 3aJIC)KHUTh BiJ KIIBKOCTI BHTKIB,
{oro po3mipiB, MarHiTHOI HPOHUKHOCTI CEPEJOBHUIIIA B HHOMY.

SBumie caMoiHAYKIIi CHpPUYUHSAE BUHUKHEHHS EKCTPaCTPyMiB
3aMHKaHHS 200 PO3MHUKAHHS EJNEKTPUYHUX KU, 10 MICTATH COJICHOITU 3
BEJIMKOIO 1HIYKTUBHICTIO.
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3.4.6 Mutual Inductance. Transformer
Let us consider two loops with currents I, and I, that are situated
close by each other (Fig. 3.50).

Figure 3.50

A current I, in the first loop creates the magnetic flux through a
second loop.

Dy, =Lyl
where L,; is the coefficient of proportionality.

On change of current intensity I, changes according to the Faraday’s
law of electromagnetic induction, the e.m.f. of a induction arises in the
second contour:

€pp = _dC(I;—BZ = _LZl%'
t dt
A current I, in a second loop creates a magnetic flux through a first
loop:
Dy =L,,l,,
where L;, is a proportionality coefficient.
If a current I, changes, in a first loop the e.m.f. of induction arises:

do g, dl,
b dt odt

The loops 1 and 2 are called combined.

The phenomenon of the appearance of the e.m.f. of induction in the
loop, when the current changes in the other one is called the mutual
inductance.

The coefficients of proportionality L, and L,; are called a mutual
inductance of loops. They depend on the size, shape and relative
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3.4.6 B3zaemnua innykuisi. Tpancgopmarop
Posrnsaemo nBa koHTypH 31 ctpymamu | Ta |, sKi 3HaxomsaTecs
JIOCUTh OJTU3BKO OJIUH Bijx ogHOTO (purc.3.50).

Pucynoxk 3.50
Crpym |, B mepmomy KOHTYpi CTBOPIOE MArHITHMH IOTIK 4Yepes
JIPYTuil KOHTYD:

®g, =Lyly,
ne L,, - koediuieHT nponopriiHoCTi.
IIpm 3MmiHi cumm cTpymy /3, 3TiIHO O 3aKOHY €JNEKTPOMAarHiTHOL
iaaykmii @apanes B npyrom KoHTYpi BuHukae EPC iHmyKmii:
_dog, dl,
€p =~ =-Ly -
dt dt
Crpym |, B 1gpyromy KOHTYpi CTBOpIOE MarHiTHHil MOTIK dYepes
NEPIIUIA KOHTYP:
Dy, =Ly, 15,
ne L,- koedimient nponopuiiHoCTi.
Slkmo crpym |, 3miHrO€TBCS, TO B MepinoMy KOHTYpi Buaikae EPC
THIYKIII:
_ddg, dl,
€ =~ =-L;, -
dt dt
Kontypu 112 Ha3HMBarOThCS 3B'SI3aHUMHU.
SAsume BunukHeHHs EPC iHAykuii B KOHTYpi IpW 3MiHI CTpyMy B
IHIIIOMY Ha3MBAETHCSl B3AEMHOIO IHAYKIEHO.

Koeoimientn nponopuiiinocti L,; i L, Hasuatorbcs B3aemHOIO
IHAYKTHBHICTIO KOHTYpiB. BOHU 3anexats Bij po3mipiB, popMu, B3aEMHOTO
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positions of loops and also the magnetic properties of the surrounding
medium. As they are coefficients of proportionality of a magnetic flux and a
current intensity they should be measured in the same units, as the
inductance — in henries (H).

Let us show that a mutual inductance of both loops is the same:

L, =L,.

Let us consider two coils with N; and N, number turns respectively

are coiled on a common toroidal core of magnetic permeability p (Fig.3.51).

I I
Ny M

5
Figure 3.51

The magnetic induction B that is created by the first coil is
Nl I 1

B=uou|—,

where 1y is the intensity of current in the first coil, | is the length of the coil.
The magnetic flux through the second coil is

N, N
®g, =BSN, =p,u ll =Sl

where S is the cross-section of core.
The coefficient of mutual inductance is

(4] N, N
L,, = 22 =Hol L 23,
I |
This coefficient is the same for the first coil.
N.N
L, =Ly =pop——>S.
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PO3MIIIEHHsT KOHTYPIB 1 BiJf MarHITHUX BJIACTUBOCTEHl HABKOJIMIITHHOTO
cepemoBuma. Tak K BOHH € KoediIlieHTAaMH IMPOMOPIIIHHOCTI MiX
MarHiTHUM HOTOKOM 1 CHJIOI0 CTPYyMY, TO BHUMIpIOIOTBCS B TaKHX CaMHX
OJIMHMILISX SIK 1 IHIYKTUBHICTD - B TeHpi (I'H).

ITokaxemo, 110 B3a€MHA iHAYKTUBHICTH 000X KOHTYPIB OJTHAKOBA!

L12 = L21-
JIsst 1IbOTO PO3IIISIHEMO JIBI KOTYIIKH 3 KibKicTIO BUTKIB N 1 1 N2

BIJIMIOBI/THO, SIKI HAMOTaHI Ha CIHIJIbHE TOPOIAAIbHE OCEPJsA 3 MAarHiTHOH
nmpoHUKHICTIO 1 (puc.3.51).

I I
Ny M

3

Pucynoxk 3.51
MarniTHa iHgykiis B, sika CTBOPIOEThCS MEPIIOK KOTYIIKOHO
JIOPIBHIOE:

N, I,

B= uoul—

ne [, — cuia cTpyMy B MepIiid KOTyiir, | — 1oBKHHA KOTYIIKH.
MarsiTHHH TOTIK, IO TIEPETHHAE APYTY KOTYIIKY:

N,N
®g, =BSN, =pou——+ | 28I,

Jie S — Ie TIoIna nepepisy ocepsl.
KoedimieHT B3aeMHOT iHAYKITIT JOPIBHIOE:
Dy, N,N,
L,y =25 =pu—-=S.
I |

Lleit koedilieHT TaKUit caMuid SIK 1 ISl TePIIoi KOTYIIKH:

N,N,

L,=L,;=pop——" | 2s.
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That is mutual inductance of combined contours is the same.

The phenomenon of mutual inductance is used in transformers either
to rase or lower the voltage of the varying electric current.

Let us consider the transformer work principle. Let us assume that
two coils with N; and N, turns are wound on a closed core or ferromagnetic
material. The principle scheme of transformer is shown in Fig.3.52:

I
I L5
8 i=kw mi=k g
3 —
—] o
Figure 3.52

Alternating current through the first coil 1, creates alternating
magnetic flux through the second coil. The same magnetic flux flows
through the first coil too. According to the Faraday’s law of
electromagnetic induction the e.m.f. of the mutual inductance is generated
in the second coil and the e.m.f. of self-inductance generates in the first one.
The current I; in the first coil according to the Ohm’s law can be defined
from the following equation
d (Nch B )

dt
where R; is the resistance of the first coil.

The drop in voltage in the first coil is small. That is I;R; = 0.
Then

81_ :IlRl’

E.m.f. of the mutual inductance in the second coil is
d(NZq)B) —N d(DB .

e, =— =
? dt 2 dt
Having compared these two equations we obtain
g _ N N

——Llog, =——2¢.
& N, N,
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ToOT0 B3a€MHa IHAYKTUBHICTH 3B'SI3aHUX KOHTYPIiB OJJHAKOBA.

SIBumie B3aeMHOI 1HAYKINI BHKOPHUCTOBYETHCA B TpaHChOpMaTopax
JUTSI T IBUIIICHHS 200 3HW)KEHHS HAPYTH 3MIHHOTO EICKTPUYHOTO CTPYMY.

