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20Herman Boerhaave (1668-1738) https://en.wikipedia.org/wiki/Herman_Boerhaave

21 Systema naturae, sive regna tria naturae systematice proposita per classes, ordines, genera, €
species (Leiden: Haak 1735). https://en.wikipedia.org/wiki/Systema_Naturae

2Francis Bacon (1561-1626) https://en.wikipedia.org/wiki/Francis_Bacon

2 Joseph Black (1728-1799) https://en.wikipedia.org/wiki/Joseph_Black.
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WD HEED Cullen®* 1% Boerhaave DR G% NEL A TR TOBEE2RHED TRIZIRE ST LD
MU, (bZHSE &K D EEMICHEHET 2720082 LT, B\ —TIVIZERT 2K &£
YIEP B2 KA U & D &3 2 INTERIEME %2 Rk 3 2 IR 5 CBRFLD) 28A L7z, 250 T
BRI Z?&@B@%?ﬁ LD FLNTRE & 785 72

Cullen D% & THALZ & 57z Black I3 =D DYR % U7z L 2L < iz &, Tholk
F—DEZRT & WD Z & 2 BRI T 2 EENZEIE UTERHALZ. Tharobhrb k51
IR EF D FEIHIXEF %}f&@f’b@iﬁﬁo?"%

T 51T, Black IFAFE L UTORE WS BERHLEET L LD ICABBEORENRERNTE
5ZL%ERU REORRLZ - ODOYRZEH L CTEFEMIZE -6 L EOZENTNDOREL/ID
’f@iﬂﬁ@ﬁt#mwa (Diith) TH 525, Black (FEVEE%Z [#WIE) MEEVELEAT 2H 5D
{LFH - EINB ORI THE L FEZ 72, 2F 0, ZTHILERNEI DL FITRFERIGZ L &
5 &9 5 Cullen & Black D/L¥EHEROIER FiZH D, 0D Cleghorn?” ¥ Lavoisier?® O# & t# L
ALY TBEE Dtk inorz.

UEDRNIFBFD—DDFIRTIED 50, BWEBID X 50 DIFEH LRV, 2hi2idd S
—DOJRDBD 57203, ZHUIHRENHERIMBEATVS

A.3 Watt IBTORESHERE ~a 220 [ 74 410 ZADBR] ‘aeolipile’ Pk, B2 AEFIZEZ L L0
DEZILERIZED EFTRP-EIITRZS, BB OWTOERDT A T T I 6;*?%0)%%75‘
P2 57230, O F TN DHER Magdeburg hemisphere TRE NS & 512, KREADITEREIR
%%5.27-. Papin (1647-1713)3M1%, YA MY DDV ) Vv X—HIZELAE AN, DWTY ) V& —

2 William Cullen (1710 -1790) https://en.wikipedia.org/wiki/William_Cullen

BIEMRMRE S Galileo 7 5 4k £ 5 HVKIRIRE G % FHH U 72 D 1% Fahrenheit(1686-1736) T &
> 72. https://www.youtube.com/watch?v=vPmZohDmgwo Z:/&. Celsius DHFLIZ DWW T https
//www .youtube.com/watch?v=rjht4oAByCI. 772U, imEHBEOEEE R OKK) 20 & LD
Newton TdH > 7z.
(CREICDWTOER) ZZICHPALEZBZBZ AT, BEEBHITNDITREZILEZNN 6N D
BOPMr SN e VWS T DAT, BUFEEBHITE 2w, Lo T, MRE] 22 FEOEARS
ThHb. LhrL, ZTWIBFZYHEO L UTHEZITHNLAREM & b’CL\é & %@WEEE’J&%%’C

HDILITER. BAFTIE, BFREIEMAYEO—THD (—1.9), B E%Eﬁ%btwu
BRI B BRI %%M’Jf& <, PEiZEELT&D %z&ﬂ’miﬁuvgﬁ%:mfj %Hjéma
{TIRARSRWI LIZER (—7.10).

2601,02 ’E%X’L%X’L@ﬁ\'ﬁatbf C1AT, + CoAT, =0 o 01/02 |AT2/AT1|

2TWilliam Cleghorn (1751-1783) https://www.uh.edu/engines/epil956.htm

28 Antoine Lavoisier (1743-1794) https://en.wikipedia.org/wiki/Antoine_Lavoisier

Hero of Alexandria (ca. 10-70 CE) https://en.wikipedia.org/wiki/Hero_of_Alexandria.

N(EEOHREOEEM ) (WADEHFHT 2 X512, KURIZDO VT OERMRDYIHLD KD FE R IX
Torricelli (1608-1647), Pascal (1623-1662), $ & UF von Guericke (1602-1686) (2 & 5 K&E & BE2ED
FATHo7., ZNFaRE2FHHEPSEHTHIEIRSHERTHY, ZNE2BIH L WHFDORG I
KEEHLEi7Z 172 57z, Galileo TE AK% 10m A BV EIF S WHFE 2 E ) & 2R A EE % I
DMHEE OEETHHL TWD7.

KRETEDBIEZEIE von Guericke IZ & 5T 1654 SV =T VY AT VI Tiibihlz, Wb b~
TTINTDOYERE U THIONT WS ERTHD. Haflio THIREZS SHTHEERZXOE T A
TRAZLMPTE%: https://wuw.youtube . com/watch?v=IIQC8iEnCIY.

31Denis Papin (1647-1713), https://en.wikipedia.org/wiki/Denis_Papin.
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ZWMPLUTCTEIEZEZM> TRLAEICTFHZIEL L WHIREEZHBL 72 (1690 4F).

FEIFEFRHRD Savery®?1d 1698 FEIZHAIZ R B BKR Y TORHFEZI - 7233, A4 £V A TIEHEIL
(BRHIE) DFKEEE R T 5 2 0D EHMICKE LB D > 7. Savery AT 7+ Y HED
Newcomen?* 1% 1710 ££ % TIZ I Papin & FIREDJFH LD K& ERERE & 52k & & 7235,36

A.4 Watt & ROZESHER
ZZT Watt3"BEIET 5. k7 7 AT —RPEOFIZMAFHGZHEZ Black (—A.2) 584 72 2804%
BB Rb S EBRMERABEEETH - /. MITHNRRKZOHE T, BFREANZLEHL
KBRBETORNEE L AMEOR I BEOERTH - 7238,

Pld 1763-4 D% T T A T — KFFFEK D Newcomen T > Y > ORI (K] A1 /) OIEREE MKIFHX
nr-.

A.1 Watt 2MEFE U 72 Newcomen BB DRI DFEY).  ‘In 1764, James Watt. In working to repair
this Model, belonging to the Natural Philosophy Class in the University of Glasgow, made the
discovery of a separate Condenser, which has identified his name to with that of the STEAM
ENGINE. &£ FOFSPHRICENTH 5.

A Watt (2 & > TR I N2 KRKUEHR: 7RCTH > TH D & Z 50357 HE R an.

ZDETFIVDEIIZIIZEOREIZ KRB L Uz, BEEZAND L EITV) VA =13 2L TR
MRV, BEEEELIZIFHZTVWARL TERSRW. BT B, ALY Y vy —2EiRIcE> e
SLMBIIZ UV E ERXET 720, TOREE2ZEZZ2DIZKEBEORERELTVWS., V) vX—
ZTDHLDIFENE FITRD, HOESZHNOWHZEEIZENTHP XL W I 12 Watt [EKBD W0
= (M A15).

BRI BRI O JF R LI 1782 AE DR A & T, IR DI THZAEIEHE | expansion principle
ThHsb. CAPVEMLUNFZZOELKLEMIEOEMHEIZBA VLS A>TV Z 295, Watt 132

32Thomas Savery (ca. 1650-1715) https://en.wikipedia.org/wiki/Thomas_Savery. https:
//www.gracesguide.co.uk/Thomas_Savery

BIDRY TOFEOFHIHIE https: //www.youtube. com/watch?v=0vK80s2WEno. Z#THH 5
£51T, HLATKEMLHITTHVLDTARLUMHZ ST E LT TIRARV. BRI ES N
7=b DB E S FEIT 5 M d https://www. youtube . com/watch?v=Dt5VvrEIj8w (1 73 10 & 7= b
5) Thhd. FHMIZIIALTEEZ ETNXEARIZES LS TEKERA EIFoNZ2IXVWE, Y
RO T/ERETIEENNE L, SHEEARARIZVDE RS 7 —DBROGHREA > TIPS FEE
KRR EZIR L I ko7,

34Thomas Newcomen (1664-1729), https://en.wikipedia.org/wiki/Thomas_Newcomen,
https://www.gracesguide.co.uk/Thomas_Newcomen.

35Newcomen & 7 DFERH, T & DH D Watt OBEEHDFIIHAY https://www.youtube. com/watch?
v=QltRwiudU2Q (ZH 5. AN =X L7ZI}72 5 https://www.youtube.com/watch?v=9GqVQPMCtY4
HEv., EROBETINZHEBE DO Y T 41X https: //www. youtube . com/watch?v=4DZxwGoNI5Q; X
5126 & DRITEFER DL https://www. youtube . com/watch?v=HCELUWSBX jk.

SRRROTEE T NS T T VB TORBOAIENZELOLMIE ATy 5 FT 1727
DI &5 7 (https://en.wikipedia.org/wiki/Janet_Horne % 5l K).

37Jame Watt (1736-1819), https://en.wikipedia.org/wiki/James_Watt, https://www.
gracesguide.co.uk/James_Watt.

B & KAPILAHEEE L O AHBEREEIILFHELEORWEDTH Y Rifi & L7 [https://en.
wikipedia.org/wiki/James_Watt].
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1

Figure A.1: Watt 23&## L 7z Newcomen BB DRAIFY); 5. Watt DSR L 72O KT, 7~
TH E N7z & A0 HEE AR  [Fig. of https://en.wikipedia.org/wiki/Watt_steam_engine]

NIFRRICELE RS> TWAHHETIRAZERIZIBETTWE I L EX, VA YRV VX —
ERIZOZ>THERDLIHIIIALDEAZ &, HLIFRLGVPEHEZ URDRSBWAEIW A TIHT
{&51292522T, AUBKT25 L 5WLHENRTELZ L o572, OBIZ Carnot 1, Watt
PIREIZBA LU TWSFEHIDE L TERLAEMFHALUZBRYOANL L REFREOZEEZ & <FHML 7-.
ZOFHOMER, REDEEZ EITNE EIF2IEEMhn YN TcEdI o7, BE
TV IV EFEREL7ZDIE Woolf TH - 72 (1814 4F). THIIRN 72T THBEL Bd o 72,

A5 RSHEEORAIRERDIEZNEEP O

BOIEDNTE BLARNC S T 2 ELIITIER TR S HEIFRKIBEE O @A~ O R4 N2 HTH 5
5. Trevithick*! D7&& BRI H ‘Puffing Devil’ 1% 1804 4£Td b, Stephenson?® Stockton-Darlington
MO #kER I 1825 £ TH 513, 1830 4E 9 H 15 H, Manchester-Liverpool #k3ERI @D HIZ, 11 5%

39 Arthur Woolf (1766-1837) https://www.gracesguide.co.uk/Arthur_Woolf. %% Devon ®
BED Cornwall 4 £ 1.

A0 2L Ay D RN R ISR R M 2 28 & WG TH - 72 Z L 2 N TIEAR 5720 [Eric Williams,
Capitalism and Slavery (The University of North Carolina,1944; 3rd Edition 2021) Z i &]. 75
T—RK¥D HP (213> TIRD KSR FWHVH o 72 (GRS W):

Watt ORI TREMERZITELIZEEINTWS. L L, BEOFREVDGRITEIC & > TH#EX
NI (Antigua 22 E DAY TGO 4 6 OWKE, T LR HEAE) OIEI TR TWizDH R4 T
HY, RIZBHOREHIZEE L THWEDTH S, & X, 1762 4 3 H Watt D5LzED John I3,
WAHIZEINT W EFEZONLDEE DY) TSNS 7 AT —I1ZHET 5 LS ITFHIL TV s,

BAE, DEEETH D7) THISDOHEN D7D OB ZBEL THIT TV Z ZIZBEVD
2. A, 1791 D NA F HiA D Saint Domingo (BN F) OFERMFIFIZ T T > ABENS
FIEIN-ALZHEE Xy V2V L2 Z 2255 TS, .

#1Ricard Trevithick (1771-1833), https://en.wikipedia.org/wiki/Richard_Trevithick,
https://www.gracesguide.co.uk/Francis_Trevithick.

42George Stephenson (1781-1848), https://en.wikipedia.org/wiki/George_Stephenson,
https://www.gracesguide.co.uk/George_Stephenson.

13772 28 dD Stephenson DZ&XHER X https://www.youtube.com/watch?v=73txXT21aZU,
BET 7y SO L 7Y 713 https://www. youtube. com/watch?v=yNnOLC_9imY, ZHIZ7 L —F
BOWTAHRWHEH DAL https://www.youtube.com/watch?v=3wolUopclZS4 (ZdH 5. BT v &
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D Joule (—A.9) 1T & A & —i#1Z Manchester ZBIMIEH 2 RIZIT o TWb. BHZEREEDIED
7&\1\44
A DIGHIZ T Y Y Y ONRULR B E R R 572D TE S5IZEHM S H - 7. Robert Fulton?® &
1807 442 Watt DTV Y ¥V Z A M T New York & Albany 240 km % 32 IRgft] TiA& L 7.
INEVADUKTIED SA, Turner O 1839 FEDFR, ZASHBITEHI < X 7K — MBI THREA
B S N7 7 7V — O T B4 & B 72 (UAR) %25 < “The fighting Temeraire tugged
to her last berth to be broken up, 1838” IR\ %& KRBT 24T 540,

A.6 Carnot T
’f ﬂF ) A TSR KR X 72D 1E Napoleon HiFDE i TH - 72D T, %@‘l w7 o>
ZidMEb o#hrorz, UL, 1815 42 Napoleon #i&2%&b D, 77 ¥ AIFEENIZ B 1) 5 LM
%OD%‘%@, R (—A4) ITEBLZ 2ol 7T VY ATIHAREFENHIR TR OO T ¥
DAL DH1E 20BN RO EPN, 1815 FIZH L H Woolf R (—A.4) BT 5 v ATHE
HEINTWD. LAL, 2EREEEEORENVVORNFHEMI N TV ARr o7z, ZOMERZMHELS D
/% Carnot 72D 7253, ﬂ"i@ﬁ:% I DR Lazare Carnot?” DAEHDENEETIZH D, /-, BEH
(A.2) HZ DM DA TH > 7=
Eﬁ‘gjﬁfﬁ’ffﬁ) AD X DITHIR TR WKEEIZBWTIE, TOFHTRWHIE 2 FIH U 72K
FDFRE U7z, R Canot (F/KIEZ o 72 B CIR A E 2 FEBT 51215 T DR L0V

¥ COMESE T https://www. youtube. com/watch?v=w0GYZC-IJPQ.

UENHFHTREFEETH DA, Clapeyron & Paris & Saint-Germain DD #]& T DELE D

AR LT3, 1835 4FIT Paris-St. Germain D #EAFEA X 41, Clapeyron & Lamé (#1kd3 <
4§’C Ecole Polytechnique D¥JEED R A b 25T % - 72) IZEEHE 2 1 X N7z [Milton Kerker, “Sadi
Carnot and the Steam Engine Engineers,” Isis 51, 257 (1960) footnote 15 {Z X %]. Kerker {Z & %
&, “(Clapeyron %) mW%FQ$®an+§K’VF7§‘$FﬁT B o7z, 1836 (24 1% Saint-Germain KRiZ & 5 K
ICRWARL % BN 5 RSB EE2 R T 5720124 £V AZfFo72. H4 7 Robert Stephenson 3%
DREED X IEXE W > 72D T, ZDOHEEE X Sharp and Roberts D#AEFT T Clapeyron D% &t Tt
EI Nz, WIIBBOFE 2 IZHHE L I oMigIc BEE R E#RE Lz, 7

45Robert Fulton (1765-1815), https://en.wikipedia.org/wiki/Robert_Fulton; Robert Ful-
ton’s biography: https://www.youtube.com/watch?v=2u6x5QdswYE.

4National Gallery D E/REGTOMEH T A H %: https://wuw.youtube.com/watch?v=
80-fna8HrWw&list=WL&index=3. C. Scallen, Museum Masterpieces: The National Gallery, Lon-
don (Great Courses) “Lecture 22 British and French Masters c. 1785-1860" 12 Z DEE/EIZ DWW T D
WWIER D B .

DWTRAS, T ZIZH T E 7z Turner X Monet O EAIZ IXFEE FATIZ & B KKTERDTH 2
LTWBEWSEXHAH 5: A. L. Albright and P. Huybers, Paintings by Turner and Monet depict
trends in 19th century air pollution, Proc. Nat. Acad. Sci. 120, 2219118120 (2023). Z DFwLIT
I & ZNADIEFEE HS: M. F. Marmor, Most paintings by Turner and Monet show stylistic
evolution, not changes in pollution, Proc. Nat. Acad. Sci. 120, 2302177120 (2023); Reply to Mar-
mor: Multiple perspectives for appreciating the meaning and beauty of Turner and Monet paintings
Proc. Nat. Acad. Sci. 120, 2303372120 (2023).

4TLazare Nicolas Marguerite, Count Carnot (1753-1823) https://en.wikipedia.org/wiki/
Lazare_Carnot.
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HEEDEKRKE Liz— ANTH - 7248,

W THEER I DOWTOME] (1782 45) 121X, KB CRARMRE2E25%MEL LT (1)
BU, (2) BKRELE R, OZMABIFONTWVWS. (2) IZKROER T X2V F—2 M5 &\
ST ETHD, (1) IFAKGFED S KHEDPIA DEEE 7b>72w\ DFED, KROEFDRDLONSH [HEH
] 72 OKORE L PHROEENIFL AL —HLTWVWE) WS e THD. ZO5M%2HiE13K
TR OFEBRDOERNITIEE A CHEIZZ S TICH IR AR EERKT 2 THS S, 2w EEk)
DERLINTWS, B SEHZ2E5DTIIRVEEIZ O WTITEERMHHNH 5] & Carnot 3
ELEE, TNRHORDHEERMKREIIH D EEZ NS,

Carnot®01Z 1821 FIZAR Carnot 2~ 7 F 7V IZEini=h, RixZTh £ TIZ ’\77‘7"“7‘)1/7‘6:—

I N7 RSB ﬁhyﬂ%%%ofbt®f ﬂw%@@ﬁi%ﬁb#%ﬁbt; ZIFHESE T
HAD. N> Tz Carnot 1E 1822-3 4EIZ WCEAIZ >zt 2 EE |k D‘ZDUD’CZF)%

A.7 Carnot DEBEHER

Carnot IZIRD & D15 RS TN F TITHEL I N/Z#FFEBIZRES o1, B0 HE2E T T 5K
DEIET DI LN TES. 2T LT, BENZM > CTABEZ RO - DOREDH L TH R 5:52
(1) WEESBDHFET DL T A K‘C“C“%@Jj]@Ftﬂiji‘_I ETH .

[RSHEIZ X 28 DEHIX, EBRICEENHEI NS TERL, BWWPIER»r 5B
RANDOBEDOBE)] IZL5DTHS.
(2) B IFE DBIFESIFIIMEEME VL (WR) IC X > THIIZMUBRITLZ L NTEEILTH
5. Zh Watt DIFRIFEHETH 5.
(1) IZEEEDH D L EDOKIRETELEDDH B L EOREDRNOMIEZDEDTH D, (2) 1ZKHFP]
BEMTZ L LB X ARBERVPEA N 2T ZEOMETH 5.

Z 2T Carnot IZR DI KZN R DR (—A.6) ZIRD LD ITHEZE L 72 RFRDOFEBITHE
E AR CHEI 2 EBI S B R TR S BWIZ 230N DT, BOXH & D iXFE UREOYHADE
TOAHFEIN, TEMBEDENELER/NTH S Z EDERINEM, 5122006, RAEHE
DS N BRI, BoNAHLAZRDMEFEEZMASZ L TEEZITIESEL WS EKT
WWTHDZWNbhb.

A.8 Carnot OEHE

48] 21X, Borda-Carnot equation https://en.wikipedia.org/wiki/Borda-Carnot_equation

Y0n machines in general (1782). Its English translation is published in Phil.
Mag. in several parts: https://babel.hathitrust.org/cgi/pt?id=mdp.39015035394322&view=
plaintext&seq=314 (LIX).

®ONicolas Léonard Sadi Carnot (1796-1832) https://en.wikipedia.org/wiki/Nicolas_
Leonard_Sadi_Carnot.

518adi Carnot, Réflexions sur la puissance motrice du feu et sur les machines propres ¢ développer
cette puissance [[NEMGER - a0 T 7V /) — - BEEBIDRFZE] (A9 T HE, 1973)] (Bachelier 1824, Paris)

52Carn0t DFRNTEEDD (DN T VI ZLEHETERH > TVWEIEDD) B F ThHh o722

ZERE L TWA NI ThLnwE B s )y, JRERFGR - i@t (v — - BEEEH O] (AT
Ti)%, 1973) DFRGE (2) FBAEFVRAX TH o 72 L Z TN D3R DEZE VL 7-H—DHTH 5.

BNS EFTHRL Z I TV GE £ 13 Black SUROBBEERIZ 1) 2 RERIRE TH 5.

S TEBMIESR ] 2 X HYURO XS IHAT 2L I AILT7 TV ATBI DS RO RE H
5ZEMNTELD.
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Carnot I% A.7 DIEHZ LTI WTIRIE 0 OEIREIR (FF) LIRE 0, OIKIRER (MEIE) O
TEEIT 28R EROBBEEZ Y A 7V LTHER . EOEMATIZEDL, TOEE»SL T
Carnot ¥4 Z V%5795 LYY (Carnot TV YV V) KD KD I VWZ UV VFFEZ SN VA,
ZTNEID DR OEEYE Z2F 57 TR TIRRWD, CWHONKMmBEHD 55, EARIZHEES>T
LRACEDOARZBERAE» /LT VYV ORENE (DL VM A2 DHDO W/Q DEKRIE) IZ/F3%
YIEIZ & S 3EIRIE R MEIRIEOEE S THE S Z 2 %, Carnot I$HRRI R O A Witk % {fi >
T, ~BOBEEZAREEZRALTEIR T UTHES ZE T L. ZNIEB A2 IZH 58D T,
fAHRNE ZANSMEEEANTEVD BT L BERYHFEOENE F-7-< FFETH] &
PERIZDE, W>w WD Z2iEd D/ ngiesss,

e GO
O @ OFOmeOm
A P

Figure A.2: Carnot TV YV ORREMA L TV IV VIIAARETH 5.

Fig. A2 /2: 2 BOT VIV DB Y, EONESETiiUTERARKE., TOHIFE > L8FD
BUWHEBETHUBE Q DRNT W >w OEFENTE S LT 5.

i ZZOBEBNE AR D THDOKEED 5B SNEMEHO—HEF>o TRERY T LTHES. 2D
R

A R ADBEDMHEH 72 UIT (BIEGM: FT) MEE W —w > 0 Z2AAH T KA perpetuum mobile
b il

A.9 Mayer & Joule: TXIF—DIRE

Mayer®"IZfiE & LTV ¥ 7 ICHidEd 2B RITRVEIRZ D [ZOMHAEOTRTOBHRIIY
ERZENS DHEFEHAOEZE DD, ZOLIBREMIIFEREAZLUTIFELZRVWERET S, Z
DFERN%E {J1) (Kraft) LIFER. ZORIFIARELETHY, TOEDOANET L LNET 5.1 L\ EH
297z O 3MRET WS EiEE, TRIEHMEE SR CEEIVHERT 5 L WS HE, S, [HEjE
BT —D (J1) WRTEZILDTELHRTHY, RESLFEMIIUAEN > THWIIBITLED.
EWVS HAHZ L E (1841 4F), EBIZ (D EETE AR B L HFHOZ X)L F — OHFERE (Bt
FHW &) % Mayer Y1 7 )b (—14.8) 2 BL LU THIHTH A 7.

BINDPSONDE LT AINVF—RENZAHRICUZERTHD b5, Db, BE
i+ T L ¥ —LRAZH] = Carnot DEH LD TH 5. Mayer X Joule DILH (—A.9) DA72 D F7Z 5
72 Z CATIER.

S6Carnot IFEAFEIZFHD < Laplace 5 DT HIEFIZELD W Tl KRR % BR OILE OB &
UTEHEL, SERE=SEEEPIERPR VIR ZHI LA, I TIRT I ETRALL,

57 Julius Robert von Mayer (1814-1878), https://en.wikipedia.org/wiki/Julius_von_Mayer.
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TN EMAIIZ, Joule® X Rl OMBLREA ~E DI D T L, Wb DEADMFHYE work
equivalent of heat) % I FXFRBREM > THIELZ. 250 T, BT XV F—ETA2NF—D—
BThH-oT, ELLHETNIENFIRXILT—LOBABTRTOBRKTHREFT LI L (TALF—
BFHD) B EIND Z e Lo Tz,

UL, ZNDBTSIZEL —RIZZIT AN SN 2b ) TR KHFRIEHF2H - 7. BESHIZRAD
PEfiG 1% Carnot DEH (5A.8) TH o7z, TNRALMAENEMTANI L 2FE®KT D LZITHoN
TW=r 56 THb. 2L, Thomson & Joule DFFEZE\NTZEDREFEEED2H Carnot DEH &
D IFE] IZHNESNH, TORIRBEEVPMRETHLLERT.

A.10 Clausius I&&>Z 2 =H
Mayer X Joule 2R U7 & 512 (—A.9), LHOBEEIT L o TEMNRET 2 &L, ARBRAER
THRVWDERS, HEOREDOBIZIZAPEEINT VWS LEZZ2D0PHAR» DWMBNTH S, &
Clausius®2 13 # 2 7261, 22T, B HEFHORFMPRIEINE & WS T8 —3EAl) 2 I1EBNIZ, Clausius
IR D JF L % & < 62

[RIE BUZ K o THEHPER I NE TRTOHEIT, EfI N HIC YL 2B E N HE S N,

W2, HEEOMLHEDHEEIZL ST, TNEFEUEORANERIND.
ZOENMETIE, HFHLBOEMMEIITFEPEDNSERINDGEITEITHRILLTWS Z & ITHE.

A7) IZH o7& 512, Carnot DZHZH DFATIIRIE S N2 BED D EIRIED S AKIRIT

NEBENT D Z L THENBET 20E» 0 BEIIRFEINE D, TN EOFEIZHEMT 5. 22
T, EOFHIZUZ2 5T, BO—HOANMEFIZEDL D L5, [FoNDALFHOEHAHHEEIC X
2HDEDHKREV, K OEFREBBENGFIET 2 LIKE LT, Carnot DEHDIE (A.8 HD —
A2) 1D &, ARIRIE D & SRIEAN L BDRN T, MIZIFMER I 50T & 2725 & Clausius
GRS S (B A3IZHBED). £V I EIFFEBITIFELRVWDT, Carnot DREIFED S B, K
FIDOARE RN EELT D (B ESIRIED SRR~ E § 5 L S OAEEP RTINS | ODAZLRL,
T 517 HEIRIE D S SRR L BDRN T, MIIIMTERI 500 ] LS ZePRNWI L 2T
iE, Carnot OEHIIHEERIZ ESLI N5,

M A3 EMZHBMEEBBVTHRVATRINTWLIONAHZ VY. AFHEW 2487 hiEz
NIFAKR Y T ULTZA 5. Al 2DiE, RARLRI SIZERORVWI Yy (L) RWT Y
V) THD. FEOMAEW 2EAHTOICQ L DR VE (< Q) ZEEED 532 I
(AR

: TEORWZ VY V] B2 L TENEH->TH Ty Y V2 HEILLTRARY SI2T5. %
5T BLERFEIZIZQ-—g>0DENEZONEZLIIhE. ZITHERIORONTTHVED

SSEEAEE Joule IXZ DT HIIZ Joule DVERA]I Q = RIZ #FKH L TWA. X SIZEEIKZ 78K
BHZIE S 572D DMERDLLBIIZE 2P > TWT, T, EXRIXBEM» 5850, Faraday DIk
HI (—26.3) #FIHL THBI NI HHOETEREZERELTWVWS. DF 0, BLRMIEPRENLE
RTHbLNT WS, R DFADHF LB OYRE IFEMANZEK L 72 EROPMEHOREIZ LD HDT
Hotz.

% James Prescott Joule (1818-1889), https://en.wikipedia.org/wiki/James_Prescott_
Joule.

60R. Clausius (1822-1888) https://en.wikipedia.org/wiki/Rudolf_Clausius.

61R. Clausius, Uber die bewegende Kraft der Wirme und die Gesetze sich daraus fiir die
Wiérmelehre selbst ableiten lassen, Annalen der Physik 155 368 (1850).

%2https://archive.org/details/ueberdiebewegen00claugoog/page/nll/mode/2up p7
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& o 4
@%} @> %)@ ST

Figure A.3: {RRIED S @iRIEA L BAFRN TV WA S, Carnot DEHULENZ LA\,

INTVWBEDOTHIYDHEINEZ idmw. 5958, FH1PEFELAOBRNOBELZEKRT 50
5, Q—qZ Il OBNMURR,POMDEINAZI LIRS, DFED, DB

A BWEEDRD S EWEEDORIZANEEX SN, MITIITHETRN, WS Z AT 5.
CHUTIREEZE &\ D £ DIXERITHIRT 5 HIZUH AL L W & D Bk 12 DWW T O —fRIRER I
KT 5.

Z 5 LT Clausius @ 1850 FEDFHXIZ & » TES DRI H Sk LAY 5 7263,

A.11 Clausius IC& 2ETRRD THE] ICX 28R
1854 DR X T Clausius IZHFMNIZE U R WEBUIEHARIZE U A EMT HiE] Shkad Tz
5\, CETIEAE IR /-

B SEHZ A AT HFEINTIIAE U WA EIZEEYRD S EREYEANDBOBEI Y WS H

63(Thomson IFREBICHFS L TLWRL ). E. A. Guggenheim, Thermodynamics (Fifth, revised
edition, North Holland 1967) p17 {ZIZIXRD & 5124 %: The second law was foreshadowed by the
work of Carnot (1824). The first and the second laws were co-ordinated by Clausius (1850) and by
Kelvin (1851).” £#&H T, Clausius Ann Phys Lpz 1850 79 368, 500 ¥ & Uf Thomson, Trans Roy
Soc Edinb 1853 20 261 %5/ 9 4. Thomson & Clausius 36 TH 5 Z & 2D T vk D FT 1851 4
® ‘On the dynamical theory of heat’ DJFHE Tl (REIZ L IXFE W20 DO T WS [(ILADH]
fa3E 111 @ p086 1FIXD A% 5 H) C. Smith and M. N. Wise, Energy & Empire, a biographical study
of Lord Kelvin (Cambridge UP, 1989). Z® p324 IZA[H LU THBE X2 Z I TIEI¥—LTHL]:

The same conclusion has been arrived at by Clausius, to whom the merit of having first
enunciated and demonstrated it is due. It is with no wish to claim priority that the author of
the present paper states that more than a year ago he had gone through all the fundamental
investigations depending on it which are at present laid before the Royal Society, at that time
considering the conclusion as highly probable even should Carnot’s hypothesis be replaced by
the contrary axiom of the dynamical theory; and that more recently succeeded in convincing
himself demonstrative of its truth, without any knowledge of its having been either enunciated
or demonstrated previously, except by Carnot. [footnote 16: William Thomson, Early draft
of the ‘Dynamical theory of heat’, PA132, p. 10. Our emphasis. ...]

FEZED p327 ([ZIFIRD & 5128 %:“In whatever way one judges Thomson’s independence from
Clausius, his interaction with Rankine during 1850 was crucial.” % U T[®& p325 (ZIZRD & 512
» %:“Rankine’s response to Clausius’s first paper on the motive power of heat (published earlier
that year in Poggendorff’s Annalen) reinforced Thomson’s awareness of the need for new ‘proof’ of
Carnot’s criterion....”.
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FHERE CHIE I TR TR Z 57420,

DFED, TXANLVF—DEBIZITHARMCTAERED L ZITRVWEDEDNH YD, HENTREVL DX
EFMRE DITRE X NV BT S Z 2 idkew., W2 ke, ZomEH» el L T\ws 2o
ZeThB.

MO DODHFKBREEE X 5:
A: W DEFEIRE 0 OBUZE Z 5 iEFE.
B: IR0 OB Q ZIRE 0 (< 0) DELQ IZE X 5 iBFE.
INSDHDEMEEZTNEFN AL, B e I eicd 5.

LV ébéﬁ%TiA,liB IZ & o THEE S 1 (BWBEEY), iofﬁ@é%fbé
(%ﬁ/ﬂ.ﬁw WBEEHZ 5 Z t@f%é*@i#ﬁ&x@tﬁﬁb,u®#ﬁ@% SNE3
T 572017 [EHDYE] LIFENS, 5T F —8RIZHAIL, (EFREOERIC %bfﬂ%ﬁ
M7 EE2BAL LS. HEMEUZEHBMOYENETHY, A1 7L TEMAERIZRS XS
125 5:

A DY Wf(H),

B@éEAQﬂ99)9>y@bﬁFw9”>0
IS OFBREOYEIX: AT IZDOWTIEYEIE W f(0), BTLIZDOWTIEQF(0,0) b ELIRE
#,m&%#6m®:aﬁ%*éh%wﬁwﬁq+Qﬂ@ﬁ»:0oim

F(0,0) = —F(0',0). (A1)

A.12 Carnot QA ¥F#EI®D Clausius DU EIC & B ER

Carnot O A[HEEEIIZIRD K S ITEIRTE 5 (X A4):

ME A JRE 0y DENQy — Qp MEH W IZEHI N, ZNEE 0 DBV Qr DIRFE 0 DEQp ~
DHERLEBIZ L > THiEE 5.

Wi EW NRE 0, DB Qy — Qr ~NBRIZABI N, THDERE 0, DB Qy DIRE 0y @
B Qg ~NDEMEFHET 5.

9, 0,
W 0, 0,
A
0, 0,
\
0, 0, v
0, 0,

Figure A.4: MYEHED 7 1 577 CTHIT 5 Carnot O A ¥R ZEAME A (BHEEE), AH5H
M (BoR Y 7).

W THE 1S, YROMRMIZY O THS: HARIZDWTIE

~Wf(0x) + QLF(0x,01) = 0. (A.2)

19



Wiz oW T,

W) +QuF(0r,0m) = 0. (A.3)
ZOZAREZRUT (AL 25 &
WIf(0rL) — f(0u)) + [Qr — Qu|F(0u,0r) =0 (A4)
72, BEIERIDS W = Qg — QL 72DT
f0L) = f(0n) = F(0u,0L) > 0. (A.5)
L7=h35 T, f(0) IXHFRADBIETH 5. £ Z T Clausius &  OHFFIE KB T(0)%* ZIRD XS 12
BAT S
T0)=1/1(0). (A.6)
ZFITYHEDODRHE2F OB L,

(1) EEPSHEE T O Q VHRET HBBREOYRIZQ/T TH 5.
(2) WE Ty 225 Ty, ~NEAQ HBEN T 2 BRD Y RIX Q/T, — Q/Ty TH 5.
UL72ioT, (1) IZRE Ty =co 25 Tp =T ~NEQ MWBET 2 BEDYE Q/TIc—KT 5. 22
T Clausius (2 IZREERE RO L EliTH 5 LR L 7-.
51T, (2) IHRE Ty OBJED Q OBRZ KT 2@RDOYE —Q/Ty LIRE T, OEJEN Q O
BRI T @O YR Q/T, DMEEZ LI eNTESL, T I TREMNEEZBET S I L 2EDE
DRI & REINZHE 2L, §, BE T ORJRHIE Q 2 RIS 280 Y &% RN Q/T &
WTEWZ itk 3.,
CIZTT IZRDBETERLAFEDORETH L I LITHEE. 512, Q DFSIRAJFELIS ATW
BTEIZER. DF0, BENERERETAZZ LN Q <0l >TWVWA., [ZOFELNRTS ORI
BENFEZEMT 5 L SO TORE (-7.1) ERNTH L Z L ITHER.

A.13 TV hOE—~TH]
Q; DEDRE T; OBJFIZEINE N D & S BRTIZZFO@EESKTO Y EIX

@i
Nf§:i3 (A7)
HBNE, 72K SABFEDND o TR ERMAHZ 5 & X1k
_ 4@
N_%jj (A.8)

LRETES.

ZIZTHAINVIIR>TVWEIEEEZEZZ LS. 2%, RIFTcDREIZES. ZOF N <0 T
Hotz LD, YENALWVWIZLE—20@fEE UTIEEFBNIIIRZ S2nns, Z0L57%
YA 2 VEEBHLZWD. N>0TUL2EY A 7 LAUDBAHERLHTIEE2IETN<OLTELDT,
WA ZNVIZDOVWTIEN =0 ULD2d D ER.

