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MNJ1AH

1. MOCTiMHMK eneKTpUYHUM CTPYM, MOro BMAM Ta YMOBU
ICHyBaHHA. Cnna CTpyMy, BEKTOP FYCTUHU CTPYMY.

2. CTOpoHHi cunn. EnektpopyLlinMHa cuna. Hanpyra.

3. [lpupoaa enektpuyHoro ornopy npoBigHUKA. [1IMTOMI
onip Ta €/IeKTPONnpoOBiAHICTb. 3aJIeXKHICTb oOnopy BiA
TemMnepartypu.

4. 3akoH Oma B iHTerpasbHiM Ta AudepeHLuianbHin
dopMax AN AiNAHKKM Ta 3aMKHYTOro e/IeKTPUYHOro Kosa.

5. Pobota Ta NOTYXHICTb €NeKTPUYHOro CTPYMYy. 3aKOH
/>Koyna-JleHua.

6. [paBnna Kipxroda ana posranayKeHmx Kin.
7. Onip npu 3’€HaHHi NPOBiAHMKIB - CAMOCTiIMHO.



EneKTpu4HUM CTPYM

EsleKmpu4YHUM CMPYMOM Ha3MBaETbCA OyAb-SKMU

BMOPSAKOBAHMU (HanpsAMIEHUM) PYX ENEeKTPUYHUX
3apsaaiB abo Tin.

3a HanpsM CTPYMY YMOBHO MPMMHATO HanpsAM pyXy
MO3MTUBHO 3apPAJKEHUX YACTMHOK abo Tin.

[MoTIK
NO3UTUBHUX

3apaanis

$® -



Buau eneKTpmMyHoOro CTpymy

PO3pi3HAOTb HACTYMHI BUAM €JIEKTPUYHOIO CTPYMY:

1) cmpyM nposioHocmi - Ue CTPyM B MNPOBiAHMKY,
BMK/IMKAHUM PYXOM BiJIbHUX ENEKTPUYHUX 3apAjiB
nia Ai€El0 MNPUKIALEHOro €JIEKTPUYHOro nosA
NO3UTUBHUX - 3a HANPAMOM MOJIA, HEeratuBHUX -
NpoTH NonA;

2) KOHBEKYiUHUU cmpyM - Le CTPYM, BMKJIMKAHMMU
NepeMillleHHAM B NpoCTOpi 3apAAKEHUX
MaKPOCKOMIYHUX TiN.

Hagani MoBa MTUME NpO CTPYM MPOBiAHOCT;



YMOBM iICHYBAHHA e/1IeKTPUYHOro
CTPYMY

/Ina nodABuM Ta iCHYBaAHHA €NEeKTPUYHOro CTPyMy
NOTPiOHO, 06 BUKOHYBA/IMCA HACTYMHI YMOBM:

1) HasasHicMb BiJIbHUX HOCIIB CMpPYyMy -
3apAAKEHMX YACTMHOK, L0 MOXYTb NepemillyBaTUCh
No BCbOMY 0O'eMy (Y MeTaslax - eNeKTPOHM, piaMHaX
- MO3UTMBHI Ta HEraTMBHiI 10HM, B ra3ax - MO3UTMBHI
10HM Ta €NIeKTPOHMU).

2) HaABHICMb e/IeKMpUYHO20 NOJiIA, EHEPria AKOro
BiZIHOB/MIIOETbLCS Ta BMTPAYaETbCA Ha BMNOPAAKOBaHUM
PYX 3apAAXEeHMX YaCTUHOK.



Cuna cTpymy

€Cuna cmpymy - ue cKandapHa @i3mMyHa BeJIMYMHA,
AKa 4YMCeNIbHO AOPIBHIE €/IEKTPUYHOMY 3apAaay, Lo
NPOXOAUTb Yepe3 MNonepeyvyHun rnepepis npoBigHMKA
3a OAMHMLIO Yacy:

dq

I =—

dt
AKWwo cnna CTPyMy i MOro HanpsAM He 3MiHIKTbCS 3
YacoM, TO TAKUM CTPYM Ha3MBAETbCA MOCTiIMHMM, a
CMNA MOCTiIMHOIO CTPYMY BM3HAYAETHCH cbopMynoro

q
I =—
t
€ q - eNeKTPUYHMMU 3apsaj, Lo NPOXoAMTb 3a Yac t

yepes nonepeyH1m nepepis NpoBigHUKaA.



