ŤĚĎĚŘĂŃĲŊŐĚ ĂČĚŊŠŚŠĆŐ ŔŐ ŐĄŘĂĞŐĆĂŊĹđ ČŐŞ ĆŔŐ “ĹŘŁŞŠŚŁĹĽ ČŐŚŞĎĂŘŚŠĆĚŊŊŻĽ ŞŊĹĆĚŘŚĹŠĚŠ”

Ś. İ. ŁŐŘĚŊĄŃĹŠ

ŁŐŊŚŔĚŁŠ ŃĚŁŰĹĽ

ŔŐ ŠĚŘŇŐĎĹŊĂŇĹŁĚ

Şçěąŋőě ŕőáőąĺě (2-ě ĺğďăŋĺě, ĺáŕàăćńěŋőě ĺ ďőŕőńŋěŋőě)

ĹŘŁŞŠŚŁ 2023

ŞĎŁ 531.19+536.75

Ŕěçăâăěâáï ŕő àěèěŋĺî àěďăłæĺőŋŋő-ĺğďăâěńìáłőčő áőćěâă Ĺàłãâáłőčő čőáãďăàáâćěŋŋőčő ãŋĺćěàáĺâěâă

Řěæěŋğěŋâë :łăŋď. äĺğ.-ňăâ. ŋăãł, ŕàőä. Č. Ń. Łőâłĺŋ (ŊČŞ), łăŋď. äĺğ.-ňăâ. ŋăãł, áŋá. Ő. Ă. Ŕőďňãàŋăï (ŊĹĹŤŠŘĹ ).

Łőàěŋąńĺâ Ś. İ.

Łőŋáŕěłâ ńěłæĺľ ŕő âěàňőďĺŋăňĺłě :

ãçěą. ŕőáőąĺě (2-ě ĺğďăŋĺě) / Ś. İ. Łőàěŋąńĺâ. – Ĺàłãâáł : Ĺğď-ćő Ĺàłãâ. čőá. ãŋ-âă, 2023. – 70 c. ISBN 978–5–9624–221–5

Ŕőáńěďőćăâěńìŋő ĺğńăčăîâáï őáŋőćŋëě ŕőŋïâĺï, ĺďěĺ ĺ ňěâőďë âěàňőďĺŋăňĺłĺ àăćŋőćěáŋëå ŕàőæěááőć. Ĺğńăčăîâáï ĺ őąáãęďăîâáï: áňëáń ĺ äőàňãńĺàőćłĺ II-čő ŋăçăńă âěàňőďĺŋăňĺłĺ, ć âőň çĺáńě, łăł ŕàĺŋæĺŕă ăďĺăąăâĺçěáłőľ ŋěďőáâĺęĺňőáâĺ Łăàăâěőďőàĺ ďńï őąàăâĺňëå ĺ ŋěőąàăâĺňëå ŕàőæěááőć, ćëçĺáńěŋĺě âěŕńőěňłőáâěľ ŕàőĺğćőńìŋëå ŕàőæěááőć, ňěâőď âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć, ãáńőćĺï ãáâőľçĺćőáâĺ áőáâőïŋĺï âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï. Řăááňăâàĺćăěâáï ŕàĺňěŋěŋĺě íâĺå ňěâőďőć ł äăğőćăň ŕěàěåőďăň ć őďŋő- ĺ ňŋőčőłőňŕőŋěŋâŋëå áĺáâěňăå ĺ ć áćěàåŕàőćőďŋĺłăå, ł ňăčŋěâĺłăň ĺ ďĺíńěłâàĺłăň ćő ćŋěèŋĺå ŕőńïå, ł åĺňĺçěáłőňã àăćŋőćěáĺî ĺ âěŕńőćőľ ĺőŋĺğăæĺĺ.

Ŕàěďŋăğŋăçěŋő áâãďěŋâăň äĺğĺçěáłĺå áŕěæĺăńìŋőáâěľ ãŋĺćěàáĺâěâőć ŕő ŕěàćőľ çăáâĺ łãàáă “Šěàňőďĺŋăňĺłă ĺ áâăâĺáâĺçěáłăï äĺğĺłă”.

Ĺń. 24. Ąĺąńĺőčà. 21 ŋăğć.

ŞĎŁ 531.19+536.75 ISBN 978–5–9624–221–5 © Łőàěŋąńĺâ Ś. İ., 2007, 2023 © ČŐŞ ĆŔŐ “Ĺàłãâáłĺľ čőáãŋĺćěàáĺâěâ”, 2023

“Ŋěłőâőàëě ćěéĺ ŋăň ŋěŕőŋïâŋë, ŋě ŕőâőňã, çâő ŋăèĺ ŕőŋïâĺï áńăąë, ŋő ńĺèì ŕőâőňã, çâő ćěéĺ áĺĺ ěéě ŋě ćåőďïâ ć łàãč ŋăèĺå ŕőŋïâĺľ.” Łőğìňă Ŕàãâłőć

Ŕàěďĺáńőćĺě

Űěńìî ŕàěďńăčăěňőčő Łőŋáŕěłâă ńěłæĺľ ŕő âěàňőďĺŋăňĺłě ïćńïěâáï ŕőáńěďőćăâěńìŋőě ĺğńőęěŋĺě őáŋőćŋëå ĺďěľ ĺ ňěâőďőć łńăááĺçěáłőľ àăćŋőćěáŋőľ âěàňőďĺŋăňĺłĺ. Śńěďãï ŕőďåőďăň Ň. Ąőàŋă ĺ Ł. Łăàăâěőďőàĺ, őąáãęďăîâáï ŋăĺąőńěě âàãďŋő ãáćăĺćăěňëě áâãďěŋâăňĺ äĺğĺçěáłĺě ňőâĺćĺàőćłĺ ňăâěňăâĺçěáłőčő ăŕŕăàăâă âěàňőďĺŋăňĺłĺ őąàăâĺňëå ŕàőæěááőć, ććěďěŋĺï ŕőŋïâĺľ âěňŕěàăâãàë ĺ íŋâàőŕĺĺ, łăł ŕăàăňěâàőć (äãŋłæĺľ) áőáâőïŋĺï, äőàňãńĺàőćłĺ ŕěàćőčő ĺ ćâőàőčő ŋăçăńă âěàňőďĺŋăňĺłĺ ďńï őąàăâĺňëå ĺ ŋěőąàăâĺňëå ŕàőæěááőć. Ĺğńăčăěâáï ňěâőď âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć, á ŕőňőéìî łőâőàëå ğăâěň őąáãęďăîâáï ãáńőćĺï ãáâőľçĺćőáâĺ áőáâőïŋĺï âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï. Ěďĺŋáâćő ŕàĺňěŋěŋĺï íâĺå ňěâőďőć ŕàőáńěęĺćăěâáï ŋă ŕàĺňěàăå àăğńĺçŋëå âěàňőďĺŋăňĺçěáłĺå áĺáâěň: ňăčŋěâĺłőć, ďĺíńěłâàĺłőć, áćěàåŕàőćőďŋĺłőć, ă âăłęě ïćńěŋĺľ äăğőćőčő ŕěàěåőďă ć őďŋő- ĺ ňŋőčőłőňŕőŋěŋâŋëå áĺáâěňăå ĺ åĺňĺçěáłőčő àăćŋőćěáĺï.

Ďăŋŋëľ âěłáâ ŕàĺğćăŋ őâŋîďì ŋě ğăňěŋĺâì áőąőľ áâăŋďăàâŋëě ãçěąŋëě àãłőćőďáâćă, ŋő áńãęĺâì, ŕàěęďě ćáěčő, ŕãâěćőďĺâěńěň ŕő ŕàěďňěâã ĺ áőőâćěâáâćãîéěľ ńĺâěàăâãàě (20 ŋăĺňěŋőćăŋĺľ). Ŕőíâőňã, çăáâì ňăâěàĺăńă ćëŋěáěŋă ć ğăďăçĺ ŕőáńě łăęďőľ ńěłæĺĺ, ïćńïîéĺěáï ŋěőâêěňńěňőľ çăáâìî łãàáă. Őŋĺ áőáâăćńïîâ őáŋőćã őąïğăâěńìŋëå ğăďăŋĺľ ĺ íłğăňěŋăæĺőŋŋëå ćőŕàőáőć ĺ áŋăąęěŋë ŕőďàőąŋëňĺ ãłăğăŋĺïňĺ ĺńĺ ńĺâěàăâãàŋëňĺ ááëńłăňĺ.

Ğăňěçăŋĺï ĺ ŕàěďńőęěŋĺï ŕàĺćěâáâćãîâáï. § ąńăčőďăàěŋ ŕàőäěááőàã Ś.Ĺ. Śĺŋěčőćáłőňã ğă ŕőńěğŋëě őąáãęďěŋĺï ĺ àěæěŋğěŋâăň ğă æěŋŋëě ğăňěçăŋĺï, Ň. Čőàąăçěćőľ ĺ Ć. Ĺćőŋĺŋã ğă ćŋĺňăâěńìŋőě çâěŋĺě âěłáâă ĺ ãáâàăŋěŋĺě ğăňěçěŋŋëå őŕěçăâőł, ă âăłęě Ď. Űĺćĺńěćőľ, Ĺ. Ŕěàěćăńőćőľ, Ă. Śěňěŋîł ğă âćőàçěáłőě ćëŕőńŋěŋĺě àĺáãŋłőć.

Ś.İ. Łőàěŋąńĺâ

Őąőğŋăçěŋĺï:

Śĺňćőńë ⇒, =⇒, ⇐=, ⇐⇒, – ćáîďã őğŋăçăîâ: “áćőďĺâáï ł ..., ŕàěőąàăğãěâáï ć ...”. Śĺňćőńë −→, →, – ćáîďã őğŋăçăîâ: “ğăňěŋïěâáï ŋă ...”. Śĺňćőńë , −→, , →, - ćáîďã őğŋăçăîâ: “ŕàĺćőďĺâ ł ...”. Śĺňćőń ∀, – őğŋăçăěâ “ďńï ńîąëå..., ďńï ćáěå..., ďńï łăęďőčő...”. Śĺňćőń ∃, – őğŋăçăěâ “áãéěáâćãěâ..., ďńï ŋěłőâőàőčő...”. Śĺňćőńë →, ←, – őğŋăçăîâ “ŕàĺŋĺňăěâáï, ŕàĺąńĺęěŋŋő ŕőńăčăěâáï...”.

—4— Ő Č Ń Ă Ć Ń Ě Ŋ Ĺ Ě

Ŕàěďĺáńőćĺě . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 Ńěłæĺï 1 Šěàňőďĺŋăňĺçěáłőě àăćŋőćěáĺě.

I-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ 5 1 Šěàňĺçěáłőě àăćŋőćěáĺě ĺ âěňŕěàăâãàă . . . . . . . . . . . . 6 2 I-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ . . . . . . . . . . . . . . . . . . . 8 Ńěłæĺï 2 II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ.

1-ï çăáâì. Őąàăâĺňëě ŕàőæěááë 14 1 Śãéěáâćőćăŋĺě ĺ áćőľáâćă íŋâàőŕĺĺ . . . . . . . . . . . . . 14 2 Ăąáőńîâŋăï âěňŕěàăâãàă . . . . . . . . . . . . . . . . . . . . 19 3 III–ě Ŋăçăńő. Ŕàĺŋæĺŕ Ŋěàŋáâă . . . . . . . . . . . . . . . . 21 4 “Šőŕőńőčĺï – Śĺńă” . . . . . . . . . . . . . . . . . . . . . . . 22 Ńěłæĺï 3 II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ.

2-ï çăáâì. Ŋěőąàăâĺňëě ŕàőæěááë 28 1 Ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ . . . . . . . . . . . . . . . . . . 28 2 Ňěâőď âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć. Śĺáâěňë á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ . . . . . . . . . . . . . . . . . . . . . 32 Ńěłæĺï 4 Şáńőćĺï àăćŋőćěáĺï ĺ ãáâőľçĺćőáâĺ âěàňőďĺŋăňĺçěáłĺå áĺáâěň 39 1 İłáâàěňăńìŋëě áćőľáâćă âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć . 39 2 Šěàňőďĺŋăňĺçěáłĺě ŋěàăćěŋáâćă . . . . . . . . . . . . . . . . 43 3 Řăćŋőćěáĺě ďćãå äăğ ć őďŋőłőňŕőŋěŋâŋőľ áĺáâěňě. Ťăğőćëě ŕěàěåőďë . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 Ńěłæĺï 5 Řăćŋőćěáĺě ć čěâěàőčěŋŋëå áĺáâěňăå. Ţĺňĺçěáłőě àăćŋőćěáĺě 49 1 Ŕàăćĺńő äăğ Čĺąąáă . . . . . . . . . . . . . . . . . . . . . . . 49 2 Ţĺňĺçěáłőě àăćŋőćěáĺě. Ğăłőŋ ďěľáâćãîéĺå ňăáá . . . . . . 51 3 Šěŕńőćăï ĺőŋĺğăæĺï. Ğăłőŋ Śăåă . . . . . . . . . . . . . . . 53 Ńěłæĺï 6 Šěàňőďĺŋăňĺłă ňăčŋěâĺłőć ĺ ďĺíńěłâàĺłőć 56 1 Ŕăàă- ĺńĺ ďĺăňăčŋěâĺł ć ňăčŋĺâŋőň ŕőńě . . . . . . . . . . 56 1.1 Ňăčŋĺâŋőě őåńăęďěŋĺě . . . . . . . . . . . . . . . . . . . . . 59 2 Ďĺíńěłâàĺł ć íńěłâàĺçěáłőň ŕőńě . . . . . . . . . . . . . . . 61 3 Šěàňőďĺŋăňĺłă áćěàåŕàőćőďŋĺłőć . . . . . . . . . . . . . . . 63 Ńĺâěàăâãàă . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Ńěłæĺï 1

Šěàňőďĺŋăňĺçěáłőě àăćŋőćěáĺě. I-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ

Šěàňőďĺŋăňĺłă, – íâő äěŋőňěŋőńőčĺçěáłăï âěőàĺï, őŕĺáëćăîéăï ŕőćěďěŋĺě ňĂłàőáłőŕĺçěáłőľ áĺáâěňë ĺńĺ âěńă, àăááňăâàĺćăěňëå łăł áőćőłãŕŋőáâì őčàőňŋőčő çĺáńă, ≥ 10^6, ąőńěě ĺńĺ ňěŋěě őďĺŋăłőćëå ňĹłàő őąêěłâőć: çăáâĺæ, ăâőňőć, ňőńěłãń, áŕĺŋőć, ĺ â.ď. Ŕàĺňěàăňĺ âăłĺå áĺáâěň ąãďãâ áńãęĺâì čăğë, ęĺďłőáâĺ, âćěàďëě âěńă, ňăčŋěâĺłĺ, ĺ â.ď.

Ŕàěďňěâőň ĺğãçěŋĺï àăćŋőćěáŋőľ âěàňőďĺŋăňĺłĺ ïćńïîâáï âăłĺě áőáâőïŋĺï íâőľ ňĂłàőáĺáâěňë, łőâőàëě ćŕőńŋě őŕàěďěńïîâáï ńĺèì ŋěąőńìèĺň çĺáńőň “ćŋěèŋĺå” ĺ “ćŋãâàěŋŋĺå” (ŕő őâŋőèěŋĺî ł íâőľ ňĂłàőáĺáâěňě) ňĂłàőŕăàăňěâàőć, ŋăŕàĺňěà: őąêěňőň V ĺ ďăćńěŋĺěň P , ĺńĺ ćŋěèŋĺň ňăčŋĺâŋëň ŕőńěň H ĺ ěě ŋăňăčŋĺçěŋŋőáâìî M ĺ â.ď.

Ć ŕàőáâěľèěň áńãçăě, łőčďă áĺáâěňă ŋě őąňěŋĺćăěâáï á ćŋěèŋĺňĺ âěńăňĺ ŋĺ íŋěàčĺěľ, ŋĺ ćěéěáâćőň, ŋĺ ĺğńãçěŋĺěň, őŋă ŋăğëćăěâáï ğăňłŋãâőľ ĺńĺ ĺğőńĺàőćăŋŋőľ. Ŋă őáŋőćě őŕëâă ć âěàňőďĺŋăňĺłě ŕőáâãńĺàãěâáï, çâő ćáïłăï ĺğőńĺàőćăŋŋăï áĺáâěňă ŕő ĺáâěçěŋĺî ŋěłőâőàőčő ćàěňěŋĺ t, ŕàěćëèăîéěčő åăàăłâěàŋőě ďńï ŋěě ćàěňï àěńăłáăæĺĺ τ, ŕàĺåőďĺâ ć âăłőě áőáâőïŋĺě âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï, ĺğ łőâőàőčő ć ďăńìŋěľèěň, ŕàĺ t > τ, őŋă ãęě ŋě ňőęěâ ćëľâĺ áăňőŕàőĺğćőńìŋő.

Ĺňěŋŋő âăłĺě àăćŋőćěáŋëě áőáâőïŋĺï ćŕőńŋě åăàăłâěàĺğãîâáï âěň áăňëň ŋěąőńìèĺň çĺáńőň áćőĺå ňĂłàőŕăàăňěâàőć łăł äãŋłæĺľ ńĺèì áőáâőïŋĺï áĺáâěňë, âăłĺå łăł őąêěň V ĺ ďăćńěŋĺě P . Ŕőíâőňã ŕàěďáâăćńïěâ ĺŋâěàěá âő, łăłĺň őąàăğőň àěăńĺğãîâáï íâĺ áőáâőïŋĺï, ă âăłęě ł łăłĺň äĺğĺçěáłĺň áńěďáâćĺïň ŕàĺćőďĺâ łăł áăň äăłâ ĺå áãéěáâćőćăŋĺï, âăł ĺ àăğńĺçŋëě ćőğňőęŋőáâĺ ĺå ŋăàãèěŋĺï. Řăğďěńěŋĺě ŕăàăňěâàőć áĺáâěňë ŋă ćŋěèŋĺě ĺ ćŋãâàěŋŋĺě ćěáìňă ãáńőćŋő ĺ ğăćĺáĺâ őâ áŕőáőąă ćëďěńěŋĺï áĺáâěňë ĺğ ěě őłàãęěŋĺï.

—6— 1 Šěàňĺçěáłőě àăćŋőćěáĺě ĺ âěňŕěàăâãàă

Ŕőíâőňã ŕàĺ ćëďěńěŋĺĺ âěàňőďĺŋăňĺçěáłĺå áĺáâěň ĺğ őłàãęăîéěčő ŕàőáâàăŋáâćă ĺńĺ őâďěńěŋĺĺ ĺå ďàãč őâ ďàãčă ćăęŋãî àőńì ĺčàăîâ áćőľáâćă àăğńĺçŋőčő àőďă áâěŋőł. Śńěďãï Ň. Ąőàŋã [9], ĺďěăńĺğăæĺî áãéěáâćãîéĺå ć ŕàĺàőďě áâěŋőł ňőęŋő áćěáâĺ ł âàěň őáŋőćŋëň ćăàĺăŋâăň. • Ăďĺăąăâĺçěáłăï áâěŋłă âăłőćă, çâő áőáâőïŋĺě âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï ŋăåőďïéěľáï ć íâőľ ăďĺăąăâĺçěáłőľ őąőńőçłě áĺáâěňë (âěńă) ňőęŋő ŋăàãèĺâì âőńìłő ŕãâěň ŕěàěňěéěŋĺï áâěŋőł őąőńőçłĺ, â.ě. âőńìłő ŕãâěň áőćěàèěŋĺï áĺáâěňőľ ňěåăŋĺçěáłőľ àăąőâë δA ŋăď áćőĺň őłàãęěŋĺěň ĺńĺ àăąőâë őłàãęěŋĺï δA^′ = −δA ŋăď áĺáâěňőľ. Ć âăłőľ őąőńőçłě ğăłńîçěŋă ćáïłăï ĺğőńĺàőćăŋŋăï áĺáâěňă (Řĺá. 1.1).

• Ďĺăâěàňĺçěáłăï áâěŋłă âăłőćă, çâő ďćě ŕőďáĺáâěňë (ĺńĺ âěńă) 1 ĺ 2, àăğďěńěŋŋëě âăłőľ ŋěŕàőŋĺæăěňőľ ŋěŕőďćĺęŋőľ ŕěàěčőàőďłőľ, ŋăåőďïáì ć őąéěľ ăďĺăąăâĺçěáłőľ őąőńőçłě, ďőáâĺčăîâ áőáâőïŋĺï őąéěčő ďńï 1+2 âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï âőńìłő ć áńãçăě ćëŕőńŋěŋĺï őŕàěďěńěŋŋëå áőőâŋőèěŋĺľ ňěęďã ĺå ňĂłàőŕăàăňěâàăňĺ:

F_{1+2}(P_1, V_1|P_2, V_2) = 0. (1.1)

Ć íâőň áńãçăě čőćőàïâ, çâő ŕőďáĺáâěňë 1 ĺ 2 âěàňőďĺŋăňĺçěáłĺ àăćŋőćěáŋőľ áĺáâěňë 1+2 ŋăåőďïâáï ć áőáâőïŋĺĺ âěàňĺçěáłőčő àăćŋőćěáĺï ňěęďã áőąőľ (Řĺá. 1.2).

• Ŕàőŋĺæăěňëě (ćőőąàăęăěňëě) áâěŋłĺ, ďőŕãáłăîéĺě őąňěŋ ĺ çăáâĺæăňĺ (ďĺääãğĺî), ăŋăńőčĺçŋő ŕőğćőńïâ čőćőàĺâì ő áőáâőïŋĺĺ åĺňĺçěáłőčő àăćŋőćěáĺï ňěęďã ŕőďáĺáâěňăňĺ 1 ĺ 2 (Řĺá. 1.3).

Ć őáŋőćě ććěďěŋĺï ŕőŋïâĺï íňŕĺàĺçěáłőľ âěňŕěàăâãàë ńěęĺâ áńěďãîéĺľ íňŕĺàĺçěáłĺľ äăłâ âàăŋğĺâĺćŋőáâĺ áőáâőïŋĺï âěàňĺçěáłőčő àăćŋőćěáĺï: ďćă âěńă 1 ĺ 2, ŋăåőďïéĺěáï łăęďőě ć áőáâőïŋĺĺĺ âěàňĺçěáłőčő àăćŋőćěáĺï á âàěâìĺň âěńőň 3, ăćâőňăâĺçěáłĺ őłăğëćăîâáï ć âěàňĺçěáłőň àăćŋőćěáĺĺ ĺ ňěęďã áőąőľ. Š.ě. áőáâőïŋĺě áĺáâěňë 1+2+3 ąãďěâ ŕőńŋőáâìî âěàňőďĺŋăňĺçěáłĺ àăćŋőćěáŋëň ĺ ŋě ĺğňěŋĺâáï, ěáńĺ őçěŋì ŕńăćŋő ğăňěŋĺâì ăďĺăąăâĺçěáłãî áâěŋłã ňěęďã 1 ĺ 2 ďĺăâěàňĺçěáłőľ:

F_{1+3}(P_1, V_1|P_3, V_3) = 0, F_{2+3}(P_2, V_2|P_3, V_3) = 0,

=⇒ F_{1+2}(P_1, V_1|P_2, V_2) = 0. (1.2)

Šő ęě àăćŋőćěáŋőě áőáâőïŋĺě ãáâăŋőćĺâáï, ěáńĺ âěńő 3 àăğďěńĺâì ďĺăâěàňĺçěáłĺňĺ áâěŋłăňĺ ěéě ŋă ŕàőĺğćőńìŋőě çĺáńő çăáâěľ. İâă áĺâãăæĺï ćőğňőęŋă, âőńìłő ěáńĺ äãŋłæĺĺ F ć (1.1), (1.2) ŕàěďáâăćĺ́ňë ć ćĺďě:

—7— F_{1+3}(P_1, V_1|P_3, V_3) ≡ f_1(P_1, V_1) − f_3(P_3, V_3), F_{2+3}(P_2, V_2|P_3, V_3) ≡ f_2(P_2, V_2) − f_3(P_3, V_3), F_{1+2}(P_1, V_1|P_2, V_2) ≡ f_1(P_1, V_1) − f_2(P_2, V_2),

(1.3)

â.ě. F_{l+i}(P_l, V_l|P_i, V_i) = f_l(P_l, V_l)−f_iP_i, V_i), l ≠ i, ĺ őğŋăçăěâ, çâő ãáńőćĺï âěàňĺçěáłőčő àăćŋőćěáĺï (1.2) àăćŋőáĺńìŋë áőőâŋőèěŋĺïň (Řĺá. 1.4):

f_1(P_1, V_1) = f_3(P_3, V_3) = f_2(P_2, V_2), čďě f_1(P_1, V_1) = f_2(P_2, V_2) (1.4)

ĺ ěáâì ãáńőćĺě âěàňĺçěáłőčő àăćŋőćěáĺï ďćãå âěń. Ćëąàăć, ŋăŕàĺňěà, âěńő 3 ć łăçěáâćě âěàňőňěâàă, ŕőńăčăěň f_i(P_i, V_i) = θ_i. Šőčďă ãáńőćĺï (1.4) âěàňĺçěáłőčő àăćŋőćěáĺï á ŋĺň âěńă 1, θ_1 = θ_3, ĺ âěńă 2, θ_2 = θ_3, őğŋăçăîâ őŕàěďěńěŋŋãî ğăćĺáĺňőáâì ňěęďã ĺå ŕăàăňěâàăňĺ P_i ĺ V_i ĺ íâőľ íňŕĺàĺçěáłőľ ãáńőćŋőľ âěňŕěàăâãàőľ θ_i = θ_3. Šăłĺň őąàăğőň, ćáïłőě àăćŋőćěáŋőě áőáâőïŋĺě ŕàőĺğćőńìŋőľ âěàňőďĺŋăňĺçěáłőľ ŕőďáĺáâěňë, ŕőňĺňő P ĺ V , åăàăłâěàĺğãěâáï ěéě őďŋĺň “ćŋãâàěŋŋĺň” ŕăàăňěâàőň – äãŋłæĺěľ áőáâőïŋĺï θ, ğăďăćăěňőľ âěàňĺçěáłĺň ãàăćŋěŋĺěň áőáâőïŋĺï:

θ = f(P, V ), ĺńĺ: T = Ψ(θ) = Ψ(f(P, V )) ≡ T (P, V ), (1.5)

– ďńï ŋěłőâőàőľ ăąáőńîâŋőľ âěňŕěàăâãàë T = Ψ(θ), ěáńĺ ğăäĺłáĺàőćăâì ŋěőďŋőğŋăçŋőáâì ŕěàćőčő íňŕĺàĺçěáłőčő őŕàěďěńěŋĺï ć (1.5) ďőŕőńŋĺâěńìŋëň ãáńőćĺěň ŋőàňĺàőćłĺ, łőâőàőě ąãďěâ ãłăğăŋő ŋĺęě, ć (2.31).

Şęě ĺğ áăňőčő äăłâă áãéěáâćőćăŋĺï âěàňĺçěáłőčő ãàăćŋěŋĺï áőáâőïŋĺï (1.5), áćïğëćăîéěčő íâĺ âàĺ àăğńĺçŋëě äãŋłæĺĺ áőáâőïŋĺï áĺáâěňë, ŕãâěň ďĺääěàěŋæĺàőćăŋĺï áăňőčő őąéěčő ćĺďă íâőčő ãàăćŋěŋĺï:

Ξ(P, V, T ) = 0, dΞ ≡ Ξ^′_P dP + Ξ^′_V dV + Ξ^′_T dT ⇒ 0, Ξ^′_V = ( ∂Ξ ∂V ) T,P , (1.6)

ŕàőçâěŋŋőčő łăł: dT (P, V ) = ( ∂T ∂P ) V dP + ( ∂T ∂V ) P dV, (1.7) ńĺąő łăł: dP (V, T ) = ( ∂P ∂V ) T dV + ( ∂P ∂T ) V dT, (1.8) ĺńĺ łăł: dV (P, T ) = ( ∂V ∂P ) T dP + ( ∂V ∂T ) P dT, ćëâěłăěâ, çâő: (1.9) ( ∂T ∂P ) V = − Ξ^′_P Ξ^′_T , ( ∂P ∂V ) T = − Ξ^′_V Ξ^′_P , ( ∂V ∂T ) P = − Ξ^′_T Ξ^′_V

, őâłãďă (1.10)

ĺňěěň ( ∂P ∂V ) T ( ∂T ∂P ) V ( ∂V ∂T ) P = −1, çâő ć áĺńã: ( ∂T ∂P ) V = ( ∂P ∂T )−1 V , (1.11)

ćĺďŋő ĺ ĺğ ńîąőčő ĺğ ãàăćŋěŋĺľ (1.7)–(1.9) [áàăćŋĺ á (1.7)/dV ŕàĺ dT = 0].

—8— Śőőâćěâáâćãîéĺě íłáŕěàĺňěŋâăńìŋő ŋăąńîďăěňëě ćěńĺçĺŋë ěáâì:

β_V = 1 P ( ∂P ∂T ) V = âěàňĺçěáłĺľ łőíääĺæĺěŋâ ďăćńěŋĺï, (1.12)

α_P = 3α^L_P = 1 V ( ∂V ∂T ) P = łőíääĺæĺěŋâ őąêěňŋőčő àăáèĺàěŋĺï, (1.13)

K_T = − 1 V ( ∂V ∂P ) T = ĺğőâěàňĺçěáłăï áęĺňăěňőáâì; (1.14)

ĺ őłăğëćăîâáï áćïğăŋë âőčďă áőőâŋőèěŋĺěň α_P = P β_V K_T . (1.15) Ĺňěŋŋő ŕőâőňã, çâő ğŋăçěŋĺï âěàňőďĺŋăňĺçěáłĺå ŕăàăňěâàőć P, V, T , åăàăłâěàĺğãîéĺå àăćŋőćěáŋőě áőáâőïŋĺě, ŕő őŕàěďěńěŋĺî ïćńïîâáï ğŋăçěŋĺïňĺ äãŋłæĺľ áőáâőïŋĺï áĺáâěňë, âő ěáâì ğăćĺáïâ âőńìłő őâ áăňőčő àăćŋőćěáŋőčő áőáâőïŋĺï, ŋő ŋě ğăćĺáïâ őâ âőčő, łăłĺň ŕãâěň áĺáâěňă ć ŋěčő ŕőŕăńă, ĺå ŕàĺàăéěŋĺï ğăďăîâáï ŕőńŋëňĺ ďĺääěàěŋæĺăńăňĺ íâĺå äãŋłæĺľ, ĺ ĺňěîâ ňěáâő ĺ áňëáń ćáě àăćěŋáâćă (1.5)–(1.15). Ććěďěŋŋëě ŕăàăňěâàë, őďŋăłő, ŋě ĺáçěàŕëćăîâ ćáěå ćőğňőęŋëå äãŋłæĺľ áőáâőïŋĺï.

2 I-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ

Ćőğňőęŋőáâì áĺáâěňě (ĺńĺ ŋăď áĺáâěňőľ) áőćěàèăâì àăąőâã, őáâăćăïáì ć ăďĺąăâĺçěáłőľ őąőńőçłě, őğŋăçăěâ, çâő áĺáâěňă ňőęěâ ğăŕăáăâì íŋěàčĺî, ă ĺňěŋŋő: ćŋãâàěŋŋîî íŋěàčĺî U. Šăł łăł ŋă őŕëâě őłăğëćăěâáï, çâő ďńï ăďĺăąăâĺçěáłőčő ŕěàěåőďă áĺáâěňë ňěęďã ğăďăŋŋëňĺ ŋăçăńìŋëň ĺ łőŋěçŋëň àăćŋőćěáŋëňĺ áőáâőïŋĺïňĺ âàěąãěâáï ćáěčďă őďŋă ĺ âă ęě àăąőâă (δA)_Q ŋěğăćĺáĺňő őâ áŕőáőąă ĺ áłőàőáâĺ ŕàőæěááă ŕěàěåőďă (Řĺá. 1.1), âő, ŕő ăŋăńőčĺĺ á ňěåăŋĺłőľ, ňőęŋő ŋăğćăâì íâã ćěńĺçĺŋã “ăďĺăąăâĺçěáłĺň ŕőâěŋæĺăńőň”. Š.ě. I-ě ŋăçăńő ŕőáâãńĺàãěâ, çâő ã áĺáâěňë ĺňěěâáï ěéě őďĺŋ “ćŋãâàěŋŋĺľ” âěàňőďĺŋăňĺçěáłĺľ ŕăàăňěâà – ěě ăďĺăąăâĺçěáłĺľ ŕőâěŋæĺăń U – łăł äãŋłæĺï ěě áőáâőïŋĺï, ğăćĺáïéĺľ ć áĺńã (1.5) őâ ńîąëå (ďćãå) ŋěğăćĺáĺňëå ŕăàăňěâàőć. Šăł çâő àăąőâă ŕàĺ ńîąőň ăďĺăąăâĺçěáłőň ŕàőæěááě áőćěàèăěâáï áĺáâěňőľ âőńìłő ğă áçěâ ãąëńĺ ěě ćŋãâàěŋŋěľ íŋěàčĺĺ U ŋă:

(dU)_Q = −(δA)_Q, čďě: U = U(T, V ) ( ⇒ U(P, V ) ⇒ U(T, P ) ) , (1.16)

– ěáâì łăńőàĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï áĺáâěňë, ă ĺŋďěłá Q áĺňćőńĺğĺàãěâ ăďĺăąăâĺçěáłĺľ ŕàőæěáá. Ěáńĺ âěŕěàì, őąàăéăïáì ł ďĺăâěàňĺçěáłĺň áâěŋłăň, őŕàěďěńĺâì ŕőŋïâĺě łőńĺçěáâćă âěŕńă δQ łăł âőâ ěéě

—9— őďĺŋ áŕőáőą ŕěàěďăçĺ íŋěàčĺĺ ňěęďã ŕőďáĺáâěňăňĺ 1 ĺ 2, łőâőàëľ ąëń ğăŕàěéěŋ ăďĺąăâĺçěáłĺňĺ áâěŋłăňĺ, ŋő áâăń ćőğňőęěŋ ďńï ďĺăâěàňĺçěáłĺå áâěŋőł ć ŕàőæěááě ãáâăŋőćńěŋĺï âěàňĺçěáłőčő àăćŋőćěáĺï (1.1), âő ąăńăŋá ğăłőŋă áőåàăŋěŋĺï íŋěàčĺĺ ãęě ďńï ńîąőčő âăłőčő ŕàőæěááă ćëàăćŋĺćăŋĺï, ćňěáâő (1.16), ŕàĺŋĺňăěâ ćĺď:

(I-ě Ŋăçăńő) dU = δQ − δA, ĺńĺ: δQ = dU + δA ≡ δW. (1.17)

Š.ě. ŕàĺàăéěŋĺě łőńĺçěáâćă âěŕńă δQ ěáâì ŕàőáâő ŕőńŋăï ŕőďćěďěŋŋăï ł áĺáâěňě íŋěàčĺï δW , łőâőàăï ĺďěâ ŋă ŕàĺàăéěŋĺě ěě ćŋãâàěŋŋěľ íŋěàčĺĺ δU ĺ ŋă áőćěàèěŋŋĺě íâőľ áĺáâěňőľ íńěňěŋâăàŋőľ àăąőâë δA ŕàĺ ŕàőĺğćőńìŋőň, ć âőň çĺáńě ŋěăďĺăąăâĺçěáłőň ŕàőæěááě. Ŕàĺàăéěŋĺï δQ ĺ δA ğăćĺáïâ őâ ŕãâĺ, áŕőáőąă ĺ áłőàőáâĺ ŕàőæěááă, â.ě. ïćńïîâáï ěčő äãŋłæĺőŋăńăňĺ, ă ŕőâőňã ŋě ňőčãâ ąëâì ŕàěďáâăćńěŋë ŕőńŋëňĺ ďĺääěàěŋæĺăńăňĺ. Šőčďă łăł ďńï ŕàĺàăéěŋĺï ćŋãâàěŋŋěľ íŋěàčĺĺ áĺáâěňë, łăł äãŋłæĺĺ âőńìłő ěě áőáâőïŋĺï, ĺňěěň: δU =⇒ dU.

Řăğŋëě âěàňőďĺŋăňĺçěáłĺě ŕăàăňěâàë P, V, T ĺ â.ď. ĺňěîâ àăğŋëě ćàěňěŋă àěńăłáăæĺĺ τ_P , τ_V , τ_T ďăęě ďńï ŕàőæěááőć ć őďŋőľ áĺáâěňě. Ććěďěŋŋőě ćëèě ćàěňï àěńăłáăæĺĺ ćáěľ áĺáâěňë τ = max(τ_P , τ_V , τ_T ). Ŕàőæěáá ĺğňěŋěŋĺï âěàňőďĺŋăňĺçěáłőčő ŕăàăňěâàă Y ŋă ćěńĺçĺŋã ΔY , ŕàőâěłăîéĺľ ğă ćàěňï Δt ≫ τ áő áłőàőáâìî Ẏ = ΔY/Δt ≪ ΔY/τ, ňŋőčő ňěŋìèěľ áłőàőáâĺ àěńăłáăæĺĺ ćáěå ŕăàăňěâàőć áĺáâěňë, ňőęŋő ŕàěďáâăćĺâì łăł ŕőáńěďőćăâěńìŋãî æěŕőçłã ąěáłőŋěçŋő ąńĺğłĺå àăćŋőćěáŋëå áőáâőïŋĺľ á őŕàěďěńěŋŋëňĺ ğŋăçěŋĺïňĺ Y . Šăłĺě ňěďńěŋŋëě ŕàőæěááë ŋăğëćăîâ àăćŋőćěáŋëňĺ, łćăğĺáâăâĺçěáłĺňĺ ĺńĺ őąàăâĺňëňĺ, â.ł. ŕőáńěďőćăâěńìŋőáâì àăćŋőćěáŋëå áőáâőïŋĺľ ćáěčďă ňőęŋő ŕàőľâĺ ć őąàăâŋőň ŕőàïďłě. Ă â.ł. ć łăęďőň ĺğ âăłĺå ŕàőňěęãâőçŋëå áőáâőïŋĺľ ćáě ĺå ŕăàăňěâàë ĺňěîâ őŕàěďěńěŋŋëě ğŋăçěŋĺï, âő ĺå ňőęŋő ĺğőąàăğĺâì ć ćĺďě čńăďłőľ łàĺćőľ ŋă ŕńőáłőáâĺ (P, V ), ĺńĺ (T, V ), ĺńĺ (T, P ) ĺ â.ď.,

łăł: φ(P, V ) = const, φ(T, V ) = const, φ(T, P ) = const, (1.18) čďě ďńï ŕàőáâëå áĺáâěň ãàăćŋěŋĺě ŕàőæěááă φ(·, ·) = const áćïğëćăěâ ŋě ąőńěě ďćãå ŕăàăňěâàőć. Ŋěàăćŋőćěáŋëě áőáâőïŋĺï ĺ ŋěàăćŋőćěáŋëě ŕàőæěááë ŋě ďőŕãáłăîâ őďŋőğŋăçŋőčő čàăäĺçěáłőčő ĺğőąàăęěŋĺï. Ŋő ěáńĺ ŋăçăńìŋőě ĺ łőŋěçŋőě áőáâőïŋĺï ŕàőĺğćőńìŋőčő ŕàőæěááă ïćńïîâáï àăćŋőćěáŋëňĺ, âő ŕő őâďěńìŋőáâĺ ć łăęďőň ĺğ ŋĺå ćëŕőńŋïîâáï ãęě ĺ âěàňĺçěáłőě (1.5), ĺ łăńőàĺçěáłőě (1.16) ãàăćŋěŋĺï áőáâőïŋĺï. İâő ŕőğćőńïěâ ďńï ńîąőčő âăłőčő ŕàőæěááă ŋăľâĺ ĺğňěŋěŋĺě ńîąőľ äãŋłæĺĺ áőáâőïŋĺï,

—10— ŋăŕàĺňěà, ĺğňěŋěŋĺě äãŋłæĺĺ ćŋãâàěŋŋěľ íŋěàčĺĺ áĺáâěňë:

ΔU = U(T_2, V_2) − U(T_1, V_1) ≡ U_2 − U_1 =⇒ ΔQ − ΔA. (1.19) Łőŋěçŋëě ŕàĺàăéěŋĺï ΔA, ΔQ, łăł ĺ δA, δQ, ŋěŕàěďáâăćĺ́ňë ć ćĺďě àăğŋőáâĺ áőőâćěâáâćãîéĺå ğŋăçěŋĺľ, â.ł. ďńï ŋĺå, ć őâńĺçĺě őâ U, ŋě őŕàěďěńěŋő áăňő ŕőŋïâĺě ğŋăçěŋĺï ć ďăŋŋőň áőáâőïŋĺĺ. Ŕőíâőňã ĺŋâěčàĺàőćăŋĺě ãàăćŋěŋĺï I-čő ŋăçăńă (1.17) ł ćĺďã (1.19) âàěąãěâ ãňěŋĺï ĺŋâěčàĺàőćăâì íâĺ ŕàĺàăéěŋĺï δA ĺ δQ. Ďńï àăćŋőćěáŋëå ŕàőæěááőć íńěňěŋâăàŋăï àăąőâă âěàňőďĺŋăňĺçěáłőľ áĺáâěňë ŋăď ćŋěèŋĺňĺ âěńăňĺ ŕőńŋőáâìî ĺŋâěčàĺàãěâáï ğŋăłőňëň ĺğ ňěåăŋĺłĺ ćëàăęěŋĺěň ďńï ńîąőľ ŕăàë âěàňőďĺŋăňĺçěáłĺ áőŕàïęěŋŋëå áĺń Y ĺ łőőàďĺŋăâ y, ŋăŕàĺňěà, P ĺ V , ĺńĺ ŋăŕàïęěŋŋőáâĺ ňăčŋĺâŋőčő ŕőńï H ĺ ŋăňăčŋĺçěŋŋőáâĺ M (6.10), łăł: δA = Fdℓ = P Σdℓ = P dV, ĺńĺ ΔA = ∫ Fdℓ = ∫ P dV ⇐⇒ ∫ Y dy. (1.20) Ŕőŕàőąãěň ŕàőĺŋâěčàĺàőćăâì ŕàĺàăéěŋĺě łőńĺçěáâćă âěŕńă δQ á ŕőňőéìî ŕőńŋőčő ďĺääěàěŋæĺăńă dT ãáâăŋőćńěŋŋőľ ćëèě äãŋłæĺĺ áőáâőïŋĺï – âěňŕěàăâãàë áĺáâěňë T , ŋăŕàĺňěà, ďńï ğăďăŋŋëå őąàăâĺňëå ŕàőæěááőć âĺŕă (1.18). Ďńï íâőčő ŕàĺďěâáï ććěáâĺ âăłãî åăàăłâěàĺáâĺłã łőŋłàěâŋőčő àăćŋőćěáŋőčő ŕàőæěááă φ = const, łăł ěčő âěŕńőěňłőáâì C_φ: δQ = dU + δA =⇒_{eq} dU + P dV, ĺ ŕàĺ U = U(T, V ) , (1.21) δQ = ( ∂U ∂T ) V dT + [( ∂U ∂V ) T + P ] dV =⇒_φ (δQ)_φ = C_φdT, őâłãďă, (1.22)

ŕàĺ φ =⇒ V, â.ł. dV =⇒_{φ=V} 0, ĺňěěň: C_V = ( ∂U ∂T ) V , âő ěáâì (1.23)

∀φ : (C_φ − C_V ) dT =_φ [( ∂U ∂V ) T + P ] dV, çâő ŕàĺ φ =⇒ P (1.24)

ďăěâ, ŕàĺçěň ćŋőćì ∀φ : (C_φ − C_V ) dT =_φ (C_P − C_V ) ( ∂T ∂V ) P dV. (1.25)

Ĺáłńîçăï őâáîďă dT ŕőďáâăŋőćłőľ (1.7), ŕőńãçĺň:

(C_φ − C_V ) ( ∂T ∂P ) V dP =_φ (C_P − C_φ) ( ∂T ∂V ) P dV, ă ŕàĺćńěłăï (1.11)

ĺ ŕőńăčăï ∀φ : n_φ ≡ C_φ − C_P C_φ − C_V , ŋăåőďĺň: ( ∂P ∂V ) φ = n_φ ( ∂P ∂V ) T , (1.26)

ĺ ďńï ńîąëå ďĺää-ňëå äãŋłæĺľ g(P ), f(V ): ∂g(P ) ∂f(V ) φ = n_φ ∂g(P ) ∂f(V ) T .(1.27)

—11— Śőőâŋőèěŋĺï (1.26), (1.27) ŕőğćőńïîâ ćëçĺáńïâì ŕàőĺğćőďŋëě ďńï ńîąőčő ŕàőæěááă φ = const ŕő áâăŋďăàâŋëň âěŕńőěňłőáâïň ĺ ŕàőĺğćőďŋëň (1.10) őâ âěàňĺçěáłőčő ãàăćŋěŋĺï áőáâőïŋĺï (1.5)–(1.9), ěáńĺ âőńìłő íâĺ ŕàőĺğćőďŋëě ĺňěîâ áňëáń ďńï ďăŋŋëå áĺáâěň ĺ ŕàőæěááőć (ĺğńãçěŋĺě!).