PosrnsiHemo mpuHImMn po6oTtu TpaHcopmatopa. [lpumyctumo, 1o
IIBI KOTYIIKH 3 KinbkicTio BUTKIB N; Ta N, HaMoTaHi Ha 3aMKHYTE Oocepas 3
¢epomarnitHoro Matepiany. [lpuHmmmoBa cxema TpaHchopmaropa
300pakeHa Ha puc.3.52:

I
i -
T -— —
~& §E§ Np o Npid— &,
G —
[—] o
Pucynoxk 3.52

3MiHHUI CTPYM Yepe3 MepIy KOTYIIKY /; CTBOPIOE MAarHiTHHHA MOTiK
yepe3 Ipyry KOTYIIKy. Takuil camMuii MarHiTHUH MOTIK MPOXOIUTH 1 Uepes
MepIry KOTYIIKY. 3TiIHO 0 3aKOHY eJIeKTpoMarHiTHOI iHaykii ®apanes, B
npyrii korymi BuHukae EPC B3aemHOI iHIOyKwWii, a B MepuIiii BHHUKAE
EPC camoinaykmii. Ctpym |y B mepmiii kotymii, 3riiHo 3akoHy Oma, Moxe
OyTH BH3HAUCHHH 3a JTOTIOMOT'O0 HACTYITHOTO PiBHSHHS:
ne Ry — omip mepiroi KoTymIky.

d (N 1Pg ) _
T

[laginAas HAPyTH B TIEpIIi KOTYyIII He3HauHe, ToMy |1R; = 0.
Toni
do,

dt

EPC B3aeMHO1 iHAYKIIIT B APYTiii KOTYIII JOPIBHIOE:
d (N 2 D B ) —N dq) B

g, =Ny

Er =7 =N\
dt dt
[MopiBHSBIIM 11i JIBa PIBHSIHHS, MU OTPUMAEMO:
€ N N

A= 1o =—2g,
& N, N,
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(I3

Sign “-” says, that e.m.f. in the first and second coils are in opposite
phases. Number of turns ratio in the coils is called the coefficient of
transformation

If k > 1 then it is step-up transformer; if k < 1 then it is step-down
transformer.
If we neglected the energy losses in the coils of transformer (=2%),
the power of current in both of coils would be the same:
gl = s,l,,
and we obtain
g, | N,

1
g 1, N
So, the ratio of currents in coils is opposite proportional to the ratio
of number of turns in coils. The step-up transformers are used to transfer
electric energy for long distances because in this case the energy losses on
Joule heating decreases. The step-down transformers are used for
electrowelding. In this case we deal with high currents and low voltages.

3.4.7 Energy of Magnetic Field
Magnetic field as well as electric one is an energy carrier. Magnetic
field energy is equal to work done by current to generate a magnetic field.
Let’s consider a solenoid with inductance L and number of turns N. On a
growth of current for dl, magnetic field grows and magnetic flux changes
for d@g . In this case the work done by current source is

dA=1d®,.
This work is expended onto a growth of magnetic field energy of
solenoid

dW, =dA,
dW, = 1d@,.
As
do, = Ldl,
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3HaK «-» Bka3dye Ha Te, mo EPC B mepmiiii Ta Apyriii KOTymIkax
npoTtmwiexHa 1o (asi. CHiBBIIHOMIEHHS KUTHKOCTI BHUTKIB B KOTYIIKax
HA3MBa€eThCs KoedilmieHToM TpaHchopMartii:

=2
N,
Skmro Kk > 1, To 1ie Tparchopmarop, 1o MiABUIILY€E HATPYTY; AKIIO
k < 1, To nie TparchopmMaTop, KUl MOHIKYE HATIPYTY.
SIK110 3HEXTyBaTH BTpaTaMH €HEprii B KOTYIIKax TpaHchopmaTopa
(*2%), mOTYKHiCTh CTPYMY B 000X KOTYyIIKax Oy/ie OJHAKOBOIO:

&l =g,l,,
1 MU OTPUMAEMO:
g _ 1, N,

g |, N

OTxe, BIIHOLICHHS CTPYMiB y KOTYIIKaX € 00EpHEHO MPONOPUiHHUM
IO BIJHOMIEHHS KUTBKOCTI BUTKIB B KOTyIIKax. TpaHchopmatopu, mio
MiIBULIYIOTh HAINpPYyTy, BUKOPUCTOBYIOTHCS JJISI Tiepeliadi eJIeKTpoeHeprii
Ha BENMKi BiJICTaHi, aJpke B TaKOMY pa3i BTpaTH CHEPrii Ha HarpiBaHHSI
3MEHIIYIOThCS. Tpanchopmatopw, 110 MIOHIDKYIOTh HAaIpyry
BUKOPUCTOBYIOTBCSI  JJISl  €JIEKTPO3BApIOBaHHSA. Y  IbOMY BHIAAKY
BUKOPHUCTOBYIOTh BEIIMKI CTPYMH i HU3bKY HAIpyTy.

3.4.7 Eneprisa MarHiTHOro moJjst
MarniTHe moNe SK 1 eNeKTpUYHe € HOcieM eHeprii. EHepris
MarHiTHOrO TIOJiA JIOPIBHIOE pOOOTI, sIKa BHUTPAYAETbCS CTPYMOM Ha
CTBOpPEHHS MarHiTHOro mouysa. PosriissHeMo coneHoin 3 iHAyKTUBHICTIO L,
skuit Mae N BuTkiB. I1pu 3pocranHi crpymy Ha Beiuduny dl MarnitHe mose
3pocTa€e i MarHiTHUH MOTIK 3MiHUTBCS Ha OQ@g. [lpu 1BOMY JDKEpesoM
CTPYMy BUKOHYETHCS poOOTa:

dA=1do, .
s poboTa BUTpavaeThes HA 30UTbIIEHHS €HEePTii MarHiTHOTO OIS
COJICHOIJ1a:

dw, =dA,
dW; =1d®;.
Tax sik: do, =Ldl,
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SO
dw, =LIdI.
Integrating this equation we obtain
| 2
W = [ LIdI = L
0
Thus, energy of magnetic field is
LI?
WB = T .
Inductance of solenoid is
L=p,un’Vv,
and induction of magnetic field inside it is:
B =pounl.
Taking into account a connection B = p,uH , energy of a magnetic field is:
LI® B?
B = = V y
2 2pep

where V =Sl - volume of a solenoid.
Since magnetic field inside of a long solenoid is homogeneous, so
volume density of energy of a magnetic field is:

We _ B® _BH =uouH2

Wg =

v 2uop 2 2
This formula is similar to energy density of an electric field.

3.5 Magnetic Properties of Substance
3.5.1 Physical Fundamentals of Magnetic Properties of Substance
All materials have magnetic properties. If to put any substance in
magnetic field it becomes magnetized. This phenomenon is called
magnetization, and the bodies that can be magnetized under the external
magnetic field action are called magnetics. All materials have some
magnetic properties caused by the motion of their electrons in atoms.
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TO
dw, =LIdI.
[HTEerpyt0oUn 1€ PiBHAHHS, OTPUMAEMO:
[ 2
LI
W = [ Lidl ==
0
OTxe, CHepris MarHiTHOTO TTOJIS TOPiBHIOE
LI?
Wy =—-.
2
[HIYKTUBHICTH COJIEHOIIA TOPIBHIOE:
2
L=pounV,
a IHAYKIlis MarHiTHOTO TOJISI BCEPEIUHI HHOTO
B=p,unl .
3 ypaxyBaHHsM 3B’s13Ky B = pouH , eneprist MarnitHoro moss
Ll 2 _ B?
B — - l
2 2pep

ne V=S| -o006’em conenoina.
Tak sik MarHiTHe MoJie BCepeAnHi JIOBrOro COJIeHOia OTHOPiIHE, TO
00’eMHA TYCTHHA €HEepTii MarHiTHOTO OIS

W, BZZBH:%HH2

0g = =
V. 2up 2 2
s ¢dopmyna ananoriusa ¢opMyni Juis TYCTHHH — €Heprii
€JICKTPUYHOTO MOJIS.