OauHMUA BUMIPY CUIM

1 AMnep - ue cusa NoCTiMHOro
CTPYMY, AKMU npu
NPOXOAKEHH;I no 1BOM
napasie/ibHUM MNPAMONTHIMHMM
NpoBigHMKaM HEeCKiHYeHHOT
NOBXMHM Ta  HECKIHYEeHHO
MaJIol naouwli  nonepevyHoro
nepepisy, po3TalloBaHUM Y
BaKyyMi Ha BigctaHi 1 M oaMH
Bl OAHOro, BWKJ/IMKAE Ha
KOXHiM AinsHui npoBigHMKa
JOBXMHOWO 1 MeTp cuay
B3aEmoaii, pisHy 2-1077 H.
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[ YCTMHA CTpyMyY

F'ycmuHa cmpymMy - uUe BeKTopHa @i3n4Ha
Be/IMYMHA, CniBHaANpAM/IeHa 31 CTPyMOM, fAKa
YynucesibHO AOPIBHIE CUNI CTPYMY, WO NPOXOAUTb
yepe3 OJAMHMLIO MJIOWi MornepeyHoro nepepisy
NpoBiAHMKA, NEeprneHAUKYNAPHOro A0 Harnpsamy
CTPYMY:

N dl i
J ZdSJ_, []] - 1A/M2

Cuny 1 TYCTUHY CTpyMy MOXHaA BMpa3UTU Yepes
cepeaHio WBUAKICTb BNOPAAKOBAHOINO pyXxy 3apAAiB Y
NpOBiAHUKY.




3B’A30K CMJIU Ta
'YCTUHU CTPYMY 3
LUBUAKICTIO PYXY
3apAaaiB

3a yvac dt yepes nonepevyHun nepepis S
nepeHoCUTbCA 3apaj

dq = Ne = nVe = neSAl = neS(v)dt

e n - KOHUeHTpauia 3apajaiB, e - 3apAaj
e/leKTpoHa. Toai ryctmHa  CTpyMmy  oyae
BM3HA4YaTUCA 3a (POPMYJIOL0:

I dq neS(v)dt
S Sdt  sdt

J = ne(v)



OT)Xe, 0CTaTOYHO OTPUMAEMO BMUPaA3
j = ne(v)
abo y BEKTOPHiN bopMmi

j = ne(v)

To6TO rycTMHa CTPYMY - BEKTOp, HanpsAM SIKOro cniBnajae
3 HanpsIMOM BMOPSA/ZKOBAHOr0 pyXy MO3UTMBHMX 3apAAiB.

3Hal4YM BEKTOpP TYCTMHM CTPYMYy B KOXHiM  TOYUi
NPOBiAHMKA, MOHa 3HAUTU CUJIYy CTPYMY Yepe3 6yb-AKY
NOBEPXHI S AK iHTerpan:

I=[jds
55

OTXXe, cuna CTpyMy AOPiBHIOE MOTOKY BEKTOpa N'yCTUHMU
CTPYMYy 4Yepes A0Bi/IbHY NOBEPXHIO



CTOpOHHi cunu

AKWO B eneKTpuyHomy
KO/ Ha HOCi1 CTpyMy
Ni0Tb nvuie CUNH
eJIeKTPOCTaTUYHOIr O
nonAa, TO NepeMilleHHA
UMX HOCITB NpU3BOAUTb
Jilo BUPiBHIOBAHHA
noTeHuianis Yy BCiX
TOYKaX Kona 1 ;o
3HUKHEHHA
eJIeKTPOCTaTUYHOrr o0
nons.