Ŕàĺňěà ňŋőčőçĺáńěŋŋëå áńěďáâćĺľ (1.26) ďăěâ ŕőńĺâàőŕĺçěáłĺľ ŕàőæěáá, â.ě. ŕàĺ ŕőáâőïŋŋőľ âěŕńőěňłőáâĺ C_φ ⇒ C = φ = const. Šőčďă n_φ ⇒n_C – ŕőłăğăâěńì ŕőńĺâàőŕë. Ŕàĺ C_{V,P} → const, â.ě. n_C ⇒n = const, ďńï ňăááë m ĺďěăńìŋőčő čăğă á ňőńěłãńïàŋëň ćěáőň μ ć őąêěňě V : P V =⇒ νRT, čďě ν = m μ – çĺáńő ňőńěľ íâőčő čăğă, ĺňěěň (1.28) ( ∂P ∂V ) T =⇒ − P V , dP P =⇒_C −n dV V , őâłãďă: P V^n = const. (1.29)

Ďńï àăćŋőćěáŋőčő ăďĺăąăâĺçěáłőčő ŕàőæěááă C_φ ⇒ C_Q = 0, ĺ ŕőłăğăâěńì ŕőńĺâàőŕë n_Q áćőďĺâáï ł ŕőłăğăâěńî ăďĺăąăâë γ, őâłãďă, á ãçěâőň őŕàěďěńěŋĺï (1.14) ĺğőâěàňĺçěáłőľ áęĺňăěňőáâĺ, ĺğ (1.26) ŋăåőďĺň: K_T = n_φK_φ ⇒γK_Q, čďě n_Q ⇒γ ≡ C_P C_V , ĺ K_Q = − 1 V ( ∂V ∂P ) Q (1.30)

- ăďĺăąăâĺçěáłăï áęĺňăěňőáâì ďńï P V^γ = const ć âőň ęě ĺďěăńìŋőň čăğě (1.28). Ťőàňãńă (1.27) ŕőğćőńïěâ ńěčłő ŋăľâĺ ć ŋěň ĺ áłőàőáâì ğćãłă c_s: P = ρ RT μ , ρ = m V ć ćĺďě c^2_s ≡ ( ∂P ∂ρ ) Q = γ (∂P ∂ρ ) T =⇒ γ RT μ . (1.31)

Ğăňěçăŋĺě A. Ğďěáì ňőńěłãńïàŋëľ (ăâőňŋëľ) ćěá μ ěáâì ňăááă őďŋőľ ňőńěłãńë M_1 ć ěďĺŋæăå ňăááë ŕàőâőŋă m_p, ă âőçŋěě – ć ăâőňŋëå ěďĺŋĺæăå ňăááë (ăěň) m_0:

m_p ≈ m_n ≃ m_0 ≡

M_1(C_{12}) 12 ≈ 1, 66 · 10^{−24} č ≈ 931, 45 Ňíć c^2 , μ(X) = M_1(X) m_0

, (1.32)

ŋăŕàĺňěà: μ(H_1) = 1, μ(H_2) = 2, μ(H_2O) = 2 + 16 = 18, μ(O_2) = 32, (1.33) čďě ŕàěŋěąàěčăěâáï: |m_p − m_n| ≤ m_p 725 , ĺ: m_e ≤ m_p 1800

. (1.34) Šőčďă ć őďŋőň čàăňň-ňőńě (łàăâłő – ňőńě) – łőńĺçěáâćě ńîąőčő ćěéěáâćă X ć čàăňňăå çĺáńěŋŋő àăćŋőň ěčő ňőńěłãńïàŋőňã ćěáã ~M(X) = μ · 1 č – áőďěàęĺâáï őďŋő ĺ âő ęě çĺáńő ňőńěłãń íâőčő ćěéěáâćă, àăćŋőě çĺáńã ŋãłńőŋőć c őąéěľ ňăááőľ ć őďĺŋ čàăňň: ~M (X) M_1(X) = μ · 1 č μ m_0 = 1 č m_0

≡ N_A =

10^{24} 1, 66

= 6, 02 · 10^{23} 1 ňőńì

, âő ěáâì çĺáńã Ăćőčăďàő.(1.35)

Ŋő âăł łăł M_1 = μm_0 = μ · 1 č N_A ⇒ m N , âő çĺáńő ňőńěľ ν(ňőńì) ≡ N N_A = m μ · 1 č

. (1.36)

Šăł çâő ν = P V RT ŕàĺ őďĺŋăłőćëå P, V, T ěáâì őďŋă ĺ âă ęě ćěńĺçĺŋă (1.37) ďńï àăğŋëå ĺďěăńìŋëå čăğőć, çâő ĺ őąŋăàãęĺń Ăćőčăďàő. Ĺğ (1.36) ćĺďŋő, çâő ãďőąŋő ŕàĺŕĺáăâì ćěńĺçĺŋě μ àăğňěàŋőáâì č/ňőńì, çâő ĺ ŕàěďŕőńăčăńőáì ć (1.28), (1.31), âőčďă:

—12—

R = 8, 31441 Ďę ňőńì K

= 8, 314 · 10^7 íàč ňőńì K

= 1, 9872 łăń ňőńì K

= 82, 057 áň^3 · ăâň ňőńì K

. (1.38)

Ŕàĺňěà I: Ŋĺęě ŕőłăğăŋő, çâő ćŋãâàěŋŋïï íŋěàčĺï ĺďěăńìŋőčő čăğă (1.28) ŋě ğăćĺáĺâ őâ őąêěňă V : U(T, V ) ⇒ U(T ). Ŕàĺ φ = P ć (1.21) łăł ć (1.24): (C_φ − C_V ) dT = P dV = d(P V ) − V dP ⇒_P d(P V ) = d(RT ), çâő ďńï őďŋőčő ěčő ňőńï ďăěâ áőőâŋőèěŋĺě Ňăľěàă: C_P = C_V + R. Ńîąőľ čăğ á C_V = const ŋăğëćăîâ áőćěàèěŋŋëň. Ŕãáâì âăłőľ ĺďěăńìŋëľ áőćěàèěŋŋëľ čăğ çěàěğ ňăńőě őâćěàáâĺě ćàëćăěâáï ć áőáãď á ćăłããňőň ĺğ ăâňőáäěàë á äĺłáĺàőćăŋŋëň ďăćńěŋĺěň P_0 ĺ âěňŕěàăâãàőľ T_0. Ŋăľďěň ďńï íâőčő ŋěőąàăâĺňőčő ŕàőæěááă âěňŕěàăâãàã T čăğă ć áőáãďě ł ňőňěŋâã ćëàăćŋĺćăŋĺï ďăćńěŋĺľ, áçĺâăï τ_{T0} ≫ τ_{P0} , â.ě. áőáãď ăďĺąăâĺçěáłĺ ĺğőńĺàőćăŋŋëň, ă íâő ŋěàăćŋőćěáŋőě ŕő âěňŕěàăâãàě áőáâőïŋĺě T ≠ T_0 – ňěâăáâăąĺńìŋëň. Ŕãáâì ć áőáãď ŕàĺ íâőň ćőèńő ν ňőńěľ čăğă, ğăŋĺňăćèĺå àăŋěě ć ăâňőáäěàě őąêěň V_0. Š.ł. ΔQ = 0, ŕàĺàăéěŋĺě ćŋãâàěŋŋěľ íŋěàčĺĺ ćőèěďèěčő čăğă ΔU àăćŋő àăąőâě ŋăď ŋĺň áĺń ăâňőáäěàŋőčő ďăćńěŋĺï àăćŋőćěáŋőľ ăâňőáäěàë ΔA^′: ΔU ≡ T∫

T_0

νC_V dT_1 = νC_V (T − T_0), ΔA^′ ≡

V_0∫

0 P_0dV = P_0V_0 = νRT_0,

ΔU = ΔA^′, → νC_V (T − T_0) = νRT_0, C_V T = C_P T_0, T = γT_0 > T_0.

Ŕőáłőńìłã àăąőâã áőćěàèăěâ àăćŋőćěáŋăï ăâňőáäěàă, őâáîďă ćĺďŋő, çâő ãęě ŕěàćăï ňăńăï ŕőàæĺï čăğă ĺňěěâ âěňŕěàăâãàã T . Śńěďãîéĺě ŕőàæĺĺ, ćàëćăïáì ŕőď ňěŋìèĺň ďăćńěŋĺěň ΔP = P_0 − P_{in}, ĺňěîâ âěňŕěàăâãàã ňěŋìèě T , ŋő, áęĺňăï čăğ ć áőáãďě, ŋăčàěćăîâ ěčő ćëèě T . Ŕàĺ τ^{in}_T ≃ τ_{P0} íâĺ íääěłâë ŕőńŋőáâìî ćğăĺňŋő łőňŕěŋáĺàãîâáï [2] ć àěğãńìâăâě ąëáâàőčő ćëàăćŋĺćăŋĺï âěňŕěàăâãàë čăğă ć áőáãďě. Ńěčłő ŋăľâĺ ďăćńěŋĺě čăğă ć áőáãďě őąêěňőň V , ğăłàëâőň ć ňőňěŋâ P_{in} = P_0, ŕőáńě ćëàăćŋĺćăŋĺï ěčő âěňŕěàăâãàë á ăâňőáäěàŋőľ: P_0V = νRT, → P_2V = νRT_0, őâłãďă: P_2 = P_0/γ < P_0.

Łăł ïćáâćãěâ ĺğ őąáãęďěŋĺï (1.22)–(1.30), ćëàăęěŋĺě (δQ)_φ = C_φdT ć (1.22) ŋě ŕőğćőńïěâ ŕőńŋőáâìî, â.ě. ŋěğăćĺáĺňő őâ ćĺďă (1.18) łćăğĺáâăâĺçěáłőčő (őąàăâĺňőčő) ŕàőæěááă, ŕàőĺŋâěčàĺàőćăâì íńěňěŋâăàŋőě ŕàĺàăéěŋĺě łőńĺçěáâćă âěŕńă, â.ł. áăňă âěŕńőěňłőáâì C_φ őáâăěâáï äãŋłæĺőŋăńìŋő ğăćĺáĺňőľ őâ ŕàőæěááă φ. Ŋěőąåőďĺňő ŋăľâĺ ĺŋőě ŕàěďáâăćńěŋĺě ďńï δQ. Ć őâńĺçĺě őâ dU, dP, dV, dT → 0 ŕàěďěń (δQ)φ → 0 ∃ łăł áőáâőïŋĺě

ńĺèì ďńï ğăďăŋŋőčő ŕàőæěááă φ, ŋő ŋěğăćĺáĺňëľ őâ ŕàőæěááă φ ŕàěďěń δQ → 0 ŋě ∃.

Ğăďăçĺ 1.1. Şçĺâëćăï (1.11)–(1.14), ŋăľâĺ ïćŋëľ äãŋłæĺőŋăńìŋëľ ćĺď âěàňĺçěáłőčő ãàăćŋěŋĺï áőáâőïŋĺï ęĺďłőáâĺ, ć łőâőàőľ áęĺňăěňőáâì ĺ łőíä-

—13— äĺæĺěŋâ őąêěňŋőčő àăáèĺàěŋĺï àăćŋë: (a)−K_T = b(P ), α_P = a(T ); (b) −K_T = κ(T ), α_P = A(P ); (c) −V K_T = 1/ω(T ), łőčďă âěàňĺçěáłĺľ łőíääĺæĺěŋâ ďăćńěŋĺï P β_V = B(V ). Ćáěčďă ńĺ ŕàőĺğćőńìŋë íâĺ äãŋłæĺĺ? 1.2. Ŕàĺŋĺňăï, çâő ( ∂U ∂V ) T = 0, ďńï ĺďěăńìŋőčő čăğă, ćëćěáâĺ äőàňãńã Ňăľěàă ďńï ňőńïàŋëå âěŕńőěňłőáâěľ: C_P = C_V + R, čďě C_V = C_V (T ). 1.3. Ŋăľâĺ âěŕńőěňłőáâì ňőńï ĺďěăńìŋőčő čăğă ŕőď ŕőàèŋěň á ŕàãęĺŋőľ ęěáâłőáâĺ κ, ěáńĺ x_0 = 0, C_V ≠ const, ĺ ŕőď ŕőàèŋěň ć ŕőńě âïęěáâĺ g. 1.4. Őďĺŋ ňőńì ĺďěăńìŋőčő čăğă ŋăåőďĺâáï ć őąêěňě V_1 = V , ŕőď ğăłàěŕńěŋëň ŕőàèŋěň ŋă ĺğŋăçăńìŋő áćőąőďŋőľ ŕàãęĺŋě ęěáâłőáâĺ κ. Ŕàĺ őáćőąőęďěŋĺĺ ŕőàèŋï: V_1 → V_2 = 2V . Ŋăľâĺ T_2 ĺ P_2.

1.5. Ĺğ ğăď. 1.3. ŋăľâĺ âěŕńőěňłőáâì ĺ æěŋâà âïęěáâĺ áâőńąă ćőğďãåă ć ăâňőáäěàě ŕàĺ T = const, ĺ áà. á ąăàőňěâàĺçěáłőľ äőàňãńőľ ([11] N 42). 1.6. Ďńï áĺáâěň á P V/U = λ = const ŋăľâĺ ãàăćŋěŋĺě ăďĺăąăâë ĺ K_Q(P ). 1.7. Ŋăľâĺ ěčő ďńï ĺďěăńìŋőčő čăğă ć ŕěàěňěŋŋëå (P, V ), (T, V ), (T, P ). 1.8. Ŋăľâĺ čàăďĺěŋâ âěňŕěàăâãàë á ćëáőâőľ ŕàĺ ăďĺăąăâĺçěáłőň àăáèĺàěŋĺĺ íńěňěŋâă őąêěňă ćőğďãåă ĺ ãáńőćĺě ěčő ãáâőľçĺćőáâĺ ŕő őâŋőèěŋĺî ł łőŋćěłæĺĺ ć ăâňőáäěàě ĺď. čăğă ([11] N 95,96, [5] ğăď. I.5,I.8). 1.9. Őďĺŋ ňőńì ĺďěăńìŋőčő áőćěàèěŋŋőčő čăğă, C_V = const, áęĺňăîâ ŕőàèŋěň ć k àăğ âăł, çâő ćëďěńïěňőě ĺň âěŕńő ćáě ćàěňï àăćŋő ĺğňěŋěŋĺî ěčő ćŋãâàěŋŋěľ íŋěàčĺĺ. Ŋăçăńìŋăï âěňŕěàăâãàă T_0. Ŋăľâĺ âěŕńőěňłőáâì ŕàőæěááă, ãàăćŋěŋĺě ŕàőæěááă, ĺ àăąőâã ŋă áęăâĺě. 1.10. Ĺğ (1.26), (1.30) ŋăľâĺ, çâő ďńï ńîąőčő ŕàőæěááă φ = const, ŕàĺ: γ = C_P C_V = K_T K_Q , áńěďãěâ C_φ C_V = 1 − K_φ/K_Q 1 − K_φ/K_T = γ K_Q − K_φ K_T − K_φ . (KP,V = ? ⇓) (1.39)

Řĺá. 1.1. Řĺá. 1.2. Řĺá. 1.3.

Řĺá. 1.4.

Ńěłæĺï 2

II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ. 1-ï çăáâì. Őąàăâĺňëě ŕàőæěááë

Ŕőćěďěŋĺě âěàňőďĺŋăňĺçěáłőľ áĺáâěňë ŕàĺ ŕàőĺğćőńìŋëå ŕàőæěááăå φ ãŕàăćńïěâáï ğăłőŋőň áőåàăŋěŋĺï íŋěàčĺĺ ć ćĺďě I-čő ŋăçăńă âěàňőďĺŋăňĺłĺ, ŕàĺ ãáńőćĺĺ, çâő ěě ćŋãâàěŋŋïï íŋěàčĺï ïćńïěâáï ŋě ğăćĺáïéěľ őâ ŕàőæěááă äãŋłæĺěľ áőáâőïŋĺï. Šőčďă ďńï æĺłńĺçěáłĺå ŕàőæěááőć φ = ω: ∮ ω dU = 0, ĺ â.ł. dU = δQ−δA âő ∮ ω δQ = ∮ ω δA ≡ ∮ ω P dV = W_ω. (2.1)

Š.ě. áãéěáâćãîâ ďěľáâćãîéĺě ŕő íâőňã æĺłńã ω âěŕńőćëě ňăèĺŋë (Řĺá. 2.1), ŕàěćàăéăîéĺě çăáâì ŕěàěďăŋŋőčő ĺå àăąőçěňã âěńã âěŕńă ć àăąőâã W_ω = ŕńőéăďĺ íâőčő ğăňłŋãâőčő æĺłńă, ĺńĺ ęě. őąàăâŋő, àăąőâã – ć ŕěàěďăçã âěŕńă (Őâłãďă? Łãďă?).

1 Śãéěáâćőćăŋĺě ĺ áćőľáâćă íŋâàőŕĺĺ

Řăááňőâàĺň âăłãî âěŕńőćãî ňăèĺŋã, ã łőâőàőľ ŋăčàěćăâěńì (ĺáâőçŋĺł) ĺňěěâ ŕőáâőïŋŋãî âěňŕěàăâãàã T_1, åőńőďĺńìŋĺł – ŕőáâőïŋŋãî âěňŕěàăâãàã T_2 < T_1, ĺ çìě àăąőçěě âěńő áőćěàèăěâ őąàăâĺňëľ (łćăğĺáâăâĺçěáłĺľ) æĺłń Łăàŋő C á ŕěàěňěŋŋëňĺ ŕăàăňěâàăňĺ T, P, V , áőáâőïéĺľ ĺğ ďćãå őçěćĺďŋëå âőčďă ĺğőâěàň, ğăňłŋãâëå ďćãňï ęě ăďĺăąăâăňĺ (a) ĺ (b) (Řĺá. 2.2). Şàőłĺ ŕàěďëďãéěľ ńěłæĺĺ ĺ ńĺŋěľŋőáâì ďĺääěàěŋæĺăńă dU (2.1) ŕő ńîąëň ŕàĺàăéěŋĺïň ŕőďáłăğëćăîâ áńěďãîéĺľ ćĺď ŕàĺàăéěŋĺï łőńĺçěáâćă âěŕńă ã àăąőçěčő âěńă ć âăłőň őąàăâĺňőň ŕàőæěááě:

C_φdT ⇐ δQ = T δS, â.ě. ďńï T ≠ 0: (δQ = 0) ⇐⇒ (δS = 0) , (2.2)

čďě ćěńĺçĺŋă S á àăğňěàŋőáâìî âěŕńőěňłőáâĺ, ŋő áőćěàèěŋŋő ĺŋëň äĺğĺçěáłĺň áňëáńőň ŋěĺğňěŋŋă ńĺèì ŕàĺ őąàăâĺňëå ăďĺăąăâĺçěáłĺå ŕàőæěááăå. Šőčďă őàĺěŋâĺàőćăŋŋőě âěŕńő, “ŕőńãçăěňőě” ŋă ĺğőâěàňăå íâőčő

—15— ğăňłŋãâőčő æĺłńă Q_1 > 0 őâ ŋăčàěćăâěńï ĺ Q_2 < 0 őâ åőńőďĺńìŋĺłă, àăćŋő: Q_T ≡ (b)∫

(a) δQ_T = (b)∫

(a) T δS = T (b)∫

(a) δS = T ΔS_{ba} [ ???=⇒T S_b∫

S_a δS = T (S_b − S_a) ] , (2.3)

ĺńĺ Q_1 = T_1ΔS_{ba} > 0, Q_2 = T_2ΔS_{ab} = −T_2ΔS_{ba} < 0, (Řĺá. 2.2), (2.4)

őâłãďă ďńï íâőčő æĺłńă: ∮ C δS ≡ ∮ C δQ T = Q_1 T_1 + Q_2 T_2

= ΔS_{ba} + ΔS_{ab} ⇒ 0. (2.5)

Ŕőáłőńìłã ńîąőľ őąàăâĺňëľ ğăňłŋãâëľ æĺłń ω ňőęŋő ŕàĺąńĺęěŋŋő “ŋăàěğăâì” ăďĺăąăâăňĺ ĺ ĺğőâěàňăňĺ ŋă áłőńì ãčőďŋő ãğłĺě æĺłńë Łăàŋő, ŕàěďáâăćĺć ěčő łăł ŕàěďěń^1 âăłőľ ĺå “áěâłĺ”, âő ďńï ĺŋâěčàăńă ŕő ω: ∮ ω δS ≡ ∮ ω δQ T = lim_{N →∞}^{N∑}_{n=1} ∮ C_n δQ T = lim_{N →∞}^{N∑}_{n=1}

Q^{(n)}_1 T^{(n)}_1 + Q^{(n)}_2 T^{(n)}_2

=⇒ 0. (2.6)

Śâăńő ąëâì, δS ⇒ dS ďěľáâćĺâěńìŋő ěáâì ŕőńŋëľ ďĺääěàěŋæĺăń őďŋőğŋăçŋőľ äãŋłæĺĺ áőáâőïŋĺï – íŋâàőŕĺ́ĺ S, ĺ ŕàĺ T ≠ 0 ĺğőâěàňë ĺ ăďĺăąăâë ďěľáâćĺâěńìŋő őąàăğãîâ őďŋőğŋăçŋãî łőőàďĺŋăâŋãî áěâłã łăł ŋă ŕńőáłőáâĺ (P, V ), âăł ĺ ŋă ŕńőáłőáâĺ (T, S). Š.ě. ŋă ńîąőľ ĺğ ŋĺå łăęďăï ĺğőâěàňă őąïğăŋă ŕěàěáěłăâìáï á łăęďőľ ăďĺăąăâőľ, ŋő âőńìłő ć őďŋőľ ěďĺŋáâćěŋŋőľ âőçłě, çâő őâàăęăěâ äőàňãńĺàőćłă • II-čő Ŋăçăńă âěàňőďĺŋăňĺłĺ ć ćĺďě ŕàĺŋæĺŕă ăďĺăąăâĺçěáłőľ ŋěďőáâĺęĺňőáâĺ Łăàăâěőďőàĺ: ć őłàěáâŋőáâĺ ńîąőčő àăćŋőćěáŋőčő áőáâőïŋĺï ĺňěîâáï áłőńì ãčőďŋő ąńĺğłĺě ł ŋěňã áőáěďŋĺě àăćŋőćěáŋëě áőáâőïŋĺï, ŋěďőáâĺęĺňëě ĺğ ŋěčő (ŕőłă çâő) őąàăâĺňëň ăďĺăąăâĺçěáłĺň ŕãâěň. (Ůěň ãáâăŋăćńĺćăěâáï ŋăńĺçĺě őąàăâĺňëå ĺğőâěàň.) • II-ě Ŋăçăńő ć ćĺďě ŕàĺŋæĺŕă Łńăãğĺãáă ãâćěàęďăěâ: ŊĚćőğňőęŋă (áăňőŕàőĺğćőńìŋăï) ŕěàěďăçă âěŕńă őâ åőńőďŋőčő âěńă ł čőàïçěňã ąěğ łăłĺå ńĺąő ĺŋëå ĺğňěŋěŋĺľ ć ãçăáâćãîéĺå ć íâőň ŕàőæěááě âàěâìĺå (àăąőçĺå) âěńăå (ąěğ łőňŕěŋáăæĺĺ ć ćĺďě ğăâàăâë àăąőâë). • II-ě Ŋăçăńő ć ćĺďě ŕàĺŋæĺŕă Šőňáőŋă čńăáĺâ: ŊĚćőğňőęěŋ æĺłńĺçěáłĺ ďěľáâćãîéĺľ ćěçŋëľ ďćĺčăâěńì ćâőàőčő àőďă, æěńĺłőň ŕàěćàăéăîéĺľ ć àăąőâã ćáě ĺğćńěçěŋŋőě ĺğ ĺáâőçŋĺłă ŕőńőęĺâěńìŋőě âěŕńő Q_1 > 0 ąěğ łăłĺå ńĺąő ĺğňěŋěŋĺľ ć ãçăáâćãîéĺå ć íâőň ŕàőæěááě âàěâìĺå (àăąőçĺå) âěńăå. Š.ě. åőńőďĺńìŋĺł á Q_2 < 0 ŋěĺğąěęěŋ ĺ őąïğăâěńěŋ!

1(Řĺá. 2.3). Ŋăŕàĺňěà, ďńï ňőńï ĺďěăńìŋőčő čăğă ãàăćŋěŋĺï íâőčő ğăňłŋãâőčő ŕàőæěááă âăłőćë: 1) P V = RT_1, 2) P V^γ = const(S_b), 3) P V = RT_2, 4) P V^γ = const(S_a), (Řĺá. 2.2).

—16— Š.ł. (ňĂłàő)àăąőâã, ŋăŕàőâĺć, ćáěčďă ňőęŋő æěńĺłőň ŕàěćàăâĺâì ć (ňĹłàő)âěŕńő, âő ŋăàãèěŋĺě ŕàĺŋæĺŕă Šőňáőŋă áàăğã ŕàĺćěďěâ ł ŋăàãèěŋĺî ŕàĺŋæĺŕă Łńăãğĺãáă. Şąěďĺňáï ć íłćĺćăńěŋâŋőáâĺ ŕàĺŋæĺŕőć Łăàăâěőďőàĺ ĺ Šőňáőŋă. Šăł łăł ŕěàćëľ őğŋăçăěâ őďŋőğŋăçŋãî ć łăęďőľ âőçłě áěâłã ăďĺăąăâ ĺ ĺğőâěàň (Řĺá. 2.3), ŋă łőâőàőľ ŋěńìğï ŋăľâĺ ďćãå àăğńĺçŋëå áőáâőïŋĺľ 1 ĺ 2, áćïğăŋŋëå ňěęďã áőąőľ łăł őąàăâĺňőľ ĺğőâěàňőľ, âăł ĺ őąàăâĺňőľ ăďĺăąăâőľ, âő ďőŕãáâĺň ŕàőâĺćŋőě (Řĺá. 2.4). Ŕãáâì ŕàĺ ĺğőâěàňĺçěáłőň ŕěàěåőďě 1^T→ 2 áĺáâěňă ŕőčńőéăěâ âěŕńő Q_{12} > 0, ŕő I-ňã Ŋăçăńã, àăćŋőě: Q_{12} = U_2 − U_1 + A_{12}, ă ŕàĺ őąàăâŋőň ăďĺăąăâĺçěáłőň ŕěàěåőďě 2^S→ 1, ăŋăńőčĺçŋő: 0 = U_1 −U_2 +^~A_{21}. Śłńăďëćăï, ŋăåőďĺň, çâő ć íâőň æĺłńĺçěáłőň ŕàőæěááě 1^T→ 2^S→ 1 ćáě ŕőčńőéěŋŋőě áĺáâěňőľ őâ ŋăčàěćăâěńï ŕőńőęĺâěńìŋőě âěŕńő ŕàěćàăéěŋő ć ŕőńőęĺâěńìŋãî ęě àăąőâã: W_ω = Q_{12} = A_{12} +^~A_{21} > 0 ąěğ łăłĺå ńĺąő ĺŋëå ĺğňěŋěŋĺľ ãçăáâćãîéĺå ć íâőň ŕàőæěááě âěń. Ŋő íâő ŕàőâĺćőàěçĺâ ŕàĺŋæĺŕã Šőňáőŋă. Šăł çâő ãęě áăň äăłâ áãéěáâćőćăŋĺï ğăňłŋãâőčő æĺłńă Łăàŋő őâàăęăěâ áãéěáâćőćăŋĺě íŋâàőŕĺ́ĺ, łăł őďŋőğŋăçŋőľ äãŋłæĺĺ áőáâőïŋĺï.

Ĺâăł ăŋăńőčĺçŋő δA = P dV ćëàăęěŋĺě ďńï íńěňěŋâăàŋőčő łőńĺçěáâćă ŕőďćěďěŋŋőčő ł áĺáâěňě âěŕńă δQ ŕàĺ ŕěàěåőďě ĺğ áőáâőïŋĺï 1 ć áőáâőïŋĺě 2 ŕőńŋőáâìî ĺŋâěčàĺàãěâáï ŕő II-ňã Ŋăçăńã âěàňőďĺŋăňĺłĺ ďńï łćăğĺáâăâĺçěáłĺå, â.ě. őąàăâĺňëå ŕàőæěááőć ŕãâěň ććěďěŋĺï ďćãå äãŋłæĺľ (ŕăàăňěâàőć) áőáâőïŋĺï: âěňŕěàăâãàë T ĺ íŋâàőŕĺĺ S: δQ = T dS, â.ě. dS = δQ T , ∮ ω dS = 0, 2∫

1 δQ T ≡ 2∫

1 dS = S_2 − S_1, (2.7)

čďě, ć őâńĺçĺě őâ (2.3), ŕãâì ĺŋâěčàĺàőćăŋĺï 1 → 2 âěŕěàì ŕàőĺğćőńěŋ!

Ś ãçěâőň I-čő Ŋăçăńă âěàňőďĺŋăňĺłĺ (2.1), ĺňěěň ďńï II-čő Ŋăçăńă: dU = T dS − P dV =⇒ dU(S, V ) = ( ∂U ∂S ) V dS + ( ∂U ∂V ) S dV. (2.8) Ć őâńĺçĺě őâ ğăłőŋă áőåàăŋěŋĺï íŋěàčĺĺ (2.1), áŕàăćěďńĺćőčő âőńìłő ďńï àěăńìŋëå ŕàőæěááőć, ŕàĺáãâáâćĺě ńĺèì ŕőńŋëå ďĺääěàěŋæĺăńőć ĺ äãŋłæĺľ áőáâőïŋĺï őáâăćńïěâ àăćěŋáâćő (2.8) áŕàăćěďńĺćëň ãęě łăł ďńï ńîąëå ąěáłőŋěçŋő ňăńëå àăćŋőćěáŋëå (őąàăâĺňëå, łćăğĺáâăâĺçěáłĺå), àěăńìŋëå ĺńĺ ćĺàâãăńìŋëå ŕàĺàăéěŋĺľ, âăł ĺ ć áăňőľ ŕàěďěńìŋőľ âőçłě ŕàőĺğćőńìŋőčő àăćŋőćěáŋőčő áőáâőïŋĺï. Ŕőáłőńìłã áãéěáâćőćăŋĺě ć ďăŋŋőľ âőçłě ŕőńŋőčő ďĺääěàěŋæĺăńă dU (2.8) äãŋłæĺĺ U(S, V ) íłćĺćăńěŋâŋő àăćěŋáâćã ěě ŋěŕàěàëćŋëå ć íâőľ âőçłě ćâőàëå áňěèăŋŋëå çăáâŋëå ŕàő-

—17— ĺğćőďŋëå [15], âő, ŕőňĺňő ĺ ć áĺńã àăćěŋáâć ďńï ŕěàćëå ŕàőĺğćőďŋëå: T = ( ∂U ∂S ) V , P = − ( ∂U ∂V ) S , ĺňěěň: ( ∂T ∂V ) S = − ( ∂P ∂S ) V , (2.9)

çâő ďăěâ ďńï ïłőąĺăŋă: ∂(T, S) ∂(P, V ) = 1 ⇐⇒ dT dS dP dV , ĺ, ć áőčńăáĺĺ (2.10)

á (2.1), ŕńőéăďì W_ω ńîąőčő őąàăâĺňőčő ğăňłŋãâőčő æĺłńă ω ŋă ŕńőáłőáâĺ (P, V ) áőćŕăďěâ á ěčő ŕńőéăďìî ŋă ŕńőáłőáâĺ (T, S) čďě ŕàőĺğćőńìŋëľ æĺłń Łăàŋő C ĺňěěâ äőàňã ŕàïňőãčőńìŋĺłă. Šőčďă, ćŕĺáăć íâőâ æĺłń ω ć ŕőďåőďïéĺľ æĺłń Łăàŋő, ćĺďĺň, çâő ěčő ŁŔĎ η_ω ŋě ŕàěćőáåőďĺâ ŁŔĎ η_C ŕőáńěďŋěčő á âěňĺ ęě T_1 > T_2 ĺğ (2.4), â.ł. Q_{1ω} ≤ Q_1, |Q_{2ω}| ≥ |Q_2|, ĺ: η_ω ≡ W_ω Q_{1ω} = Q_{1ω} − |Q_{2ω}| Q_{1ω} = 1 − |Q_{2ω}| Q_{1ω} ≤ 1 − |Q_2| Q_1

= η_C = 1 −

T_2 T_1

, (2.11)

(Řĺá. 2.5). Ĺáŕőńìğãï ŕàěďáâăćńěŋĺě çăáâŋëå ŕàőĺğćőďŋëå çěàěğ ïłőąĺăŋë ĺ ĺğćěáâŋëě áćőľáâćă ŕőáńěďŋĺå ňőęŋő ńěčłő ćŋőćì ŕőńãçĺâì áőőâŋőèěŋĺě (1.11) ŕěàćőľ ńěłæĺĺ:

â.ł.: [±] dAdB dY dZ ⇒ ∂(A, B) ∂(Y, Z) ≡ ( ∂A ∂Y ) Z ( ∂B ∂Z ) Y − ( ∂B ∂Y ) Z ( ∂A ∂Z ) Y = − ∂(A, B) ∂(Z, Y ) , (2.12) âő: ( ∂P ∂V ) T = ∂(P, T ) ∂(V, T ) , ( ∂T ∂P ) V = ∂(T, V ) ∂(P, V ) , ( ∂V ∂T ) P = ∂(V, P ) ∂(T, P ) , ( ⊗ → (−1)^3 ) .(2.13)

Śàăćŋĺć ďćă ćëàăęěŋĺï ďńï ďĺääěàěŋæĺăńă ŋőćőľ äãŋłæĺĺ áőáâőïŋĺï íŋâàőŕĺ́ĺ S őâ ŋěğăćĺáĺňëå ŕěàěňěŋŋëå T ĺ V : á dU(T, V ) (1.22) ć (2.8) dS(T, V ) = dU T + P T dV ≡ 1 T ( ∂U ∂T ) V dT + 1 T [( ∂U ∂V ) T + P ] dV, ĺ (2.14) dS(T, V ) ≡ ( ∂S ∂T ) V dT + ( ∂S ∂V ) T dV = ~C_V T dT + ( ∂P ∂T ) V dV = dS, (2.15) čďě á ãçěâőň (2.10), (2.13) łăł ( ∂S ∂V ) T = ∂(S, T ) ∂(V, T ) = ∂(V, P ) ∂(V, T ) = ( ∂P ∂T ) V , (2.16)

ĺňěěň ~CV = ( ∂U ∂T ) V = T ( ∂S ∂T ) V ĺ áćïğì ( ∂U ∂V ) T = T ( ∂P ∂T ) V − P, (2.17) ňěęďã łăńőàĺçěáłĺň ĺ âěàňĺçěáłĺň ãàăćŋěŋĺïňĺ áőáâőïŋĺï. Ěáńĺ U ŋě ğăćĺáĺâ őâ őąêěňă, íâő ćëàăęěŋĺě àăćŋő ŋãńî, ă (2.14) ěáâì áãňňă ŕőńŋëå ďĺääěàěŋæĺăńőć, çâő äĺłáĺàãěâ íâĺ ãàăćŋěŋĺï áőáâőïŋĺï ć ćĺďě:

U(T, V ) − U_0(V ) = T∫

0 dθ^~C_V (θ, V ), −→ U(T ) − U_0 = T∫

0→T_0 dθ^~C_V (θ), (2.18) ~C_V ≡ νC_V , dU(T ) T ≡ dΞ(T ), −→ ( ∂P ∂T ) V ⇒ P T !!!=⇒ ψ(V ) ⇐ νR V , (2.19)

—18— łőâőàëľ ĺňěěâ ňěáâő, ć çăáâŋőáâĺ, ďńï ĺďěăńìŋőčő čăğă (1.28), (1.37). C_V - ňőńïàŋăï âěŕńőěňłőáâì. Ňë ąãďěň ďăńěě “ğăąëćăâì” ŕàő âĺńìďã, ćőááâăŋăćńĺćăï ěě ć łőŋæě ćëçĺáńěŋĺľ, ěáńĺ ν ≠ 1. Śőčńăáŋő (2.15), ďńï ńîąőčő ŕàőæěááă φ = const ćĺďă (1.18) ćňěáâő (1.24) âěŕěàì ĺňěěň: δQ =_φ C_φdT =T dS ≡ C_V dT + T (∂P ∂T ) V dV, ĺ, ďěńï ŋă dT ĺńĺ T dS, (2.20)

ŋăľďěň: Cφ = CV + T ( ∂P ∂T ) V ( ∂V ∂T ) φ ĺńĺ 1 = C_V C_φ + ( ∂P ∂T ) V (∂V ∂S ) φ . (2.21)

Š.ě. ďńï φ = P : C_P − C_V =T ( ∂P ∂T ) V ( ∂V ∂T ) P , ă ďńï φ = φ(T, V ): (2.22) T ( ∂S ∂T ) φ ≡ C_φ = C_V − T ( ∂P ∂T ) V φ^′_T φ^′_V , â.ł. 0 =_φ dφ ≡ φ^′_T dT + φ^′_V dV. (2.23)

Ŋă ïğëłě ďĺääěàěŋæĺăńìŋëå äőàň [15] áãéěáâćőćăŋĺě íŋâàőŕĺĺ őğŋăçăěâ, çâő âěňŕěàăâãàă T ïćńïěâáï ĺŋâěčàĺàãîéĺň ďěńĺâěńěň (ă 1/T , áőőâćěâáâćěŋŋő – ĺŋâěčàĺàãîéĺň ňŋőęĺâěńěň) ďńï äőàňë Ŕäăääă ŕàĺàăéěŋĺï łőńĺçěáâćă âěŕńă δQ(r) őâ ďćãå ŕěàěňěŋŋëå r ⇒ (V, U): δQ(r) = P dV + dU ≡ (R(r) · dr) , −→ dS(r) = δQ T = P T dV + dU T . (2.24)

Ďńï čńăďłőľ äãŋłæĺĺ P (V, U) ŕőńě ćěłâőàőć R = (P, 1), łăł őàâőčőŋăńìŋőě ĺŋâěčàăńìŋëň łàĺćëň äőàňë (2.24) δQ(r) = 0, ŋă ďćãňěàŋőľ ŕńőáłőáâĺ (V, U) őďŋőğŋăçŋő ğăďăěâ ŕőńě łăáăâěńìŋëå ł łàĺćëň ćěłâőàőć L á (R · L) = 0, łăł àěèěŋĺïň őąëłŋőćěŋŋőčő ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï dU dV = −P (V, U) ďńï íâőčő ŕőńï: L ≡ dr dV ⇒ ( 1, dU dV ) = (1, −P ), (2.25)

ćáěčďă áãéěáâćãîéĺň ć íâőň ďćãňěàŋőň áńãçăě ć ćĺďě U = U(V, c) ĺńĺ S(r) = S(V, U) = c = const, čďě const c äĺłáĺàőćăŋă ŋăçăńìŋëň ãáńőćĺěň ğăďăçĺ Łőèĺ. Śâăńő ąëâì, áãéěáâćãěâ ĺ ĺŋâěčàĺàãîéĺľ ďěńĺâěńì T .