(A8) 2R BY, ZHIFdQ/T #FH L DA HBRETIRAEINDE LD L 2EKT 5.
I (FE5oMEREZDOZWT) ‘v brE—" Z—%7T 5. L»L, Clausius PIERZ ‘T> hn
=" (=14.5) L WO BNFOHLNNLEEZEAT 5DI1E 10 kD 1864 FTH 5. F7Z 724wk
Hid -7z,

MZNIFZIZEZTORMTIHELZRBEETHED, MxhiEL —HT2HDTHS (—11.6).
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A.14 Clausius O#FRea#T

ZZETAASICRAZE D ITYELAHE (-A.11) DF X T Clausius I FT Y B E—JHIZETE-
7z. UL, BHEOEMMED AL —BRINCEH T E T YR GIRE TS AWVRELH 5. FlzIE,
Clausius IZHrEE IR (—17.12) 2% X 5. GMRIESMIEEZ LWL, SMELOROP D LD D
WA, ZOMWRIXIE AR DT, ZAOBITITHMEINTICE - IEOYENRH B IETTHB. T
i, ZOMEIIWSN? ZNiE B «— M EE] ® TEROM — KEDOE LS Lz E
ATWABEITTIERD SN,

% 2T, Clausius [T RV F — 2 WiEEB) T 3L ¥ — DD TFEER] L 2nbshicblr, #
FZANDHEBNAFETH B L EIRDDDER TB — EEH [#— NETEHE) 252 5.
dQ = dH +dQ' £ &&=, dH WEER, dQ'H [0S D W NEEHETH 5. Clausius T
N gWiRY>

s dQ dH

= +dZ. (A.9)

EENT, NEMEFE = RBUIEME BIRL TEICYE Z 28D k> T, B (Disgregation) & iy
£ U7z (1862 4F)%. 22T (WD WO DI, BTREDVIEN > TV Zen6LK 5 IRAGHD
FRE] 2H282EZXZTOILTHAD. Clausius FINIEV OAIKFT 5 H X776, 257
& dZ H5ERT%5. I T Clausius & (FREDEWHIZT B L) TZO0%LMAEADR & LT
dS =dQ/T +dZ \¥5eeTh 5. ) Lffmlrz. LT, SZ ‘zvbpv—" 247 D%0D,
TV bR IEMER E MR ORI TH B, 72721, Clausius 13 1876 DY 7'V v~ Tl HEED 12
DVWTDEKIFTRTHIFRLZZE EbNTWS (30VI) 2%, #ofFRibir (b2 Widtifiz/E) I38mEk
T, BMLFD HEBO IR NE L o7z (—A.15).

A.15 Horstmann & {bZENZEDOHEFE YO

1866 12 ETH T Clausius DS Z 2 BEZE L T\ 7z Horstmann®® 1, 1873 £/ > T, = b
Y—o TR Z 12 (A10) OBBSAEDOEEDOR (DF D dZ = (P/T)dV) MR 5 & L TYE
Ao THEE %

Zp = Z) — Rlog(Pp /Ry). (A.11)
LEME BIEEIS A < BEZE A, KSHETED ¢ DR (—25.8),
AZ(§) = (Zg — Zp)§- (A.12)

65Disgregation DEFUIR WL D TH B, [IARIFDEERT. ZHUTVWERED, EBE&RZ &I,
TTIZHOREKRTHONT WS, Aggregate DX & UTHEiE L Z GbES I 2IZLT, ##e
WHRZEMNITTEL.

665 DAETI (B A NBTIVE—, P AT, V 2kBiET5)

= 2[(22) | a0

STINA 3 D 31 BB L O LS A, Horstmann 12 & 2 fiR#EE 65 O L GHFE—19 il ic s
\F AL ET AT D YiAE— 1 B SEARSE I 26, 1 (1987).

68 August Friedrich Horstmann (1842-1929) https://en.wikipedia.org/wiki/August_
Friedrich_Horstmann.
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RSEDS Q (RIS ET H7-0) 2 51F, T huv—2{kix

AS::%§+wAZ@) (A.13)

EMTB. THICEEE LTy ha Y —RKkOFEME#EAT S &
dz

Q)T + @ =Q/T +(Zg — Zp) = Q/T + AZ° + R (log(Pp / Py) — log(PR/Py)) =0. (A.14)
YD, Ihans
log(Py /Pg) = —Q/T — AZ°. (A.15)
%0,
PA _ pp-arr, (A.16)
P

ZDEJIHDBEMRFMETZ & T KHEES N, TRERE —3d 5 Z &Rl EN7z) . 2D Horstmann
DHEFFZY b —DEZEADRHAREEZ LD TED AR INT.

Horstmann D SIZHEEE Z I TRAHNFEDLEADE 5725 EHZBR L 72D 1F van t' Hoff T
Hotz. WD 1884 FEDAROD p124 12 THorstmann I2 & % &, BIZDFEIIMZ P ISHTE
51 5B, UL, 73<ETELDUEERZHZED TR,

DETh»d Zlid, BEffH e HmDtHE 2 — 2 ERHOBR L IIMARITE > T—F iz k>
T&W, 2WS ZEDEE, HELew> e ThHS.

A.16 Faraday, Joule & EXtZDEENFIA

ZH %% Faraday iZ X > TWA ARBL (EVER, BEAFEICL2ER, BMIZX2EBLRE)H
TRTCFACBHBDTH S L WD T eMFEFES N, BLRDED Daniel FEMO T TOREHEIMOHEET
HonTwZenrobnd L ICBLFIE (B EMCEROERIIRPELRVERETH -
7-. Faraday (ZHEE L 72 BAEDPHEE U7 ALF YR ICHIGT 5 Z & (Faraday DIEHI —26.3) % FE R
U723, Joule i 1839 2 Miial & AE U EAE OB E BIEZHRE L T2 (1840 4E Joule 22
HCTHDH™?). TOWHEINZBGEHRREL, TP SETIERICE > TELKMINEKOED
Mz b ERMPERY D 2 Z LTI N TV, Wb 28R & FEED R Joule DIEHIH B &
CFET HRDOBBREERT 2HN S R I N/ZEATH S, —FAOITIZEDMF Y I T+
NF—ZBRIANF —IEAZTNERIIER S I THIEI N,

Joule DAZFI/EH 1, Joule WESAEHDOME 2B L TYHORKRIZDZ > TR L WIENFT
FIVF—DOYFEF DR L-BE2RZEIEOTVoTz, LT LHTVWEDY, TORBOELEDE
RIFBLXFNREDTH-7-D7.

=L, BNTRSBRVDIE, TRVF—REZEHOMNDF 0 IZEEINZEL TR, E51Mb
%, BHAT, BYE, NEPRE-INZOTHE, LWVWI T/ RIZLAZNSITTRTHE LA
HESZLART DRE 7R D22 5.

69 Jacobus Henricus van 't Hoff Jr. (1852-1911) See https://en.wikipedia.org/wiki/
Jacobus_Henricus_van_%27t_Hoff.

"OM. J. H. van’t Hoff Etudes de dynamique chimique (1884).

"'Michael Faraday (1791-1867), https://en.wikipedia.org/wiki/Michael_Faraday.

"20. Reynolds, Memoir of James Prescott Joule (Manchester Literary and Philosophical Society,
1892) d p42.

730. Reynolds, Hi{&D p66.
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A.17 Helmholtz IFEFE I RILX—ICDWTAEE S/ ?™
Helmholtz™&Z ® [{F1) DRFEIZDWT] " OB L EFWTHKRORBEEZIY EIF5. T3 LF—
PHTL 2DFMEL KENF EE > THRKEST H720T, TWIEHNTRGEHERPF EE5 D
CRIUEETH B, BIKINZ [EHIAATIRE) DB LR E TR L REIFRESLTWS. TR
INODTEEF ST ZLIETEED?7ELAAMBETHEYIIZENEZX>TWVWADE., 22T,
SHURGIHE UTKOBLRAMREEZSHT 2. Z0O77EHIZIE Galvani B S B R Z MK LA T
R SHRWH, THEREENBILINEZ L TERINEZDTHD. 20, REEYTH DK% T
RS ORI TRBENIG ] Z W, {BZH T BB llofFEh%E2H->Tws,. Lo, f#
LN EBRIIERFECTHEHEISER L THVNDTH S.

Helmholtz 12 & Z AL FUGD I A F v 12 & BatiIXEE 103 - /2. KEBERZRRIER L
KDBRI R (—26.6) DE RAATHE L Faraday * Joule & MRDFFE L U TH S DRRICHAIA
ATWBZED A16 DHRIAN S LD B8,

A.18 BERANCDOWTIRE I D H?
Helmholtz DEEFf I T XV F —RIZF 2 HADOFRE FHARWREN & UTHENYT2DIZ M H - 7=,
A7 THHUZEOBHIZESICHEBIZRINZ, IO SEOBEHOBZHKEEEL DN S.
U2 L, TRAF—RFEAE UTHE - ENIEBNZEE OB TRy, HEEZ Z223% 5 77,
FWp Z1Z, van't Hoff 1% Horstmann O A.15 2L 72D 7~ 572, Z DA Gibbs™ LLARTIZ
fbFizzy huE—%2 o zM—DHlO L SITR R 5. MEFRERE] (b2 W IHMEEYE O &) % il
DIRFED & 5 L FHBAE L HE I > TV E WO EHIEINZDEAE I 01?7 22 BnE 5T
H 5. Helmholtz D HFEE T IVIZES IR 2 D2 T 72 & S 77,

MZ 2T YEFZRNF =" [ MMEFBSIRITAE D TRV F — 2K % £ L O TRMIZIFA TV S S
Thd. AETIE, MEFIZAIVF—] ZLAFTHES & SI3MFEMITE>THAD T RILF —
Zid.

Hermann von Helmholtz (1821-1894). https://en.wikipedia.org/wiki/Hermann_von_
Helmholtz

"6Hermann von Helmholtz, On the Conservation of Force Introduction to a Series of Lectures
Delivered at Carlsruhe in the Winter of 1862-1863 (Translated by Edmund Atkinson). {%Dfi##iT
i {71) 1%, Mayer DF W72 DR (—A.9), TARLF—%2ET.

"THelmholtz DEFE N2 H D TIHEF S = (bFTRXVX—ThHh 5.

"8Heisenberg 23E D Der Teil und das Ganze Chapter 3 TRWHZFE->TWS L 512, HF&X
BRD 7 F B Y —~DkEED Bohr (& Heisenberg) % & T JIFEANEEK DL TZDZ L WS Z &z Hn
723 O IX IR, Bohr 1% Heisenberg (ZIRD & 5123572 T ZOMmDELE D & - L HITE
LTEL DBV E LW, HERZETPRGRDO I =F 27 CTRXFDOEANZ IR S
EWVWITATTURBMo72ATT &, FIEINEXFEDITZITHM-2Z L iF—Ed R0, BT
R, BRRIWEOLENZ >T-ATT. TNEIREROYIBOE D S 1EAYGIZ A TY.

LEMEE WD ZETENEVLVDRFACEE 2R >R CWEP BN Z & TY. FUHE
mBN 5, AUIEWRBNG, A, AROEEPLISEI T IADEMDETE X,
PO LRI 0D > BT E F oK AUHE 2R - 2H DT T, ZhidHFHA¥ETIE
HFERRETT. FHZ, KPP KRBRIBTWS s MERA.

7J. W. Gibbs, “On the equilibrium of heterogeneous substances,” Trans. Connecticut Academy,
ITI 108 (1875-6), 343 (1877-8).
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2 WARRE —#EI

2.1 BERENREFEARTRD

CO#BEREZBELT, [R] LFEIOITEMICE F - 7258 % 5D 5 BEFHYIR (b
NONDAT —VOYIR 51.4)DZ 2 TH 5. ZTOEFIIEHMITIIMEL TW5.
ZTNEHEET 5DIEH 2FEOYATT E 728 (o) 22 d Ly (Bl RE, &
K572 R05E) L, TRAKOER»E L\ (FlxE, ERoTmy 7).
EHRMNZRTIIEZOLONHES WHEIZZADKREIIEZ 212/ -> T, &Koy
B2EOHRTEHEDIEED > TV DT, BHETEZ2HDEHEZ 5.

FRRDKE I AT L ZOBEROEE (H 25 WIEZDORBEDERD) ICHbhTW\W5
P (B2 IXEE) T ZDORDOAREES (V7)) IZHbNTWEH D & il L TH
SHNZEE TR B o TV DS, BIZHLNTWAYHEDMEL2 M TE 5 &
S B. FIT, BORBIER L TCVWARICERALGZETIETEEZ SN
5. DF0, BFEHITWDS &, TEE] & THEREM] BANBEZRLAMETH 5.

Wil- 7B RO AT A Z L3722 CE BT 7= 125k 2 3 2 & 7280,
RONTINZH 7270 BEZE S5 T -0 ZDOWEZEZ ST L, £2h 6 b bNEDEE
EWRC ZEIZHBIZHEEN R Z AV NI AN R UICHRETH L ART. I
WFHERIZDOWTOEFETH 5.

REO FAOHOMFITRDEREE L IF XN 55!,

2.2 BERRODEAREBEERLLD> ET 0D

HERDVELM (—1.4) 720722 L TH, ZNIEVWAALREIZHD 55, HTKRE
KNI > TTSHELDLNRVL, DNONERNBIIFICE >TEHI>T oL
B S FEATZ ] REEAE L\, WEWZERIIZ —FR TR o720,
FIIZZ(L L TV 5B &S 7 REBZ GRS 5 1213 %4 OO EH CIXMIZEDIRN 7
5. LEzdoT, 128z BT A0 X9 I13md Bl REN KA 5 &
SRR ML, & 0 EMIRBO BRI R EAY o 2 BiER 2 I U CTRlA LT

SOREZ HZHIRINZEBER G LTS ZeWHINE LD BRRADALBBENEVHFIZTESLRT
HhBEEST L. BRENENPED EOBAVAT—LTUL2BIE-E) UEERSE2FHi- 2%
DEFIFEE WD E DITYPRERNTIZEH B E .

BlzzT MR L WO EEEM-TWBEA, ERRITIE, REEBEMNHEEEMZLUDS 5 &S5 3t
DINS IR D Z & 72,
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TWL DANEFTZA 5.

ERNARRE (BkEG I X2\ —2.3) ~EORKICFOEVWHBEL TH
<&, ZLDGE, DWITIE MTHERI 5] REIZRS. 2O XS RkEE [F
HriRRE ] (equilibrium state; BN HEHRIREE; RIEDGE Z DIRFRZH S ) L IFEXR.
Z ZCEOHG 1817 1359 EERRE] o TEHNZ] (—6.4; 20D
RS 2 WVIZEBIZOWVWT »A6) DE b AR TE 2% HIET.

2.3 [EGEMRVL] &WD 2 EDEK
ITANF—DERITRDEMRN T R F —PREFEI NV L 2EKkT 5. DFD,
[HOR DR\ LIFERNR DY X OBRAFHN T RN =220 HIZEEE5Z
E(RFEINBHZ L) ZEKRLTWVWS.

H LB M L 7ZRDEMRNR T L EBEK[FOREARLANRES B olE, 2OhTF
PIUOEMKIANVF—OMIZMEEINS. TOGBEICIZRIZERN 2 1% L B
L[EOREAFAN > TWD. WD T 2E, HURD AW 2RO RS E X EARR 72
NFEBUMKFIIEXEINTVWEE WS Z 2. ZOMHE, ROBMAEEITZ—H—
BB N TES. DFD, WHRLIEHRNALE MM YiESEs Z &
MWTE 5.

BOIE R DN T OIER B IZ 3R T 2 721 Tld e < Fik & D EBREK O S T
LEHEUB. ZOLS BB OREBKRIIEHRNNIFRPERL[F TR I NT WS )
HEHINIZND, —ERHINZZ AN F—RNIRTEDOETES LITEEEZ SN
mW. fERE LT (L OGE) BaIEEGRZ EIE T 5.

T, BUERDRWERR CIZERN DY E X OERKFEOREARIENZHRE W
S 72082 RADZ & ThHh B,

2.4 FEPRRR & (XD

2.2 TEMNZLRZ —EDEE (—2.1) T o RVHKEY 5 Z & THRMMIZEET
5 MabiZ 57300 JkieE EMERRAE] LIER, LW EKRDZ L 2R/, 22
b BEEE, HERIIZIZ TR EETH 20 52K e LT [E#RREE]

B2AND DBRWOHIZEPN TN T ZTDEEL RH [HEHEHIZH 5] mofbw., I 2 THREHE
ey, BIZE > TRV INBETRXNLF—DRDOEDEHS %2 L > THIERERE WS Z 2 TH
5. BEP VMR FET AL, TAVF—DEEROBENLFKET ZHETH 5.

BHIZ WD &, REZDEREZ V- 2D THIEMIZANDS & FOEED ED > TV RSIEZD
RIFHOR R D, ZNIXROBHEFBEI A TRV 212X 5.
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DRECIE DD 06 LBRWD, [0, THaRWHEL, THE, [52m
1, MR 520 OREKIZEDBEEIHEL TEIRETH S (—2.5-2.7)%.

2.5 Mgt oy &iE
IS DOXRTIE, bhbid A7 —)b ((—1.4) TR CRFURIFME BRI < iz
W, EESTENTE B,

INXDIEBDITH KA T — )V OREMBRE 2R b, 72350 0%
AT =V EIRUTHRSZ 2R TENE, bhvbNEREYIZE > Tk i
oW REBTE MR TS E] LEDLNIRELMIBIHIENS. LrL, £
NEOLNOLND AT — )V DRFEMEGEETEHIL THEHIN TR Z RN,

BTk MgsiZ o7\ CIFRHEZER TR TOEMPNBIHIEIC DOWTH
LW, WS Thb.

2.6 T+oRWVERE] &
2.5 TIREWRKH AT — L 21T 106 KIZERE L TWA D, TNk D iEsricEn
R fE o 72 62 LT 5D TR WA ?

bNONDELEF > TOWBIB AT — A, e 2IE—HE61E, Thko+5
BVl (7z& 2IE+H) fF-o THEMBR SNV A s +FaEVWHZE AR nE S5
TWVWWZA95,

Feynman (& [T RXRTOEXPPMIZEIZR L TR I Z\ERIFAECTLEY, TR
TORIAZNPELNBZVWD S D UZERIFEZHIZRZABIZFEELTVRWVWES
IIREE | PEBPREETH B, LWOHEKRDI L E S o 7-.

[FEMRIIZ | &k, &5 AABBINIZIEZ DB ARAKE WS ERZL S0z n

BN HE 2 B8 7 7 u—F Tk NEAPIRE] PEBRAEL L Tibh 2560355, b
NONIKEOE LN T T o —F 2k, TE 272 THMENICEEOYIICENT 5 L5128 5 (720
S T Ei X2k 5).

T RV R DARAR BRI ECE R BE D5 & ERO MR OEBRAREI N TVWRNWI &
72, bNONIZEHAREZ T H5D7E16, WHhARBHERNEEHASHRDOHEDHRIZL >H D &R
ERALTRVWEWIT RV, Z0WZIT, HERIARR & EBEOBTEOMOBERIIIEFE I2H &b Him
HROFUZFER I N TWARL TR SRV, 2 2 TIREHKNPIE 2 (L% D3+ 291 (Wittgenstein A7
M2 ] O 10T 1T RZFERT) (55 Lz Ak ICHE2R->TWEZ 2 INELT WS,

85X 5 ¥ B o THEMAT —)L 2520 m < S W A — )L 2420 [T R C.

SSLDL, bhvbhd, Whp 8D S EE2BIHIT 2 AT —VIENDFEFDO AT —) X D IXENIT
bhbhDY 1 XITiEN. 256, 47 Brown BEFIHWR SN D 2 BNETDIEFEED 5N EWED
BFHARMEEZ T IZIEBH L TW A DI Tk, EENIZIE Brown EH#IZRFOR D ICELD S E
MHDHILEERTEETE.
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P, ZZTHRZEIZ, bNbNDOBERIRFE AT — VB RD [HERPZHE L 5315
] ORMATT =V E 0+ EVWZ & Z2EIR AL T [BMBIIZ] EE>TW
L7207 TH 5.

2.7 T—EDRIE]

(D] ik T+AaRVHE] (=2.5) MIHEI 54\ (—2.5) BEOoZ L
THbD. ZITRIZIIMHEE L U-ERNICERBTEILERBERRHLEDL TS
(—2.1). BELADBZOERAZALTED LS ITHAEMEHTZL, WS Z& (D
0, BEREME—2.1) BEEOHWEHO L L TRE->TWVWE LT 5.

LU, —RICATERIEZIBEET 2D TNIZEHETERVWDT, @BHDOAN
2T, ML TEWE D e 35 2%, M ULAERZHETS. REH4D
HHIUIMHEEHZ LRV R SN EF U TH S, LWVWHFMEE2BL: [REMAIL
SETHAEVH (—2.6) B> TMHEI 5 o7z (—2.5) REZ FHRE L W
5] 8,

UL, MIDM SHD—EDHEDE & TRORENR —EIZRDENSTLE
H5. HIZIE, BANBHOE L THTOMEIVHD &5 BBETHREVREZTIE
EHPREEIZH D EVWIREFZS S, ZDX57REE [YOE->T) M XEs e
=6 EBMMAIEEKDNENG, ED [EFE] EDPRYAWMREDTHS.

WG DI ZIZHBDIX, TNVHIFEOTNEFI S I LT, ZOMERT
INVF—D [§k] BWELBZDE LN NWZ L THDD, REMIIELET, K
2 & 5 W2 Y — R B RS & 02 5 KIKDGE (H R 72 5 7248 T
1) BORIZAE U0 D TN RITH RS DI 05 & D 0BG —EDERE L WS
ZXizd 58,

(BT 5] LI —EREICEENZRICBHEREETH 2 AR s L)

ST MMILEM & T ) WEIZW S &, ZORHETI, HIAIEEREETOVARELZEHT D00
TRV, U CENEL 28T, TNE2EHO X FFRBTEICFR > TINs I 250 4<
TIERBEWV. HEWITFRRE T R R oz, TNZAMNIETHET 2 DH ? BRIz
FETHRELTC A UMY ST EALTHEI 2SR TEARSLEV. WHEEZBIT TV
EIIZHRAT, ZOBERZZNIZFETERVDTHS. DNONIZIEH BEDOMNHLD 5 DRAED
BETHD. I T, ZO#HHETIEEEREBOSEEGERALNE 2.13 2H 5 DIZKET 5.

BLML, ARSI ADPHPPIZIERT 2 £ 512, S0 oGE T2 80D 2 &k EEE B /EMH
ZHFLTVWEZ LT d s, FHOHZE ZABTRIEARH DI 2EZ 5L, RERIMTEIE
B EEAZ RIFLT WA WS 272, 2F 0, BEICEZIE, TD X5 2RE HHAEEMEE
BT (—2.11) EIEFF ARV, UL, ZNTE IRV F—PIENIZ R 2581 3H5DTE
DEIBRGHIZEINP S bNONDEMT 2 EDRNFE2FZA DI LhHEIND.
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EWHZLTHb.

2.8 EENRED VD EFTOES

2.7 DRBIZNE->T, IROESIZES>Z LIZL LS
RIZHAEZB SR I IRV —EDOERBEIZ T EREREL 7205, ZDRMVE]
ET 5, BEHRNZAED L o I REEAR SEADRIEL W S .

LE5A, 2ITHbATWS [—EOBREE] (—2.7), [THERM] (—2.6), TE
RIZEAL] (—2.5) R EDOHFEIXZ ZETITHE L ZERTHbI TV 3.

L2 U, SE#RREEIZZ D [BIfE] OREZIFTRBITEE->TL X SREROT,
SEHRREEBIE T 2 DI12, ZOREZRURITNIXVITRVE WD DI, DU AR
TlERWRr? LA,

[RAVCEHRRABIZH B L 1%, TNEZHDIAATERMEL v & S 3k %
FlERI IRV —EDBRENFELET LI TH D]

EWVWIFHE DI DANEE L.

e LTk TEARRBIFAET 5] 2 2EE LT, HENRBIFETEH I L
EHEAE LR TR S0, L2, dNUXVnE E5HD TR, EBRIZZD
REENFFEARE TR TR S RWDT, EIZRAZEDIZ,

MEEOEMRNZRRITERZ G SR I I RW—EDBRE I ) ERMKEST
XH % FHHREEDIHEBLT 5. |

FEHTZONYETHS. Lbl, FHOEHEZTOLOITETIINE SR> TH
BHENBhEE S THOL.

2.9 EEREO—FMEDRE

WIBHIZEAL 2R (DFD, ZTOVWHLRLIERZEBELTCEWEDOH AL BRNWR) %
HELT, TNEEHEIET S E T (-2.8) ~EDRBEIZNETS. bLHIDHE
Bz ERGRIZ A — O WIHPREED S 0 IR S & A IIZ S & 1 2 SRR, @H, [

SOMFETIHERSROGFHAEZ ANERDNETHAE L 2 TXR 5720w, WHETIEZEI WS Z ik
MEICHERERTH L e EZ oD, EE, ROFEEORIEIFBRINIZITE S L IFB X2,

28



— T B9
PR AR 7z [ — Ml (R BARIZDOWTIR) REBEE RO T, H—FM4 FT2E
T 5 HRAED — B IFBNFZ DR TH 5 & A3,

2.10 BREBEER

& ZATYHIRIBIZH 2 RDVZEMINZIT—RREBIZH 20 EL VWS T LIFITET
WCESR L TRV, MgREE, TNZNONEEREBIZH 2% DR% % - 72 < MHEE
AUBEWESIZHEL T2 R EZEZTEMOR VDI (- 52A). 5
2, ZOZODROEIZIXMAPEBRYEDZ20E LN VWL, WS ODREMASLYE
THEVWDENS, WO THEMREERE VWS LDIRIBETE S (—2.1). Ly
U, —#Ginz BT 5720l I bl a2itMIciml, ToMEIIEI»
TIER R DI Z LR L TW L DANEZ A S .

Z 2T, BRI A TEMPN =2 I 5 RVREBERZA I 06, 20D
EO%R% THMR] LIPATRIZERZILS OPEERTHL. LZAM, 2Dk
BRRTHEINDL D S 2T RTOVEPREETEMMIZERMIZE—TH ORI 5 &
W RAE IR AW (B2 X TR 23.4 AL B0 E LR )., 22T, B
NI — T2 PR AEDY (B B SAF R T) FEBT 2 LD R 2 R L IERZ L2 5.

WIERNIZIE, BHRIE, FIZIE—2DMEYNSTETWAERESL LWL, :IT
CERIEPZ o720 L TH DR, 55 N T2 — 72 EHpREE % 8
RTZHUIE VN3,

AR Z RO (RS2 FEBT HHE -2.1) 2NN UTHER L TESLZ LD
TE5RELTHMMTES (DFD, TOVIREBNFNIKBITERY) RDZ
EEBEREMR. (72720, BRIV OTHAE LTI O/NIRHPHMMRZENT
TERREMBIRNTZIENTELZDT, ZITOERRDERNS I, HHR LY
OMEHEASNDRIGEEREEARITIRAT S, |

NZ iz NEE] LW ESEMHAINTVEY, BHEIZS AL, BilR (—52.10) 220 Tik TH
2] YRR TRV, HELPPPZIULLRD 520D, 16.71ZH2H 5 L5112, HER (—2.10) D
BaETHB. L, TOX 2583 TH/REkZDT, <~ SRR D — &
HERELTBVTEL.

NZ 2T H— lFbNbNP Vs E NS ERRICRIILZ2VE WS EIRTH 5. FRRAE
DML FHIREDOR MR B 2 AL EHINTHEMIG A S5NS (—5.1).

CAER RN B B GEITH TNHBALT B Z 21k, [P BORBRFEETH S (—4.3 (I1)).

BLZU, FLOHDIBIE, WEHIICHRMRGEE2ER L. [BiR] OERIIEFIILoTHE
7055 EICER.
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211 EQLSBRERNRZERZELLDI ETHD

HBHHFMA (—2.10) LZDA—Z2ZHEL EH 5 F UEE E 2B W TH— OV
REBIZE L 7284 (—2.9) T, 2O DDREZLEDEE (D F D EIREME —»2.1) 2L
TEDLE T HOREZEV R UK E THEHEIZARLZD 2D, TDRT, ROMEED
INZ TR DR EAEARTIORI U DENE AR TH U TR 2B L5 A
HBRIFMHFIZLRW (K2.1)%. (B2 U FHEARFBIZH 5 R D) #5E1Z & o THEAHT
EREE B DA BRI 725 OB S 72 W R & IIEER 78R (additive system)
EIERZ ZIZU &Y. bbNDBHTFICT 2 DIINERNLRDOATH 5.

B : 7 > i
e //
E O]>‘\
7 N

Figure 2.1: FUREBIZHBFELR%Z " 2HELTHET S, KOV EHEFALEETHLR
BT/ 5 & 5 R NEN R — U B Z TIIMETIC L.

2.12 RIEBEBEERIGIEIEEZFIER T
R DB NN TV DM EAEH OB AN < 72200 (FHEAEH ORI & 538
FEOREWNI V) HEICIENE (—2.11) 2N 5. 2 LT, &< #EN72ARREHE L
DERSMHEMEHLS 5 (D0, KERMAMFHIANF—%2KD) DT, ROLT
FIVF—=DMARE & 0 2082 NS 5. EAMEAEMAY Coulomb MHHAEMIEX, TD &
S e MEE E R D.
HHIZZANVF—FGEPDNONOY A XTIERELBRVDT, BHFTIER
WS COENMEAMFHIZE D L INE T XL F—IXEHL TV, Coulomb fHH.
TERIIMSO TR EVWDO THROEMD D 525G AT 5 Z LTI (BRLF
D E%EH & —26.8-26.10). 272U, BKHNIHMELRTE, EADEBMP AN
My Z5TH, BRI WEOWERS 1 I 70 VORI HERKTSHS.
B TDORLFEEERARLER (—2.13) FHREZFFO LS WRAUMPHFIZLAY, End k.
06 THERIARR] L \WD SHE, $TI2 L10ICHTEAD, ZZOEKT TER] 245k
hTLHLZ5TH5.

TR Y T DIND K E R (BIZIEHER) L IR AR T E A WA E ORITIERIZ & 5
TIRERIIT B TH B h 5 BE OB EOMH THRTE S,
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WS 5 Z & T, HEEHORREHMIZbNONNSRDLIFEAERWNIZHEL .

U2 L, EEDBEMPIAIGEF2E>TWDSE, MG HEERIXERSND Z 2
<, MEFHETXVX =25 OBBE LT1/HP OXSICTEESTHDTHRL
DDOEMREYIEE —RIZT D2 T XN F—IXINER TR RD, S S5ITEKEDHE L
THERDIANF—ZZTDBITEIFET L 512705, KAMBFE—XA Y b EFHD
DTREE > TES N, ERINIZE KABLRIR T %2 KD RIFHFERZ WA N
AP 5. BEEMERTHFERR, SAHEAEFH YK AR KOS AH BLAE FH 72 0O T Ak
DN 5.

D& D BRITIE 0 — MR 72 BUF R A3 T E 22\ O T ELAE FH AN R R T
<, ROFFODTRINF—DZDERFEIZILHIT 2 L 572 ([T RV F—=D2ER 7 )
EWD) RDAEBIIFTITES.

2.13 FEMRED D SRR S
FEHNARRZIZIERUKREZIOZDODOMWMMIT X0 HET 5L (BAF, f#ElTsL

ZOEKRET2)Y TEH40EFIFHOEMRNRRZ. 22T T X0 pE) &
FREHR T 527 2N 570 LW Z &, REEIMARED 2/3 RIZHHIT S &S
WZRET A2 THY, Ivan Hove IZDEIT B Z&ThbD, L UITLIEREI N
5.

EARNC TR — R TR WA B ERIMI R L D /NS RERROEE D
EEZOND L EE, —HREEMRZEBETNEXFG. 22T, TEFRRIITEHEIICH
NEZNEZRELCTELZBDELEERBIZH S| Z22HODIZERLTEL. Z
DLk, DETTEL—TIDOHAREZBRED—HEEZT-LE, £5— 750)4%\
Rl%2.81 255%%4# EDRB DI 2R TE05, WMOTEFLLLTH LW,
HEDZDIZHRRTEL.

[ 2.2 HPRAED 581 & (kR 2

E#R% AB 2HARICHET S (152). ZHRFEBONETHS. £< OB, AEEIIBIT5—
G DY ELAE R ASIE N & 512 LTV, BIHREN: £ OB S BERAE H e S A TH AR
TE ORI LA TIRAS RN E S ITES b LAARWS, B0 E 5T, HRKETMED

BE UL RS (BIZIXES) b s L k. DEEGERIZIONGEOFTIIHDR TERS A
V.

99. %] 2.2 i—f\%: DIZNEY)E XD RHRE G A PEHNL WD, ar LROPRHENRDH B Z
iz BIZIEX, KOMEREL-We EiE, £TZTNE2ENLUTDICFTTRSEDEL T
w)f» ﬁm%ﬁd ERERD AR EE S THWVW (—23.7).
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Figure 2.2: SEHARIED 2 &4 AR 2
I X B FFZBOENE TRV F —{RFEERZNDT (523.7) WEVEZEZ AL T,

BELTTERLINRE EMADED L0, SEROTMIRIE L (B0
BT 2 W EHRRIEAE S MBS 5
ZZT
[SEARRIE IR A B AR TH 5. |
FEHLTHL 0

2.14 DENIEM &AM
213 3R EFIZEEFNImELGDES tfno)—%@ LEDemL—HTBHLOLY
HEZIOES OVRERZEHZS. Z0 KD REIFRIZTIINERNZ & additive
quantity & FEIXN 5.

DFD, HIHEHBAZDHI2EQZ QA DLIITRT L E, ADHFLIEI{A}
(A=UAPDi#£ 6 AiNA; £0192)1I2o0nT

=§jm&> (2.1)

SIEQIXNEM R ETHD L EDN5.
&T,%%&gO®ﬁAtB%%of%f%ﬂ%ﬂéi%éQ%itﬁﬁ@%ﬁ

0B 22 I RDIBITRIEL R0 S, ZOEEKIIY 5722 2 A TS HEX AW, JIFRENERL
FMZRRS L FITIFF BN Z2EIZTAMBESL V. BHZEIMELROM S IZHREESL LS5 TH
% (—23.7).

OLERIZE XL, D DFEEPREDX BN NI X I NZ N EIZE I WS Z e PR TE»RL T
T s7n. 5.1 2R XK.

1028 A EATI7Z 295 FRADHER L -k % D).
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TRU, THICIOZDDRIIHFRMAEHZHTEZALTHAETIILZ @
TRET L&,
Q(A® B) = Q(A) + Q(B) (2:2)

L7522 Z L HMEEE WD DT, FITHTEZ5ENZET 2 AN %2 2 EIINEE (par-
tition additivity) LIFRZ 2L &S . ALZERIGRED D D &, D RIIIEMEA L D
S0 THIEMIE—HBITITK D L2 VWEP VWA NS & T 5103,

DEINNENE (2.1) & IEN: (2.2) OB WVITMAETIZBI L CEEC RS, BF T
fgtr 2 S B B8, o sk mEE (2.2) 2256 TH 5. 0 THED| IE
PEQR2) TIHEAABLIVUBIERQ ZH-TWARVAETHS. TN,
DEPNEME QD) 2BV TITRTD A, I ADHETEH NS A DHWSESIZES
n5.

2.15 EHNZHIERR
2.13 THHAEHRZIZIFFAURE XD 2/ NE TN, TNETNIEFZEHR
REEoTWE. LAL, WOETERS ZARI L Z2MEH#E0 KT IETH %k
W, B UMEITHEZ S LTI DR THERIZKES W] X372, HiaRikZ
D & D IRMGIR 2 i A, TEJIZRMER] & W HETRDNWT WS,

ZZ T, bhvbh@EHR > TWBAEHRIEZ OMREDO KW VELUZ 7R > T
WHEWD Z XX 5 THIFIE VN,

1L T T K 2IMENTIZBWTIE, DEIEMEIRINEEE UTA 2 THS.
04 TR &S DI, TRTO REREDEEDES AR COEEIZMO TEWE WD
RIR7Z (—5.5).
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3 IFER — #EEII

3.1 RENRE

bbb DA —)V TR TREMNIZE—725% (L 0 IEMEICIEEMR (—2.10) 2 HE
5. I 215 TRAZELS1L, EfROBHKDOMImEES S L TNIE, KELRD
ME%ZZ X 2DIEHREPS, ROREI2REL LTV EZNIIZONTAEL
o TW BIZHEREZIL D RET.

LU, DNOIUIHTIZT 5% % 2.15 18R 72 & 512k 7% (—1.10, 2.11)
WCEEU K BRELTWS Z e 2 ENTIEWIT ARV, BRI RO T RILVF—DEkIZ
BROEHTL2DENS, TAVF =R EIERN (—2.14) THRVWEIZKGFET 5 &R
E—RICIEN TR 57755, TZTROBFEV & LB ICHKRT 2WHE Q)
(>0)2FZ2LEQy/VHEIZERBEUNE Z 2 TV, Qp MHHEIZ V IZ
AL CTZDED (HEMIZIZTER TRV BELREZONELE, ZTO LI hEIT
REM L& extensive quantity & FEIEIL 5.

3.2 BANZFOEARLZHIITELHNTH S
ROBHEHZWVFERE L HIZHML TV &S REBIFINENZEZ T TRV, 7=
EZXROKREBE L, TN - 72RE T AN F -2 EIXEED 2/3 FIZHHIT
%.

B, HERRIEBII AR (—2.15) 2 & S 07208, ZOMETIIREN L E
I ARTHEERTEERZ R IR ARLDT, RYIZEHRKRTERLD % DI3AHE
Hl-oOxrEE, DFVEETHL. LrL, BEIZLTLES LHEED2/3FIC
T2 EDBEIIHUMATLES. Z0LSbITT, BIFIzflibns iR
ZHIET RCREBEZBBDOTH S, hHE, TAVF—RENRZOHITHS.

3.3 RAFERIITEERHNTERERTH S
RENZEIZYEED XA (—3.5) DT, »I5IEARNLREIIFEQ I
DORER{Q} DEBTH 27051, Tk {Q;} O —REREBUZ 22109100 5%

1055 2 HABIZEABTHRVWEDOEBTH Y 520, 0 &5 2BERIRENOFOREANLEZTI
W, 2 ZE, NERT R VX —I3RE T OB E UTEDPNEGEND 50 HNnmnwy, Thix
BHFOIEARN BB TIZ AR,

06007} 2 R OFMEORE LES. 2572 RENeE Q; 13 {M)} O—XFAXREKTH 5.
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D, Q=Q(Q1, Qs ,Qn) EEIFZHRS N (>0) BLEDNTALXELT

AQ = Q(AQ1, AQ2, - -+, AQn) (3.1)

ER5.

Qi T 22 LI Rz 2D Q DEAIX (AR S) Q1T X BRI RE ¢; T
DN5N, 3.5(1) 1k g B {Qi} DOREREBTHE I L2FERLTWS., DFD,
A(>0)I2&5TU

¢ = ¢i(AQ1, AQa, -+, AQy) (3.2)

YrE R D 0 IRFEIREIECH % & 5 781§ % /Rifif) 72 & (R5RE; intensive quantity)
ARER

ORI RE P SO0 B K DI, RiEEIE, EANZRETIEZR VA (—3.8), B
NETHETHD. WET, ENPRENVRBEOHTHS.