3.5 MarHiTHi BJacTUBOCTi pe4OBUHH
3.5.1 ®i3uyHi 0CHOBU MATrHITHUX BJIACTHBOCTEH peYOBUHH

Bci pedoBHHM MarOTh MarHiTHI BIIACTHBOCTI. SIKIIO PO3MICTHTH
Oyzap-sike TiIO y MarHiTHOMY MOJdi, TO BOHO Oyae HamarHidyBarucs. Lle
SIBUIIC HA3UBAETHCS HAMArHiYyBaHHAM, a Tijia, 3JaTHI HAaMarHi4yBaTHCS ITi]T
BIUIMBOM 30BHIIIHBOTO MArHITHOTO TIOJS, HAa3WBAIOTh MAarHETHKaMH.
MarHiTHi BIIACTHBOCTI PEYOBHHH CIPHUUHSIOTHCS PYXOM €JIEKTPOHIB B
aToMmax.
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The magnetization vector is one of the important characteristics of
magnetism. The magnetization vector ] IS magnetic moment of a
substance per unit of volume:

Y P

=

= v
where P, is magnetic moment of atom (molecule).

For many isotropic magnetics vector ] is directly proportional to
intensity of external magnetic field H:
j=xH,
where x is the magnetic susceptibility of the substance.

Magnetic induction B in substance that is situated in the external
magnetic field H consists of magnetic induction Bg of the external

—

magnetic field and magnetic induction Bjof own magnetic field of
substance

B=B, +B, =poH + o] =poH +poxH =p, 1+ )H =pouH,
where p=1+7y is magnetic permeability of a substance.

3.5.2 Diamagnetism

Matters whose atoms or molecules have no magnetic moment with
the absence of an external magnetic field are called diamagnetics.
Diamagnetics are magnetized in the external magnetic field against the
field. This property of substance is called diamagnetism. Magnetic
permeability for them is pu<l and magnetic susceptibility y <Oand it is
relatively small value:

|x| ~10°+10°°.

Diamagnetism is stipulated by the motion of electrons in atoms
around the nucleus. Electrons change their orbits and velocities so as to
produce a magnetic field that is opposite to the external magnetic field
according to Lentz’s law. Diamagnetism is present in all substances.
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Opniero 3 HAMBAXIMBIMINX XapaKTEPUCTUK HAMAarHidyBaHHS €
BEKTOpPHA BEJIMYMHA — HamardiyeHict. Hamarmiuewicts | JI0piBHIOE
MarHiTHOMy MOMEHTY OJMHUII 00’ €My MarHeTHKa:

Z r)mai

J=T

ne P, - e MarHiTHUII MOMEHT i-ro aToMa (MOJICKYIIH).

Jlis 6araThoX i30TPOIMHUX MarHETUKIB BEKTOP | MPAMO MPONOPIIHHMIMA
HANpPy>KEHOCTI 30BHIITHBOTO MAarHiTHOro Tosist H :
J=xH,
Jie ), - MarHiTHa CIPUHHATINBICTD PEUYOBHH.

MarnitHa iHaykuis B B pedoBuHi, 1110 3HAXOAUTHCS Y 30BHIIIHBOMY
martitTHoMy nioni H ckiamaersest 3 MaruiTHOl inaykiii BQ  30BHIIIHBOTO

MarHiTHOro MoJis i MarHiTHOI iHmykiii Bi BIacHOro MarHiTHOTO OIS
pE€YOBHUHU:

B.:éo +§i :HOH +HOTZHOH +H0XH :Ho(l"‘X)H :HOHFL

aep =1+7y -1e Mar”iTHa NPOHUKHICTh PEYOBHHH.

3.5.2 JliamarneTusm
PeyoBuHM, aToMu ab0 MOJIEKYJIM SIKHX HE MalTh MAarHiTHOTO
MOMEHTY Y BIJICYTHOCTI 30BHIIIHBOIO MArHITHOTO TOJISi, HA3HWBAIOTHCS
JliaMarHeTUKaMu. Y 30BHINIHROMY MArHITHOMY TIONi JliaMarHETUKU
HAMarHivylOThCcsS MPOTH TMOJsA. [[}0 BIACTHBICTH PEYOBMHM HA3UBAIOTh
JiamarHeTusmMoM. JIsi HHMX MarHiTHa NPOHUKHICTH 4 <1, a MarHiTHa

CHpHﬁHHTHI/IBiCTL X < 0 1€ Bi}lHOCHO HEBCINKOIO BECINYNHOIO
—6 -5
|x| ~10" +107.

HiamarnetusMm 0OyMOBJIEHO PyXOM €JIEKTPOHIB B aTOMax HaBKOJIO
aapa. Y 30BHIIIHBOMY MAarHiTHOMY IIOJIi €JIE€KTPOHH 3MIiHIOIOTH CBOIO
op0iTy 1 MIBHAKICTH TaKMM YHHOM, IO BUHHKA€ MarHiTHE TIOJe, SIKe
BIAMOBiAHO A0 mpaBwia JleHna, npPOTWIEXKHE O 30BHILIHBOTO.
JiamaraeTu3M BIacCTUBHUI yCiM PeHOBHUHAM.
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The graph of diamagnetic magnetization is shown in the Fig. 3.53
J

Figure 3.53

Diamagnetics are pushed out from the non-uniform magnetic fields,
i.e. they move in the direction of decreasing of magnetic field intensity.
Diamagnetic rod is situated perpendicular to lines of magnetic field
induction in the homogeneous magnetic filed.

Diamagnetic materials are Ag, Au, Cu, C, Si, Ge, H,O, Hg, Pb, Bi
inert gases, organic compounds and others.

3.5.3 Paramagnetism
Materials whose atoms or molecules have some magnetic moments
in the absence of the external magnetic field are called paramagnetics.
Paramagnetics are magnetized along a field in the external magnetic
field. This property of materials is called paramagnetism. Paramagnetics
have magnetic permeability p > 1 and positive magnetic
susceptibility y > 0. Its value:

x1107°+107%.

In the absence of an external magnetic field thermal motion creates a
direction of magnetic moments of atoms absolutely arbitrary and a total
magnetic moment of paramagnetic equals zero.

In the external magnetic field the orientation of magnetic moments of
atoms is performed and their primary orientation along a magnetic field is
set. Paramagnetic is magnetized and its own magnetic field coincides with a
direction of external magnetic field making it stronger. When the external
magnetic field is turned off primary orientation of magnetic moments of
atoms disappears because of thermal motion and paramagnetic is
demagnetized. A magnetization curve is shown in the Fig.3.54
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I'pacdix HamMarHidyBaHHA AiaMarHeTHKa 300pa)keHo Ha puc.3.53.
J

Pucynok 3.53

JiaMarHeTHKHM BUIITOBXYIOTHCS 3 HEOAHOPIAHOTO MAarHiTHOTO IO,
TOOTO BOHU PyXaIOTHCS B HAMPSAMKY 3MEHIIIEHHS HANIPYXEHOCTI MarHiTHOTO
monsi. B opHOpimHOMY MAarHiTHOMY TIONIi JiaMarHiTHHH CTPIKEHb
PO3TAIIOBYETHCSI IEPIICHIUKYJIAPHO JI0 JIIHIN 1HAYKIIIT MAarHiTHOTO ITOJIS.

