Jlekuisa Ne 6
Tema 5. JliniiiHe Tepmonpy:xHe cepenopumie. Kiacuuna
TePMONPYKHICTD.

[Tokaxxemo, Ik BUBOJISATHCS PIBHSHHS KJIIACHYHOI TEPMOIPYKHOCTI 3 BUKOPUCTAHHSAM
TEPMOUHAMIYHOTO MiAXOTY.

Posrnsinemo nedopMiBHe TBepae Tiflo — CyLIbHE CEpPEeOBHIIE, KE MA€ Xo4a O 0OAUH
MPUPOIHUM CTaH, 3aiiMae 00V¥M oOMexeHuii mopepxuero S . [1in mi€ro TErIoBUX 1 MEXaHIYHUX Ha-
BaHTaXEHb B TUI1 BUHUKAIOTH AedopMallii i Hanmpy>KeHHs, 3MIHIOETbCs Temneparypa. [lpu Binxu-

JIeHH1 Temneparypu | ()?,t) Bl TeMmeparypu T, = CONSt MpUPOJHOTO CTaHy B TUTi BUHUKAIOTh

TeMIepaTypHi aedopmaltii, 110 BU3HAYAIOTHCS TEH30POM TeMIepaTypHoi xegopmanii &1 3 kom-

(T)

MIOHCHTAMH &;; . Bynemo BBakary, 10 3B’30K MK KOMIIOHEHTAMH TEH30pa HANIPYKEHb O {Gij} ,

KOMIIOHEHTaMH T€H30piB aedopmartii & {gij} 1 TemnepaTypHoi nedopmariii € diHiliHuM. BBaxkae-

(T) 5 e =
MO TaKOX, L0 H(’iui /0% i H <1, Heij < 1, ToMy JarpaHXeBHii 1 elIepoBUil cIOCOOM ONMCAHHS PYXY

CYLIIBHOTO cepenoBuiia ekBiBanentHi i (-) =d(-)/dt = 9())/ot . B upomy Bumaaky BeKTop mepe-
MillleHHS MOXKHA PO3IJIAATH K BeKTOPHe MoJie, TeH30p Aedopmallii — SK TeH30pHe 1oJie, BU3Ha-
YeHi B AICHOMY BEKTOpHOMY NpocTopi. KommonenTu Tenzopa aedopmaltii 3B°s13aHi pH LbOMY 3
KOMIIOHEHTaMHU BEKTOpa MepeMIillleHHs criBBiaHomeHHs MH Kori

- ou, . AT A
& 1 %+—‘ abo 821(JT+J),
2{ 0x;  OX 2

a I'yCTUHA CepeIoBHIIA € HE3MIHHOIO, TO0TO p  p,. Tyt J {8ui / oa j} — MaTepialbHUN TpajlieHT

NepeMIIIEHb.
Taki cyninpHe cepeoBUIle HA3UBAIOTH JiHIIHHUM TePMONPYKHUM CepeJoBHILEM.

Jlnist oTprMaHHS JIIHEapU30BaHUX PIBHSIHD KJIACHYHOI TEPMOTIPYKHOCTI IPEICTABUMO
00’eMHY T'YCTHHY BUIBHOI €Heprii y BUTJIIsIA1 CyMHU

pA(ers, T) = pA* (e — el ) + pB(T) — pA*(=el)), 5.1)

sIKa BPAXOBYE TPETIO PiBHicTb 3 (4.9) (us. Jlekiito 9), To6T0 0A/06, =0. Tyt pA” ( ) — YyacTHHA

(T)

BUILHOT €HEPI], KA 3aJIEXKUTh TUILKU Bl &; —ei(j ) a6o &

Hiiicro, sixmo &; 0, 10 pA(Ek“T) pB(T), a IpH & &\" 06’emua I'yCTUHA BiIBHOT

ij
eHeprii 3aiekuTh e Bix Temneparypu pA(g,,T) pB(T)-pA’ (—8&,”) . V noyarkosiii KoH-

¢irypamii pA(O,TO) 0.

Takuit Bupa3 s 00’€MHOI TYCTHHH BUTBHOT €HEPTil Ja€ MOXIIMBICTh PO3TIISAIATH HE TUTBKH
MaJTi BIIXWICHHS a0COMIOTHOT TeMITepaTypH BiJl TOYATKOBOI, ajie i TOCTaTHLO BENHKi, TPOTE, MPH

30epekeHH1 MallocTi TeMiieparypHoi gedopmartii. DyHkiis temneparypu B (T ) JOPIBHIOE HYITIO



npu Temneparypi T, npupogHoro crany. Bona Bu3Ha4dae 3MiHy BUIbHOT €HEprii TUIbKH BHACHIITOK

3MiHU a0COJIIOTHOI TEMITEPATYPH.