3.4 BREBRNZICIIRABEHEHTL 2 H
3.31CRZ &S, RN ENENFZIZH T BB, 22 RS LTT->TH
ZNDNILBRER, WS Z TRV, TUNEHR S, RPIZFHET Y
Baz DREMICHTET 5], 728 2I1EZ2 D 2/3 F|IZHAHIT 22D /L5 0T EET
PO LTIV RWIETTH S, REEBP BN D HEIX B2 OREARER
FREZHTHD] (—3.2) & (3.2) ITRE 5.

FEJIFITHTL B EBIIRBEL B RBERZ T TH D] L0 DI, RIT, B
HEDFEINREAOTEMEENDG Z 03B 5D, TOAREIL TBIFOREALTHITIRE

Q b REMNLDT

AQU{M;}) = Q{AM;}).
ZofU%EFFLLEL L
QUQ;({AM;1)}) = Q{AQ;({Mi}))
ROTHENZ Q 1% {Q;} D—IRFAREEIZ2 5.

W07¢ BEERR ) 20k P. T. Landsberg (1922-2010) 2 & > THAAMIF S i I iz, Iz k2
&, TZOFEANF WO B2 BIZEHAINAALH > TVWEEWVWIERTUO > D TE5L50T ik
b7z, UL, MEA L ULTHRRINDZ2EE TRV, ). TOEOEEEE, X,
PHRTHIELWEDIZRASDE ZAI1ZH 5 (P. T. Landsberg, The fourth law of thermodynamics,
Nature, 238, 229-231 (1972)). L2 L, #&IEHIKOVWTWVWE L DIZ, ZTOHEDOEFIZEMRNE
SERICBVWTIIREEPHOMYHETHZ2 L WS L ZAI2HDDE. RBBEIXFERBEBOMEL 5
(—3.5) BT 21 E v, DF D ENEHOMMNNE TBANFORALZBITREEHTHE] LW
ST LIZRED (—3.2).
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ZBETHD] ITRED (—3.2).

3.5 ELREIH
u IZFE R Z T & T 5 n-IReHE n-cone'® TEHRINTWVWD n-BHEKE TS, ) (>0) 2
SAHL LT, H2FMp L DL E

MNu(xy, -, xn) =u(Azy, -, Azy) (3.3)

MER D LD S, u il p-IROFIREE homogeneous function of degree p & bbb,
(1) BLHuPBAARETH S 01, (3.3) 2H 25— DDEM x; TRIKST 2L, EHENS

)\pf = Mg, (Awy, -, Ary) (3.4)

WEENBDT, dufd; =y, BTFRTD 2, I2DNT (p— 1)-IKO KL 25,
@M&@%ATW%LT#%AZI&%<t«3ﬂ£%)

pu = le p (3.5)

"EoNs.
(3) u A TTREZR 51, (3.5) 13 u ' p ROFREBTH 20 DBENFMETHE. Zh
% (FRBEEIZ DWW T D) Euler DEH & WS (—3.6).

3.6 FELREIHUCDWT D Euler DEE

IR EETHEE T n- IRt CEBEINT VWS n-BHEH LTS5, HLH u WO AETH
% & EIZIFIRD Euler DEHAIR D 31D
EIE [Euler] #5 v]BE7R B u 2 p-IR DIRIIRBIEL T B % 72 8 D s B+ 43 S 13 IR D HERE LR
NHRRADPENLT 228 TH5:

n

0
Zxaju = pu. (3.6)

[REHH] (3.3) & A\ TN S % & dEHFEZ > T
PNz, le@)\ w(AT1, -, Ap). (3.7

ITA=1,8BTI(3.6) BEFoN5.

Jﬁ’&nﬁﬁﬂﬂ'é W FHERIEAR > R quasﬂlnear partial differential equation (3.6) % fi# 1}

EEWIO, ZDRMEARRRNE T AZNES EL{ffioT
du  dz; @

108 (TE R AYE I 8 B )n-BE & 1 n WOER 2 VRO ES C T, EEDEDER o 122 W\WT
reC=arcC MEVIDEIBEADI L.

LO9ME IR RN 0 HRE R D —BEmIZ DWW Tk, 7z & 20K, fliEE DIEE Rt ) (BURRFE RS
2009, 2016, 2022) it 3.5B.1 12 ISt 72 A D 5 .
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DESIZEL &, O MERITETEOWS TRER B F %o
F(MPu, Az, , x,) =0 (3.9)

t%ﬁi&oib,Mud{mﬁ@%ﬁf@<fdt6ﬁm®fud%#mpﬁ®ﬁmﬂf%
%. (&)

3.7 AT RILF¥—
BHFE, T2 ZBRERANDMAFELAOHADIZE ST 2V F—DE M E AR T
THRELELS L THYHOEME UTHE>72DED2S, ROTXILVF—EIXR%E
R TE-DIIMBERETHD.

ROEIANVF—EREERE U TOHEB TR LVF —PELOFRT VY ¥ LT R
X—2BLEA5. WH, Trxhr &HIZH K (co-moving) BLll#E » 5 FH 7z )L
XF—%2BADDT, BANFENZE L LTI LTOHERNT SR ILF—1FE LIV
TENTERDVFEF-TWVWB LEZ SN TRILF— (NI X IVF — internal energy)
FE & UTERAT S0,

SOMATH (—2.11), BIIFTIE, W RIVF—=ANER (L7722 > TRE
) 12725 & 5 7% U b 7,

3.8 TNARZHIIEARETIERW
PIERENZIFIRENEELRERE L TN, MREAICRZESIZ (5A2)
B 5 AR T IE SRR EL 72 5 721

LU, KEKDOHAFHEBNFENPRD ETH A EEIXPEIREE —ZNI s

HOBARDBIRN TV B IGE, TNRHEZEHTE L2 51F, BNFRELUTERD 2N TE SN,
WRILN S, ZTOHE, ROTRXNVF—EHNH TRV F —+ HFEH TRV T—ThH 5.
ZOWENEREEND L, BIFOIESBETHEWIZHEEDL ST, HOEKRPENS LS 7%
ERITMG D, FOMEIGIMNT S VAR T - T IV THEE - el - 96 F, FOBJIFNIH
(BAARTE - ATl =3R) (A 93 1987) TH 5.
Ul TRERBEE ] R ED SWBRICIRE A ) 72721, BERIEE L WS BERITDOWTRD 2 fi%
2L TR S
(1) W72 2 RERIEES B RN ICObh b O B REREICEEZ B TidRowv. LarLl, &
EMANT—BE LT —D2OHFTRINDEHMIUEHIZ LRI ZSTHS. ks, REERRY
EWVSERIZ VWA VWAHIZ DA ZAXALTHRAIINTVWENSZ. WAWBEREBINTWS, H5
Wi, WAWALRREGFITHloNT WS HRE] PWEMAEERTH 5 2 &1k (Faraday D& FEDES
DEILEDTHZ I 2 FERERSMEEL 72 & 5 10) BERNICHEL S NERE Z L7, 5iF, Bk
DWIRREDETH S LEUNSEH, T OHROIEFITIZT TITHENL X N7z —RITHITRE AR 0 A
ENTVWDAREMEIE 3 ICH B, LzhioC, REZEMICL CANFDEET 2 2 L IXGRIIIZIX
TEERL TV A HEEMED S 5 Z & IZER.
(2) ESHNZ 1L, SAERRAD £ WL S LW &2 5 %K% i - 7 RERIEE O M@ % B
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ETERV., MENPEDLS RS TERNMI AL F —ITKEKDETWA NS & B
5., ULz oTHETRANVF =D BRI WEHHIETH 5.

—fIz, RIBEIEEREZIEE T ADICHEY TRV 21X, bhvbh\nWDoT
HERMEDLHZDRAT—HITAHLIREEZEZ S H2DIZHUT, URBNS, RE
BB EIZDOWVWTIEZESI WD ZEETERWI ERoHENEASS.

3.9 RANZONENFEL L MENKRE
SETREZEIIZ, WHZALVX— ERBNFOAFIIEIYHEETH L1 S, &
FENROR 2R T DITRFIBETHS.

REWESTHITIE, T ZOWEMEE (LIXUIX, ZOEMER) Z2#HE L7 <
TR SR, ZOOITIEROFIAAET BALEWE {i} DELVE {N,} 2FIHT
5 (KVFELLIF —4.5). EEMIZEZ 5 N=ROMEMEEZ N = {N;} £E<
Z&iZl &S,

N THRES N YENEADO ETHU SN ROEEAMI 2 Rk T 572012
FEGRYIERICHIE TR, AT A VF — EUAD TR TORENBIIET, 5
HOFE > TWBRTHINIIETEAZIELIENTE (0%, {X,} 2zl
BOMETHLE, X; (j#£1) ZEELTX, 22T EBIeATE)B, L,
WH T AL F— (XD IEMICIZZOEE) 223 E 5 5 L5 RN a0 T
BAROM {X;} ZEB1M. £ 2T {X;} ZFHMEE work coordinates L IFC, O & %
EDIZTHLEIFIX LRELT 5.

1.8 Takam L7z & 512, Z D& TR PYH EIEAR EMAYH - (LZ2I2BW
TIRINTVEELDEFBHRIOLEVWEDE LTEZITANDS. (LFHEREIETRTH
B EMYMOF CREICHHE TE 5. T 61T, HHRNLZOREZRKE T

HIZHGEET 2B X ZE LR WE Z A0 N2 RE MR > TIREOARE RO > 724I1IZ > TL
¥ o 2 REME I T E 220,

2L, ObIZEADL £21T (e 21F4.4), N IZROYERMIE %R 2 DIz 2 hIF L5
HERBETIZRD. LW DI, ROIRE, L0 bIHEHEEE X 2238 T0WaR, BRI bFK
IGEHAETERWIED, CACAZLT 205677, B@EOBIFOBRIETIZZ OSTaEis 2 B
TBM, ALERGE B EIZHES GEICIIATHRINETH D, EEBIZERT 2D KIKOGEART
BETHBDT, LFENF2ERBICHES X OBREEIT 270 TEAEIT0% 42T 5.
W2 NIFKBDBEREL TEIWEEZSNED, (LEWENET LI 2E25L, TNEE
UTWL ODRDEHEED 7y TIVTBZEIIMETELDT, —MITIT LV EELHENLELE
Zois. LU, {bEEEIFREIZ 2 558 @ EAREUN DL FHEEIHENE Z 2 EHFE DA
WU, <L OFFHBENMD Z L RVOTAETIIZEZ RO,

a7, FERIZE KBV FELNERIZOVWTIE, EHEIIZES WS HZHES DFRE>TVWDED
WEEEDS, ZO2WH 222 —PoZEX R TERSBWVIESIZT S .
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% (—4.3).

NP R, ZHOM (B, X, N) 3320 BEGRICBIHITTRERZTH > TRO VA
REZHLRTL2DIIMHHTES. LU, AIZULT, TIN5 Z2EANZFOEARNEE
e U THRHTZ2DIE4ETRS L1 (g, 4.4) RO AHETH S, K bhEVER
134.13 TE R 5 (FEEHITIZ 25.6).

3.10 AEERE AR

L LONONBT RN F DRk (—2.3) DRWERIEOAZHFIZT 240 61F, AF
JERE X 22T E 2 L RONIBL IV F — B(DOZAL) REMERR T & J1F DR
AUDAZEM > TERTES. TIITRADENZI bRV, 0o DEIEILE
ERF° N FOFREARACHE R ZMGET 2720 DERICHTL 25DIENY TH 5.

ZD &S HEE, EREFERHT 27201 VIR UIKEFEZ D > < D175 (EFRRE
F—AL6) 72T TN,

BRI NF & BT DIREATER O ALK S T W E R TIEIOZ D5 % il
HZ& > THE LU TRTEIBRAREICIIRI RV, U nhr o7z, fioi
WS T, (EHEBEROZEME, Thid —H—Hficilis Z R TE 50D EIR
THHETH 5.

R X, DR Z DRV & S T LT IEE NI 2T R L F — DA
{LIFEFEE R work form 2,d X, DL I IZEL N TE S, 22T, o 13 X; DA%
RIRE conjugate intensive quantity & FEIXH, 3.3 1CR2 K512, (91D &5 7%)
RN ETH Y, F & X O E UTEBWMYHFZIZ > TEZ o NTWS, —
NI R NTIRD &K S B ZHLS:

HLELELERPPYENIZEHL TWE R 6 (—4.3), FRWESEYETIINEB L UE
WESFR T RV — DLZAID 212 w FBeHATH S (—9.10): w =dE. ZD
728 { X, } 13 F R work coordinates & MEEI 5D D721, (L EERE D FlIZ A 2 B
(=B.1-B.3) i2WW < D dH 5.

U5 UL, BRANZERIGERE VS 50 LIELIE, bhbho H¥EIEMET, b7 0.
7= & ZAREH OISR T T 3OV F — L BRI T 3L ¥ — DEHIRIE 5% I3 L, MEds
FIT 2L a0l ST NERBETES LEDNTVS.

U672 721, BOHBISIZE U0 LAGE LT (272U —2.3).

UWIH I T3V F — 2 2L S B R VRICEER 2 bR, TR A, (LHEEO Y A b5 it
WA BRI ST Y 0 Td 2 EBIIRA N TN 3.
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S0 ETHEHRL, HHEMEZZMIE D FHEH 5 VITEIEIIFEBWESYHE O
HCRREHAEEREDE I THE., SVZ DL, BUERDRWIERH 5\ ILE
WAHREELTRETH L Z e 2MELTWS. Lidi>T, EHRKIZA 2 HD
Y — A ((EER) 1M TRETH 5.

3.11 BRREHEDTICHEEELZ(LTES
Whp B TEEER | 1SN R D, T E R WA Z O T HEEZ2 2 LS &
HZEMTES., PIZRDEBERIE, 2 IXBMEBIHITSE SO Joule BHEZ WD 5
KDFTNIENWLSETHNSLKTELZETHA.
B qgZEMI L UTBESE-We T 5. MHTAIEMOBIIVLRTHEET
E, BAEB D72 0 OFEEILX RI2 T, TURZR1SEE UL TRIMTEITT WL,
FRERfE At 2 TBE T =q/At THEN 5, &FEEQ I

Rq?
Ar
A, Atz RELTNE, 2FD, Bo<bTNE, ZhiEVW s5TEXY Oz
DB ENTES.

772U, Bo<L DT BEDIZREREL LTIRIHSIZARWI 243 (3.11) 25 b h
B2 RERELTHILITBEVEERETSHILTHD. DX DRV INLTFEN
55D EENREZNSLKTHILTRESTDERULUTHS. T Hiz e Tl
NI EITHER. bR E A TIELS T 5% L E 5 O H[H UEE Tl i MEFRK
WREZEHT A UICR SR,

Q= Ath(At)Qz (3.11)

U8 (Wb 3 TEER] (ICDWT ) (LR X o2 T TEE) ) BHpILTWwa5ha (FRik
DRFED K 512) 172 21 ﬁéi? 2, R AV F —IE@EROMADRIZRS. L, Wb HE
IR DEEfIZ & 2 B EEER DG G (JEFETIE dry friction & FER) 1, BEEITIE X 22T E 210 A
Y— R EBRZ LI ifﬁ’ﬁ:ﬁﬂé N6, TAINF—HURGIILEED —RIZHHITE LR,
o< D z‘:EﬂSéﬁ’é i ARSI E o 72 < 2R, bf:?bfo'C, Wb B [E AR DIz & B B
BRI T E WA I IR EEFNZALIZ AR RETH 5 Z &I

WE a5, Gramck LRDILFMFEE =B AFEL < uﬁl/\“Cb\é L9512z [7z& Z1F, S. Granick,
Y. Zhu and H. Lee, Slippery questions about complex fluids flowing past solids, Nature Materials
2, 221 (2003)] e & R F DG A U BEGIIEMET, RITNT VR 5 b [ KR U
25%.

WOBREE Z < LTU2SBO@INL AW E 5123 212id. #BL R & N EEFIZ LTS 2w
SEDBRILNARETHAS. ZDL E /N BEEPIZES 2 580&IE NR(g/NAL)? = Rg?/NAt
DESTWSTZENTES.
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3.12 £ 54 L —RpuaE:

[EEHE ] MWD, — R E RS AR O D L T LD & S b,
X 2 MUNEEL SR ETANF—WIE = 2dX D LS LT 22T 5. =2l ORI
o=l ORI E2BVERZ, TOEICE-T X OHEND, =213 TH5 1T A LR
naeLTaES. daxXliaxT=0n&3 iz X 2% rvanzednid,

d(EI +EII) 1 11, dX
B & CHERE L ORI (Ohm OIERID & 5 725 D)
28 I I
= L( = 1
o (x7—a™) (3.13)
MO ->TWVWEREES. I, IHBREEELTIZEIADALAYFY LERIZEL &
dE dX
B&O ix
= _ L 1
o ox (3.15)
NONG )
dE 9 1 /dX

ZIZTHABNRDOVTWVWADIE, MEMKT - HFTANVXF—ZT25EE L UTHFEIZLTY
DT, BRIZZTORWDEBRT E205TH5.

I obhbEHITX 2 AX 72 At REICEAEIBEE 2958, X DREMLZEILES
AhAX THBD, THILF—ORENEX

1 /AX\? (AX)?
-7 (At> At =70, (3.17)

2%, AX 2 —EIZUTBEWTHL(LOMATERH At 2 TR TNIEHRIZ L 5 T 3L
F—DZENS S TEHENSLSTES., 2720, 311 EHD LD, KERBE L% L 2/
L LTEDOH 2> THHEFNZTITR SRV (LA AL LOBETHNS, HEWVEFRILZ L
723, (3.17) DRRHTEHNT WS Z L ITHEE).
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B #E TE&EFHADH)

Z OFEEIIIEANEGRY B OMER O CANFIIREREFNHT 2720 TH T, #
HEDRIOFEETH 5 MEED-DIZENTHL.

B.1 HMZ(LIC& BitE
ZOEEZ VSV +dV NEHEBNZI208 2 2701 B tFotHER w 2RO XS, @
DERERE dS, T DA ERGH~OBNERZ 51 B 2 21235 (M B.1 2).

Figure B.1: Volume work

N F PEREEESE dS ITER U 7-MER, REEEENERARIZ I EM L2 ThE, ZOLED
HHEITIF - dSSl THD. INEEMEIIZOWTED S Z L TCHREMAFHIZLAHAERER w T

w=— [ 6lF-dS (B.1)
ov

LB, ATERMMNMATFETENSE. 22T, REOMEEOHME |dS| =dA £EL &

F.dS = PdA (B.2)
Ehs, (B.1) X
w=— / SIPdA (B.3)
ov
DAV N A=
5V = oldA (B.4)
oV

Thh, EFHNZILTIHENZED LA —ERDT (B.3) &
w=—PdV (B.5)

EELSZENTES. ZOENER, ROESLPSHORESIZ, IFEBLEUTOENTHS.
PIENIANF -2 R TRBD TNEKRESDDT, TNEBDNFANENRELE VWS RKLH S

2053 o< b e, ERITIZ6.412HTL 3D, A6 THZE ST Carnot BT TIZHEL TWE
ZEThb. ZOLE, BUEDFERIZAFERMIZ L 5D T 3.12 Digmd)EHHATED > < W &B{LE &
NIEA Iz B,
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N, TNRMFEOEREENHRTH L. T XHMAFBEIIBIIZE TR, B - NFEPE
#ITDHHDTHE. LidoT, HHERNITRTCANZIIERYEIrSHMAINELDTH B2,

B.2 BEDT 5%
WD Maxwell D HFENIT B4 IZELHTH 5.
Ri 7 0 DIFEHRIIEEE TS 2 EARVOT, BEOT AL, BB L-THESA
BEBIHE B BRCTHHEHEEDTH Y, BDRTHEVHITRDERE NS L ZBIIH 5.
LOEEN SEFCERT BHERAD SEH SN BRI, L EcEB J; ETH5. (B24)H
% (B.24)-E 757 L3I < L2l s SR LT

E'CHYIH*H'CUI‘]E:E'J‘[‘FH‘% (B.6)

"MEohd. Zokdix
V- (AxB)=(Va+Vp) (AxB)=B-(Vy4xA)—A-(VgxB)=B-curlA— A-curl B, (B.7)
22# 23 div(H x E) 2D T (B.6) DEUIX

div(HxE):E-Jf—i-H-aa—?. (B.8)

ZIZTITRTDERRE EBREENARDOZEBICINE > TW5 & T 5 LIGITERREMSTHOERIIC
YHIZBELTWATHAI06, 2EMTIDEAZEL,TIIL

Oz/dVE'quL/dVHoaa—? (B.9)

NESNG., ZZTHEL2EHIIZNZ S Z 2 I2ThiE, ERAPERIZI—ETHD, LR THA
DXL —ETHD. ZITELEREMIZOVWT EORERS LT B OMELE%: 6B & ¥
H-§B:—/th~Jf. (B.10)
NEOND, TITHGOZBMIZLDZBRIZES S ZETIALF—IHHBINDZDT, GUBKFE
FTCIEL LRI/ EINEZ A VT —I1Zb. £oT
w=H -dB. (B.11)
PG DT 2HFHOMAFRATHS. 22T B=poH + peM LT 5L (B.11) IE

1
wzd(ymHaH>+mH3MW. (B.12)

HZEEDEOH UG THEOT, WHEEAPLZLSTHEETS. FIT, ZOADFE—THIT HZE
DHERTIVF— OZLTHY, TNEEUINT uoH % & 5 720 THNDES & R

w=B-dM. (B.13)

21525 A, BSIZORRBDBHE Lz 121k, 2R LT, FHBEZROZENTES
21280 A5D, TEHEFTEALD, HHELEDEETH > T, EARINIILFEREIIRFEE
MNTEBARTHIRELEDTH 5.
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"Eohsd.

UL2L, ZHEWDTHELWDITTIEARWV. ELWOIKHIEWEME RO IR > TS %Z 9
-%& 'CL\/JD@EJ&TM% demagnetizing field PERTE 2 & TR B, 72 & ZIEBRERETIEE -
e 72 % Z LITHER. Z ORI & 2T BRI A AR AR I 7 72 0 72 (—2.11).

B.3 BHDY HLFE!
ELRNER $%ikﬂbﬁbﬁb BRDRBIZIRE L TEEO T ANV F =L TE I LidhnD
T, ROREEZELDVEZ D Z LT\,
AEEDOYGE, G RYENIE TAL D TENZIITROSIR 2R D, BN H I EE A
EEMIEL L TRINDGDTHIEFIEBEME LD jp & &@%ﬁof

oW = /dVga(?p (B.14)

LEMIND. D IZFHBROBRBIZOVWTHEITTS. 22T
E = —grady, diveD = dp, (B.15)

THBEDT, FERDIKEIZOVWTES LT

ow

/ dVedivéD = /dV[div (pdD) — grad ¢ - § D) (B.16)
1%

dS-<p6D+/ AVE 6D (B.17)
ov 1%

NESNE., ZZTEMRRTRERERMZEHAL TV VWO TE _HIRENLESTH-T, BEI—FE
o lXtERRR
w:E~%/dVD:d/ﬁV%E2+Ed/dVP. (B.18)
\% \%

Ehd. BoHIEFEEBERP RS TCHELETIHTHSDT E - dP WMEREE IR 5.
UL, E-dP PHFEDOEETH S L WS KGEIEIEFRTUNHK D S\ EITTEE.

B.4 ERPSICOVWTOHE
IO/ — P TRIEAERETH S E-B WIS CEMS 2R T2 (X SICISHAREZMD). D0, f#
BEdTRCERERTH S & L, HAERD Maxwell HREAZIROFIZEL:

0B

divE = 0, curl E = —E, (B].g)
1 0FE

divB =0, 1B= -2 B.20

iv cur 25 ( )

VBN H 5 & 3PN, EHREE (electric flux density) D & 1#5 DR E (magnetic field strength)
H Z2EH AT %:

1
D=¢FE+P, H=—B - M. (B.21)
Mo

225 v x9. V7Yyy TMERRFE] 25,
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Z 2T P37 # (polarization), M FB{LEMEEND. TS IZYE O FM S N B (£ DHE
% opp £EL) PRI NEIR (RIEL V- TERZE, IO 0ERELEE J, LEHL) TRdZR
KTEZESN:
pp = —div P (B.22)
THY, p—pp=py (BHEMEE) BLOCT - J,=J; (HHEREE) 2HEATILWEOH 5
B DO ER R Maxwell D HRRIIRD LS IZRBIEINEDNEETH 5:

B
div.D = py, curl E = —aa—t, (B.23)
D
divB =0, curl H = Jy + aa—t (B.24)
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4 YBEEE — #F 111

B2 )ED & BB BEDR R WEHEIZZDEEZFHEI RS TV, HhenoERE-
TETHEV. ZOHEIMMLFYEDOEZ, 3T T TIZHFk-> 72, (LFHHEE (—3.10)
D—FE BT 57217 TV,

CZORIRFERERMITESE>THERNS, L OMENERHE RN FE2IBDT
FRFEANTTIERNWZ L IZHEEZ XKD W37, Z<oaxy MikEHKD
BRECRNFEEZ2FEE UL (BE) ATICR>TW5., EHII AN Z 34
MIZHBR S NERELZLER L. YHPE M2 DAL EEHEICHFIZET,
L5 3L F BT 7 O R XY RIC K > THEY. SN2 DAR L TE
IEWRW., L ED DT, PRI PIEIAKDOENIZZDE D05 MWV
ENTHKEZEIIZRZE., TZTVWAVWALRIGEREB LR S —SH—HEF 0
EfED .

4.1 BNFOYENESR
BHEOBNZOBNETIIRELBRTE2DICHMIAINLF—F LAEV O &>t
FREREP LT TS, 2o DRANAEBITROYERN 6 &3 2N EA
INZDONHETHD. TBEOBNEEEZEFE BLUTX LVWAEEEZNSMWFIET S
=DIZIEER L 30T, WEIZHDNTWAR S TIER S ni,

IS ZOATIIWENESIZT TIZERINTWVWS (—3.9). ZOHAD LT,
BIIEHBRAEH L 2BREVYHE FB X0 X D7 (—3.9).

LU, BOZ0YWENERIIEBOEBIOHEAR L HELENEH L. TNIE, &K
BENREET 2 H|AEMIFIFVOB LT 287 ZoZiFuiFuidonzs &
B9, e AIE, HlEOBI R (W 20V ¥ —+ (L) (B, X) DZEH

128 (2 RISOER ) WHEBIS e U TOFE GO EERRERIZM»? Tk, AR E OYER
R UIZ, AT RN X =P HHEELET 27201 T, ROAFMELELLD B, nwiZ e
72. DF 0, HAUZROEYEDEIIESIEH D B7-DIZ, WERT 3L F — 0 FEIE—F @D
B A — & BRI A AR T IR A D.

AT I ng TWMEIFEDFEH] (no ghost principle) LR, FfRe WA EH, HIKTH S
TH0D ] 2 UITIEFEL R,
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PIERLR DO Z BN Z 25 SR I TP, 2oL E, WITERENPNM AL THAL
FHRULZ MR LD o sk fliz RO Z s idTcE v, 2hid, —Miz, RArgez.

4.2 {LZRIGHDH BIHEDREFEDONS
4.1 TN IN#ED D 2 DT, EHHEHBRBRIFIZRDOES S PO HIZEH > TW5:
(1) TARTOMENIEPHIRE AR B RS e R LI E R JICHiET 5 22 23T
5% (—4.15), D%, BRI [EE S N EHRREE] X\ S (LERIGHEST LA
WHESEHIRAE R Z 2 5 Z L 3 E B 1%,
(2) HEDOENFIEE BB L X 258 OEOFHRRBIZH 2HHZH, bF MG
SEHPIRREIZ AN 12T,

BTF (2) 1REHRE 2 AERE L R S I B 2 AT 2 D Citam a5l ST T

125 SR DBMABEEIBE LR OIFFE ) WHCREE, ARG ERIEANS 5.
o, BHEVPETEREIHEINDIETE. UL, HROBII L RANO(LF O EZ
RIS D28 (ERE) LIIFFEHTREENMD D 5. 728 ZAFHMENZT 56T E L X IF
R4 o (FERIC) HETE 5. HlAE, REEEELTBIT 5. ZOBENRZIEEHIREIZT 2
Z & lFimw.

WM EAR Y EEINTNOMAFBIIOVWTHRETENE, F& X 24 HT 5[, $XTOD
LM E A S HHEATREZ A 5. UL, 295 UTHiERrS ha b, —#icid, ES LT
X 52 o= HE O EFMER TR R V. 2RI EEERRETH D, —MNIZE - T, il
DESIZEPEE (E, X ) 2 BB L3S, LR E AR e U TR 5 2 L3R ARER D 7.

262U DOVWTDEFTE BRIFIRD D75 5!

J. G. Kirkwood and I. Oppenheim, Chemical Thermodynamics (McGraw-Hill, 1961), p.100:
“The application of the general criteria for equilibrium to systems in which chemical
reactions may occur involves the ability to freeze the chemical reactions at any desired
point. Thus, a system containing r substances which may undergo a chemical reaction
must be considered to be made up of r independent components.”

E. A. Guggenheim, Thermodynamics (North-Holland, Fifth revised edition 1967), p.35:
“We consider a system not in chemical equilibrium in which, however, the chemical
reactions leading towards its attainment have been virtually suppressed. The system
is then in a special kind of metastable equilibrium called frozen equilibrium. The sev-
eral chemical species present are then virtually independent, and so we can suppose
a chemical potential y assigned to each such species.

The final result may be described as follows. Instead of choosing a set of inde-
pendent chemical species or components, we use the set of all the chemical species
present, whether independent or not, and then obtain restrictive relations on their
behavior.”

UL2L, IhoDEFEERSIFMEAYEEMH O AN MEEZ EIZKIZLTWADTH-T, HED
BOFERE LAY EROBBRIZIEZ S EREZL>TWiARWnk S ITHZ 5.
1271, Prigogine and R. Defay, Thermodynamique Chimique (Editions Desoer, 1950).
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G (1) 13T RTO KIS IEH I @o<btb#Lﬁb@m@6£ﬁ£MW%b
N2V, L DLFERIGIFERBRCHEHTELR VWAL - FTHED I L2 5NEHRE
T2\, ﬁ%ﬁ#é@i%f@ié%%ykﬁﬁéﬁ,%@t@ki%ﬁ;f&<m
FEHINZ (DX DNV BOAMEK (55 &0 b, KIGHEFH) 221200
ZIRTRZRSRW. DX DMK ERIZTSHORIGRZHED T 212725 (—25.10
DIER). WAWA LT (1) 2 TEHRIL] 5 AIEH 2 PHEIZR THRWn!=,

ZZT, ZOARTIZHRIZEU LA DA HRZR AT A % 1) TV E ) 7
RS 5.

4.3 BNEMRMN T 2 EKLZF
2T, BOFEPMAT 2 AN AEFZOREZBHRIZE LD TEL. TholdbF
DENFIRET 25D TH- T, BNFIETN%E, FFEWEGRY IO FEAFIE &
Hﬁ‘,ﬁ%$%®%ﬁtbftt FANSG. £F, FETIEARWIIROEFIZ
FET5:
(i) fLZEWE D — R D R0,
(i) RIZEBREDVPIMA BMFYEOE L ERIZRATEDLFEYEOENET &
& Wknbfawwm%ﬁm@ﬁﬁy

Pl L HIRDJEH % FRD
(D) {bEmoES %xoﬁ%iE%MTﬁM’iﬁT ETH B,
(1) I RNTOALERNT (B, X) T & 12) AL M IREN H 5. AL PHRRFEIZIR D
BMIKCT—HWTHS: LR (= WERIZEHU-R) 2 lET2200TRTD1
FUBEDOED DD > THIIEE, ZHhEBRATORD (B, X) (B OS] F M
EIERZ 22U & D) 12 & o THFATORDFAMIE—ZANT R E 5132,

128 7 FEAT S % S % R D 3IT B 2 & S R — RIS BB B R T B LA ERE D
Thb.

120 JE(L 22 BRI A ) HIBRILE 72 ¥ CIRRRITLEME A EUIL TR WIE BN S, Zh
SHLENFEORRLTRERDT, HMIAEKRTO - EHROBEI 2 ERT 2013 L5 L < L.
EHEE LTI TSRS TH D] L2 BRT20TuL, HBIERIZ, THIKCHRT 2L %, &
DU IXERD S BT BT T DR BARD B O LLAE D EHRET (D £ 0, EBDES) F IR
EBLUCX PREoTVELEE) HEELTWD] & ZOIERIZ RIS 5.

B0 CHS L5112, BEDAAFMEIZREEZDEICEEEDTIRZ RS2 EDRLENENEAR
LEDZLIZ&d (—17.16).

BlZ iz, 2E 2, REMEMHTHLETHELETRTOMAYOR (HAARTH ) Hb
hro TV L.

B2 (e FHO—FMICDWT ) 72 & BRI FHREAEE SN TWTS H 2 —#@fED% T
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(ITI) 9§ RTDALZERE? 1ZRALE TG & U T (JREEIIZ) B L FERIZFEITTE
5. ZHUMEZEI R T 3OV F — IR T 3OV ¥ — DTN %2 R T 72 DITIEMAT
H5(—A.16).

4.4 {LZMEDOEDRRICEEZ S SRE

43D ()2 B &S5z, LR, DEVRILEYWEDOPD LODBRWVWRTE S
FUOX 2k &, RTUITEBICHEET 2T NTNOLEYEDEILE N = {N;}
L PAPRIE L U TR T 5. —RICIZE, X 22X 85 LBy 7 b
TEhS, BEETNETNOMFYWEDOEZNDSVWE 52 TH NHLELT S, D
0, 5, RIFEETEVAARMEYORE RHT (N} 13 E, X 5 5557
IRAERTIEAR .

UL, FiMEZMOYEZ £ -7-<MASZ <, MIHEFEE LTRIZH
ZADEMNTEDLLVIEKERTIE, WAARLAYOREZ KRBT 2 M I EEIER
NEBTHBHNET.

UL, REZEIWEZ N, EVETRIIMATEZN6LE->T, TOXERD
HUZIFEET B i WMEOED ON,; 722 501 Tk,

# Z AR DAL K

A+B<+—C (k)
IZBWTA, B, CIREREVAMIICH ZIZRITINA S ZENTEIYE L WD EE
TENOLDEERT MEFREE] FMHEHE UTHRND 2 KD ITR RSP, [LFF
BDZDIZRINCEBRIFET IR LTI, A2 BOEZHETWECOREIFZIE
FoTLEDLWVWIEKRT, MAIBRHDIEZ DLW, FEEDORIZIZZH D
FYEDRH Y, 12 SADKIGDHEL TZEDTRTHFHIZ R TER SRV R S,

ETLRMRELVOEFRUTH S LW HAEIRR. UL, BfRABO @O RS (B, X)
DA — DRI BRSO HPR B O AR IE — BCRE > T0E L WS O (1) DFERTH 5.

UA LU, #i&lE, @EOERETETT HMFEKIGITOWT, BRRED, 722 2 IXH UHEEE
HIZ>TEHHEMDOIRNRITZNETOBEET, RHHELFELT, WANWAKREES TIEARWH
EEIDBLNZV. KEP S DEITTANBEEEHEDTI ZITBREZ & D HIE S D EI3IEF
BHEFEOFERE. ZFNEZ A D, H@ESGHELZWE S 2baWid, KRR —LIizd K 3H, BT
ERAABY TRV EDAEDS NI LIZERE. U o T2 E 2 5 & 1% Feynman DER
2.6 IZEET DI LHIEEICEESS.

1337- 0 2, AL FREG R RS2 T U S AR RMBEOZTHEAFZRISE AR LTIV, ZD
EOBRGETEMAFEMEEZY > T, BUFHEEE2ZEZ 2B THAZEBET 5 L EZ 2000

Big, U EZ 6N ZRIZBWT E, X BEEINTWER 5L, (L EHITIRE->TWE R
5, 4.6 IZHAINTVWAE L DL, HHIZERENEBATEZMZERZX T > FHELBZWVWI 2ITHE
H.
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FEU RN RIR CHGZ e LR | ORISR THIEE 272 D DN,

4.5 EREBFRBDO/HDILFEE EREELERDI-HDILFEE

44 THBLULZILRBHMTLLE5 WD Z 212k 2 0 ¥ E ((LEYEDE V)
AR L EZOOMENH B L NS T E: () EREVRIAEYEENZ S
BiEZ Sl 9 2 Ml & (1) RHPICEBRICFEET 2EYEOEZ LR I 2 HlE, ©
ZDOTHB. ZIZT, (i) DHAICIFTRTOMFRIFERIIMASZ LN TE SR
D (DEDNEETE B D16, TRTDOFERIIITERE AT I ENTE B,
(i) TIE, %5 TIEARW.

4.6 ALZRICIFMEZEARITT MU BRBNZERIIFEEL AV
FRIZRDEA U T, BERNIC £ 50R I © BTN I BT B L8 %2 £
BT BEBUIFEL R (1) BEMIZIZMH TE RV 55 A ABRENIZEZ S
AL E % KRBT DENFLEBUEL HNLTZA 5038 5 THRMA D) FAEL R, (i)
FURIIZIE, 72 ZRVEUTWTH, 22 XX, ROBED (N R LEF—DZ
b7 812 & o 0) 20T I HERBEIL 5 200, BLEWEOLFENZ1L
292500, T (B, X)ICRIEEL TEIT 5720 T, ZO5GICHMuE
e UTiMbZEE 2l 2 ML 22 AL (U 7R TIREB L AT sy
MIAAgE] DA FFEL W (11.10 DRfEDHESR).

4.7 ERICRICRET 2 EFDEDENLBIEVWEHRTIEE W

RNITAAE L A TEBI DL YE & U TERRE DRI (IREMIZ) Iix s Z & DTE
5T RTCOIEWED, RITEBIASFEET 2TV (LEWE DTV 2 N, &
EZ 5. ZTOMKN = {N;} 2 0TI ROYERERIIME T 2%, 22T

B5Znh 4.2 DFFEIZENTH 5 £ 512, Guggenheim ¥ Kirkwood A EIZ#ET & 5 & L HET
HoTz.