Őďŋăłő ďńï ąő́ńìèěčő çĺáńă ŋěğăćĺáĺňëå ŕěàěňěŋŋëå âăłőľ ĺŋâěčàĺàãîéĺľ ďěńĺâěńì áãéěáâćãěâ ŋě ćáěčďă. Ěčő ŋăńĺçĺě őâàăęăěâ ŋěâàĺćĺăńìŋëľ âőŕőńőčĺçěáłĺľ äăłâ áãéěáâćőćăŋĺï ⊥ R ĺŋâěčàăńìŋőľ čĺŕěàŕőćěàåŋőáâĺ S = const ć ℓ ≥ 3- ňěàŋőň ŕàőáâàăŋáâćě ćáěå ŋěğăćĺáĺňëå ŕăàăňěâàőć áĺáâěňë, áőďěàęăéěľ ćáě ĺŋâěčàăńìŋëě łàĺćëě äőàňë δQ(r), ŕàőåőďïéĺě çěàěğ ğăďăŋŋãî âőçłã r_0 (áň. ŕãŋłâ 4). İâőâ äăłâ ĺ ćëàăęăěâáï ŕàĺŋæĺŕőň ăďĺăąăâĺçěáłőľ ŋěďőáâĺęĺňőáâĺ Łăàăâěőďőàĺ, ŕőğćőńïï ł âőňã ęě őŕàěďěńĺâì ĺ ăąáőńîâŋãî âěňŕěàăâãàã (1.5)!

—19—

2 Ăąáőńîâŋăï âěňŕěàăâãàă

Ś íâőľ æěńìî áŋőćă àăááňőâàĺň áőáâőïŋĺě âěàňĺçěáłőčő (âěŕńőćőčő) àăćŋőćěáĺï (1.1) ďćãå ŕőďáĺáâěň 1 ĺ 2 áőáâăćŋőľ áĺáâěňë 1+2 ŕàĺ ãáńőćŋőľ âěňŕěàăâãàě θ (Řĺá. 1.2). Šőčďă, áőčńăáŋő (1.22), (2.14), ĺňěěň ďńï łăęďőľ ĺğ ŋĺå äőàňë Ŕäăääă ć ŕěàěňěŋŋëå (θ, V_1), (θ, V_2) áőőâćěâáâćěŋŋő:

δQ_1 = ( ∂U_1 ∂θ ) V_1 dθ + [( ∂U_1 ∂V_1 ) θ + P_1 ] dV_1 =⇒ λ_1(θ, V_1)dφ_1(θ, V_1),

δQ_2 = ( ∂U_2 ∂θ ) V_2 dθ + [( ∂U_2 ∂V_2 ) θ + P_2 ] dV_2 =⇒ λ_2(θ, V_2)dφ_2(θ, V_2),

(2.26)

ĺŋâěčàĺàãěňëě ć ćĺďě: φ_1(θ, V_1) = c_1, φ_2(θ, V_2) = c_2, (1, 2 → j). (2.27) Śőćőłãŕŋăï áĺáâěňă ğăćĺáĺâ ãęě őâ âàěå ŕěàěňěŋŋëå θ, V_1, V_2 ĺ ďńï ŋěě ŕő II – ňã Ŋăçăńã âăłęě ďőńęŋë ćëŕőńŋïâìáï àăćěŋáâćă: δQ = δQ_1 +δQ_2,

δQ = λ_1(θ, V_1)dφ_1 + λ_2(θ, V_2)dφ_2 =⇒ λ(θ, V_1, V_2)dφ(θ, V_1, V_2), δQ = λ_1(θ, φ_1)dφ_1 + λ_2(θ, φ_2)dφ_2 =⇒ λ(θ, φ_1, φ_2)dφ(θ, φ_1, φ_2, ),

(2.28)

ŕőáłőńìłã âěŕěàì ćňěáâő θ, V_1, V_2, ć łăçěáâćě ŋěğăćĺáĺňëå ŕěàěňěŋŋëå ňőęŋő ćëąàăâì θ ĺ áăňĺ ćěńĺçĺŋë φ_1, φ_2 (2.27), ć łőâőàëå ĺğ (2.28), ŕàĺ λ_j(θ, V_j ) ⇒ λ_j(θ, φ_j ), ŋăåőďĺň, çâő φ =⇒ φ(φ_1, φ_2), âăł łăł ( ∂φ ∂φ_1 ) φ_2,θ = λ_1 λ , ( ∂φ ∂φ_2 ) φ_1,θ = λ_2 λ , ă ( ∂φ ∂θ ) φ_1,φ_2

= 0, (2.29)

ă ğŋăçĺâ ĺ λ_1 λ , λ_2 λ âăłęě ŋě ğăćĺáïâ őâ θ, őâłãďă íâĺ λ_j ŕàĺ j = 1, 2:

λ_j (θ, φ_j ) = g(θ)Φ_j (φ_j), ĺ λ(θ, φ_1, φ_2) = g(θ)Φ(φ_1, φ_2), (2.30) ďőńęŋë ąëâì ŕàőŕőàæĺőŋăńìŋë őďŋőľ ĺ âőľ ęě ãŋĺćěàáăńìŋőľ äãŋłæĺĺ g(θ) ãáńőćŋőľ âěňŕěàăâãàë θ, őďĺŋăłőćőľ łăł ďńï ŕőďáĺáâěň, âăł ĺ ďńï áőáâăćńěŋŋőľ ĺğ ŋĺå áĺáâěňë. İâă äãŋłæĺï őâńĺçŋă őâ łőŋáâăŋâë, ĺąő ĺŋăçě áăňĺ ćëàăęěŋĺï δQ_j (2.26), (2.28) ãęě ąëńĺ ąë ŕőńŋëňĺ ďĺääěàěŋæĺăńăňĺ. Šő ěáâì, ďńï łăęďőľ ĺğ íâĺå âàěå âěàňőďĺŋăňĺçěáłĺå áĺáâěň ĺŋâěčàĺàãîéĺě ďěńĺâěńĺ λ_j , λ àăáŕăďăîâáï ŋă ďćă áőňŋőęĺâěńï (2.30), őďĺŋ ĺğ łőâőàëå, g(θ) ğăćĺáĺâ âőńìłő őâ âěňŕěàăâãàë θ, ă ďàãčőľ, Φ_j – âőńìłő őâ őáâăńìŋëå ŕăàăňěâàőć áőáâőïŋĺï φ_j. Śâăńő ąëâì, ŕő íâőľ ãŋĺćěàáăńìŋőľ äãŋłæĺĺ g(θ) ňőęŋő ãáâăŋőćĺâì ăąáőńîâŋãî èłăńã âěňŕěàăâãà, ğăďăć ĺå őąéãî ăąáőńîâŋãî âěňŕěàăâãàã (1.5) äőàňãńőľ

T = Ψ(θ) =⇒ Cg(θ), (2.31)

—20— čďě łőŋáâăŋâă C čàăďãĺàãěâ íâã őąéãî âěňŕěàăâãàŋãî èłăńã. Šőčďă

ďńï j = 1, 2 : δQ_j = λ_jdφ_j = T C Φ_j (φ_j)dφ_j =⇒ T dS_j , (2.32)

âăł çâő íŋâàőŕĺ́ĺ: S_j(φ_j ) = 1 C ∫ Φ_j (φ_j)dφ_j + S_{0(j)} (2.33) ďńï ŕőďáĺáâěň őłăğëćăîâáï ãęě őŕàěďěńěŋë á âőçŋőáâìî ďő ăďĺâĺćŋëå ŕőáâőïŋŋëå, ĺ, áőłàăéăï ć (2.28) ŋă ĺå őąéãî âěňŕěàăâãàã T , ŋăåőďĺň:

Φ_1(φ_1)dφ_1 + Φ_2(φ_2)dφ_2 = Φ(φ_1, φ_2)dφ. (2.34)

Ŕőáłőńìłã φ_1 ĺ φ_2 ŋěğăćĺáĺňë ŕő őŕàěďěńěŋĺî, áãňňă ŕőńŋëå ďĺääěàěŋæĺăńőć áńěćă ěáâì âăłęě ŕőńŋëľ ďĺääěàěŋæĺăń. İâő ćőğňőęŋő âőńìłő ěáńĺ áŕàăćă Φ(φ_1, φ_2) ěáâì äãŋłæĺï ńĺèì őâ ĺå łőňąĺŋăæĺĺ φ = φ(φ_1, φ_2) ĺğ (2.29): Φ(φ_1, φ_2) =⇒^^Φ (φ(φ_1, φ_2)), ĺ, áâăńő ąëâì, ŕàăćăï çăáâì (2.34) ăŋăńőčĺçŋő (2.32), (2.33) âăłęě őłăğëćăěâáï ŕőńŋëň ďĺääěàěŋæĺăńőň ŋěłőâőàőľ ŋőćőľ äãŋłæĺĺ áőáâőïŋĺï ãęě ďńï áőćőłãŕŋőľ áĺáâěňë 1+2:

Φ_1(φ_1)dφ_1 + Φ_2(φ_2)dφ_2 = Φ(φ_1, φ_2)dφ =⇒^^Φ(φ)dφ = CdS, (2.35) âăł çâő dS_1 + dS_2 = d(S_1 + S_2) =⇒ dS ĺńĺ S_1 + S_2 =⇒ S. (2.36) Š.ě. íŋâàőŕĺï âěàňĺçěáłĺ àăćŋőćěáŋőľ áĺáâěňë ŕàĺ ŕőďåőďïéěň ćëąőàě ŋăçăńă őâáçěâă őłăğëćăěâáï áãňňőľ íŋâàőŕĺľ áőáâăćńïîéĺå ěě ŕőďáĺáâěň ĺńĺ ăďĺâĺćŋőľ äãŋłæĺěľ áőáâőïŋĺï áĺáâěňë.

Ťőàňăńìŋő ĺğ (2.34): Φ_1(φ_1) = Φ ∂φ ∂φ_1 , Φ_2(φ_2) = Φ ∂φ ∂φ_2 . Ďĺääěàěŋæĺàãï ŕěàćőě ĺğ íâĺå àăćěŋáâć ŕő φ_2, ă ćâőàőě – ŕő φ_1, ă ğăâěň ćëçĺâăï ĺå ďàãč ĺğ ďàãčă, ĺňěěň, â.ł. ć áĺńã (2.29) φ(φ_1, φ_2) ãęě ěáâì äãŋłæĺï áőáâőïŋĺï áőćőłãŕŋőľ áĺáâěňë 1+2: ∂Φ ∂φ_2 ∂φ ∂φ_1 + Φ ∂^2φ ∂φ_2∂φ_1 = 0, ∂Φ ∂φ_1 ∂φ ∂φ_2 + Φ ∂^2φ ∂φ_1∂φ_2 = 0, őâłãďă, â.ł. ∂Φ ∂φ_1 ∂φ ∂φ_2 − ∂Φ ∂φ_2 ∂φ ∂φ_1 ≡ ∂(Φ, φ) ∂(φ_1, φ_2)

⇒ 0, âő Φ = ^Φ(φ), ∂Φ ∂φ_j ⇒ ^Φ^′_φ(φ) ∂φ ∂φ_j . Ŕàĺňěà II: Řăááňőâàĺň àăćŋőćěáŋőě ŋě őąïğăâěńìŋő çěàŋőâěńìŋőě [4] ĺğńãçěŋĺě, ďńï łőâőàőčő ąãďěň ŕőńăčăâì ĺğćěáâŋőľ “ĺďěăńìŋãî” áćïğì âěàňĺçěáłőčő ĺ łăńőàĺçěáłőčő ãàăćŋěŋĺľ áőáâőïŋĺï P V = qU ć ćĺďě:

U =⇒_{!!!} u(θ)V = 3P V, ŕàĺ q = 1 3 , čďě P =⇒_{!!!} P (θ) = u(θ) 3 , (2.37)

– ďăćńěŋĺě P ĺ ŕńőâŋőáâì íŋěàčĺĺ u ğăćĺáïâ âőńìłő őâ âěňŕěàăâãàë θ!

—21— Šőčďă äőàňă Ŕäăääă ďńï àăćŋőćěáŋőčő ĺğńãçěŋĺï ŕàĺŋĺňăěâ ćĺď: δQ = dU + P dV =⇒ 3V dP + 4P dV ⇒ λdφ ≡ P V d^(ln^(P^3V^{4))} , (2.38) â.ě. φ = ln^(P^3V^{4)} , λ = P V ≡ P^{1/4 (}P^3V^{4)1/4} , őâłãďă

λ(θ, φ) =⇒_{!!!} P^{1/4}(θ) exp ( φ 4 ) , g(θ) =⇒ P^{1/4}(θ), Φ(φ) =⇒ exp ( φ 4 ) , â.ě. T =⇒ CP^{1/4}(θ), ĺńĺ u(T ) = 3P (T ) = σT^4, čďě σ = 3 C^4

, (2.39)

ĺ S = 1 C ∫ Φ(φ)dφ = 4 C exp ( φ 4 ) = 4 C V P^{3/4} = 4 C^4

V T^3 = 4 3 σV T^3, (2.40)

ěáńĺ ŕőáâőïŋŋãî ĺŋâěčàĺàőćăŋĺï ćëąàăâì àăćŋőľ ŋãńî. Ć ĺâőčě ďăćńěŋĺě, ŕńőâŋőáâĺ ćŋãâàěŋŋěľ íŋěàčĺĺ ĺ íŋâàőŕĺĺ àăćŋőćěáŋőčő ĺğńãçěŋĺï ćëàăęěŋë ńĺèì çěàěğ ăąáőńîâŋãî âěňŕěàăâãàã T ĺ ŕőáâőïŋŋãî Śâěäăŋă-Ąőńìæňăŋă σ, áćïğăŋŋãî á łőŋáâăŋâőľ čàăďãĺàőćłĺ C, ă ěčő âěŕńőěňłőáâì C_V = 4σV T^3.

3 III–ě Ŋăçăńő. Ŕàĺŋæĺŕ Ŋěàŋáâă

Şáńőćĺě ŋěğăćĺáĺňőáâĺ ŕàĺ T = 0 łőŋěçŋőľ íŋâàőŕĺľŋőľ łőŋáâăŋâë S(0, x) = S_0 őâ ďàãčĺå âěàňőďĺŋăňĺçěáłĺå ŕăàăňěâàőć x, ĺńĺ ąőńěě àăďĺłăńìŋőě âàěąőćăŋĺě ć (2.40) àăćěŋáâćă ěě ŋãńî ïćńïěâáï III–ň Ŋăçăńőň âěàňőďĺŋăňĺłĺ ĺńĺ ŕàĺŋæĺŕőň Ŋěàŋáâă. Ěčő áâàőčőě őąőáŋőćăŋĺě, łăł ĺ ãàăćŋěŋĺľ áőáâőïŋĺï âěàňőďĺŋăňĺçěáłĺå áĺáâěň, ďăěâáï ć áâăâĺáâĺçěáłőľ ňěåăŋĺłě á ãçěâőň ĺå áãéěáâćěŋŋő łćăŋâőćőňěåăŋĺçěáłőčő ŕőćěďěŋĺï ŕàĺ T → 0. Ůăáâŋőě àěèěŋĺě íâőčő ãáńőćĺï á ńîąëň x ć ćĺďě: lim_{T →0} [S(T, x_2) − S(T, x_1)] = 0, S(T, x) =⇒_{T →0} S_0 + B(x)T^α, B, α > 0, (2.41)

őŕàěďěńïěâ ŕőćěďěŋĺě ŕàĺ T → 0 âěàňőďĺŋăňĺçěáłĺå ćěńĺçĺŋ: âěŕńőěňłőáâĺ, ćŋãâàěŋŋěľ íŋěàčĺĺ [ŋő ńĺèì ďńï ŋěłőâőàëå x – âĺŕă (2.18)]: C_x(T )≡T ( ∂S ∂T ) x T →0=⇒αB(x)T α→ 0, U(T, x) − U 0(x) =⇒_{T →0} αB(x) α + 1

T^{α+1}, (2.42)

łőíääĺæĺěŋâă (1.12) P β_V = ( ∂P ∂T ) V ==_{(2.16)} ( ∂S ∂V ) T ∼ T^α −→_{T →0} 0, (2.43)

łőíääĺæĺěŋâă (1.13) V α_P = ( ∂V ∂T ) P ==_{(2.10)} − ( ∂S ∂P ) T ∼ T^α −→_{T →0} 0, (2.44)

áęĺňăěňőáâĺ (1.14) V K_T = − ( ∂V ∂P ) T ====

(1.11),(1.15) V α_P P β_V ∼ const ≠ 0. (2.45)

—22— Ĺğ (2.42) ğăłńîçăěň, çâő ć íâőň ŕàěďěńě őłăğëćăěâáï ć ŕàĺŋæĺŕě ŋěćőğňőęěŋ ŋĺłăłőľ ŕőńĺâàőŕĺçěáłĺľ ŕàőæěáá, łàőňě ăďĺăąăâĺçěáłőčő (C_S ≡ 0). Ŕőáłőńìłã ćëâěłăîéěě ĺğ (2.15), (2.19) ćëàăęěŋĺě ďńï íŋâàőŕĺĺ ĺďěăńìŋőčő (ďăęě ĺ ŋěáőćěàèěŋŋőčő) čăğă ŋě ãďőćńěâćőàïěâ ãáńőćĺî (2.41): dS(T, V )=^~C_V (T ) dT T + νR dV V ⇒^~C_V d^(ln^(T V^{γ−1))} =^~C_V d (ln (P V^γ )),(2.46)

S(T, V ) − S_0 ⇒^~C_V ln ( T T_0 ) + νR ln ( V V_0 ) , ŕàĺ^~C_V = νR γ − 1 ⇒const, (2.47)

őâłãďă ∀ T ( ĺ ŕàĺ T = 0 ) (ΔS)_T = νR ln ( V + ΔV V ) ≠ 0, (2.48)

âő ŕàĺåőďĺň ł ćëćőďã, çâő ãàăćŋěŋĺě áőáâőïŋĺï Ňěŋďěńěěćă-Łńăŕěľàőŋă (1.28), (2.19) ŋě ňőęěâ ćëŕőńŋïâìáï ŕàĺ T → 0, â.ě. ĺňěěâ ňěáâő ćëàőęďěŋĺě ĺďěăńìŋőčő (ĺ ć âőň çĺáńě ŋěáőćěàèěŋŋőčő) čăğă.

Őďŋăłő äőàňăńìŋőě ğŋăçěŋĺě âěňŕěàăâãàë ăąáőńîâŋőčő ŋãńï àěăńìŋő äĺğĺçěáłĺ ŋěďőáâĺęĺňő, â.ł. ć áĺńã áőőâŋőèěŋĺľ (2.2), (2.4), (2.7), (2.41) ŕàĺ T_2 = 0 åőńőďĺńìŋĺł ć âăłőň æĺłńě Łăàŋő C_0 (2.5) ãęě ŋě àăąőâăěâ, ĺ ŕő ŕàĺŋæĺŕã Šőňáőŋă âăłőľ ğăňłŋãâëľ æĺłń ŋěćőğňőęěŋ.

Ďěľáâćĺâěńìŋő, ŕàĺ T_2 = 0 ć (2.41) S = S_0, ĺ íâă “ŋãńěćăï” ĺğőâěàňă őłăğëćăěâáï ć âőęě ćàěňï ĺ ăďĺăąăâőľ ΔS_2 = 0. Šőčďă àăćŋőě ŋãńî ŕőńŋőě ĺğňěŋěŋĺě íŋâàőŕĺĺ ć íâőň ğăňłŋãâőň őąàăâĺňőň æĺłńě Łăàŋő (2.5) őŕàěďěńïěâáï âőńìłő ŕőńőęĺâěńìŋëň łőńĺçěáâćőň âěŕńă Q_1, ŕőńãçěŋŋëň ŋă ĺğőâěàňě T_1 > 0, âőčďă łăł:

Q_2 = T_2ΔS_2 = 0 · 0 = 0, őâłãďă: 0 = ∮ C_0 dS = ∮ C_0 δQ T = Q_1 T_1

> 0. (2.49)

İâő ŕàőâĺćőàěçĺě ĺ őğŋăçăěâ łăł ŋěćőğňőęŋőáâì ďőáâĺçì âěňŕěàăâãàë T_2 = 0, âăł ĺ áăňőčő âăłőčő æĺłńă Łăàŋő C_0. Ŋă ŕńőáłőáâĺ (T, S) őŋ áâïčĺćăěâáï ć őâàěğőł ŋãńěćőľ ŕńőéăďĺ [T_1, T_2 → 0], ŕàőåőďĺňëľ ďćăęďë ŕàĺ S → S_0 (Řĺá. 2.7).

4 “Šőŕőńőčĺï – Śĺńă”

Ŕőłăęěň, áńěďãï Ň. Ąőàŋã [9], çâő ŕàĺŋæĺŕ (ăďĺăąăâĺçěáłőľ) ŋěďőáâĺęĺňőáâĺ íłćĺćăńěŋâěŋ áãéěáâćőćăŋĺî ĺŋâěčàĺàãîéěčő ňŋőęĺâěńï ã äőàňë Ŕäăääă ďńï âàěå (ă ŕő ĺŋďãłæĺĺ, ĺ ąőńěě) ŕěàěňěŋŋëå r = (x, y, z):

δQ(r) = Xdx + Y dy + Zdz ≡ (R(r) · dr) , R(r) = (X, Y, Z). (2.50)

Š.ě., ěáńĺ ć ńîąőľ őłàěáâŋőáâĺ, áłőńì ãčőďŋő ąńĺğłő ł ŕàőĺğćőńìŋőľ âőçłě r_0, ĺňěîâáï âőçłĺ, ŋěďőáâĺęĺňëě ŕő ĺŋâěčàăńìŋëň łàĺćëň äőàňë

—23— δQ(r) = 0, (2.50), âő ďńï íâőľ äőàňë áãéěáâćãěâ ĺŋâěčàĺàãîéĺľ ďěńĺâěńì λ(r) (ňŋőęĺâěńì μ(r) = 1/λ(r)), âăłőľ çâő (Řĺá. 2.8):

δQ(r) = λ(r)dφ(r), μ(r)δQ(r) = (μR(r) · dr) = dφ(r), čďě: φ(r) = φ(r_0), (2.51) ěáâì ĺŋâěčàăńìŋăï ŕőćěàåŋőáâì íâőľ äőàňë, áőďěàęăéăï ćáě ĺŋâěčàăńìŋëě łàĺćëě r = r(t) äőàňë δQ(r) = 0, (2.50), ŕàőåőďïéĺě çěàěğ âőçłã r_0, φ(r_0) = const, ă R(r), – ěáâì ŋőàňăńì ł íâőľ ŕőćěàåŋőáâĺ ć ěě âőçłě r.

Ďěľáâćĺâěńìŋő, ŕãáâì ćěłâőà g ğăďăěâ ŋăŕàăćńěŋĺě ŕàőĺğćőńìŋőľ ŕàïňőľ^^r_g(t) = r_0 + gt, d^^r_g(t) = gdt, ŕàőåőďïéěľ çěàěğ âőçłã r_0 ĺ ŋě ãďőćńěâćőàïîéěľ ãàăćŋěŋĺî Ŕäăääă (2.50): (R(r_0) · g) ≠ 0. Ŋă ńîąőľ ŕăàăńńěńìŋőľ ěľ ŕàïňőľ g^′ ‖ g ŋăľďěâáï âőçłă M, ďőáâĺęĺňăï ĺğ âőçłĺ r_0 ŕő ěďĺŋáâćěŋŋőľ ĺŋâěčàăńìŋőľ łàĺćőľ k ŋă ŋěłőâőàőľ æĺńĺŋďàĺçěáłőľ ŕőćěàåŋőáâĺ C, áőďěàęăéěľ őąě ŕàïňëě g, g^′ ∈ C. Ěďĺŋáâćěŋŋőáâì łàĺćőľ k ∈ C čăàăŋâĺàőćăŋă ĺŋâěčàĺàãěňőáâìî äőàňë ćĺďă (2.24) őâ ďćãå ŕěàěňěŋŋëå, ŕőńãçěŋŋőľ őčàăŋĺçěŋĺěň äőàňë (2.50) ŋă ŕőćěàåŋőáâĺ C: r^C=⇒ r(u, v) ⇒ (x(u, v), y(u, v), z(u, v)) , dr^C=⇒ r^′_udu + r^′_vdv, (2.52) 0 ⇐⇒ δQ(r)^C=⇒ δQ (r(u, v)) = δQ_C (u, v) ≡ Udu + Vdv ⇒ 0, (2.53) U = (R · r^′_u(u, v)) ≡ Xx^′_u + Y y^′_u + Zz^′_u, r^′_u = ∂r/∂u = (x^′_u, y^′_u, z^′_u), V = (R · r^′_v(u, v)) ≡ Xx^′_v + Y y^′_v + Zz^′_v, r^′_v = ∂r/∂v = (x^′_v, y^′_v, z^′_v).

Š.ł. äőàňă őâ ďćãå ŕěàěňěŋŋëå ćáěčďă ĺňěěâ ĺŋâěčàĺàãîéĺľ ďěńĺâěńì, âő çěàěğ łăęďãî âőçłã ŕàőĺğćőńìŋőľ ŕőćěàåŋőáâĺ C ŕàőåőďĺâ ć âőçŋőáâĺ ŕő őďŋőľ ĺŋâěčàăńìŋőľ łàĺćőľ k äőàňë δQ_C (u, v) = 0 á ŋăçăńőň ć àăğŋëå r0.

“Ğăňłŋěň” âěŕěàì æĺńĺŋďà ďàãčőľ, àăáâïŋãâőľ ňěęďã g ĺ g^′, æĺńĺŋďàĺçěáłőľ ŕőćěàåŋőáâìî^~C ≠ C, łăł ŕàőďőńęěŋĺěň ŕőćěàåŋőáâĺ C ĺ ŕàőďőńęĺň ŋă ŋěľ ĺŋâěčàăńìŋãî łàĺćãî k ĺŋâěčàăńìŋőľ łàĺćőľ^~k ďő ŕěàěáěçěŋĺï á ŕàïňőľ g ãęě ć ŋěłőâőàőľ âőçłě N. Śãéěáâćőćăŋĺě ĺŋâěčàĺàãîéěčő ďěńĺâěńï ďńï äőàňë δQ(r) őğŋăçăěâ, çâő âőçłă N áőćŕăďăěâ á âőçłőľ r_0. Ĺŋăçě, ŋěŕàěàëćŋő ďěäőàňĺàãï ŕőćěàåŋőáâì^~C ć C ňőęŋő ąëńő ąë ŋěŕàěàëćŋő ďěäőàňĺàőćăâì ĺŋâěčàăńìŋãî łàĺćãî^~k ć k, ĺ ćáě âőçłĺ^~N ňěęďã N ĺ r_0 őłăğăńĺáì ąë ďőáâĺęĺňë. Ŕàĺ ďăńìŋěľèěľ ďěäőàňăæĺĺ ďőáâĺęĺňëě âőçłĺ ŕőłàőîâ ŋă ŕàïňőľ g ŋěŕàěàëćŋëľ ĺŋâěàćăń, áőďěàęăéĺľ ćŋãâàĺ áěąï âőçłã r_0, ă ňěŋïï ŋăŕàăćńěŋĺě íâőľ ŕàïňőľ g ňőęŋő ďőáâĺęĺňëňĺ âőçłăňĺ ğăŕőńŋĺâì ćőłàãč r_0 ŋěłőâőàëľ őąêěň (Řĺá. 2.8). Ěáńĺ ęě âőçłă N áőćŕăďăěâ á âőçłőľ r_0, âő ”ćěàåŋïï” ĺ “ŋĺęŋïï” ćďőńì g őąńăáâĺ ŕàőáâàăŋáâćă ćőłàãč r_0 ğăŕőńŋěŋë ŋěďőáâĺęĺňëňĺ

—24— âőçłăňĺ, ă àăğďěńïîéěľ ĺå čàăŋĺæěľ ïćńïěâáï ďćãňěàŋăï ĺŋâěčàăńìŋăï ŕőćěàåŋőáâì (2.51), φ(r) = φ(r_0), ğăňěâăěňăï ŕàĺ ďěäőàňăæĺĺ^~k ć k, â.ě. áőáâőïéăï ńĺèì ĺğ ďőáâĺęĺňëå âőçěł ĺ áőďěàęăéăï, âăłĺň őąàăğőň, ćáě ĺŋâěčàăńìŋëě łàĺćëě äőàňë (2.50). Š.ě. ∃ ěě ĺŋâěčàĺàãîéĺľ ďěńĺâěńì.

Ŕàĺňěàőň ŋěĺŋâěčàĺàãěňőľ äőàňë Ŕäăääă őâ 3-å ŕěàěňěŋŋëå ïćńïěâáï äőàňă:

δQ(r) = ydx − xdy + hdz, R = (y, −x, h), ďńï łőâőàőľ δQ(r(η)) = 0 (2.54)

∀ a ŋă łàĺćőľ r(η): x(η) = a cos η, y(η) = a sin η, z(η) = a^2 h η, (2.55)

“ğăňěâăîéěľ” ŕàĺ àăğńĺçŋëå ğŋăçěŋĺïå a ĺ 0 < η < 2π ćěáì őąêěň ćőłàãč âőçłĺ r_0. Š.ě. âăłĺě “ćĺŋâőćëě” ĺŋâěčàăńìŋëě łàĺćëě ŕàĺ àăğŋëå a ŕàĺŋăďńěęăâ àăğŋëň ďćãňěàŋëň æĺńĺŋďàĺçěáłĺň ŕőćěàåŋőáâïň, ĺ ĺŋâěčàĺàãîéĺľ ďěńĺâěńì ďńï äőàňë (2.54) ŋě áãéěáâćãěâ. Ŋăľďěň ďőáâăâőçŋëě ĺ ŋěőąåőďĺňëě ãáńőćĺï áãéěáâćőćăŋĺï ĺŋâěčàĺàãîéěčő ňŋőęĺâěńï μ = 1/λ ≠ 0 ďńï äőàňë (2.50) ć őłàěáâŋőáâĺ âőçłĺ r. Ŕãáâì: μδQ(r) ≡ μ (R · dr) ≡ μXdx + μY dy + μZdz =⇒ dφ(r), âőčďă: μR = ∇φ, â.ě. (∇ × μR) = 0, ∂ ∂y (μX) = ∂ ∂x (μY ), ∂ ∂z (μY ) = ∂ ∂y (μZ), ∂ ∂x (μZ) = ∂ ∂z (μX), (2.56)

őâłãďă: μ ( ∂Y ∂x − ∂X ∂y ) = X ∂μ ∂y − Y ∂μ ∂x μ ( ∂Z ∂y − ∂Y ∂z ) = Y ∂μ ∂z − Z ∂μ ∂y μ ( ∂X ∂z − ∂Z ∂x ) = Z ∂μ ∂x − X ∂μ ∂z , â.ě. (∇ × R) = (R × ∇) ln μ(r).(2.57)

Şňŋőęăï ŋă R, ĺňěěň ńĺèì ŋěőąåőďĺňőě ãáńőćĺě: (R · (∇ × R)) = 0. Ěáńĺ μ = const, âő (2.57) áćőďïâáï áŋőćă ł: (∇ × R) = 0. Ć (2.54): (∇ × R) = −2e_3.

Ğăďăçĺ 2.1. Ŋăľâĺ ãàăćŋěŋĺě ŕőńĺâàőŕĺçěáłőčő ŕàőæěááă ć ŕěàěňěŋŋëå (T, S). 2.2. Ŋăľâĺ ďĺääěàěŋæĺăńìŋőě ĺ äãŋłæĺőŋăńìŋőě ãàăćŋěŋĺï ŕőńĺâàőŕĺçěáłőčő ŕàőæěááă ďńï ĺğńãçěŋĺï. Ćőğňőęěŋ ńĺ âăłőľ ŕàőæěáá ŕàĺ T → 0? 2.3. Ĺáŕőńìğãï ăŋăńőčĺ (2.20)–(2.23), (1.39) ŋăľâĺ âěŕńőěňłőáâĺ ŕàőæěááőć: const = φ(T, V ), φ(S, V ), φ(T, P ), φ(S, P ), φ(P, V ), φ(T, S) ([2]). 2.4. Ć ŕàőæěááăå á àăćŋőćěáŋëň ĺğńãçěŋĺěň ŋăľâĺ: C_P , C_V , K_T , K_S = K_Q; őâŋőèěŋĺě C_φ/C_V : ∀ φ, ďńï φ(P, V ), ďńï φ = P V^n ŕàĺ n = const. 2.5. Ŋăľâĺ íŋâàőŕĺî ĺ ćŋãâàěŋŋîî íŋěàčĺî čăğă Ćăŋ-ďěà-Ćăăńìáă: P (T, V ) = νRT V − b − a V^2

, áçĺâăï C_V = const. (2.58)

2.6. Łăł ĺğňěŋïěâáï âěňŕěàăâãàă ŕàĺ ĺğňěŋěŋĺĺ ŕńőâŋőáâĺ ęĺďłőáâĺ ć ğćãłőćőľ ćőńŋě, ěáńĺ áłőàőáâì ěě àăáŕàőáâàăŋěŋĺï c_s =^√(∂P )/∂ρ)_S?

—25— 2.7. Ŋăľâĺ áłőàőáâì ğćãłă c_s =^√(∂P )/∂ρ)_S ć ĺďěăńìŋőň čăğě ňăááĺćŋëå çăáâĺæ, ŋăčàěâőň ďő âăłőľ âěňŕěàăâãàë, çâő ďăćńěŋĺě ěčő àăćŋőćěáŋőčő ĺğńãçěŋĺï áâăńő áàăćŋĺňő á ďăćńěŋĺěň áăňőčő čăğă á ρ_g = mn ([17] §64). 2.8. Ŋăľâĺ őąéĺľ ćĺď ãàăćŋěŋĺľ ŕőńĺâàőŕĺçěáłĺå ĺ ăďĺăąăâĺçěáłĺå ŕàőæěááőć ć ŕěàěňěŋŋëå (T, S), (T, V ), (T, P ), (P, V ).

2.9. Ŋăľâĺ ł.ŕ.ď. âěŕńőćőľ ňăèĺŋë, àăąőâăîéěľ ŕő őąàăâĺňőňã æĺłńã ĺğ ĺğőâěàňë, ăďĺăąăâë ĺ ŕőńĺâàőŕë, á ňăłáĺňăńìŋőľ ĺ ňĺŋĺňăńìŋőľ âěňŕěàăâãàăňĺ T_1 > T_2 (ďćă ćăàĺăŋâă). Śàăćŋĺâì á ł.ŕ.ď. æĺłńă Łăàŋő. 2.10. Ŋăľâĺ C_P − C_V ŕàĺ T → 0, ěáńĺ:, (a) C_V → bT^α, (b) S − S_0 → BT^α. 2.11. Řăğňěàŋőáâĺ őąêěňŋőľ ŕńőâŋőáâĺ ćŋãâàěŋŋěľ íŋěàčĺĺ u = U/V ĺ ďăćńěŋĺï P áőćŕăďăîâ: P V = λU, čďě λ = λ(T, V ) – ąěğàăğňěàŋăï äãŋłæĺï. Ĺáŕőńìğãï áćïğì (2.17) ďńï “ĺďěăńìŋőľ” áĺáâěňë – á λ = const. ŋăľâĺ: őąéĺľ ćĺď łăńőàĺçěáłőčő ĺ âěàňĺçěáłőčő ãàăćŋěŋĺľ áőáâőïŋĺï, âěŕńőěňłőáâěľ C_V , C_P , γ = C_P /C_V , íŋâàőŕĺĺ, åĺňŕőâěŋæĺăńă, K_S(P ) (áà. ğăď. 1.6.), ćőğňőęŋëě äőàňë ãàăćŋěŋĺľ ăďĺăąăâĺçěáłőčő ŕàőæěááă.

2.12. Łăł ĺğ (2.10) áńěďãěâ (2.1): W_ω = ∮ ω T dS = ∮ ω P dV = − ∮ ω SdT = − ∮ ω V dP , [4]?

2.13. Ďńï őďŋőàőďŋőľ äãŋłæĺĺ m-čő ŕőàïďłă U(x, y, z) = λ^{−m} U(λx, λy, λz) ďőłăğăâì ãàăćŋěŋĺě İľńěàă: x ∂U ∂x + y ∂U ∂y + z ∂U ∂z = mU(x, y, z). (2.59) 2.14. Ŋăľâĺ ĺŋâěčàăńë (2.24) äőàňë (2.54) ŕàĺ h = 0. Ćáě ńĺ őŋĺ őďŋőğŋăçŋëě äãŋłæĺĺ?

2.15. Łăłőćă áłőàőáâì ğćãłă ć äőâőŋŋőň čăğě (2.39) á ρ_r = u(T )/c^2, ĺ ŕőçěňã? Śàăćŋĺâì á ğăď. 2.7. ŕàĺ ρ = ρ_g + ρ_r, á ãçěâőň (3.47).

Řĺá. 2.1. Šěŕńőćăï ňăèĺŋă Řĺá. 2.2. Űĺłń Łăàŋő C ďńï ĺďěăńìŋőčő čăğă, γ > 1.

Řĺá. 2.3. Űĺłńë Łăàŋő, ćŕĺáăŋŋëě ć ŕàĺğćőńìŋëľ æĺłń ŋă ŕńőáłőáâĺ (P, V ) ĺ (T, S)

Řĺá. 2.4. Ł íłćĺćăńěŋâŋőáâĺ ŕàĺŋæĺŕőć Šőňáőŋă ĺ Łăàăâěőďőàĺ

Řĺá. 2.5. ŁŔĎ η_ω ĺ ŁŔĎ η_C

Řĺá. 2.6. Ł áãéěáâćőćăŋĺî ĺŋâěčàĺàãîéěčő ďěńĺâěńï ć ďćãå ĺğňěàěŋĺïå

Řĺá. 2.7. Ł ŋěďőáâĺęĺňőáâĺ ăąáőńîâŋőčő ŋãńï T_2 = 0

Řĺá. 2.8. Ł ĺŋâěčàĺàãěňőáâĺ äőàňë δQ(r) = 0 ć âàěå ĺğňěàěŋĺïå. P_0 ≡ r_0.