Mo miamarnetrukiB Hamexarh: Ag, Au, Cu, Zn, Pb, Hg, Bi, Si, Ge,
H,O, iHepTHI ra3u Ta opraHidHi CIIOIyKH.

3.5.3 IlapamarueTusm

PeuoBwHM, aTOMH SKHX MalOTh MarHiTHI MOMEHTH y BiJICYTHOCTI
30BHIIIHHOTO MAarHiTHOTO TIOJIs, HA3UBAIOTHCS MTapaMarHeTHKH.

VY 30BHINIHBOMY MarHiTHOMY MOJIi MMapaMarHeTUKH HAMAarHiuylHOThCs
3a nosieM. L{fo BIacTUBICTh PeYOBMHM HA3UBAIOTh MapaMarHeTu3MoM. BoHu
MalTh MarHiTHy TPOHHUKHICT, W > 1 TO3UTHBHY MarHiTHy
crpuitHsTuBicTh Y > 0, 3HaUCHHS SKOT:

x1107°+107%.

3a BiZICYTHOCTI 30BHILIHBOTO MAarHiTHOI'O MOJISl TEIUIOBHH PyX pOOUTH
Hanpsm MAarHiTHUX MOMEHTIB aTOMiB MOBHICTIO BHUIAJKOBHUM i IMOBHUI
MarHiTHHA MOMEHT TIapaMarHeTHKY JIOPiBHIOE HYIIIO.

Y 30BHIIHBOMY MAarHiTHOMY T0Jli BiOyBaeTbcs  Opi€HTAIlis
MarHiTHUX MOMEHTIB aTOMiB i BCTAHOBIIIOETHCS IXHS IEPEBaXKHA OpiEHTAIIIS
3a HampsSMOM MarHiTHOro mois. [lapamMarHeTWK HaMarHidyeTbes 1 HOTO
BJIACHE MAarHiTHE IoJie 30iracThcsl 3a HANPSMOM i3 30BHIIIHIM MAarHiTHUM
nojem, miacwiooun ioro. I1pyn BUMHKaHH] 30BHIITHHOTO MarHiTHOT'O TOJIS
NepeBakHa OpIEHTAIlisl MarHiTHUX MOMEHTIB aTOMIB 3HHMKAa€ BHACIIiJOK
TEIJIOBOTO  pyXy 1  TlapamMarHeTdK  po3MarHiuyerbcsi.  ['padik
HaMarHiuyyBaHHs MapaMarHeTHka 300paxkeHo Ha puc.3.54.



286

| g
Figure 3.54

If temperature of paramagnetics increases thermal motion makes the
orientation of the magnetic moments random in the external magnetic field.
Thus, the magnetic susceptibility of paramagnetics is inversely proportional
to its temperature (Curie’s law):

XZFa

where C is Curie’s constant.

C — n”o pzm.a
3k
where n is the number of atoms per unit of volume (concentration), pm.a iS
magnetic moment of an atom, k is Boltsman’s constant.

In variable magnetic field paramagnetics are pulled into the area of
stronger fields. Inside a homogeneous magnetics fields paramagnetic rod is
parallel to the magnetic field induction lines.

Paramagnetics are: Pt, Pd, Mb, Al, Mg, Ca, Cr, Mn, O, etc.

3.5.4 Ferromagnetism

Ferromagnets are materials that have spontaneous magnetization in
the absence of external magnetic field. Its magnetic permeability depends
on the external magnetic field intensity and it is a large valuep >>1.
Ferromagnets increase an external magnetic field in hundreds and
thousands times and they are related to high magnetic materials. This
phenomenon is called ferromagnetism. Magnetic susceptibility % of
ferromagnetics can achieve values up to

y =10* +10°,

Experimental investigation of ferromagnets properties was initiated
by A.G. Stoletov (1839-1896) in 1878. He obtained the dependence
between a magnetization of ferum and an intensity of a magnetic field. This
relationship is shown in the Fig.3.55.
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Pucynok 3.54

[Ipu migBUIIEHH] TEMIIepaTypy apaMarHeTHKa y 30BHIITHHOMY
Mar"iTHOMY TIOJIi BiIOyBa€eThCsl pyHHYBaHHS MEPEBAKHOI OpieHTAITi
MarHiTHUX MOMEHTIB aTOMiB BHACJIIOK IXHBOTO TEIJIOBOTO pyxy. OTXKe,
MarHiTHa CIPUHHSATINBICTD ApaMarHeTHKIB 3aJIeXKHUTh B/l TEMIIEpaTypH

C
(3akon Kropi): X = ?,
ne C — crana Kropi.
C — n”o pzm.a ,
3k

Jie N — KOHIIEHTpPAIlisI aTOMiB, Ppa — MAarHiTHUH MOMEHT atoma, K — crana
bonenmMana.

B HeomHOpiAHOMY MarHiTHOMY TIOJIi TTApaMarHETHKH BTATYIOTHCS B
obmacth OLNBII CHJIBHUX TMONIB. B ofHOpiAHOMY MarHiTHOMY MO
MapaMarHiTHAH CTPW)KEHb PO3TAIIOBYETHCS MApajeNbHO M0 JiHIN 1HIyKIil
MarHiTHOTO IOJISL.

Jlo mapamaraetukis Hajgexarnb: Pt, Pd, Mb, Al, Mg, Ca, Cr, Mn, O, Ta imi.

3.5.4 ®epomarneTusm
depomMarHeTHKH — L€ PEYOBHHH, SKI MArOTh CIIOHTaHHY
HAMaTHiYeHiCTh TIPH BiICYTHOCTI 30BHIIHLOIO MATHITHOrO MHOJA. IX
MarHiTHa TPOHUKHICTh 3QJIKUTh BiJl HAMPYXXEHOCTI 30BHIIIHHOTO
MAarHiTHOTO MOJIS 1 € JAy)Ke BEIMKOK BEIUYHHOI [L >>1. depomarneTuku

MIiJCHIIIOIOTH 30BHIIITHE MAarHiTHE I10JIC B COTHI 1 THCAYl Pa3iB 1 BiTHOCATHCS
IO  CWIBHO  MarHiTHMX  pedoBuH. lle  sBUmE  Ha3UBa€eThCS
¢depomaraeTusMoM. MarHiTHa CIpUHHATIUBICTD (PEPOMArHETHKIB 10CATAE
x =10* +10°,
ExcrniepyiMeHTanbHe JOCHIDKEHHS BIIACTHBOCTEH (EepOMarHeTHKIB
oyno posnouaro O.I.CtoneroBum B 1878 p. BiH oTpumaB 3aliexkHICTH
HaMarHiueHoCTi 3aii3a BiJ HANpPYy>KEHOCTI MarHiTHOTo mojs (puc.3.55).
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Figure 3.55

At a given Hs value magnetization reaches saturation and remains
constant. This phenomenon Stoletov called a magnetic saturation.
Magnetic permeability of ferromagnets depends on the external
magnetic field intensity(Fig.3.56).
18

Figure 3.56

The value of p increases fast with a growth of H, reaches a maximum
and then decreases, tending to unite. This phenomenon is explained by

_ B :H0H+J:1+ J
HoH HoH HoH
and when magnetic saturation is reached (j=const) with increasing of H the
ratio j/H—0 and p—1. Maximum value of p for ferromagnets reaches very
large values. For example, for iron pm,,=5000, for permalloy (Fe and Ni
alloy) pmax = 100000.
A characteristic feature of ferromafnetics is a dependence between

magnetizationiand the previous way of magnetizing of a sample.