[TpunymieHHs Mpo MaJicTh MOBHOI 1 TeMIEpaTypHOi edopMaliii JO3BOJISE MPEICTABUTH TIe-
piumii i Tpetiit noganku B (5.1) y Burisiai psany Teiinaopa o BiIMOBIIHUX apryMeHTax i 00Mexu-
TUCH B PO3BUHEHI KBaJIPaTUYHUMH JI0JITAHKAMH

pA(en, T) = pA*(em — €y )) + pB(T) — pA* (—eiy)) =

DA*(0) | 1 82A*(0) (T) (T)
— B b — Eii — €z Epl — &, )+
P—— D6, ij Zpé‘e”&eu( ij — &ij ) (et — &gy )
. 1 9°A%(0) (T)y (_(T)y _
+B(T) — 2? (T T) (_Eij )) (—e’) =
e a“kl

1
= Dijeij+ 5 Cijri (em — Eiz))(% §J))+PB(T)—“- Cim (—e33 ) (—e1)s

ne Cy — KOMIIOHEHTH TeH30pa Koediuientis npyxHocti C .

OCKUTbKU KOMIIOHEHTH T€H30pa HANPY)KEHb Oy MOB’s3aHi 3 KOMIIOHEHTaMH TeH30pa Jedop-
Mauii &; piBHicTiO Tj = p, 8A/ o= o;=p GA/ Og; (muB. nepuie piBusnus 3 (4.9) Jlekuii 9), To
TO 0ueBHHO, o Dy =0 (10010 Yy BUXiMHiA KOHDIrypauii Hanpyxkenb Hemae). Toni npu kBaapa-

TUYHOMY HaOJIMKEeHHI p A () Ma€eMO

oij = Cijui (et — cﬁf’)

(5.2)

CniBBigHommenHs (5.2) Ha3uBaroTh 3akoHOM [roamensi—HeliMmaHa 1J1s1 aHI30TPOMHOTO
npy:xHoro Teepaoro tiia. Kommnonenrn Cy, — komnonentu tenszopa C 3anexarb BiJ OpieHTarii

oceif BUOpaHOT CUCTEMHU KOOPAMHAT.

Tensop C mictuth 81 KOMIOHEHTY. AJle OCKUIbKH TEH30PH O 1 &; CAMETPHYHI, TOOTO

O;; =05, & = &ji, TO KUIbKICTb HE3QJI©KHNUX KOMIIOHEHTIB 3MEHIIYEThCst 110 36. SKumio nani Bpaxy-

jir Cij T “jin

BaTH OYEBHU]IHI PIBHOCTI
PAJ(Bei;0e10) = P A (DeggDeiy),

TO

Cijkl = Cjikl = Cijlk = Cklij

1 KIJTbKiCTh HE3aJIe)KHUX KOMITOHEHTIB TeH3opa C ckmamae 21.
Tensop koedilieHTIB MPYKHOCTI Ma€ BIACTUBICTh HEHTPATbHOI CUMeTPIl: Ipu 3MiH1 Ha-

NPSIMKY KOOPIUHATHHX ocel (iHBepcil) koMroHeHTH TeH30pa C He 3MIHIOIOTHCS:
Cmnpq - Cijk,i Wi A App g = Cijk:h
OCKLUIbKH

Qg = Qi = Ogp = Qg = -1



Skmmio 3 21-1 KOMIIOHEHTH TeH30pa KOE]Ili€HTIB MPYKHOCTI BIIMIHHUMH Bif HYJS TUTBKH € 9,
a came:

-y i ¥ ~y -y i ¥ -+ y
Chiias Coooz, Usass, Crise, Ciiss, Coess, Coses, Cg131. Chate.

TO TaKe CEPEeOBHIIE HA3MBAIOTH OPTOTOHAJIBHO i30TPOMHIM 200 OPTOTPONHUM (TPH IUIOIIUHA
NPYXKHOI CUMETPI1).