Ńěłæĺï 3

II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ. 2-ï çăáâì. Ŋěőąàăâĺňëě ŕàőæěááë

1 Ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ

Řăááňőâàĺň ćŋőćì ďćě âěàňĺçěáłĺ łőŋâăłâĺàãîéĺě áĺáâěňë (Řĺá. 1.2). Řăćŋőćěáŋëě áőáâőïŋĺï áőćőłãŕŋőľ ĺğőńĺàőćăŋŋőľ áĺáâěňë 1+2 (2.26) ğăćĺáïâ őâ âàěå ŋěğăćĺáĺňëå ŕăàăňěâàőć (2.28) (V_1, V_2, T ), ćňěáâő łőâőàëå ňőęŋő ćëąàăâì âàĺ ďàãčĺå âăłęě ŋěğăćĺáĺňëå ŕăàăňěâàă (V_1, V_2, S). Ŕãáâì áĺáâěňă ŕěàěåőďĺâ ĺğ áőáâőïŋĺï (V^0_1 , V^0_2 , S^0) ć áőáâőïŋĺě (V_1, V_2, S). II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ ďńï ĺğőńĺàőćăŋŋőľ áĺáâěňë 1+2 ãâćěàęďăěâ, çâő ŕàĺ ńîąëå âăłĺå ŕěàěåőďăå ěě ŕőńŋăï íŋâàőŕĺï S ńĺąő ŋĺłőčďă ŋě àăáâěâ, ńĺąő ŋĺłőčďă ŋě ãąëćăěâ. Ďěľáâćĺâěńìŋő: ćáěčďă ňőęŋő ŋěłćăğĺáâăâĺçěáłĺň, ŋěàăćŋőćěáŋëň, ŋěőąàăâĺňëň ăďĺăąăâĺçěáłĺň ŕãâěň, δ^~Q_{ne} = 0 (δ^~A_{ne} ≠ 0) ŕàĺćěáâĺ áĺáâěňã áŕěàćă ć áőáâőïŋĺě (V^′_1 , V^′_2 , S) á ŋãęŋëň ğŋăçěŋĺěň íŋâàőŕĺĺ S, ă ğăâěň őąàăâĺňëň ăďĺăąăâĺçěáłĺň ĺğňěŋěŋĺěň őąêěňőć, ŋě ňěŋïï S, ŕàĺćěáâĺ ěě ć łőŋěçŋőě áőáâőïŋĺě (V_1, V_2, S). Ěáńĺ ŕàĺ âăłĺå ŋěőąàăâĺňëå ŋěàăćŋőćěáŋëå (ne) ŕàőæěááăå ćőğňőęŋë őąă ŋěàăćěŋáâćă: S < S^0 ĺ S > S^0, âő łăęďőě áőáěďŋěě áőáâőïŋĺě (V_1, V_2, S) áőáâăćŋőľ áĺáâěňë őłăğëćăěâáï ŋěàăćŋőćěáŋő ăďĺăąăâĺçěáłĺ ďőáâĺęĺňő ĺğ ĺáåőďŋőčő áőáâőïŋĺï (V^0_1 , V^0_2 , S^0), â.ł. őąêěňë ňőęŋő őąàăâĺňő ňěŋïâì ŕàőĺğćőńìŋő. İâő ŕàőâĺćőàěçĺâ őąéěňã ŕàĺŋæĺŕã ăďĺăąăâĺçěáłőľ ŋěďőáâĺęĺňőáâĺ Łăàăâěőďőàĺ. Š.ě. ćőğňőęŋő âőńìłő őďŋő ĺğ íâĺå ŋěàăćěŋáâć, çěľ ğŋăł áćïğăŋ áő ğŋăłőň łőŋáâăŋâë C ć őŕàěďěńěŋĺĺ ăąáőńîâŋőľ âěňŕěàăâãàë T (2.31): ěáńĺ ăďĺăąăâĺçěáłĺ őąàăâĺňő ćěàŋãâì őąêěňë ł ŕàěęŋĺň ğŋăçěŋĺïň, V_i → V^0_i , âő íŋěàčĺï âăłőčő łőŋěçŋőčő áőáâőïŋĺï U(V^0_1 , V^0_2 , S) ŋě ňőęěâ ąëâì ňěŋìèě íŋěàčĺĺ U^0(V^0_1 , V^0_2 , S^0) ŋăçăńìŋőčő áőáâőïŋĺï: U > U^0, ĺŋăçě áĺáâěňă őłăęěâáï ćěçŋëň ďćĺčăâěńěň ćâő-

—29—

àőčő àőďă. Ŋő, áőčńăáŋő (2.14), ( ∂S ∂U ) V_1,V_2 = 1 T , ĺ ŕàĺ T > 0 íŋâàőŕĺï

S(U, V_1, V_2) – ćőğàăáâăîéăï äãŋłæĺï U, â.ě. S > S^0 ŕàĺ V_{1,2} = const, ă ğŋăçĺâ, ŕàĺ ńîąëå ŋěàăćŋőćěáŋëå ăďĺăąăâĺçěáłĺå ŕàőæěááăå ΔS_{ne} = S − S^0 > 0.

Šăł łăł [9] ğŋăçěŋĺï àăąőâë ŕő ŕàőĺğćőńìŋëň ăďĺăąăâĺçěáłĺň ŕěàěćőďăň áĺáâěňë ĺğ àăćŋőćěáŋőčő áőáâőïŋĺï 1 ćő ćáěćőğňőęŋëě áőáěďŋĺě àăćŋőćěáŋëě áőáâőïŋĺï 2 őąàăğãîâ áćïğŋőě çĺáńőćőě ňŋőęěáâćő: ΔA_{12} ∈ [A, A], ĺ ďńï ńîąőčő âăłőčő ŕěàěåőďă ŕő I -ňã Ŋăçăńã ĺ 1-őľ çăáâĺ II -čő Ŋăçăńă: U_2(S_2, {V_2}) − U_1(S_1, {V_1}) + ΔA_{12} = 0, âő áőőâćěâáâćãîéĺě łőŋěçŋëě ğŋăçěŋĺï íŋâàőŕĺĺ S_2, ŕő áőőąàăęěŋĺïň ŋěŕàěàëćŋőáâĺ, âăłęě ğăŕőńŋïîâ ŋěŕàěàćëćŋő ŋěłőâőàëľ őâàěğőł S_2 ∈ [S, S], àăğãňěěâáï, áőďěàęăéĺľ ĺ ěě ŋăçăńìŋőě ğŋăçěŋĺě S_1, ŕőáłőńìłã ł çĺáńã ćőğňőęŋëå őąïğăâěńìŋő őâŋőáïâáï ĺ őąàăâĺňëě łćăğĺáâăâĺçěáłĺě ăďĺăąăâĺçěáłĺě ŕěàěåőďë, čďě S_2 =⇒ S_1 ∈ [S, S]. Ďőŕãéěŋĺě, çâő S_1 – ćŋãâàěŋŋïï âőçłă íâőčő őâàěğłă, őğŋăçăńő ąë, çâő őŋă őłàãęěŋă ńĺèì ăďĺăąăâĺçěáłĺ ďőáâĺęĺňëňĺ áőáâőïŋĺïňĺ, â.ł. őąêěňë {V_1} ćáěčďă ňőęŋő ŕàĺćěáâĺ ł ŋãęŋëň ğŋăçěŋĺïň {V_2} łćăğĺáâăâĺçěáłĺ, ŋě ňěŋïï S_2. İâő ŕàőâĺćőàěçĺâ ŕàĺŋæĺŕã ăďĺăąăâĺçěáłőľ ŋěďőáâĺęĺňőáâĺ. Ğŋăçĺâ, S_1 ďőńęŋő áőćŕăďăâì ńĺąő á S, ńĺąő á S. Ĺ ďőáâăâőçŋő őďŋőčő íłáŕěàĺňěŋâă, çâőąë ãğŋăâì, á çěň ĺňěŋŋő. İłáŕěàĺňěŋâăńìŋő: S_1 = S.

Š.ě. àăćŋőćěáŋëľ ĺ ŋěàăćŋőćěáŋëľ ăďĺăąăâĺçěáłĺě ŕàőæěááë ĺğ őďŋőčő ĺ âőčő ęě ŋăçăńìŋőčő áőáâőïŋĺï ŕàĺćőďïâ ł ŕàĺŋæĺŕĺăńìŋő àăğŋëň łőŋěçŋëň áőáâőïŋĺïň: ěáńĺ ŕàĺ łăłőň ńĺąő ĺğňěŋěŋĺĺ áőáâőïŋĺï ăďĺăąăâĺçěáłĺ ĺğőńĺàőćăŋŋőľ áĺáâěňë ěě íŋâàőŕĺï ŋě őáâăńăáì ŕőáâőïŋŋőľ, âő ŋě áãéěáâćãěâ ŋĺłăłőčő ăďĺăąăâĺçěáłőčő łćăğĺáâăâĺçěáłőčő ŕàőæěááă, ŕěàěćőďïéěčő áĺáâěňã őąàăâŋő ĺğ łőŋěçŋőčő áőáâőïŋĺï ć ŋăçăńìŋőě: ńîąőě ĺğňěŋěŋĺě áőáâőïŋĺï ăďĺăąăâĺçěáłĺ ĺğőńĺàőćăŋŋőľ áĺáâěňë, ŕàĺ łőâőàőň ňěŋïěâáï ğŋăçěŋĺě ěě íŋâàőŕĺĺ, ăďĺăąăâĺçěáłĺ ãęě ŋěőąàăâĺňő.

Šőčďă ŕàĺ ğăćěďőňő ŋěőąàăâĺňőľ àěńăłáăæĺĺ âăłőľ áĺáâěňë ł áőáâőïŋĺî àăćŋőćěáĺï ěě íŋâàőŕĺï ďőńęŋă ćőğàăáâăâì, ďőáâĺčăï ć àăćŋőćěáŋőň áőáâőïŋĺĺ áćőěčő ňăłáĺňãňă. Ďńï ďćãå ćăàĺăŋâőć ŕěàěåőďă 1^a→ 2 ĺ 1^b→ 2 (Řĺá. 3.1) ňěęďã ąńĺğłĺňĺ àăćŋőćěáŋëňĺ áőáâőïŋĺïňĺ 1 ĺ 2 ŋěłőâőàőľ âěàňőďĺŋăňĺçěáłőľ áĺáâěňë, čďě (a) - ŋěàăćŋőćěáŋëľ, ŋěőąàăâĺňëľ ŕěàěåőď, ă (b) - àăćŋőćěáŋëľ, őąàăâĺňëľ ŕěàěåőď, ěáâěáâćěŋŋő, á âěň ęě ŋăčàěćăâěńěň, ŕő I-ňã Ŋăçăńã

ĺňěěň: (a) : δ^~Q_{ne} = dU + δ^~A_{ne}, (b) : δQ = dU + δA. (3.1)

Őąàăéăï őąàăâĺňëľ ŕàőæěáá (b) łăł (b^′), ğăŕĺèěň ěčő ãàăćŋěŋĺě ć ćĺďě: (b^′) : −δQ = −dU − δA, { â.ě.: δQ^′ = −dU + δA^′ } . (3.2) Śłńăďëćăï (a) ĺ (b^′), ďńï ŋěàăćŋőćěáŋőčő “łàãčőćőčő” ŕàőæěááă:

1^a→ 2^{b′}→ 1, ŕőńãçăěň: δ^~Q_{ne} − δQ = δ^~A_{ne} − δA = δW. (3.3)

—30— İâă ćěńĺçĺŋă δW “ŕńőéăďĺ æĺłńă” ŋă (Řĺá. 3.1) ŋě ňőęěâ ąëâì àăćŋă ŋãńî, â.ł. ĺŋăçě ŋěőąàăâĺňëľ ŕàőæěáá (a) őłăğăńáï ąë őąàăâĺňëň. Őŋă ŋě ňőęěâ ąëâì ŕőńőęĺâěńìŋőľ, â.ł. ĺŋăçě ć âăłőň ”łàãčőćőň” ŕàőæěááě (3.3) ćáě őâŋïâőě ŋăèěľ áĺáâěňőľ ã ěďĺŋáâćěŋŋőčő ŋăčàěćăâěńï ŕőńőęĺâěńìŋőě âěŕńő δW æěńĺłőň ŕàěćàăéăńőáì ąë ć ŕőńőęĺâěńìŋãî ęě àăąőâã ąěğ łăłőľ ńĺąő łőňŕěŋáăæĺĺ, çâő ŕàőâĺćőàěçĺâ II-ňã Ŋăçăńã, ğăŕàěéăîéěňã ĺ âăłőľ ćěçŋëľ ďćĺčăâěńì ćâőàőčő àőďă – ŋă ŋěőąàăâĺňőň “æĺłńě”. Ďőŕãáâĺňőě ńĺèì ŋěàăćěŋáâćő δW < 0 őğŋăçăěâ, çâő ĺňěîâ ňěáâő: (A) Ŕàĺŋæĺŕ ňăłáĺňăńìŋőľ àăąőâë. Ŕàĺ ŋěăďĺăąăâĺçěáłőň ŕěàěåőďě ňěęďã ďćãňï àăćŋőćěáŋëňĺ áőáâőïŋĺïňĺ áőćěàèăěňăï áĺáâěňőľ àăąőâă ňăłáĺňăńìŋă ďńï őąàăâĺňőčő (àăćŋőćěáŋőčő) ŕěàěåőďă, δA > δ^~A_{ne}. (B) Ŕàĺŋæĺŕ ňăłáĺňăńìŋőčő ŕőčńőéěŋĺï âěŕńă. Ŕőčńőéăěňőě áĺáâěňőľ ŕàĺ ŋěăďĺăąăâĺçěáłőň ŕěàěåőďě łőńĺçěáâćő âěŕńă âăłęě ňăłáĺňăńìŋő ďńï őąàăâĺňőčő (àăćŋőćěáŋőčő) ŕěàěåőďă, δQ > δ^~Q_{ne}.

Ćáŕőňĺŋăï, çâő ďńï őąàăâĺňőčő ŕěàěåőďă δQ = T dS, ĺňěěň II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ ďńï ŋěàăćŋőćěáŋëå, ŋěőąàăâĺňëå ŕàőæěááőć: T dS > δ^~Q_{ne}, dS > δ^~Q_{ne} T , ă. ĺŋâěčàĺàãï ŕő ŕãâĺ (ne), S_2 − S_1 > 2∫

1 δ^~Q_{ne} T . (3.4) Šăł çâő ŕěàěåőď 1 → 2, áőćěàèăěňëľ áĺáâěňőľ ăďĺăąăâĺçěáłĺ àăćŋőćěáŋő (łćăğĺáâăâĺçěáłĺ) ŕő âĺŕã (b): (δQ = T dS = 0), ŋěńìğï őáãéěáâćĺâì ăďĺăąăâĺçěáłĺ ŋěàăćŋőćěáŋő ŕő âĺŕã (a): (δ^~Q_{ne} = 0, dS_{ne} > 0). Š.ě. ŕàőæěááë (a) ĺ (b) ňěęďã őďŋĺňĺ ĺ âěňĺ ęě áőáâőïŋĺïňĺ 1 ĺ 2 ŋě ňőčãâ ąëâì őąă ăďĺăąăâĺçěáłĺňĺ (ĺŋďěłá (ne) ã ďĺääěàěŋæĺăńă dS, łőŋěçŋő, ãáńőćěŋ!).

Ďàãčĺňĺ áńőćăňĺ, ŋěàăćěŋáâćă (A) ĺ (B) őğŋăçăîâ, çâő ŋěćőğňőęŋő ŕěàěćěáâĺ áĺáâěňã ĺğ 1 ć 2 ŕàĺ, łăğăńőáì ąë, őďŋĺå ĺ âěå ęě ãáńőćĺïå, ŋăŕàĺňěà δQ = δ^~Q_{ne} = 0, (ĺńĺ δA = δ^~A_{ne} = 0), łăł àăćŋőćěáŋő (b), âăł ĺ ŋěàăćŋőćěáŋő (a), â.ł. ŕàĺ âăłĺå “őďĺŋăłőćëå” ãáńőćĺïå áőőâćěâáâćãîéĺě łőŋěçŋëě áőáâőïŋĺï őłăęãâáï àăğŋëňĺ: 2 ≠^~2, ĺ áőőâćěâáâćãîéĺě ğŋăçěŋĺï δA ĺ δ^~A_{ne} (ĺńĺ δQ ĺ δ^~Q_{ne}) ãęě ŋě ąãďãâ áàăćŋĺňë ŕő (Řĺá. 3.1).

Š.ě. ć âő ćàěňï łăł II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ ďńï őąàăâĺňëå ŕàőæěááőć – ěčő 1-ăï çăáâì – őâàăęăï ŋăńĺçĺě áěâłĺ őąàăâĺňëå ăďĺăąăâ ĺ ĺğőâěàň, ãâćěàęďăěâ ńĺèì őâŋőáĺâěńìŋãî łćăğĺáâăâĺçěáłãî ăďĺăąăâĺçěáłãî ŋěďőáâĺęĺňőáâì áőáâőïŋĺľ łăł á S > S^0, âăł á S < S^0, â.ł. ăďĺąăâĺçěáłĺ àăćŋőćěáŋő (őąàăâĺňő) ďőáâĺęĺňë âőńìłő áőáâőïŋĺï á S = S^0,

—31— • II-ě Ŋăçăńő âěàňőďĺŋăňĺłĺ ďńï ŋěőąàăâĺňëå ŕàőæěááőć, ěčő 2-ăï çăáâì, ć äőàňãńĺàőćłě Łăàăâěőďőàĺ, ďńï ńîąőľ ğăňłŋãâőľ áĺáâěňë ãâćěàęďăěâ ăąáőńîâŋãî ăďĺăąăâĺçěáłãî ŋěďőáâĺęĺňőáâì ĺğ áőáâőïŋĺï á ďăŋŋëň S^0 ńîąëå áőáâőïŋĺľ á S < S^0. Š.ě. ăďĺăąăâĺçěáłĺ ŋěàăćŋőćěáŋő ďőáâĺęĺňë âőńìłő áőáâőïŋĺï á S > S^0, – ğăłőŋ ćőğàăáâăŋĺï íŋâàőŕĺĺ, – íŋâàőŕĺï ğăňłŋãâőľ áĺáâěňë ňőęěâ âőńìłő ćőğàăáâăâì, ĺ áńěďőćăâěńìŋő ć àăćŋőćěáĺĺ őŋă ąãďěâ ãęě ňăłáĺňăńìŋă. • II-ě Ŋăçăńő, 2-ăï çăáâì ć äőàňãńĺàőćłě Łńăãğĺãáă: [Ć ăďĺăąăâĺçěáłĺ ĺğő-

ńĺàőćăŋŋőľ áĺáâěňě] Ŕàőæěáá ŕěàěďăçĺ âěŕńă őâ čőàïçěčő âěńă ł åőńőďŋőňã

ąěğ áőćěàèěŋĺï àăąőâë ŋěőąàăâĺň. (Š.ł. őąàăâŋëľ ŕàőæěáá ŕőâàěąãěâ, łăł ňë ğŋăěň, ğăâàăâë àăąőâë.) [Ůâő ĺ ďăěâ ŕàĺňěà ŋěőąàăâĺňőáâĺ]. • II-ě Ŋăçăńő, 2-ăï çăáâì ć äőàňãńĺàőćłě Šőňáőŋă: Ŕàőæěáá, ŕàĺ łőâőàőň ćáï (ňĂłàő)àăąőâă ΔA^′ ŕěàěèńă ć (ňĹłàő)âěŕńő → ΔQ = ΔU_{nagr}, ąěğ łăłĺå ńĺąő ĺŋëå ĺğňěŋěŋĺľ (ćŋěèŋĺå {V_i}) ŕăàăňěâàőć áőáâőïŋĺï áĺáâěňë, ŋěőąàăâĺň. (Š.ł. ŋĺłăłĺň őąàăâŋëň ŕàőæěááőň ŋěńìğï ŕàěćàăâĺâì íâő ęě őâŋïâőě ã ŋăčàěćăâěńï âěŕńő áŋőćă ć âã ęě àăąőâã.) Őąêěďĺŋěŋĺě őąěĺå çăáâěľ II-čő Ŋăçăńă ŕàĺďăěâ ěňã åăàăłâěà őæěŋłĺ:

T^{(e)}dS > δ^~Q_{ne} = dU + P^{(e)}dV +^∑_m Y^{(e)}_m dy_m ĺńĺ⇐⇒ δQ = T dS, (3.5)

çâő ěáâì őáŋőćŋőě ŋěàăćěŋáâćő (>) ďńï ŋěàăćŋőćěáŋëå ŕàőæěááőć, ĺńĺ őáŋőćŋőě ãàăćŋěŋĺě âěàňőďĺŋăňĺłĺ (=) ďńï àăćŋőćěáŋëå. Śőőâćěâáâćěŋŋő, (3.4) ĺ (2.7) ĺğćěáâŋë łăł ŋěàăćěŋáâćő ĺ àăćěŋáâćő Łńăãğĺãáă: dS > δ^~Q T^{(e)}

, 0 = ∮ ~ω dS > ∮ ~ω δ^~Q T^{(e)} ďńï “ŋěàăćŋőćěáŋőčő æĺłńă”^~ω, (3.6) dS = δQ T , 0 = ∮ ω dS = ∮ ω δQ T ďńï àăćŋőćěáŋőčő æĺłńă ω, (3.7)

čďě T^{(e)}, P^{(e)}, Y^{(e)}_m ïćńïîâáï ćŋěèŋěľ âěňŕěàăâãàőľ, ăąáőńîâŋőľ ćěńĺçĺŋőľ ďăćńěŋĺï ĺńĺ őąőąéěŋŋőľ áĺńë áő áâőàőŋë ćŋěèŋěľ áàěďë ĺ, ćőőąéě čőćőàï, ć ŋěàăćŋőćěáŋőň áőáâőïŋĺĺ ŋě őŕàěďěńěŋë ďńï áăňőľ áĺáâěňë.

Ŋăŕàĺňěà, ŕàĺ ąëáâàőň àăáèĺàěŋĺĺ áęăâőčő ć æĺńĺŋďàě čăğă ŋěŕőáàěďáâćěŋŋő ŕőď ŕőàèŋěň őąàăğãěâáï àăğàěęěŋĺě, çâő ŕàĺćőďĺâ ł ňěŋìèěňã ďăćńěŋĺî ŋă ŕőàèěŋì ĺ, áőőâćěâáâćěŋŋő, ňěŋìèěľ ŕàőĺğćőďĺňőľ čăğőň àăąőâě, çěň ŕàĺ ňěďńěŋŋőň őąàăâĺňőň ŕàőæěááě àăáèĺàěŋĺï [4], ć áőőâćěâáâćĺĺ á ŕàĺŋæĺŕőň (A) ňăłáĺňăńìŋőľ àăąőâë: P^{(e)} < P, −→ δ ~A = ∫ P^{(e)}dV < ∫ P dV = δA. Őďŋăłő íŋâàőŕĺï – äãŋłæĺï áőáâőïŋĺï áĺáâěňë, ĺ ěě ĺğňěŋěŋĺě ćŕőńŋě őŕàěďěńěŋő ĺ ŕàĺ ŋěàăćŋőćěáŋőň ŕěàěåőďě ňěęďã àăćŋőćěáŋëňĺ

—32— áőáâőïŋĺïňĺ áĺáâěňë ŕãâěň ěčő ğăňěŋë ńîąëň ĺŋëň íłćĺćăńěŋâŋëň, ŋő ãęě àăćŋőćěáŋëň ŕàőæěááőň ŕěàěåőďă (eqv) [2] §23 á T^{(e)} = T (ĺŋďěłá

ŕàőæěááă ã dS ĺ dU, łőŋěçŋő, ãáńőćěŋ). Ďńï çěčő, ńĺąő ďńï áĺáâěňë ć æěńőň, ŕàĺ: T^{(e)}dS > δ^~Q^a= dU + δ^~A, dU ≡ dU_{eqv}, δ^~A < δA_{eqv}, δ^~Q < δQ_{eqv}, ŕőńăčăîâ (Řĺá. 3.1): T^{(e)}dS = T dS_{eqv} = δQ_{eqv}^b= dU_{eqv} + δA_{eqv}, (3.8) ńĺąő ďěńïâ ěě ŋă âăłĺě ŕőďáĺáâěňë, łőâőàëě ć íâőň ŕàőæěááě ňőęŋő ãęě áçĺâăâì àăćŋőćěáŋëňĺ ĺ ĺáŕőńìğãîâ ăďďĺâĺćŋőáâì íŋâàőŕĺĺ (2.36).

2 Ňěâőď âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć. Śĺáâěňë á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ

Ďőŕőńŋĺâěńìŋëě ŕěàěňěŋŋëě ňőčãâ ćőğŋĺłăâì ĺ ã ŕàőáâőľ ŕőďáĺáâěňë á ěďĺŋáâćěŋŋëň ŕăàăňěâàőň őąêěňă V ĺ ďăćńěŋĺï P , ŋő őąňěŋĺćăîéěľáï á ćŋěèŋĺň ňĺàőň çăáâĺæăňĺ (Řĺá. 1.3). Ěáńĺ μ_i ěáâì ĺğňěŋěŋĺě ćŋãâàěŋŋěľ íŋěàčĺĺ áĺáâěňë, áćïğăŋŋőě á âăłĺň áŕőáőąőň ďőąăćńěŋĺï ć ŋěě őďŋőľ çăáâĺæë i-čő âĺŕă, ŕàĺ łőâőàőň áĺáâěňă ŋě ŕőńãçăěâ âěŕńă ĺ ŋě áőćěàèăěâ àăąőâë [3], [4], âő ŕàĺàăéěŋĺě ćŋãâàěŋŋěľ íŋěàčĺĺ ďńï ńîąőčő ŕàőæěááă ć âăłőľ áĺáâěňě á ŕěàěňěŋŋëň çĺáńőň çăáâĺæ ŕàĺőąàěâăěâ ćĺď:

dU = δQ − δA +^∑_i μ_i dN_i, ĺńĺ, ďńï àăćŋőćěáŋëå ŕàőæěááőć ĺ áőáâőïŋĺľ: (3.9) dU(S, V, N) = T dS − P dV +^∑_i μ_i dN_i, čďě: 1 ≤ dN_i ≪ N_i . (3.10) Šăł çâő, ěáńĺ U ĺğćěáâŋă, łăł äãŋłæĺï U(S, V, N), âő ć íâĺå ŕěàěňěŋŋëå őŋă ïćńïěâáï âěàňőďĺŋăňĺçěáłĺň ŕőâěŋæĺăńőň, ć âőň áňëáńě (2.9), çâő: T = ( ∂U ∂S ) V,N , P = − ( ∂U ∂V ) S,N , μ_i = ( ∂U ∂N_i ) S,V , ĺ ďăńěě: (3.11) ∂^2U ∂S^2 V,N = (∂T ∂S ) V,N = T C_V , ∂^2U ∂V^2 S,N = − ( ∂P ∂V ) S,N = 1 V K_S . (3.12)

Ć őąéěň áńãçăě ŋă 7-ňì ŕěàěňěŋŋëå U, S, V, N, T, P, μ, (i = 1) ĺňěîâáï: ãàăćŋěŋĺě (3.10), âěàňĺçěáłőě (1.5), łăńőàĺçěáłőě (1.16) ãàăćŋěŋĺï áőáâőïŋĺï ĺ ãàăćŋěŋĺě ŕàőæěááă (1.18). İâĺ 4-àě ãàăćŋěŋĺï, łăğăńőáì ąë, őáâăćńïîâ ŋěőŕàěďěńěŋŋëňĺ ěéě âàĺ ŕěàěňěŋŋëå ĺğ 7-ňĺ.

Őďŋăłő ŕàĺ ğăďăŋĺĺ ćŋãâàěŋŋěľ íŋěàčĺĺ ć “áćőĺå ěáâěáâćěŋŋëå” ŕěàěňěŋŋëå (3.10) őáâăńìŋëě äãŋłæĺĺ (ŕăàăňěâàë) àăćŋőćěáŋőčő áőáâőïŋĺï áĺáâěňë ŕőńŋőáâìî őŕàěďěńïîâáï ěě ŋěŕőáàěďáâćěŋŋëň

—33— ďĺääěàěŋæĺàőćăŋĺěň (3.11), (3.12) ć áőőâćěâáâćĺĺ á ãłăğăŋŋëň ćëèě ěě áňëáńőň âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă ć íâĺå ŕěàěňěŋŋëå S, V, N.

Šěàňőďĺŋăňĺçěáłĺě ŕőâěŋæĺăńë ďńï ďàãčĺå ŋăąőàőć “ěáâěáâćěŋŋëå ŋěğăćĺáĺňëå ŕěàěňěŋŋëå” ňőęŋő ŋăľâĺ, ŋăŕàĺňěà, ŕãâěň ŕěàěğăŕĺáĺ ćĺďă (2.14) ĺğ âőčő ęě őáŋőćŋőčő ãàăćŋěŋĺï (3.10). Ŋăŕàĺňěà, ć ćĺďě: dS(U, V, N) = dU T + P T dV − μ T dN, 1 T = ( ∂S ∂U ) V,N , P T = ( ∂S ∂V ) U,N , μ T = − ( ∂S ∂N ) U,V ,(3.13) dV (S, U, N) = T P dS − dU P + μ P dN, T P = ( ∂V ∂S ) U,N , 1 P = − ( ∂V ∂U ) S,N , μ P = ( ∂V ∂N ) U,S .(3.14)

Ďàãčĺň ŕãâěň ïćńïěâáï ŕàěőąàăğőćăŋĺě Ńěęăŋďàă ãàăćŋěŋĺï (3.10): F = U − T S, d(U − T S)= dF (T, V, N)= −SdT − P dV +^∑_i μ_idN_i , (3.15) őâłãďă: S = − ( ∂F ∂T ) V,N , P = − ( ∂F ∂V ) T,N , μ_i = ( ∂F ∂N_i ) T,V , (3.16) − ∂^2F ∂T^2 V,N = ( ∂S ∂T ) V,N = C_V T , ∂^2F ∂V^2 T,N = − ( ∂P ∂V ) T,N = 1 V K_T ; (3.17)

ĺ, ć çăáâŋőáâĺ, őâáîďă − (dF )_{T,N} = (P dV )_{T,N} = (δA)_{T,N} , â.ě. (3.18) F (T, V, N) ěáâì ĺğőâěàňĺçěáłĺľ ŕőâěŋæĺăń. Ś íâőľ áćőąőďŋőľ íŋěàčĺěľ Čěńìňčőńìæă áćïğăŋă 4-ăï äőàňãńĺàőćłă II-čő Ŋăçăńă: Ăďĺăąăâĺçěáłĺ ğăňłŋãâăï áĺáâěňă ŋě ňőęěâ őâďăâì ćáî áőďěàęăéãîáï ć ŋěľ ćŋãâàěŋŋîî íŋěàčĺî ć ćĺďě àăąőâë. Š.ě., åőâï, áőčńăáŋő (1.16) ĺ ŕàĺŋæĺŕã (Ă) ňăłáĺňăńìŋőľ àăąőâë, ŕàĺ U(S, V, N) ≡ U(T, V, N) ĺ −(dU)_{S,N} = (δA)_{S,N} > 0: − [U(S, V_0, N) − U(S, V, N)] = (ΔA)_{S,N} , (3.19) ŋő íâőâ

V_0∫

V (δA)_{S,N} = (ΔA)_{S,N} ≠ − [U_{T =0}(V_0, N) − U(T, V, N)]_{S,N} , (3.20)

â.ł. ŕő ŕàĺŋæĺŕã Ŋěàŋáâă (2.41) áőáâőïŋĺě á T = 0 ŕàĺ S > S_0 ŋěőáãéěáâćĺňő, ĺ [U_0(V_0, N)]_{S,N} ŋě áãéěáâćãěâ ĺ ≠ U_0(V ) ĺğ (2.18), (2.42). Ć áĺńã (3.15) ćŋãâàěŋŋïï íŋěàčĺï áĺáâěňë U = F +T S áőáâőĺâ ĺğ ďőáâãŕŋőľ ďńï ŕàěćàăéěŋĺï ć àăąőâã áćőąőďŋőľ íŋěàčĺĺ F ĺ “áćïğăŋŋőľ” íŋěàčĺĺ T S, łőâőàãî ãęě ŋĺłăłĺň, ďăęě ăďĺăąăâĺçěáłĺň łćăğĺáâăâĺçěáłĺň ŕãâěň S = const, ŋěńìğï ŕàěćàăâĺâì æěńĺłőň ć àăąőâã ććĺďã äĺğĺçěáłőľ ŋěďőáâĺęĺňőáâĺ (2.49) ăąáőńîâŋőčő ŋãńï: T S > 0 (ŕàĺŋæĺŕ Šőňáőŋă). Š.ě. íŋâàőŕĺï ěáâì ňěàă őąěáæěŋĺćăŋĺï ćŋãâàěŋŋěľ íŋěàčĺĺ áĺáâěňë U.

—34— Ăŋăńőčĺçŋőě ŕàěőąàăğőćăŋĺě Ńěęăŋďàă ãàăćŋěŋĺï (3.10) ŕő ďàãčőľ ŕăàě ŕěàěňěŋŋëå P, V őŕàěďěńïěâ íŋâăńìŕĺî, ĺńĺ “âěŕńőáőďěàęăŋĺě”: H = U + P V, d(U + P V ) = dH(S, P, N) = T dS + V dP +^∑_i μ_idN_i, (dH)_{P,N} = (δQ)_{P,N} , [âőčďă łăł ć (3.10): (dU)_{V,N} = (δQ)_{V,N} ].

(3.21)

Őŋă àăćŋă íŋěàčĺĺ àăáèĺàěŋŋőľ àăćŋőćěáŋőľ áĺáâěňë, ćłńîçăîéěľ, ŋăŕàĺňěà, ŋăàïďã á čăğőň ć àăćŋőćěáĺĺ ŕőď âïęěńëň ŕőàèŋěň, ĺ áăň íâőâ ŕőàèěŋì ć ŕőńě âïęěáâĺ: U + Mgh = U + P Σh = U + P V = H, (Řĺá. 3.2).

Śćőąőďŋăï íŋěàčĺï Čĺąąáă – ŕőâěŋæĺăń Čĺąąáă – ěáâì őąêěďĺŋěŋĺě ďćãå ŕàěďëďãéĺå ŕàěőąàăğőćăŋĺľ Ńěęăŋďàă (μ- åĺňĺçěáłĺľ ŕőâěŋæĺăń):

Φ = U − T S + P V = F + P V = H − T S = Φ(T, P, N), (3.22) d(F + P V ) = dΦ(T, P, N) = −SdT + V dP +^∑_i μ_idN_i , (3.23) őâłãďă S = − ( ∂Φ ∂T ) P,N , V = ( ∂Φ ∂P ) T,N , μ_i = ( ∂Φ ∂N_i ) T,P , (3.24) − ∂^2Φ ∂T^2 P,N = ( ∂S ∂T ) P,N = C_P T , ∂^2Φ ∂P^2 T,N = ( ∂V ∂P ) T,N = −V K_T . (3.25)

Ĺŋâěčàĺàãï ćëâěłăîéĺě ĺğ íâĺå äőàňãń ďĺääěàěŋæĺăńìŋëě ãàăćŋěŋĺï Čĺąąáă-Čěńìňčőńìæă, ňőęŋő ćáěčďă ŕěàěľâĺ ł ŕőâěŋæĺăńã ć ěčő ěáâěáâćěŋŋëå ŕěàěňěŋŋëå. Ŋăŕàĺňěà, â.ł. U_0 = F_0 ŕàĺ T = 0, âő ŕàĺ U = U(T, V ), ŕőďáâăćńïï S ĺğ (3.16) ć (3.15), ďńï ΔU ≡ U − U_0 ĺ ΔF ≡ F − F_0 ĺňěěň: U = F + T S = F − T ( ∂F ∂T ) V , ĺ ΔU(T, V ) = ΔF − T ( ∂ΔF ∂T ) V , (3.26)

â.ě. ΔU(T, V ) = −T^2 ( ∂ ∂T ΔF T ) V , ΔF (T, V ) T = − T∫

0 dθ ΔU(θ, V ) θ^2

. (3.27)

Ăŋăńőčĺçŋő, ŕőďáâăćńïï íŋâàőŕĺî S ĺğ (3.24) ć (3.22), â.ł. H_0 = Φ_0 ŕàĺ T = 0, ĺňěěň:

H = Φ + T S = Φ − T ( ∂Φ ∂T ) P = −T^2 ( ∂ ∂T Φ T ) P , ΔΦ(T, P ) T = − T∫ 0 dθ ΔH(θ, P ) θ^2

. (3.28)

Ŕàĺ ğăďăŋŋőľ F = F (S, V ) á ãçěâőň (3.11) ĺŋâěčàĺàãěň (3.15), ŋăőąőàőâ, łăł ãàăćŋěŋĺě ŋă U(S, V ) ŕő ŕěàěňěŋŋőľ S, čďě äőàňăńìŋő áŋőćă U_0(V ) = F_0(V ) âěŕěàì ŕàĺ S → S_0 = 0, F (S, V ) = U − S ( ∂U ∂S ) V , ΔF = ΔU − ST, ΔU(S, V ) S = − S∫ 0 dσ ΔF (σ, V ) σ^2

. (3.29)

Śåőďĺňőáâì ćáěå ĺŋâěčàăńőć ć (3.27)–(3.29) čăàăŋâĺàãěâáï ŕàĺŋæĺŕőň Ŋěàŋáâă ć ćĺďě (2.41), (2.42), â.ł. ΔS(θ) → S(θ) ∼ θ^α ŕàĺ θ → 0, ĺńĺ T (σ) ∼ σ^{1/α} ŕàĺ σ → 0, α > 0.