Magnetization curve for its does not retrace itself with increase and then
decrease of an external magnetic field. This phenomenon is called a
magnetic hysteresis.
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Pucynok 3.55

IIpu nmeskomy 3HadeHHi H, HamarHideHicTh AocsArae HaCHYEHHS 1
3amumaTthCsa mocTiiiHoo. Ile sBume CToIETOB Ha3BaB MAarHiTHHM
HAaCHUYCHHAM.

MarniTHa  TPOHHUKHICTP  ()EPOMAarHeTWKIiB  3aleKHUTh  Bif

HaTIPY>KEHOCTi 30BHIITHHOTO MarHiTHOTO Moiis (puc.3.56).
18

H
Pucynoxk 3.56
BenuurHa | crioyaTKy MIBHIKO 3pOcTae i3 30unbmeHHsM H, mocsrae
MakKCUMyMY 1 MOTIM CIaJa€, NpsMyoUd 10 oauHIl. [le moscHI0eThCS ThM,
110
_ B =U0H+J:1+ J
HoH HoH HoH
i TpH JOCATHEHHI MAarHiTHOrO HacuueHHs (J=const) i3 3pocranusm H
BigHomenHs j/H—0, a p—1. MakcumanbHe 3Ha4YeHHS W JUIs
(epoMarHeTHKiB JOCsra€e BENMKHUX 3HaueHb. Hampuknax, g 3aimiza
Umax=5000, mst mepmaioro (cmas Fe i Ni) pmax = 100000.
XapakTepHOIO  0COONHBICTIO  (pepoOMarHeTWKIB €  3aJIEKHICTh

HAMar"iueHocTi | BiJ MONEpeaHboi icTopii HamarHiueHHs 3paska. Kpusa
HaMarHiueHHs He MOBTOPIOE€ cama ceOe mpu 30UIbIIEHHI, a HOTIM IpH
3MEHIICHHI 30BHIIIHBOrO MarHitHoro mois (puc.3.57). lle sBuiie
HA3UBAETHCSI MATHITHUM TiCTEPE3UCOM.




Figure 3.57

In Fig.3.57 a dependence curve of j and H has the form of the loop
and is called the hysteresis loop. The segment 0-1 is the magnetization
curve of the demagnetized ferromagnet at the initial state (B = 0). This

curve is called the initial magnetization curve. If the magnetic field H is
reduced from a certain value (point 1) to zero the magnetization j falls to a

value j,. This magnetic induction is called residual. Ferromagnets in this
state are called permanent magnets. To demagnetize completely the
ferromagnets it is necessary to apply the reverse field H. (2-3). This
magnetic field intensity H. is called the coercive force of ferromagnets.
Further increasing of magnetic field intensity in the reverse direction leads
to demagnetization of ferromagnet (3-4). Point 4 corresponds to the
saturation magnetization. Segments (4-5-6) correspond to demagnetization
and (6-1) corresponds to further remagnetization to saturation of
magnetization in the point 1. Thus the obtained closed curve is the
hysteresis loop. The area of hysteresis loop is determined by the work done
by the external magnetic field during one over magnetization cycle of a
ferromagnet.

Residual induction j,, coercive force H,, maximum permeability pmax
and Curie temperature T. are the main characteristics of ferromagnets.
These characteristics are different for ferromagnetic materials in a wide
range. All ferromagnets can be presented as two groups.

1. Soft magnetic materials which have small coercive for

H, ~ (08+8) 2,
m
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Pucynoxk 3.57
Ha pwuc.3.57 kpuBa 3amexxHocti j Bix H mae dopmy merm i
Ha3WBAETBCS MeTiel  ricrepesuca. Bimpizok 0-1 - 1me kpusa

HAMarHiYyBaHHS paHillle HE HaMar"ideHoro (EepoMarHeTuKy 3
nmouatkoBoro crany (B = 0). Llg xpuBa Ha3WBa€THCSA MOYATKOBOIO KPHUBOIO

HaMarHidyBanHs. Komu wmarmitHe mome H  3MiHIOEThCS Bil IMEBHOTO

3Ha4YeHHS (Touka 1) 10 Hynsa, HaMarHiueHicTb | 3MEHIIYETHCS JI0

3HaYeHHS ;. Taka HaMar”iueHiCTh  HA3WBAETHCS  3aJIHIIKOBOIO.
®depoMarHeTHKH B TaKOMY CTaHi HA3WBAIOTHCS IMOCTIHHMMH MarHiTaMu.
[ moBHOTO poO3MarHiuyyBaHHS (EPOMAarHETUKY HEOOXiIHO TPUKIACTH
obepuene mose H. (2-3). Hampyxenicts H, 1poro monsi Ha3uBarOTh
KOEpIETHBHOIO  cwiolo  ¢epomarHeruka.  [lomamplne  3pocTaHHS
HaNpY»XEHOCTI B 3BOPOTHOMY HaMNpsSMKY Bejie JI0 IepeMarHidyBaHHsI
¢depomarneruka (3-4). Touka 4 BiAmMoOBima€ HACHYEHHIO HaMarHidyBaHHS.
Bigpizok (4-5-6) 300paxxye po3marHidyBaHHs, a (6-1) mogambIre
nepeMarHidyBaHHsl 10 Hacu4deHHs B Touli 1. OTke, OTpUMaHa 3aMKHYTa
KpUBa € MeTIel0 TicTepe3uca. Ii IUloma BH3HAYAETBCS POOOTOIO,
BUKOHAHOIO 30BHINIHIM MAarHiTHUM II0JIeM BHPOJOBX OJHOTO IHKIY
nepemMarHiuyBaHHs (pepoMarHeTrka.

OCHOBHMMHU XapaKTepUCTUKaMU (HEepOMarHEeTUKIB € 3alUIIKOBa
HAMar”iueHicTh J;, KoeplueTHBHA cuia H,, MakcumanbHa MarHiTHa
NPOHUKHICTh [max Ta Temrepatypa Kropi Te. 1li XapakTepucTHUKH Iyxe
BIJIPI3HAIOTECSL  JUISL  Pi3HUX (EPOMArHiTHUX MarepiaigiB. 3a [UMH
XapaKTepUCTUKAMH BCi pepOMArHeTHKH MOYKHA OJUIMTH Ha JB1 TPYIIH:

1. MarniTHOM sIKi MaTepiaiy, o MalOTh MaJly KOEpLETUBHY CHITY

H, ~ (08+8) 2,
m
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a high permeability, narrow hysteresis loop and very small losses of energy
at demagnetization. They can be easily magnetized and demagnetized.
Typical soft magnetic materials are silicon steel Fe-Si and soft iron.
These materials are mainly used in electric engineering as cores of
transformers and electromagnets.
2. Hard magnetic materials which have large coercive force

H. ~ (10* +10°) A
m

a relatively low permeability, wide hysteresis loop and large losses of
energy at demagnetization. They are difficult to be magnetized and
demagnetized.

Typical hard magnetic materials are cobalt, steels and various alloys
of Fe, Ni, Al, Co. They are used for making permanent magnets.

As the temperature increases, the spontaneous magnetization of the
ferromagnets decreases. When the temperature reaches a certain critical
point T, which is called the temperature or Curie point, the ferromagnet
loses its properties and turns into a paramagnetic.

Ferromagnets placed in magnetic field change their sizes during
magnetization and demagnetization. This phenomenon is called
magnetostriction. It is used to produce supersonic waves.

The classic theory of ferromagnetism was founded by French
physicist P.Weiss in 1907. According to this theory ferromagnetic material
is split into small regions which in the absence of the external magnetic
field are spontaneously magnetized to saturation. These regions are called
domains.