B6H 55 AT RTOMMEYPHEEETE 2DIF TRV, TDEEIT 25.3.

BT EBREEEN ) 72720, BEIZWZIE, ROTIZH 5T R TOIEYE P FEEREEIED R RIZ
TEL5DIT TRV, BEEZOHHRIZR S W EEMIZER T v, HlE TEEHAE G &
THE2L57%, HEIVEIZIIBLTHWTL 2T, TNSIBHZZIZANZWV., 2 2,
Kz —EmE X, H3OF, HsO T RE S U® 5 0% 20T L 5. W0, FSAZ NI,
TEELDOVWTL S, ZDI LD —DODRERETNIIERY OREIFMFEEHTRE>TVWEDT, @
H HaO OEPHEE 2 M AT & 5 (55 A ARYITZ ARITHEMTIE R NDOED, HEIEEZERE L &
).
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N % Ab2EH R chemical composition coordinates £ IERZ 212U & 5.

LhL, 22T, BEOBRED &SI, {LFHBEEN, 20, DdLke
U C DR 2 B 2RO — 8 H > TROVHRREEZ SR U & 5 & $4ud (i
MARTHBZ LD —4.1) RO &S HHEH < BWEELBE L 5 1%,

(1) (L DIFAEDL SN b & 512, N HEICIE—RICIZEELEH S5, NIX
BA e IR COMNIABDEE D TR NI,
(ii) ROWEMIZBAL TWB L LTH B, X (DF D, @E ORI PR 223t
NIE—ITIZ N} B2 TE (0% 0, NIZEKELTE, X LI3MTRn)M,
Kz, BFILZRTIE, 46 ITHERBLTHD LT, (B, X) IR BIIREL LT
H5.
(iii) SEBRE DY {ON;} &2 (IREVID) RITIIA =6 8 E 5T, —fITX, RICBFT
BACFEYIEDED N, + 6N, } 1272 572\,

U723 C, @HOBSZOHRIELV BN ZEEO — e UTRMAT % N I35
L UCTABEYTHS. $BAA, LITTTIZEREZEDIZ, (AFERINETFE R
SIIHFE LTIV IRET 2o X EEOMEIX < Asb. ZDORbDIZ, $5H
G E NI RS T D 2 LR THON S (—8.5).

4.8 MEERR & AL F AN ERR
{LZERLR AR 4.5 Do D75 T & IFEBREVRICH U THEITTE 2 H8MEL2RIT S
B (1) &, EBREARIZOWTHID 2 WEBE DI & KBS 5 & (i) & 13
DETRIINRETHDLEWVWD I L. 61T, 4766 0R T L IFXFEEO/IF
WERE R 2 BB S (i) OEKROALFE N, (ZE Y U TR 51213 R )
Thbd, L\WH I L7 I THEEDEIIFEED (B, X) Th 5 FHRETEEIC
Bfr T AL EME A RTER N = {N;} % TEFHBEERE ] (chemical composition
coordinates) & FERZ £IZ U7z (—4.7). 72720, —M&INTIE, ZHIEEREVERE
M T & 22 BTIE AR (—4.7(ih)).
(i) DERER 2 R T DL R R ORI, i L¥HOEVEICIEROLE N, &
IO eld, EFEEELZTD T 5L SIZHRROMENED D Z & 2RO FHARL
TWBEWS Z L a2EEKT 5.
P8 4229 TIREHVTH D L 5IC, @EHOMFROFZOBRED &L SIC, (MFERIEEEFEmE EIC
WHTE 27 5 FORMBIZAEL BV, UL, 205 %A THREIZED -0 (-4.2).
BYZ D 4.2 1IZRRTH B & 512, Guggenheim T DMAREZE-HLPERLZEERNTH
%

W NP SEGITHIITE S X512, NI (DEIENTIED 25 —2.14) MEA7RZHR TR
AN
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vy, TOBKIZOWTIEFLDTN ={N,} WIS EMS> 2 Lizd 5. FEH
C—BEIITIE, B2 R CEE OBJIEREIEN B, X O & LRI N O Rk
REEDT-OIZ, EBREVHBE LR TERsRWEEWEDE% N IZEKT 52
iU, Ihz TPEERE] (materials coordinates) & I 5 11,

(B, X,N) D52 25 PpkBIE—FTH D (—4.3 (1)) 7%, Z DO FfpRIET
YD &S AL N DYEE T 5 0 DREZ LD B 72012 I3 B B EH R\,

BIEZERE LT N IZINEW R REERTH 5. MKIEEEEDFIETFE 20
PO TEOMRFIZ L -T2, 728 21E, HFHEBEIEKEV ZIT0eE, ZD0D%
(E,V,N) & (E,V/,N") &K U CTEEZ B0 FR< BfEZ Rk & U TR U 7= W Bt
FTIT5 &, Hk EAZEEREBIZ(E+E,V+V N+ N')Thb. bbLAA,
(E,V,N) DREDLEMB A N, (B, V', N') DIREDOLFMEE N L3585,
SEHPRIE (E + B,V + V', N + N') OIS IE Iz N+ N 225802 kg

V). =
3
.

4.9 bR EERZE D INER TR VW E R 2451
{EEMBED —DDRDMTORMEHT LTS, flHEOZOIZZDDORIIEFEMEL U TIHAEK
MU ZNREES N TS LES. KIS LTIR440 (k) 2z 35, R, 1T
TENZTNIDRIGHEL, TNENMEFEMIH o722 B k. HEEDLILETENLLE
DEEROMEEEEMENTHZ: NoL+ Nyt e Npl+ vpllienz (2Lt ciont
§9) NCI+NCII).

TIALFMAERL Ny 2 E 20T E S 2. DTOEKKFEHEIRT & S IcAETHk

LA 7 RO N £ N T, T 0 & 5 7 (LM 52 IR I — i

(B2 PHRRE Tl R .

TNEIRT B 72D ITHIEALAITHA 5. BEEIZOWT [C]/[A][B] = K 2 5BEAH 0, 4D
B, AL I TOFYEOREZ (Ho»RiiEE2#-T) ZhEha, b,c BLUA B, CEL
£S5, fiHEOEOIZL I HREUABERCIEETH L2 T5. HENMBTKIZRAURDT, M#E
1 ¢/ab= K 7D C/AB = K O & EEYEE 12DWT [(c+C)/2]/[(a+A)/2][(b+B)/2] = K

VIR R CORORET N MEESTWTD, ZOLS5AREAET S -OICHEMT R EEY
BOELME N ZELAA—BNTRW. ZEXEA+B+— CH5IFA, B, CEEHEHEYIEY
TH AL CETUNREERLS TERAUFMEEZ, BEOBIZEEN E, X Th s LD & FMHIR
HET, 522L5I1ITE5. ZDOZLIZOoVWTH LKL IZ25.5 1.

ALZERUR RS NI (BUERIZ) BT 2 & 512 N 2 ZOREBOWEEE: LTHRMATAZ 25
BeTHD. LnL, ZOWREIZEIENIZ SN TV EMA 725 BN N + SN ORMEIZTE
B, Hisk BN o - EHRRIEDALFMRIZ B B A A N + 0N TlE, —MIZ, NI LITHE.

142 7 N3 E I DL R R TTE DA T BB I N B A, BNz e - T, ELEIrSMAZIN
DREBMEEL LTHONG., 72770, —BRWIZE->T, DE2LDE0MULIEOHIIHE—EDELDMN
HhBEE, ZNORNBRHIOZFTOHBEDODTIZTTIIH o7z, LEZLZONEETH D, EMAN
HRTRERLHLINIFZVOBEELWL. LIL, bRDObINDRT =P 5KELHEHNTEZINEZELDTH
WS REFRETH B I L EENTIEWIT AW,

52



ThEH? 6524, ZARILEFRREHGIZLPEI SRV K =1, A=3a, B =30,
C=9c it & [10/2]/[4/2][4/2] =5/4#1. DE Y, Ny + N # N ete.
HIBIZAKT 2L TRENLDD LRLDT.

4.10 MEEEZEDER
WIBERLE N D BIZS EFTORDFITIE (IF-oED 2 X)) K722 WD T, Zh
FBATAEREIIITEFLOTBIS.

4.9 TR X 512, YERERIIIER & T H 2 AL AR X — & 1ok
MTHRW (5 HAAREERDTHENENTIED S (—2.14)).

WS R X Z D T NENE NI AR E AT I TSI N, X 5ITEEDE
NFHEEE BN TH S, FEBREMEFEWE % SN 7213 RICIMANIE, *OWERE
I N - N +0N &2 T54, 12770, E, X L8 ->T, ZTOMEIEKET
DENPREEEHERTOTIIHRL B, X LHAEGDLINTIHHD T (—4.11) BIFRE
TOENEREE K TEMBREE N 252 5.

YEEEIE R AU TWAR YD (FRIDMEIX S TEE) AEITEII ENTE S,

4.11 RI6BH: R
N & N OBERIT KIGEH] REVWSEDEEATEI L THRTES. RIIY
HHEIEN N TH B R (E, X) Db & TEKT 5 P HK N % Rpx(N) = N
EUTHZBEHTHD. TOFEIIMFZDOFRIE 4.3 [T BEFEL TWD. HEREN
SN ZIHFEZRIIINZ 2 L (DX D ROVEMEEEZ N — N +0N L2 A=k
%) Rpx(N 4+ 0N) — Rp x(N) RN TOEBEDLHMEDE(LIN 252 5.
P 722 CIRRMEEE R ZERIGD D > THABITERS D, [LEME N =
Rpx(N) X E, X (Z&FLTEAT 2. (LFZHMBIZE U 2R TIE N APFEE S H
TWABD O M ABTIE R,

4.12 MEERELE
3.10 12 H 2 WH DEFEIEDLE (3.10) 12785 > T, Y i % UEERN 2D i
AT E DO T 2N F =22 R DILFHR (B 2 WITEEEHER) (chemical
form,mass form) T

¢ = ZMdNi- (4.1)

U3 2L, $TR2EDIT (eg, 25.6), WHEEBEOID HIZ—HMTIIARV. Zho, ERHIICL
ZAE, T 25725 LD ICYEEER2 D E Z e B VWDOTHTE S, |
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ZZT p,z TALFEE 0)4[3?4?37’ ¥ ¥ ¥ )V chemical potential & WX 5 144, (1= i
B —EIZ RN TV S 2 o1, EHN A HEEEETIEII NG R2EATHS. D
0, (=dE.

UL, PERERSE & @ DAL A & 2 S E IR > T Ve WD Z EIXHIATA
m@m441m ZHIBSIETIIREBREE Y U TSN TV TER S 0.
BRALE & A U Ol OB (L 55 & AL 2R S T MEER A I M AT RE T b
5T M @ﬁ%’\lﬁ’ﬂ%ﬂ%f“%é. DF D, BHIZDOWTO Faraday DR & A5
BMOFE (A6, 72 21 26.6) INEAHEIZT 5. ZTOHHIET - L&IZ
T3 (—17.2).

4.13 BRIFER ERNFER
L UH, ERKAMLE, HENEES KNSR (Wb 2 EEEHICL ST 1
WF =2 —4.12) ZF DO THED & E1%, —MBfLF generalized work L WX S . Z
DeE, LREEE Y E BRI E L &)‘(T%{’Fr@ operational coordinates & W Z &
CUY, (203 ERY) CERTS. - QAN EIIEIZA 7 < & & B
2, EEREVGE R KD ICKEREZ @AM IEBETCE 26 TH L. Y LM
RIS N % & ATWRNWI ZIZHER.

UL, LEEEEYEREROE EFEDIZHEDLDNTVENLSLE VST, T05

DR DR D B 5 Z & (FFIZ 4.7 (i) 2BV E S L& D.

B1F 2 BT 5720 DFEAMEBIIRDONIT T R IVF — F B K OHIEREET.
INoDEG (E)Y) = (E, X, N) % BJ1F R thermodynamic coordinates & FER.

4.14 "HRTEM LY EEZEDZEL

LI ¢ (4.1) HERIERNZREIR &2 RFD 72 D121k, W'E JRE RS oD HE B i) mT 3 By i) 7 28
fEDREIZIR D, Z 5\ D ZARIMLFYE O ¥ 2R G o BEEFE O AT g & Al b
B DA RENE (—4.3) M S HHEIZ8 5. AL & B O EffifE 1L, Helmholtz

VARIERNIIMEE R T Vo Yy VE BN Z N SHNTEAT2D0HENTH S, LWOEALDH S
(7z& 21X, G. Job and F. Herrmann, Chemical potential—a quantity in search of recognition, Eur.
Phys. J., 27, 353 (2006)). ZD7 7O—FIZDWTIk THEHREBNZ L HERICEATE S TR
BOD] LW OB —DDIENTHS. LL, BB SA, HEHIEHFNEEE TR LI
BRTHENLLZNTOVWVY, BEIZODVWTIE, FLHEREANIBENZEZMESOPRLERTHAS.

SIZAEERT V¥ v ik G1bbs X TEBNFMNIBEAINZETH 72056, ZO LS RE4L
IEPR O TH L. 272, Bk, Re LT IWEPOEMDOSMERDOLZETHL] LW
2 FHI DAL IFE I iﬁﬁﬁf%% 3.
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D &SI (—ALT), LZERGIE (H ) 7208 RIT 8 E v & 2t S &
DNWTEZDARIZIFIHRDZ L THo72. LAL, ZHIERFEEEHE XS5 W0WH
@5145

LERT Vo v VR BENIZEERT 2121, @Y EERTTERZKRERDVY
VRX—EUEAMVERMEDS (FDFHLIXLT.5). TIITEMBEIZRD S 5RNTDOH
5.

—OMEIFAEXTHEER (H 5 \WIERRIZERE) OXBARETH S HD1L
‘%@t 2 ERIZDEET B LD BRI AR D DIZTE RN S, TD LS HRE
WIREIZHEGR A OB T RETH B0, L L, BEREBEE L NS £ DI 4.3 1208
RSN A HERE (1) 2 RET 2550072, Hl2IXoEHER T GEEHALI 1)
AWi7ax NI T 74 —0nMiN 7 ML BB EMRIETELZLTHS.

FH_OMBEIFEROEDFYE % R LR OMTHERIZRD L DT 5121FE
ormf» CWORBETH B, DFD, dE = wdN; 2 ESEBRTEhE NS T
. AL EREREAMAR 72 i@i% X A1IZHHALTH L. MWARERTIEZZVWDS
UTT SWVWD T &S T &idwn, FEEIIZH T < 2 0IREFE T —ESRMAD
L L TOYE @@bt@f%b ZTNIIRTHR S (—17.5).

Fig. 4.1 (JRELFIZ ATREZR) WrBA R 2L 2 E DX b & b

TROWRKITH DFEDYEHDREERILL TV D
A: RAZEEDL SWIIZA B0 EDR>TWEEDET 5. HAMBRLEMELPILVERIZA-
TWbe95. ZORMBIMBORMEHFIRVBEHEETCTETWVWDH LT L. LEN-T, RERLHSR
WA CIREIZH > T2k e U THiEETHENT WS & T 5.
B: ZO&EH#REROFIHDIAL. ZOHIEOMTFER (505G V) & 24 12 HEFIZHIE LN
IR F—FE D> THEDR.
C: AWEBORREZ E L ZHE L THADIMA LS L LTWAILEYEDLERT VY vy V&L
D, 2Ol E X Eb > THib .
D: Z 2 CTAMOBEZ BB BRI B Z 5.

145 ( E N S ERRIE VNS HTEEN T W B D) 1922 4E77 F > 7 T Bohr 1112 Heisenberg
IZRE - -G T2 ITHIHTE R W Z L BB TMOBERETH o 72 2\ D EhIX A 17 O Tfiftiv 7=
2, Bohr X DEE%E, WEOZEME, HEAZOREFENEHENRVWEDTHY, ZOFFZ
FIHAEMERRITTELDE, DL >TWVW5.

VSR A2 IZIEZ D3 A Y MEH - L BIZHEZ X 505 LNRWDY, T IIEERER L B %
DOEREDNOE DINE EERIGIZ WD THIFE e SN FER2EROLTICHETE S 1
HARNIEABENEDTHD. TNEZAPUTICHHLTH S L D12, o7z MEDRWIKGLE L
THWVWIHDT.
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Figure 4.1: (JRELHIZFTREZ) BrEA AT 2L 2B DX D & b
E-F: D\, ﬁ%®%ﬁ%ﬁ%’%imﬁ6W§%%@%%K%Kﬁb&T.
G: BRI, ROMFH R % M HE I AT ERRIIZ H &5,

Z5LT, 7&@&%%71‘?%%%%3‘5 T 275K B B3 BIEN T ALY E I ZHERRIA R W B 12 RITIN R B
ZEeMTES

4.15 BREREOHREICYEEIZ & LEEREZEDXBIAH T Z AL
Z 7uiF Kirkwood-Oppenheim & 2 WIEHIGOERIE» SH S b Lgw., —FTE A,
N & N OXHABEARIIZHEIZEET TWE 257, 2% 0, EWEIMEZSND & &
(DFEV, EBRENVEMEEZTHH) LERIBIEEF o< EL TRV ERESNTWS. fiif, {b
%ﬁmﬁébiﬁﬁwﬁﬁm AU m%ﬁ&ﬁﬁmﬁétguﬁ,%@%ufméaém
TW3. £-5T, HOEEIZIEN FIHVES TROGAIZIE N ZIINRES,

TER DAL 2 ﬁ%fi fh%ﬁﬂ?\ﬁ)ibéioﬁﬁ i42 IREESIZ, TWOTHIFEA
CEIRIGEHETES ] ZeMNEFEINTWS., KInHEE L TWBEIE, {bEWEORIL
LDINHONOYBEEED &S5 1IZFbnT\Wb., Ld->T, & ZIE E OMBEBM D 2D,
T DOFER, MBS D R B EE D K D LD,

UL, RROZEYMEORORETIX (DX 0, bhbhD(LZEMEETIX) E Ok
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Figure 5.2: Various states of a compound system
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RIZEMABZENTELZLZFEKRLTWVWS N5, Mayer-Joule D X

— R F T EDOHERTHAEIZAM L TEEDRIZIMA B Z R TE 5.

EEL DD L NI2,
INnEMANNTZ TRV —REFAD VDY S [BI1FEOE LA THh S5,
FeHd L,
(i) BrEGERE (=7.6) B LU —MHEF (=7.4) 1T X > THEBT XV F —DZbITHIE
TE5%(=7.8). LT
(ii) WrEGERE TR NI, W2V F —ZALRMA 7= — L HORE L BVEN D
5H, TORVEVWEZBIZEIDZIXNF—DOBEILEHT S (—7.10).
(iil) —MAL ST E I BUC E B AT & (Mayer-Joule D JFHE),
(iv) (i) & (iii) [FIEBMEGYH - (L2 B T ANV F R L EET 5.

1925BDHRETIE, EEORIIINMAAZZIENTES] LES5EWHIHAZ L IXFIFRVWEED
Nnad, L2rL, Zhhne, PAREREORIZEAL UTIMAONBHEIELR< RS, W 5TH
FWVEREOBIRP L EOBETHREIC RS Z L DRIEIIHETH 5.

V372721, BOFICBWT, TRIVF—DZE2DBOBERBEOZ{E TR L L5 T, H
F 02 LITE I RS TR S A,
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714 BEFIRILF—ERIRILF—D ‘HE

1 kg DEEN 100 km/h TE->TWVWBH LT DL, ZTOMHETRILF—IL386] TH5.
ZOBEENWKTHBELELT, ZOZXVF—2ROETMZAS L, TOEEIX0.1K
H EH U (IEREIZIX0.092K). 25 WRIZBTZ XV —DBERREDH, %
LTH 2 ZNEMES I LN TEBLLERBREENTE S, LWVWS 2 ebns,
BB WO L DR AFHD T RV F —FHIZ L o TONTERKITH o 72 D3 ERK
TEB7259.
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8 BAOQZME_XA

8.1 BNEDETLA: FAHE
Carnot DEH (—A.8) % Mayer-Joule DJiiH (—A.9) &FJ& LRWE TIEIH L 7z Clausius O
15 (—A.10) 1 T8 PHRRIARED TR ILF — BEIOX D /i TH5 L &2 L7-. Clausius
Difam D%ONE, HESOSELME O UL, THEAKIZFHUEAE %212 Carnot DEMZ GET
Y, BIEIZIFEIDZSIZRWVEBENEL D Z L 22 ANRL TER62L7R5].
SHIZBWTIE, BHECFEID 2S5 TRWVERE] HHHZECRnE WS Z e 28U
D ZJFEHI L WS ZDFHL second law of thermodynamics. & UTEHRAT 5. AFICR2 X512
ZOFIIZITNBARIENH 2D, T RCHEZ.

8.2 FEEARMEEZEZLHSDOICER LR TR
BRALFE N U TEE OIS & AL I e I A TRECTH 5. DE D,
BRI DWW T D Faraday DL & W[ EMDIFE (—A.16, 72& 21X 26.6) NI NEABEICT
5.

ZORER, BB XOE B Y EEEE B RA D & D ITHRIRS 5 Z &I B E
FRW (222> T W5 —4.12). TS > ThH, FEIXLEZH S Hh 72 C A&
ERWVEWITARW,

FRZERIREED DD 5:

(1) Bz R7z @O L 2R ORMGRIE, fEROBSFETIEE AD I NV, RERFFE
HBEWFFEHE UL TRRSNR TIERS 2\,
(2) L2 RERE DRFERMER (—4.8, 4.10) ZEN TR SR,

8.3 Clausius DJ[RE
LVBVREIDWZWVWER (—7.11) ZFHEL £ 5. Clausius DJFEH Clausius’ prin-
ciple 1,
TEDWZVRD S K DBWRIZEE LT RV —ABE L, LirdED
TODREWMD BELBREIZRADEIBECRNE S BRI ATRETH S |

LHRARDEZEMMTED.
BAOFPIZBIEEHTRTTBU S Z 725, B01% (R T D) A5 E L 72
WIZ EIFEUTHDRN (—8.4). 2F0, TKDAWRPSBHEMITLDMZWVER
B UTHET ANV F—2BEH L, LrBZD_DDRZHMDESREIZRAD
ZRAHEEUBRVWE S BRBERENARETHS. ] BHEAA, TXDWEWVWERDLS LD EHN
RIZBE U THEH TR VF—DBEH L, TOODRZED LS BREIZZASHD
ZADEL B &5 RBRENTRETH . | TD LS REHIRESF % H C5eiEl 2k

MZSTRVWETB L, E54507 TRTCOERBRRPTIIENOVH L0056, B HEAMICXS
JABA T REME 2 iR TE S 2 2175 5.
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RIZT DI BETH 5.

8.4 BNFDX Y RIE

8.3 TIE TENFENEIL LI LIZER L THDZR W] WS RhEVWEREZ L
TWBIN, —fRINIZE o T, BOEDPAARE L SDRVBREPHERIIHFEIZAEL S
5. Iz, REREFEE LT, BFD [ X XFEM | metapriciple of thermodynamics
EERZBRETHAD. £IZT, WAHNREGFE LT

BNOZDOARFEH. BERDSDLIZEELRNWZ &IFEID S 5.
EHEL. [ Hobiz] EENWTHDHD%ERFE L TIEIWIF WS,

8.5 Planck DFRIE
Planck O JFEH 1%
[ BGEFE DR IZ B W TS FEENZEAL U 7\ S IXET 1L F — 13BN
PTHB.
ERREND DN ETH BH, WEMEELZRNAT 2HHIZZRWDOT, Planck DJF
%
[ BGEFE O FIEIC 8 W TERIEREE (—4.13) B2 L ARV AR S IENE T RV
F—3IEEDSTH B, |
ERARTEHEL. 48R TH B L1, THIMEFEMEZEET S Z & TlERW
ZEIZER. ERE, WL SHFHBEENTIZR > THHNHT 2V F =221/ d 5 A fE
MEDS, b ZFEET 5 &, —fRICIER<< 0 Y FOFBIZEERLE LSR5

V5B I ERPEL, LMD TENSHEEILT 2 Z LB ETHEEEIh TS I i
.

196 %72, A RFEEDEEL 5 2 mEIXBNIFITERE R 7220, &2 WIS ERENICS R LR
WRBIZ DV TS B B AKIKD b B B LA E 2L, [BIEKAIEE S 2 L IdAn BY
WS FEIZEN TR VDS TEIEERR S TV EWS aEIdBNFomETIERV. £
FETHHERE TRATE Z 22OV THMAE Eb RV, B0 FHEAGEFARRE TR Z 2Mb (EH
IZH 5 DIZ) BIELTWRWRSE. D WVIHMEE W L EEEM ((b#F) Z (—-17.1) ORI
DVWTHMEHFDAE .

VY430 Mz s &5z, L2 EE (B, X,N) 2520E—FNTHS. DF 0 KInEH 4.11
2i>TC, Rpx(N)=NThs. X NBIUN 2EELEZEECENEIRBED, LWHZ
ENMETHEN, I EEEZDZ L, FIZERORBEEZZEZSZLIZRD, TOR, WBHE
FHIZY T NS ERS, NZEELTULES & EREZEIAML %5, T, N ZEELRWA
SIXMEIZ R 2725507 ZOMER, RO L ZEREGRTH 22, WOTHHEN L
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Thb. 517, [AIWERIZEAL TWBHES W, YEEENFIEZIZBEWTE
LU IT IO TH 5198,

COFEMIL, AXFEHE84IZL->T, 7 NRENEFIZHBIED, Wr
HORfE CHEEE 2 2 ST I T A VX —2 NI Eonsg ) 2 %
BIkT 5. 20, HBEEBEEZZEIROVTHERONIRT RILF —2HINT 5
ZEIFFEETH BN, BAIEBITIIEE BT B LR 720,

FE1 I TCIOFEMIFEAU R ITIZOWTOFEBTIIRWI IR, &
512, BERISIEBFIE L TREDLZR W, [EROBNZOARIE L, 5 L
ERARZ L X2, FOYWBMZAIZOWTHMDOERD LW, Wb iEE
PEH &l OBMIER ((L5) "D AD LiE>THETHL I L E2ETL, W
M7 S I BHETH 5.

FR 2 FEQEZICEERIGIERETZ 2] ELTHEERAZIEFIHZ BV
BHERLRARIETIE, £LHTHBHRY, (LERICZERDOEHEMEZ BB L LW
THERFICHETE S Z L 2 HFET 5 (—4.15). ZO¥FE + Zoa=v b
DHETRBRAR7ZRERDIED Planck DR TLFERNFZE2 WL TE 020 E 7
RHZALZE RIS Z 7R\ D D & T E B0 S LFERR A & NI T 3L F — 13T &
BMELUTHERS ZLPTES. £ ZTERICDIHER R TH T NAFER I S
TE 575 IEREDILD Planck DJRIITERLH B, LA L, (L EHZRL
2 1= DI RS HSS 2 1) D2 01TV wv., RGBT T8 ik
HifkE TR TWE] D7,

8.6 Clausius DRI Planck DREAEKd %

Planck QJFEEAEANL LR\ 2 35 &, WFEDFIE TERIEFEENZE D & 72 W EfeE % ff -
TRONT RN F—ZWBWIZHS TN TE S, EBRETIERAL LT
LNFEF—REETERNDT, ZORIEFMI—AEFH2LEZIFZITHD., D%, #
VEEfEZ B Z R WRIZOTZ D& St HE2 S BL I 2N TE S,

BB EMEMT DDIIEBTIERNEASS.

198 3 2 SEHRIRRE T OYPE RERLDEL D Jild— & TIERW (4.8, R Z Olii) o, 22T AU
EN D EIRIZ B O i TR — DY EEEA R TE % L\ D Bk,

1997 7uid, Lieb-Yngvason @ HARIZDOWTOEFE, SLAAWHEFEDFE, I[ZHYT 5.
200planck DFEIIF L THIBRTY A 2V 2B S ETHREN FAD L IE R0 ERESI N
50, HHAADLNONIKIREDNEMIZIZMZERT 225 RNDTI IV T EIFFE AR,
W 2OMEEBIEB R ALREINR TEWITAWY) 2 TESZEIEDOE D /5 % fe ki
D, N TRUICEBROELVE (D VILEMBRAR) N 265 L35 & (—4.7), ThEEELH
PEIZ—HNZIEATBETH 5 T L ITHERE.
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ZZT, EOWVEYE (—8.8)222 X b BVWERE HET 5 (X 8.12MH).
(i) £, R X DWW VB2 BFEl (—7.11) SETEEHEIZE 267
(i) 2WT, ZOREWEL T, EIZEVTH S X 51T (Planck DFEEZ > T), #
VED R4 CHAEPEIL 2 2 2 72\ — R H %2 X1 5208,
(iii) ¥KIZ, ZDRZTOBJICAEMI G CEBHZI TS, ZOBETRIZ(G) T
ABINZIOREBIZHERICRT I EDWARETH L I LIZHER. 20L& E, BR
MOBJRIZIRNTZ0 H BN ii ST N0 5L, TxRILVF—(RIFHNIZ
K$5DT, BIIBEL S RIHENTRIZTCOREBIZES. D0, BUFITEE L
TI$N#~%%OKQKL@D,%@%ﬁ??ﬂ—%ﬁ%ﬂ?bofhé®f
(iv) Mayer-Joule DJfiH (—7.13) IZ X > T, TNE2 WL DIEE D EHWEGYFIZ S B
ELUTMABZENTE S, #F, Clausius DR ZEA Z MW TE 5.

U 72535 T2, Clausius DJFERAEL D 3> TWB 72 51X, Planck DJFHERE Y D N7 -
TWRLTIEZR 572\,

hotter heat bath friction heat hotter heat bath

adiabatic. 7 @ (V) -

w .
thermal : : - ) Sungary Q ;:Mlé

equilibrium

colder heat bath M Iigl (111) I:l

(1) (11) colder heat bath

Figure 8.1: Clausius ®JF# % Planck O # % &Ik T 5

X 8.1 Clausius DR IL Planck DR % ZEkT 5.

(1) £7, RE X OWVWEJRZ BEEM I TEERIZE 257,

(ii) DWW, REWEL T, RIZEVTHS LS (Planck DFHE A > T), HIEHIEEZZ T2
LR W 2385,

(iii) ¥RIZ, TORZICOBJFICBEEM S TOLORBITRET. ZOB, #0Q B DB WEYEN 5%

202 TEGE) 1k 711 THRSINTWEY, fMOR & IZAEMUAOHEEMZE -3 L ZTNE
HGOMDBH 5D 5% E DMK (—8.3) VEMEMA ML THEAZRMUTELEDLLE I LDRVA
DT k.

203 Z ML R A BIZ DWW TIEY 1 20Tl Wh S LNARWZ ICEE. U2 THe5d
BIZZLL S 5. LT, HIZAIRERMAFENLFHZ Lz L.,

0B = -A) <= (A=>B)ThdIz2BVWEIZS. 22X, HREVEDFEETR
W TEETWAEDIIEAL] 22K T 5. ZhidaEE FONEBOREETHB. BHFEOFE
DFEEMNEZRT L ENWDOTHHDN S (—8.9, 8.10, 8.13).
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25, ZFOBULT TIT (i) TMAFITLD > TS, (DWTZRHS, Thomson DJFHL (—8.7)
DN TS Z &, DD, Thomson OFEEN Planck DFEEZFIK T2 H I 2 TREINTH
5. )
(iv) Mayer-Joule DL (—7.13) I2& > T, W 2WHARZBEOHVAJIZHEHQ L LTMAS Z
EWTES.

i/, Clausius DD Z LNV TE 5.

8.7 Thomson D RE
Thomson @D JFH X

[ =720 DEJED S EE RN T B UM R ADELS R LIC—REFEE2T S
ZEIFAHEETH S
ERNRBZENRTE B2,
2T, I DIAMZR ADEEB R LI EWDRMEIFREFEE. 722 XA
it 2 O NI —EF (—8.8) THHEET B Z LA TE S0 (—Fig,. 8.2), LHELX
%, FEARIEEE S A7 F £720 T Thomson DO JFFRIZ K LTV,

205(Thomson DR #H % \\Md Planck DFREEEAEZERME ). Z I T, IH%D Thomson DJFFRIE.
WhWLEEMEMH, D VLIS % R L 72 ERMBIZ 2 o TV, (BZRSE TH IERID TIZ
MET 572012, EHE] WS eEXHP oS FICHRBEHIZLZZALF—DPHLDE2EE
ORBUZ UL TR SR,

HIF S ADARTIFIRDIED Kelvin DJFEE]  (Premise 3.1) & Higd 5:
EREDEEIZBIIAEEOSERT A 22OV T 1 ¥4 2V TRINIT S HHIZETIED
UEGZANI

Z DD Kelvin DFEHIIHFHAEREEZ GO T BAFICESHITH, RELMOEES EE
IR TWA2H6EZRW (KD ICRA D). 2F 0, (MFERIGHTRXTOHRE & FRIZ/LY
MIBGEEAE N TERB SN TWTHBEIZE U R,

UL, T baE—0DFEZ WD 72T IdHIE X A DARIE Planck DD 5\ & DRETHED
iH 4.1 FlLERAFIZEDLETHD):

(T, X) #EDRT O EROFHIRELTE. T/ >T THB LI RV RBEE T 123t LT
HIRFE (T, X)) 2RIE (T, X) ICEZ DM BMEDIAAES 5. T 51T, Z OB TITRITERE D
LIEDMEFEZ I NS TIEER SR,

WO ETHERL, TAT THomolE, —BNIZE->T, (1,X) BLV (T, X) OijH I
WOEEPIRETH B Z 21k, (L EMEAIY T T E5DT, HY AR, Ko T, TOKRTIEE LA
BRSO H B HEER LI NT VRN, FHZ, TV M E—DFENRIN TV,
PAEEIFBIRAWER: B3 4.1 20T T > T 05451 (T,X) % (T, X) IZ2/b X & 2 Wl
BEPFEAELZVWE FRTERD. 8.4 DLS R AXFHANERLS S,
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(1)

balloon

heating

Figure 8.2: Doing work with a single heat source ‘with a trace’

Clausius 131 HEZ2 T 52&E [THF 2 AREFEL D BB VEJEE A7 L TW
26 (—A12), ZRUEOVDPRIZEFEP S HBZIRINT S I LIETERN. ZOR
Bk Tl%, Thomson D JHMIL Clausius DJRHLIZE EFN 5.

FAZIR ATz TARJFH] (—8.4) IZIRDZ & 2 FERT 5 [HIZBCEHIZ AW B
BN Db dGaThoeflioT, BFLDEDP D &) ZRVTHRADZEAL
ERUIC—EFEZTHIENAETH 5. |

8.8 BR®H B L ILFHB

Z E CIZEJED 2 WV IFEYA heat baths L WO BED D WIIKENIETE . 20
imﬁ#ﬁbbﬁkﬁa ﬁML@w1D%bf(ﬁiD B L C) — @RI
RENTVWBREREDZ 72, 5%, G#ET7—NA\yvorTcaryiao—)iLInize—
FXy FOESEDTEEINGD, X5 FHEHEMOMBEITHS. DT
REL, RICELTWD & ZADSNMRRAEETH N, & BNz —EREDIK
FEOES b DEFEZNIT V0. L, BURIZHIC—EhE CEEREBIZH 5 &
INZDT, EMIZIE, ERAREZIORTIEELKNEEZ. Lid-oT, HEIZR
FELZDIZRVPS, £S5V 360)75:@ nﬂ%ﬁx HHIALDIIMETH S, &0
dHo b RERMDHS. LrL, BE
(1) FoRE< &< 1’*%?$35Mf:'lﬁ?ﬁl@ﬂiﬁM‘ﬁ@“@ﬂfﬂ%%ﬁ?%f).
(2) —URAMHZAL L BEE [H 2 IXAE B TORDOP D L Y RERRZRTHEETH S (I
#113 Laplace DIKFAEET (M 8.3) TH 5.

(1) 2 BERAL 9 2121F, FIOPSHERIZKEVWREZASNLWDT, HERFKIZ

EoThd [F2H] 7 70— FIIBEDORTEIRIC (BIITFMRT) PR 5 %
DI &S fiikeInb L5 ThHhd. 2F0, —HOMBEHEED Y VR & L TE
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I 7% i 5 206,

(2) DIefHiZ Laplace DKEEFTTHBD. ZDT A T 7 25 HKITRRYED
BEZWEAID O —HOBRETHL, T2 AH0VWEHN, HAOYBERZ M IXHSE
Thd. MOLNE L L7 Y DEAIZ & B SO EG MR TH S Z
LEZEZDE, WhrRBIREDEIRD Laplace DT A T 7 TR TE S EZX 5D
BHOHTELETHS.

WThIZE X, ZO#ETIE, BWBOT A T TIERBEZDONE» 6 I IE
HREDTHD LW RBRINZHRLNIG 2RI 50T, BRIIE D 2 LICHH
S,

ice at
ice water mel/ting point
A v /
4

Figure 8.3: Laplace D)K#&EF

8.3 Laplace D KEEE]

#: Wikipedia Calorimeter & 0 (#873; 7272 U £ 5 & 0 fpgE72 i & Ak 3 685113 L TdH
%). A,BIZ0°C DXz AND. AFMEDZHDKEAND LI AT, EUKIIHIZETS X
S5 TS, B THEITZAKIEINOEBRIIZOTEET 5.

20622 BT B EEARRE L WS HEDIFWAREE0ICE L, XE@E IG5 Z L3RR
WRBRETHD. ZIZTh, 6.5 5L &D1Z, BhFED TEE/N 3ENLRZNTIERN., OF
D, RELMR L IX [BZERERR/N OUREEZZBEZREEDRDFE. 2FDREVWHIAERTIX
HD5., FITHEUBZHIEFDSFIZHENTRALZWEETLRR .