—35— Őłăğëćăěâáï, áćőľáâćő ăďďĺâĺćŋőáâĺ ćáěå âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć ŕőğćőńïěâ ŋăľâĺ ĺå ïćŋëľ ćĺď. Ďěńő ć âőň, çâő ćáě âěàňőďĺŋăňĺçěáłĺě ŕăàăňěâàë łăł äãŋłæĺĺ áőáâőïŋĺï àăćŋőćěáŋőľ áĺáâěňë ďěńïâáï ŋă ďćă łńăááă: íłáâěŋáĺćŋëě = ăďďĺâĺćŋëě – àăáâãéĺě ŕàőŕőàæĺőŋăńìŋő őąêěňã ĺ/ĺńĺ çĺáńã çăáâĺæ ć áĺáâěňě: V, N, S, U, F, H, Φ, J; ĺńĺ ĺŋâěŋáĺćŋëě – ŋěĺğňěŋŋëě ŕàĺ (ňëáńěŋŋőň) ďěńěŋĺĺ àăćŋőćěáŋőľ áĺáâěňë ŋă çăáâĺ: T, P, μ, n = N/V . Ćáě âěàňőďĺŋăňĺçěáłĺě ŕőâěŋæĺăńë łăł ăďďĺâĺćŋëě äãŋłæĺĺ âőčďă ďőńęŋë: 1) ąëâì őďŋőàőďŋëňĺ äãŋłæĺïňĺ 1- čő ŕőàïďłă őâ áćőĺå ăďďĺâĺćŋëå ěáâěáâćěŋŋëå ŕěàěňěŋŋëå, ă ŕőâőňã: 2) åőâï ąë őďŋă ĺğ ĺå ěáâěáâćěŋŋëå ŕěàěňěŋŋëå ďőńęŋă ąëâì âőęě ăďďĺâĺćŋőľ; ŋě áãéěáâćãěâ âăłőčő âěàňőďĺŋăňĺçěáłőčő ŕőâěŋæĺăńă, łăł äãŋłæĺĺ âőńìłő ĺŋâěŋáĺćŋëå âěàňőďĺŋăňĺçěáłĺå ŕăàăňěâàőć:

(i = 1) V → λV N → λN S → λS =⇒ U → λU, Φ → λΦ, H → λH, J → λJ, F → λF, 0 → 0 , ŋăŕàĺňěà: (3.30)

U(λS, λV, λN) = λU(S, V, N), őâłãďă U(S, V, N) = Nε ( S N , V N ) , (3.31) łăł ĺ F (T, V, N) = Nf ( T, V N ) , Φ(T, P, N) = Nφ(T, P ), λ → 1 N . (3.32)

Ĺğ (3.24) ŕàĺ i = 1 ĺ (3.32) ŋěňěďńěŋŋő őąŋăàãęĺćăěň, çâő: μ = ( ∂Φ ∂N ) T,P =⇒ φ(T, P ) = μ(T, P ), â.ě. Φ(T, P, N) = Nμ(T, P ). (3.33) Ąőńìèőľ (“ćěàåőćŋëľ”) âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń J ććőďĺâáï łăł ŕàěőąàăğőćăŋĺě Ńěęăŋďàă ŕő ŕőáńěďŋěľ őáâăćèěľáï ŕăàě ŕěàěňěŋŋëå μ, N: J = F − μN, d(F − μN) = dJ(T, V, μ) = −SdT − P dV − Ndμ, (3.34) őâłãďă S = − ( ∂J ∂T ) V,μ , P = − ( ∂J ∂V ) T,μ , N = − ( ∂J ∂μ ) T,V , (3.35)

ŋő ĺğ ěčő ăďďĺâĺćŋőáâĺ (3.30): J(T, V, μ) = −V π(T, μ), ă ğŋăçĺâ P =⇒_{(3.35)} π(T, μ) = P (T, μ), â.ě. J(T, V, μ) = −V P (T, μ) ≡ F − Φ (3.36) ć ŕőńŋőň áőőâćěâáâćĺĺ á (3.34), (3.33), (3.22). Ŕőŕëâłĺ ććěáâĺ ŕőâěŋæĺăń, ğăćĺáïéĺľ âőńìłő őâ T, P, μ, ć áőčńăáĺĺ á ŕãŋłâőň 2), ŕàĺćőďïâ ł âőęďěáâćěŋŋőňã ŋãńî: Φ − μN= 0 =J + P V , ŕàěćàăéăï, áőőâćěâáâćěŋŋő, łăł

—36— (3.23), âăł ĺ (3.34) ć őďŋő ĺ âőęě ãàăćŋěŋĺě Čĺąąáă-Ďîčěňă (ŕàĺ i = 1): Ndμ = −SdT + V dP, ĺńĺ: dμ(T, P ) = −sdT + υdP, čďě: (3.37) s = S N =⇒ − ( ∂μ ∂T ) P = υ (∂P ∂T ) μ , ĺ υ ≡ V N = 1 n =⇒ ( ∂μ ∂P ) T ěáâì (3.38)

áőőâćěâáâćěŋŋő ãďěńìŋăï íŋâàőŕĺï ĺ ãďěńìŋëľ őąêěň. Őŋő őâàăęăěâ âőâ äăłâ, őçěćĺďŋëľ ãęě ĺğ ŕěàćëå àăćěŋáâć (3.33) ĺ (3.36), çâő âàĺ ĺŋâěŋáĺćŋëå ŕăàăňěâàă T, P, μ ïćńïîâáï ğăćĺáĺňëňĺ ćěńĺçĺŋăňĺ, ă ŕőâőňã ĺå ďĺääěàěŋæĺăńë áćïğăŋë ńĺŋěľŋëň áőőâŋőèěŋĺěň. §ćŋăï âěàňőďĺŋăňĺçěáłăï äőàňãńă ďńï ćŋãâàěŋŋěľ íŋěàčĺĺ ćëâěłăěâ ĺğ ŕőďáâăŋőćłĺ (3.33) ć (3.22) ĺ á ãçěâőň (3.11) ěáâěáâćěŋŋő ćőáŕàőĺğćőďĺâáï ãàăćŋěŋĺěň İľńěàă (2.59) ďńï őďŋőàőďŋőľ äãŋłæĺĺ ŕěàćőčő ŕőàïďłă (3.31): U(S, V, N) = S ( ∂U ∂S ) V,N +V ( ∂U ∂V ) S,N +N ( ∂U ∂N ) S,V = ST −V P +Nμ, (3.39) ă ĺğ (3.31)–(3.33): μ(T, P ) = ε(s, υ) − T s + P υ = f(T, υ) + P υ. (3.40) Ŕőáłőńìłã ĺŋâěŋáĺćŋëě âěàňőďĺŋăňĺçěáłĺě ŕăàăňěâàë ňőčãâ ğăćĺáěâì âőńìłő őâ ĺŋâěŋáĺćŋëå ęě łőňąĺŋăæĺľ (őâŋőèěŋĺľ) ăďďĺâĺćŋëå ćěńĺçĺŋ, âő, ŋăŕàĺňěà âěàňĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï (1.5) ĺňěěâ ćĺď P = P (T, υ), ĺńĺ υ = υ(P, T ) =⇒ υ(μ, T ), â.ł. P = P (T, μ), (3.41) áőčńăáŋő (3.36) ĺńĺ (3.33). Őâáîďă ĺ ĺğ (3.35), (3.36), ĺńĺ (3.38) ďńï ŕńőâŋőáâĺ çĺáńă çăáâĺæ n ĺ áęĺňăěňőáâĺ K_T = K_{T,N} (3.25) ŋăåőďĺň: n = 1 υ = N V = (∂P ∂μ ) T , K_T = − 1 V ( ∂V ∂P ) T,N = − 1 υ ( ∂υ ∂P ) T = 1 n ( ∂n ∂P ) T , (3.42) ( ∂υ ∂μ ) T = ∂υ(P (T, μ), T ) ∂μ T = ( ∂P ∂μ ) T ( ∂υ ∂P ) T = 1 υ ( ∂υ ∂P ) T = −K_T . (3.43)

Ă â.ł. ćáě ćëàăęěŋĺï ďńï: U (3.10), F (3.15), H (3.21), Φ (3.23), J (3.34), ďńï ćáěå ććěďěŋŋëå ćëèě âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć ïćńïîâáï ŕőńŋëňĺ ďĺääěàěŋæĺăńăňĺ, ãáńőćĺï ĺå ĺŋâěčàĺàãňőáâĺ őąőčăéăîâ ŋăè ŋăąőà ŕőńěğŋëå âőęďěáâć ďńï áőőâćěâáâćãîéĺå áňěèăŋŋëå çăáâŋëå ŕàőĺğćőďŋëå ćĺďă (2.9) łăł ďńï ïłőąĺăŋőć ćĺďă (2.10) á ãçěâőň âàěâìěľ ďőŕőńŋĺâěńìŋőľ äĺłáĺàőćăŋŋőľ ŕěàěňěŋŋőľ: ∂(T, S, N) ∂(P, V, N) ≡ [ ∂(T, S) ∂(P, V ) ] N = 1 = [ ∂(T, S) ∂(P, V ) ] μ ≡ ∂(T, S, μ) ∂(P, V, μ) , (3.44) ∂(T, S, V ) ∂(μ, N, V ) ≡ [ ∂(T, S) ∂(μ, N) ] V = −1 = [ ∂(T, S) ∂(μ, N) ] P ≡ ∂(T, S, P ) ∂(μ, N, P ) , (3.45) ∂(P, V, S) ∂(μ, N, S) ≡ [ ∂(P, V ) ∂(μ, N) ] S = 1 = [ ∂(P, V ) ∂(μ, N) ] T ≡ ∂(P, V, T ) ∂(μ, N, T ) . (3.46)

Ğăďăçĺ 3.1. Ŋăľâĺ (∂C_V /∂V )_T =? (∂C_P /∂P )_T =? Šěŕńőěňłőáâì C_V łăłĺå ĺğ čăğőć (4.48) ňőęěâ ğăćĺáěâì âőńìłő őâ âěňŕěàăâãàë. Śçĺâăï ěě ĺğćěáâŋőľ, ŋăľâĺ ĺå íŋâàőŕĺî ĺ ćáě âěàňőďĺŋăňĺçěáłĺě ŕőâěŋæĺăńë. 3.2. Ďőłăğăâì, çâő ŕàĺ s, υ ĺğ (3.38), α_P ĺğ (1.13), ĺ áęĺňăěňőáâïå K_{S, [T ]} ≡− 1 V ( ∂V ∂P ) S, [T ];N ⇒ (∂ ln n ∂P ) s, [T ] : 1 K_S = 1 K_T + T V C_V ( ∂P ∂T )2 υ , (3.47)

K_S = K_T − T V C_P α^2_P , S V = ( ∂P ∂T ) μ , C_P − C_V = ( V − ( ∂H ∂P ) T ) ( ∂P ∂T ) V , ( ∂T ∂V ) U = 1 C_V ( P − T ( ∂P ∂T ) V ) , ( ∂T ∂P ) H = 1 C_P ( T ( ∂V ∂T ) P − V ) . (3.48) C_{V,N} (T, V, μ) = T ( ∂S ∂T ) V,μ − ( ∂N ∂T )2 V,μ /( ∂N ∂μ ) V,T , ( ∂P ∂T ) V,N = (∂P ∂T ) υ . (3.49)

3.3. Ŋăľâĺ C_P − C_V ć âőçłě ĺŋćěàáĺĺ łőíääĺæĺěŋâă Ďęőãńï - Šőňáőŋă. 3.4. Ć ćěàâĺłăńìŋő àăáŕőńőęěŋŋőň âěŕńőĺğőńĺàőćăŋŋőň æĺńĺŋďàě àăďĺãáă r ğăłàěŕńěŋ âěŕńőŕàőćőďïéĺľ ŕőàèěŋì ňăááë m, ďěńïéĺľ æĺńĺŋďà ŋă ďćě àăćŋëě çăáâĺ, ć łăęďőľ ĺğ łőâőàëå áőďěàęĺâáï ŕő 1 ňőńî ĺď. čăğă á C_V = const, ŕàĺ âěňŕěàăâãàě T ĺ ďăćńěŋĺĺ P . Ğăâěň ŕőàèěŋì őâŕãáłăîâ ĺ őŋ őŕãáłăěâáï ŕőď ďěľáâćĺěň áĺńë âïęěáâĺ. Ŋăľâĺ ĺğňěŋěŋĺě íŋâàőŕĺĺ čăğă ć ďćãå ŕàěďěńìŋëå áńãçăïå: ă) mg ≪ πr^2P ; ą) mg ≫ πr^2P. 3.5. Ďćă őďĺŋăłőćëå âěńă á ŕőáâőïŋŋëňĺ âěŕńőěňłőáâïňĺ C ĺ âěňŕěàăâãàăňĺ T_1 > T_2 ăďĺăąăâĺçěáłĺ ĺğőńĺàőćăŋë ćňěáâě á ĺďěăńìŋőľ âěŕńőćőľ ňăèĺŋőľ. Ŋăľâĺ àăćŋőćěáŋëě âěňŕěàăâãàë T_a, T_b, ěáńĺ ŕěàěåőď ł àăćŋőćěáĺî ŕàőĺáåőďĺâ: (a) ŋěőąàăâĺňő (âěŕńőŕěàěďăçă), (b) őąàăâĺňő. Ŋăľâĺ ĺğňěŋěŋĺě íŋâàőŕĺĺ ć áńãçăě (a), ĺ ňăłáĺňăńìŋãî àăąőâã ć áńãçăě (b). 3.6. Šàĺ őďĺŋăłőćëå âěńă á őďĺŋăłőćëňĺ ŕőáâőïŋŋëňĺ âěŕńőěňłőáâïňĺ, ŕàĺ âěňŕěàăâãàăå T_1 = T_2 = x = 300 K, ĺ T_3 = y = 100 K, ćňěáâě ăďĺăąăâĺçěáłĺ ĺğőńĺàőćăŋë. Ďő łăłőľ ňăłáĺňăńìŋőľ âěňŕěàăâãàë T_{max} ňőęŋő ŋăčàěâì őďŋő ĺğ ŋĺå á ŕőňőéìî ďćãå ďàãčĺå, ĺáŕőńìğãï ńĺèì ĺďěăńìŋãî âěŕńőćãî ňăèĺŋã, àăąőâăîéãî ć őąě áâőàőŋë ĺ ŕàĺ ńîąőň ŕěàěŕăďě âěňŕěàăâãà? Łăł ňőęŋő őáãéěáâćĺâì íâőâ ŕàőæěáá?

3.7. Őŕàěďěńĺâì âěàňőďĺŋăňĺçěáłĺě ŕőâěŋæĺăńë ć ŕěàěňěŋŋëå P, H ĺ T, F , ĺ áőőâćěâáâćãîéĺľ ćĺď ãàăćŋěŋĺľ áőáâőïŋĺï.

3.8. Ŋăľâĺ ãàăćŋěŋĺï áőáâőïŋĺï ĺ áňëáń ŕăàăňěâàőć ďńï áĺáâěňë á ŕőâěŋæĺăńőň Čĺąąáă: Φ(T, P ) = aT (b − ln T ) + RT ln P − T S_0.

—38— 3.9. Ŋăľâĺ őąéĺľ ćĺď ãàăćŋěŋĺľ áőáâőïŋĺï ĺ âěŕńőěňłőáâì C_φ ć âěàňĺŋăå K_φ, K_S (3.47) áĺáâěňë á ŋãńěćëň ŕőâěŋæĺăńőň Čĺąąáă Φ(T, P, N) ≡ 0. 3.10. Ŕőńãçĺâì ĺğ (3.40) ãàăćŋěŋĺě Čĺąąáă–Ďîčěňă (3.37), ãąěďĺćèĺáì, çâő, ć áĺńã (3.10), (3.31), (3.39), ĺńĺ ńĺèì (3.11): dε(s, υ) = T ds − P dυ. [Ć (3.39) ĺŋâěŋáĺćŋăï T = ∂U(λS)∂(λS) = ∂U(S)∂S , őďŋőàőďŋăï äãŋłæĺï ŋãńěćőčő ŕőàïďłă.] 3.11. Ŕàőćěàĺâì âěőàěňã ő ňăńëå ďőąăćłăå ([7] §24), ŕàĺ ŋăńĺçĺĺ ã áĺáâěňë ďőŕőńŋĺâěńìŋëå âěàňőďĺŋăňĺçěáłĺå ŕăàăňěâàőć y_j: (δU)_{S,V,N} = (δH)_{S,P,N} = (δF )_{T,V,N} = (δΦ)_{T,P,N} = (δJ)_{T,V,μ} =^∑_j Y_jdy_j . (3.50) 3.12. Ŋă ŕàĺňěàě ĺďěăńìŋőčő čăğă ŕőłăğăâì íłćĺćăńěŋâŋőáâì àăğńĺçŋëå őŕàěďěńěŋĺľ åĺňŕőâěŋæĺăńă (3.11), (3.16), (3.24), ĺ äőàňãń (3.40), (3.41).

3.13. Ŋăľâĺ (3.44)–(3.46) ĺ C_{P,N} − C_{V,N} = T ( ∂P ∂T ) V,N ( ∂V ∂T ) P,N : ( ∂S ∂N ) T,V = − ( ∂μ ∂T ) N,V ; ( ∂U ∂N ) T,V = μ − T ( ∂μ ∂T ) υ ; γ ≡ C_P C_V ⇒ K_T K_S ; υK_T = − ( ∂^2μ ∂P^2 ) T = ( ∂^2f(T, υ) ∂υ^2 )_{−1} T . (3.51)

Łăłĺě äãŋłæĺĺ ŋãęŋő ďĺääěàěŋæĺàőćăâì ć ăŋăńőčĺçŋëå äőàňãńăå ďńï υK_S ?.

Řĺá. 3.1. Ł ćëćőďã ĺğ (3.3) ŕàĺŋæĺŕőć ňăłáĺňăńìŋőľ àăąőâë (A) ĺ ŕőčńőéěŋĺï âěŕńă (B).

Řĺá. 3.2. Ł őŕàěďěńěŋĺî íŋâăńìŕĺĺ (3.21): H = U + Mgh = U + P Σh = U + P V .

Ńěłæĺï 4

Şáńőćĺï àăćŋőćěáĺï ĺ ãáâőľçĺćőáâĺ âěàňőďĺŋăňĺçěáłĺå áĺáâěň

Ććěďěŋŋëě ćëèě âěàňőďĺŋăňĺçěáłĺě ŕőâěŋæĺăńë S(U, V, N), F (T, V, N), Φ(T, P, N) ŕőğćőńïîâ ŕàőáâő áäőàňãńĺàőćăâì ãáńőćĺï àěăńĺğăæĺĺ ĺŋâěàěáãîéěčő ŋăá áőáâőïŋĺï âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï ĺ łàĺâěàĺĺ ěčő ãáâőľçĺćőáâĺ ďńï àăğńĺçŋëå âěàňőďĺŋăňĺçěáłĺå áĺáâěň, ĺáŕőńìğãï

1 İłáâàěňăńìŋëě áćőľáâćă âěàňőďĺŋăňĺçěáłĺå ŕőâěŋæĺăńőć

Ďěľáâćĺâěńìŋő, ĺğ őáŋőćŋőčő ŋěàăćěŋáâćă âěàňőďĺŋăňĺłĺ (3.5) ďńï ŋěàăćŋőćěáŋëå, ŋěőąàăâĺňëå ŕàőæěááőć, ŕàĺ N = const ğăďăŋŋőčő ć ćĺďě:

0 ≥ dU + P^{(e)}dV − T^{(e)}dS =⇒ d^(U + P^{(e)}V − T^{(e)}S^) ≡ dΦ^⋆ ≤ 0, (4.1) áńěďãěâ, çâő äãŋłæĺï Φ^⋆(U, V, S) = U+P^{(e)}V −T^{(e)}S, łăł åăàăłâěàĺğãěňăï ŕěàěňěŋŋëňĺ U, V, S àăááňăâàĺćăěňőľ áĺáâěňë, ŋăåőďïéěľáï ć ŋěàăćŋőćěáŋőň łőŋâăłâě áő áàěďőľ á äĺłáĺàőćăŋŋëňĺ ŕăàăňěâàăňĺ T^{(e)}, P^{(e)}, ãąëćăěâ (ŋě ćőğàăáâăěâ) ć âăłĺå ŕàőæěááăå ćëàăćŋĺćăŋĺï ĺ ŕőâőňã ĺňěěâ ć áőáâőïŋĺĺ àăćŋőćěáĺï ŋăĺňěŋìèěě ğŋăçěŋĺě.

Šőčďă ďńï ăďĺăąăâĺçěáłĺ ĺğőńĺàőćăŋŋőľ áĺáâěňë, δ^~Q = 0, á ãçěâőň I-čő Ŋăçăńă âěàňőďĺŋăňĺłĺ (1.17), ŕàĺ T^{(e)} > 0 ć (4.1) ŋăåőďĺň:

áŋőćă, â.ł.: d^(U + P^{(e)}V^) = dU + P^{(e)}dV = dU + δ^~A = δ^~Q ⇒ 0, çâő: dΦ^⋆ =⇒ d(−T^{(e)}S) = −T^{(e)}dS ≤ 0 őâłãďă: dS ≡ S_0 − S ≥ 0. (4.2) Š.ě. äĺğĺçěáłĺľ ŕěàěåőď ĺğőńĺàőćăŋŋőľ áĺáâěňë ĺğ ŋěàăćŋőćěáŋőčő áőáâőïŋĺï á íŋâàőŕĺ́ěľ S ć àăćŋőćěáŋőě áőáâőïŋĺě á íŋâàőŕĺ́ěľ S_0 ŋě ňőęěâ ąëâì őąàăâĺňëň, ïćńïïáì ğăćěďőňő ŋěàăćŋőćěáŋëň ŕàőæěááőň, ă ěě íŋâàőŕĺï ć ŋěň ňőęěâ âőńìłő ćőğàăáâăâì, ĺ ŕő 2-őľ çăáâĺ II-čő Ŋăçăńă ěě

—40— S_0 ć áőáâőïŋĺĺ àăćŋőćěáĺï ãęě ňăłáĺňăńìŋă. Şáńőćĺě ãáâőľçĺćőáâĺ ěě àăćŋőćěáĺï łăł ãáńőćĺě ňăłáĺňãňă ěě íŋâàőŕĺĺ ŕàĺ àăğńőęěŋĺĺ ŕő ňăńëň

ćĺàâãăńìŋëň ćăàĺăæĺïň ŋă (Řĺá. 4.1): S − S0 ≡ ΔS = δS + 1 2 δ^2S < 0, (4.3) ďăěâ: δS = 0 – łăł őąéěě ãáńőćĺě àăćŋőćěáĺï (íłáâàěňãňă), ĺ δ^2S < 0 – łăł ďőáâăâőçŋőě ãáńőćĺě ãáâőľçĺćőáâĺ àăćŋőćěáĺï.

Ŋěőąåőďĺňőáâì ŕőáńěďŋěčő ãáńőćĺï ňőęŋő ďőłăğăâì, ńĺèì őŕĺàăïáì ŋă áâăâĺáâĺçěáłãî ŕàĺàőďã âěàňőďĺŋăňĺçěáłĺå áĺáâěň ĺ ŋăńĺçĺě őąãáńőćńěŋŋëå ěî äńãłâãăæĺľ ćŋãâàěŋŋĺå ŕăàăňěâàőć. Śăňő ęě ĺáåőďŋőě ãáńőćĺě (4.3) ďńï íâĺå ćĺàâãăńìŋëå őâłńőŋěŋĺľ ïćńïěâáï ĺ ŋěőąåőďĺňëň, ĺ ďőáâăâőçŋëň ãáńőćĺěň ãáâőľçĺćőáâĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï.

Ěáńĺ áĺáâěňă, ŋě áőćěàèăï àăąőâë, V = const ĺ őąňěŋĺćăïáì âěŕńőň cő áàěďőľ, ãęě ďőáâĺčńă á ŋěľ âěàňĺçěáłőčő àăćŋőćěáĺï łăł á âěàňőáâăâőň: T = T^{(e)} = const, âő ĺğ (4.1) á P^{(e)}, N = const áńěďãěâ, çâő:

dΦ^⋆ =⇒ d(U − T^{(e)}S) =⇒ d(U − T S) ≡ dF = F_0 − F ≤ 0, (4.4) ĺ ć íâĺå ŋőćëå ãáńőćĺïå ŕàĺ ŋěőąàăâĺňëå ŕàőæěááăå ćëàăćŋĺćăŋĺï ãąëćăěâ ćěńĺçĺŋă áćőąőďŋőľ íŋěàčĺĺ F = U − T S, ďőáâĺčăï ć áőáâőïŋĺĺ àăćŋőćěáĺï áćőěčő ňĺŋĺňãňă F_0, ĺ âěŕěàì ěě àăğńőęěŋĺĺ ŕő ňăńëň

ćĺàâãăńìŋëň ćăàĺăæĺïň ŋă (Řĺá. 4.2): F − F0 ≡ ΔF = δF + 1 2 δ^2F > 0, (4.5) ďăěâ: δF = 0 – łăł őąéěě ãáńőćĺě àăćŋőćěáĺï (íłáâàěňãňă), ĺ δ^2F > 0 – łăł ďőáâăâőçŋőě ãáńőćĺě ãáâőľçĺćőáâĺ àăćŋőćěáĺï.

Ěáńĺ ęě áĺáâěňă ĺğőâěàňĺçěáłĺ, T = T^{(e)}, áőćěàèăěâ àăąőâã, dV ≠ 0, âő, áőčńăáŋő (4.1), íâă àăąőâă ŋě ňőęěâ ŕàěćëèăâì ćěńĺçĺŋë −dF (3.18):

(δA)_T ≡ P^{(e)}dV ≤ −dF = {ãąëńĺ ěě áćőąőďŋőľ íŋěàčĺĺ}. (4.6) Ďńï ĺğőâěàňĺçěáłĺå ĺğňěŋěŋĺľ ć áĺáâěňě, T = T^{(e)}, ŋăåőďïéěľáï ĺ ŕőď ŕőáâőïŋŋëň àăćŋőćěáŋëň ďăćńěŋĺěň P = P^{(e)}, ãáńőćĺě (4.1) őğŋăçăěâ:

(N = const), dΦ^⋆ =⇒ d(U − T S + P V ) ≡ dΦ = Φ_0 − Φ ≤ 0, (4.7) â.ě. àăćŋőćěáĺě ć âăłĺå áĺáâěňăå àěăńĺğãěâáï ŕàĺ ňĺŋĺňãňě Φ_0 ŕőâěŋæĺăńă Čĺąąáă Φ = U − T S + P V , ďńï ćĺàâãăńìŋëå őâłńőŋěŋĺľ łőâőàőčő,

áőčńăáŋő (Řĺá. 4.2): Φ − Φ_0 ≡ ΔΦ = δΦ + 1 2 δ^2Φ > 0, áŋőćă (4.8) ĺňěěň δΦ = 0 – őąéěě ãáńőćĺě àăćŋőćěáĺï (íłáâàěňãňă), ĺ δ^2Φ > 0 – ďőáâăâőçŋőě ãáńőćĺě ãáâőľçĺćőáâĺ àăćŋőćěáĺï.

—41—

Ĺŋëňĺ áńőćăňĺ, ěáńĺ ŕàěőąàăğőćăŋĺï Ńěęăŋďàă (3.21), (3.15), (3.22), (3.34) ŕàĺňěŋĺâì ćňěáâő őáŋőćŋőčő ãàăćŋěŋĺï âěàňőďĺŋăňĺłĺ (3.10) àăćŋőćěáŋëå ŕàőæěááőć ł őáŋőćŋőňã ŋěàăćěŋáâćã âěàňőďĺŋăňĺłĺ (3.5) ďńï íńěňěŋâăàŋëå ŋěàăćŋőćěáŋëå ŕàőæěááőć:

(3.10) → dU(S, V, N) ≤ T dS − P dV + μdN, âő, ŕőáńěďőćăâěńìŋő ŋăľďěň: (4.9) (3.21) → H = U + P V, dH(S, P, N) ≤ T dS + V dP + μdN, (4.10) (3.15) → F = U − T S, dF (T, V, N) ≤ −SdT − P dV + μdN, (4.11) (3.22) → Φ = U − T S + P V = F + P V, dΦ(T, P, N) ≤ −SdT + V dP + μdN, (4.12) (3.34) → J = U − T S − μN = F − μN, dJ(T, V, μ) ≤ −SdT − P dV − Ndμ. (4.13) Őâłãďă ďńï ŋěőąàăâĺňëå ŕàőæěááőć ćëàăćŋĺćăŋĺï ŋěňěďńěŋŋő ŕőńãçăěň ćŋőćì, çâő:

dF < 0, ŕàĺ T = const, V = const, N = const, (4.14) dΦ < 0, ŕàĺ T = const, P = const, N = const, (4.15) dJ < 0, ŕàĺ T = const, V = const, μ = const, (4.16)

âő ěáâì, ć áőčńăáĺĺ á (4.4), (4.7), íâĺ ŕőâěŋæĺăńë ĺňěîâ ć àăćŋőćěáĺĺ ňĺňŋĺňãň.

Őŕàěďěńěŋŋőáâì ğŋăçěŋĺľ íŋâàőŕĺĺ S ďńï ćáěå ŕàőňěęãâőçŋëå ŋěàăćŋőćěáŋëå áőáâőïŋĺľ ŋěïćŋő ŕőďàăğãňěćăńăáì ãęě ć áăňőň ğăłőŋě ćőğàăáâăŋĺï íŋâàőŕĺĺ (4.2). Ŋěàăćěŋáâćă ęě (4.9)–(4.16) ĺňěîâ áňëáń âőńìłő ěáńĺ ďńï íâĺå áőáâőïŋĺľ őŕàěďěńěŋë ĺ ŕăàăňěâàë T, P, V, N, μ ĺ â.ď. Őďŋăłő ć őâńĺçĺě őâ áőáâőïŋĺï àăćŋőćěáĺï, čďě ć áĺńã ãàăć. áőáâ. (1.5), (1.16) ćáě ćŋãâàěŋŋĺě ŕăàăňěâàë {P, S, U} ïćńïîâáï äãŋłæĺïňĺ âőńìłő ćŋěèŋĺå ŕăàăňěâàőć {V, N} ĺ âěňŕěàăâãàë T : P = P (T, V, N), S = S(T, V, N), ŕőď ŋěàăćŋőćěáŋëň áőáâőïŋĺěň ğďěáì ĺ ďăńěě ŕőŋĺňăěâáï áőáâőïŋĺě àăáèĺàěŋŋőľ áĺáâěňë, åăàăłâěàĺğãěňőě ďőŕőńŋĺâěńìŋëňĺ ćŋãâàěŋŋĺňĺ ŕăàăňěâàăňĺ ξ_j, čďě P, S áćïğăŋŋë á T, V, N, ξ_j ãàăćŋěŋĺïňĺ ŋěàăćŋőćěáŋőčő áőáâőïŋĺï ćĺďă P = P (T, V, N, {ξ_j }), S = S(T, V, N, {ξ_j }), łăł áőáâőïŋĺï “ćňőàőęěŋŋőčő ć àăćŋőćěáĺě” áőŕàïęěŋŋëňĺ ł ξ_j ďőŕőńŋĺâěńìŋëňĺ ćŋěèŋĺňĺ ŕőńïňĺ f_j, çìî àőńì ňőčãâ ĺčàăâì: ŕőńě âïęěáâĺ f → g [6] ć ąăàőňěâàĺçěáłőľ äőàňãńě^1 P = P (z/z_c); ĺńĺ → ŕőďćĺęŋëě ďĺăâěàňĺçěáłĺě áâěŋłĺ [2]; ă ďńï őąéĺå T, P → dN_1 őâ çĺáńắ çăáâĺæ ć àăğŋëå äăğăå (4.35) á ξ = Δμ_{12}; ĺńĺ → åĺňĺçěáłĺľ áőáâăć àěăčĺàãîéěľ áňěáĺ [4].

Řăááňőâàěŋŋëě ćëèě âěàňőďĺŋăňĺçěáłĺě äãŋłæĺĺ áĺáâěňë S, F, Φ, J (ŋő ŋě U ĺ H) âăłęě ňőęŋő áçĺâăâì âőčďă àăćŋëňĺ áőőâćěâáâćãîéĺň ğŋăçěŋĺïň íâĺå äãŋłæĺľ ďńï “ğăňőàőęěŋŋőľ” áĺáâěňë, ãďěàęĺćăěňőľ ć âăłőň àăćŋőćěáĺĺ ďőŕőńŋĺâěńìŋëňĺ őąőąéěŋŋëňĺ âěàňőďĺŋăňĺçěáłĺňĺ áĺńăňĺ ξ_j , j = 1 ÷ k. Ŋő íŋěàčĺï U^∗ íâőčő áőáâőïŋĺï ć ŕàĺáãâáâćĺě ćŋěèŋěčő ŕőńï ąãďěâ őâńĺçăâìáï őâ ćŋãâàěŋŋěľ íŋěàčĺĺ U ŋěàăćŋőćěáŋőčő áőáâőïŋĺï áĺáâěňë ć őâáãâáâćĺě ŕőńï ŋă ćěńĺçĺŋã ŕőâěŋæĺăńìŋőľ íŋěàčĺĺ Π áĺáâěňë ć íâőň ŕőńě. Š.ě. ŕàĺ S^∗(U^∗, V, {f_j }) = S(U, V, {ξ_j }), F^∗ = F , Φ^∗ = Φ (Řĺá. 4.1 ĺ 4.2):

1ξ(g) = −mz_c, z_c = RT/(μg)- ćëáőâă æěŋâàă âïęěáâĺ ćáěčő áâőńąă čăğă ňăááë m ć ŕőńě g.

—42—

U^∗ = U + Π ≡ U − k∑ j=1 ξ_j f_j , F (T, V, {ξ_j }) = U − T S(U, V, {ξ_j }), (4.17) T dS^∗(U^∗, V, {f_j }) = dU^∗ + P dV + k∑ j=1 ξ_j df_j = dU + P dV − k∑ j=1 f_j dξ_j = T dS(U, V, {ξ_j}), dF (T, V, {ξ_j }) = −SdT − P dV + k∑ j=1 f_j dξ_j , f_j = −T ( ∂S ∂ξ_j ) U,V = ( ∂F ∂ξ_j ) T,V . (4.18)

Ŋă őáŋőćě âăłőčő ŕàěďáâăćńěŋĺï ő ŋěàăćŋőćěáŋőň áőáâőïŋĺĺ, łăł áőáâőïŋĺĺ àăćŋőćěáĺï àăáèĺàěŋŋőľ áĺáâěňë á ąő́ńìèĺň çĺáńőň ŕăàăňěâàőć (4.17), (4.18), ćëåőď ěě ĺğ áőáâőïŋĺï àăćŋőćěáĺï ĺ ćëčńïďĺâ łăł àěğãńìâăâ őâłńőŋěŋĺï (4.3), (4.5), (4.8) őâ àăćŋőćěáŋëå ğŋăçěŋĺľ ćŋãâàěŋŋĺå ŕăàăňěâàőć áĺáâěňë S(T, V, N, {ξ_j }), P (. . .) ğăáçěâ ćĺàâãăńìŋëå őâłńőŋěŋĺľ δξ_j = −dξ_j ěě ćŋãâàěŋŋĺå ŕăàăňěâàőć ξ_j , ŕőćâőàïï ŕàĺŋæĺŕ ćĺàâãăńìŋëå ŕěàěňěéěŋĺľ ďńï ňěåăŋĺçěáłĺå áĺáâěň áő áćïğïňĺ. Şáńőćĺï àăćŋőćěáĺï ĺ ãáâőľçĺćőáâĺ (4.3), (4.5), (4.8) ŕàïňő ŕàőďőńęăîâ íâã ăŋăńőčĺî. Řăğãňěěâáï, ňőęŋő ąëńő ĺ ĺğ (4.9), (4.10) ŕőńãçĺâì ãáńőćĺï àăćŋőćěáĺï:

dU = U_0 − U ≤ 0, U_0 = U_{min}, ŕàĺ S = const, V = const, N = const, dH = H_0 − H ≤ 0, H_0 = H_{min}, ŕàĺ S = const, P = const, N = const.

Őďŋăłő ŋěàăćŋőćěáŋëľ ŕàőæěáá àěńăłáăæĺĺ ŕàĺ S = const ěďćă ńĺ àěăńĺğãěň, ă ŕőâőňã íâĺ ãáńőćĺï ŋě ĺňěîâ ŕàăłâĺçěáłőčő ğŋăçěŋĺï. Ťãŋďăňěŋâăńìŋőě àăğńĺçĺě ć (4.9)–(4.13) ňěęďã U(S, V ), H(S, P ) á őďŋőľ áâőàőŋë ĺ F, Φ, J á ďàãčőľ áőáâőĺâ ć âőň, çâő U ĺ H ŋě ĺňěîâ ĺáâőçŋĺłőć (áâőłőć) ćŋãâàĺ áĺáâěňë, ă ňőčãâ ńĺèì ŕőďćőďĺâìáï ĺğćŋě ć ćĺďě âěŕńă ĺńĺ àăąőâë, â.ł. ŋăàïďã á ŋěàăćěŋáâćăňĺ (4.9), (4.10) ďńï íâĺå ęě íńěňěŋâăàŋëå ŕàőæěááőć ćáěčďă ĺňěîâ ňěáâő àăćěŋáâćă I-čő Ŋăçăńă: dU = δQ − δA = δQ − P dV, dH = δQ + V dP. (4.19) Ŕőíâőňã U ĺ H őďŋőğŋăçŋő őŕàěďěńěŋë ćŋěèŋĺňĺ ãáńőćĺïňĺ ĺ ć àăćŋőćěáŋëå, ĺ ć ŋěàăćŋőćěáŋëå áőáâőïŋĺïå áĺáâěňë, ĺ őŋĺ ćőćáě ŋě ňěŋïîâáï ć ŋěàăćŋőćěáŋëå ăďĺăąăâĺçěáłĺå ŕàőæěááăå δ^~Q = 0 ćëàăćŋĺćăŋĺï (àěńăłáăæĺĺ): ŕàĺ V = const ďńï U ĺńĺ P = const ďńï H. Ĺ [2], łăł äãŋłæĺĺ ŋěàăćŋőćěáŋëå áőáâőïŋĺľ íâĺå ŕàőæěááőć, őŋĺ ćőőąéě ŋě ňőčãâ âőčďă áçĺâăâìáï őďŋőğŋăçŋëňĺ äãŋłæĺïňĺ ŋĺ őâ (S, V ) ĺńĺ őâ (S, P ), ŋĺ őâ łăłĺå ńĺąő ĺŋëå ďőŕőńŋĺâěńìŋëå ćŋãâàěŋŋĺå ŕăàăňěâàőć {ξ_j}.

—43— Ťãŋłæĺĺ ęě F = U − T S, Φ = F + P V , J = F − Φ, ŋăŕàőâĺć, ĺňěîâ ĺáâőçŋĺł −S ĺńĺ −SdT ć dF, dΦ, dJ ć ćĺďě íŋâàőŕĺĺ ŕàőďãæĺàãěňőľ ŕàĺ ŋěőąàăâĺňëå ŕàőæěááăå ćŋãâàĺ áăňőľ áĺáâěňë. Ĺ åőâï ć ŋěàăćŋőćěáŋëå áőáâőïŋĺïå S ≠ S(T, V ), ŋő â.ł. S = S(T, V, {ξ_j }), âő ĺ F = F (T, V, {ξ_j }) ĺ â.ď., ĺ äãŋłæĺĺ S, F, Φ, J őąńăďăîâ áćőľáâćăňĺ íłáâàěňăńìŋőáâĺ (4.14)– (4.16), (4.3)–(4.8) ŕàĺ àěńăłáăæĺĺ áĺáâěňë ł àăćŋőćěáŋőňã áőáâőïŋĺî [2].

2 Šěàňőďĺŋăňĺçěáłĺě ŋěàăćěŋáâćă

Řăááňőâàĺň ňăńëě őâłńőŋěŋĺï őâ àăćŋőćěáĺï ŕàĺ T = const, P = const, łőčďă, áőčńăáŋő (4.8) (N = const), ňĺŋĺňãňă ďőáâĺčăěâ ŕőâěŋæĺăń Čĺąąáă. Ĺğ ãáńőćĺľ (4.8) ďńï ŕěàćőľ ĺ ćâőàőľ ćăàĺăæĺľ Φ = U(S, V ) − T S + P V ŕő őáâăćèĺňáï ŋěğăćĺáĺňëňĺ ŕěàěňěŋŋëň S, V ć àăćŋőćěáĺĺ ŋăåőďĺň:

ĺğ δΦ = 0, çâő δU(S, V )≡ (∂U ∂S ) V δS + ( ∂U ∂V ) S δV = T δS − P δV, (4.20) őâłãďă T = ( ∂U ∂S ) V =^^T (S, V ), P = − ( ∂U ∂V ) S =^^P (S, V ), ĺ (4.21) δ^2Φ =⇒ δ^2U ≡ δ(δU) = δ(^^T δS −^^P δV ) = δT δS − δP δV > 0, (4.22) čďě ŕőď ćăàĺăæĺïňĺ δT , δP ć (4.22) ŕőŋĺňăîâáï ãęě ćăàĺăæĺĺ ğăďăćăěňëå (4.21) äãŋłæĺľ ďńï ďćãå áőáěďŋĺå àăćŋőćěáŋëå áőáâőïŋĺľ ĺ ãçâěŋő, çâő δ^2S = δ^2V ≡ 0. Ŕőáńěďŋěě ŋěàăćěŋáâćő (4.22) őŕàěďěńïěâ ňăâàĺæã ãáâőľçĺćőáâĺ őďŋőàőďŋőľ (őďŋőäăğŋőľ) áĺáâěňë. Řăğďěńĺć ěě ŋă (δT )^2 ŕàĺ δV = 0 ĺńĺ ŕàĺ δP = 0, ĺňěěň, áőőâćěâáâćěŋŋő, ďńï âěŕńőěňłőáâěľ: ( ∂S ∂T ) V = C_V T > 0, ( ∂S ∂T ) P = C_P T > 0. (4.23) Řăğďěńĺć ęě ěě ŋă (δP )^2 ŕàĺ δT = 0 ĺńĺ ŕàĺ δS = 0, ŋăľďěň ŋěàăćěŋáâćă, ćëàăęăîéĺě áőőâćěâáâćãîéĺě “ŕàãęĺŋïéĺě” áćőľáâćă (čăğă): ( ∂V ∂P ) T < 0, ( ∂V ∂P ) S < 0, â.ě. K_T > 0, K_S > 0. (4.24) Ĺğ íâĺå ŕàőáâëå ŋěàăćěŋáâć ćëâěłăîâ ąőńěě âőŋłĺě áćőľáâćă ŕàőæěááőć àěńăłáăæĺĺ. Šăł, áőčńăáŋő (2.22), (1.11), ă ğăâěň (1.26) ĺ (1.30), ŋăåőďĺň,

çâő čăğ ĺğőâěàňĺçěáłĺ ćáěčďă ňïčçě, çěň ăďĺăąăâĺçěáłĺ, âăł łăł C_P − C_V = −T ( ∂V ∂T )2 P ( ∂P ∂V ) T > 0, ĺńĺ γ = C_P C_V > 1, ă â.ł.: (4.25) ( ∂V ∂P ) T = γ ( ∂V ∂P ) S , âő ( ∂V ∂P ) T < ( ∂V ∂P ) S < 0, ĺńĺ K_T > K_S. (4.26)

—44— Řăááňőâàĺň áĺáâěňã ć âěàňőáâăâě. Ěáńĺ ć ŋěłőâőàëľ ňőňěŋâ ďăćńěŋĺě ć áĺáâěňě ąëńő ćŋěğăŕŋő ĺğňěŋěŋő ćŋěèŋĺň ćőğďěľáâćĺěň, íâő ćëğőćěâ ć ŋěľ ĺğňěŋěŋĺě łăł őąêěňă, âăł ĺ âěňŕěàăâãàë, ă ňěàőľ âăłőčő ćőğďěľáâćĺï ąãďěâ ŕàőĺğćőďŋăï (∂V /∂P )_S , â.ł. ćŋěğăŕŋëľ ŕàőæěáá ŕàăłâĺçěáłĺ ăďĺăąăâĺçěŋ. Ŕőáńě ćőááâăŋőćńěŋĺï àăćŋőćěáĺï ŕàĺ ŕàěęŋěľ âěňŕěàăâãàě ćőğďěľáâćĺě ŋă áĺáâěňã ąãďěâ őŕàěďěńïâìáï ãęě ŕàőĺğćőďŋőľ (∂V /∂P )_T . Ŋěàăćěŋáâćő (4.26) őâàăęăěâ őąéĺľ äĺğĺçěáłĺľ ŕàĺŋæĺŕ (ŃŸĄ) Ńě - Ÿăâěńìě - Ąàăãŋă: Ćŋěèŋěě ćőğďěľáâćĺě, ćëćőďïéěě áĺáâěňã ĺğ áőáâőïŋĺï àăćŋőćěáĺï, ćëğëćăěâ ć ŋěľ ŕàőæěááë, őáńăąńïîéĺě íâő ćőğďěľáâćĺě. Š.ě., ŕàĺŋæĺŕ ŃŸĄ őąãáńőćńěŋ ãáâőľçĺćőáâìî áőáâőïŋĺï àăćŋőćěáĺï áĺáâěňë, ć łőâőàőě őŋă ćáěčďă áâàěňĺâáï ćěàŋãâìáï, őáńăąńïï “àăáłăçĺćăîéěě” ěě ĺğćŋě ćőğňãéěŋĺě.