The total magnetization of the ferromagnetic sample is found to be
equal to zero. Consequently the ferromagnetic material is not magnetized in
the whole. If a ferromagnets is placed in an external magnetic field then
domains whose magnetization is not oriented in the field direction change
its magnetization direction into the magnetizing field. As a result the
growth in domain sizes occur and ferromagnetic material magnetized
(Fig.3.58).
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BEJMKYy MAarHiTHY NpPOHHKHICTh, BY3bKYy IETIIO TicTepe3nca Ta [yxke
HE3HAa4yHI BTpAaTW €HEeprii mpW TepeMardidyBaHHi. BoHHM Jerko
HaMarHiuylThCS 1 PO3MarHi4yIOThCA.

TumoBi marHiTHOM siki Matepianu: criaBu Fe-Ni, Fe-Si ta texuiuno
gucte 3amizo. llepeBakHO IIi MaTepianu BHKOPHUCTOBYIOTHCS B paiio- 1
€JICKTPOTEXHIIli B IKOCTI Ocepab TpaHc(hopMaTopiB, EIEKTPOMATrHITIB TOIIIO.

2. MarsiTHOTBEep/ Marepiajid, 10 MalTh BEIUKY KOCPIICTUBHY
CHITY

H, ~ 10" +10°) 2,
m

BiTHOCHO MalTy TPOHUKHICTh, ITUPOKY IIETIIIO TiCTepe3nca Ta 3Ha4Hi BTPAaTh
eHeprii mpu nepemarHiuyBaHHi. BOHM BaXXKO HaMarHi4ylOTbcS Ta
PO3MarHigyOThCS.

TunoBi MarHiITHOTBEPI MaTepianu: KOOaJIbT, CTANl Ta Pi3HI CILIABU
Fe, Ni, Al, Co. BoHu BHKOPHUCTOBYIOTBCS JUISS BUTOTOBJICHHS MOCTIHHHX
MAarHiTiB.

3  MmIBHOICHHSM  TEMIIEpaTypd  CIIOHTAaHHE  HaMarHIYeHHS
(depomarHeTHkiB 3MeHbIIyeThcs. Komm Temmeparypa pocsrae II€BHOT
KpUTUYHOI TOUYKH T, SIKy HAa3WBalOTh TEMIeparypor abo toukorw Kropi,
(epoMarHeTMK BTpava€ CBOi BIACTHBOCTI 1 TEPETBOPIOETHCA Ha
napaMarHeTHuK.

®depoMarHeTHKH B MarHiTHOMY TIOJTi 3MiHIOIOTh CBOi PO3MIipH i 00’ eM
B Mpolleci HaMarHiuyyBaHHs Ta po3MmarHiduyBaHHs. Lle sBuIle Ha3WBaIOTH
MATHITOCTPUKIi€K0. I0oro BUKOPHCTOBYIOTH [UIsl OTPHMAHHS HAI3BYKOBHX
XBHJTb.

Knacuuna Teopist pepomarneTnsmy Oyna po3poOiieHa (paHIly3bKHUM
¢izukom I1. Beiicom B 1907 poui. BignosigHo 1o wi€i Teopii, pepomarHiTHi
MaTepiaiy MOMIJeHI Ha MaJieHbKi O0JacTi, SIKi y BiJICYTHOCTI MarHiTHOTO
MoJIss CIIOHTAHHO HaMarHiueHi g0 HacuueHHs. Ili oOnacTi Ha3WMBaKOThH
JIOMEHAMH.

3aranpHa K HaMarHi4eHicTh hepoMarHeTuKy JOpiBHIOE Hymo. TooTo
(depoMarHeTMK HE HamarHiueHo B wmiioMy. Skmo ¢epomarHeTuk
PO3MICTHTH B MArHiTHOMY IIOJi, TO JIOMCHM, HAMarHi4eHICThb SKHX HE
COpsSMOBaHE B  HampsMKy TOJsI, 3MIHIOIOTH HampsIMOK  BJIAaCHOI
HaMarHiueHOCTI B HampsiMi TMOJI1 HamarHiuyBaHHs. B pesynbrarti
BiIOyBa€ThCSI ~ 3pOCTaHHS  PO3MIpiB  JOMEHIB 1  (epoMarHeTuk
HamarHiuyethcs (puc.3.58).
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Figure 3.58

At first Einstein and Haas (1915) experimentally proved that
ferromagnetism is caused by orientation of own magnetic moment of
electrons, i.e. by the electron spins. The ferromagnetism is observed in
crystal materials whose atoms have unfilled inner electron shells with
uncompensated spins.

The modern interpretation of ferromagnetism by quantum theory of
Frenkel and Heisenberg (1928) is to assume the existence of strong
interatomic forces. These forces are known as exchange forces and have
guantum nature. By means of exchange forces the spin magnetic moments
of electron are oriented parallel to each other that causes the existence of
spontaneous magnetizing regions — domains in the absence of the external
magnetic field. Under the influence of the external magnetic field atoms of
neighboring domains tend to be aligned in the direction of the field.

Nowadays semiconductor ferromagnets are widely used in
engineering. These materials are called ferrites. The general formula of
ferrites is MeO-Fe,O3, where Me is the twice-valent metal (Mn, Co, Ni, Cu,
Mg, Zn, Fe, Cd). Ferrites have large magnetic susceptibility and
permeability, small coercive forces, small heat losses during magnetization
and very high electric resistance (up to ~ 10* Q-m). Ferrite cores are used in
radioelectronics, in computers (as cells of memory) etc. The Curie
temperature for various ferrites is in the range of 300-600 °C.
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Pucynok 3.58

Eitnmreiin Ta ['aaz B 1915 pouni Boepiie ekcriepuMeHTaIbHO JOBEIH,
mo (QepoMarHeTnsM BHUKIMKAaHWHA ICHYBaHHSIM BJIACHUX MAarHITHHX
MOMEHTIB €JEeKTPOHIB, TOOTO CIiHAMH eJeKTpoHiB. DepomMarHeTusMm
CIIOCTEPIra€ThCsl B KPUCTAIIYHMX MaTepiajax, aTOMH SKHX MAaloTh
HE3allOBHEHI BHYTPIIIHI €JICKTPOHHI OOOJIOHKHM 3 HEKOMIICHCOBAaHHMU
CriHaMmu.

CydacHe TiayMadyeHHS (epoOMarHeTU3My 3TiJHO 3 KBaHTOBOIO
teopieto @penkens Ta [eitzendepra (1928) npumyckae icHyBaHHS BEIUKHX
MDKATOMHUX cui. LI cmiou Bigowmi, sk OOMIHHI CHIIM, 1 BOHU MAarOTh
KBaHTOBE MOXOMKeHHd. Ilix miero OOMIHHMX CHJI, CIIIHOBI MAarHiTHI
MOMEHTH €JICKTPOHIB OPIEHTYIOTHCSl MapaleilbHO OJMH JI0 OIHOTO, IO
BUKIIMKA€ iICHYBaHHS 00JacTell CIIOHTAHHOTO HAaMarHidyBaHHS - JOMEHIB
MpH  BiZICYTHOCTI 30BHIMIHROTO Mar”iTHoro moins. Iling BrmBoM
30BHIIIHLOTO MAarHiTHOTO TMOJII aTOMH  CYCLJIHIX JIOMEHIB MparHyTh
BUPIBHATHUCS 32 HAMIPSIMOM TIOJISL, 1110 MTPU3BOAUTE JI0 IOBOPOTY JOMEHIB.