CTOpOHHI cnau

Tomy An1a icHyBaHHA MOCTiIMHOrO
CTPYMY B €JIeKTPUYHOMY KOAi
OOOB'A3KOBO  MOTPiIGHO  MaTH

NpUCTPOI, AKI 3/aTHIi
cTBOptOBaTM 1 nNiaATpUMYBaATH
Pi3HMLIO noTeHuianis 3a
PaXyHOK POOOTH CUN
Hee/IeKTPOCTaTUYHOr 0
noxoa)eHHA. Taki npucTpoi
Ha3MBaKOTbCH d*KepeJsiamu
CMpyMy, a CUNU
Hee/IeKTPOCTaTUYHOr 0
NOXOAXKEHHA - - CMOPOHHIMU

cusiamu.



CtopoHHi cunun, EPC

Flpupoga  CTOPOHHIX  cuA pi3Ha:  MexaHiyHa
(reHepaTopu), XiMidyHA (aKyMYNATOpMU, rasibBaHIYHI
e/leMeHTH), TenaoBa (TepMoeneMeHTHn), CBiT/IOBa
((boTOE/IEMEHTH, COHAYHI BaTapel)...

Ane cniNbHMM € Te, WO CMOPOHHI cusiu 301UCHIOIMb
pobomy no nepemMiuwjeHHto 3apA0is.

Pi3znyHa Be/IMYMHA, WO YMUCEJIbHO AOPIBHIOE POOOTI,
AKa  3JIMCHIOETbCA  CTOPOHHIMM  CUJIaMM  NpM
nepemMileHHi OAMHUYHOIro MNO3UTMBHOIO 3apAay,
Ha3suBa€ETbCA esilekmpopywiuHot cusoto (EPC):

A
E=—
9,



EnektpopyuwinHa cuna (EPC)

Pob6oTa CTOPOHHIX CM/1 MO nepemileHHo 3apaay Ha
3aMKHEHIM YaCTUHI Kona

2l = SﬁFCTdi a qOSﬁE)CTdi

= F . :
fie .. = f - HaNpy»eHicTb Mo/ CTOPOHHIX CHA.
0
. . A =
EPC, wo aie B Koni, & = =l SﬁECle

7=

EPC Ha ginaHui 1- 2kona &;, = | ECTdi

1
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Hanpyra

AKWO Ha 3apsaa  AitoTb 0AHOYACHO CTOPOHHI CUMAU 1
CUJIM eNEeKTPOCTAaTUYHOro NMoJiA, TO pe3y/bTyl4a CMaa
I0PiBHIOBaTUME:

—

F = FCT T FK — qO(ECT o EK)

Po6oTa pe3yabTy4ol CUMAM Ha AinAaHui 1- 2 Kona Haj

3apAA0OM
2 2

A2 = q j E.dl+ CIofEdl = qo€12 + qo(@1 — @3)
1 1

/1na 3aMKHEHOro Kosa @41 — @, = 0, TOMY Y LIbOMY
BMMaKY

A:qog



Hanpyra

Hanpyra Ha AinaHui Kona - ue @i3nyHa BesIMYMHA,
AKa BM3HA4Ya€ETbCSA pPobBOTOH, WO 3AIMCHIOETHCA
pe3y/ibTYH4YUM nosem eNIeKTPOCTaTUYHMUX
(KYJIOHIBCbKMX) 1 CTOPOHHIX CUA NpU NepeMilleHH]
OAMHUYHOIO MO3MTUBHOIO 3apsaAy Ha JAaHiM AinsHui

KOJla. 2
1 1 R oy

Uiz=¢1-92t¢12 . g O

e P

[TOHATTS Hanpyru - Ue y3aeas/ibHeHe NOHAMmMmA
pi3HUYi nomeHuyianis.

Y BMNaAKy BIACYTHOCTI A)epena CTPyMy Ha AiNAHUI
Hanpyra Ha KiHUAX AiNAHKU Kosla AOPiBHIOE Pi3HMLL
noTeHuiani..