EWHZ 5L, BNFORFITOOTHZOMAE [RHEMICED L HIE (ER1T) TERWV]
WO ED THAEMNED] BETHS.
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AN, AL BIRELSEKOFEEDZHIZ 0 CITHEEZNTWADTHRDR D & DT,
2F 0. B4CIEMEAZRTH S, TOBEZTIZBIZ0°COXKZWVWN, TOBRITE-E,LS CTED
FEBETHRELUZAEZAELZ. ADBOCOBBE L THELNT WS,

8.9 Planck D[R (X Thomson DREBAZEKT 5

Thomson D FHE (—8.7) LV L7z o 1F, [FHEGR) & BT Y YV 2 HA
BOEEZRTRDEI BRI LNTES (K 8428, FTEBRICZTORIMEREE
B2 TITAEBEN S, BEIRINT 5. ZORZMEL 25T, RILL 72 2% — 2
WLy T (— M) EHITEZ S, TOR, BEEROBRIEREIIAZIZROETS
(LR BUIAZ LI 57220207 . 2 TRk Planck OFEIZ KT 5 Z 212748
5. U72M-> 7T, Planck ®JFHAIE LW 51X, Thomson DJFHIZIEL < &< Tk
ANV

single heat
source engine

heat storage Q __  insummary
] O 27| er

Q T adiabatic adiabatic

heat source

(i) (i)

Figure 8.4: Planck ®JF#% Thomson D JfH % ZiET 5

8.4 Planck ®JF ¥ i% Thomson D% =EKT 5.

(i) BB DEEIERE % (R > THDOEJEN S B Q ZHLD IAD.

(i) ®REWA LT —BFET VYV 2EH LT Q & —MHEW IZEX 5.
ZHE—D2DFRE L Tid Planck DFREZ > T\ 5.

8.10 Thomson DRI (L Clausius DRE%=ZKT %
EOBNCEGENS Q DEER, L0B-VEEIZ Q 2L, —BtEW 24
e AdTyY e FEIIES (ZHE Thomson DFEHE 8.7 + X X JFHI 8.4 12 K 5).
Clausius DJFHEEDK D V272720 DT, K DRBYE? S & D BVNBYRIZENQ 2T
WHEEIZZ AN, C3IZHODITERLTHD LDIT, ROBEMEREEEZEZ TIZHEHT R ILF—

Z, FHEPZ, 2 ond Z e 2 KE LR TERS RV, ZOREIRATHZREDTIHARL,
Planck O H (—8.5) Zih X5 & AT TILffibNTWVS.
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52N TES (M8HSM). ZOULTLOVBWEYERZ T2 —#Jie Lz vy v
MTEBHI LD T?8, Thomson DFEEAMENS. Kk > T, Thomson DJFEEEA
ELWZ 5, Clausius OFEEIXE L.

0 0-0’
Q’ >W = > W
vO’

colder heat source | | M

Figure 8.5: Thomson ®Ji#i% Clausius DO JF % EK 9 5

8.5 Thomson DI F Clausius DR %2 Ek T 5
Clausius DJFHZ SETHIE, TV VOHRQ % & 0 BWAJHIZEES. Z5 LT Thomson O
JFEZE PR LTy VU NRTE S,

8.11 =D2NREIIFEETH
Z Z £TT, Clausius = Planck = Thomson = Clausius Z 7~ U 7z (—8.6, 8.9, 8.10).
DTIZD=DDFEMBEMTH S Z &hbh o7,

8.12 Clausius DRBIZ{EZRIGOFEICL DERIFRVDN?
8.5 (FHZIERE 2) BL U 8.71Zik 72 & 512, Thomson DJFELE Planck DL H (b
FRNEHHFETHHRATIE (DF D ZOMTIR) ERDIE» S DEIENE R I 7.
Tl Clausius DFEHIZBEIZE S WD ?

Clausius DB IIEZKIGR H B MATHA S L WIHRTHA S &, YDilR
THHROIDFEMARDTH-> T, BEEFESLW., LrL, TNZTHoHFIZEW
TENETNOMHRDOMODFE L FHEIZIRZDTH>T, H5HHT Clausius D
DEEHTE 726, ZNIET RN TOMR TS % Clausius DB ZE W2 Z & I121%

AR AT

ZNEZAH, LVEWEEORED S X D BWAJFICAEZBE X2 L EKICAFHEETEI L
MWTE 3.

2098 2 G5 0 DN 72 T N EFIRIE 0+ 0 =0 (IO HALIL) THBH 6, HRIEKTE RIZOVWTDH
NIZDOWTHERINTVWBFEHTHHH, BRIETHA»RHSEN 0127425 Z & DFEHFZIEX. R

88



8.13 ‘Carnot DJRIE’
Clausius 2% 2 L U 733 TAEEFER & 0 B3RO L WABBI B EE T iE (Wb
W3) Clausius DJFEEAENL LR 785b] T Z2GEHL, B EMOFEENANEZHS ML
D07 (—A10). B A3ICHHLH 7B THS. bHAA, MHFBFEE LD L%
DEVEFERIIAFAEL RV Do BNFOE RN B DT (FCTERK), T2 K
D HED L VEREBIIIFE LRV, HD0IEDE - LHIC TEREBIORRITIE 1 L b /hE s
ERPEFEET S] % ‘Carnot DJFEH 2\ o> T,

Carnot OJFHEH 5 Clausius DR EZHT DI, G2 -> TIEHETH S, Clausius OJFH
%5 31X Thomson DFEEAHENS DT, 1F 1 ORIV FMET 5. Z ik Carnot DJF
AL LW E WS Z 2 THD. LT Carnot = Clausius = Thomson = Planck TH 5.

TH 02725 Z L DFEHZER T 50T TIERw.
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9 RO EHMATADISES

Inn ok, BBOMBD OWHEPLETH B DT, T IITLERBAITERL 725
2ELHTEL. 12EZL, X&HRAMPHMTIZZR N S L 2B O L) E M
FEHLAL LR TERLTHD L 2HHRICTS. HIIIOfiemIIL,
—RBEITIR 072 5R 5 TL 2D THED AN,

9.1 RMD & AP

LA OYIEMNT, 728 ZIXZDHERHRMEIZDODVWTIEH > TV DL T 5. fF
WMABH > TWBEEA SN, 72 ZIXZEBEE y = f(a1,20) DAL (21, 72) Ty D
W R4 FTRE partial differentiability & 1& ao Z@EE L T f % a1 D — BB L A
Uz EXNDUAFRER T & T 5212,

FiE DRSS RTRL, HEHHMEZRWEZEMBIZZST f 252 0E, £/-—&
BEABE U TOWMREEZDZ ENTE, 2L G5 directional derivative & &
bivsd. FEEAFROFHBSPEEIZEDLNARBSTH 5.

SEBEBOH LWL, HENTIRTORBADVEERETCE 26 VW-TE
DEBDZDHTOEGMNEI ZHRAINT VRNV &, DA, 7L ZXFEAT
TRTDMEEDHABDBEIET BP0 EE-T, FETEZOEE EHRKTHD Z
EDMREE X N WG E DX

= { G

; y 8) | (9.1)

(0,0)

207z & 21X, @GR TR B 20 CaBGRE BUREBEEAD AR, 1995).

21T jeb and Yngvason [The physics and mathematics of the second law of thermodynamics, Phys.
Rep. 310, 1 (1999)] iZZ D pl0 IZIRD LS IZFE VT WS “Giles DR L bNONDITE HIXIFL A
CIRi 2 bR\, BEALTRTOEDD D EWHEITIEBEIZZSIET DL WVERTH B LD
Fik (Truesdell and Bharata, 1977) IZK LT, bbb Giless BTV ba ' — & ZOAREHMEEIX
ERMOBOFER TR LS BAMEFHETRY LS RBETED I LIZRIELTWS. MM, REICE
FEIRNT DRI I BN D DR ENITEA B TR > L T 27213 TH 5. 7

HUBMAHEPZANVF—DEMYHICBE TR/ NS NICHERZ DRI L, FEEDHK

FIZART L. UL, BZRIEBWERYBIALZED S 8L T—ARIZD LTV EMTIE AL
(—1.8) TNZFHTT2HDE. T A, HHEEZAFHIEA (—3.10) TRETLDFERTH 0 Efif
AN FOERLEETH Y, AEDHIITIIMARA TN T NS,

NS EFTHRVWEA DD, ZOXIWEHENARTH B720121F 11 & 2o ARSI LR T
R TERSRV., ZTNESND E-FEREED, OBIZARZL5I1Z, ZL T 98 ITALINTWVS
£, ZOZ e EIRICHEHICHOR S TER 572,
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ZOBEERIZH > TEFRTRER S g o< », (r,y) = (4L12)IZF-T
t— 01295 L BT 1/212725218,

9.2 RO D BAZH] LEICDODVWTODER
728 ZAE 2 BB f (2, y) DI IZEFTIE, B
O prp U

— 2
ox oy (92)

LHELZITT, MiFE TRy &, BEHETE 2 —EIR/DEVWI TR THRINTY
50, BIOIFDOEMTIE, Mz —EIZT50% THMIZ) RS S: 22 TCTEOZD

FEhETh of of
), &)

LEIND. BIIFTIOECHBE s TR SN T VS L STy RA—ETRL,
fAIndHdH0E, 72X, 2=10—-yDB—EILRZhTVENE LNBVRS T,
BETIE, TOEIREZIT, ol yDBBTR 2L DKL AT NS,
MO g % f(x,y) =g(x,2) L78BDEDITEHRL T

0 0
(a_f) = (94)
EENPLLS TR SR,

Bl f(x,y) = (22 —y?)tany, 2= —y &3 5. RO [BIFERTE ] WML ZEHEL

Tz, y THREE K.
af af af
(ax)y’ (ax); (az); ©:5)

ofy _of _
((,h)y =97 = 2z tany. (9.6)

2% IR T o TRBATE2L0ID f(o,y) 2 2 & 2 DB g(z,2) ITHESEZA TS
RMATEZETHS.

g(z,z) = f(z,z — 2) = 2(2z — z) tan(z — z) (9.7

2I3R. E. Gelbaum and J. M. H. Olmsted, Counterezamples in Analysis (Holden-Day, Inc., San
Francisco, 1964) IZFHWTHLH]. ZORIKREFHTH 5.
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B,

<3f> = 99 = 2ztan(z — 2) + 2(2x — 2)/ cos?(z — 2) = 2(x — y) tany + (2 — y?)/ cos? v,
or ), Ox

(9.8)

(W> = 99 =2(x — 2)tan(z — 2) — 2(2x — 2)/ cos*(x — 2) = 2ytany — (2 — y?)/ cos?y.
0z ), 0z

(9.9)

DWTIRB N DA 9.6 ZfER L TIXE D725 5. NI,
Gr> = oo = 2tany — 2(x — 2y) sec? y — 2(z% — y?) tan ysec? y (9.10)

ks,

Tlx, BNFTI, BERFO LS ICHRERBEBOESR %A L TR 2 Kid
L7\ Dh?

BETIHES FIEH L TTHEBROELETH Y, BBV DM ER > T
WBD, LWVWHIZLETIAILULTCERINT VDD, BNFETIHES fI124725
LD, ZEZIXE LD, p2 0 H0IFBEEOEETIERL, HL EFTYHE, W
ITANF—eMEERT VI L 2R L TWT, TNHRRADEEE Rt ns
BISEEAEICLD, LWIIRE TS, EOBITWS &, f&gl3iEPMCEKE LT
SR TH BD, RETHIYHELFR U R SBNFETIEELELE FTRLTLES.
59 5HL, HEMZEDEBE UTRMA ZERZL TWENRDLN LR L5DT,
WL EBD A TH B DD ZPRINIZENE B 2H7\0.

9.3 WD A REME
2 BB f A E U CHEEH tangent plane 2RO 720121, fRIMD ATREMETIEE -
72 REDTHEZE2M>TVS (9.1 DBV Z ).

SEBBEBR DG G, £ Omn ileEME strong differentiability & 1FIRD Z & % &Ik
T5; ZAEBDGETZE Af = f(v1 + Axy, 20+ Axg) — f(x1,20) EELS & E

Af =AAx, + BAzy + o0 [\/A:zﬁ - Ax%] (9.11)

DO DEDIZPUER A, BEEIZ LW TELROIE fIX (v, 20) THRIND WEE
strong differentiable Th 25 &\ 5. DX 0, FHEMPBARIHEZ L \WS 2k

Mo BB o ITHAFT 28 q(z) D2 =0 DEL T q(x) = ofz] TH2 &I lim,oq(x)/x =0 LW
52k, DED gVERDWNETHEZ L 2E KT S, & 2K, 210 =o[z].
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DERIN D FTREME T H 5.
[ MR ARETHNIX A, B IMREBARETEZ oNd 6, LoOBFE
of of (9.12)

df = —dw, + ——d
f 31:1 Tt 0:(:2 2

EEZ, f ORI total derivative £\ .

WM TREMEIE, M@, B AEEME S WS DY, RETIX, T ORM
TR TR THEETLHDEILESIMSTH LI L 2T 572012, HEITH S
PR EHHDHD S BIEMA gt & EHEE T 2 (B, 727ZMa et S 2 13
MAAREDZ L9 5). mHld ) Z2E»R TV,

9.4 "&H BTRE D &4
EB AR TOMRMBDREDEE L Tl 61X, BABIIEMa e THh 5.
TEBOLEFIZINERLTBIS.

Af = f(.ﬁl]l -+ ASL’l,IQ + A.TQ) — f(iCl,xQ) (913)
= [f(x1 4+ Ay, 20 + Azy) — f(x1, 20 + Amo)] + [f (21, 22 + Azy) — f(21, 22)]
(9.14)

M, TZTa & oy TNENITEAMEOEMZMS &, 0,0 € (0,1) 2 LT

Af = fo (21 + 0Az1, 29 + Axo) Ay + fo, (21, 22 + 0’ Axo) Ay + 0 [\ [ Ax? + A:c%}

(9.15)
75, T TR D Kb b IElEZE - 72
of o2 f T -
== = — = ZA = < MEF 123 . :
5 fus 920y fye [MNLER % & HPIZIERE], ete (9.16)

TRBA R AR 72 LARE L2 DD S, Ay, Az, BETITEDL & & (9.15) 1%
(912) IZPRT B Z &b b, F0E L DEEDH > TH LOFENZD L EHEX
52 FHENESS.

9.5 WEREF>-2MODKRIR
n BB f Iz DWW T —fRIC

gradf = <8f ﬁ) (9.17)

) Y
81'1 8xn

93



Zax=(r, -, x,) BT BEE gradient 2 NMIBECR 7 BV gradient vector &\
5. BEIRZ MV EMS &, 2 (9.12) 1%, —BIIZ, 2= (2, -, 2,) EXT b
WVERTIIE, AEZEME-ST

df = gradf - dx (9.18)

LETB.
%2258 D Taylor DM DIH%Z

f(x) = f(xo) + gradf(zo) - (x — xo) + of|x — o] (9.19)

LHELILNTES.

9.6 R DIRFE DR
RIS BRI Of /0wy 1% 2y & 20 DB DS, T DR (ZFERMD) B (T A
HERERSIZ) BRBZENTES. 0f/0u IZOWTHAMTHS. 2535 L 1
TR T B0 20 THRIZWAD T H0000 ORI NEZ 5N 5.
EIE B DWEIRT fr10y & frow DIHNEIRR S [0y = frge, TH B

FHIN D — /K (a,b) DIEET A ZIRDESITHKL:

A= fla+ Az, b+ Axy) — f(a+ Azy,b) — f(a, b+ Azy) + f(a,b). (9.20)
T D WTCDEIMEDEI % f(21,b+ Axg) — fag,b) IS5 & 0 € (0,1) LT
A = Azi[fe, (a+ 0A21, b+ Azy) — fo, (a+ Az, D)]. (9.21)
RIEYIED B A 20 1> 2 0/ € (0,1) £ LT
A = A21 ATy fry0(a + 0AT1, b+ 0 Axsy). (9.22)
T & RO E M DR E D 5

(AxlyAli«"IQI)lﬁ(O,O) AJA21AT2 = faray(a,b) (9.23)

BESND., ZZETOFHEESE X2, 2HITLTL DIREE

lim  AJAn Az, = b 24
(Azl,Alxl;I)l_}(QO) / T1AT2 fZEZJIl(a, ) (9 )

at
Kl
Or
g
O
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9.7 Young D EHE?1°
BTk, ZRBRERESREOEREEZRETE S LIRSV, LEzRoT, T
RT O _BREA R DGFIEDAD SIHAF DR MATEEMEA S X 2 /039.6 K D X5
MTAER] 72,
E [Young] f,, & fu, ML BHIZHIRNTRBAPHRETH 58 6IE, TDRT frn, =
fuge, TH 5.

(921) T, Az =An, &EZ

fo,(@+0Ax, b+ Azy) = fo(a,b) + 0Axy fr 2, (a,b) + Azy fry0,(a, b) + 0] Azy],

(9.25)
fo (a4 0Az1,0) = fo(a,b)+ 0Ax; fr,r, (a,b) + o[Axq] (9.26)
ERAT DL,
A = A3 fo, 0, (a,b) + o[ Az}] (9.27)
Zhno,
lim A/Az] = fu,0,(a,b) (9.28)

ACEl—)O
BIRONDD, 21 & 1, Z ANBEZ THEHOFRIZEDSBRVDT, frz = from
Th5.

9.8 R EARDERBICOVWTDER

BAR f DML, BEBOEBENHESD L EZTOERTIE, T RERTRERZEINAG
WZ EIWZHER. LD oT, 22 f(r,y) Y, ay-i ED a 235 A X ET 5156073 Hhik
C: (z(a),y(a)) D ETEHZINTWEEE, —MITIFMEHTIEERETERVR2S

qa _
da

i, AT DU C OBIREBETEESNTOARVED, ERAZV. [ C U TEES N
TURNES LABWLL, 53 \WET 2 TIRIESII 025 LAZL.

ML HBAEETHS: [ AR C ICHIRI N2 L7k 2iE o CREDTERLREN,
2O &S mPlRBIEIC T LTINS, 72 & IEEEN N & 2800 B 2 KB L 7
W E BB S = S(B,V,N) % E CIRMAO L LS ¥ LT N 2EET 5 B 244k
U3 L IR OBIHNTS LS 12, N ORKOESEC, N ORhks W & &3

dzx dy
—_— — 2
L2y, (9.29)

25William Henry Young (1863-1942) (Z & %; https://en.wikipedia.org/wiki/William_
Henry_Young.
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£, 5058, Rpy :C— WIEL M J 27 ¥ a v (retraction)?!6 72925, S = S(E,V,Rg v (IN)).
INnz E TR 228 I3MEFERIGHEITT 255G THARETH 5. TNVYEER %8 A
TEHEETH B2,

9.9 Mo RE
—MRIZ n RTZERNIZ n @O f;, 5L LT,

w=Y_ fidz; (9.30)
=1
%z 1- K 1-form (—IXHF R 1-form) L FER. (9.18) IZZDHITH 5.
9.10 E£2FX

LAV DLW THEITLLE, DED (918 DLIITw=df LEITZ L
&, 2D 1-ERIEELER exact form EFEIEN 5.

9.11 ##Ho
WA RIITIMUD external differentiation d &\ D BEDER TE 5:
(i) (TR v RE7R) BAEK £ ITHER X2 (—9.3)

df =) g—idxi (9.31)
x5z 5219,
(i) ML EBDOMD do; \ITHEL 72 DIE RN A % 2D T2 D70 56) ¥uTh
%: d(dz;) = 0.
WA ROHITEIZIFFE S A (VYY) 2,
dxi A dre = —dxs A dy (9.32)

A6 NS oo gy ki, HDAHZEM?S T DD EMAD, FOERDEED T R TOHDME
EROEHGEHRDZ L.

TZ OIEHZAMIZEIZH 2> T, T FMRICIHREZNMVZZ L 2#EL & HIZHT.
2IBANEE TN 122 e TR CEPRGEBBREEA~D A 18) O 5 dHh 72 0 H3# 24 72 A
2550, HHEKL B ROBMF 1) GEEGEEHRREE DM 25) DFE =, =FEDHHEERN
WD E LIV,

ER 2L, METRIFLALEDEANTL 2 HBUIMEBEEGEMA TR SNTVWEDIZH L T,
BHZTIEZE S ZF BNV EIEES W,

ORI FIFUVIR VISR AR e B S NS, 20O =y FTIEZ S IIMEE L ARV
BRI TREE U CEE 2 I T 5.
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D & 5 7 A A RIS 2 DAAh, EIBOENTE & AR OSSR RN 2 T 5
DeFTH., LEA-T, ACHEOOREIEER: dry Ade, = 0.

dry ANdxs V& xy TIFOBUNEZ DRY M b dr, & xo FRIOW/NEZ DT M)V da,
MWEDESAROHMEMINTE S, 2O ERARICIIERNEDH, HRT LHFEN
BOBEEZD. dogNdoy FEERSTRAMEEZZDT (9.32) DX 512725220,
(iii) d(fdx) = df A dax.?*

(9.12) % (iii) 2> THWI T2 &, fHRPERMEIT THEZ 5 Young DEH 9.7
Mo df =0"birbd:

d’f = dfy, Ndxy + dfs, Adr, (9.33)
= (forzdT1 + for0,dT2) NdTy + (frye,dT1 + frge,dr2) A dzg (9.34)
= fomdry Ndxy + frz,dre Adxy + fryr dry A dxs + fryr,dra A day
(9.35)
= foizdro Ndxy + froedry A dzo (9.36)
= (fagzy, — Jrrzp)dx1 N\ dxg = 0. (9.37)
INTHNBE LT, —K&IZ, =0TH5.

9.12 FAF
HLUH 1- K
W= Z filxy, -, x,)dx; (9.38)

BB UL & dw = 0127257 61X, w I XBARRA closed form L FEIENS. A
THXT AN LS
ofi _ 0f;
0xj &cl
mOoIXwIZBATH B, (9.39) 1$ET1F TliE Maxwell DEAFR Mazwell’s relation & WX
ncTtwnd
z @Baﬁ» Fw=dF (—9.7) DEGE IR DIEF D3 r] GEE:
OPF  OPF
0@89@ N al'jal’l

(9.39)

(9.40)

PORZ PVEE BT 5.
LI EAOHDAED DIEADRIKLLETH L.
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ZEHRLTWS

9.13 Poincaré O
9.12 THR7Z &S5, ERENIARA. BIEEEZASI91?, DD, dou=0Th
551, w=dF THEEO5RBEBEDPHE1Z5507

— M AHERES (5. T) D ETIHZNIFELY, DF 0 —SAfERESD ETE
HZEIN-HERTVWOL R TH S, Z%E Poincaré D& Poincaré’s lemma
WS,

EHRIED 2K € ITBIIEZEMIZB W T — S HE 72 DT (—=5.9) BHETIX EN
MO ARETH BB D, Poincaré DMREHAL D VLD,

9.14 #&ED
ZZTIRBEIHEO I (KAMNIC) OB £ 5855 A RRRDTE BHIRO A%
5.

n-ZEfP22C R X & R o MR C 2B B LT 528, 1R w = Y| fda, %
HIR C 2% - TR 35 & 1%, HhifR O 28 (KH) C-BIBUZ £ 585 X X KR
MTEBLHELTVEDT, v=ct) LELLE

LWZAE:Mm»ﬂ@ﬁ (9.42)
EHHETLZETHS.

ZIT, BATCVWSZEMD2KM AL BEESIDES Rz = c(t) 1> T5E
PRRw=dF 2N TEHILIE, c(0)=A4,c(1)=BTH3H»5

/w:/ﬁgﬁﬁﬁ:ﬂm_me (9.43)

DX, BRILADEZ DR IZBREBLDMEDAIZES.

222 [ 728 | 13 n-IRCEEDERTH 5. —RIZ, IRIEH n OBMZFH 22 h XXX 1 n-XXX
rEL,

B RS R o F-ERHIAR ) HhiRDS (KHND) CL-BBUZ X BT A RKRENTED L EE, v = c(t)
cELCL, ioEX X

1
L:/namw (9.41)
0
CHEABNG. EEL, ||| B2 FAOESTHS.
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9.15 RHED DRBRKEME: A

BOECIRREBISL (—5.4) 25T 5121, ZOWMADVERIERNBRDT, W RsREEEHi>THY)
HPREE 2302 > TV AUSHIRIETD Z DIHZ IR T 5 Z LA TE S (—9.14). Rz, BU Zihigic
Ro TC—RBEITIIEERIIEYTIZR 5.

AR w DEEEEF v I7TEH5I I, ZTOHMERZF v 7 UEEITTIE—RIZIZDLD S5
W23, 913 o bhrd Lk DIT, TOERBIZNZERITINIEE, dwv=0%2RT BTN, OF
v, ELET Maxwell BIED K D > TWB Z & & BT, Bh%Tld, EEREOaK E X
— T (—5.7) S, TNTHATHS.

dw =0 Z2HERT 5121, MU e LTIhzidE T ((—9.11).

I TCEHOBZFHEMIZEIELTBIS.

w = y?dr + 2z(y + 1)dy. (9.44)

(i) ZHUFEAL TA: dw # 0.
ZD7=DITIE “Maxwell DEIFR” 2F = v 7§ 5DN =270, (£-572<FAUI & TIiEdHEH) MY
53 (—9.11) 25 DAA< — b

dw =2ydy Ndx +2(y+ 1)dx ANdy = [2(y + 1) — 2y]dx A dy # 0. (9.45)
(ii) w OB ERIKIC L D Fl2 S (1,1) ETHEATHDIL, Aty = 22 1250k, B: FHM

224 (y - 1)% = 1> CRIEHE D SR T 3D R THE S,
SR ET B IR S5 A R ERT HOBENTH .
Arx=ty=t*(te0,1]) 5L
1
/' e + 2e(y + )dy] = /ﬂﬁﬁﬁ+m@+mmm (9.46)
y=x2 for x=0—1 0

1
/)ﬁ6#+%%:1+y3zﬁ3z2%.
0

(9.47)
B:z=sint,y=1—cost (t€[0,7/2]) £ 95&
/2
/ [(1— cost)? costdt + 2sint(2 — cost) sin tdt] (9.48)
0
/2
= / dt [4 — cost — 6cos® t + 3cos® ] (9.49)
0
2
:%—1—6x£+3x§:g+1zzw. (9.50)
DR 7 DFERIIRE IR > TV 5.
(2) XD 1 R ZELKATH 5:
w = y?dx + 2zydy. (9.51)
(1) dw =0 Z TR L & 5.
dw = 2ydy A dx + 2ydx A dy = [2y — 2y]ldz A dy = 0. (9.52)
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UL, MR ZoMRLZTciREeE2RATICER++aTHS. 22X
€ = (—ydx + zdy) /(2* + y?) (9.53)

2 e UM U722 B 58 1 OFI S IR &2 BRD 72 88 (2 U — RATE TR W) TEA LS. dE =0
Thd. £UTE=dArctan(y/z) LIERNITIFEETE 50, THIE— MBI OMD Tldiaw.
(ii) BRI A, BIZINS (951) 1I2H b w DN Z L LS. ATl

1
/ [y2dx + 2xydy] = /ﬂﬁWﬁ+m@pmﬂ (9.54)
y=a2 for z=0-1 0
1
= / dt 5t* = 1. (9.55)
0
B T
/2
/ [(1 — cost)? costdt + 2sint(1 — cost) sin tdt] (9.56)
0
/2
= / dt[2 — cost — 4cos®t + 3 cos® ] (9.57)
0
o l-dx T igx 2o (9.58)
=7 1 3 =L .

(iii) w = d(zy?®) 720256, Bb2Ax2(r=y=1) -2y’ (r =y =0) =114 5.

9.16 2-FEXXDESD
MNLER DI — D DANE day A dxy 72 8 DR % 2-TE R 2-form &\ D A3, 2¥RIT
ZBTEZ DL, TNdw = fde ANdy DU\, ZIRGTRIE m O ETOZ DK

DEIRDEDITEERT 5:
/ w= / fdxdy, (9.59)
WA ADOESIFEBEDEAID LS ITHIETH D L EHKRT 5:

/m(w%—w’):/mw+/mw’. (9.60)

WIRTEIS dy A de DFRRFIE A F AT 5 (—9.11 (ii). mZ e, x g, D (z,y) D
JA D DINS SRR &g, f ke 51,

/ w > f(x,y)eey (9.61)

Th5.
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9.17 BAZIHDEH: Jacobian
fIR(X)Y) DB THE LTS, GHR(X,)Y) = (v,y) B M &2 mIZE#HT 5 L
LE5%2, 2595¢L,
[ FXX Ry = [ FO0G0).Y ) (Ko + X,dy) A (Vods + Vi)
M m
= / f(X(z,9),Y(z,y)(X,Y,dx AN dy + X, Y,dy A dx)

_ / FX(2,9), Y (2,9) [XoY, — X,Ya]de Ady.  (9.62)

CHIEFESHONTWEEHEZHORAXNT[|OHIZHBDIEY AL T ¥ Jacobian T
b5

e L 9(X,Y)
XY, - X,)Y,=| &% x’z iy 9.63
v ’ G o | 0(y) (5:63)
%0, ) )
XY
dX NdY = —~dx Nd 9.64
owy) Y 964
ThHhad. INT2RADOMD & BHEM P Dh > 7.
9.18 Young DEEH % W\ & Maxwell DBEFROY IET7 VIC L BRI
w= >y xdX; Z5® 1- A (—-9.10). T 5 &
0=dw=>Y dr; NdX;. (9.65)

BHZ ZABDOAZT 52 TUUEINN5EE S A Young DFER (—9.7) 235, Z
Nx XX FHDO— RO D DRBUN2- LK (IEA) € =¢; x ¢; TR T 0IE*°

ox; Oz
— . . . o~ — i Lo J Ea .
0 /5[de NdX; +dz; N dX|] <8Xj)x¢ €igj + (aXi>X_c Ei€j (9.66)
J i

A O 72012, BHRIIMAFEHE TS (DF D, —d—RARIZHMITREE §5).
ZOPUET & FRE, NN &0 X¢ B ERBEROEENS X, 2N T 5, CWIEIKTH 5.
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*7-,

0 = /E[dxz NdX; +dz; N dX;] = /5 [8(%,)(]') + 1} dr; NdX;  (9.67)
~ [a($j,Xj) —}-1} <8Xi)X?EZEJ. (9.68)

X — 2 M HEMEZR DT, Young DFERX (—9.7 H 25 W\iE, Whd D Maxwell DB
%) 1%, & L H Jacobian 232 & (X226

By Xy) 09

CHEMETH 5227, 272U, AET, WMo T EIZEPNTWAHNIZHITE LN
THVWTRTOMYEHTHAD, YIaLT7 2 UTITEERIZ2 X 2DESDAZE
Z XN,

2268517, Z ZITHT K AR DT R TRz 518, Maxwell DERZEBDZTH U S & 2w
DTHIDEERHZEIh TS,

2719(8,T)/0(V,P) = L EENSHSNTWT, ZO [FEH] ZTRIVF—{RFHDELTH S, 7
TrEWELDOLH LD, TIITREL S I L MRS OBENREGRTH B.
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10 BANFEZEFOEE

228

10.1 BRZAOIHAEERRDIBIE D ATREME
BB O R CEMAREERADEFT D RZ EL L LS. TOHFD/ P ZED T D
TEEEREHI A~ DI % P 29 5 (X10.1).

E

) 0

h

Figure 10.1: &2 A VFHEREBO 2K £ (EBICIZZNITERES TIEBRWVAEE EZ D X 514
WCTH D) &Z DO WEERN AR, T E ORBARIZ BRI — € OfRE R T. P95 Q ITHIE
JERETH D AR\ HEIRRIC Z o THEEERE (HH VWHEIAZTNTIRS N TWVWD) 2 BBESR 2k &
5L, NBZALF—ERRdE=w+ (I T P25 Q ~NDFFMIZE > TEIT 5.
LoD FEHIIEBWEGHE L LA K DN T (—1.3) BI1F 2 )HZ B > TR
$5Z 7z EBWEGYE &AL ER O #RF A % W BAEER Y © Rl 284k
IRDIILENTES. RONHLANT— B IF—MEFEX (3.10 Dw + 4.12D
O - TEALT . ZOFRE, Y HIANDHEDAE P WNEE X N AL DMK
RE P € £ %18 5 W BVEH I v @R DMFEAE T 5229,

287 ZCOEMIBTUEHEMAIZIBESNT VWA DTIEZWVD, AR TIZEZ >R H D
S55DT, FIDIFBEMERTHEFGL T WA LHMEL TRV, HARITOWTOEROHE IO IZER
T5.

9N PEBEST, P25 QI HMEBER LD H iR ICEF I N5, WEKEFRNT
WEPFETEIEEZERLTVWEY, TO—HFMEZ2ERLTVWBEDITTIIRWV. 7 THITAXDIT
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10.2 & 5 FERRED S RTEVETE TILEETE R VWEEREN H B

IVRNES iAifﬂ%bf%tTAf®$%@E@%@o Bz, B 0%E "

EAIE U T Planck O (—8.5) 2> D THEKL THZ
Planck ORE: [WrEGRIE D AT IZ B W THAERERE (—>4 13) 2L L 7\ s
S AN F =3RS TH 5. ] (K10.2). BT, THRIVF M55
BRI > TRORBIZWEMIZ TS Z LI TE R,

E\

even if adiabatic

\
if adlabatlc/><

Y2
’ Yl
Egnemazthk@ﬁ@:Eﬂ@&?#bfm%ﬁﬂu%ﬁﬁﬁﬁuﬁwmvn BROEWHITIE
WA THIT 2N TE LD, AW TIZARW. 2 2 CREDEITERIERE D —E O #E T

TERTELTFHREDELATHS.

2T GBI 1 (ERTE545)RATEV. 2IEh Lo EEb o
%ﬁﬂtﬁg@ﬁa{%@%ﬁbﬁwmci(oib, RS & WY RS S — B L, Z OffT

INEY-HEDP & Q 0% O MY (r) 35220 LT MAEFKRERATS, D0
dE = yi(Y/(7)Y/(r)dr

EMNTHILTP 2@ LM BERN AR DRAZELZ N TES. ERIZLD, Y/ IE 0>
DS,y (Y (7)) iy CEHBEOWR S LI UhRizRw. DF0, —BIICE, #ithsd bbb
DUFHIS v, Uzhio> T, MROFHEZMRIEL T N5 Peano DEHD & 574 DX 2R R0,
UinL, JERRYE - L2 BV TRV —IFHEL THEFEP SHRTE TV AR TR S, O
FAEFBNFZURMCRIEINT WS Z 2 FHE L L ThhbiEZITANS. L, Thll kg
(B 21X Lipshitz d#if5etE) % FAPIIX y ICDWTHIEL 20O TRED —EM X bH 572\, ODE
6:’)L\’C0)%ﬂ%ﬂ"]i£ F L i http://www.yoono.org/download/pdynamicslectures.pdf Lecture

ZH 5.

BOFOE LN ZMS & ZOMO—FMEEZRTIENTES (—10.3). T 2 TOHMmIZIEMHED
FEZITHFAITHS.
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PRI > TVWTERELRS) V. WEORA LD D EDEELAAHINS.
ZUT, WMEACITREBWNIZHEL TOLARAFR L OETR D L DT 28R ZTNETN
BUELRZLUTRABEOIZZ > TVRIEVWWDTH S, FHZINILTWAE Z k&
MBI THDZ L IIWHE LTIRES Z S IR,

SEE Planck OFHZOE DI XNV X =D BATHZ L 2B IELTWSZITT
H5B. ULzhoT, 102D8DEPIZDOVWTIEITITS L4702 0WE HMERRT
WA, ZTNWD R A XFH (58.4) MR E AT, D TRITIIIFHDZEL
FId 5.

10.3 AT EBMNICEETZIRONBIRILF—IE—RITRES

B2 (E)Y) OFEEPREBESG E OHRIZH LM P& L5 (XK10.3). 10.1 1R
LT P H 6 QAT KBS IR HARIZTI > T—MEFE A2 HS L2 RO—D
% P-Q ZA5SHifR7Z & 3% (—10.1).

E L

adiabatically accessible,
but

B quasistatic-adiabatically
inaccessible from P

0
adiabatically
inaccessible
from P‘

Y,

Figure 10.3: P-Q/(10.1 LU <, HROMBMHR) (290 > 7= — R HEHERAOBS ZE IO B2
FT— BRI (RO 2 5% 5. T2 CE LIZEREEES Q' LI U EHPIREDES (T
FOVE — T PATRIERM) TH B,

Q' % B DI —EDREBOEESE L L T5 (M103DQ %2 @LHEARTH D).
B 10.3 DFRVEFR TR N HAR P-Q' 1% (K10.1 1281 5 L HFRIZ) & 2 WriB e
BT RT S SEFE D H R IR AL 2 FEE T 5. ZOMERZIN > T—REERER 2RO L
RN —BHTHD Z R EFFHLTWRVWOT, HMOFORWEHERIZE 10.1 12
B2 LFEMk—DDOMRERAER B L TH <.

Planck OJFHIZ XX, P26 LIZi>TQ &0 Fizdh 54 (X110.3) 12H 5 7%
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WERIY) (28 B FHAPIRAE AW T 2 X TERWY, H LATRETH UL, P — Q
WWITAREZR DT Q — P — A ZWEWIZEERHTE S, LML, QL AlZEHiZL
FiZH B DT Planck DFRHIZ KT 5.

T, ®10.3TQ D LEDIKDERIIZH D B o E S H0? P — BIIBrEwIc sk
ENTVARW (=8.4) A, AT Z X TERW,; H LAMRERSIE, B P = Q
DM EIZ SE B T & Planck OFRE SN 5.

I5LTC, MEERERXZHM P - Q ITh-> THO T2 TOMEIZ—BWT
P-QIZ&->oTHAONBEZ b o7z,

10.4 BFZEAAT B E DK
10.3 DikiwiE P 2 o WiBVEF A W EZE T E 2 LEOEHEREQ € £ ITHMAT
EHZLILER. QOARBBZANLT—I1ZQ (2F 0, T Y-JBIE) IHEKGINIZE S
DT, FEARER Q2T RNTEDT, P 2D T R TORBIEER M @R S 7
%M 7 B Ap 2ED Z &N TE L. Ap % P 2@ 5 v Wil Bl L 1E.8 2
szl &5,

ZDIED Jinr s, PITET2 Ap DARIFERINTWVWADT Ap & P THEMs
A[HE (—9.3) TEDARIRZ MUK y IZFEL .