Ĺğćěáâŋëň ŕàőïćńěŋĺěň íâőčő ŕàĺŋæĺŕă ïćńïěâáï ğăłőŋ Ńěŋæă ďńï ňăčŋĺâŋőčő ŕőńï ĺŋďãłæĺőŋŋőčő âőłă, ŋăŕàăćńěŋŋőčő ćáěčďă őąàăâŋő ňăčŋĺâŋőňã ŕőńî, ŕőàőďĺćèěňã (ĺŋďãæĺàőćăćèěňã) íâőâ âőł.

Ěáńĺ ŕőńŋëľ ďĺääěàěŋæĺăń ŋěłőâőàőľ äãŋłæĺĺ áőáâőïŋĺï Y (a, b):

dY (a, b) = Ada + Bdb, âő ĺğ (2.12), (2.13): ( ∂A ∂b ) a = ( ∂B ∂a ) b , â.ě.: ∂(A, a) ∂(B, b) = −1, ĺ ďńï: X = Y − Aa − Bb : dX(A, B) = −adA − bdB, â.ě.: ( ∂b ∂A ) B = ( ∂a ∂B ) A . (4.27)

Ćëàăğĺň ( ∂a ∂A ) b çěàěğ ( ∂a ∂A ) B , ( ∂a ∂B ) A , ( ∂b ∂B ) A . Ĺňěěň: ( ∂a ∂A ) b = = ∂(a, b) ∂(A, b) = ∂(A, B) ∂(A, b) ∂(a, b) ∂(A, B) = ( ∂B ∂b ) A [( ∂a ∂A ) B ( ∂b ∂B ) A − ( ∂a ∂B ) A ( ∂b ∂A ) B ] =⇒ =⇒ ( ∂a ∂A ) B − ( ∂a ∂B )_2 A ( ∂B ∂b ) A = ( ∂a ∂A ) b , ć áĺńã (4.27). (4.28)

Š.ě., ěáńĺ, ŕő ãáńőćĺïň ãáâőľçĺćőáâĺ: ( ∂B ∂b ) A > 0, âő: ( ∂a ∂A ) b < ( ∂a ∂A ) B . (4.29)

Ć çăáâŋőáâĺ: ( ∂V ∂P ) S = ∂(P, T ) ∂(P, S) ∂(V, S) ∂(P, T ) = ( ∂V ∂P ) T + ( ∂V ∂T )_2 P T C_P , őâłãďă (4.30)

áŋőćă ćëâěłăěâ ŋěàăćěŋáâćő (4.26). Šăłőľ ęě áňëáń ĺňěîâ ĺ áăňĺ áőőâŋőèěŋĺï (4.25).

Ěáńĺ áćőąőďŋăï íŋěàčĺï F ĺńĺ ŕőâěŋæĺăń Φ ĺňěîâ ŋěáłőńìłő ňĺŋĺňãňőć, âő ăąáőńîâŋő áâăąĺńìŋőňã àăćŋőćěáĺî őâćěçăěâ âőńìłő áăňëľ ŋĺęŋĺľ, őáâăńìŋëě ęě őŕàěďěńïîâ áőáâőïŋĺï ňěâăáâăąĺńìŋőčő àăćŋőćěáĺï. Şáńőćĺě (4.22) ŋă ňăâàĺæã ãáâőľçĺćőáâĺ ĺ ćáě ěčő áńěďáâćĺï áŕàăćěďńĺćë ĺ ďńï ňěâăáâăąĺńìŋëå àăćŋőćěáŋëå áőáâőïŋĺľ, ŋő ńĺèì ŕàĺ ďőáâăâőçŋő ňăńëå ćăàĺăæĺïå δ(S, V, T, P ). Ďńï ŕěàěåőďőć ęě ĺğ ňěâăáâăąĺńìŋëå áőáâőïŋĺľ ć áâăąĺńìŋëě ŕàĺŋæĺŕ ŃŸĄ, ćőőąéě čőćőàï, ŋăàãèăěâáï.

—45—

3 Řăćŋőćěáĺě ďćãå äăğ ć őďŋőłőňŕőŋěŋâŋőľ áĺáâěňě.

Ťăğőćëě ŕěàěåőďë

Řăááňőâàĺň ĺğőńĺàőćăŋŋãî áĺáâěňã, áőáâőïéãî ĺğ ďćãå àăćŋőćěáŋëå äăğ, j = 1, 2, őďŋőčő ĺ âőčő ęě ćěéěáâćă (ćőďă ĺ ŕăà), á ŕăàăňěâàăňĺ, áőőâćěâáâćěŋŋő: U_j, V_j , N_j , S_j, T_j , P_j , μ_j . Ĺå ćğăĺňŋőě àăćŋőćěáĺě, ŕőňĺňő U_1 + U_2 = const, V_1 + V_2 = const, N_1 + N_2 = const, őğŋăçăěâ âăłęě, çâő ĺ S_1 + S_2 = const. Ŕőíâőňã ďńï ňăńëå ćĺàâãăńìŋëå őâłńőŋěŋĺľ ĺňěěň:

δU_2 = −δU_1, δV_2 = −δV_1, δN_2 = −δN_1, ă ŕőáłőńìłã (4.31) ďńï łăęďőľ äăğë: T_j δS_j = δU_j + P_j δV_j − μ_j δN_j , őâłãďă:

0 = δS = δS_1 + δS_2 = δU_1 + P_1δV_1 − μ_1δN_1 T_1 + δU_2 + P_2δV_2 − μ_2δN_2 T_2 , ĺńĺ ( 1 T_1 − 1 T_2 ) δU_1 + ( P_1 T_1 − P_2 T_2 ) δV_1 − ( μ_1 T_1 − μ_2 T_2 ) δN_1 = 0,

∀ δU_1, δV_1, δN_1, âő ć àăćŋőćěáĺĺ T_1 = T_2, P_1 = P_2, μ_1 = μ_2. (4.32) Ďńï ŕőâěŋæĺăńőć Čĺąąáă Φ_j (T, P, N_j) = N_jμ_j (T, P ) íâĺ ãáńőćĺï őŕàěďěńïîâ ŋă ŕńőáłőáâĺ (T, P ) ãàăćŋěŋĺě łàĺćőľ àăćŋőćěáĺï ďćãå äăğ łăł:

( ∂Φ_1 ∂N_1 ) T,P ≡ μ_1(T, P ) = μ_2(T, P ) ≡

( ∂Φ_2 ∂N_2 ) T,P , −→ : P = P_μ(T ), (4.33)

ńěęăéěě ć őáŋőćě ćáěľ âěőàĺĺ äăğőćëå ŕěàěåőďőć. Ďńï ŕàĺàăéěŋĺï ŕőńŋőčő ŕőâěŋæĺăńă Čĺąąáă ćáěľ áĺáâěňë ć ŕàőæěááě ćëàăćŋĺćăŋĺï, ŕàĺ äĺłáĺàőćăŋŋëå T , P ĺ N_1 + N_2 = const, ãçĺâëćăï (4.31) ĺ (4.7), ĺňěěň:

Φ(T, P ; N_1, N_2) = Φ_1 + Φ_2, (dΦ)_{T,P} = μ_1dN_1 + μ_2dN_2, (4.34) (dΦ)_{T,P} =⇒ (μ_1 − μ_2)dN_1 ≤ 0, â.ě. dN_1 ≤ 0, ěáńĺ μ_1 > μ_2, (4.35) â.ě. ŕőâőł çăáâĺæ ćáěčďă ŋăŕàăćńěŋ őâ äăğë á ąő́ńìèĺň åĺňŕőâěŋæĺăńőň ł äăğě á ňěŋìèĺň åĺňŕőâěŋæĺăńőň. Ć áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï Φ ĺňěěâ ňĺŋĺňãň, dΦ = 0, ĺ åĺňŕőâěŋæĺăń őáâăěâáï ŋěŕàěàëćěŋ ŕàĺ äăğőćőň ŕàěćàăéěŋĺĺ: μ_1 = μ_2. Ŋő â.ł. (4.33) ŋě ěáâì âőęďěáâćő ∀ T, P , ěčő ćëáèĺě çăáâŋëě ŕàőĺğćőďŋëě ďőńęŋë ĺňěâì àăğàëć. Ěáńĺ áłăçőł âěàŕïâ ŕěàćëě ŕàőĺğćőďŋëě – íâő äăğőćëľ ŕěàěåőď 1-čő àőďă, ĺ ć áĺńã ãàăćŋěŋĺľ Čĺąąáă - Ďîčěňă ďńï łăęďőľ äăğë (3.37), (3.38),

ĺňěěň: dμ_j (T, P ) = −s_jdT + υ_j dP, čďě, ŕàĺ j = 1, 2 : (4.36)

s_j = S_j N_j = − ( ∂μ_j ∂T ) P , υ_j = V_j N_j = ( ∂μ_j ∂P ) T , s_j υ_j = ( ∂P ∂T ) μ_j , (4.37)

—46— – ãďěńìŋëě (ňőńïàŋëě) íŋâàőŕĺï ĺ őąêěň, ă N_j - çĺáńő çăáâĺæ, (ĺńĺ ňőńěľ ν_j = N_j/N_A) ć łăęďőľ äăğě. Ďńï ŕőńãçěŋĺï áőőâćěâáâćãîéěčő ďĺääěàěŋæĺăńìŋőčő ãàăćŋěŋĺï ďőáâăâőçŋő áňěáâĺâìáï ćďőńì łàĺćőľ ŕěàěåőďă (4.33), ŕàĺàăćŋïć ďàãč ďàãčã ĺ áőőâćěâáâćãîéĺě ďĺääěàěŋæĺăńë (4.36):

dμ_1(T, P ) = dμ_2(T, P ), őâłãďă ćďőńì μ_1 = μ_2 (ŋě ŕãâăâì á (4.37)! ) : dP_μ(T ) dT μ_1=μ_2

def=⇒ ( dP dT ) μ = s_2 − s_1 υ_2 − υ_1 ≡ Δs Δυ = λ T (υ_2 − υ_1) ≡ λ T Δυ (4.38)

– ãàăćŋěŋĺě Łńăŕěľàőŋă - Łńăãğĺãáă, čďě, â.ł. ŕàőæěáá ĺďěâ ŕàĺ ŕőáâőïŋŋőľ âěňŕěàăâãàě T , ććěďěŋă ãďěńìŋăï (ĺńĺ ňőńïàŋăï) âěŕńőâă ŕěàěåőďă:

áőčńăáŋő II-ňã Ŋăçăńã âàď. λ = T (s2 − s1) ≡ T Δs

łăł←→ (ΔQ = T ΔS) . (4.39) Ŕőáłőńìłã ŕàőæěáá ĺďěâ ĺ ŕàĺ ŕőáâőïŋŋőň ďăćńěŋĺĺ P , âő, ŕő I-ňã Ŋăçăńã âěàňőďĺŋăňĺłĺ, ŕàĺ ãďěńìŋőľ àăąőâě ŕěàěåőďă ΔA = P Δυ ĺ ãďěńìŋëå ćŋãâàěŋŋĺå íŋěàčĺïå äăğ U_1, U_2 ĺňěěň ãďěńìŋãî âěŕńőâã ŕěàěåőďă łăł:

λ = T Δs = ΔU + ΔA ≡ U_2 − U_1 + P (υ_2 − υ_1) = H_2 − H_1 ≡ ΔH, (4.40) â.ě. ć ćĺďě íŋâăńìŕĺĺ ŕěàěåőďă ΔH ≠ 0, ěáńĺ s_2 ≠ s_1. Šăł çâő äăğőćëě ŕěàěåőďë 1-čő àőďă: łőŋďěŋáăæĺï – łĺŕěŋĺě, łàĺáâăńńĺğăæĺï – ŕńăćńěŋĺě, ćőğčőŋłă, áãąńĺňăæĺï ĺ â.ď. áőŕàőćőęďăîâáï áłăçłőőąàăğŋëň ĺğňěŋěŋĺěň ãďěńìŋőčő (ňőńïàŋőčő) őąêěňă ĺ ŕőčńőéěŋĺěň ĺńĺ ćëďěńěŋĺěň ãďěńìŋőľ (ňőńïàŋőľ) âěŕńőâë ŕěàěåőďă, àăćŋőľ áłăçłã ãďěńìŋőľ (ňőńïàŋőľ) íŋâăńìŕĺĺ ŕàĺ ŕěàěåőďě ňěęďã àăğńĺçŋëňĺ äăğăňĺ λ = ΔH(T, P ).

Řăááňőâàĺň ğăćĺáĺňőáâì íâőľ âěŕńőâë ŕěàěåőďă λ(T, P ) (4.39) őâ âěňŕěàăâãàë T , àăğãňěěâáï, ćďőńì łàĺćőľ ŕěàěåőďă (4.33). Ś ãçěâőň (4.38)

ĺňěěň: ( dλ dT ) μ_1=μ_2

def=⇒ dλ (T, P (T )) dT μ = ( ∂λ ∂T ) P + ( ∂λ ∂P ) T ( dP dT ) μ = (4.41)

= Δs + T ( ∂Δs ∂T ) P + T ( ∂Δs ∂P ) T ( dP dT ) μ = λ T + ΔC_P − T ( ∂Δυ ∂T ) P λ T Δυ , ŕőáłőńìłã: T ( ∂s_j ∂T ) P = C_{P j}, ( ∂s_j ∂P ) T = − ( ∂υ_j ∂T ) P , j = 1, 2. (4.42) Ďńï ŕěàěåőďőć ĺğ ęĺďłőáâĺ → 1 ć ŕăà → 2 ŕàĺ ŋĺğłĺå âěňŕěàăâãàăå ćďăńĺ őâ łàĺâĺçěáłőľ âőçłĺ T_k ć àăáçěâě ŋă őďĺŋ ňőńì ĺňěěň: Δυ ⇒ υ_2,

â.ł. υ2 ≡

V_2 ν_2 ⇒ RT P ≫ υ_1, ă âőčďă ĺ ( ∂υ_2 ∂T ) P ⇒ R P = υ_2 T ≫ υ_1 T ≃ ( ∂υ_1 ∂T ) P , â.ě. ( ∂Δυ ∂T ) P ≡ Δ ( ∂υ ∂T ) P ⇒ υ_2 T , ĺ: ( dλ dT ) μ ⇒ ΔC_P ≡ C_{P 2} − C_{P 1}. (4.43)

—47— Řăćŋőćěáĺě áàăğã âàěå äăğ, őçěćĺďŋő, ćëďěńïěâ ŋă ďĺăčàăňňě P, T őďŋã – âàőľŋãî âőçłã (T_0, P_0), ãďőćńěâćőàïîéãî ďćãň ãàăćŋěŋĺïň (Řĺá. 4.3):

μ_1(T_0, P_0) = μ_2(T_0, P_0) = μ_3(T_0, P_0). (4.44)

Ćëèě łàĺâĺçěáłőľ âőçłĺ (T_k, P_k) ĺáçěğăěâ őâńĺçĺě ęĺďłőáâĺ őâ ěě ŋăáëéěŋŋőčő ŕăàă ĺ łàĺćăï ĺå àăćŋőćěáĺï P = P_μ(T ) őąàëćăěâáï. Ćěâćĺ íâőľ łàĺćőľ ďńï àăćŋőćěáĺï ęĺďłőáâì - ŕăà, ęĺďłőáâì - łàĺáâăńń, łàĺáâăńń - ŕăà ĺ ěáâì âĺŕĺçŋëě àěèěŋĺï ãàăćŋěŋĺľ (4.33), (4.38) ŋă (Řĺá. 4.3).

Ŕàĺ äăğőćëå ŕěàěåőďăå 2-čő àőďă őáâăěâáï ŋěŕàěàëćŋëň łăł áăň åĺňŕőâěŋæĺăń, âăł ĺ ěčő ŕěàćëě ŕàőĺğćőďŋëě. Řăğàëć âěàŕïâ ãęě âőńìłő ćâőàëě ŕàőĺğćőďŋëě äãŋłæĺĺ μ(T, P ). Řăáłàëćăï ćőğŋĺłèãî ć ãàăŋěŋĺĺ Łńăŕěľàőŋă - Łńăãğĺãáă (4.38) ŋěőŕàěďěńěŋŋőáâì ŕő ŕàăćĺńã Ńőŕĺâăńï ďĺääěàěŋæĺàőćăŋĺěň łăł ŕő T , âăł ĺ ŕő P , á ãçěâőň (4.42), (4.43), (1.13), (1.14), ŕőńãçĺň (ΔX ≡ X_2 − X_1, ∂(ΔX) = Δ(∂X)) ãàăćŋěŋĺï İàěŋäěáâă: ( dP dT ) μ ≡ Δs Δυ = 0 0 =⇒ (∂ Δs/∂T )_P (∂ Δυ/∂T )_P = Δ (∂s/∂T )_P Δ (∂υ/∂T )_P = ΔC_P T υΔα_P , (4.45) ( dP dT ) μ =⇒ (∂ Δs/∂P )_T (∂ Δυ/∂P )_T = Δ (∂s/∂P )_T Δ (∂υ/∂P )_T = − Δ (∂υ/∂T )_P Δ (∂υ/∂P )_T = Δα_P ΔK_T , (4.46)

ĺńĺ: ( dP dT )2 μ = ΔC_P T υΔK_T , (Δα_P )^2 =

ΔC_P ΔK_T T υ , (áà. á (1.15)). (4.47)

Ťăğőćőňã ŕěàěåőďã ℓ-čő àőďă őâćěçăěâ, âăłĺň őąàăğőň, áłăçěł ℓ-ëå çăáâŋëå ŕàőĺğćőďŋëå äãŋłæĺĺ μ(T, P ), ŕàĺ ŋěŕàěàëćŋëå çăáâŋëå ŕàőĺğćőďŋëå ćŕńőâì ďő ℓ − 1-čő ŕőàïďłă ćłńîçĺâěńìŋő.

([1], [2] §§24-28), [6] §§III.29-38 Ğăďăçĺ 4.1. Ŋăľâĺ łàĺâĺçěáłĺľ àăďĺãá ğăàőďëèă łăŕńĺ ęĺďłőáâĺ á μ_0 ŕàĺ łőŋďěŋáăæĺĺ ŕěàěáëéěŋŋőčő ŕăàă á μ_1 > μ_0, ěáńĺ ŕàĺàăéěŋĺě áćőąőďŋőľ íŋěàčĺĺ ΔF (T, Σ, N) = ΔN(μ_0 − μ_1) + σΔΣ ([1] §57, [2] §27, [11] N115). 4.2. Ďńï ŕàĺàăéěŋĺï áćőąőďŋőľ íŋěàčĺĺ ΔF (T, Σ) = −SΔT +σΔΣ, ŋăľâĺ łőńĺçěáâćő âěŕńă q_T = (ΔQ)_T /ΔΣ ŕàĺ ĺğőâěàňĺçěáłőň àăáâïęěŋĺĺ ěďĺŋĺæë ŕőćěàåŋőáâĺ âőŋłőľ ŕńěŋłĺ á σ = σ(T, Σ). Łăłőćă ąãďěâ àăąőâă ΔA_T (T, Σ) ŕàĺ âăłőň àăáâïęěŋĺĺ ďńï σ = σ(T )?

4.3. Ďńï ĺďěăńìŋőčő čăğă: P V = NkT = νRT ,^~C_V = Nf(T ), ŕőáńěďőćăâěńìŋő ĺŋâěčàĺàãï, ŋăľâĺ ïćŋëľ ćĺď: S(T, V, N), F (T, V, N), U(T, V, N), μ(T, n) = μ(T, P ), Φ(T, P, N) = Nμ, ďăć ĺŋâěàŕàěâăæĺî łőŋáâăŋâăň ([5] §III.7).

—48— 4.4. Őŕàěďěńĺâì łàĺćãî ćőğčőŋłĺ, â.ě. P υ_2 = RT , łàĺáâăńńă ŕàĺ: (a) λ = const; (b) λ = λ(T ), ěáńĺ C_{P 2} = 5R/2, C_{P 1} = bR, ĺńĺ ęě C_{P 1} = aT^3. 4.5. Śàăćŋĺâì: (∂C_V /∂V )_T , ΔU(T, V ), ΔS(T, V ), åőâï ąë ŕàĺ T = const, ďńï àăğŋëå ãàăćŋěŋĺľ (áň. ğăďăçĺ 2.5. ĺ 3.1.) “àěăńìŋëå” čăğőć, čďě: νR = Nk_B , b ∼ N, a, c ∼ N^2,^~a ∼ N^{5/3}, ĺ V → υ ŕàĺ ν = 1 ĺńĺ N = 1: P = νRT V − b − a V^2 , P = νRT V − b −^~ a V^{5/3} , P = νRT V − b − a T V^2

, (4.48) P = νRT V − b − a V (V − b) + bc V (V^2 − b^2) , P = νRT V − b exp ( − a νRT V ) .

Řĺá. 4.1. Řĺá. 4.2.

Řĺá. 4.3. Šĺŕĺçŋăï äăğőćăï ďĺăčàăňňă: T_0 – âàőľŋăï âőçłă, T_k – łàĺâĺçěáłăï âěňŕěàăâãàă. Ďńï H_2O ńĺŋĺï àăćŋőćěáĺï ęĺďłőáâì – ńěď ãąëćăěâ, ă ďńï UF_6 őŋă ŕőçâĺ ćěàâĺłăńìŋă.

Ńěłæĺï 5

Řăćŋőćěáĺě ć čěâěàőčěŋŋëå áĺáâěňăå. Ţĺňĺçěáłőě àăćŋőćěáĺě

1 Ŕàăćĺńő äăğ Čĺąąáă

Řăćŋőćěáĺě čěâěàőčěŋŋőľ áĺáâěňë áőďěàęăéěľ k åĺňĺçěáłĺ àăğńĺçŋëå łőňŕőŋěŋâőć, łăęďëľ ĺğ łőâőàëå ňőęěâ ŋăåőďĺâìáï ć n àăğŋëå äăğăå, ğăďăěâáï ãáńőćĺïňĺ (4.32), (4.33) ŕőŕăàŋőčő àăćŋőćěáĺï ćáěå äăğ łăęďőčő łőňŕőŋěŋâă^1. Šőčďă âěňŕěàăâãàë T^{(j)} ĺ ďăćńěŋĺï P^{(j)} ć àăğńĺçŋëå äăğăå ĺ åĺňŕőâěŋæĺăńë μ^{(j)}_s – ďńï łăęďőčő s-čő łőňŕőŋěŋâă ĺğ s = 1 ÷ k áőćŕăďăîâ ćő ćáěå j = 1 ÷ n äăğăå ĺ łăł àěèěŋĺï ğăďăçĺ ŋă ãáńőćŋëľ íłáâàěňãň δΦ = 0, â.ě. ∂ ∂N^{(j)}s [ Φ(T, P, {N^{(j)}_s }) − k∑ r=1 λ_r n∑ l=1 N^{(l)}_r ] = 0 ďńï ŕőâěŋæĺăńă:

Φ(T, P, {N^{(j)}_s }) =^{k∑}_{s=1}^{n∑}_{j=1} N^{(j)}_s μ^{(j)}_s (T, P ) ĺ^{n∑}_{j=1} N^{(j)}_r = ℵ_r = const_r, őâłãďă: (5.1)

T^{(1)} = . . . = T^{(j)} = . . . = T^{(n)} = T P^{(1)} = . . . = P^{(j)} = . . . = P^{(n)} = P

→ őąéăï âěňŕěàăâãàă, → őąéěě ďăćńěŋĺě, ĺ λ_s → μ^{(1)}_1 = . . . = μ^{(j)}_1 = . . . = μ^{(n)}_1 (T, P ) . . .

μ^{(1)}_s = . . . = μ^{(j)}_s = . . . = μ^{(n)}_s (T, P ) . . .

μ^{(1)}_k = . . . = μ^{(j)}_k = . . . = μ^{(n)}_k (T, P )

→ (n − 1) ãàăćŋěŋĺľ . → (n − 1) ãàăćŋěŋĺľ . → (n − 1) ãàăćŋěŋĺľ (n − 1)k (5.2)

Łőńĺçěáâćő n äăğ, łőâőàëě ňőčãâ őďŋőćàěňěŋŋő ŋăåőďĺâìáï ć àăćŋőćěáĺĺ (ĺ áőáâőïâì łăęďăï ĺğ k àăğńĺçŋëå åĺňĺçěáłĺå łőňŕőŋěŋâőć), áćïğăŋő á çĺáńőň f őáâăćèĺåáï âěàňőďĺŋăňĺçěáłĺå ŕěàěňěŋŋëå, łőâőàëě ňőęŋő

1ŕőŋïâĺï âěňŕěàăâãàë ĺ ďăćńěŋĺï áŕěàćă őâŋőáïâáï ł łăęďőľ őâďěńìŋőľ j -őľ äăğě ć æěńőň.

—50— ěéě ŋěğăćĺáĺňő ňěŋïâì, ŋě ŋăàãèăï íâő àăćŋőćěáĺě, â.ě. ŋě ŋăàãèăï (n − 1)k ŋěğăćĺáĺňëå ãàăćŋěŋĺľ ŋă àăćěŋáâćő åĺňŕőâěŋæĺăńőć (5.2).

Ŕőáłőńìłã áőáâőïŋĺě čěâěàőčěŋŋőľ áĺáâěňë, ŕőňĺňő ďćãå ŕěàěňěŋŋëå ćěńĺçĺŋ T , P (5.2), ďńï N^{(j)}_s çăáâĺæ s-čő łőňŕőŋěŋâă ć j-őľ äăğě ğăďăěâáï ěéě k −1 ŋěğăćĺáĺňëňĺ łőŋæěŋâàăæĺïňĺ x^{(j)}_s àăğńĺçŋëå s-âëå łőňŕőŋěŋâőć ć łăęďőľ j-őľ äăğě, čďě ďńï łăęďőčő j = 1 ÷ n:

x^{(j)}_s =

N^{(j)}_s k∑ r=1 N^{(j)}r

,^{k∑}_{s=1} x^{(j)}_s = 1, âő ĺňěěâáï 2 + n(k − 1) ŋěğăćĺáĺňëå (5.3)

ŕěàěňěŋŋëå, âăł çâő: (n − 1)k ≤ 2 + n(k − 1), ĺńĺ n ≤ k + 2, (5.4)

â.ł. áãéěáâćőćăŋĺě àěèěŋĺï őğŋăçăěâ, çâő çĺáńő ãàăćŋěŋĺľ ŋě ŕàěćőáåőďĺâ çĺáńă ŕěàěňěŋŋëå. Šő ěáâì ĺňěěň ŕàăćĺńő äăğ Čĺąąáă: Ć áĺáâěňě, áőáâőïéěľ ĺğ k åĺňĺçěáłĺ àăğńĺçŋëå łőňŕőŋěŋâőć, őďŋőćàěňěŋŋő ć àăćŋőćěáĺĺ ňőęěâ ŋăåőďĺâìáï ŋě ąőńěě, çěň n_{max} = k + 2 äăğë (5.4). Ůĺáńő őáâăîéĺåáï ŋěğăćĺáĺňëňĺ ŕěàěňěŋŋëå ěáâì çĺáńő őáâăćèĺåáï âěàňőďĺŋăňĺçěáłĺå áâěŕěŋěľ áćőąőďë:

f = 2 + n(k − 1) − (n − 1)k = k + 2 − n ≥ 0, čďě k ≥ 1. (5.5)

Šăł, ŕàĺ f = 0, n_{max} = k + 2 – ňăłáĺňăńìŋőě çĺáńő äăğ, ďőáâĺčăîéĺå àăćŋőćěáĺï ć k- łőňŕőŋěŋâŋőľ áĺáâěňě. Ďńï k = 1, n_{max} = 1 + 2 = 3, âàĺ äăğë, ł ŕàĺňěàã, čăğ, ęĺďłőáâì, âćěàďőě âěńő – ć âàőľŋőľ âőçłě (4.44). Ěáńĺ ŕàĺ k = 1 ĺ n = 1, âő őáâăěâáï łăł àăğ f = 2 ŋěğăćĺáĺňëå ŕěàěňěŋŋëå âěàňĺçěáłőčő ãàăćŋěŋĺï áőáâőïŋĺï P = P (T, υ) (3.41). Ŕàĺ k = 1 ĺ n = 2 őáâăěňáï á f = 1 – őďŋőľ áâěŕěŋìî áćőąőďë, â.ě. őłăğëćăěňáï ŋă łàĺćőľ äăğőćőčő àăćŋőćěáĺï, P = P_μ(T ), (4.33), (4.38) íâĺå ďćãå äăğ, ă ŕàĺ k = 1 ĺ n = 3 áŋőćă ŕőŕăďăěň ć âàőľŋãî âőçłã (4.44).

Ć ąĺŋăàŋőľ áĺáâěňě: k = 2, f = 4 − n ĺ n ≤ 4. Ć çăáâŋőáâĺ, ďńï àăáâćőàă ć ćőďě [s → 1] áőńĺ [s → 2] ŕàĺ n = 1 ĺňěěň ęĺďłĺľ: (j) → (1) àăáâćőà á f = 3-ňï ŋěğăćĺáĺňő ňěŋïîéĺňĺáï ŕăàăňěâàăňĺ T, P, x = x^{(1)}_2 , â.ł., ŕő (5.3): x^{(1)}_1 = 1 − x. Ŕàĺ n = 2, j = 1, 2 ć àăćŋőćěáĺĺ ŋăåőďïâáï ďćě äăğë: ĺńĺ (ă) àăáâćőà áőńĺ ĺ ŕăàë ćőďë ĺ áőńĺ; ĺńĺ (ą) àăáâćőà áőńĺ ĺ łàĺáâăńńë ńìďă ĺ áőńĺ; ĺ â.ď. Šőčďă f = 2 ĺ x^{(j)}_s = X^{(j)}_s (T, P ). Ć áńãçăě (ă) ŕàĺ ğăďăŋŋőľ âěňŕěàăâãàě T ĺ łőŋæěŋâàăæĺĺ áőńĺ ć àăáâćőàě x^{(1)}_2 ďăćńěŋĺě ŋăáëéěŋŋëå ŕăàőć ćőďë ŋăď ěě àăáâćőàőň ďăěâáï ğăłőŋőň Řăãńï: P^{(2)}_1 = F(T, x^{(1)}_2 ) → x^{(2)}_1 P = ŕăàæĺăńìŋőě ďăćńěŋĺě, ěáńĺ áçĺâăâì čăğ ĺďěăńìŋëň.

—51— Ğďěáì (5.2) ďăěâ ãáńőćŋëľ íłáâàěňãň ăďďĺâĺćŋőčő ŕőâěŋæĺăńă Čĺąąáă (5.1), őŕàěďěńïï àăćŋőćěáĺě àăğŋëå äăğ åĺňĺçěáłĺ àăğńĺçŋëå łőňŕőŋěŋâőć ć őâáãâáâćĺě åĺňĺçěáłĺå àěăłæĺľ ćğăĺňőŕàěćàăéěŋĺï ňěęďã ŋĺňĺ.

2 Ţĺňĺçěáłőě àăćŋőćěáĺě. Ğăłőŋ ďěľáâćãîéĺå ňăáá

Řăááňőâàĺň âěŕěàì åĺňĺçěáłőě àăćŋőćěáĺě ć őďŋőàőďŋőľ (čőňőčěŋŋőľ) âěàňőďĺŋăňĺçěáłőľ áĺáâěňě àăğŋëå ćěéěáâć, ŋăåőďïéĺåáï ć őďŋőľ ĺ âőľ ęě äăğě. Ŕãáâì ć íâőľ áĺáâěňě ŕàőâěłăěâ åĺňĺçěáłăï àěăłæĺï^2 ćĺďă: k∑ r=1 ω_rA_r = 0, (5.6)

čďě A_r- áĺňćőń r-čő åĺňĺçěáłőčő ćěéěáâćă, ω_r- ěčő áâěåĺőňěâàĺçěáłĺľ łőíääĺæĺěŋâ, àăćŋëľ çĺáńã ňőńěłãń r-čő ćěéěáâćă, ćőğŋĺłăîéĺå ďńï ω_r > 0, ĺńĺ ĺáçěğăîéĺå, ω_r < 0, ć łăęďőň őâďěńìŋőň ăłâě àěăłæĺĺ (5.6). Ŕàĺňěà: Őąàăğőćăŋĺě ăňňĺăłă NH_3 ĺğ ćőďőàőďă H_2 ĺ ăğőâă N_2:

2NH_3 − 3H_2 − N_2 = 0, ĺńĺ ω_1NH_3 + ω_2H_2 + ω_3N_2 = 0, (5.7) ω_1 = ω(NH_3) = 2, ω_2 = ω(H_2) = −3, ω_3 = ω(N_2) = −1.

Ŕőáłőńìłã őąàăéěŋĺě ćáěå ğŋăłőć ŋě ŋăàãèăěâ ãàăćŋěŋĺľ (5.6), (5.7), ć áĺáâěňě, ŋăàïďã á ŕàïňőľ àěăłæĺěľ ćáěčďă ŕàőâěłăěâ ĺ őąàăâŋăï àěăłæĺï. Ŕőłă ŋě ďőáâĺčŋãâő àăćŋőćěáĺě, őďŋă ĺğ ŋĺå ŕàěőąńăďăěâ. Ć áőáâőïŋĺĺ âěàňőďĺŋăňĺçěáłőčő àăćŋőćěáĺï ŕàïňăï ĺ őąàăâŋăï àěăłæĺĺ ãàăćŋőćěèĺćăîâ ďàãč ďàãčă, ĺ łőŋæěŋâàăæĺĺ x_r (5.3) → (5.17) ĺáåőďŋëå ĺ łőŋěçŋëå ŕàőďãłâőć àěăłæĺĺ őáâăîâáï ŕőáâőïŋŋëňĺ: δx_r ⇒ 0. Ŕãáâì àěăłæĺï ŕàőâěłăěâ ŕàĺ äĺłáĺàőćăŋŋëå T ĺ P . Šőčďă ğă àăćŋőćěáĺě ćŋőćì őâćěçăěâ ňĺŋĺňãň ŕőâěŋæĺăńă Čĺąąáă (3.23): δΦ(T, P, {N_r}) = −SδT + V δP +^{k∑}_{r=1} μ_rδN_r =⇒^{k∑}_{r=1} μ_rδN_r = 0, (5.8) ĺ âăł łăł ć àăáçěâě ŋă δz ćőğňőęŋëå ăłâőć àěăłæĺĺ: δN_r = ω_rδz, (5.9) âő: δN_s δN_r ≡ δν_s δν_r = ω_s ω_r ⇐ ν_s ν_r = x_s x_r , ĺ^{k∑}_{r=1} ω_rμ_r = 0, (â.ě.: A_r → μ_r) , (5.10)

ĺ ěáâì ãáńőćĺï^3 åĺňĺçěáłőčő àăćŋőćěáĺï ďńï ďăŋŋőľ àěăłæĺĺ (5.6). Ŋěáłőńìłő âăłĺå àěăłæĺľ ďăďãâ áőőâćěâáâćãîéěě çĺáńő ãáńőćĺľ (5.10).

2ĺ, ć őâńĺçĺě őâ äăğőćőčő àăćŋőćěáĺï, àěăłæĺï ĺďěâ áàăğã ŕő ćáěňã őąêěňã áĺáâěňë. 3Ŕàőŕőàæĺï ć (5.10) őŕàěďěńěŋă àăćŋőćěáĺěň ŋěğăćĺáĺňő őâ ŕàőŕőàæĺĺ ć ĺáåőďŋőľ áňěáĺ.

—52— Ŕàĺňěŋĺň ãáńőćĺě (5.10) ł åĺňĺçěáłőňã àăćŋőćěáĺî ć áňěáĺ ĺďěăńìŋëå áőćěàèěŋŋëå čăğőć á ν_r - ňőńïňĺ čăğă r-čő âĺŕă. Ŕőńŋëľ ŕőâěŋæĺăń Čĺąąáă Φ(T, P, {ν_r}) = U + P V − T S = H − T S łăł äãŋłæĺï çĺáěń ňőńěľ ν_r = N_r/N_A őŕàěďěńïěâáï ŕő âěàňĺçěáłĺň (1.37) ĺ łăńőàĺçěáłĺň ãàăćŋěŋĺïň áőáâőïŋĺï őâďěńìŋëå čăğőć: ďńï ŕăàæĺăńìŋëå ďăćńěŋĺľ P_r ⇒ x_rP , ŕăàæĺăńìŋëå ćŋãâàěŋŋĺå íŋěàčĺľ ν_ru_r ŕàĺ u_r = C_{V r}T +q_r, ĺ ŕăàæĺăńìŋëå íŋâàőŕĺľ ν_rs_r. Š.ł. ĺďěăńìŋőáâì čăğőć áâĺàăěâ ňěåăŋĺçěáłőě àăğńĺçĺě ĺå ňőńěłãń:

P_rV = ν_rRT, P V = RT^{k∑}_{i=1} ν_i , âő P ⇒^{k∑}_{r=1} P_r ŕàĺ^{k∑}_{r=1} x_r = 1; (5.11)

U =^{k∑}_{r=1} ν_r (C_{V r}T + q_r) , S =^{k∑}_{r=1} ν_rs_r, s_r = C_{P r} ln T − R ln P_r + s_{0r}, (5.12)

μ_r = ( ∂Φ ∂ν_r ) T,P = ∂U ∂ν_r + ∂(P V ) ∂ν_r − ∂(T S) ∂ν_r T,P = H_r − T s_r, őâłãďă (5.13)

μ_r(T, P_r) = RT ln P_r + χ_r(T ), χ_r(T ) = T (1 − ln T )C_{P r} − T s_{0r} + q_r, (5.14)

âăł łăł ďńï őďŋőčő ňőńï ńîąőčő ĺğ čăğőć ŕàĺ C_{P r} = C_{V r} + R = const, s_r → S ĺňěěň: dS(T, P ) = ( ∂S ∂T ) P dT + ( ∂S ∂P ) T dP =⇒ C_P dT T − R dP P = d (C_P ln T − R ln P + S_0) , (5.15)

čďě ŕàĺ P V = RT : ( ∂S ∂P ) T = − ( ∂V ∂T ) P ⇒ − R P , ĺ H_r = u_r + P_r V = C_{P r}T + q_r, (5.16)

- ňőńïàŋăï íŋâăńìŕĺï, q_r- ćŋãâàěŋŋïï íŋěàčĺï őďŋőčő ňőńï ŕàĺ T = 0, x_r- ĺáłőňăï àăćŋőćěáŋăï łőŋæěŋâàăæĺï (5.17) r-čő čăğă ŕàĺ N_r = ν_rN_A, C_{P r}- ňőńïàŋăï âěŕńőěňłőáâì ŕàĺ P_r = const, ă χ_r(T )- ňőńïàŋăï åĺňĺçěáłăï ŕőáâőïŋŋăï r-čő čăğă. Ŕőďáâăćĺć (5.14) ć ãáńőćĺï àăćŋőćěáĺï (5.10) á ãçěâőň ĺďěăńìŋőáâĺ čăğőć ć (5.11), P_r = x_rP , ŕőâěŋæĺĺàãï ŕàĺďěň ł ğăłőŋã ďěľáâćãîéĺå ňăáá ďńï ćáěå ĺ łăęďőľ ĺğ s-âëå łőŋæěŋâàăæĺľ: x_r ≡ ν_r k∑ s=1 ν_s ,^{k∑}_{r=1} ω_r ln x_r = −ω ln P − 1 RT k∑ r=1 ω_rχ_r(T ), ω =^{k∑}_{r=1} ω_r, (5.17) k∏ r=1 x^{ωr}_r = x^ω_s^{k∏}_{r=1} ( ω_r ω_s )ω_r = P^{−ω} exp − 1 RT k∑ r=1 ω_rχ_r(T ) ≡ K(P, T ) > 0 (5.18) ěáâì åĺňĺçěáłăï ŕőáâőïŋŋăï ďăŋŋőľ àěăłæĺĺ, ğăćĺáïéăï âőńìłő őâ T , P ĺ âĺŕă àěăłæĺĺ {ω_r}, ŕàĺçěň ğăćĺáĺňőáâì ěě őâ ďăćńěŋĺï P ŕőńŋőáâìî őŕàěďěńïěâáï ğďěáì ńĺèì áãňňőľ ω ć (5.17) ćáěå áâěåĺőňěâàĺçěáłĺå łőíääĺæĺěŋâőć àěăłæĺĺ. Ć áňěáĺ ŋěĺďěăńìŋëå čăğőć (4.48) íâő ãęě ŋě âăł: Pr =?.