[IpyxHe 130TpoIHE TijI0, KOMIIOHEHTH TeH30pa KOe(I[IEHTIB MPYKHOCTI IKOTO 3370BOJIbHS-
I0Th PIBHOCTI

1
—_ — — —
= Chizz = Cozaz m Chagag = (131 = Chore = ";(FHH — Chi22),
Ha3MBalOTh i30TPONHUM. B 11boMy BUNaKy NPUHHATO BUKOPUCTOBYBATH NIO3HAYEHHS

. .
A= Chige, == ((1111—C11ﬂ)

;_l

ne koedimientu A 1 U koedinienramm Jlsame.
OdeBHIHO, IO IS 130TPOIHOTO TIa CIPABEIUBE CITIBBITHOIICHHS

Cijrt = Adij0ps + p(01,05 + 03 djp).

Bupas s h — macoBoi rycrunm enTponii — orpumyemo 3 apyroi pisaocti (4.9) (nus. Jlek-
1ito 9) 3 BpaxyBaHHsIM nipencTaBieHHs (5.1)

94 1, )

i?/ — C/ e .7
ar — p UMEMTar T ar

(5.3)

I[Tpu temmeparypi npupoanoro crany 1, i & =0 macosa rycruna eatpomii h(0,T,)=0, a,
Y lo ij Y p 0

orTxe, 0B/ot =

3 BpaxyBanHusM (5.1) i (5.3) aucunatuBHa QyHKILiS 3 APYroro 3aKOHY TEPMOJIUHAMIKH (IHB.
Jlekuiro 9) Mae Ui pO3TJISIyBAaHOTO CEPEOBUILA BUTIIST

: 0A . OA :
6 = 04655 — Es T+ hT) =0, 5.4
i '0(&:” it ol ) (5.4)

OCKLIBbKY TIOBUHHI BUKOHYBATHCh JB1 nepiii piBHOCTI 3 popmyu (4.9) Jlekuii 9.

[Mincrasmnsiroun (5.3) 1 (5.4) B 3ak0oH 30epeKeHHsI eHEPTil

ih dq, .
T = -2 1 pr 4,
dt ox; P '
OTPUMYEMO PIBHSAHHS TEIUIONPOBITHOCTI
OB ; — (T) . O,
O, €45 = ——— + pr, 5.5
aT kI <4 a;m Iy ( )



™ Bix TEeMIIEpaTypH,

B IKOMY BUOpaHa JIiHiliHa 3aJIeXKHICTh TEH30pa TeMIIEpaTypHoi aedopmariii &
T T o e . P

a aé, ) = agé, ) / 0T — KOMIIOHEHTH TeH30pa TeMIepaTypHUX Koe(ilieHTiB JiHiliHOro po3mmMpeH-
~(T)

HA Q

Orxe, MaemMo Bupasu uist o, h i A — Bu3Ha4aibHi piBHAHHS (B uepBOHUX pamoukax). Te-

nep Tpeda KOHKPETU3yBaTH BUPA3 JJIsi KOMIIOHEHTIB BEKTOpa I'YCTHHH TEIJIOBOTO MOTOKY ,; (4-i
BHpa3 3 BU3HAYAIBHUX CHiBBiAHOIICHD (4.6) Jlekiii 9), Bubuparouun foro 3riqHo NpUHOHANY PiB-
HONPUCYTHOCTI y BUIVISII JIIHIMHOT QYHKIIT peakTHBHUX 3MiHHUX &, T 1 6

/ ~ T
g = Bijeein + (T = To) = N9, + g,

ne By &ET), 7; 1 0; — KOMIIOHEHTH TEH30PIB TPETHOTO, IPYTOTO i MEPIIOTo paHry (BeKTopa) Bii-

IIOB1IHO.

3’scyemo, sKi 00MeskeHHsI HaKJIa/1a€ APYTHii 3aKOH TePMOAUHAMIKM HA OTPUMAaHi BU3HA-
YJaJIbLHI CIiBBiTHOIIIEHHS.

B cuny nmcunatuBHOI HepiBHOCTI

1 oT ”
——=iffi=—— A= 221
Tha.?:, = U,

npu 6 =0 1i TeH30pU Tpeba BUPA3UTHU TaK, 100 yMOBa
—Bineinti —vilT = To)¥ + A D0,9; — gid > 0
BDijkCjpVy A : U)l i+ ij Vit iV =2 4
BUKOHYBAJIACh IS IOBUIbBHUX 3HaYeHb PEAKTUBHUX 3MIHHUX.

JlocTaTHS1 YMOBa CIPaBETMBOCTI OCTAHHBOI HEPIBHOCTI MOJISATA€E B TOMY, 1110 TEH30PH 3
KOMIIOHEHTaMH [, , ¥; 1 §; HOBHHHI GyTH TOTOXKHO PiIBHUMH HYJII0. A TEH30p 3 KOMIIOHEHTaMH

T .
l,ﬁ ) MOBUHEH OyTH HEBiJ'€MHO BU3HAYCHUM.