10.5 BrEAREHEE L £ ZERBICD T2

10.4 ThEpE Niz@iimm Ap (O OHERIZE 10.4 TRAFAVWHIFRTRINT WD)
ZED, TO EOERED R Q %23EX. T O %W 5 WEG W Ao % 8l & Fkk
AED Z N TED (ZOHOIMFRIEN 104 TIERRIZR-TWD). BLH, Ap &
Ag M= UV SIE—APMEA LD BT o T LIZHDEIBKRREE D
5. RIZFAQIZH-TED, AgD Ap FOK1041ZHB LD E/IZHD LT S.
IDEE, RERDEFTAp IZH > TWAIREL T2 &, ROQPR &\ WrEER
MAJREIZ 72 > T Planck DJFBIZ KT HZ 2 k5.

TNPA, Ap L—RTHEHET 2V 5WEREImS Ap 2 —HITHZ L
1272 5:
Q € Ap = AQ = Ap. (101)

IS5UT, Ap 3ED & ZAMM WREMEHTICTH D Z b o7 (1042

106



gl

)

Figure 10.4: FRuvihsgix Ap O _EIZ, DI AQ DOLEIZHA. AQ IZ#H->TWnwsb RN Ap IZ# -
TWTHEEREERE U R OE RIZHE ERE LBV THS. TRTAFLRDTR > Q- P
— R’ & MBI IZ 24T & Planck DRBIZKT 5.

i 230

PANNY

10.6 BTEAALEEHEIE T RIILF -8R > TEFEZZ ARV

H B VHPRFED G- 2 5N 5 & F N % 3l 2 W a] i a1 — | IC I £ 5 (—10.4).
X 51T, ERAEICHER MBIz L > TIN 71 —2D X S IZHE X HhTW»
281 ZOEIME O AER D HIZIROEKRT (B SRR REE LT) B
MThbd., 2MDOEL > -WER I Z & 5. & LE— A2 B-HZ EAT R ERR
> THAEDE Eithot-2 358, ZORU ETFEBNTRTO E-fifll E4T
REAZDOWTHE YD, K105 DE572Z EIFMAFIZHALTH D L HIZEUR
Y

P2 PIXFA—DEIEERE (Py) 2F5265D T 5. ZOLHREEE. P 2ol
B QT £ P25 Q ITKIBHIIIZITK 28 TES. PPAEMKELT
QITATE, TRIVF AT RERRITH > THEIIZ Q' S Q A< Zen
T&5. TZTPQOHWMEEM-T, &KL UTHEWIET P o PAEREE
BAZBHIENTET, Planck DFED RN L 125,

IH5ULTC, 2MORLLZMBAFHHIZEDE I TR THNEI R LF -GN -
TMHEBFAELTWE RS ETHEER -ELTWE I e hbhor:.

BOE DEEFIZHB VT, TNDBEAMZEWTRWESIZE, BERAEZRD I RN, T0Y;
BT 22 s 23 5.
BUREAINT, E T BAA BRI I & o TERICHEI I NS foliated X\ .
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Figure 10.5: WrEwl@@Eiimo E TR ANE D2 Z LA, HEORRIE T 1)L X — il SEA 7R AR
95,

10.7 BRERELEGHEE X &0
SETRULAEZEZ2EDD L, FHRRBOES & 13 nI T HEFRHY 22 Wy Bl T3
T & 5 EMRRIEDERE D S 70 2 50 AT Re 7kt (WA g i dh i) iIc & > T ETF
BfRAVHIAR & U7z (—10.6) EIPiZblT 505 (—10.5).

EWTHMEEBEE—ED (DX D TXIVF —HllIZFA77%) B LOZRIE TN T—2
ZUThEZ—D0MBMMEImNIZH 500, Zho OWEEEIMES & EHD
HBXME (TR F DD BE) LA —H —d#ifi 2 e3> <.

Wi B vy R T DR RR IR (—10.4) I BRI N C—MREFIEA AE = Y yidY; &
BT 2070, TG T TReRATHY, BT 21T, BIEEEHRODD
LI AE AR BV (1, ym) DEBINTWTEDRT V¥ v )VEED E 72
D7z, Uledio> T, Wrgn 3@ i3 s e Th 5.

PWrER - ALZERNZIE, — D OB & 1%, RO D HIREP SRR UIZ (5
EAZTWBRT)MPIZIEBINCAEL 5 2BADRKRTH Y, FrAbZRIE2 EE
R Z2 5L CTEWEEE, ROHLRENSEL S 2 ERNERSK TS LU
FTHMCEDTRTOBRNAEL BB TH D22 Ld->T, ZOMIENT
LB EIFBNF L MBERIIEHERT 2N TE S, BFIE, Bigo7-5EEM
DI EHEML DD L DT LI L CEMAYHEOME 2 ILET 2 D77,

B2e IR, BRI WA B RIBIERAR (52.11) THoZ L E2ERAZVESICLES.
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C s RANFERORBORITAREM

C.1 BEREOYIBHRITAIREEEE Z 5D
H 55 ZOoNTRDFHREBOREKIZNEATH S (—5.9). Lo TEHDEEDLR
P L RIOMTED A Q %A SEGHFRA E Dhzdh 5. Z ORIKILEBOYIHALF M
ﬁﬁ%%ﬁﬂﬁﬁ@@%&&tbf%ﬁ?%éﬁ%ﬁﬁm3ﬁﬁ?@ﬂﬂ%mb@
UIE E NTHERD =D DR Z 45 SIEBRRIXEBIAREZ L (WO B IE-EDZESF
5 LIRSV RET HDT, LTFOFEMmIFFHRLE 2 FTH RV e LTHEHEINS.
UL, & NDRT ikt pg S HERFHY Al AL & U CEBRIVICEFTTE 5 Z & &R
ULTHLKDIREETHL. INWH->THOTENF % E NDEREDORIKIZINR > T
HHIZEATEA2Z IR 677,

C.2 WRZEAEHIBTE
w3f%Dti5:,*Wﬁ%%ﬁw+c%&ﬂP%L%Eﬁ#E®%$EH:
HoTWd PEQ %0k ilfhiRicih-> TN T 5 (X 10.2), P& (Ap D E
kﬁofbé@thﬁfﬂ#—ﬂ?é) HRQEDHRSRENTE S (—10.4).
£oT, P& Q%O SHIETIWHERFZLBRNFIAT 5. B0IRTH, ZOHHE
MIZHD S ETRNFZONADPORLIAENT-EHYHIZ L 2HERTH 5.

C.3 BRFEEAZFR>TDOEDEIL
Planck D5 (—8.5) 1% EflliZih > THREZREEMZiw U 5. X 10.2 THEWIZ
BARIZIR > C E 2 A I T2 X TERWY, WiNZSE2Z L I3ARETHB. 1%
Fx, EBRRIZIIHFEZBOBRIZE > TEHT 5 Z L THRRIZR S, Z 5 75 5 Wi
TRUIZFALZENTETOWIET S,

ZIT, ROREEHRKNIZBEL L &S 2

X Z DIREEDS E12H B D Bk 7 DS » #RE A % 25 2 312 Al W HEERIN 12
@@Téytﬁf%a

BN TH D Z D FTORBAENIZWE Z e 2HF LT NBEEFES KRNI IZER. LD,
RMMEDREMHEAEA L T S B EERKTH NS TH 5.

BABS LD A R (—8.4) % Planck OFFIZ#EA 94K, FEWEM 22 vl 20 C B HIZ B E R
B Rt T THEZ AN F — 2B LI EEZ N TELI RN, ZIT, 2221580
TR B 7O (MARTAICIIAERL S 5D ZOREEZBNTHL.
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ZOHERBMREIZ L o T, ERED DO FHRRIERNIT A G 72 @R 3 BT
EHLenns (—CA).

C4 FEOZDODEAREBIZ AT W ERNIC ORI LN TES
HEZONT-RDBFR_DOOVEREP L QE2EZS. Q LRI UKD Ap
(=10.3)IZFF->TVEHQ* 225 (DFD, Q*1XQ %:@D EHliX VATREMRE Ap
DRMTH5). 10312572 ED1T, ZHLUTPRS Q &R UHIFEESF- 7z
Q* NDW BT WHER B NEHTE S, ZZ2THLH Q= Q* &b Z DWrEGER
DRDLBETH DD, —fRIZIEZDODDIREEIZFE U TR, TOHIE, HAERE
%R > TRZ AHEFHRIZET 22 mP 2T IER WY (—-C.3). Lzhi-> TER
D =D DR B & MEFHK AT B TR Z LN TE 5.

C.5 EEDEmMMRITESHNAFBIEE LTEERTES
L2 6N72RT ZOEEREBO 2K E 1ZIVRER; (—5.7) DT, TOZHPLQ
D70 MG HARDS € OHIZH 5.

Z Ol A HEHN I WOEE (- A6) L UTHEBTE M ?
B ZEflEa—2o )y REMEARES (—=5.2) 925, AL 2HRE DRSO
RO O A2 EHRTHIENTESE®, ghTtPrQrounlib5xons
HHEHER I W S THIE L WBNIZFEBL D T X S B Wi dEE @R & B i T
AR DA OETHENDRIEEZELZ LN TE .

£ o T, ENDILED =D DMK AR % & SHGL R R (L MEFRAY A W@ FE & U T
HTE5.

C.6 BB TIFMERDZDDEEIRE ORI ITETEBENEFEET S

FE DUNOREHIZ RS & 512, Planck DR ZIF L A CETH S DT, Ruafihe
NERT 2L F — DU BRI E IZARA 2 ENT WS, ZOIFBIFEMAIZE N T
WXIEL WA, EERTIEHNIBT AN F =02 UL THIFPHEZBERELEL S 5
No, FixxE EEDO O DOEAREBORIZIIMBSAIENFAT S 22D —fik
IRERHIZ & 72 > TV,

Mayer-Joule DJFER (—7.13) DE PP T, LFE2UEHET 2 2 & TRICHTEERETHE

BINB A SIEDID B DY, WIZIX, Frechét FREEDMFH X 5.
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BWIZBEMZBZ D TES., ULHL, Planck OJFH (—8.5) IEWr B2 #vz R
ETBHZELIITERVWILZERLTWS.

ZZ TR C1DEDBZEF QD5 Q IZWIBARAHINIZIT TN TE
5DT, P15 Q~NDOMBGHENEHTES. LU, REIPX C.1 DADHEX
Q* 75 Q ITHWIBWIIZIX T 2. ZOHEIZQ 16 Q* NIWBMITIT 2 AT
EBHDT, QN6 P ADOUBGEFENEE TE 520,

E E

Yl Yl

Figure C.1: 7 P 75 Q* [CIEWEWIZ/T 5. L Q* 2 Q L O/NEBRNEHT R LF—%
FoTWwauoiXQ* 75 Q IZ\EIZ (MERTHIIZ) 7 2 eATES. A: L QHQ* &V
TIZH 3L, BN Q* 25 Q7 ZIXTER VL. LaL, WEWIZ Q 225 Q* 1ITidWwWiT 5.
P-Q* XA DT Q 5 P ~NWEWIZITIT 5.

£oT, BMRIZBWVWTIX, EOEAREDONZ L 5L, Dl E—H16
MG N DMBGRIEDIFIET 5 Z & D3 o 72297,

BOMELMEOIETH, Q & Q* DALEMILEHRH L Tl

BTZ 1iE Lieb-Yngvason @ ARG (8 2 \WIZILEGER) & Sbh, 5 O FELHERIFE R TH
5. L»L, BO07E TR BOFTRTIERSBRVDT, ZNEMPICBEIFOHR TR L
£S5 95DIF, EHITIE, FEIRZS.
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11 T hMNOE—DOEK

11.1 MR EHE L C—EEZ N2 @MY AU REREH T boE— 2'E
HTZ5: #in

10.7I2FDHOENT WD K DT, FHEREBOES £ 1Z RIS/ T CTH
WIZB D205 T LD TE L FEREDES D & 730 2 5l vl s 72 dh i (WA vy i
FEHHTE) 12 & > T ERBIRAHIR L U7z (—10.6) B icbliF 5Nnb. 10.6 THZZ X
SIIZINSDERBITZ N> TIEHE DS TWb., KRERZ LI, SEEIT—
XA (D F D, FEMERIZ, EBIZIEMaEMEE UTHEbRW) EHROH 2 X[
CRONIZ AN F— E DfF) LG L TWE Z &7z,

Z T, €DIDOBMPMFESE (FEEHEE) 2 5 £ <A DM TRERIE S 2R D
EIOITEHRTES: FEEDO ETIE—EMEZED T 1)V F —l[i27h o TITPeE I
MTHsd: 20, BEEEEMEY I2BWT, E<E = S(E,)Y)<S(E)Y). -
2L, (BE)Y)b (E\)Y)bEET ST 5.

11.3 CiEmd LD, Y —EFRMHFT, SEZWNEHZRILVF— BIZDOWTHO
BBTHDHLEIDIZERTES.

FE IITPoTWAZ 8, Ty hab—rifEnd Z I B REHE S %3
SNBHPOIELILKEERET AL THS. TOVWIEDREHELTWS EEFHAL T
WBDTIEARW., EWCHRIZMO > TWAIEEERILZ 5 Z N TEBEHED VR
RERAR S WK T %, LEBS L LTWVWBEDE. bbb NORARNIER X, Vi
WD RIRD ETFRBRE —E LZERBIZAHINTWD 2 WD T[] BHRBL
ROAHTHY, TV M —ZZOREFE NTBEELWN] L WS5HDTH 3.

11.2 BREAEERIREM S T PO E—D KN
HARIZBWTI, FHZ C.6 TEA =L DT, Wi, 2Ehzy b ——x
DHE D NIZIEWEINZEET 52 Z L IXTERW. DFE D, 55 FHERE)N S W EvETE
TEETEZ L EAREBIZZ Y b u =2 0D LD EHFD L TVWRWIREBOATH 5.
HEZADVEHIREDIRMAEZ ELTEH., UL VHIRIE B c E DD EHIREE A € £
MOWBESRMETTCREETE S L E, BT A»SWBAREBE adiabatically accessible
ThHHLFWN

A< B (11.1)
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LELZEIZTEE, A & BHER TIROFEMERIRA I TW 5.
A<B = S(A) <S(B). (11.2)

IR — R FEMERIRTH B Z L IF 128 TR .

11.3 EBHMMABABImMIETRILF—8ICA > THROBAYTLETTES
ZOFEES DIEIZE S X o720 EZ 6NN ?

EHFICEL T, HIEEEL2 DTN RN F—2INSE5Z 2R TE I
Me5d. ZHE2ED, RCBAQZMANIEMT L WS 2L/ (—»C3). ZZ
TZOWRIFANZEEORTITONTWEDS [BEIA 5] & IHEEA AW
WZBEMAD E WD Z & TH B2,

S EDHMBEAKTH D & Lizhro, AR (RN OBIQ >0 2RIINA S
ESIEEMU 72 < TR S22\ (—11.1) A, FRFHFAVED S5 T 22 bz DWT
08 >0 TR TEABRSRW. ZZ TS xdQ ZERLUTHEDLARWL. ZThhrs, S
EREELLTEINVI ENDRE. SOHEWNMT RN F—DE/LIE HHR/NRD
T, B & SORERIFEADZL & BIEEE—TE DM T CRMSIEEE U THRDR .

ZIZTEIEREELTBLN, SHEDOBEKE L THMAMRETH S Z & %Gk
LTWBDTIEZRW. bhbhiE & DEREEEZ TELRITHEISRIATL LS
RS ZRERRL KD & LTWB D7,

114 S(E,Y) BRANFEZRICOVTRBOATETH S

S —EDHBHERF (DX »HAYMEEME) A E = B(Y) L ERBEhB L&
5. TZITCIDERBOHTEHEMEEZY PO Y +0Y N 2T 5 &, [REEEEIX
(BE(Y +0Y),Y +0Y) 24T 5. ZOEFBOHTSIE—ELZLS

S(E(Y +0Y),Y +0Y) =S(E(Y),Y) (11.3)
TH2H, SOEIZXARMBOREN L EE F = B(Y) O5&Ma aTfetEn» 5

S@kY+5Y)+é%S@UY+5Yﬁ%%§%Y+wMYhaﬂEJﬁ. (11.4)

BEZHIND ZENHEBIZHEETH D Z LI (—14.11) THREH, —IZIX C.3 TEFI LTV
5.
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Oi 0239’
d dE(Y)
S(E,)Y +6Y) - S(E,)Y) = —a—ES(E Y +0Y)— 2 %
ITHRY CTSIZEICEALU THMATEREZD THOIZHE T WA MBREIZ AR TH 5.
b?‘:?’)‘o’C, S(E,Y) XY IZB U TR vIae (2B, Wm0 lee) THH Z &
Hbhro 7.
£oT, SIFBNZFREEIZEL TRMBAEEE LT,

§Y +o[0Y].  (11.5)

11.5 wHlTEAE TR L /- 2t

“ODRI &I ZEAEEM (—7.11) LEER 2 2R E UTREEEMAETICEE, L
NEEROEIEBEIE IR DL T 5, ~MAFETZIXALF—DPHADTEI LI
BN, ZOZDDZRDETESQ BRI NEHDET 5. 72 21X

0Qr = 0Q, 0Qq = —0Q (11.6)

55, BERTD S DEAIZ IS o 6Q PERINTWD ((—11.3) DT, #Y474KR
BRI O, O 2D Z 212k o T (TNholx, EBRIZIEZ, ERTDS D EIZLS51E
WA RETH D), Q1= 01651, 6Qm = O0p0Sy LEL e TESL. HERD S IX
ZOREMED E O AENENE (—11.3), 25 S =S+ 51 T, UL ZOE{LES
RIZE > TR B D TH UERBHNDOFETH L5 5
0=105 =051+ 351 =0Q <— — i) (11.7)
0r O
LB, D%V, 0 =0 ZODRDBCEM (—7.11) 1I2H AU 0 1F—5T 5. i,
0 23— BT NUSHDRIATH 2B DEDS, BEMITHSE. ZITOH <0y TH
L35, Q>002E, DEVIDNBOKTIXRILF—2EGT, ILFELUED
IRIF—2ELS5E,

55 = 6Q (i - —) -0 (11.8)

272520, S5ZZTWABHUNETIE, WPW@RE Ty b ——Em& D BT
(B IERITHF I NS AN —»8.3) REAMZELT 5005, TIZIIZHARTE DWW
R (=711) THB I brb.
BIZZTEIRWDRBETHEET BMHR 5D T —HRIZ LOERN D 2D,
HOFEIZE S &, TI TR o TWD HEW FHEIZBIIZEITIFTEY TRV, S OLMLIR (T

14.11 TR 5 £ 512) IZUH L BH D OFAPREZ i e T A TR FEHEIXTREZ. L
U, 50560 X5 LHER/NERTIZ, ZOXSRFETO.
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11.6 SRE & (dfEA: HEXRE
BOP#ED & 21 —BL, L DEWVR (=7.11) B & 0 K EAEIT 7 2 RERN 7R AR
w2 — %I (REBR) L empirical temperature £\ 524, KFIZ 11.5 ([T H T & 72485
M % MOWIRE absolute temperature E €L, SRIFT &EL. ZLTEHEES 2R
DL bBE Y — entropy &I,
dQ THIHHNIZRIZIMAT B EZLXB TS 1L ERNE 5L (dQ EF—H&KT—D2D
LB TH> THDMWMAHRE TERIRZEDTQ DML ERL TVWEDIT TR
W g & HEL)

dszzldQ (11.9)

THEZ N5 dS IFREEBOEATH S5 W (—9.10) THB. Lizdio
T, TR dQ OFESINT integrating factor TH5.
PRI Y —E DMES TS ZLIZBWTAdQ ZMMA 25 Z L IZNEBT 2L ¥ —%

ZloIHEZZLEZNS 5
E

EHELIZELNTELDT, Z DM THUNIRE absolute temperature DEFHE LT
LEW. KL, YV REWIRMFITRINE DMED R D & 0 7N & 2 TEk S
ZOTRDESIZHL ZLHTED (LERKIBFEUTHEDRV):

T - (8_E> |
oS X B

CZETSORAMEIFRLTHRVWDT, MET ORAABRE > THWV. RIZHDS
512, 1 ENVOHBLKKRORESLIENEZ PV« TORIZTEE, ZOXOHFDT
& (11.10) OO T IXHFIT 5 (—15.4). R= PV)T DfEE BALZHRT B LT
THEIOSOEMAIRERD SNTVDS (—11.12).

(11.11)

11.7 BEfIc L 2Ty hOE—DZE(L
ZITIDDENENR 2D B (Bfl) R 1,2 %, KRS LU TIIEEL TE

LML, WhSREBIREDRERZ T h oI N0 S T 3.8 TEX & ST
Hb. ZZIZHTEZ ) DADPERORMO L WVREBRIEETH Z0H Lz,
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BX A TEAEARDI Y MY —EH D D2DRDIY hut— 5, &
S ZEBEDLELZEDOLIRUTE S RENE2EZ LS. BEIXI21T, > T, 2/
THEDL L LS. Clausius DJFH 8.3 IZLNIFHL L TZARILF =105 2R
AWRICiNG Z e b, £2T, 1L 20BOBEZDLDT RV —JE(> 0) A
1225 NI EIT A2 EBNZ LT, MBI 202 AL S, 11.6 12 LN,
SEEHTE L 722 TlE, RITIROE/TY 20Ty ba =00, R2TIXIE/TL 72
T hub—»2nx 5%, 2%, kLU THBSHETTEERODZ Y baY—
AR I BFEENIC L > THINT 5

1 1
0S=0F———]>0. 11.12

(B (ﬂ> ( )
DF D [WEASKME TOREMTZ Y ba Y —2 o3 2 IETERV]. ZRE v
b ¥—2Z{f-> 7z Clausius DJFHOE W2 TH 5.

11.8 Gibbs BEH%=X
HEFRRFRIZ DWW T — I FHIE— M F A0+ TRETEZ 2D T, BHFOHE—
EHI (—7.13) 1

dE = dQ + > y;dY; (11.13)

Thdh, Zhexrbpnbt—eBAOaHZ{LTORRIQ =TdS (—11.6) &b
TiHe
dE =TdS+Y yidV; =TdS + Y 2,dX; + > ji;dN; (11.14)
7 % 7
LEITL. ZOBBRPBNFOEABRBRRNTH S L2 AKESBNEETERIE
DA Gibbs TH o7z (—11.8). I T DRR% Gibbs DRI Gibbs’ relation &
W,
FER dS & dY = (dX,dN) [ ZEER/NZ 1T HEN 72 =D OFHPRRED M DL D # 77
Gibbs DBABRANEREZ KO 72DITIE, RE(E)Y) LRE (E+dE)Y +dY) ld&
HIPHEPREEDES EIZ A>TV TR SR\, THE Y2 D aiOERR & &
IMBE LNV, VIXUIRIMEZEBENFETIEIZDZ L BHNIIINEDTEE DI
5 EDIT.
Gibbs £ TOENPIIE _FHZ2ERMETH 2 LIZENZFEVWTE 72D, Gibbs 1%
ZOMEREBONZTY bR =2 D0 > THENEEZHEAMEUEHANIZE EbHT
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B RIZEM U 72, ZDOHFEED Gibbs DN UOTEE N U ZOBBRZD
Thd. FHEL [REE] x dMIELz (2% 0, % L7 RENE] OFORLND
Qoo TWVWAIZ EIZHE.

BHZIZE>TZ Y baE—RZTORLMIH S ERDT, Gibbs BfE% dS 1220
TELAPUVIEVIEHER»DEARTH 5!

1 Yi
dS__TdE——Z:?ﬂE. (11.15)

R Gibbs DBH O X LK G Z T’ > TWRWD T, YR (LR 2R
AT B BB (—4.8). LHL, TOMXOLEH ST, FIUXERFIC
PERVE ] RE/R ERE T H B DT, Gibbs ZWE I T ZE AL & IZm>T W5,

11.9 Gibbs OFfF &LZERE
410 THEELZLDIT (11.8 THHEFE L 7) Gibbs IRIZHTL 5 dY IZHEN
TW5B AN FEREVPRIZMA T R SRWZ 0T 2{FEMEO R (BFE) Th
5. ULIhoT, {bZRINZE->T(2F D, (MFEHDY 7 M & - T) LMk
75);% {ICZEET B BIZ AN TRES N HEEER . FEOEMRDZAL AN 1%
WMEOBNZEEE B LV X BEEINZL E, KIGGH R (—4.11) 2> T

AN = Rpx(N +dN) - N (11.16)

LE; 522,
Cibbs DBIRZALFHKRER AN T (P 7 S ORREAARZLT)ELZ LD
TZ5%:
2 J
NIIMEEEDOZLE LTAN 2MA B3I & dN 212 % 2 & & HE UK
&%5K6#bt.y@§ﬁ %, (11.14) DAN IZZDfie LT AN Z#fRA L& W
SEEKTHY, NE2MIEHEE L THE->TWADII TRV LIZEE. $RTO
R B MNLIZ AL X 5 2 2 I3MEF PR H B L TERVWOT, (11.17) TIN
% B DW I & MR D L ML DM TEP N LI E L B4R 1B T
M2 5 ETH%L, AN 2MABHCREVHICHS: Ry x(N) = N = Rp x(N*). 22T,

N* & R D2 e U T LSRR O fE & BUAIZ — B0 2WHEEBEZE R WS 2 2FIkLTW
5. 2%0, N*=N 2\WS 2L 2EKkT 5.
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B, DED, AN ZALEMREBOMD LRI 5 & (11.17) 1 Gibbs DEIfRA &
WBEITHZE LD

Gibbs BIfRD F — KA1 > MME E 12D WT OAEHEL 2 M Z R e Uz54 1-ER
7ZE\WH Z e ThB,

11.10 1EZRISHD D 5355 DRMD
WV AR % SRR AR A o 72356, Gibbs OBIFR (11.14) 1%

OF

T = (%>X7N (11.18)

2525, EROMEMEOKBUIMFEMKRER N I2E5DT, $RTOHRET
oF

T = (%>X’N (11.19)

rENMNTWS., LML, NE2BEETEEDO100E, —Bizik, Y@ miEs
EDTEPRL TS BWVAS, EORKZEFREZERIT A\ 244,

(11.18)61
oFE
T = (—) . (11.20)
95 X ,closed
CIAMETH 5.
RO KD 72RKANEHKILT 5
8E>
T; = . (11.21)
(&& S,X¢,N
UL, fEko#ERIEDRA
aE)
€T; = (11.22)
(&& S, x¢,N

BRI 7L B TR EAZ BN AR A2 DT, (BB D 255, T o M E
BOMTIE R RS, ZTIT, EFERGIFVWOTEHEHETELZ L WS EHE2TII L TIDHELRH
SOMNEHTHS. L, $TICRAEZES I, ZhRE 2 ERMT 2BMEs28 S/ L,
IV RNBVY—XZMITA2DEHLL T3, ZORMIIMEKISHETE L Hi->THET SN,
M- AT B DI EESEREII N 20O TCHE S AICHE TSI L 2EET S, L
L, 85DEHE2I1ZHB L5IZINTIEBNFIIA .

118



X, —fRIZiE, BRSO,
W ONDOYBEBIEZZEZRNS S X Z2HEELTEITADT

E)E>
i = (11.23)
<(9N S, X ,N¢

IZIFERD D 52,

11.11 EXRK & Efan
HDRADRERBAZNCHRT S L1, TOROBNFEMEZHEL, T ha
V— S 2B (B,Y) DB LTE2 52 Thb. £ZTS=5E,Y) %
RDIEARK fundamental equation &\ .

HEARIIE % DREZBENFNNHRT 25D TH ) HEK R HERTIR RV S,
HOHEDRDIEAREZBNENG R D LIZTERY. THNIIRBRAITH S D, H
WA DR DRI & > TEAFON NS5 2 515246,

HERPYEETRT L ZICREHERE VI H0Z2 LIXLIEMES. #HIXIER
ROE P, AV BXOCIRE T OROBIRRENEH/TH ZH, BIIFDEAREL
(=3.2) TRWTR PHEHEZHELTVWSZ L obhd L5112, ZhFEIIFRDM
DRRTIEH B0, EARTIERV., TARVF—ICETIERLIREL TS, Z
DFHEEHELSEKIZOVWTRTEZ S (—11.12).

11.12 BESEOEERS
HASIAKN TLVDOE P, ARV 8L OEE T OMOBEMKRIZ, M, REHGEAE S

257 T F CHERDBRENERD L WRELZ NSNS L TWS L ENTE A, TRTOHREIR
EfETH B0 TlER. #ilZ1E, Kirkwood and Oppenheim, Chemical Thermodynamics (McGraw-
Hill, 1961) TIIREHKD Gibbs DRI KL 8\ & E 72T FIGRIZ ﬁﬂ%f EHLENTHS (%
Iz Ob\’CCip52 I, AE—RIZDOWTIE ph6 IZH D). £z pa8iZidido&n &, HUAEZRIZDOWVWT
B — A DRBLIC ﬂ:—T—‘(fﬁﬁj?,O)xﬂﬁ HEARY, 2ENTDHS.

=720, pl01ITiX, IRDFEDBRNH 5. Y{LFEYEDOENZILL 5 5 U 7ZR T

dE =TdS — PdV + > pdN (8.4)
INho SBEIOV —EFXHETTOME M EZRLDIEMNTES.”  DF0, BEiLARSNS.
OB Z AP TEICBI 22T 2 8 &, FERFENT — X 2[5 . B T CRER EH S B

BB 2 AT B ITIZEBRIIZ LB S R WARSKE Y A 7 )V OIRER 2 5 A%, ZHIdRERT — &
DERETH D VDY BIELAEK BIAIETIN) Z2IlHBRTHDTH 5.
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b T

PV = NRT (11.24)
LEIND. ZIZTRIBSAHAEETH 22, ZniETRTOREAREFRE, 25
FORERTIER L, BB D 5 WVIT2 B ORI L BFERTH 5.

HALARZ BN PR R2ICHBR L &S e, ToRNFEMEREL,
NFEEOREBE LTy b —%2 5250, N V¥F—FE%2IT v hobE—
CALHEEORBBE UTEZ D MBEND L. HBOSMAROEI I FHZIL, AT X
WX —DIENIAEV ZIThE. T TTDEARITS =S(E,V)DEELTWY
5. BARZBHENRGEZZHDTIERVNES, THAIEWL DDORERFERICED
PR TSRV, ZO—230WbWw HREHENX (11.24) THS. 5 —D21FF
cAard 2B OER (BHPREEATER thermal equation of state £ SN 5) TH
5. HALRAKTE TEIXREOADEBTHL] &S [FHE] 2Z07DITfES.

%2 U & 512 U TEERZ MBS XA 72803 R T 2L F — 124
Lo, —ERBE (DX, LFEE—E) TNEATDL L E, HOEHRC, (BT,
EIVERMBAE LTINS —14.6) 2ffioT

E=NCyT (11.25)

LEITDL LD (RRFEE). HFBE-ERETTRMA AR b o v —21L
XHLT B0 5, (11.25) & Gibbs OB (11.15)

1 P
. NC NR
14
= 11.
dS = = =dB + —=dV (11.27)
ZEKT 5.

IV hBY—IRREELZDS dS BT 2WI=C2FA (—9.10) TH Y, HE5F
BPREEF (B, V) DTy but—i%, I ZUDDIREL (B, Vo) DY huE— S Ab
PoTWBRSIE, BFEMTDIEF 2208 CWhR5 (WS H753) fifIzn -
7EREEME S CAERIIFA LU TH S (—9.14). T I THDIZINSIREM (E, V) I
17&, ZOBM» S FICIT <RI E M5 T (11.26) 25 L &5 (K11.1). 1€V
IZDWT P/T = R/V 72DT, 1ENOHMBLAEDIEARNIX

E 1%
Cy R E V
S =S5 —dFE + —dV =5 Cy log — + Rlog — 11.28
o+ EOE /Vov o+ vogE0+ ogVO ( )

MR = 8.3144598 m?-kg/s2-K-mol.
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LHZoNL. Ihh oIS, BANFETHD W EIZIRTHS:

P oS R 1 oS Cy
r= (o), v = (68), = % 2

Figure 11.1:

11.1 fki (11.28) OFESEE. IHIRFE T L HORIE F % 2017 22 [N THE S F 72 difs (12 1375 0 il
) IZISo THEALTHVWLD, FHRELPTVDREO LI LbDEAS. £ 5 AR FEROH
> TW 5.
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MANZIIMERHRICLTVE D —F D

CZFCTHEARIRIZHERL UAZDTELHTEIS. A LTEEDE LS
A i ANl = A DR A A

1.9IZH5 LD
s« BRI EARRFERIEE - [LF DN U - HE R OB OKRIIFTHRTH 5.
TR T DOFEARMFEE (B FIERE) 1 Z DRHRO R TERIIHEINT VWS, HiIRIL,
HARZH OEGNER U TEMEHEADVESWHETH 5 Z & PHiEHEFEDF/E 10.1
ZEZESRYERERE L TWB I 27, 512, BUFREEDNEE S 22RO Euclid
M (—5.2) H ERPHEL RS2 > TL 5.
UL7=M-> T,
* BIR 2 O TICHREEEZ 2L TE 5 (—3.11).
w« R ETDRIFNMERZRRIZIES. RIET T2 ZIVTRHRW3ITHEE IR S N,
ZOWERIZ THE] & UTHASMZ2BEL TEW (—2.1).
S OIZEEEERE D IENE (—2.14) 2IKET 5.
« DEHRRED —FMEDIHI ] 2.9: [F—5h T CTELET 2 FHREBIX—R/NTDH 5.
s« DEHRRIED DEISGHEAZEN: ] 2.13: PHEREBIIDEEEAETH 5.
« LA & W E R D R ) 7.3 WWEOHE AV IS TxILF— L@E DI
BB TO T 3L F — & O Y ERFRIIREBRIITHE LI TVWE. 2 s DRERZ
[ERPEMEAE ) & —FED Iz LT kW,
* ROWHL A F—DZLIFHEAHETH 5 [7.8 RD T I F —FHE.
* [Mayer-Joule DR 7.13: —LFITHE I —EOHWBALRCEEIZEH L TER
DRIZIMADZENTE 3.
+ [Planck OJFH | 8.5: WrAGEFED AT B W TEAEFEIENZAL U A7 S XN
ITRNF=ZIEEDTH S, SSICBNFEDOARFH 8.4 TBNENRD S DIEEIEL
MNWZEIFEID S5 2D 5.
« [ EFRMBGR IO ATEEME ) C.3: RIZZ DIREEN E IZH B b Bve = DB
& HREPERE % 25 Z SIS A R I R B Z 2 T E B,

BRI 2E DTH LD, IRD D2 EHT 5.
* (LREOYIE (BF) 1I22WT, HEIRWERIESFET 5 (—17.5).
* PR IIIFAET 5 (—8.8).
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12 Iy hOrr—EKDEIE

121 TV MOE—BROFEE: F2AHZ

HHMRATIE, WEBREIPVWTZ Y bu =3 ici@Ed L w2 11.2 TR
7. BHIRIZBEWTIE, AaEfE e AT 2L —2WiHCR TN 5 Z & & 25,
Planck DJFEORBUC RS £ 512, AAIHTHS. £L T, 11.2 DERIFZOHIR
WZEEDWT WA O THERERREME & = b o ¥ —IEREAD O EMEME X £ 7286 < —#%
72 H DIZIE R > TWRWT K IZHEE.

Z 2 CHWrBW R & RITE W THE U 72 R REEDY Z DR 43 R D] D BE7: & 7% R
W B AN AT I OEHRBICELET 5 £ T, T hrbE—RE 5247
LB 270 TR SN2, B2 3 EHREE » B O SEHPRIED R 2 R 2 5
27D T, ARHNEADRH T DO FEEREZ EHA LHEL TEH RS
TSR\, Zhh12.2, 12.3Th 5.

12.2 WARWABR—ERKTHERWLSE LNAVWEEIRREIZE S P> THESZH
5.8 TiE, WL DD ENETNIEMRIEIZ H 2 AR Z S FOEE (RS —2.1)
ZNUTESI L THER (—2.10) DVEREEZEL Z e NTED I L2/ Z
DL S HREEOEE  ZNFNRIREEDH 2Ly b (0B LIAWV) 25T 52
YEFHT 2N U THEMRAEZHMAGDLEDL I ETWAWARLREEREEDLZENT
5. ZOEGREFHDELU L VW—ERBEIZTAESANETS2Z L TVANAR
—FR TRV ZED Z L TE .

BH¥TIEIOR o T TEAFMREL 2 EbR W, HIZRARWL S5 WS L
TH I UDVGTIEERITIZBNEDRNLT E 5WILERZEEZSNEDT,
ERPHE (—=1.4) 12 > TUEINTHai M RBOIENTRETH 5219,

12.3 HRFHAT E OFEIRRE
ZIZTI122 TS -EERDEEZ I D > T U F 2, HIZIXRIZZDEER
EEHRLUTCWEITRTOEMABLFE UYETTETWAE AR SIE, BHMRDDH 5 i

BN S DIETE S EDLE D, HARDOHEOEGREZE X LWIRD BARADHE L AkRDT
HoEOTHES Z LT L.

IV FTERWERIN, ZIIZBEVWTHD I LD, HRNE, LAY -2 /NS RERK
APV DOTEHFHARIEIZH B Z L 2 ERT 2D TR,
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WEBIZP P IFELELZAD.

BEZHLD $A 5 BIZ E SEHRIREBIZIE H o 72 DD 520, ZOIREBIIRBZIZELE W
EEPRRBIZE B E DRV E D IT [(BET) RS N/z) (N TH) PRE L Z 2
BHRERDT, WIREINTVWE Z L E2RIZER L2V E X, ZhE RS &
D EHIREE constrained equilibrium state EFEIX S . TR TODEEE —FIZR1 < T
LEVWVDENSEZ 5N (BE) RITIFVA WA X F X R MRS N2 FApRREEDS
ARETH 5.