Ĺ ďăęě ďńï P ⇒ ∑_k r=1 P_r (Ğăď. 5.5.) íâĺ P_r ≠ x_rP , čďě^4 [14, 18] μ_r = μ_r (T, {P_s}^k_1).

4Ĺ äőàňăńìŋő (5.14) → μ_r(T, P_r) = RT ln f_r (T, P_r)+χ_r(T ), čďě f_r(T, P_r) = P_rλ_r – ńěâãçěáâì.

—53— Řăááňőâàĺň ěě ğăćĺáĺňőáâì őâ âěňŕěàăâãàë T , ğăňěçăï, çâő, áőčńăáŋő (3.28) ĺ (5.14), ňőńïàŋăï íŋâăńìŕĺï H_r (5.16) őŕàěďěńïěâáï ŕàőĺğćőďŋőľ

őâ ňőńïàŋőľ åĺňĺçěáłőľ ŕőáâőïŋŋőľ, ďěńěŋŋőľ ŋă T ć áňëáńě ãàăćŋěŋĺï Č – Č (3.28): − ∂ ∂T χ_r(T ) T ≡ − ∂ ∂T ( (1 − ln T )C_{P r} − s_{0r} + q_r T ) = C_{P r}T + q_r T^2 = H_r T^2

, ć áňëáńě: (5.19) − ∂ ∂T μ_r(T, P_r) T = H_r T^2

, ĺ: ( ∂ ∂T ln K(P, T ) ) P = − k∑ r=1 ω_r R ∂ ∂T χ_r(T ) T =⇒ k∑ r=1 ω_r H_r RT^2 . (5.20)

Ŕő I-ňã Ŋăçăńã âěàňőďĺŋăňĺłĺ ćĺďă (4.19) ďńï ĺğőąăàĺçěáłĺå ŕàőæěááőć ĺğňěŋěŋĺě íŋâăńìŕĺĺ ŕàĺ P = const őŕàěďěńïěâ ŕőčńőéěŋŋőě áĺáâěňőľ âěŕńő, â.ł. δQ = dH − V dP . Ŕőíâőňã ăŋăńőčĺçŋăï (4.40) ćěńĺçĺŋă

Λ_P (T ) = RT^2 ( ∂ ∂T ln K(P, T ) ) P =^{k∑}_{r=1} ω_rH_r =^{k∑}_{r=1} ω_r (C_{P r}T + q_r) , (5.21)

ěáâì ŕőďćőďĺňőě ďńï ŕőďďěàęăŋĺï àăćŋőćěáĺï łőńĺçěáâćő âěŕńă, ŕőčńőéăěňőě ć àěğãńìâăâě N_A ăłâőć àěăłæĺĺ, ŕőáłőńìłã μ_r – ŕőâěŋæĺăń Čĺąąáă őďŋőčő ňőńï r-čő ćěéěáâćă, ĺ ć (5.6), (5.10) ćáěčďă åőâï ąë őďĺŋ ĺğ łőíääĺæĺěŋâőć |ω_s| = 1. Śőőâćěâáâćěŋŋő, ďńï δz ăłâőć àěăłæĺĺ ŕàĺ

k_B = R N_A ĺňěěň δQ_{P T} = δz N_A Λ_P (T ) =⇒ δzk_B T^2 ( ∂ ∂T ln K(P, T ) ) P . (5.22) Řěăłæĺï ïćńïěâáï íŋďőâěàňĺçěáłőľ, ěáńĺ Λ_P (T ) > 0, łőčďă ďńï ŕőďďěàęăŋĺï àăćŋőćěáĺï âěŕńő ŕőďćőďĺâáï ĺ ŕőčńőéăěâáï ć åőďě àěăłæĺĺ. Řěăłæĺï ïćńïěâáï íłğőâěàňĺçěáłőľ, ěáńĺ Λ_P (T ) < 0, łőčďă âěŕńő ćëďěńïěňőě ć åőďě àěăłæĺĺ őâćőďĺâáï ďńï ŕőďďěàęăŋĺï àăćŋőćěáĺï. Ŕàĺ íâőň ŕőáâőïŋŋăï àěăłæĺĺ K(P, T ) (5.18) ĺ ćëåőď łőŋěçŋëå ŕàőďãłâőć àěăłæĺĺ á àőáâőň âěňŕěàăâãàë ãňěŋìèăîâáï: ∂_T K(P, T ) < 0, ěáńĺ âěŕńő ŕńőåő őâćőďĺâáï.

3 Šěŕńőćăï ĺőŋĺğăæĺï. Ğăłőŋ Śăåă

Ć ŕàĺňěŋěŋĺĺ ł ŕàőæěááã őďŋőíńěłâàőŋŋőľ (e^−) âěŕńőćőľ ĺőŋĺğăæĺĺ (A^+) ŋěľâàăńìŋëå ăâőňőć ĺďěăńìŋőčő őďŋőăâőňŋőčő čăğă (A^0):

A^+ + e^− − A^0 = 0, ω_+ = 1, ω_e = 1, ω_0 = −1, ω =^{3∑}_{r=1} ω_r = 1, (5.23)

ğăłőŋ ďěľáâćãîéĺå ňăáá (5.18) ŕàĺŋĺňăěâ ćĺď, r = (+, e, 0) ⇀↽ (1, 2, 3):

x_+x_e x_0

= K(P, T ) =⇒ P^{−ω} exp − 1 k_B T 3∑ r=1 ω_rχ_r(T ) ≡ K(T ) P , (5.24)

čďě ŕàĺ ŕěàěåőďě á àăáçěâă ŋă őďĺŋ ňőńì á N_A ăâőňăňĺ ł àăáçěâã ŋă őďĺŋ

—54— ăâőň ćŋőćì ććěďěŋă ŕőáâőïŋŋăï Ąőńìæňăŋă k_B :

k_B = R N_A , P_rV = ν_rRT ≡ N_r N_A RT = N_rk_B T, χ_r(T ) = χ_r(T ) N_A . (5.25)

Şçĺâëćăï, çâő ŕàĺ őďŋőíńěłâàőŋŋőľ ĺőŋĺğăæĺĺ çĺáńő íńěłâàőŋőć N_e ćáěčďă àăćŋő çĺáńã ĺőŋőć N_+, ă ŕőńŋőě çĺáńő ćáěå ăâőňőć N őáâăěâáï äĺłáĺàőćăŋŋëň, ĺňěěň, ććőďï áâěŕěŋì ĺőŋĺğăæĺĺ čăğă α łăł: α = N_+ N , 0 < α < 1, â.ł. N = N_0 + N_+; ă â.ł. N_e = N_+, âő (5.26)

x_+ = x_e =

N_+ N + N_+ = α 1 + α

, x_0 =

N_0 N + N_e = N − N_+ N + N_+ = 1 − α 1 + α

, (5.27) 3∑ r=1 x_r = 1, x_+x_e x_0 = α^2 1 − α^2 = K(T ) P , α = 1 + P K(T ) −1/2 , (5.28)

– äőàňãńă Śăåă. Ĺáłńîçăï ďăćńěŋĺě á ŕőňőéìî ãàăćŋěŋĺľ áőáâőïŋĺï (5.11): P V = (N +N_e)k_B T = N(1+α)k_B T , á ãçěâőň ïćŋőčő ćĺďă ŕőáâőïŋŋëå C_{P r} ĺ s_{0r} ć ćëàăęěŋĺĺ ďńï χ_r(T )/T ć (5.19), ňőęŋő ŋăľâĺ ĺŋőľ ćĺď íâőčő ğăłőŋă (5.28) łăł ďńï ŕàőæěááă ŕàĺ ŕőáâőïŋŋëå T ĺ V :

α^2 1 − α = V N K(T ) k_B T ≡ G(T ) 2 e^{−I0/T}, G(T ) 2 =⇒ g V N ( 2πm_ek_B T h^2 )3/2 , (5.29)

łőâőàëľ áőćŕăďăěâ á àěğãńìâăâőň áâăâĺáâĺçěáłőľ äĺğĺłĺ, ěáńĺ ć ćëàăęěŋĺĺ ďńï χ_r(T ) (5.14) ŕàĺŋïâì, çâő ŕàĺ m_0 ⇒ m_+, C_{P 0} ⇒ C_{P +}: 3∑ r=1 ω_rC_{P r} =⇒ C_{P e} = 5 2 R,^{3∑}_{r=1} ω_rq_r =⇒ RI_0, R = N_Ak_B , (5.30) 3∑ r=1 ω_r (s_{0r} − C_{P r}) =⇒ R ln

(k_B )^{5/2} ( 2πm_e h^2 )3/2 g , g ≡ g_{s+}g_{se} g_{s0} . (5.31)

Ĺğ áőőâŋőèěŋĺľ (5.27) ćĺďŋő, çâő ãàăćŋěŋĺě àěăłæĺĺ (5.6) á ãçěâőň ïćŋëå åĺňĺçěáłĺå äőàňãń őâďěńìŋëå łőňŕőŋěŋâ (5.7) ŕőńŋőáâìî äĺłáĺàãěâ ćáě ŕàőŕőàæĺĺ (5.10) ňěęďã ν_r, â.ě. ćáěňĺ x_r, őáâăćńïï ć ŕőáńěďŋěň ãàăćŋěŋĺĺ (5.10) ĺńĺ (5.18) → (5.28) ŋěĺğćěáâŋőľ ńĺèì őďŋã ĺğ ŋĺå (α).

Ğăďăçĺ 5.1. Ŋăľâĺ äãŋłæĺî ğăłőŋă Řăãńï F(T, x^{(1)}_2 ) çěàěğ äãŋłæĺĺ X^{(j)}_s (T, P ) ĺ őąàăâŋëě ĺň, s, j = 1, 2. Ďńï áńăąëå: x^{(1)}_2 ≪ 1, ĺ ŋěńěâãçĺå: x^{(2)}_2 = 0, àăáâćőàőć, ŋăľâĺ, çâő: ΔP = P^{(2)}_1 − P^0_1 ≡ F(T, x^{(1)}_2 ) − F(T, 0) ≈ −x^{(1)}_2 P^0_1 .

—55— 5.2. Ŕőłăğăâì, çâő őáňőâĺçěáłőě ďăćńěŋĺě ΔP_{os}, ďńï áńăąőčő àăáâćőàă ć N_0 ňőńěłãńăå àăáâćőàĺâěńï, ěáâì ďăćńěŋĺě ĺďěăńìŋőčő čăğă âěå ęě àăáâćőàïěňëå N_{1≤i≤k} ≪ N_0 ňőńěłãń, ŕàĺ âőľ ęě âěňŕěàăâãàě T , ĺ ć âőň ęě őąêěňě V ([7] §88, [10]): ΔP_{os}V = RT (N_1 + N_2 + . . . + N_k). (5.1.:[7] §86-90) 5.3. Ŕőłăğăâì, çâő ŕàăćăï “ŕàőŕőàæĺï” ć ãáńőćĺĺ åĺňĺçěáłőčő àăćŋőćěáĺï (5.10) áńěďãěâ ĺğ őŕàěďěńěŋĺï łőŋæěŋâàăæĺĺ ć (5.17) ĺ ãáńőćĺï δx_r ⇒ 0. 5.4. Ďńï àăćŋëå ν_i, V_i, T_i, i = 1, 2, ŋăľâĺ íŋâàőŕĺĺ áňěèěŋĺï ďćãå (a) őďĺŋăłőćëå: ΔS_{aa} = 0, ĺ (b) àăğŋëå: ΔS_{ab} = 2Nk_B ln 2, ĺďěăńìŋëå čăğőć.

Śőčńăáŋő àěèěŋĺî Ğăď. 4.3. íŋâàőŕĺï ĺď. čăğă – ăďďĺâĺćŋăï őďŋőàőďŋăï äãŋłæĺï ŕěàćőčő ŕőàïďłă ŕő ăďďĺâĺćŋëň ŕěàěňěŋŋëň V ĺ N: S(T, V, N) = S_0 + N T∫ dθ c_V (θ) θ + Nk_B ln V N ≡ S^T + S^Δ, őâłãďă: (5.32)

(a): S^Δ_I = 2Nk_B ln V N , S^Δ_{II} = 2Nk_B ln 2V 2N , ΔS_{aa} = S^Δ_{II} − S^Δ_I = 0,

(b): S^Δ_I = 2Nk_B ln V N , S^Δ_{II} = 2Nk_B ln 2V N , ΔS_{ab} = S^Δ_{II} − S^Δ_I = 2Nk_B ln 2.

Řĺá. 5.1. Ł ćëćőďã íŋâàőŕĺĺ áňěèěŋĺï ĺďěăńìŋëå čăğőć Řăğńĺçĺě ňěęďã čăğăňĺ ŋěńìğï ãáâàěňĺâì ł ŋãńî ŋěŕàěàëćŋő ďăęě ěáńĺ őŋő áćïğăŋő á àăğńĺçŋőľ áŕĺŋőćőľ ŕőńïàĺğăæĺěľ ňőńěłãń őďŋőčő ĺ âőčő ęě čăğă ććĺďã ďĺáàěâŋőáâĺ ěě ğŋăçěŋĺľ (Ğăď. 16.7. ŁŃ ŕő ŚŤ). Řăğŋëě čăğë ňőęŋő őąàăâĺňő ćŋőćì àăğďěńĺâì ďćãňï ŕőďćĺęŋëňĺ ŕőńãŕàőŋĺæăěňëňĺ ďńï łăęďőčő ĺğ ŋĺå ŕěàěčőàőďłăňĺ (áâěŋłăňĺ). Š.ě. áŋőćă ćáě ďěńő ć ďőŕãáâĺňëå áćőľáâćăå áâěŋőł. Ğăňěâĺň, çâő íâă ęě çăáâì íŋâàőŕĺĺ S^Δ ĺğ (5.32), łăł (2.48), ŋăàãèăěâ ĺ ŕàĺŋæĺŕ Ŋěàŋáâă ďńï íŋâàőŕĺĺ ĺď. čăğă (2.47). 5.5. Ğăłőŋ ďěľáâćãîéĺå ňăáá ďńï àěăńìŋëå čăğőć (4.48)? Ćğăĺňőğăćĺáĺňőáâì ŕăàăňěâàőć őââăńłâćăŋĺï b ĺ ŕàĺâïęěŋĺěï a, c, ~a çěàěğ ŕőńŋőě çĺáńő çăáâĺæ N = ∑_k r=1 N_r őğŋăçăěâ ćğăĺňőďěľáâćĺě ćáěå ňőńěłãń, â.ě. ďăćńěŋĺě ďăŋŋőčő čăğă ğăćĺáĺâ őâ łőŋæěŋâàăæĺľ ňőńěłãń őáâăńìŋëå: P_r = P_r (T, P, {x_s}^k_2) ĺ μ_r = μ_r(T, P, {x_s}^k_2 ) = μ_r(T, {P_s}^k_1 ) ĺńĺ á P → υ ŕàĺ υ = V/N. Ěáńĺ ŋěĺďěăńěŋ őďĺŋ ĺğ k čăğőć á r = 1, ă ňőńěłãńë őáâăńìŋëå áçĺâăîâáï âőçěçŋëňĺ, âő ŕăàæĺăńìŋëě ďăćńěŋĺï P_r őáâăîâáï åőàőèő őŕàěďěńěŋë ŕàĺ N^{id} = N − N_1 ĺ äőàňãńë (5.11)–(5.14) á r ≥ 2 ćëŕőńŋïîâáï á ğăňěŋőľ P → P^{id}, čďě P^{id} = ∑_k r=2 P_r = P − P_1 ŕàĺ P_{r≥2} = x^{id}_{r≥2}P^{id}, ŋő: x^{id}_r ≠ x_r, ă μ_r = μ_r(T, P_r) [14] ĺ áâà. 52.

Ńěłæĺï 6

Šěàňőďĺŋăňĺłă ňăčŋěâĺłőć ĺ ďĺíńěłâàĺłőć

Ŕěàěåőď ł ďàãčĺň âěàňőďĺŋăňĺçěáłĺň áĺáâěňăň ŕàěďŕőńăčăěâ áőőâćěâáâćãîéěě âěàňĺçěáłőě ãàăćŋěŋĺě áőáâőïŋĺï ĺ ĺŋâěčàĺàãěňőě ćëàăęěŋĺě ďńï íńěňěŋâăàŋőľ àăąőâë (1.20) ćğăňěŋ ŕàěęŋěčő δA = P dV . Ŕãáâì íâő

1 Ŕăàă- ĺńĺ ďĺăňăčŋěâĺł ć ňăčŋĺâŋőň ŕőńě

Ŕőńŋăï íńěňěŋâăàŋăï àăąőâă áőćěàèăěâáï ĺáâőçŋĺłőň ćŋěèŋěčő ŕőńï: (ă) ŕő áőğďăŋĺî áăňőčő ŕőńï H ĺ (ą) ŕő ŋăňăčŋĺçĺćăŋĺî M ŕőňěéěŋŋőčő ć ŋěčő ňăčŋěâĺłă. Ć áĺáâěňě Čăãááă ŕàĺ ĺğňěŋěŋĺĺ ćěłâőàă ňăčŋĺâŋőľ ĺŋďãłæĺĺ ŋă dB ć àăáçěâě ŋă őďĺŋ ňőńì ćěéěáâćă á őąêěňőň υ ⇐ V , čďě υ = N_A V N : ( δA = P dV ) → δA = − V 4π (H · dB) =⇒ − V 4π HdB, (6.1) ďńï őďŋőàőďŋëå ŕőńěľ ĺ ĺğőâàőŕŋëå ňăčŋěâĺłőć á H ‖ B. Ğďěáì ğŋăł (−) őğŋăçăěâ, çâő ŕàĺ dB > 0 íâă àăąőâă áőćěàèăěâáï ĺáâőçŋĺłőň ćŋěèŋěčő ŕőńï ŋăď ňăčŋěâĺłőň. Šőčďă ćáî âěàňőďĺŋăňĺłã ňăčŋěâĺłă ňőęŋő ŕőńãçĺâì, ğăňěŋïï ćő ćáěå ãàăćŋěŋĺïå ĺ ŋěàăćěŋáâćăå âěàňőďĺŋăňĺłĺ čăğőć áőőâćěâáâćěŋŋő (áçĺâăï ďńï ňăčŋěâĺłă V ⇒ V/ν = υ = N_Aυ = const): P V ↓ ↓ − V H 4π B =⇒ dU = T dS − P dV ↓ dU = T dS + V H 4π dB =⇒ ∂(T, S) ∂(P, V ) = 1, ↓ 4π V ∂(T, S) ∂(H, B) = −1, (6.2)

ă ć ãáńőćĺïå ãáâőľçĺćőáâĺ: ( ∂V ∂P ) T < 0, −→ ( ∂B ∂H ) T > 0. (6.3)

Ďńï ňăčŋĺâŋőľ ĺŋďãłæĺĺ B = H + 4π M V ≡ H + 4πM, (6.4)

—57—

čďě M = M V , ŋăňăčŋĺçěŋŋőáâì ěďĺŋĺæë őąêěňă, ĺňěěň (6.5) ∂M ∂H T =^^χ_T – ňăčŋĺâŋãî ćőáŕàĺĺňçĺćőáâì ěďĺŋĺæë őąêěňă, (6.6) ^χ_T ≡^^χ(T, H), ĺ ( ∂B ∂H ) T = 1 + 4π^^χ_T > 0 ĺńĺ^^χ_T > − 1 4π , (6.7)

ěáâì ãáńőćĺě âěàňőďĺŋăňĺçěáłőľ ãáâőľçĺćőáâĺ áőáâőïŋĺï őąàăğæă àěăńìŋőčő ňăčŋěâĺłă á ĺŋďãłæĺěľ B ćŋãâàĺ ŋěčő ćő ćŋěèŋěň ŕőńě H.

Ć âőęě ćàěňï àăąőâă δA^(ă^) ŕő áőğďăŋĺî ćŋěèŋěčő ŕőńï H (ć ŕàĺáãâáâćĺĺ ňăčŋěâĺłă) ŋě ĺňěěâ ŋěŕőáàěďáâćěŋŋőčő őâŋőèěŋĺï ł âěàňőďĺŋăňĺçěáłĺň áćőľáâćăň ňăčŋěâĺłă ĺ ěáâěáâćěŋŋő ćëďěńïěâáï ć ćĺďě ŕőńŋőčő ďĺääěàěŋæĺăńă^1 ŕàĺ ŕőďáâăŋőćłě ňăčŋĺâŋőľ ĺŋďłãæĺĺ (6.4) ć δA (6.1): δA = − V 4π HdB = −d V H^2 8π − HdM ≡ δA^(ă^) + δA^(ą^), âőčďă (6.8)

ďńï äãŋłæĺĺ U^∗ = U − V H^2 8π ăŋăńőčĺçŋő ŕàěďëďãéěňã: (6.9) P V ↓ ↓ −H M ĺŋâ. ăďď. =⇒ dU = T dS − P dV ↓ dU^∗ = T dS + HdM =⇒ ∂(T, S) ∂(P, V ) = 1, ↓ ∂(T, S) ∂(H, M) = −1, (6.10)

ĺ, łăğăńőáì ąë: ( ∂V ∂P ) T < 0,^{??}−→ ( ∂M ∂H ) T ?? > 0, â.ě. ^χ_T^{??}> 0, (6.11)

ć ŕàőâĺćőàěçĺĺ á (6.7). Ğăňěâĺň őďŋăłő, çâő U^∗ (6.9) ěáâì äőàňăńìŋő ććěďěŋŋăï ćěńĺçĺŋă ĺ ŋě ïćńïěâáï ćŋãâàěŋŋěľ íŋěàčĺěľ ňăčŋěâĺłă ğă ćëçěâőň íŋěàčĺĺ ŕőńï ć ćăłããňě, â.ł. ćěńĺçĺŋă V H^2/(8π) ŋě ěáâì çĺáâő ćăłããňŋăï íŋěàčĺï, ŕőáłőńìłã ŋăŕàïęěŋŋőáâì H ćŋěèŋěčő ŕőńï, ŕőńãçěŋŋăï ĺğ àěèěŋĺï ãàăćŋěŋĺľ íńěłâàőďĺŋăňĺłĺ á ãçěâőň ãáńőćĺľ ŋă čàăŋĺæě ňăčŋěâĺłă [ğăďăçă 6.7.]: H^{in}_‖ ⇒ H^{out}_‖ , B^{in}_⊥ = B^{out}_⊥ ãęě ĺğňěŋěŋă ŕàĺáãâáâćĺěň ňăčŋěâĺłă^2. Ŕőíâőňã ãáńőćĺě âěàňőďĺŋăňĺçěáłőľ ãáâőľçĺćőáâĺ àěăńìŋőčő ňăčŋěâĺłă ćő ćŋěèŋěň ŕőńě ďăěâáï ĺňěŋŋő ãáńőćĺěň (6.7).

Ďńï őŕàěďěńěŋĺï ćĺďă ãàăćŋěŋĺï áőáâőïŋĺï àăááňőâàĺň íńěňěŋâăàŋëě ňőńěłãńïàŋëě ňőďěńĺ ňăčŋěâĺłőć, ŕàĺŋïć ďăńěě ĺ V = 1, M → M.

1Ć ŕàěŋěąàěęěŋĺĺ ňăčŋĺâőáâàĺłæĺěľ, ňăčŋĺâőãŕàãčĺň, ĺ ŕìěğőňăčŋĺâŋëň íääěłâăňĺ. 2Ćěłâőà H ěáâì ćáŕőňőčăâěńìŋăï ćěńĺçĺŋă. Ĺáâĺŋŋőľ ňĂłàőáłőŕĺçěáłĺ ãáàěďŋěŋŋőľ ŋăŕàïęěŋŋőáâìî ňăčŋĺâŋőčő ňĹłàőŕőńï ïćńïěâáï ĺňěŋŋő ĺŋďãłæĺï B: F = eE + (e/c)(v × B).

—58— Ďĺăňăčŋěâĺł: ěčő ăâőňë ć őâáãâáâćĺě ćŋěèŋěčő ŕőńï ćőćáě ŋě őąńăďăîâ ňăčŋĺâŋëň ňőňěŋâőň. Ćőğŋĺłăîéĺě ć ŕàőæěááě ćłńîçěŋĺï ŕőńï ňăčŋĺâŋëě ňőňěŋâë ĺŋďãæĺàőćăŋŋëå ŋěğăâãåăîéĺå ăâőňŋëå őàąĺâăńìŋëå âőłőć^3, ŕő ŕàăćĺńã Ńěŋæă (áãâì ŕàĺŋæĺŕã ŃŸĄ ńěłæĺĺ 4), áőğďăîâ ŋăňăčŋĺçěŋŋőáâì, őáńăąńïîéãî ĺáåőďŋőě ŕőńě. Š.ě. ć ŋĺğèěň ńĺŋěľŋőň ŕàĺąńĺęěŋĺĺ M = χ^d_T H, ŕàĺçěň, â.ł. (ďńï àăğàěęěŋŋëå ďĺăňăčŋĺâŋëå čăğőć) âěŕńőćőě ďćĺęěŋĺě ăâőňőć ŕőçâĺ ŋě ćńĺïěâ ŋă ĺŋďãæĺàãěňëě ć ŋĺå âőłĺ, χ^d_T ≈ const, ŋě ğăćĺáïéăï őâ âěňŕěàăâãàë, ĺ, áőčńăáŋő (6.7), 0 > χ^d_T > −1/(4π). Łàĺâĺçěáłőňã ğŋăçěŋĺî χ^d_T = −1/(4π) őâćěçăěâ ăąáőńîâŋëľ ďĺăňăčŋěâĺł, ćëâăńłĺćăîéĺľ ňăčŋĺâŋãî ĺŋďãłæĺî: B^{in} ⇒ 0. Ŕăàăňăčŋěâĺł: ŋăŕàőâĺć, áőáâőĺâ ĺğ ňŋőęěáâćă íńěňěŋâăàŋëå áŕĺŋőćëå ňăčŋĺâŋëå ňőňěŋâőć, őàĺěŋâĺàőćăŋŋëå åăőâĺçěáłĺ ć őâáãâáâćĺě ćŋěèŋěčő ŕőńï ĺğ-ğă ĺå âěŕńőćőčő ďćĺęěŋĺï ĺ áńăąőčő ćğăĺňőďěľáâćĺï. Ŕőíâőňã őŋ ŋăňăčŋĺçĺćăěâáï ńĺèì ć ŕàĺáãâáâćĺ ćŋěèŋěčő ŕőńï H âőńìłő ğăáçěâ ćëáâàăĺćăŋĺï íńěňěŋâăàŋëå ňőňěŋâőć ćďőńì ŕőńï: á M ‖ H.

Ěáńĺ, ŕő ăŋăńőčĺĺ á “ĺďěăńìŋëňĺ” čăğăňĺ (2.14)–(2.18), ŕàěďŕőńőęĺâì, çâő ć (6.10) äãŋłæĺï U^∗ =⇒ U^∗(T ) ğăćĺáĺâ âőńìłő őâ âěňŕěàăâãàë, âő łăęďőě ĺğ áńăčăěňëå ć dS őłăęěâáï ćŋőćì ŕőńŋëň ďĺääěàěŋæĺăńőň: dS(T, M) =⇒_L dU^∗(T ) T − H T dM, â.ě. HT =⇒_L ψ(M), ĺńĺ M M_0 = L ( M_0H RT ) , (6.12) čďě M_0 – ňăłáĺňăńìŋăï ŋăňăčŋĺçěŋŋőáâì ŋăáëéěŋĺï, łőčďă ćáě ňőňěŋâë ãęě ćëáâàőěŋë ćďőńì ŕőńï, ă L(y) – äãŋłæĺï Ńăŋęěćěŋă ĺďěăńìŋőčő ŕăàăňăčŋěâĺłă^4 (Řĺá. 6.1) ďńï y = M_0H/(RT ) ⇒ M_0H/(k_B nT ) ≥ 0:

L(0) = 0, L(y) ≥ 0, L(∞) = 1, ă ŕàĺ y ≪ 1: L(y) ≈ L^′(0)y, ĺńĺ (6.13)

M ≈ L^′(0)

M^2_0 H RT ≡χ^p_T H, χ^p_T =⇒_L Θ T , á Θ = L^′(0)

M^2_0 R ⇒VL^′(0) M^2_0 k_B n (6.14)

- ğăłőŋ Łîàĺ. Š.ě. âěàňĺçěáłĺě ãàăćŋěŋĺï áőáâőïŋĺï ďńï őąőĺå âĺŕőć ňăčŋěâĺłőć M = χ_T H őâńĺçăîâáï ć áńăąëå ŕőńïå^^χ_T ⇒ χ^{d, p}_T ńĺèì ğŋăłőň ĺ ğăćĺáĺňőáâìî ćőáŕàĺĺňçĺćőáâěľ χ^{d, p}_T őâ T . Ć őąéěň áńãçăě ć (6.10): dS(T, M) ≡ ( ∂S ∂T ) M dT + ( ∂S ∂M ) T dM = C_M T dT − ( ∂H ∂T ) M dM, őâłãďă (6.15)

3Ć ăâőňě ŋěâ áőŕàőâĺćńěŋĺï íńěłâàőŋăň, ĺ íâĺ âőłĺ ďăńěě ŋě ğăâãåăîâ ĺ ŕàĺ H = const. 4Ďńï V ≠ 1, ğăňěŋă: M ⇒ V M, M_0 ⇒ V M_0, χ_T ⇒ V χ_T , Θ ⇒ V Θ, N_A/V ⇒ n, R = k_BN_A.

—59— dU^∗(T, M) ≡ ( ∂U^∗ ∂T ) M dT + ( ∂U^∗ ∂M ) T dM = C_M dT + ( H − T ( ∂H ∂T ) M ) dM, ĺ (6.16) C_H − C_M = −T ( ∂H ∂T ) M ( ∂M ∂T ) H ≡ T ( ∂H ∂M ) T ( ∂M ∂T )_2 H ≡ T ( ∂H ∂T )_2 M ( ∂M ∂H ) T ĺńĺ⇐⇒ L (6.17)

=_L

H^2 T ( ∂M ∂H ) T ĺńĺ⇐⇒ H_2 (χ^′_T )^2 χ_T T ŕàĺ dS ⇒ C_M T dT + χ^′_T χ^2_T

MdM ďńï áńăąëå H ⇒ M χ_T , (6.18)

ĺńĺ T ∂M/∂T =_L −H∂M/∂H ŕàĺ M =_L M(H/T ). Ďńï ďĺăňăčŋěâĺłă á (χ^d_T )^′ = 0 ĺ ĺďěăńìŋőčő ńăŋęěćěŋőćáłőčő ŕăàăňăčŋěâĺłă (6.14) ŕàĺ C_M = const ĺňěěň áőőâćěâáâćěŋŋő:

S^d(T, M) − S^d_0 = C^d_M ln T T_0

, U^{∗(d)}(T, M) − U^{∗(d)}_0 = C^d_M (T − T_0) +

M^2 2χ^d_T , ĺ (6.19)

S^p(T, M) − S^p_0 =⇒_L C^p_M ln T T_0 − M^2 2Θ , U^{∗(p)}(T, M) − U^{∗(p)}_0 =⇒_L C^p_M (T − T_0), (6.20)

čďě S^p(T, M) − S^p_0 =⇒_L T∫ T_0 dθ θ C^p_M (θ) − M∫ 0 dM^′ψ(M^′), ŕàĺ H T ⇒_L ψ(M) ⇐_L ( ∂H ∂T ) M , (6.21)

ŕàĺçěň: C^d_H − C^d_M = 0, C^p_H − C^p_M =⇒ (M^2/Θ) > 0, ďńï ψ(M) → (M/Θ). (6.22) Śőčńăáŋő (6.20), ŋăňăčŋĺçěŋŋőáâì áĺáâěňë áŕĺŋőć, ćŋőáï ãŕőàïďőçěŋŋőáâì ŕàĺ ŋěĺğňěŋŋőľ ćŋãâàěŋŋěľ íŋěàčĺĺ, ŕőŋĺęăěâ ěě íŋâàőŕĺî. Šőčďă łăł ãćěńĺçěŋĺě ćŋãâàěŋŋěľ íŋěàčĺĺ ďĺăňăčŋěâĺłă á ŋăňăčŋĺçěŋŋőáâìî ć (6.19) őáâăćńïěâ ěčő íŋâàőŕĺî ŕàěęŋěľ.

Řĺá. 6.1. Ŕàĺňěàŋëľ ćĺď äãŋłæĺĺ Ńăŋęěćěŋă L(y)

1.1 Ňăčŋĺâŋőě őåńăęďěŋĺě

Śćěàåŋĺğłĺå âěňŕěàăâãà ňőęŋő ďőáâĺçì ć ŕàőæěááě ăďĺăąăâĺçěáłőčő àăğňăčŋĺçĺćăŋĺï ŕăàăňăčŋěâĺłă, åăàăłâěàĺğãěňőň łőíääĺæĺěŋâőň őåńăęďěŋĺï, łőâőàëľ ć áĺńã (6.10) ĺ â.ł. ŕàĺ T → 0 ĺňěěň C^p_H ∼ T^3, àăćěŋ: ( ∂T ∂H ) S = ∂(H, T ) ∂(H, S) ∂(M, H) ∂(H, T ) = − T C^p_H ( ∂M ∂T ) H =⇒_L H C^p_H ( ∂M ∂H ) T = H C^p_H^^ χ^p_T (6.23)

=⇒_{(6.14)} HΘ C^p_HT ∼ T^{−4} > 0, â.ě. ΔT = ( ∂T ∂H ) S ΔH < 0, ŕàĺ ΔH < 0. (6.24)

Š.ě. íääěłâĺćŋőáâì íâőčő áŕőáőąă őåńăęďěŋĺï, łăğăńőáì ąë, àăáâěâ ŕàĺ T → 0.

—60— Řăááňőâàĺň ŕőďàőąŋěě íâőâ ŕàőæěáá őåńăęďěŋĺï. Cŕěàćă ŕàĺ âěňŕěàăâãàě T_1 ĺğőâěàňĺçěáłĺ ŋăňăčŋĺâĺň ŕăàăňăčŋěâĺł ďő ćěńĺçĺŋë M_1 á ŋăŕàïęěŋŋőáâìî ćŋěèŋěčő ŕőńï H_1, ğăâěň àăğňăčŋĺâĺň ěčő ć ăďĺăąăâě. Ďńï ãàăćŋěŋĺľ íâĺå ŕàőæěááőć ŋă ŕńőáłőáâĺ (M, H) ŕàĺ C_M = const ĺğ ğăłőŋă Łîàĺ (6.14): T = ΘH/M ĺ ĺğ (6.20) ĺňěěň, áőőâćěâáâćěŋŋő:

T_1 ≡ Θ

H_1 M_1 ⇐ Θ H M = T, â.ě. 0 ≤ H^> ≤ H_1 ŕàĺ 0 ≤ M ≤ M_1; (6.25)

S^p(H, M) −^~S^p_0 = C^p_M ln H M − M^2 2Θ , ĺ S^p(H, M) − S^p(H_1, M_1) = (6.26) = C^p_M ( ln H H_1

− ln M M_1 ) − M^2 − M^2_1 2Θ ⇒ 0; â.ě. H_>(M) =

T_1 Θ M, (6.27)

ă H^<(M) = H_1 M M_1 exp M^2 − M^2_1 2ΘC^p_M , H^<_>(0) = 0, H^<_>(M_1) = H_1. (6.28)

Řĺá. 6.2. Ăďĺăąăâĺçěáłőě àăğňăčŋĺçĺćăŋĺě ć ŕěàěňěŋŋëå (M, H) ĺ (M, T )

Ŕőńãçěŋŋëľ ğăňłŋãâëľ æĺłń ĺğ ĺğőâěàňë ĺ ăďĺăąăâë ňěęďã âőçłăňĺ (0, 0) ĺ (M_1, H_1) ŕàőâĺćőàěçĺâ II-ňã Ŋăçăńã âěàňőďĺŋăňĺłĺ. Őďŋăłő őŋ ńĺèì łăęěâáï ğăňłŋãâëň, ŕőáłőńìłã ŋă áăňőň ďěńě ŕàĺ M = H = 0 ć (6.25) ŕăàăňăčŋěâĺł ňőęěâ ĺňěâì ńîąãî âěňŕěàăâãàã, ĺ łăńĺąàőćłă ïłőąĺăŋă (6.10) ć íâőľ âőçłě ŋě ĺňěěâ ňěáâă. Ďěľáâćĺâěńìŋő, íâĺ ęě ãàăćŋěŋĺï ć ŕěàěňěŋŋëå (M, T ), áőčńăáŋő (6.20), ĺňěîâ ćĺď:

S^p(T, M) − S^p(T_1, M_1) = C^p_M ln T T_1 − M^2 − M^2_1 2Θ =⇒ 0, (6.29)

ĺńĺ T_> = T_1 = const, ă T^< = T_1 exp

M^2 − M^2_1 2ΘC^p_M , (6.30)

őâłãďă, ŕàĺ M = 0 : T_2 = T_1 exp − M^2_1 2ΘC^p_M < T_1. (6.31)

Š.ě. ”æĺłń” ŋă áăňőň ďěńě ŋě ğăňłŋãâ, ă ăąáőńîâŋëľ ŋãńì ŕő-ŕàěęŋěňã ŋěďőáâĺęĺň, ŕőáłőńìłã ŕàĺ T_1 > 0 őáâăěňáï á T_2 > 0 (Řĺá. 6.2).

—61—

2 Ďĺíńěłâàĺł ć íńěłâàĺçěáłőň ŕőńě

Ăŋăńőčĺçŋëľ ňăčŋěâĺłăň ŕãâì ŕàĺďěâáï ŕàőľâĺ ďńï ďĺíńěłâàĺłőć. Ŕőńŋăï íńěňěŋâăàŋăï àăąőâă áőćěàèăěâáï ĺáâőçŋĺłőň ćŋěèŋěčő ŕőńï (ă) ŕő áőğďăŋĺî áăňőčő ŕőńï E ĺ (ą) ŕő ŕőńïàĺğăæĺĺ P ŕőňěéěŋŋőčő ć ŋěčő ďĺíńěłâàĺłă. Ć áĺáâěňě Čăãááă ŕàĺ ĺğňěŋěŋĺĺ ćěłâőàă íńěłâàĺçěáłőľ ĺŋďãłæĺĺ ŋă dD ć àăáçěâě ŋă őďĺŋ ňőńì ćěéěáâćă á őąêěňőň υ ⇐ V , čďě υ = N_A V N : ( δA = P dV ) → δA = − V 4π (E · dD) =⇒ − V 4π EdD, (6.32) ďńï őďŋőàőďŋëå ŕőńěľ ĺ ĺğőâàőŕŋëå ďĺíńěłâàĺłőć á E ‖ D [2], [8]. Ğŋăł (−) ćŋőćì őğŋăçăěâ, çâő ŕàĺ dD > 0 íâă àăąőâă áőćěàèăěâáï ĺáâőçŋĺłőň ćŋěèŋěčő ŕőńï ŋăď ďĺíńěłâàĺłőň, ĺ ćŋőćì V ⇒ V/ν = υ = N_Aυ = const.

Ěáńĺ íńěłâàĺçěáłăï ĺŋďãłæĺï D = E + 4π P V ≡ E + 4πP, (6.33)

čďě P = P V – ŕőńïàĺğăæĺï ěďĺŋĺæë őąêěňă, âő (6.34) ∂P ∂E T =^^κ_T ≡^^κ(T, E) – íńěłâàĺçěáłăï ćőáŕàĺĺňçĺćőáâì ěďĺŋĺæë őąêěňă, (6.35)

ĺ ćŋőćì δA = − V 4π EdD = −d V E^2 8π − EdP ≡ δA^(ă^) + δA^(ą^), (6.36)

čďě àăąőâă δA^(ă^) ŕő áőğďăŋĺî ćŋěèŋěčő ŕőńï E (ć ŕàĺáãâáâćĺĺ ďĺíńěłâàĺłă) áŋőćă ŋě ĺňěěâ ŋěŕőáàěďáâćěŋŋőčő őâŋőèěŋĺï ł âěàňőďĺŋăňĺçěáłĺň áćőľáâćăň ďĺíńěłâàĺłă ĺ ěáâěáâćěŋŋő ćëďěńïěâáï ć ćĺďě ŕőńŋőčő ďĺääěàěŋæĺăńă^5 ŕàĺ ŕőďáâăŋőćłě íńěłâàĺçěáłőľ ĺŋďłãæĺĺ (6.33) ć (6.32). Ĺáłńîçăï íâã àăąőâã ĺğ ąăńăŋáă ćŋãâàěŋŋěľ íŋěàčĺĺ, ćŋőćì ŋăåőďĺň,

çâő ďńï äãŋłæĺĺ U^∗ = U − V E^2 8π ăŋăńőčĺçŋő ŕàěďëďãéěňã: (6.37) P V ↓ ↓ −E P ĺŋâ. ăďď. =⇒ dU = T dS − P dV ↓ dU^∗ = T dS + EdP =⇒ ∂(T, S) ∂(P, V ) = 1, ↓ ∂(T, S) ∂(E, P) = −1, (6.38)

ŋő âěŕěàì ãáńőćĺě ( ∂V ∂P ) T < 0, −→ ( ∂P ∂E ) T > 0, â.ě.^^κ_T > 0, (6.39)

ćëŕőńŋïěâáï ďńï ćáěå ďĺíńěłâàĺłőć, ŕőáłőńìłã ĺňěŋŋő ćěłâőà E âěŕěàì

5Ć ŕàěŋěąàěęěŋĺĺ őąêěňŋőľ íńěłâàőáâàĺłæĺěľ ĺ ŕìěğőíńěłâàĺçěáłĺň íääěłâőň V = const.