CniBBiTHOILICHHS SIKE, SIKE MOB’s13y€ KOMIOHEHTH BEKTOPA I'YCTHHH TEIJIOBOr0 MOTOKY 3
KOMIIOHEHTaMH IrPajieHTa TeMIlepaTypH Ha3UBAIOTh 3aKOHOM TeIuionposignocti ®yp’e

_ (1) 4
ae &ET) — KOMIIOHEHTH TE€H30pa TEIUIONPOBITHOCTI A0 Tl 130TPOIHOTO MPYKHOTO CEepPeIOBUIIIA

A =20s
ij

T o e . .
ij » 1€ 20— KOe(ili€eHT TenJIONnpPOBIIHOCTI.

Tonai nucunaTuBHA HEPIBHICTH

1 oT -
——qi— +0 >0
Tjha.?:, )

a00 y OUITBII AeTaTbHOMY BUTIISI1



oV, — pA- phT—lqI al _O

ij o ij

3 BpaxyBaHHSM 3aKoHY TerionposigHocti dyp’e (5.6) Ha6npa€ BUTIISATY
S \
X959 > 0, (5.7)

3BiIKM BUIUIMBAE, 110 KOMIIOHEHTH TEH30pa TEILIONPOBITHOCTI € €JIeMEHTaMU CUMETPHUYHOT 1 He-
BiJl’€MHO BU3HAYEHOI MATPHIIL.

[Mincrapnstoun (5.6) y (5.5), orpumaemo iHmry Gpopmy 3anucy piBHIHHS TEILIONPOBIIHOCTI

oT (T; Jde (T) T
e — = —TCijriay L e LA + pr, (5.8)
e ot KSR T T ( o, ) !
0°B . ..
ne C =-T Sz ~ WHTOMa MacoBa TEMIoCMBICTE 34 YMOB cTalof nedopmanii.

Lle piBHSHHS ONMUCY€E HECTALIOHAPHHUHA PO3MOALT TEMIIEPATYPU B TEPMOIIPYKHOMY CEpEI0BU-
111l 3 BpaXyBaHHSM 3B’$13aHOCTI MOJiB TeMnepaTypH i Aepopmalii, sika BUpaKa€ThCS HASBHICTIO
NEepIIOTo J0JAaHKY B TpaBiid yacTuHi piBHsHHSX (5.8).

I3 3akony [roamensi—Hetimana (5.2) Bupa3umo aedopmailiro yepe3 HarpyKeHHs

i = Ba]klfjk! +‘u< ) (5.9)

ne By, — KOMIIOHEHTH TEH30pa YETBEPTOTO PaHry — TeH30pa KOEIli€HTIB MoaaTIuBoCTI B = {Bijk,}

~-1

. B=C

[Mincranstoun (5.9) y (5.8), orprimaemo e oxHy GopMy 3aMUCy PIBHIHHS TEIUIONPOBIIHOC-
Ti

ar (1) do, o (. (m T
PCo Y = mTﬂ” ()tj + — 5o, ()\” &%> + pr (5.10)

T T . .
ne C_=C, +TCijk,aé, )ai(j ) / £ — NHTOMa MAaCOBA TEIIOEMHICTh 32 YMOBH CTAJI0CTi HANIPYKEHb.

(™)

. T T . .. oy
JUis 130TPOIIHOTO CEPEOBUILA ai(j A TeMIepaTypHuil KoeilieHT TiHIHHOTO

ij?
posumpennst. Toxi C, =C, +3T (31 + 2/,t)(a(T) )2 :

Skmo migctaButu criBBinHomeHHS (5.2) (0 ~ &€ 3B'M30K) i3 BpaxyBaHHSM CITIBBIJHOIICHb
Komri B piBHAHHS 3aKOHY 30€pexKeHHS KUTbKOCTI pyxy (3.11)

dv, Qo
e
dt ey

— pb; =0,



TO OTPUMAEMO CUCTEMY 3 TPHOX TU(EpEHIIaIbHUX PIBHAHb B YACTHHHUX MOXIJHUX B1THOCHO KOM-

MOHEHTIB BEKTOpa MepeMIIlieHHs U, 1a0coIoTHOI Temneparypu T :

0 iy Oup (1) o 0% u,

SK1 Ha3MBalOTh PiBHSAHHAMU Jlame.