WHRFMEZHES LTV Z L, HEWIEROBERNEIZHT BHIRZRHS LT
W Ze%x i zZGFHDE] LRIT L. EACAMHEZFD TWIHEDWIZIE (W
BHNIZR P~k & &) 2 BiRICES.

WG ZRTHEZDOS D (L DHEG, BEZOH D) O FINE 5 I3 EH T
5. TNODREL, TNDHATIHIREEORIEZ AT 2 AAMIILRITHT 5 8
TR EZFEEL . T TIZERRTH B L5102, TBE] 205 H DIk (BUFHNR)
BHREMZDOH D L FE—HTE 52

124 HREZHEEZHELTCEIY NOE—DBLT B &1FAW

TODOHMARD, TNENEMIIREE (E1,Y 1), (B, YY) IldbdEd5. ZTDO-DD
REERE UTIEHBEASGATIZBWT, S ORISR UIC (DF D EROBER
IR ADEIRS 2 VIS REERORIAHF I NG L L) GRS ETHRET S L £
NEND (B, +AE Y, +AY), (E;,—AE Y, —AY)IZ#h3: 55, 554,
D DDRIFHWIEMEERICIHSD. 22T, ZOREDTY bov¥—7% —ikin
AR DTIH L, REWRGE, 2F0, BEEBEL UTEKELZILD 2546
EHEZLD. TNTNFHERRE (B, V1) BEU (B, Vo) IZH B DD HMR%Z AKX
55 ATH 5.

F9, BEEEEZNLT, REZEECLEZETE - DORZEMIES. ZTOHEN
(By +0E, V) BXO (B, — 0B, V) IZ7 o722 L&D, 11.7T TRZELD1Z, DR
RBIZHEARTITIZZ Yy b= AL TWA, RIZ, MRERE L T2 LT
WG T /NS IR REZ AL 6V DVE U - R BB I b S W2 2 T 5. 2 ORZ L

07 NI EHPRIEDE K 2.8 12X 5.

BIZS5FTERL, TOWVDZLNFR 5D (B0 RPEMRNRL EZTTHS. 5H, R
WZABOIZulhiF+UhEERro720, 2270 FNERENSRLR20UIXUIREJIZMIC
I b, TOB, ROBEFIIUVIEVIIRENRERSZMLTHS. 20 LD RHBILIZERLE D 5
ME D DRIGEE RPN T RESLS S,
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D% AR S & Gibbs DR 11.8 725

6By = T6Sy + PV (12.2)

EIRBM(PL> Py, 6V >0ZINELTVWD) 2IRE UTHET RV F —IIAREEZD S
P — P,

0=T(5S, +0Sy) + (Py — P)SV = 68 + 68, = sV >0,  (12.3)

DED, WRFMZEBINICHEL TOWSKERTIZ Y ba—0NEdd 5 Z & idi
W, UL7Wio T, MRS N PR D IR 2 B FCTRUET 5L &, T
YRR =R T S . LEOERIZE B A A TR TOEMEREIZ DV
THEMT 5.

12.5 TV hOE—EBRORE

HBRD, MBS TFIZBWTEDOEMRREED (72 & 2 1E, HHRFMAEP WS SN0,
BERERE 2 FERRE IV U 6T —12.3) HIOFHIRBIZZLT 2295, ZDL &
TV RaE=REDTEZ LRI e, 11.2B8 L0124 Thhr o7z, DF D,
B e Elx A e &M SWEEIETEE adiabatically accessible TH B E\NDH T L&D K
A< BEELZLIZTSE, —BIITIROFEERIBRAKIZL TWS.

A<B <= S(A)<S(B). (12.4)

Iz Ty bav—#ADEM principle of increasing entropy &\ 522, U 7%
DY haE—=%2E5 LZITEWEIT S Lok,
KRz, e St T, BRI, &5 FHRED S I OSFEPREBIZZ/IAE Z
FPROTY - 3IERSTH B.
ZITIVhRE=DHERTDRLEEF>TWVWEDIE, FldEeikb ) OFHPRE

B2UAS > 0 IFRENTWVWEN?Y) TIETTIHHINTVWSEZILIXIAS £ 0THD I LITHEE.
DFD, HLEAS <0 THWIEJEANTEALT 2L WS 222 THSE. AS>0THd I LiFIR
INTVRVWDT, MHERIZIE TR LW DREVEETHS. LrL, BNZEORRAT AS £0
DD LDEMETTAS >0 Z2RTRIBFETHDT, BRFH] L WSRO LRHTEINLDE.

220 72 58 YR AT DGR (B 21, Jarzynski OFRIZ X ) LT 2 H D 2 IZFHHEAMRAMR I
R 5.

BIDHITHEMAT B K 51T, FHHREBIFES EEE) (—12.10) L TWOTHLETHS. L
MoT, MHIOIRMER, HIRS N EHERIED S WL DD DHREZ2ED 5 Z & TEH L AL TE
ANSRA AN
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DTy AE—2ZHIRLUTHERLTWENREIDEWVWIZETH->T, RYDE4L
THEBETH AT PR E—DEARKTELE>TVADIF TR, TV hrE—
WEEPREET U ER I N T WARW T L IZER,

12.6 TV hOE—ORKXERE

BANFEDRARFH (-8.4) DR T, TV AV —RKDFIEAILT S I 2 ITiE
HMUES., TV bR E—DPRARTRVARS, 125 DDA, TNAI HITHEZ it
BABEFEMIZELDTERTHFEIIZRW. LR oT, T0O & S RIEEEIZR W,
£oT, Tmrybvr¥—&K] & ] LIERAMEZ. Zhzoy b —RRDE
M mazimum entropy principle ® 5 \MI T Y b O ¥ —g KALFREE entropy mazimizing
principle & WL,

BHFENRE->TW0WAH I oL, Ty bu Y —mKDORFH | AEBIZEHITE20ES
Nk, BHEOH 5722 & TiERY, EWH 22 Ths. HIZIEVWAVWAED LS
RALEVIWEHBIZTETE VW EENENRAZTH, TNE2FERITELDIEE S
DILGEMDTH L W, ZDEHE, BOFENIZIZEOHEREDEWTIE AW, FE
BIZWAWALRGEMEEZ Y Y=L T, SoTANREREEZKITS LS50 &A%
BT, M TRFRZREBFED AL Z DFEEMIMRSEMD TH2E<) 22T LD
IR TWADTEAVPEL VWO THS. ThrobhrdL51, T hpEY—0
BRAAEFE PO FEEERE I X R P BETH 5.

12.7 BRRAELERGEME S T bOE—

ZODVHNRIEA B,C € EIZDOWVWT, A<B»PDOB<CHBOHIFA<CTHS (B

M transitivity). F72KNFR (A< B2 A#BROIX BAA) TREMW (A< A)

THLEH5. BMFETIE, TO&DLRERZHIMEFEGR partial ordering relation (or

partial order) L\W5. HLUHTRTD A B € £EZDVWT, AL A< B »

B<ADELLPPEHD DL E, < IERIET total order £ SN 5.
LLEHIEAU ICRIEFER < PEATESLRHIE, UzE&REe L

r=<y=flz) < fly) (12.5)

DO DK LB f 2B eV TE .
B RIZOWTIIMERZE s 2lEr 2 €ETH5Z 2% C.6 TRLZDT,

DAL TFEEHEDI YV PAE—NEIDI5DREELEIDIE, hEFVHED IS BRWEZFELS
WIZ LD 52\,
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WEGBFE CHIAB AR T 2B EEETEL 2o s. T —Si3EX
TV B TH 5.

AHHERIEICDOE LY DREBEZIEFOITL I L 2HETL2OIEATHS.
ZZT, TV MO Y —DFEIXEBEZL, FEREBIZRZ2BDTIERWEASS, &
E5hsLniwv. L, AHTRWESIE, ZOlEFER2IEF TH S Z & 72256,

5Ty A — OGRS AR & 2 GEIT A DI 2T NI TIEIE R
WEAREDT, WAWSEWBLOSNIIED 5135 F D AR TR WA 22K E A3 b B
W25, 22T, RETIE RIZEHLU 27 HIXRHA LR,

12.8 ANWZ2EEOB\/EE T bOE—: &
ZZETITEmUBNEEMOME L TN EMBIICERELTWA T Y bR —
SIZDOWTEEHTEIZS.

(1) B2zl E R BT 2V AN — T 5 = bR E——E TEHR S NS5
AREEA I IC & 2 AR MG 2 R (—11.1).

(2) BAEEE —E DM F T Y b u B — T 3 )L X — OBk B KB T H
D (—11.3), RIZEIQ & AWHEMINIZINA B T hr¥—1ddS = dQ/T 72132
b9 % —11.6).

(3) (1) & (2) 2o S IFBIIZPERED RS rlaE A m B2 ZREREAE TH 5 2 & 3
f336257.

(4) WrEGEFETIZ T > b E—2EA T 5 2 L IFHMAIZ R0 (—12.6).

12.9 TV POE—HRRKEHT LEBREZER LBV

SEBPREBIZH DM O EE>TIZ Y MR =DM AEZ & D ZFND ZITHRAMEIZE -
TWB LIRS, K<HSNT WD &S ICHGEBORAMHEIL, ZTNWH e &R
ANTHELUTWBRSIXZNIIMKIETH 59, AEIFEEIROER ETEEL T

BIFARII DWW BEGE M REMEARIET 2225 Z & &2 /R T OIRHEEZD, —DODHSRN» 54
HEARIZOVTIE, 12.4 DFEGRD O TR TOREN 2L TE DT, < D2MEFEEZNDI 2
MTE5.

256Elliott H. Lieb and Jakob Yngvason, The physics and mathematics of the second law of ther-
modynamics Phys. Rep 310, 1 (1999) % R &. 513 Z O2MEFM: % LB comparison principle
IR, ZOBIFIB T BAHER S O EERMERMEREZLE LTWS., Zhhobhrd k51,
IV ADT Y b u B —BEEORRIZHH D S RBE .

BTZZFTTRZY MO E—0@MBAMHIEEX TRV, TNIE13.7 TREINS.
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WBRE LREWES TH S (BIAI1E16.6 125 B4 % H L259).

12.10 BAEMNESD
BB RDESIFHPIREEDZE D IFB 1723 (L 0 ERECIX E ) TREBZIBEL TV
LD EZDLUT ST I L TIERWDY,

WIERM TP RBICH D RICEHZMA S L 505745507 EHERE
IZIEREE, RITEMHRETIZ R 2B DT, TORELZ KT RIZE S ZFEMH» S5
ZATCUES. TOHTLEHDLD LRI EHIREBIZENE L TR ZERIZEHN S
(—2.9). ZORBIZDVWTENFETIZH-ZT DL EZRD I IFZTOREOTY bu—
WEHEHET L D /NI IERnwE WS Z e 272, BEL 2 PekRel, —#&icix, oo
DOIFHREETIE AW, T U T OREBZBENFTHIZ Z LIT@HEARETH L. %
T, B CHORAAEBEAEZLZLIZLES. DL S REENIZESFN
BHRIZE>THhITo5N5.

BOFHENZEHRT DT ETROEHME 20D 5E] P 221X < TldR
57\, T s BEAME R OB FBEIX D E TR TIZOWTHIZ & 5 2 TtDR
DRI ZIEREE —8T 5 L5120 ET 5200, WA EOBEREMIIE N TTEIRE
P (BAH AT 2 72012) SEHRRIE L UTHERF X N2 & 5 10810583, RRIziE
RUBRWIRY, JEORICHEEL 7B (BERSM) 3EETLIHD L5 (M121): Z
CCHIRSGMZEET S L1E, ZTOERFMEIELL TV D EFERBED B % 5
REEY->TLRY, WS Th5.

B O R R T (E,Y) D52 5 7z B I 58 U 7 254043 6
RO X DIZEHEINS:

SJ(B)Y)=> J(E,Y;)— J(EY). (12.6)
i€P

ZZTHREIP = {i} BTDROW i NDARTE=Y, ,EBLVTY =), Y,
ZW7zTEOREDETE. DF D, HIBIIFNERS thermodynamic perturbation

BEZ NS DN D X DI, FHEARIEDRA & BHEAS LIRS R2VWDTH 5.

298 DI T R COEHRIEZ S, TIZHERTOE S DOFERTE 2RBIL T 72 (MR D) SEHRR
HETH > THKMITMODIRAEIZZE T B Z L1370, b LEERA B LM O IREE B X
LIGE, EEBANZETHUDZLIETEROLDS, 5\ EBMIFEMHBNETIZEZ R\,
260517 £ 5B AR 72H, TERW] bbb OEETIE /NS TEVWZ EITEE.
WIFHZHEEESLTWB L DT, MEMTRVWRIZEZEZ 2.
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Original wall

Compound systerm
Original compound system after thermodynamic variation

Figure 12.1: BHZRRELAWIRD, TEORICAAEL -8 (BIRAM) RHEBT 25035,

WXRORFEDEMMNDE P & ZDEW A ~NDESIZ DK % 2 Z 72\ 7L
{E} BEO{Y;}) THESINS.

d DOV EIF VX VIR AL L XN S, Z DORERIZZE 5 O ERRISEE Al
BEMIZZ IR ERERE 2L DR\, LWHIZETHD. ZITHIEWVWIHBITNE X
22 E VWD EIRIZR. £ F - TH, BIIPEE (=5.5) REL LML AWK
DIRBANFED S IINZTVWEF o TV,

AR VWO ETHERVWEIRESD, ETEHRLZ O] IZIcD PR A/ TTE
BEZRDFEPREEZ LR L CEIE T 2D TH 5.

12.11 T bOE=IZDOWVWTORNDZNEDAEFN CIBEKRREDORR
RITHARDPEEE U THNHREZAEZRSINTTETCWLEARTHDE L LD, £
DB 2 VHPRBIZBTIFNE S 2R T L, WRGMAEZEET LR, = b —
DOMBIEMEIZ & > T (Jensen DAEFEXNTHB), WO b

55 <0 (12.7)
DEALT B, HEK (12.7) IFFHERBD (B FH) S stability criterion & WX
NTERD, TNIXFAPREOEENZ2HEETH 5.

BERDGEIL, BIENENSPNZONMIRZR L CWIELZEEL RN E &
I, WRGMGEZEELROVERLS (—-12.10) BFEINEDT, §S D5 ILHEE L
B0 BbAA, HREFED FE LT, TORIETY buY—0OHEKDOFHEH

55 >0 (12.8)

EERL, TTOEHERIE, ARHEOZLETHERT S L, RYIZIFLETIE 1o
7z, EWVWSZeehs, ZORMMP S (12.7) 2 LESM EIERDITERET E 0
Z & TIER\.
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13 MBEHEEREB I RILF—DOMNE

13.1 EEfT ERNZFE

SETRTERLS TR ZAZERIZNB TRV — B L EAFREAE (L3RR & YE
JERE) Y = {Y;} (=?7) 12 & o TR S N7z Euclid 22/ T (—7?7?), € DFTIEZ Y b
oY — SA—EDORHMAEII L D R ERIIAEINTNDS (=727). EDHD
Moo= B REVNEZoNDE, ZOREBOLY hoY— N REREE LTRES
(—11.11). 2% b, TV bBE—EHRT RV F — & B EREEOREBREBUIZ 72 5.
S=S(EY). »5WVIEFEEEr >y boE—S2kHdL, ZNZL>TEN
—RIZREDZNS (=7?7), NI RLF =Ty b — & EEREE T 2R L
THREEBE=ESY)LTHERONS.

ZDEDIZHEZZEXR S (IEHIZIZ —S) 11X MBI TH 52022\ 5 F L WREDS
HYH, TNDPRENFZOBFEMREE IR WHTZRL, XTIz LTns. f
ZAE, mBBUTRMY FTREZR & T KR FRETH D, T SHUNTRE T 1%
G AIRERARTH B Z L A HENINIZ E X 5265,

BEEL & K S B D 8 & IENT conver analysis &\ D 254, (RN D WISE R 722 K
WERFSO TWVWAZ L IIBOTHE L WA, Hil, PR TIEM 2 8h 57200 T,
BNBROFEZEDIZUEN > TMILIZLTWI 5. ZOHITIRE & —S H (F2E
)M THBE 2R LW T, MEEREERL TOEANLHEEZFANRSD.
D EELMEIZDOWTIZE 18 SR,

13.2 TEY S 7 &MER
nEOMNTE zy, -, x, 2RO fF 2y = flu) (p= (21, -, 2,)) LEL &2,

262 (1S REE I HIE TR WE DAH D 55D TID LS IZE O IINT, FEUABEIZLRLED
N, WHOBNF TITEFEEEE U TERRR EIENZRE DO UPRWO T, TV b ¥—IEEic M
BfTHs. KETRIDHA LMD,

WL, T RO ATRETHRWAS LR,

HLb, WEHOREZEKRE ) FMBERETRET 5 L (—) T bre—d—ficidmBaicz
5BWOT, {LFMBHEE TR L EFERT VY v LIZDOVWTIRZD LS ITHWI L IEE 220X
TTH5.

264,84 71 R. T. Rockafellar, Conver Analysis (Princeton Landmarks in Mathematics 1997;
original 1970).

265 f DEFIFITMTH D LINET S. Rockafellar D Convexr Analysis & 5 7 KEHER 72 ™Mt DL
BETIE, fOWBEOMT TORERIEDINTIE f = +oo LEL T L TERIKEZ 22EMICILRT 5. Z
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AR f D7 T 7 graph E n + 1IRIGZER] (y, w) DHIZ n-{RITZEBH DR T &
Iy B —FNITR X IR S. BBOT I 7 Ch B E T XD Euy
HnxkGbEEEZEE f O YT T T epigraph £S5 (K13.1). Ho&lid-o &
n&EL:

CZzBHfOERBLTZLEHEE

epi f ={(y.u) |y = f(u),p€C}
FEB fOTE TSI 70D,
y > fp) DEFRICHEHNS FZITHE.
MEES (—5.10) D RIZERINZTY ST T 7 epi f BNEA DBEZE MBIEK conver
function £\ .

epigraph of f
= Inside + graph —_|

(inside)
=

. graph of f (skin)

H 'domainoff
Figure 13.1: =¥ 777 &M%
DED, B TRITMN] THE2EEITMBEBE VWS DTHS.

— OB T H B L F f & MBI concave function B W& T EIZY ) B E
W,

13.3 Jensen OAREFLN
AR Cffi 5 EEAEHIZIROEHTH 5:
EIE [Jensen DAEL]

ZTI, Z ORI (RICEORWVIRY ) by, ERIEE WD & SIEH O TOEHR
HMERKRT S, ZhE0bWHE SR,
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B f:C(MEEET D) > REZFAD. [PNBERTH 2 BETDEMAER, N >0

f(Z:&quEE:AJUM (13.1)

72 % AN (Jensen DAZER Jensen’s inequality & W) INENLT 52 & Th b, D
0, —MBICEAMT S AWML () TEHL Z 227X

FUm) < (f(w) (13.2)

DEE D LD Z EDBEBOBELRIETHS.
RMEIZR DI 13.2 2 SHHIRZ S 5 (ZEBOEGE 1= (11, 19)).

30\

)+ Ao f(w) + A3 /()

f(}\l W+ A0, + 7\.3“3)

ARty +hsly e,

:Xl

Figure 13.2: 2 2056 O MBI RAAPHMLD FIZH 5 &0 D DAY Jensen DAFER

13.4 B OEFTHIME

MBI OMEE CEN PR BRI L 2HKETE LD 5.

(1) MBIBUZ Lipshitz ##22°TH 5,

(2) MBABUIE BIRN DR D ERR ETIE A BUE D 5% B\ Tt A i /EE (—9.1
(3) MHEARIE (TR) M0 P BE (—9.3) W CHEGIN D MTRETH 5.

26598 f(x) A¥ 2 T Lipshitz @ TdH 5 & X o DIEHET |f(2) — fly)| < K|z —y| TH B XS RIE
DEBK BPENDZ L ThHD. 72EZ0HEHETIE K PN H5THERELRD S 5.
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LD oT, FHIHNHBIZ R ILE -y ha ¥ —0D X 512\ 5B L 2 ABS ¥
BUZRE L T (R) o mReR o, Zhid O BIER (—FEGe iy nTee 22 B8 T 5.

13.5 TV bOE—IZ LICHOREERTH S
HEDPHIREBES E 2RO DOVR1 L 22F R 5. TNETNDOETIFERE
% (B1,Y1), (B, Y,) 2EL. ZOZ 228508 EAEREMED, WBKIETTE
NODVET ZEEZIO R (b2 WIXERITERINIZTS). RYOREOTY b
— ZIEMED S
S(E, Y1)+ S(Ey,Ys). (13.3)

Thd. BEZMNIZURICEET 2 EAPREO DY b o —I3, (LHEBEED A
HXTR S, S(By+Ey,Y +Y,) THD. TV hOE—HARDFEH (—12.5) 124D
S(Ey+ Es, Y1+ Ys) > S(E, Y1)+ S(Es, Ys) (13.4)

TR TREBRSRY, 22Ty b —0REEEZMS 2 (-11.3) A € [0,1] &
LT
AS(E,Y) = S(\E,\Y) (13.5)

THEIDS FEDO DO AESHLET
SAE, + (1 =N Ey, \Y 1 + (1 = \N)Y3) > AS(EL,Y ) + (1 —NS(Ey,Y,). (13.6)

Tbb, —S A Jensen DAENX (13.1) 27232 & bhr o7z, 13.3 056, —S
W THE 2L, SWHAD L, SHEITBVWT RICRRERKTHLE Z L
MDD > 72208:269,

13.6 WhBEEFRE SIS < 0 &N
WD RD WP L EEIREBIZEWTHANZENE Ty boY—2kXxH

267 43 FI IR (—>2 14) BA+HTH D Z LITHER (—5.12).
268 F B HEROYE R DR TIE, 4t%)im%{$%*?ét%@&s B R D MR 72 %
26943 5 2 EO MR R 2 ILIE T 2 121%, =D DORDE UM R RIS (BEREIR ) %

FoTwaZezEdsds. LT, “O0REMET DL EEINTNOREBIIH RS2 EEL T
WC, ZNETNOXNIGT SR AL ZREET D (BIARKIZIEB 13.312HB5 X 512). 2D L & (13.6)
E AR AREAD LT 5.
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. Combined and equilibrated while respecting the internal wall
Two original compound system

with the identical internal wall

Figure 13.3: #HARDORBOMK G I ZITRML TH L &2 ICHNHIREMF 2 HEL R TR
ANCRANRR

KNI AE 1210 TRUE. DF0, WHAKRAZESIZONVWTDH
35S <0 (13.7)

Ths.
FFIFLDHIZ, ZOARERE, —SIXMEARDT, I Jensen D ARE A % j#E
U7-FE BRI E LW Z LIZER., ZHUXT R TOEEIREN /- T AERTH 5270,

13.7 TV hOE—ZBNEEZED C'EHTH S
S(E)Y) WMo e Th 5 Z L ZRNITR U7z (—11.42T), SHMBEHTHEZ L
£13.4 (2) 5, TRTORMWSITHEFRLTHD Z LA bnsE. BRIZ, 94 TRLU
EHIZED S(B,)Y) XA T TH 522, 25 LTIy bu ¥ — 3B R
DR E U THEBRMT TRETH 5 Z L B¥biro Tz,

ZORER, TRTOERIBEL (Vo) BN F1G (—5.5) (BT FEE DR
B LT Thd. R, RERAERT VY v VBN FEREOBEBE U CHE
feTd 527,

UL U, BEREEOIREEBIIBNZDON?S THEFIZ) FbiAENn/ZED TR
Dol h? T OWEPRNFETRDSNDEZDIEENLWTIEARWAR, BSERN, &

PORMRTIZOT D S HITH 0, EERTIE, BODHRSME2H T 5 O THAROIERK
ZEBREME LT, ZOHABIEIFATETH 5.

MZZTRY DOV THEMAAETHEIEERLTHED, (B,Y) IZDW\TOMEMS A EeMEIX
REINT WD - Tz,

MXEFIIZS(EY) PEMATEL WS 2L IIRLTRVWOT 13.4 (3) IXfHEX 720,

W2 2T, IR E R OB E U T DM TH 5 T, M AR BI FEE TR WG
WAEHF AR,
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BOMEBZEALTWAD T, HEERIEGTRVWE D RRIZIZE LR
SEMPRENEB T 5 Z DR BANZDOMFIZR S\, EWHIZ L THSD.

13.8 BEFRFEDOEHROFREBUIIEFRAD LEHRTH B

T,y BFEHEL, y=f(2,2) I TMEEC CRXxR"D ETEHRZRI N/ MBEKEL T 5.
CITEZeRIZBEWT fldz € ROBWERTOHRFFDEKEL TS (DF0,
1 < 2o = f(x1,2) > f(22, 7). K ZIZBVT oz BRI ZILNTEZENH
=gy, Z2) 5588 % (y,Z) € f(O) x R" TEHRTAHILNTES. ZDLEZE, g
MBI TH B, ZOFRIFREZ DM 1340 0HONZA 5.

y

Figure 13.4: & % I D W THFEAD DO MBI FRVid (ke B0 RD) BB D77 7 (kR
WEOHITH) EIZH Y, Jensen DAEFERZEMNDPFKDOM G D EPEDOH P O (H) I2HBHI L TH
%. KEODRUL yZ-FEIZ, ALY VORI o Z-BEHICH D, T ZOREIE TR MBI
O W BIEIT BRI BB TH D) (FOK) ICRED. EobDRAIOAPSRTHMEKTH 5.

13.9 AT RILF—IEMREBHTH S
13.512&>T—-S=-S(B,)Y)I&MBEKTHY, YV 2ikdD/-e & EOEKE LT
WEKRTHFAHADBEBTH S, ZNIFAEN -1/T <0THENhoThHhbd. £oT
13.8 TRUZEIIZEX(-SY)DB#e LTMBEKTHS. L, W D00
JERS (TR OS2 22 THMBEBOMEIZZ TR Wr62ME = E(S,)Y) $
BB TH B.

M 218, y= f(z) BB S UK T y = f(—2) (z CEERBICE 25K Z 5 TH
%.
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Figure 13.5: —-S»Y %21tz & E OMEAKT —S & E OEWEKO BFHHADEKTH 20
EE(S,Y) OMBEscH 5.

N5 13.7 L FARRDEEG T E DB F RO G W iE R BB TH 5 Z
EhHN5.
E 3B DT Jensen DA% 13.32 LT

EAS; + (1 =X)Sp, \Y 1+ (1= \)Y,) < AE(S1, Y1) + (1 = NE(S,,Y,)  (13.8)
nEonsd. Kz, BIIFNED (—12.10) 2@EHAT 5 L, F 1ZMNRDT
§E >0 (13.9)

ThbdD. ZHIFZT Y PO —IZDOWTTTIZERL = 13.6 L [FBE, SEHERRAED LR
TR F—IZDOVWTOE RN ZBERTH 5.

13.10 RE T RILF—iHPDRE
—HEHER WSS IT T AL E—REN S,

SE = 6Q (13.10)
TH5HH, Ze Clausius DAEFERDN S, BBOEENPROEE L —HT 5L X

OE < T6S (13.11)
NELEND. _®T£ﬁ#5%ﬁé ClE, ATtz ko TREHZZ bR Y —
PEEZ B VWS 287, ZZTIZIDOEMETFTI Y M =R —EIZRZNTWE R
51F

§E <0 (13.12)
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DFED, (S,Y) B —TIRZNLM4 T T, FHIRBIZH - 72RO NKHIHR R %
D> 72 TCOBERBEATIRANBTALF—FEASTS. ZNE2HEBTRILF—
BADFRE MR, T2 haE—RN—EL WML, FEEIZIEFHEIZ W
A5, HREEZ W SIE

SE >0 (13.13)

DFD, WZANF— X FAPRETRNTH 5.
ZZT, (5Y) 2 MR EBABE T 525608 FNES % 12101272565 T

0J(S,Y) =Y J(S,Y,;) = J(S,Y) (13.14)
1€EP

TEBELED. DEP = {i} BLORDOKF i ~OHETS = 3,8 B&LV
Y =,,Y &2lizd 52035, FMBEREDPS, BHCRCHRSM,Z
BETLHESGRDOENIZONVTIE, (13.13) X Jensen OAERZDEDTH L. #
BROGE, WIHEEA2EEL 2V E SR AL F =D FIIZ L > T
SE<0THHNSBIehd. ZOEKT, BAEHNED DS HNRDEHIRGE
DRENERTT L EbNS. LrL, T2 ha—r"—E0RMICER.
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14 #eTy hObE—

14.1 T hAOE—IZDVWTODXESD
IVMEE-SOMBEEIT L FLHTHIS.

(1) By P22 A HEERI I B (—?7012 £ & ) I —80F 5 Al il 42
ZREIXNDS (—10.7). EEBE LTI bREY—E—ETDH 5,

(2) TV bEE—ENE T 3L X — L EAEEEEED AT ™ 22t o rTRE 2R BIE T B
% (—11.3)?". IS5 NEBT 2L ¥ — AN ETERM A FIRER S & Y OB TH S
e HENPNT (—13.7, 13.9).

(3) HAFERE—E DM T TRIZE ¢ = dQ Z¥EFHH M FIZMA BTy hrE =&k
dS =dQ/T VI EALT % (—11.6). % I TENZDOELEAOMA % Gibbs D
BRAAE =TdS + Y. ydy & U TEL Z LN TES (—11.8).

(4) WIBZ A TIEZ Y P EE =2 I L AW 2 EKRT 5. Zhdizy bo
Y- KDFEMH 12.5 TH 5.

14.2 BB & B
REFBEWNZHL T (BHALL T 71, WEOR D L D DRWT LI MFIZEEN
TW3) —EREIZHRZNT VDR %ZEIA heat bath £\ (—8.8). DX D & b P
(IEBEE U Q) 2RI NIXBYRIZEM L TOW T RIIMERTH 5.

B Ty BRI RZANBE LTI RN T—% Q (> 0) 721 al s ¥EFR il i U 72
£95L, BRORERZDLLOLRWNPOZDOIY buY - Q/Ts 12T EAT 5:

Q
ASbath =~ (14.1)

BBR Q>0 RVF—2IENTEZ LRV Q <0 Z2MATEI DS
(14.1) 13555 2 REEIZAEIRS IE VD THIEL L.

14.3 EBE#ADEFIE
EHIZ ST TIIHDREERD. ZNEAEMUTCHEZTDVMEREEEZ DI DR
WEVRIZFET 20 W Z 5, 52 6N VMR L BOEEIZ 5 5 B8 1312

TEIREN TR WMEHRBEDOH 2581 ZEZRVEFoTHEN, TOHEITEIFEL LHLHEED
BMEEITNS.
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FAET 50 ?BEMNIIREDO —HEFAETH - 72 2 L ITHERE (—11.5).

I B B RIZIFRENERTES., T LT, =Ty brE—0 Iz WH
B0 L A FTREMEIXIRE VN ESE TH D Z L 2 EIRT B (—13.7) DT, ZORDIEE
T BREER > -BIWRPEAET 5. T RDEHBIS intrinsic heat bath &
ERZ &L &S, EMRICEDEAER  BEMI T TEROREBIIAELTH 5.
RDIREBILENDVEEEMETICHBRTH 72 LTHED SR,

[E A BB DFLEN, EHREBASH ZINCRIR T E 2 BENR RN & 2 HERIC
WigE->T\W5. MREMNS, —KIZ, BEFIFIPRREEZ & TldmnT,

14.4 Clausius DAELR

R Ty OBUR L BEML CTWB R, R ZTOEREZEbLEZ2KE LTHLUTY
THARETIZEINT VWS 2T D, 22T, Bl LTI RILF—Q BERH» SR
WRBEIL T, iz B HpRBIEL 2%, ROV bo Y- ASZEfLL Tz

5. (14.1) 5, oy br -2

A&MMZAS_Q‘ (14.2)

Ts
5. BRIEMAINT VWSS, ZOZY bO =2 THZ L idwn (>
FEY—EROFEM —512.5) DT ASita > 0 THRLSTEZRS RV, Lo T
Q
AS > —. 14.
529 (143)

Z 7% Clausius DAEFEX Clausius’ inequality LR, 22T, AEXICHEHNTWS
T IERDIRE TN Z IR RO TlEd 5 )™,

14.5 ¥ o & —fi&B97% Clausius DAFELR
HDERAN—DDADEGE TR, ZDNA WA IR T, ORJE h S8 Q, % (KRB

MOWHEDEIETH 5.

2”ﬁ$&&¥ 125 B RITHIT 1172 THUR T E 35 2 HiEt IR SN RETH B L AUET
A TH%E B EEIEENT VTS, ZOMRKEAL (S5 5 5 B RT725 500 HECZ
it@%bfm&m;t%tMTimi&b 7Y 2IE, NFEORARELETH B EH R BE

RV, ZHZERBBIEOEN 51, SERIARLSIHFIHS B E S PR EBMIER.

278 Z IR HMED 72012, RCRFHITY MR —AVERES Nz GREIT Y b o E—hVER L7

LIRIRT R L B TELS.
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I)R/HELED. REITARTORFIZADETHARMETIZEIPNTWVWS 45T,
ke LTOT Y b —24biE (14.2) 25EITTHIE

Qi
A&mM:AS—E:?- (14.4)

LEITB. ZDEE, RPNFUHERINMLEEZ L THEHETH IO ED .
ERIIHRAINT VDS, TOZY M= T 52 Lidh0n (T hrE—
BROFH —12.5) DT

AS>D" % (14.5)

HESNS., ZHH Clausiusn DAFR E MR, FESHMALTH7-20120%, &8GR L
DEDP Y & W FHEFHN TR TR SRVWDT, RIXZTOIRE LB ZHLD
BZ2TLITHBL R TR SRV (15.1).

YA 70 (MIREE & HOREEDN A — DEFE) 12 DWW T, TV hEE—ILREELRD
T (14.5) 1%

02}2%- (14.6)

LIBN, Zhe (BOHAY ORF5DMRBKX 77217 T) [ UBEFR % Clausius %
TV PR E—NETIZENTW 2D 572 (—A13).

14.6 ARE

fli B D 7 D IZ R D B T ER D BE T REL S N 7z H RS N E RS I Bt U 7
WHEREZ X, TOCRAEMA TROEEZ LIT5. RIHQ ZINA, ROMEE
MT - T+T TP D EDbLoTLTE. ZDLE (TITHKFT B0 LK)
HHIERE C(T) % R DENE S heat capacity £\ D

5Q = C(T)4T. (14.7)

BRBLES>THWVAWVWARL S804 (BIZIEHRBE—E L s —E L h) T
DEREND DD TEDEM cond ZIRAT, MBE—ELHTHRS Cy mEDLDIZ
=<,

2 ZTWAWA KRB OFEMISERTEHEDLRW. ZTORIXRZ AL TH S EFE S B O EK
WIZBDNHEND 5. ZZTHLORDIIRER i OB Q, DXV LD THD.
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RIZ—FR 2% SR THARIIRDOKREI L L HIIAT VT 5D THAE
TRENRETHS.

Tﬁ@%mum%MZéﬁbﬁ(%MQ)5QiIVFDE*T%<ZEﬁT%

5. TIZ T (T b a =50 THlD ATRED I E20)
oS

T)=T|(=+ 14.

ComalT) =7 (57) (149

LELOWMERTH B, 72770, BABEEROERIZTY b —0RE bl TlEiaw.

14.7 REBIRILF— L BAREDRERK
(14.8) 75, Gibbs DERAZMES &, —fki

or aY;
Ccond<T> = (a_T>cond - Zz: Yi <8_T) cond. (14.9)

I THBHENS (7220 YO IRV} 25 Y, OARL &\ 5 k)2

8E) (8E) (8E> (8%)
el = (=) 4+ (14.10)
( oT cond o)y 21: 9Y; cond,Ys oT cond

aE) <8YZ)
{<8YZ cond,yy } or cond
EEITS.

e 2, HEOLUKRD XS IZBIIFEENE LV OALSIX (14.11) 225
oF oV
co—co+ {(2) +r} (%) 14y
ﬁﬁ%ﬂé

HELARIZDOWTIK (—11.12) NEBZ RV ¥ — B IFEEMAMKREFEL R, S5

ROT

Coma(M) = (57)_+ %

7

OGS DR W REME X B BRI U TOAMRIES N T WS Z e 20k 512 (—13.7).
BLZDATHD Y, Weond IZHEENTVWD & I, ‘cond, YO —EFRMOMBEITER L EL.
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WIZHAESHE 1L EVIZDOWTIE PV = RT 72O T, FORIFHAELZHE 1L ELIZDOWTD
Mayer DEFRAIZR S (—14.8):

Cp=Cy+R. (14.13)
Cp, Cyl3ZNFEFN1ENLD-DDETEE, EREILETH 5.

14.8 Mayer D%

(14.13) I¥ Mayer IZ & > TEADEFHYEZ KD D 7-DITDNZHBRTH S (—A.9)
N, BHEAABIIFE Mo TEPNZEDTIE LD 5 7. 14.1 D X 5 7% Mayer ¥
1 7 )V Mayer’s cycle DMEibn7z. ZZ T 1 ELOHBLKATEZ 5.

Adiabatic free expansion

This portion is nonequilibrium, so
the path is not on the PV surface.

Figure 14.1: Mayer ¥ 2V
Fig. 14.1 Mayer ¥ 7 VT o] @ EFA 0 5T EME 1, AT EEFR 2 KB —E T T 2 & K Ot
BHHEER 3 22575, Mayer i Gay-Lussac @ [—EiREOIEN ] (WrEEHEZR CIRIRENZEL D
5720) 2o TWz, A F ) AANBIEINEA S0 5 720D T Mayer ([Z720 78 EMEE R 72
Mot
X 14.1 DFOEFE 3 TIHEMRIIAEFHEZ L2V UKEAE SNTWED 5, TONER
ITANF—E—ETHb. @1 TIIEELEMIZE-T

DHEFENRIZEING., ISITREP-EENFTTL, 25 TVIZRBE>2TWSE, TD
EEXRMVELEO, 1

Q1= Cp(T1 —T3) <0. (14.15)
Z U C#fE 2 TIEERBETOmET
Qa=Cy(T2—T1) >0 (14.16)
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DEERD. LIAVPYA TN E—FLdENBTRILF—IZTITE > TVWENH
W+Qi+Q2=0 = R(T,—-T)+Cp(Th —T5) +Cy(Tr —T1) =0.  (14.17)

Z 5 LT Mayer DR (14.13) A3 7=,

Q1+ Qo IFBZRHENTE, WITHEMIIHBETE5DT, Zhh 5BDHAN
cal & {LHHDHAL J DHFELREL, BDFH Y& work equivalent of heat cal/J 33K %
5133 ThH5.