EnekTtpryHum onip R -

fle &disMyHa BeAMUYMHA, SKa XapaKTepusye onip
NPOBiAHMKA MPOXOAXKEHHIO MO HbOMY E/IEKTPUYHOIO

CTPYMY.
Onip npoBigHWMKA AOBXMHOK 1 Ta NJoWelo
nonepeyHoro nepepisy S Moxe 6yTM BM3HAYEHMU 3a

dopmy oo I

R=p§

ae P - NTMTOMMK ONip PEYOBMHM.
OamnHuua onopy - OMm.

1 OM - onip TaKoro NpoBigHMKa, B AKOMY NMPU Hanpys3i
Ha KiHUaX y 1 B npoTtikae noctinHmmn ctpym 1 A.



EnektponpoBigHicTb (NpoBigHiCTb) G -

thisyHa BeMYMHA, OBEPHEHA [0 ENEKTPMYHOro

onopy. 1
G =—
R

/lna BM3HAYEHHA €eNeKTpPonpoBIAHOCTI MPOBIAHMKIB

BUKOPUCTOBYIOTb (DOPMY Y

s l
G=77 (R=p7)
1 -
e y = ; = MMTOMa MNpoBI1AHICTb pE€4OBHUHU

OAuHUNLA eneKTpMYHOoT NpoBiAHOCTI - CMMeEHC

1 CM - npoBiAgHICTb AITAHKM €/IEKTPUYHOro KOJa,
onip AKoil gopiBHIOE 1 OM.



3aneXHiCTb onopy Big TeMnepaTypu

SanexHicTb onopy Ta MMTOMOro ornopy MeTtaniB BiA

Temrnepatypu 3aa€TbCA HACTYNMHUMAN 3aJIEKHOCTAMMA.

AR
p

p=po(1+at) /wRo

273 0 t, °C
ae Ry i pg (Rip)-BiagnoBigHO onip npoBiOHUKAa i
numomuu onip npu memnepamypi 0 °C (npu t°C)

a - memnepamypHuu koedgiyieHm onopy (TKO)



3aneXHiCTb onopy Big TeMnepaTypu

. 1
Jins yncTux MeTanie 3HauyeHHs TKO a ~ =k 1. Tomy

nonepeaHi popmMyam AN YMCTUX MeTaniB HabyBalOTb
BMIS4Y:

R = aR,T p =apeT
Py

[padik uMx 3anexHocTen
Ma€ HaCTYMHUM BUINAL




HaanpoBigHICTb

[Ip ayxKe HM3bKUX Temrnepatypax (Tak 3BaHMX
Kpumu4Hux) onip JAefKuX peyYoBUH CTPUOKOM
3MeHWYeTbcAa A0 0 - peyoBMHA CTaE aGCONIIOTHMM
NPOBiAHUKOM. Lle ABMLLE 6y/10 Ha3BaHO
HadnposioHicmw. BiakpuB wHoro y 1911 p. T.
Kamepninr-OnHHec pans ptyti. HagnpoBigHuM cTaH

oyno Biakputo ana Al, Zn, Pb, a TakoxX ix cnaBsiB.
DA

&Y

0O 12345 T



3aKoH OMa (iHTerpasibHa opma)

Himeubkmnn  dismk [.OM  ekcnepuMeHTa/IbHO
BCTAHOBMB 3aKOH, SKMM i HOCUTb MOrro iM'A.

lna oAHopigHOT AindAHKM  Kona (To6To  Ans
AINAHKU, KA HE MICTUTb AXKepena CTPyMy) 3aKOH
OMa PopMYIOETLCA TaK:

Cuna cmpymy Ha Oi/ZiIdHUlI KoJlda nNpAMO
nponopuyiuHa Hanpy3i Ha 11 KIHYaxXx ma
obepHeHO nponopyiluHa onopy Oi/ZISHKU.