JIns1 i30TponmHOro oqHOPiTHOTO MpY:KHOT0 cepenoBuia piBHsHHA (5.11) HaOepyTh BUTIIS LY

9%u 0%u, T) 9% u,
S (A ) 2+ pby — (3X 4 2p)al = pZLh| (512
'uﬁx]awj . &LJBxZ ( 2 ('im P ot?

Jliist OTpUMaHHS €JMHOTO po3B'si3Ky cuctemu piBHsHD (5.12) 1 (5.8) (abo (5.10)) HeoOxinHO
3a7aTu TPAaHUYHI 1 TOYATKOB1 yMOBH.

PiBusinus TemonposinHocti (5.8) ado (5.10) i 3akoH 30epeskeHHs KuTbKOCTI pyxy (3.11) abo
(3.12) yTBOPIOIOTH 3aMKHEHY CUCTEMY PIBHSHb KIIACHYHOT TEPMOIIPYKHOCTI, SIKi pa30M 3 TpaHuY-
HUMH 1 TOYaTKOBUMHU YMOBAMH JUJIs 33/1aHOTO TiJ1a YTBOPIOIOTH (hOPMYIIIOBaHHS KpailoBoi 3a1adi.

I'pannyHi yMOBHU Ha MOBEPXHi TIa S 3a3BHYail BHOMPAIOTh HACTYITHUMH

oijny = pi( M, t), axmo touka M € S, C S (5.13a)
w; = (M, t),  sxkmorouka M € S, = S\S,; (5.1306)
T
’\U )g_nl = ¢(M.t), sxmoTouka M € S, C S; (5.14a)
j z,

Y T>-?——m = oM, 1)(T*(M,#) = T(M, 1)), mmo M € S, = S\S,,(5.146)

B,

ae p; (M ,t) 1 U (M ,t) — KOMIIOHEHTH 33/IaHUX TOBEPXHEBUX CUJI FJ(M ,t) 1 mepeMileHb ﬁ(M ,t) X
a(M ,t) — 3aJlaHa BETMYMHA TYCTHHH TEIJIOBOTO MOTOKY Ha MOBEPXHI; & ( M ,t) — KoeiIieHT Ten-

sgoBimmaui; T *(M,t) — Tremreparypa 0TO4yIO4OrO CEPENOBHUIIA; 1 — BEKTOP OJUHHUYHOT 30BHIIII-
y

HBOT HOpMaJTi 10 OBepxHi S . BigzHaunmo, 1110 OCTaHHIO IPaHUYHY YMOBY Ha3MBaIOTh YMOBOIO
Ten1000Miny 3a 3akonoM Hblotona. ['pannuni ymou (5.14) B Teopii TeruionpoBiqHOCTI Ha3UBa-
I0Th TPAHMYHUMH YMOBAMHM JIPYroro i TpeTboro poay BiMOBiIHO.

[HIIM#I MOXKITUBHI BapiaHT TPAaHUYHUX YMOB JUISL PIBHSHHS TEIIONPOBIAHOCTI BUIUIMBAE 13

apyroro criBBigHomenHs (5.14) npu o ( M ,t) — o0 TOOTO &ET) / a — 0 — 3agaHHs TeMreparypu Ha

BCill rpaHWYHIN TOBEpXHi a00 i1 YacTHHI:

T(M,t)=T*(M,t), M € Sr=S\(S,US,). (5.15)

VYmogy (5.15) Ha3uBarOTh rPAHMYHOK) YMOBOIO MEPIIOTO POAY.
[TouaTKOB1 yMOBH, SIKi 3a3BUYali BUKOPUCTOBYIOTH B KJIACUYHINA TEPMOIIPYKHOCTI, MAIOTh BH-
IS



ui (M, 0) = ul”( ,
i (M,0) = al” (M), MeV; (5.16)
(M), MeV,

e ui(o), Ui(o), T© BiJIOMIi B OYaTKOBUI MOMEHT 4acy t = 0 KOMIIOHEHTHU MepeMIllIeHHS, IBUIKOCT1
1 pO3MOJIiT TEMITEpPATYPH.

VY takuii crnoci6 Mu noOyAyBalid KIIACHYHY TEOPil0 TEPMONPYXKHOCTI YIS JIHIHHOTO cepeio-
BHIIA 3 BUKOPUCTAHHSIM TEPMOJUHAMIYHOTO MIIXOy 1 3HANUIIUIN 0OMEXEHHS, SIKI HAKJIA1a€ IPYTHid
3aKOH TEPMOJMHAMIKU Ha MmapamMeTpu Hamoi mojenil