Ha  crorogHi  HamiBIPOBITHUKOBI  (pepoMarHeTHKH  IIMPOKO
BUKOPHCTOBYIOThCS B TeXHimi. Taki MaTepiany HasuBaoThcs (epuramu. Ix
3araynbHa opmysa MeO-Fe,0s, ne Me — tie aBoBanentuuii metan (Mn, Co,
Ni, Cu, Mg, Zn, Fe, Cd). deputd MawOTh BEIHKY MAarHITHY
CHOPUIHATIMBICTH Ta MPOHUKHICTh, MAJTy KOEPUUTUBHY CHIIy, MaJli TEIUIOBI
BTPaTH MpU TEpeMarHidyyBaHHI Ta JyK€ BEIMKHN EJIeKTPUYHUHA OIIip
(m0~10* Q'm). depuToBi OCEPaT BUKOPHUCTOBYIOTH B PamiOeNeKTPOHIL,
KoMIT'10Tepax (sIK eneMeHTH nam'sati) Ta iH. Temnepatypa Kiopi ans pizaux
¢eputiB 3HaxouThCs B inTepBaii 300-600 °C.



296

Control questions
Electricity

1. Formulate the law of conservation of electric charge.
2. Formulate the Coulomb's law.
3. Give the definition of the main characteristics of the electrostatic field.
4. Formulate the Ostrogradsky-Gauss theorem for an electrostatic field in a
vacuum.
5. What is the potential of the electric field?
6. What is the circulation of the electric field intensity vector?
7. What is the relationship between the intensity and potential of the electric
field?
8. What is the polarization of dielectrics?
9. Give the definition of electric capacitance.
10. How is the energy of the electric field determined?
11. What is the current intensity and current density?
12. Formulate the basic laws of direct electric current.
13. What is the potential difference, electromotive force, voltage?
14. Formulate the laws of Kirchhoff.

Magnetism
. Give the definition of the main characteristics of the magnetic field.
. Formulate the law of Bio Savar-Laplace.
. Formulate the law of full current for a magnetic field in a vacuum.
. What is the force of Lorentz?
. What is the Hall effect?
. What is magnetic flux?
. Why is the magnetic field vortex?
. What is the phenomenon of electromagnetic induction?
. Formulate the law of electromagnetic induction of Faraday.
10. What is vortex currents?
11. What is the phenomenon of self-induction?
12. What is inductance?
13. Explain the phenomenon of mutual induction.
14. Explain the principle of the transformer.
15. How is the energy of magnetic field determined?
16. What is diamagnetics, paramagnetics and ferromagnets?

O©CoO~NO U WN P
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KoHTpoabHi 3anuTaHHs
Enexktpuka

1. ChopmymroiiTe 3aK0H 30€pEKEHHS €NIEKTPUIHOTO 3apsiTy.
2. Chopmymroiite 3akoH Kymona.
3. JlaiiTe BU3Ha4Y€HHsI OCHOBHUM XapaKTEPUCTUKAM €JIEKTPOCTATUIHOTO
TOJISL.
4. Copmymroiite Teopemy OcTtporpaacekoro-I aycca ass enexTpocra-
TUYHOTO HOJISL y BaKyyMi.
5. Illo Take mMOTEHIIIAN EICKTPUIHOTO TTOJIS?
6. I1lo Ha3uBa€eTHCA NUPKYJIALIE€I0 BEKTOPA HAPYKEHOCTI ENEKTPUIHOTO
nossi?
7. SIkuM CITiBBiTHOMIEHHSIM 3B’ SI351HI MK COOO0I0 HANPYKEHICTh i MOTEHITiaT
€JIEKTPUYHOTO T0JIs?
8. Illo Take nmonspu3amis AieIeKTPUKIB?
9. JlaiiTe BUBHAYCHHS EIEKTPOEMHOCTI.
10. Sk BU3HAYAETHCSA €HEPTis eNEeKTPHIHOTO OIS ?
11. o Take cuna cTpyMy i TycTUHA CTPyMy?
12. CdhopmymroiiTe OCHOBHI 3aKOHH TIOCTIHHOTO EIEKTPHIHOTO CTPYMY.
13. o Take pi3HHIA OTEHIIIANIB, EIEKTPOPYIIiiiHA chla, Hanpyra?
14. Chopmymoiite 3akonu Kipxroga.

Marnerusm
. JlaliTe BU3HAYE€HHS] OCHOBHUM XapaKTE€PHUCTHKAM MarHiTHOTO MOJIS.
. Chopmymroiite 3akon bio-Capapa-Jlamiaca.
. ChopmyroiiTe 3aKOH TOBHOTO CTPYMY JIJIsl MATHITHOT'O TIOJISL Y BaKyyMi.
. Illo Take cuna Jlopenua?
. B womy momsirae epexr Xomna?
. Illo Take MarHiTHUH MOTIK?
. HoMy MarsiTHe 1ojie BUXpoBe?
. B yoMy monsrae sBuile enekTpoMardiTHOI iHTYKITi1?
. ChopmyrroiiTe 3aKoH eNeKTPpOMAarHiTHoI iHayKiii @apayest.
10. [llo Take BUXpOBI CTpyMu?
11. B yoMy moJsiSirae SIBHIIE CAMOTHITYKIT1?
12. 1o Take iHAYKTUBHICTH?
13. [osICHITH SIBHIIE B3aEMHOT 1HIYKIIII.
14. TlosicHiTh pUHIMI pOOOTH TpaHCchOpMaTopa.
15. SIk BU3HAYAETHCS €HEPTisl MarHiTHOTO TOJIsA?
16. Ilo Take AiaMarHeTHKH, TApAMarHETHKH 1 (PepOMarHETUKU?

O OO ~NON N AW~
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Subject index
IIpenmMeTHHI MOKAKIUK

Acceleration 20
Adiabatic equation 138
Adiabatic process 136
Alternative current 262
Amount of substance 84
Ampere 208

Ampere’s force 230
Ampere’s law 232
Angular velocity 26
Arm of dipole 186
Atomic mass unit 86
Avogadro’s law 84

Bio-Savart-Laplace law 232

Capacitance 198

Capacitor 200

Carnot’s cycle 144

Centrifugal force 56

Clausius inequality 152
Centrifugal force 56

Centripetal acceleration 56
Charles’s law 102

Circulation of intensity vector of
electric field 176

Circulation of intensity vector of
magnetic field 238
Clapeyron-Mendeleyev equation 98

Closed circuit 216
Closed system 40
Conductance210
Conservative force 178
Corioles’ force 56
Coulomb law 154
Critical temperature 121

[puckopenns 21
PiBusauns agiadbatu 139
Aniabatuuii npouec 137
3MiHHU cTpym 263
KinpkicTs pedoBuHH 85
Awmrep 209

Cuna Ammepa 231
3akon Ammnepa 233
KyroBa mBunkicte 27
[Ineue numons 187
AtomHa oguHuL Macu 87
3akon ABoraapo 85

3axon bio-Casapa-Jlamraca 233

€wmmnicts 199

Konpencarop 201

Hukn Kapuo 145
Bignenrtposa cuna 57
HepiBnicts Knaysiyca 153
Bignentposa cuna 57
JoueHTpoBe npuckopeHHs 57
3axoH apns 103
Lupkynsmist BEKTOpa HAIPYy>KEHOCTI
eJIEKTPUIHOTO ToJtst 177
Lupkynsmist BEKTOpa HAIPy>KEHOCTI
Mar"iTHoro moss 239
PiBustaus Knamnetipona-
Menpeneesa 99

3amkHyTe KOJI0 217
3amkHyTa cuctema 41
Enexrpuyna nposinHicTs 211
KoncepsatusHa cuna 179
Cuna Kopiomica 57

3akon Kymona 155
Kputnuna remmneparypa 122



Curie temperature 192
Current density 208
Current Intensity 208
Current source 212
Cyclic process 140