—62— ïćńïěâáï ĺáâĺŋŋőľ ňĂłàőáłőŕĺçěáłĺ ãáàěďŋěŋŋőľ ŋăŕàïęěŋŋőáâìî íńěłâàĺçěáłőčő ňĹłàőŕőńï^6 ĺ őŕàěďěńïěâ áĺńã Ńőàěŋæă ŕàĺ B = 0, ă ĺŋďãłæĺï D ěáâì ćáŕőňőčăâěńìŋăï ćěńĺçĺŋă. Őďŋăłő äőàňăńìŋő ććěďěŋŋăï äãŋłæĺï U^∗ (6.37) ćŋőćì ŋě ïćńïěâáï ćŋãâàěŋŋěľ íŋěàčĺěľ ďĺíńěłâàĺłă ğă ćëçěâőň íŋěàčĺĺ ŕőńï ć ćăłããňě, â.ł. V E^2/(8π) ŋě ěáâì çĺáâő ćăłããňŋăï íŋěàčĺï, ŕőáłőńìłã ŋăŕàïęěŋŋőáâì íâőčő ćŋěèŋěčő ŕőńï E ŕőńãçěŋă ĺğ àěèěŋĺï ãàăćŋěŋĺľ Ňăłáćěńńă âăłęě á ãçěâőň ãáńőćĺľ ŋă čàăŋĺæě ďĺíńěłâàĺłă: E^{in}_‖ = E^{out}_‖ , D^{in}_⊥ ⇒ D^{out}_⊥ ĺ ãęě ĺğňěŋěŋă ěčő ŕàĺáãâáâćĺěň.

Řĺá. 6.3. Ł ãàăćŋěŋĺî áőáâőïŋĺï ďĺíńěłâàĺłőć. İääěłâĺćŋőě “áąńĺęěŋĺě” ŕńăáâĺŋ.

Şàăćŋěŋĺï áőáâőïŋĺï őŕàěďěńĺň ćŋőćì ĺğ àăááňőâàěŋĺï íńěňěŋâăàŋëå ňőńěłãńïàŋëå ňőďěńěľ ďĺíńěłâàĺłőć, âăłęě ŕàĺŋïć: V = 1, P −→ P. Ş ŋěŕőńïàŋëå ďĺíńěłâàĺłőć ăâőňë (ňőńěłãńë) ćőćáě ŋě őąńăďăîâ ďĺŕőńìŋëň ňőňěŋâőň ć őâáãâáâćĺě ćŋěèŋěčő ŕőńï ŕőńïàĺğãïáì ńĺèì ć ŕàőæěááě ěčő ćłńîçěŋĺï. Ĺŋďãæĺàőćăŋŋëě ďěäőàňăæĺěľ ĺå ğăàïďőćőčő àăáŕàěďěńěŋĺï ďĺŕőńìŋëě ňőňěŋâë (Řĺá. 6.3) áőğďăîâ ć (6.39) ŕőńïàĺğăæĺî, ŕăàăńńěńìŋãî ĺáåőďŋőňã ŕőńî. Š.ě. ć ŋĺğèěň ńĺŋěľŋőň ŕàĺąńĺęěŋĺĺ: P = κ^{np}_T E, čďě κ^{np}_T ≈ const > 0, ŋě ğăćĺáïéăï őâ âěňŕěàăâãàë, â.ł. âěŕńőćőě ďćĺęěŋĺě ăâőňőć ŕőçâĺ ŋě ćńĺïěâ ŋă ĺå ğăàïďőćãî ďěäőàňăæĺî. Ŕőńïàŋëě ďĺíńěłâàĺłĺ, ŋăŕàőâĺć, áőáâőïâ ĺğ ňŋőęěáâćă čőâőćëå ňőńěłãńïàŋëå íńěłâàĺçěáłĺå ďĺŕőńìŋëå ňőňěŋâőć, åăőâĺçěáłĺ őàĺěŋâĺàőćăŋŋëå ğă áçěâ âěŕńőćőčő ďćĺęěŋĺï ć őâáãâáâćĺě ćŋěèŋěčő ŕőńï. Őŋĺ ŕőńïàĺğãîâáï ć ŕàĺáãâáâćĺĺ ćŋěèŋěčő ŕőńï á P ‖ E ńĺèì ğă áçěâ ćëáâàăĺćăŋĺï íńěňěŋâăàŋëå ďĺŕőńěľ ćďőńì ŕőńï. Ŕőâőňã ĺå âěőàĺï ďőáńőćŋő ŕőćâőàïěâ âěőàĺî ŕăàăňăčŋěâĺłőć á ăŋăńőčĺçŋëňĺ ãàăćŋěŋĺïňĺ áőáâőïŋĺï ĺďěăńìŋőčő ďĺíńěłâàĺłă ŕàĺ U^∗ =⇒_L U^∗(T ), E = T ψ(P), ĺ á âěňĺ ęě áćőľáâćăňĺ (6.13) äãŋłæĺĺ Ńăŋęěćěŋă L(y): P P_0 = L ( P_0E RT ) , čďě âěŕěàì y =

P_0E RT ⇒ P_0E k_B nT ≥ 0, N_A V ⇒ n, (6.40) ĺ, ŕàĺ y ≪ 1: P ≈ κpT E, κpT =⇒ L ~Θ T ,^~Θ = L^′(0)

P^2_0 R ⇒VL^′(0) P^2_0 k_B n , (6.41)

6Š.ě. ć (6.36), (6.37), ć őâńĺçĺě őâ (6.8), (6.9), ćëçĺâăâáï äĺğĺçěáłĺ ŋăąńîďăěňăï ćěńĺçĺŋă

—63— ă P_0 – ňăłáĺňăńìŋăï ŕőńïàĺğăæĺï ŋăáëéěŋĺï, łőčďă ćáě ďĺŕőńĺ ãęě ćëáâàőěŋë ćďőńì ŕőńï (Řĺá. 6.1), (Řĺá. 6.3). Šăł çâő ďńï őąőĺå âĺŕőć ďĺíńěłâàĺłőć ć áńăąëå ŕőńïå ćŋőćì ĺňěěň ãŋĺćěàáăńìŋëě ãàăćŋěŋĺï áőáâőïŋĺï á áőőâćěâáâćãîéěľ íńěłâàĺçěáłőľ ćőáŕàĺĺňçĺćőáâìî^^κ(T, E) ⇒ κ_T , ĺńĺ ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâìî ϵ(T ) = 1 + 4πκ_T :

P = κ_T E, P = κ_T E, ĺńĺ: D = ϵ(T )E. (6.42)

Ŋăłőŋěæ, ďńï ďĺääěàěŋæĺăńőć íŋâàőŕĺĺ ĺ ćŋãâàěŋŋěľ íŋěàčĺĺ ĺ ďńï àăğŋőáâĺ âěŕńőěňłőáâěľ ăŋăńőčĺçŋő (6.15) – (6.18) ďńï őąéěčő áńãçăï ć (6.38) ŋăåőďĺň: dS(T, P) ≡ ( ∂S ∂T ) P dT + ( ∂S ∂P ) T dP = C_P T dT − ( ∂E ∂T ) P dP, őâłãďă (6.43) dU^∗(T, P) ≡ ( ∂U^∗ ∂T ) P dT + ( ∂U^∗ ∂P ) T dP = C_P dT + ( E − T ( ∂E ∂T ) P ) dP, ĺ (6.44) C_E − C_P = −T ( ∂E ∂T ) P ( ∂P ∂T ) E ≡ T ( ∂E ∂P ) T ( ∂P ∂T )_2 E ≡ T ( ∂E ∂T )_2 P ( ∂P ∂E ) T ĺńĺ⇐⇒ L (6.45) = E^2 T ( ∂P ∂E ) T ĺńĺ⇐⇒E_2 (κ^′T )^2 κ_T T – ďńï áńăąëå E ⇒ P κ_T ŕàĺ dS ⇒ C_P T dT + κ^′_T κ^2_T PdP, (6.46) čďě ďńï ŋěŕőńïàŋëå ďĺíńěłâàĺłőć (κ^{(np)}_T )^′ = 0, ă ŕőâőňã ăŋăńőčĺçŋő (6.19)–(6.22):

S^{np}(T, P) − S^{np}_0 = C^{np}_P ln T T_0

, U^{∗(np)}(T, P) − U^{∗(np)}_0 = C^{np}_P (T − T_0) +

P^2 2κ^{np}_T , (6.47)

S^p(T, P) − S^p_0 =⇒_L C^p_P ln T T_0 − P^2 2 ~Θ

, U^{∗(p)}(T, P) − U^{∗(p)}_0 =⇒_L C^p_P (T − T_0), (6.48)

ŕàĺçěň C^{np}_E − C^{np}_P = 0, C^p_E − C^p_P =⇒

P^2 ~Θ > 0, E T ⇒_L ψ(P) ⇐_L ( ∂E ∂T ) P . (6.49)

Ćőğćàăâ ł V ≠ 1 – ğăňěŋă: P ⇒ V P, P_0 ⇒ V P_0, κ_T ⇒ V κ_T , ~Θ ⇒ V Θ (6.41), R = k_B N_A.

3 Šěàňőďĺŋăňĺłă áćěàåŕàőćőďŋĺłőć

Ŕěàěåőď ňěâăńńă ĺğ ŋőàňăńìŋőčő áőáâőïŋĺï (n) ć áćěàåŕàőćőďïéěě áőáâőïŋĺě (s) áőŕàőćőęďăěâáï ĺğňěŋěŋĺěň ĺ ěčő çĺáâő ňăčŋĺâŋëå áćőľáâć. Őłăğëćăěâáï, çâő ŕàĺ ŋăńĺçĺĺ ćŋěèŋěčő ŕőńï íâőâ ŕěàěåőď ïćńïěâáï äăğőćëň ŕěàěåőďőň 1-čő àőďă, ă ć őâáãâáâćĺĺ ŕőńï – ŕěàěåőďőň 2-čő àőďă.

Ţőâï áăň íńěłâàĺçěáłĺľ âőł ć ŕàőćőďŋĺłě ĺ áőŕàőâĺćńěŋĺě ěňã ğă áçěâ àăááěïŋĺï íńěłâàőŋőć ŋă ăâőňăå àěèěâłĺ ŕàěďáâăćńïîâ áőąőľ ŋěàăćŋőćěáŋëě ŕàőæěááë ĺ ïćńïîâáï ŕàěďňěâőň ŋě âěàňőďĺŋăňĺłĺ, ă łĺŋěâĺłĺ, ć àăğńĺçŋëå äăğăå ĺňěîâ àăğŋëě ğŋăçěŋĺï ĺ çĺáâő âěàňőďĺŋăňĺçěáłĺě

—64— ćěńĺçĺŋë, áćïğăŋŋëě á âěàňőďĺŋăňĺçěáłĺňĺ ŕőâěŋæĺăńăňĺ. Ĺå ĺğãçěŋĺě áãéěáâćěŋŋő ãŕàőéăěâáï âěň íłáŕěàĺňěŋâăńìŋëň äăłâőň, çâő ĺáâĺŋŋăï (ňĂłàőáłőŕĺçěáłĺ) ãáàěďŋěŋŋăï ŋăŕàïęěŋŋőáâì ňăčŋĺâŋőčő ňĹłàőŕőńï – ěčő ĺŋďãłæĺï (6.4) – ĺáçěğăěâ ćŋãâàĺ áćěàåŕàőćőďïéěčő ňăčŋěâĺłă (íääěłâ Ňěľáŋěàă), â.ě. ĺňěěň ďěńő á ăąáőńîâŋëň ďĺăňăčŋěâĺłőň (6.7): B = H + 4πM =⇒ 0, M_s =⇒ − 1 4π H = χ^d_T H, χ^d_T = − 1 4π . (6.50)

Ŕěàěåőďï ł ăąáőńîâŋëň ćěńĺçĺŋăň ŕőńěľ, ďńï ŕőńŋőľ ćŋãâàěŋŋěľ íŋěàčĺĺ (6.10) ĺ ŕőńŋőčő ŕőâěŋæĺăńă Čĺąąáă, N = const ňőńěľ (çăáâĺæ) áćěàåŕàőćőďïéěčő ňăčŋěâĺłă őąêěňőň V ĺňěěň (ŕàěőąàăğãï ŕő âàěň ŕăàăň): dU^∗(S, V, M, N) = T dS − P dV + HdM, M = V M, (6.51) Φ^∗ = U^∗ − T S + P V − HM = Nμ(T, P, H), ĺ ďńï őąěĺå äăğ: (6.52) (dΦ^∗)_N = −SdT + V dP − V MdH =⇒ Ndμ, őâłãďă, áà. Č-Ď (4.36): (6.53) dμ = −sdT + υdP − υMdH, čďě s_{s,n} = S_{s,n} N , υ_{s,n} = V_{s,n} N (6.54)

– ãďěńìŋëě (ňőńïàŋëě) íŋâàőŕĺï ĺ őąêěň (4.37) ďńï áőőâćěâáâćãîéĺå äăğ. Ć ŕàěŋěąàěęěŋĺĺ ňăčŋĺâőáâàĺłæĺěľ ĺ ňăčŋĺâőãŕàãčĺň íääěłâőň υ_s ŋě ğăćĺáĺâ őâ ćŋěèŋěčő ŕőńï H ĺ (6.50) ćňěáâě á M_s ≫ M_n → 0 ďăěâ: dμ_s = −s_sdT + υ_sdP + d υ_sH^2 8π , ŕàĺ dμ_n = −s_ndT + υ_ndP, (6.55) â.ě. μ_s(T, P, H) = μ_s(T, P, 0) + υ_sH^2 8π , ŋő μ_n(T, P, H) = μ_n(T, P, 0), (6.56)

â.ł. åĺňŕőâěŋæĺăń ŋőàňăńìŋőľ äăğë ňőęŋő áçĺâăâì ć âőęě ćàěňï ćőćáě ŋěğăćĺáïéĺň őâ ŕőńï. Šőčďă ŕőáłőńìłã ŕàĺ T, P, N = const àăćŋőćěáĺî őâćěçăěâ ňĺŋĺňãň åĺňŕőâěŋæĺăńă ĺ ŕàĺ ďőáâăâőçŋő áĺńìŋőň ŕőńě ŋěĺğąěęŋő μ_s(T, P, H) > μ_n(T, P, 0), âő s – áőáâőïŋĺě áâăŋőćĺâáï âěàňőďĺŋăňĺçěáłĺ ŋěćëčőďŋëň ĺ áćěàåŕàőćőďĺňőáâì àăğàãèăěâáï ŕàĺ ŋěłőâőàőň łàĺâĺçěáłőň ďńï ďăŋŋőľ âěňŕěàăâãàë T ğŋăçěŋĺĺ ŕőńï H_c(T ), ă ŕàĺ H > H_c(0) = H_{cr}, – áâăŋőćĺâáï ćőćáě ŋěćőğňőęŋőľ. Śńěďőćăâěńìŋő, ŋă ŕńőáłőáâĺ (T, H) łàĺćăï ŕěàěåőďă H_c(T ) ĺňěěâ ćĺď ãąëćăîéěľ äãŋłæĺĺ T , ãďőćńěâćőàïîéěľ ãàăćŋěŋĺî äăğőćőčő àăćŋőćěáĺï (4.33) (Řĺá. 6.4):

μ_s(T, P, H) =_μ μ_n(T, P, 0), −→ H = H_c(T, P )|_{P = const} ≡ H_c(T ), (6.57) H_{cr} = H_c(0) > H_c(T ) > H_c(T_{cr}) = 0, T_{cr} = T_c(0) > T_c(H) > T_c(H_{cr}) = 0,

−→ (Řĺá. 6.4). (6.58)

Řĺá. 6.4. Ťăğőćëľ ŕěàěåőď ć ňăčŋĺâŋőň ŕőńě ĺğ áćěàåŕàőćőďïéěľ äăğë s ć ŋőàňăńìŋãî n

Ŕàőďĺääěàěŋæĺàãěň ãàăćŋěŋĺï (6.57), (6.56) ŕő ŋěğăćĺáĺňëň ŕěàěňěŋŋëň T ĺ P ćďőńì łàĺćőľ ŕěàěåőďă H = H_c(T ), dμ_s = dμ_n. Ŕàěŋěąàěčăï ğăćĺáĺňőáâìî υ_s őâ T ĺ P á ãçěâőň (6.55) ć áňëáńě (4.37), ĺňěěň ŕő T : ( dμ_s dT ) μ_s=μ_n def== ( dμ_s dT ) μ ≡ d dT μ_s(T, P, H_c(T )) = (ŕàĺ ńîąőň P , áà. (4.41))(6.59) = ( ∂μ_s ∂T ) P,H + ( ∂μ_s ∂H ) T,P ∂H_c(T ) ∂T P = ( dμ_n dT ) μ =⇒ (∂μ_n ∂T ) P,H=0 , (6.60)

â.ě. − ( ∂μ_s ∂T ) P,H + ( ∂μ_n ∂T ) P,H ≡ s_s − s_n =_μ υ_sH_c(T ) 4π ∂H_c(T ) ∂T P ; (6.61)

ĺ ŕő P : ( ∂μ_s ∂P ) T,H − ( ∂μ_n ∂P ) T,H ≡ υ_s − υ_n =_μ − υ_sH_c(T ) 4π ∂H_c(T ) ∂P T . (6.62)

Ŕàĺ H ≠ 0 ŕěàěåőď áőŕàőćőęďăěâáï áłăçłőň ňőńïàŋőľ íŋâàőŕĺĺ ĺ őąêěňă, â.ě. ïćńïěâáï äăğőćëň ŕěàěåőďőň 1-čő àőďă á ňőńïàŋőľ âěŕńőâőľ ŕěàěåőďă:

λ = T (s_s − s_n) = T υ_sH_c(T ) 4π ∂H_c(T ) ∂T P < 0, (H = Hc, (Řĺá. 6.4)), (6.63)

â.ě. âěŕńő ćëďěńïěâáï ŕàĺ ŕěàěåőďě ĺğ n → s ĺ ŕőčńőéăěâáï ŕàĺ őąàăâŋőň ŕěàěåőďě ĺğ s → n, ć áőőâćěáâćĺĺ á àăğãŕőàïďőçěŋŋőáâìî n – äăğë. Řăğďěńĺć ďàãč ŋă ďàãčă ãàăćŋěŋĺï (6.61), (6.62), á ãçěâőň áćïğěľ (2.13), (1.11), ŕàĺďěň, ěáâěáâćěŋŋő, ł ãàăćŋěŋĺî Łńăŕěľàőŋă-Łńăãğĺãáă (4.38): s_s − s_n υ_s − υ_n = − (∂H_c/∂T )_P (∂H_c/∂P )_T = ∂(H_c, P )∂(P, T ) ∂(P, T )∂(H_c, T ) ⇒ (dP dT ) μ = λ T (υ_s − υ_n)

. (6.64)

Ŕàĺ H = H_c = 0 ŕěàěåőď ć (6.61), (6.62) ĺďěâ ŕàĺ ŋěĺğňěŋŋëå ğŋăçěŋĺïå

—66— íŋâàőŕĺĺ ĺ őąêěňă, â.ě. ïćńïěâáï äăğőćëň ŕěàěåőďőň 2-čő àőďă. Ďĺääěàěŋæĺàãï íâĺ ãàăćŋěŋĺï ŕő T ĺ ŕő P , ŋăľďěň áőőâćěâáâćěŋŋő áłăçłĺ âěŕńőěňłőáâĺ (äőàňãńă Řãâčěàáă) ĺ áęĺňăěňőáâĺ, â.ě. ΔX = X_s − X_n:

ΔC_P = T [( ∂s_s ∂T ) P − (∂s_n ∂T ) P ] H_c=0 = T υ_s 4π ∂H_c(T ) ∂T 2

P > 0, (6.65)

ΔK_T = − 1 υ_s [( ∂υ_s ∂P ) T − ( ∂υ_n ∂P ) T ] H_c=0 = 1 4π ∂H_c(T ) ∂P 2

T > 0, (6.66)

ĺ ĺğ (6.64) ĺňěěň ãà-ŋĺě İàěŋäěáâă: ( dP dT )2 μ = ΔC_P T υ_sΔK_T , (υ_s = υ_n). (6.67)

Ĺ âěŕńőěňłőáâì, ĺ áęĺňăěňőáâì ć áćěàåŕàőćőďïéěľ äăğě őłăğëćăîâáï ąőńìèě, çěň ć ŋőàňăńìŋőľ äăğě. ([1], [2], [4], [5]).

Ğăďăçĺ 6.1. Ŋăľâĺ ňăčŋĺâŋãî ćőáŕàĺĺňçĺćőáâì χ_T ŕăàăňăčŋěâĺłă M = χ_T H, ěáńĺ ěčő âěŕńőěňłőáâì C_M ŋě ğăćĺáĺâ őâ ŋăňăčŋĺçěŋŋőáâĺ M. 6.2. Ďĺíńěłâàĺł á íńěłâàĺçěáłőľ ćőáŕàĺĺňçĺćőáâìî κ_T ćďćĺŋãâ ć ŕńőáłĺľ łőŋďěŋáăâőà á íńěłâàĺçěáłĺň ŕőńěň E ďő őąêěňă V = abx. Ďńï ŋěŕőńïàŋőčő κ_T = const ĺ ŕőńïàŋőčő κ_T =^~Θ/T ďĺíńěłâàĺłă ŋăľâĺ: (a) Φ^∗(T, E), S(T, E) ć íâőň ŕőńě; (b) âěŕńő ΔQ_T , ćëďěńĺćèěěáï (?) ć ďĺíńěłâàĺłě ŕàĺ ĺğőâěàňĺçěáłőň ćőğàăáâăŋĺĺ ŕőńï őâ 0 ďő E; (c) áĺńã f_x á łőâőàőľ ďĺíńěłâàĺł ćâïčĺćăěâáï (?) ć łőŋďěŋáăâőà; ďńï ńăŋęěćěŋőáłőčő ďĺíńěłâàĺłă ŋăľâĺ (d) ŕńőâŋőáâì ćŋãâàěŋŋěľ íŋěàčĺĺ u^∗(T, E). 6.3. Ŋăľâĺ ňăńőě őâŋőáĺâěńìŋőě ĺğňěŋěŋĺě 1 ≫ |v_H − v_0|/v_0 áłőàőáâĺ ğćãłă v_0 ŕàĺ ŋăńőęěŋĺĺ áńăąőčő ňăčŋĺâŋőčő ŕőńï H ďńï ĺďěăńìŋőčő: P = (ϱ/μ)RT , ďĺă- ĺ ŕăàă- ňăčŋĺâŋőčő čăğőć: M = χ_T H, χ_T = χ^{d,p}_T . 6.4. Ňăčŋěâĺł őąêěňőň V ć áńăąőň ňăčŋĺâŋőň ŕőńě H ŕőď ćŋěèŋĺň ďăćńěŋĺěň P ĺňěěâ ŋăňăčŋĺçěŋŋőáâì ěďĺŋĺæë őąêěňă M = χ(T )H ĺ ŕőńŋëľ ňăčŋĺâŋëľ ňőňěŋâ M = MV . Ŋăľâĺ áćïğì ăďĺăąăâĺçěáłőľ őąêěňŋőľ ňăčŋĺâőáâàĺłæĺĺ (∂V/∂H)_{P,S} á ăďĺăąăâĺçěáłĺň ňăčŋĺâőãŕàãčĺň (ŕàĺ H = 0 ŕìěğőňăčŋĺâŋëň) íääěłâőň (∂M/∂P )_{H,S}. Ŕőńăčăï ěčő áęĺňăěňőáâì K_S = const, ćëàăğĺâì ΔV/V ≪ 1 çěàěğ H. Řěèĺâì íâã ğăďăçã ďńï ĺğőâěàňĺçěáłĺå (∂V/∂H)_{P,T} ĺ (∂M/∂P )_{H,T} , ĺ K_T (áň. (6.53)). Ŋăľâĺ ğăćĺáĺňőáâì K_S (H), ěáńĺ ŋăńőęěŋĺě ćŋěèŋěčő ŕőńï H ŋě ňěŋïěâ âěàňĺçěáłőě ãàăćŋěŋĺï áőáâőïŋĺï P = P (T, V, N), łăł ć ğăď. 6.3. 6.5. Ćëàăğĺâì âěŕńőěňłőáâì C_H ńăŋęěćěŋőćáłőčő ŕăàăňăčŋěâĺłă ć ŕőáâőïŋŋőň ćŋěèŋěň ŕőńě H çěàěğ ěčő ćőáŕàĺĺňçĺćőáâì χ_T .

—67— 6.6. Śőčńăáŋő [8] §§6,7,10,11, ćő II-ň Ŋăçăńě ćëàăğĺâì íńěňěŋâ àăąőâë (6.32) δA = −V EdD/(4π) íńěłâàĺçěáłőčő ŕőńï E á ĺŋďãłæĺěľ D = ε(T )E ďńï ŕńőáłőčő łőŋďěŋáăâőàă őąêěňőň V = aΣ, ěňłőáâìî Ω(T ) = Ω_0ε(T ), Ω_0 = Σ/(4πa), ć âěàňĺŋăå ěčő àăğŋőáâĺ ŕőâěŋæĺăńőć ϕ = Ea, ĺ ğăàïďă q = Ω(T )ϕ, ć ćĺďě dU = T dS − δA(ϕ, q). Ŋăľâĺ: ĺğňěŋěŋĺě íŋâàőŕĺĺ ĺ âěŕńő ćëďěńĺćèěěáï (?) ŕàĺ ěčő ĺğőâěàňĺçěáłőľ ğăàïďłě ďő q(ϕ) (áà. á ğăď. 6.2.), ĺ áàăćŋĺâì âěŕńőěňłőáâĺ: C_ϕ c C_E, ă C_q c C_D ĺ C_P . 6.7. Ćëćěáâĺ čàăŋĺçŋëě ãáńőćĺï ďńï B, H ĺ E, D ĺğ ãàăćŋěŋĺľ Ňăłáćěńńă: (∇·B) = 0, (∇×H) = (4π/c)J(x) ĺ (∇×E) = 0, (∇·D) = 4πϱ(x).

Ŕãáâì C- æĺńĺŋďà ćëáőâë h ćďőńì ěďĺŋĺçŋőľ ćŋěèŋěľ ŋőàňăńĺ n_Σ ł čńăďłőľ ŕőćěàåŋőáâĺ Σ ňăčŋěâĺłă (ďĺíńěłâàĺłă) á őáŋőćăŋĺïňĺ ŕńőéăďĺ dΣ ŕőď ĺ ŋăď Σ, ă V_C, S_C - ěčő őąêěň ĺ ŕńőéăďì ŕőćěàåŋőáâĺ. Ŕãáâì L- ŕàïňőãčőńìŋëľ ğăňłŋãâëľ łőŋâãà ćëáőâë h ć ńîąőľ ŕńőáłőáâĺ, áőďěàęăéěľ n_Σ, â.ě. ⊥ Σ, çìĺ áâőàőŋë ďńĺŋë ℓ ńěęăâ ‖ Σ ŕőď ĺ ŋăď Σ, čďě ćěàåŋïï ŕàőåőďĺâáï ćďőńì ěďĺŋĺçŋőčő ćěłâőàă ν. Ŕãáâì k- ŕőńőęĺâěńìŋő őàĺěŋâĺàőćăŋŋăï ěďĺŋĺçŋăï ŋőàňăńì ł ŕńőáłőáâĺ łőŋâãàă L, S_L = ℓh- őčàăčĺçěŋŋăï ĺň ŕńőéăďì ŕàĺ (k · n_Σ) = 0, (k × n_Σ) = ν: dS_C =⇒_{h→0} ±n_ΣdΣ, dx_L =⇒_{h→0} ±νdℓ, dS_L = kdS_L, dS_L = dℓdh, d^3x = dΣdh. Šőčďă, ĺğ 4-å ãàăćŋěŋĺľ Ňăłáćěńńă, ďńï ŕőńŋőčő âőłă áłćőğì íâőâ łőŋâãà I_L á ěčő őąêěňŋőľ ŕńőâŋőáâìî J(x) ĺ ŕőćěàåŋőáâŋőľ ŕńőâŋőáâìî j_Σ, – ć áńãçăě ňăčŋěâĺłă, ĺńĺ ŕőćěàåŋőáâŋőľ ŕńőâŋőáâìî ğăàïďă σ ŋă íńěňěŋâě ŕőćěàåŋőáâĺ dΣ, – ć áńãçăě ďĺíńěłâàĺłă, á ãçěâőň âěőàěň Čăãááă ĺ Śâőłáă, ĺňěěň áőőâćěâáâćěŋŋő 4-àě čàăŋĺçŋëå ãáńőćĺï (Řĺá.6.5, 6.6): 0 = ∫ V_C d^3x (∇·B(x)) = ∮ S_C (dS_C · B(x)) =⇒_{h→0}^(n_Σ ·(B^{out} − B^{in})^) dΣ, (6.68) ∫ S_L (dS_L ·(∇×H(x))) = ∮ L (dx_L ·H(x)) = 4π c I_L ≡ 4π c ∫ S_L (dS_L ·J(x)) =⇒_{h→0} =⇒_{h→0} ℓ^(k·^(n_Σ ×(H^{out} − H^{in})^{))} = ℓ^(ν ·(H^{out} − H^{in})^) = 4π c ℓ (k·j_Σ) , (6.69) 0 = ∫ S_L (dS_L ·(∇×E(x))) = ∮ L (dx_L ·E(x)) =⇒_{h→0} ℓ^(ν ·(E^{out} − E^{in})^) , (6.70) ∮ S_C (dS_C ·D(x)) = ∫ V_C d^3x (∇·D(x)) = 4π ∫ V_C d^3xϱ(x) ≡ 4π ∫ dΣ dΣσ(x) =⇒_{h→0} (6.71)

=⇒_{h→0}^(n_Σ ·(D^{out} − D^{in})^)dΣ = 4πσdΣ, čďě: σ = ∫ dhϱ(x), j_Σ = ∫ dhJ(x).(6.72) Ŕàĺ j_Σ = 0 ĺ σ = 0 őŋĺ ãŕàőéăîâáï ł ćëèěŕàĺćěďěŋŋëň, čďě h- âőńéĺŋă “ŕěàěåőďŋőčő áńőï”, (n_Σ ·B) = B_⊥, (ν ·E) = E_‖, ĺ â.ď. (Řĺá.6.5, 6.6):

Řĺá. 6.5. Čàăŋĺçŋëě ãáńőćĺï ďńï B(x) ĺ D(x) ĺğ âěőàěňë Čăãááă

Řĺá. 6.6. Čàăŋĺçŋëě ãáńőćĺï ďńï H(x) ĺ E(x) ĺğ âěőàěňë Śâőłáă

6.8. Ć àěèěŋĺĺ ğăď. 2.11 åĺňŕőâěŋæĺăń âàěąãěâ ãçěáâì ğăćĺáĺňőáâì őâ çĺáńă çăáâĺæ N. Š.ě.: P V = λU(T, V, N), ă P = λu, čďě: V = Nυ, U = V u(T, υ) = Nε(T, υ), C_{V,N} = NC_υ, S = V σ(T, υ) = Ns(T, υ). Ŕőáłőńìłã P = P (T, υ), μ = μ(T, P ) = μ(T, υ) ⇒ (λ + 1)ε − T s âăłęě ĺŋâěŋáĺćŋëě ćěńĺçĺŋë, âő ãňŋőęăï ŋă V/λ ĺńĺ ŋă υ/λ őďŋő ĺ âő ęě ãàăćŋěŋĺě (2.17) ĺ ŕěàěåőďï áőőâćěâáâćěŋŋő ł ŕěàěňěŋŋëň T ĺ ξ = V^{−λ} ĺńĺ T ĺ ς = υ^{−λ} = N^λξ, ( ∂U ∂V ) T,N = T ( ∂P ∂T ) V,N − P ≡ T ( ∂P ∂T ) υ − P = ( ∂ε ∂υ ) T , ŕőńãçĺň ãàăćŋěŋĺï (6.73)

İľńěàă: U(T, ξ) = ( T ∂ ∂T + ξ ∂ ∂ξ ) U(T, ξ), ĺ ε(T, ς) = ( T ∂ ∂T + ς ∂ ∂ς ) ε(T, ς), â.ě. (6.74) U(ηT, ηξ) = ηU(T, ξ), âő ęě á ε(T, ς). Ŕàĺ z = T ξ = T V^λ, q = T ς = T υ^λ = z N^λ : (6.75) U = T f(z) z = ξf(z) ≡ V^{−λ}f(T V^λ), ĺ ∀ w(q) : P = λ V^{λ+1} f(T V^λ) = λ υ^{λ+1} w(T υ^λ), (6.76)

f(z; N) = N^{λ+1}w ( z N^λ ) , P υ = λε(T, υ) = λT w(q) q , C_{V,N} = f^′(z), C_υ = w^′(q). (6.77)

Ĺğ (2.15), (3.40), á ãçěâőň (2.22), (3.51), ŋăåőďĺň íŋâàőŕĺî, γ ĺ åĺňŕőâěŋæĺăń: dS | | | |_N = C^{V,N} dT T + ( ∂P ∂T ) V,N dV = f^′(z) dT T + f^′(z)λ dV V = f^′(z) dz z = dS(z) | | | |_N, â.ě. (6.78) S(z) | | | |_N = z∫ [0] dζ f^′(ζ) ζ , čďě [0] → ζ_0; ĺ ăŋăńőčĺçŋő s(q) = q∫ [0] dy w^′(y) y , čďě [0] → y_0; (6.79)

γ = C_{P,N} C_{V,N} = C_P C_υ , 1 γ − 1 = ( 1 + 1 λ ) U(T, V ) C_{V,N} T − 1 = ( 1 + 1 λ ) d ln q d ln w(q) − 1, (6.80) μ(T, υ) T = (λ + 1) w(q) q − q∫ [0] dy w^′(y) y =⇒ λ=const ϕ(q), w(q) q = q^{1/λ} A_0 + q∫ [0] dy ϕ^′(y) λ y^{1/λ} . (6.81)

Ĺ ŕàĺ υ = V N ãęě: dS = NC_υ dT T + ( ∂P ∂T ) υ dV − ( ∂μ ∂T ) υ dN =⇒ d(Ns(q)). (6.82)

—69—

Ńĺâěàăâãàă

[1] Ąăğăàőć Ĺ. Ŕ. Šěàňőďĺŋăňĺłă. Ň.: Ćëáèăï èłőńă, 1983 (1976). [2] Řãňěà đ. Ą., Řëćłĺŋ Ň. Ÿ. Šěàňőďĺŋăňĺłă, áâăâĺáâĺçěáłăï äĺğĺłă ĺ łĺŋěâĺłă.

Ň.: Ŋăãłă, 1977.

[3] Łćăáŋĺłőć Ĺ. Ă. Ňőńěłãńïàŋăï äĺğĺłă. Ň.: ŞŘŚŚ, 1998.

[4] Łćăáŋĺłőć Ĺ. Ă. Šěőàĺï àăćŋőćěáŋëå áĺáâěň: Šěàňőďĺŋăňĺłă. Ň. ŞŘŚŚ, 2002. [5] Łãąő Ř. Šěàňőďĺŋăňĺłă. Ň.: Ňĺà, 1970.

[6] Ńěőŋâőćĺç Ň. Ă. Ććěďěŋĺě ć âěàňőďĺŋăňĺłã. Ň.: Ŋăãłă, 1983. [7] Ńăŋďăã Ń. Ď., Ńĺäèĺæ Ě. Ň. Šěőàěâĺçěáłăï äĺğĺłă, Š.V, Śâăâĺáâĺçěáłăï äĺğĺłă.

Ůăáâì 1. M.: Ŋăãłă, 1976.

[8] Ńăŋďăã Ń. Ď., Ńĺäèĺæ Ě. Ň. Šěőàěâĺçěáłăï äĺğĺłă, Š.VIII, İńěłâàőďĺŋăňĺłă áŕńőèŋëå áàěď. M.: Ŋăãłă, 1992.

[9] Řăğćĺâĺě áőćàěňěŋŋőľ äĺğĺłĺ. Śąőàŋĺł. Ň.: Ŋăãłă, 1964. [10] Ťěàňĺ İ. Šěàňőďĺŋăňĺłă. Ň.: Ĺğď-ćő ĹŃ, 1954.

[11] Čàěçłő Ń. Č. ĺ ďà. Śąőàŋĺł ğăďăç ŕő âěőàěâĺçěáłőľ äĺğĺłě. Ň.: Ćëáèăï èłőńă, 1972.

[12] Ńăŋďáąěàč Ŕ. ĺ ďà. Ğăďăçĺ ŕő âěàňőďĺŋăňĺłě ĺ áâăâĺáâĺçěáłőľ äĺğĺłě. Ň.: Ňĺà, 1972.

[13] Łàőŋĺŋ Ďę., Čàĺŋąěàč Ď., Šěńěčďĺ Ć. Śąőàŋĺł ğăďăç ŕő äĺğĺłě á àěèěŋĺïňĺ Ň.:

Ăâőňĺğďăâ, 1975.

[14] Ąăğăàőć Ĺ. Ŕ., Čěćőàłïŋ İ. Ć., Ŋĺłőńăěć Ŕ. Ŋ. Šěàňőďĺŋăňĺłă ĺ áâăâĺáâĺçěáłăï äĺğĺłă. Ň.: Ĺğď-ćő ŇČŞ, 1989.

[15] Ŕěâàőćáłĺľ Ĺ. Č. Ńěłæĺĺ ŕő âěőàĺĺ őąëłŋőćěŋŋëå ďĺääěàěŋæĺăńìŋëå ãàăćŋěŋĺľ.

Ň.: Ŋăãłă, 1970.

[16] Ÿŕĺńìàăľŋ İ. İ., Łěááěńìňăŋ Ŕ. Ň. Őáŋőćë âěőàĺĺ âěŕńőäĺğĺçěáłĺå áćőľáâć ćěéěáâć. Ň.: İŋěàčĺï, 1977.

[17] Ńăŋďăã Ń. Ď., Ńĺäèĺæ Ě. Ň. Šěőàěâĺçěáłăï äĺğĺłă, Š.VI, Čĺďàőďĺŋăňĺłă. M.:

Ŋăãłă, 1988.

[18] Śĺćãåĺŋ Ď.Ć. Šěàňőďĺŋăňĺłă. Ň.: Ŋăãłă, 1977. [19] Ŕãâĺńőć Ł. Ă. Šěàňőďĺŋăňĺłă. Ň.: Ŋăãłă, 1971.

[20] Šěà Ţăăà Ď., Ćěàčěńăŋď Č. İńěňěŋâăàŋăï âěàňőďĺŋăňĺłă. Ň.: Ňĺà, 1968. [21] Ńěőŋőćă Ć.Ť. Šěàňőďĺŋăňĺłă. Ň.: Ćëáèăï èłőńă, 1968.

Şçěąŋőě ĺğďăŋĺě (2-ě ĺğďăŋĺě)

Łőàěŋąńĺâ Śěàčěľ İňňăŋãĺńőćĺç

ŁŐŊŚŔĚŁŠ ŃĚŁŰĹĽ ŔŐ ŠĚŘŇŐĎĹŊĂŇĹŁĚ

ISBN 978–5–9624–221–5

Ŕěçăâăěâáï ć ăćâőàáłőľ àěďăłæĺĺ

Šěňŕńăŋ 2023. Ŕőğ. 99.

Ŕőďŕĺáăŋő ć ŕěçăâì 14.11.07. Ťőàňăâ 60å90 (1/8). Ąãňăčă őäáěâŋăï. Şáń.-ŕěç. ń. 8,1. Šĺàăę 100 íłğ. Ğăłăğ 105.

Ĺğďăâěńìáâćő Ĺàłãâáłőčő čőáãďăàáâćěŋŋőčő ãŋĺćěàáĺâěâă 664003, č. Ĺàłãâáł, ąãńìćăà Čăčăàĺŋă, 36