R
I
o—2 B I:g
R
( ) ) I=(jds




3aKkoH OMa (guepeHuianbHa popma)

BpaxyeMo wo R = pﬂ Ta U = Edl. Otprmaemo:

F_ U Edl EdS_lEdS_ rdd
"R dl p P oL

Pds
MoainmeLM 06MABI YAaCTMHM OTPUMAHOIO BMpa3y Ha

ds otpumaemo: J = YE a6o f = yf - 3aKOH
Oma B gmndepeHuiasibHin hopMmi

E
m TYT j- FyCTMHA CTPYMY;
oa 7 Y - NMTOMa NpOBiAHICTb.



3akoH OMa anda NnoBHOro Konaa:

Cusna cmpymMy 8 Kosii dopisHioe s8iOHoweHHw EPC
dxKepeJsia cmpyMy 00 nOBHO20 OnOpY KoJia:.

_ & R
"~ R+T
e R - onip 30BHiWUHbOT YaCTUHMU 1 L
B +, 4
7" - BHYTPILHIX onip AXKepena I| —-—
&, r

Hanpyra Ha 30BHilWlHiM YacTHHi Kosa:
U=IR=E&—1Ir



Po6oTa Ta NOTYXHICTb €N1eKTPUYHOro
CTPyMy

Po3rnaHemo oAHopigHMM NpoBiAHMK onopoM R, Ao
KIHUiB AKoro npuknageHo Hanpyry U . 3a vac dt
yepes rnepepi3 nMpoBigHMKA MNEepeHOCUTbLCA 3apaj
dqg = Idt, i poboma cmpyMy BU3HAYAETLCA TaK:

2
dA = Udgq = IUdt = I’Rdt = — dt

Buxoasaum 3 umx opMysl, NOmMyXHicmb CMpYyMY :

P—dA—IU—IzR—UZ
dt R



3akoH Jxoyna-JleHua

AKLLO CTpYyM NPOXOAMTb MO HEPYXOMOMY MPOBiAHUKY,
TO BCA poboTa CTPYyMy BWUTpPa4vYa€TbCA Ha MOro
HarpiBaHHA 1, 3a 3aKOHOM 36epeXXeHHA eHepriT,

dQ = dA = I*Rdt
abo Q = I*Rt
KiIbKiCTb TenJIoTU, WO BUAINAETLCA Y NPOBIAHUKY
NpM TnMpPOXOAXKeHHi CTpyMy, QJOOPIBHWE AO0OYTKY

onopy npoBigHMKa, KBagpaTa CMJIM CTPYMY Ta 4acy
MOro NPOXOAKEeHHS d

Lle iHmezpasbHa ¢popma 3anucy.




~L_ 3aKkoH [xoynsa-JleHua

- : .

i (J Lo ) B AMdepeHLiaibHIM
3 oo dbopMi
Buainumo B NpoOBiAHUKY e/IeMEHTAPHUM

UMNiHAPUYHMM o06'em dV = dSdl (Bicb uUuniHApa
cniBrnaza€e 3 HanNnpAMOM CTPyMy), onip AKoro R = p%.

3a 3aKoHOM /Ixoyns-J/leHua, 3a 4Yac dt B LIbOMY 00'€EMi
BUAIIMTBCA KiZIbKICTb TEMJI0TU

dl
dQ = I*’Rdt = (idS)ZpEdt

= pjédldSdt = pj*dvdt



3akoH Jxkoyna-J/leHua
dQ = pj*dvdt B AMdepeHLuiabHil
dbopMi

KinbKicTb TennoTH, Lo BMAINAETbCA 32 OAMHULIIO Yacy
B OAMHMLUI  OO€EMY, HA3MBAETbCA  NUMOMOIO
menJioBOKH NOMYXKHICMK CMPYMY:

i
avdat P’
3 j=vyE (amd. bopmn 3-HY Oma) BunamBae, Wo

W =

_J _
E—y PJ

TOAI

w = pj* = JE = yE*



[lpaBuna Kipxroda gna posrany*KeHmx Kin

By3on esnekmpu4yHo20 Kosa -
Lue 6yJb-AKa TOYKa Kosa, B fAKiM
CXOAUTbCA  HEe MeEeHLWe TPpboxX
NPOBiAHUKIB 13 CTPYMOM.

lMepwe npasusio Kipxaoda:
AnrebpaiyHa cyma CTpyMiB, WO
CXOAATbCA Y BY3/i, [JOPIBHIOE
HYJ110.