Dynamics 34

Degrees of freedom 98
Density 34

Diamagnetics 282
Dielectric hysteresis 190
Dielectric permeability 186
Dielectrics 184

Diffusion 112

Diffusion coefficient 112
Direct current 208
Displacement vector 16
Distribution function 102
Domains 190

Eddy currents 264
Efficiency coefficient 146
Elastic deformation 36
Electric charge 154
Electric conductivity 210
Electric current 208
Electric field 140

Electric generator 262
Electromagnetic induction 258
Electromotive force 214
Electrostatic field 154
Electrostatic induction 194
Energy 42

Entropy 148

External force 50

Faraday’s law for electromagnetic

induction 258
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Temmneparypa Kropi 193
I'yctuna ctpymy 209
Cuna ctpymy 209
xepeno ctpymy 213
Huxmiganit mporec 141

Junamika 35

Crymeni BitpHOCTI 99

I'yctuna 35

Hiamarneruku 283
Hienextpuunuii ricrepesuc 191

HienexTpuyna npoHUKIHBICTE 187

Hienextpuku 185
Hudysis 113
Koedimient qudysii 113
[ocriitanit ctpym 209
BekTop nepemimenns 17
®yHkis po3noginy 103
Jomenn 191

Buxpogi ctpymu 265
Koeoinient xkopucuoi nii 147
[pyxHa nepopmartist 37
Enexrpuannii 3apsn 155
Enextpuuna nposignicts 211
Enextpuunuii ctpym 209
Enextpuune mone 141
Enexrpuunuii reneparop 263
EnexrpomarniTHa iHgyKIist 259
Enexrpopyumiitina cuna 215
EnextpocraTnune noie 155
Enexrpocratuuna inmykiis 195
Enepris 43

Enrtpomis 149

Croponss cuna 51

3akon Dapanes ais
eJIeKTpoMarHiTHOI iHayKIii 259



Ferrites 294
Ferroelectrics 188
Ferromagnetism 286
Flux 163

Force 35

Frame of reference 13
Frequency 28

Galilean transformation 58
Gay-Lussac law 100
Gravitational constant 36

Hall’s effect 250
Heat 122

Heat capacity 128
Heat engine 140
Hook’s law 36

Ideal gas 86

Impulse 35

Inductance 272

Inertia 38

Instantaneous velocity 18
Internal energy 124
Internal friction 114
Irreversible process 144
Isobaric process 100
Isochoric process 100
Isothermal process 100

Joule-Lentz law 222

Kelvin 84

Kilogram 34
Kinematics 12
Kinetic energy 46
Kirchhoff’s laws 218
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®deputu 295
Cerneroenexkrpuku 189
®depomarnetusm 287
IToTik 164

Cua 36

Cucrema Bimmiky 14
Yacrora 29

IleperBopenns [amiges 59
3akoH ['eii-Jlroccaka 101
I'pasitauiiina crana 37

Edext Xomna 251
Temnora 123
Temnoemuicts 129
Ternmoswuit nBuryHn 141
3akon ['yka 37

IneansHuwuii raz 87
Imnynbe 36
IanykTuBHICTD 273
Inepis 39

MurtreBa mBUAKICTE 19
Buytpimas eneprist 125
Baytpimae Tepts 115
Heobopotauii poriec 145
[306apHwmii npouec 101
[30xopHuit mporec 101
[3oTepmiunnii npornec 101

3akoHn Jxoyis-Jlenma 223

Kenbsin 85

Kinorpawm 35
Kinemaruk 13a
Kinernuna enepris 47
3akonu Kipxroga 219



Law of conservation of electric
charges 154

Law of energy conservation 50
Law of impulse conservation 40
Law of impulse moment
conservation 68

Law of universal gravitation 34
Lenz’s law 260

Lorentz’s force 244

Magnetic field 224
Magnetic flux 252
Magnetic hysteresis 288
Magnetic induction 226
Magnetic permeability 228
Magnetic susceptibility 282
Magnetization 280

Mass 34

Material point 14
Maxwell’s distribution 102
Mayer’s equation 130
Mechanics 12

Molar mass 86

Mole 84

Moment of dipole 186
Moment of force 62
Moment of impulse 62
Moment of inertia 64

Most probable velocity 104

Newton’s laws 34
Noninertial frame of reference 52
Number of degrees of freedom 96

Ohm’s law 210
Ostrogradskii- Gauss theorem for
the electric field 162
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3aKkoH 30epeKEHHS SICKTPHIHUX
3apsaiB 155

3akoH 30epexenHs eneprii 51
3axoH 30epexeHHs imMIrynbcy 41
3aKkoH 30epexeHHs] MOMEHTY
iMmynbcy 69

3aK0H BCECBITHHOTO TSDKIHHS 35
3akon Jlenma 261

Cuna Jlopenna 245

MarsitHe mone 225

MarsnitHu# notik 253
MarnitHuii ricrepesuc 289
MarnitHa iHIYyKIisA 227
MarsiTHa TPOHUKIUBICT 229
MarHiTHa CIpUHHATIUBICTD 283
Marsneruzaris 281

Maca 35

Marepianbpaa Touka 15
Posnoxin Makcsena 103
Pipastnas Maiiepa 131
Mexanika 13

Mousipaa maca 87

Mo 85

Mowment gunons 187

MowmeHT cuiu 63

MowmeHT iMmynbcy 63

MowmeHT iHepitii 65

Haii6inbm iMmoBipHa mBuakicts 105

3akonu Herorona 35
Heinepuitina cucrema Bimmiky 53
Yucno cryreHiB BibHOCTI 97

3akon Oma 211
Teopema Octporpancekoro-I"ayca
JUTSE €JICKTPUYHOTO 1011 163



Paramagnetism 284

Path length 16

Period 28

Physics 12

Poisson’s coefficient 130
Potential energy 46

Potential of electric field 178
Pressure 84

Principle of superposition 158
Polarization of dielectrics 186
Power 42

Radius-vector 14

Real gas 116

Refrigerator 140

Resistance of conductor 210
Reversible process 144

Self-induction 268
Solenoid 240

Specific conductivity 210
Specific resistivity 210
Speed 18

Statics 12

Steiner’s theorem 64
Straight cycle 142
Stress 36

Temperature 94

Thermal conductivity114
Thermodynamics 122
Trajectory 16

Transfer phenomena 112
Transformer 272
Translational motion16

Van der Waal’s equation 116
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ITapamaraernsm 285

Joxuna nuisaxy 17

[epion 29

®izukal3

Koedimient ITyaccona 131
[Norenuiiina eneprist 47
INoTteH1ian eaeKTpUIHOro mojst 179
Tuck 85

[Mpuxnun cynepnosumii 159
[Monspuzariis gienektpukie 187
[otyxHicts 43

Paniyc-BexTop 15
Peanphuii raz 117
XonogwisHUK 141
Onmip nposiganka 211
O6opotHwuii mpouec 145

Camoinaykiis 269
Conenoin 241

[MuToma npoBigHicTs 211
[Muromuii omip 211
IBuaxicts 19

Crartuka 13

Teopema Llltefinepa 65
[Mpsamuit nukn 143
Hanpyxenns 37

Temnepatypa 95
TemnonpoinxicTs 115
Tepmoaunamika 123
Tpaexropisa 17

SBumia nepenocy 113
Tpancdopmatop 273
[MoctynansHuii pyx 17

PiBusinag Ban nep Baanbca 117
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Velocity 18 IBuakicte 19

Viscosity 114 B’s3kicts 115

Voltage 216 Hanpyra 217

Volume energy density 208 O06’emua rycruna eneprii 209
Work 42 PoGora 43

Weight 36 Bara 37

Wire 174 IHpor 175

Yung’s module 38 Moayns FOnra 39
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