CTpyM, wWo BXOoAUTb Yy  BY30/,
BBAXKAETbCA  AOAATHUM, a uwo
BUXOAMTb 3 BY3/1a - BiJ EMHUM.

I, — I,

Ii:O

n
=1



[lpaBnna Kipxrocda ana posranyXeHux
Ki

Apyee npasuso Kipxazoga:

B Oy /1b-AKOMY 3aMKHEHOMY
KOHTYpi, AOBi/IbHO BWMOpaHOMY B
PO3rajly}kEHOMYy  €JIEKTPUYHOMY
Koni, asredbpaiyHa cCyma cnajis
Hanpyr (A06YTKiB CuA CTpyMiB |.
Ha onip R. BIANOBiAHWX AINAHOK
LibOro KOHTYpY) IOPiBHIOE
anrebpaiyHin  cymi  EPC, wo
MICTATbLCA B LIbOMY KOHTYpi:




F p MpaBuna Kipxroda ans
2 = z po3rajly>kKeHmnx Kin
i=1 =1

I;,R{ + I,R, + +I3R; = &1+ &, + &3



[lopAafoK po3paxyHKy Kijl 3a
npasuaamm Kipxroga

1. Bubpatn OosizibHUU HanpsAM CTPYMiB Ha
BCIX Ai/IAHKaxXx Kosa. 3anucatt ( n—1)
PIBHAHHA 3a nepwum npasusiom (n - KiIJIbKIiCTb
BY3/1iB).

JliMcHUM  HanpsM CTpPYMiB BM3HA4Ya€ETbCA Nig 4ac
pOBB'ﬂ3aHHFI 3ap,aqi: AKLWO LLIyI-(aHMﬁ CTPYM Ma€
A0AAaTHE 3HAYEeHHsA, TO MOro Hamnpsam 6yB BMOPaHMMU

NpaBW/IbHO, BiA’€MHE - MOro iCTMHHMM HaNpsAM
NMPOTUNEXHMU A0 BUOPAHOroO.



[TlopAaaoK po3paxyHKY Kij 3a
npaBnnamMun Kipxroda

2. B1bpatn Hanpam o6xoZy KOHTYpY i CTpOro
MOro JJOTPUMYBATUCD.

Cnag Hanpyrm IR BBaXKaETbCH
AOJATHMUM, AKLWO HanpAM CTPYMY Ha NoTik
JlaHiM ainadui cniBnagace 3 NO3UTUBHUX
HanpAMomM obxoay. EPC, aki aioTb
B3/10BX BMOpPAHOro HanpaMmy
o6xoay (HanpaAM Bif «-» [0 «+»),
BBaXXalTbCA AOAAaTHUMM, TMPOTU -
Bia’ EMHUMM.

3apanie




[lopAafoK po3paxyHKy Kijl 3a
npasuaamm Kipxroga

3. CKnactn TaKy KiNbKiCTb pIiBHAHbL, WO6 1X
YUCNO AOPIBHIOBAJIO YMCAY LUYKAHUX BEJIMYMH
(B cMcTeMy PpiBHAHb MNOBUHHI BXOAUTU BCi
onopu i EPC gaHoro Kona).

KoXHMWU BUMOBPAHMM KOHTYP MOBMHEH MICTUTM Xo4da 6
OAMH ENEMEHT, SfKMM BIiACYTHIM B nonepeaHix
KOHTYpax (iHaKwe BMWAYTb PiBHAHHA, WO €
PIBHOCU/IbHUMU [0 BXKE CKNAAEHMUX).