Mayer DA YV ¥ FIVZREHA (1842 4F) DInT — R I&

Cp = 0.267 cal/g-deg B X LBt v = Cp/Cy = 1.421, = U CTHBEFIEZ &
T 572D DEARGREE o = 1/274/deg TH o 7=, THD 5 cal/J=359 BRSNS,
— VNV FOLRARTIORTEEMRIZHLTAL S, AL AV FOR
ROEEIX0.0013 g, KUEIZ1&EEL LT P =1033 x 980 dyn/cm? % Mayer (Z£%F
L7-.

14.9 BB D AT HEFRR S BT ZEFE: Poisson DR
Al ERRA 22 T EGEFE CIFBEE SR PV = —E WO BB ERZT. Iz
Poisson DR Poisson’s relation £ \N5 . Z 212 v 1% 14.8 TE Ak, LLELLTH 5!
v=Cp/Cy.
HAASAR TR T D 59 dE = CydT DAL T 2056 (—11.12), P,V,T ®
BAGRIZ, WrEA ] i e ERAY @ RE T I I

dE = —PdV = CydT = CydT + PdV = 0. (14.22)
Zhge L TR o v, RREHAEA PV =RT 2flioTEK TS &

P
CydT + PdV = Cyd (%) + PdV = <% + 1) PdV + %VdP. (14.23)

282T2—T1:1deg2:bck5.

Q1 = —0.0013 x 0.267 = —0.0003471 cal, (14.18)
Q> = 0.0013 x 0.267/1,421 = 0.0002443 cal (14.19)
= Qy— Q1 =0.0001028 cal. (14.20)

5, (EEDFIEW = PAV = 1033 x 980 x (1/274) = 3695 erg = 0.0003695 J 7275 5 B D54
i
0.0003695 J = 0.0001028 cal = cal/J = 3695/1028 = 3.59. (14.21)

THIT 418 TR BREETHBD, DT —ROEENEND TH DA,
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Z 1z Mayer D% (14.13) 2> T PV T#E% &
CpdlogV + Cydlog P =0 = dlog P+ vydlogV = 0. (14.24)

ZNZFED LU0 Poisson DR TH 5.
Tlﬂ_ﬁ. i%‘a/jfck%ﬁ‘/n H*%Tcii \‘/ ]\ D Eo_o)/gftcj:f&tb\lif‘?%é- um%ﬁﬁn/u
2 k57283,

14.10 BE & URDOEIR

ZERAN LR TH L&, TNIEMRGEEERIICZR S 5 LBl L TRV, oIz

KUFHASATIELT 5. ZDE E1km EHT 5 T L ICfESRIFE T 550 %K

XD, GEZITBWTKHED P(2), WENT(2), BEMp(z) THH, EL[DF

DTRIIM THELT5. dT(2)/dz2H DL, LW DOHRHETH 5.
EIVRTE M/p(2) 72005, HABKARDIREAERIZ

P(2)M/p(z) = RT(2). (14.26)

ESEDOHDF D EWE BARMOEL 2 REE S A dz DFE (K14.2) 12250\ T
%zét
P(z) +dP(z) + gp(z)dz = P(z). (14.27)

P@+dP«)

Figure 14.2: E& dz, B EHBEOMBIZOWTHOH I AVWEE R 5.

PGSO T Y b u ¥ —dZ OEAR LR (11.29) THZ 515, Mayer DR (14.13) Z{fi-
TENEZRDEDITEZS:

E 1%
S =50+ Cy |log E—O +(y—1)log vl (14.25)
Poisson DER» S PV B—ETH BN P = RT/V 2D TINIE PVY = (T/V)VY = TVI~1 Hhi—
xRS 5. ARSI omfiEaTt#b((uzay:muEV%leﬁéﬁ%?éﬁ,%
59 5% (14.25) 13 S = So kT 5.
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Lo T,
dzgﬂzz—mzm. (14.28)

T ZCIREEEN (14.26) 2flio THEEEZHET L &
dP(z) B P(z)

dz MgRT(z)’
T(2) IZ2WT DA SHFRADEL WD T P(2) % Poisson DBIfR PVY —7E (—14.9)
CREAHERNZMAGDETHEONDS P(T/P) = PT7 —E%2f->TT(2) TH
<. ZOBRIE (1 —~)dP/P +~dT/T = 072705 (14.29) 1

(14.29)

1 dP(z) v 1 dT(z) 1
P(z) dz  1—7T(z) dz _MgRT(Z)' 50
DD
dT(z) _ Mg(y—1) (14.31)

dz YR
M =29 g/mol, v=1.41, R=8.314 x 107 erg/K, g = 980 cm/s* Z# A1 % & KIK
10 K/km (272 5.

14.11 "HEFHRBOPY &V
ROBKREZMEDDECLTH. ZORDBENNO T THY, BETs (> T)
DEREBELT, BEXNZILODT —6T o TIZELTSET5. RiF+0BYRE
&L, ULhB T (50)E+a/hEnwedd. LERo TRONMTHREAIZLS
AafpEfE i rnwn,. Rozy hav¥—214kix

T
(555:/ —CdT:Clog T :C’(S—T 1(6T

2
s 3
715 T)-+QMW
Thb. BRI CTEIIHE L TCIZRILF—%2KLS5DT, OV hat—21kig,
BB DOIREIZZL LW 5,

(14.32)

553::-—52¥C. (14.33)
Tp
£oT, Z+BBOLTY b —0Zfbix
B B 1 1 C . 5
55—&%+ﬁ&y—C(T 7%)M“%ﬂﬂﬂ’+ODT] (14.34)
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5. U oTT 4T THdE, EARIIDoLK VA IIE LI LEITITD
WTO—RDEDVE->TWADTIY b E—IHEIMLTLES. XoTT =Tp
DEEDA, Wo < D FNX (MEFRIZZ{LTENE), =¥ b —0Zhidzw.

14.12 EBRFEBREBDPY & VY
14.11 215 &, DX 0 L D 235, HELZ/N S TUEZY bR E—DART
WML X BEMEEZNSSTESLLEZONS. ROBEZ T, PO Ty (> T)) ITE
EZXE7ZVWE LT, RE2RED OBBIZOITCINE2FETTIEEL, £3H5H
MORE T, (Ty < T, <Th) DEWRZEM->TT — T, DELZEITL, DVTIRE
Ty DBIRIZDOITT, > T, DELEREITILDELED. T, € (Th,T») THAHRD,
ERINDIZITY PO —F—EBRTREZZADGELIVENILKLDE7ZA5. KY
WZZD%50? (AT 25OHCHE LT THLCHER2RAZ Z 2D 5. )
ZZT14.11 LARRBE RN —EH C DREBIB PSR IR EEZS. D
IERDIBEN T, BORDIRENT,, THbHL, 21 b —24kix

ImoC O(Tm —T) T, T, — Ty
AS 4+ ASp = AT — — ="~ = (Clog =~ - C " : 14.
S+ ASp (/; = T C'log T, C i (14.35)
“EHTIE, XUOROEENT,, BIBRORENT, THhbH05
T T, — T,
AS + ASp = Clog —= — C=2 (14.36)
T, T,
Thb. LoT2BHfETOIY ba¥—DREik
T . T
@) — oo 22 Ly Im) ol 14.
AS CogT1+C'[<Tm+T2) 2} (14.37)

—RMRNI—ETEE BT L &R

T. T, T. T,
1) — 22 LYy q] = -2 -t _
AS CH%71+C{<E) 1] CW@T&+C{(D%J> 2}. (14.38)

A, BEBIZESETBEE, WOBEKIE f(A) = f(B) T, Lhs@unEkem
BISTH % (f/(T) = 24/T°% > 0):

ﬂﬂ=%+%. (14.39)



EoTf(A)=f(B) > f(T)WPIRTDAL BOFIZHS T T LD (min f(T) =
F(VAB)) 75, AS® < ASO TH 3.

ZOmiEEIEOKRTE, TV MBE—DZLE I SITNI K TEZITEVRL.
HEZCSE r= (T —T\)/M D MBEBTREZZEZDLED (WAWVWALRIRED)
BTy b ¥—2{bofkiHE (14.37) OE_IHEBZIZT 5L RO X 5127420,
M — oo DR E D5

T1 T1—|—7' TQ—T
c M 14.40
|:(T1+’7'+T1+27'+ * T2 ) :| ( )
T

T T 2diT T2

= (= ek 10 s -0 | L= —Clog 22,

<T1+T1+T+ Tt [T])_) /T1 T 6T,
(14.41)

DD, M=20D5E0 (14.37) 12725 5T (14.40) + AS = ASM) ¢ EL &,

lim AS®) = . (14.42)

M—o0

s B0, BHUTRIREZZLRX DI LN TE L.

14.13 REZRTORBEFHMWEAZ: Fif
WARDIZEITNL 5 TH K WVIEE THERFIIZ D DWKRDIRE %, BB % HIZ HEfi
TH5Z e, KT 2HILenTES (M14.3).

Figure 14.3: ZOOAEBRIIME CEIN TV THEDRIELT 2 BB X b > Ol OWAKRILIE L
SRV E ST T WA, MENBE B (FHTHER) To2larhTwad. Hx2fi< 3l
T HIFEEEFHNRAZ A DL . ZTOMBTROL L LD DRIZ, WIDP D & 0ixH B0, £
DRY LDNE 72BNV LITHER. ZNENFRRI countercurrent exchange & &\ 5. 4
U7-BRIE, BN EELEEDNIBHIZHE I BREADANBZICEHE R VLS, YR
AS=0TdH5.

£ o LHEHORWR D FIE AFR O (K 14.3 DRIWEST) 272 < T AFE- T
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OO RS L7 (K 14.4).

AT IR A T Z X LB EYBE > TELE TRV, 2OV AN =X L %G
8 (rete mirabile, pl. retia mirabila) & S\, 72 & Z XKD KD & TH Z 7-HHIRINIL %
B WERIN CE Z 2 5 DIXMEELR DT, B oIz z mINT 5 & 2 A 124
DH->T, KPEITIIWMALZERIMNZES KD 120> TWa. IHALEY OREE % (K5
WZRD7Z2DIZE ZD A =X LIFFEDLNT WS (FEREIRE pampiniform plexus)?®4).
i%ﬁm,mﬁtifa<,4ﬁ/@NW%x@¢6@ﬁ%é®im%éﬁ%5m
IELDERMTEAN=ALE LTEHMIMEONT WS, % Wikipedia TN

NIEWAWAHINR R D05 (https://en.wikipedia.org/wiki/Rete_mirabile).

i

Figure 14.4: #HMOBAN. BAREZFERI G2 AN=X LB, EHOREZSHLU-EF
WAZ LB LRI 2 Z LR TE 5.

)l BAEDPEEIE LU W IXEHARETH S, BJ1F0 A R FEMH 8.4 2.

14.14 EHNICEEZ—HIELONEZH?

BAEPELL CTHDID2DTHY IPHIDIZENTNRET, & Ty (> Th) 12
Hotzb UkD., O DEAEMIETMLI TS, HE P RAKIICERL T
50, BEAPSZORERT, = (11 +12)/2 TH5. Lid->T, RxrtnH
— 24k

Im CdT Im CdT T, T, T,
AS:/‘———+/ = Clog —* + Clo =2C1o 14.43
w T ), T &7, 8T, s m 144
5. bbAA, (—logr MKW Z —13.3) T, = (11 + Tv) /2 > VT1 Ty 72H
5AS>07T, THNIFEHNTEH A TE R,
BARED VT T, 726 Ty b u =210 nwhr 6 iR — >0 7y -

284B. R. Robinson, J. K. Netherton, R. A. Ogle, and M. A. Baker, Testicular heat stress, a
historical perspective and two postulates for why male germ cells are heat sensitive, Biological
Review 98, 603 (2023) .
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EFRICIREIZE /6T I ENTERZEITTHS. LrL, T+ T > 2V T 2005,
BRENIZZ D =207 8y 79> TWAHNET 2L F—DREIZIHS < Tk
5720, RIFRAE LTI N TWEOT, WiftHEE2 L TR ILF—2ES
I LD,

DED, YIDITIREDNT & T ilh>BJiEffi-T, Alfirr Yy (—15.1) (&
& Z1¥ Carnot TV YV A.8) 2 BJRDIREZEN 2725 T THEEIXENIX I NNE
HTE239TThHd. RYUIZEIRDIMIDBBLAIATIRDIN, TNEHNPDDLD
OV WHEETH 5.
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15 I\\\*A%F*ﬁ t l\\\’—J—\ / 7

15.1 ATV Y Y DR
BIEP OB UTIZANF — 2B TENEMLHICEZ DHE 2 B (=2 2 V) heat
engine £\ . Thomson@EfES775“9—,“/}?'Cﬁ$’5:'§—6 tif%&b\f}‘ )<
RFH 8.41Z KD, BiIRo2ZDOEY % [fio TEMEZF2 Z L I3BI1FIT
AN

M Ty OEREYE EIRE Ty (< Ty) DRREERHZ L L, 1A 7 VORIZE
BEJEP S BE LTI RV — Qp %, KIREVED S Qr 215, 3 -W (> 0) 24
L‘d‘é (DEOW <0DEFHEZEIND) T VY VEFZLS. 1 YAM VTV IV
FICIZR2 DT, N A VF—DRENS

W+Qu+QL=0 (15.1)

T%é EKRD N v Y vV ZES T Carnot R P2 ENIE (—A6-A8) TV

E IR DB UL A HEFNIC IR TER RV S, B b & D IXFER
EI’J 2RI NLL TR S\ (—14.11). SRBE» SESET LI TI YYD Y
o E—Ii

Qu
ASy = Tor (15.2)
22T 5. FRRIEREIR A S DBUZ Ly bu v —21kiE
QL
AS; = T (15.3)

.14 o7Vt ryoy va—24ti, 1Y A1 7NV TZ VY UNTIZERE
AOTREETHATY b —IZZ4biZ Wi d T, &5

_ Qu , Qr
0__A&T+ASL_7%—+Ti (15.4)

(%] n EWVIEDIFXVOBLF/HELEZLDT, TVIVIZDOVWTIEEIR
B oz oY It In s B Qy PHRETH Y, Fliasld, =TI UNT L5 H
W|Thsd. ZIT, TVIVHMIRREEZEZTVWADTI VY UHIMEHEZTAIX
W<0THhdILIIER. £TITIDELAEDHEIX

W
CQu Qu
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CEFKTS. (15.1) &P

n=-W/Qn=Qu+Qr)/Qn=1+Q1/Qn. (15.6)
(15.4) 1
Qr/Qu =-T./Ty (15.7)
THBHEHINO

15.2 Carnot DEHE: AW IV YV OMENRKTH S
TIZ15.1 TER " BJROMCEEIT 2288 -2 E X £ 5. ZOHRITL S 7%
0. HHELYYVOENGZ SN BIROM TERT 5 2BEBIcH S b K
KIETHD, £\D DM Carnot DE (—A.8) TH D, fMDET)FHE R & Al
TH5 (—8.13). I Tld Clausius DAFEN 14.4 2 i 5. A2 T 5L
(15.2) B L (15.3) &

Qu Qr

> = > - .
ASyz 7t ASp = (15.9)

IEDD. ATy EEUTHS. T baE—DRE/LIZ1 Y1 7L
BYukoT, (154) %

0= ASy + AS;, > % + %L (15.10)

WEEZHD S, 22T (15.7) 1%, Qu PIERDT,

Qr/Qu < —T1/Ty (15.11)

WEE#D S, X 5T Carnot ODEHMH 5

n=1+Qr/Qun <1-T1/Ty. (15.12)

15.3 #XRE BRORAIFLIVRE

IR 1 5
E)
e =T (15.13)
Q” )
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EREFRI NI (—11.6). E, HOWHEEDOHERIE Thomson &G SN TN A,
FENZIEZEFNIE Carnot X > TZ Y PEE—DIEEBNLENIZEAINT WS,

Carnot (% U T Clapeyron) (3EWEBI DX 2 REHIE IR 5 Z & 2785 L 7.
F#iZ, Carnot [ZFREERIRLEE 0 & 6 — 60 DEIAE TIEE) 9 5 7] @i Carnot FERH DX o
D5 (D BIT Carnot BIEK Carnot function & IEIEN 5 BHEK) ©(0) 2 EFHK L 7=

‘;—Z = %. (15.14)
MOIREE T DAREERIREE 0 DRRF R KBEBTH D 5L, (15.12) 15
on=1- T(QT(;)M) = 7;((5; 80, (15.15)
DFD
0(f) = 1/%5(9) . (15.16)

0) = TO)IZbdL57%0 25 FHETHS. ThzeiEkRT S L, (15.106)
XO() =112R5DT, § =0 = THERINDED, ZDZLIFEFE1PDBEIC
Thomson IZ X > THFAINDE Z & &7 o7=: ZORERIE, 2R H»KBE LTIV O—
W EOYMIZ & 6T ITREZ SEMNICBENFZORMEZ T 2o TERT DI L %
AR T 5.

HALARD T I FINZ (15.13) TERINMWRE T & —T 5 Z & &
AL &S (—11.6).

15.4 EBEXAED Carnot Y1 7L
Carnot IFBLAEZEEYE L T2 (ZZTR1ELVZES ZLIZTE)RD LS %R
ATy red Al (HM15.1):

(i) W Ty O &EIEJE S FMIIZ A Z IR LIRS 5 Z & THMTHEHEZ 35 (X
15.1 ® A—B).

(ii) YN THIEWANZ Ty 225 & WIKIRD Ty, £ THFHZ L2 S k% i) 5 (B—C)?%.
(iii) N CHLE Ty, OARIREJFIZ B Z & TR S FERAICIE S 2 (2D & & R4
SttH%E EN3B) (C—=D).

259(0) x T(0) 127252 L2 ERTDHL 0=0 < TIZh 5.
286z D%, Watt DIZIRFEHTH 2. A4 S,
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(iv) RBRIZWBWIZERET A28 TT, ob L DIRET, $THEES (ZDLEDL
ftH%Z XN 3) (D=A).

P

D
I, c

v

Figure 15.1: Carnot T Y H¢li> 41 2 Lilfe AB 5 X0 CD IZHEMISIEER, BC B LT
DA [ZHER I BVEIL T 5 . F LML O CHILBR TEMBI AL X —13 £ TH 5,
Y52 L IEE I TRAT BAH (RICESNBEHE) RPN T 28 (RBBIET B8 125 L v e
WSz E .

R (TYYV) IR SN HHIE

W:—f Pdv (15.17)
ABCDA

DED, TV —HA IIITT BEE W] IEK 15.1 OBIEIZFH E N7z HEICE
L.

FIARE A—B TR VY Vi3 MAFH 2§ 2 P HBKAR TIHIREN LD 5721
NIXZ DN T AT —I1TED SRV S (—(11.25)), T DLFIXIRE Ty OEEH
SIRKINU 728 Qy TEPRDONTVWBITTTHS. £oT

RT 1%
Qy = / PdV = / B4V = RTylog -2 > 0. (15.18)
A—B A—B vV Va

kD 212 & > THRERE C—D TRAMEIREIHR T 28E |Qr] (RIXQr
(< 0) DEEIRINT ) IZRICINZMAHZDOEDEDS

RT, \%
|QLVZ_:/ Pdvzz/m Lqv = RTy log -2, (15.19)
C—D c»D V Vb

ZDZDEBRDT B ICIZB BT R TORBORBEGRE R TixR s AW,
Poisson ORR (—14.9) PV = —E2 S TV = —EWD2 5. oT TV =
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TV BEO TV =TV A0 SED, Ty /Ty =V VI = VA /v
DED VR/Va = Vo /Vp IV LD. ZOBKZE (15.18) & (15.19) 125 & (15.4)
DB, HLiX15.1 DEFmE B VI (15.8) B, L7zd-> T, HEKAKDIRES
BRCEND T IZBS N2 R AT 5.

15.5 Z2&UEZL DBREDH ZHEDEAHLTY VY DME
BET, DEJR”S Q, DBERTIEET A2y YV 2EZX5L, T haE—0D
19 A 7NV TORILZR NP S, —f&HY7%: Clausius DFA (—14.5)
Qi
= —0. 15.20
> 7 (15.20)

DDV ->TWVWE, ZZTQ;>00D (L0 EIED)EJHE Q; < 0D (& VIKED) B
FEXHLT, T bEfED + & - 223 TEA%Z

Z Q% + Z % — 0. (15.21)
+1 —1

DEIIZEBEELT, X5IZEHRBMAOBIFROIRE %2 T R THREIRE Thax (2B S
%E

i QF
> O 5 2@ (15.22)
+i 7 Tmax
E A DBJRDIRIE % T N CTHRAKRE Ty, (CEEMZA DL (Q7 <04DT), Thi
ZQ_Z > M (15.23)
s ( Tmin

DES>RALAEORERIZRS. ZO-DDOLREREMAT, Qf =S QF £EL
ez, (15.20) 25
QY @

Tnax Tmin
5. ZOREEIX (15.10) LRILTH S Z LITHER.
IANF—REFATEACW +QT+Q =0%2EKT 2. TV roR=Hnld
L/ RBRETHHEINEHDOT, KR, 2BYOM TEEIT 5 BB IC DWW T DR
KOFHHEL E-7LFALIZZARD

< 0. (15.24)

_1<1 Tmin
_Q+_

n (15.25)

Tm ax
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“& U —iEE 7" Carnot MIRIE  (HIF X A DM S CHRFE I 5 55) BIEDOIE —EX 1 341 7)1
BOL Yy OFVMALD & S RIEBENREZBPRNVTEERIFILED o2V, BYEOIREN
—ETRL, REZBATWL IO RTFHEOR L LEZGETH, BondkamRiiEz 2
FN Ty, Tp 31X Clausius DAFRBK D LD Z L IZ EOFENSIHMNZA S, Bh¥E%:
5 721213 Wb & &0 b OIRFBIZEHRBIZ 22 < TR SR WA, TOEM T TH S IEMH
BZIAS5EW+QT+Q =0 & Clausius DAER (O LFELOHLEREZ L2 D) NI 50D
TG (15.25) 1320 5720,
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16 ZDDROEDEE

16.1 ZDDXRDEDFHEFM

[ UB PR (E)Y) 2> T BRI NS PHREBZFD (€ 2 6T
2YUTHVV) ZDODRIE I 224Kk LTINS TS, ZODDMIZH BHE
DUEEZEZ D Z LTI DRDOMITIIMRA BB P KL T 57255, —&IZ,
BEIZHRRM 2 5 A TWED, ZDDORDMETH 2 EIEEEDR D &) 23T L7
i, ZOBDZRIHINDOTY b =%, TV MO KDOFI (—12.5) 12k -
TENENDRDOLY b E—DME DIZ/NE <725 LR

Styrr 2 S+ S (16.1)

RIZZy b —m RO 12.6 B E D LD & T, FEREBIZARS & Sy i
RO EDINDEIZEHUTHRRNIZRS IDICRFBZIETE. Zhdkxks —KRKRE
W& Th 5. SI+II D B AAE X F] SI + SII- DI KRMETEZoNS (—>16.3).

TV b —RADFEMIFITY b -2 BEOEKEEZT, %
DEEEI 72 E B IS (A RN DBER Y12 X 22 FBE L - ETOERE) ©
I CHEHIRIZ 28 2 2L X 72 L EOBBORAMEZINS L WO EKRTH-> T, 12.6
THODES B ZTYHIIZZNDREBTEENE S 025 Z LTV,

—[S1+ Sp] FMBEETH B h S (MBI OANZMBEERTH B2T), T DOR/ME, D
£0, — TV FBY— S ld—FWITRES.

L2 L, 20D S+ Sy DRRIETH 258 5 DIETNET TIEDD S RN28,
UL7=D3- T, HlZIE, FHEEY 231 & I ORI TE#I N, Gibbs BIRAN

1 Yy
dS = —dE — - — ZdY — .. 16.4
S T T (16.4)

Bf g IFERBEFRAULST2MEKELTE. ZOW ¢(z) = f(x) + g(z) BB TH 5. Jensen
DAREX 13.3 2S5 &

o(Ax + (1= Ny) fAz+ 1 =Ny)+g(Az+ (1 —Ny) (16.2)
A

f(@) + (1 =N f(y) +Ag(x) + (1 = Ng(y) = Ad(z) + (1 = AN)d(y). (16.3)
UL7=d3-5T, ¢ BT H 5.

B RIZ R DREVEBRIHFAEL T, Lrd EMVREARSIE, TORBIIMARETHLDT
(26.146) DIKALT DAY, SBICE R K517 € DFHESTH BIRIEIEER.

<
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LEINDEE, PSRV T LS, BREE

0 0

Eﬁﬁ_éﬁfh_o (16.5)
DD, y/T; = ypy/Ti B HESND LIXE S RN, KBRS W TSIk
EET 5.

16.2 BEMIC & 2 A BIM

BNOPHER (BE)Y) Db EDAEEAIEELILE2HERALSM0. TRTOELME
JEREAHE I NT WD 05, ZHIFEDOP D L0 ZTFMNT E HOMIZHFRIN T
WS L (DFD, BEEMAT.11). (16.1) 1%

Si+n(E) > Si(Ep) + Si(£ — Ey) (16.6)

EEITD. AUEZRITT S B3NSR 52 5. UL, ZNDPMARSEMETH
HEDE DML, TNFEITTIEDAR SR,

WX
(1) D L EZ L TED L EDAEFE L BB LIITEHRIN (HT.11), THIT
(2) LE DO R/NIEEEfETORDFRN S SiF & Hifil e —H % K5 X 512 (Clausius
DFH 8.3 LEELTHLSIT) ERINT VWD (—11.6).

U 72035 C, T, BOPAT thermal equilibrium (&R E T & [FfETH 5925 (—11.10),

a51(EI)> (3511(15 = EI)) 11
( 8EI {Yir} 8EI {Yin} T I ( )

P TIEEBIC Y vz b, DF D, TBCEEVNFET S ZE2HiEL, 61T,

TNPE IR EFE LR WD SIBREMD B I NT WD Z &P RED D72,
CITCHED—HMNTY PO —MiK (—512.6) PS5 FATVWEDIFTIRHRNI &

WZHERE. DULAUTH - T, Black (-A.2) BEARNTH % & BizFHE, BOEMEH»E

B (LRI U CRED 2R 0

2004, % 2 A ALK (ILEMURZERD) 12 7 N 20T, REROBER LR O R TIRARL PP
TV, BERDR D AT, LSRR A L CB VTR S L 7 THRIEE £ 2 5. UL, %
D TIER ISR T, ZTNENORONIBT 3L F —EFZ75, BEE S Db575 5.
SURAZD B OTHANZT B0 5 Tho. T2 CE-REMED ) E L CHFHSEE LT, 548
CNEBDELCIREEE072 552 20, LOBROEKRKWIEERO > 7 b % LHlT
BEHAERMEE NTWA (B IRAIBMEE T % 73— L TAW) 2272
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E-HThdIe (BLFZY bEE—DMME) 26, BOEfIZSITs Ty huY—
DR KMEFES MR F 2 ERT 5. DF0, BPEEMA2Ty hpE—I1z2o0T
DUHBEIZELDDEILIETEDN, AROTY FEE—IZDOWTOHEG» S ZNH
FEAIZ T BTk AR,

16.3 BNEHAH
ZODZRDOETH LZESIEBENI LI ND L &, EHIGEL 2O Y b a ¥ — TR AMEE
HTEHRTES (—16.1). TH5LUTTELZHEARDOIT Y bu ¥ —BEBUITBEESNERNZ 51F £
MBI TH 5.

FHRRTIZ B 1T B0 U 72 — G I3 HUNE AR A DEBTH 5.

fr gER" > ROMEKETS. ZokE

M) = _inf(f(@) +gle2)] = (FOg)(a) (165)

ZRR/ING IR A infimal convolution £ \5 . T MBI TH 5.
[ FERA] EREAYIZ Jensen DAEN (—13.3) ZHELD & 5.

M)+ (L= WA = A nf ] [Fe) o))+ (=) it [+ g(oh)]
= A @) + gla)] + (L= N[F ) + gla)])
= it () + (0= )]+ D) + (L= V()
> inf [fOz1 + (1= N)zh) + g(Aze + (1 — X)abh)] (16.9)

r=x1+T2,2' =1+

> inf Az1+ (1= A)x)) + g(Aza + (1 — N2

= /\a:+(1—/\);c':/\(x112x2)+(1—/\)(x’1+x'2)[f( x1 + ( )x1) + g(Aze + ( )w3)]
(16.10)

= h(Az+ (1 =N)az'). (16.11)

22T, (16.9) 26 (16.10) 147K & &, o & o/ ZMIITHI 2 IZEE T 2505 Ax + (1 — N2/
EOLEELDITEET DL OFMEPHEL VDT, FMEEEDZFRIFTORRED KEVWI L
TR, WS Z e Effior.

16.4 BRIEEREDOR I % 55§ A CTRET & 2 FEKE

— RN, BRI IO TH LMD LA HRT 5L &, FET S LHIRED

TybhaE—F(—MEme UTiE, —S 0D S ZOMNEAAA —16.3 THZ 5

), FIZIE, MOES1IZEL5NS (—16.1). TOMERIZHHAAHBKIZMNTHS:
S(E,Y)= sup [Si(ELYT) + Su(E, Yir))- (16.12)

V=Yg
TRTCOBEEE TR, ZO—HORMOANHFINT VWS L EELFEKTHS. 72
72U, EORD sup BB RSM: Thgd NS LEFEIER V. 16.1 T TIZHERLZ &
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S, TNMHEENE SNy Pa ¥ —BBOESRBIZ L ADT, 16.6 TR &
DN —REm LA,
H U RASUEDESEEL S/ OND 7 51X, it ix

(@i) +(§i) _ o (16.13)
0X7 Xy 0X711 Xepp T In

N5, TIZTXIIEEBEY OE»S X 2RI 2 EEkT 5.

Or

THX

16.5 EEME ORI % FF T HEMIC K > TE 2 FHKE

D=y T E &—DOWYEERE N AN DOHEIEEEY \ {N} 2EEL, N T
RINBAEMEZ IR ZDDR 1 & 11 DETR\INDHEITHE S NS LR
EZD. fHROEDIZ, 02 ELEERIFLSEL LUTIMNILTWS T 5:

S(E,NJY\N)= sup [SH(E,N, Y1\ N+ Su(E, N, Y\ Mi)|.  (16.14)

ZIZTEAIZHENTWS N &Y X, TNZh, N, N BJ:U;‘YI,YH DMTH 5.
EEOYIBE R BEIEIZN 16.1) DL S RBDFES S,

I dN II

—>

Ly A

selective membranes

Figure 16.1: =20 RiE, 5F XA T\ HIALEWE?Z T 2RI ER S 2% /v L T HEfil
LTWwa. MOEAFDREGHDEAETH LD, HRAEAMZIRLZBINTNE I L2E-ED
SEBEDIZANTHS (LL, BEETCERWVEEMIEV - IXWH B I L2 ENDENETIHRL).

fEERT Vv WD EDIFERIEABDO B ODOVWTERINTWVWIETH D
Mo, ENETWEEZEHLUANT SN TRES. ROFTHIEDADA DM, 15
SRR, X510, AEYOFIZIX, BBt TERVWEDEWVWAVWAH L. TD
EIBBDITOVTIHZEDMEY L AL ZERNIZEES U7z (CFl) IREW %2 —D2 D1k
EME LTHILANT 2 e E 2RO (—25.11). 20 & SYEEED 213 b
ENCEES Uz CFEH) IREWIZ DWW TR Z DR 2 OEBOLFMIC L S5 n
CITIEERE.
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HLHIEY (BEETERVWE EE, TCETEATVWD LI, Thizabb¥R
AP EEASTIPHNREY) 2R 1 & 11 OMTX 16.112H 5 LD IR TE 254
EHERDPL FEGES DA TOMM TR B Z L ITFERRE DPIERIEFIINRIZ R -
TVWAILEMEHUANT 20 UBHRTHS. £o T, FEHpRETIZEM DL
FRT UV UR UL T RSN, DFED,

(351 ) n <aSH(Nz'_NiI)) _ M P (16.15)
ONiy Bp, X1, Ni© ONip B, X1, N © 7 T

16.6 A
REZRZITE B0 (DF D, AEIYA N Y) 20 U TONMCIIARRE D nf 2 HipH 12
HIBRA N2 51K, (26.146) b h 5 L S 1T,

<§i§L> _ <§i§il) (16.16)
o X1\V[.N1 i X\ N
2%,
P P
it R 16.17
T I ( )

DAL T B2 5, Gibbs DBR? S P/T BMHEEH LU TWE RO T LR T
XS RW. BERMETRWAR S I NIEE S Pl 2 ERT 5.

LirL, 206, REOEREGIRT 2DIXASTHS. EANVIZA N Y=
ZEENIT W (16.2). HAAVMITET HH, P/T O—HUIELL W,
LAL, bEEREBEOTY PO —FA MYy N—DFHE T THRAIZITR>TY
5. TNEREROEOER TORATH > THRTIXR\N292293,

WIz720, HATMOEHAIZAS B DI, HEAGEWEO RO LGE IR/ (AR
CHEETE B L Lga L) BE LK (P BAWTH 5.

2927 DGAETHEHMITH/NGAIAA (—18.2) 25 Z N TE S, FHIFEBIRIZ DV TLE
THE LNV, UL, MBIEIZ, 13.1 OFFEICH S K51, HFAMTIERLRER, D2F0, f
DEBED C DL T X DTS K574 f OEH AL CTEHEE 2EMILTTB I,
BRI EH R % 0 > CTRIE AR L.

W ERERICL A ) H LEHEDOHERPEA N V) VX —DlIZHELER VD
BBEONEZRD DDV < 25, REMIZERET 5 FHREBIZEEOFEIZ L > T—2ItikES
AN
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3P P 2P 2P

3P P 24P 1.6P

Flgure 16.2: A b v =D RWGE L H 55E DLV, RNEEZTE TEMIET5. E55
ALYV PR —REXONERETTHINIRAMEIZHR>TNS.

CC— MR Ay N—2MEEES] TR UIFLVIEARETH S &
RAB. DX L L RELFEINED T LATIEEM

16.7 BRRAE R bV
M 1631255 &5k E UTHEBAINT T, WENIZHE S IZE) < AW EW 22 v
ANUDBHBIFHEEZLD.

adiabatic wall

Figure 16.3: W&V 2 b > () THE S Nz BB b 5722 55

22T, BIZRUDOAEPFOEIT LD EOVAEEIZLVENELES. ¥R
NUDBBFICENTALSIZLT, FORMPRODERD. RMEIZE S N5 Fi
REBIZE S50

TR HE 2B &, B LRITNIER SR WEBIZT & 1T DRI EEIETH B
"o, [EDGEEE o TWwB ETNE, RO TR S RWRERIE B B, VL Vin
DYD/Z, TRINVF—HREOBRHIIRIFEING. ISIZENF—FH LR TiEAk
S50, DFNERIFI=20H3. Ld->THE—DOBEBEEDNIRIREBIIZEIZIE

AT Z o C, [0 vE] ORI S 2EREDORHEAEL 5 L5 WRERIZOVT
F, ZHEEY L L IATRPOIELA MY N2 T RTLIDIFETRNVLSIZHAS. Db, f
FHEEUZA DYy NN =2 X E LD WRETH LD, WEHEBEIZOWTIEIES TRBRVDTIEZRNS D
.
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5. TOBRIIFZIXTIOATHEILT 5 &5 R (KY ba— 72252 KET S
L0 THATH .

AEHEERIZ 2 N2 T T hE, 2T ba ¥ —HESI NSO THRKREIZ—
TN E 213972, HIRIXHBALRIRZR o, HEFRIIBZGEFE D FEBIfR (Poisson DA
N L) 2o, HRNRREESPEA NV OMEPRES.

TIREFHFHNTRVWE EFE D250, NI E T DOENR—EHTHI L, T
FINF = RKEBRESNTVWE I EIZHETH 55, FET 2 FEHEPRE IV A2
LZ2HDTHEN? FMREZMEHICZLDD L, EHINTRVWDEDLS RN TOES)
IXLVF—O#E (T haE—DK) AEL S, TNABRE T PRI EEE
Thb, FET L VHEIREIZEDTICHLPEEEIES.

BlZIE, CA NV EBEDORIZEBEREL RWEE X, 25T AN VIR
LI b, ZUT, SRR 2 BRI Z2 #0383 5 HI122%, TE IMic#e L
TIZRVF =i ns. UL, —RICIIEERXDS. T5T5LEAME
BEDRNZEDIFEL, TN T I E S DRI NE N WHRELEL 7. Z
NIFBEL VAN VOFMIIZE S, LR TERMNIZETHEWAWA X EIERT
ENIBDTH->T, BINFPRMREVR—-BTRVWEES L EITE, TD@ED
—HBTRVWEEZDBRETHBH2%S,

295R) b m— 724k (polytropic change): PV" —ED#MED Z L. ZIIFEBIZEL B W0WA AR
BROEME LTHbNE., ENBEL IR0 5R0WES, RWTEELEDEMNRIFTIETH
5 Z e REFITYIRES.

6 GARTIE D FRIMEEH] BE 2L BRVOTERR SR SHRWOTIRRWD? #
ZTIFHASAEE WA CHEHREIZEET B Z EAMREINT WA A, ZHIZHIIZIZERTET
HEIIZIZER T E AR W BEEF OFIEIZERD B LIZ R > TW0Wd WS T 277,

TEEEENINDOWD B EREEE, DF 0, BEOPMHMEEIZL ST —EDEE, A NUDILE SN
EHEDLLDT, BIEOTMPRETEANI LI T—HTELE WS EM1S U THRILLRWT LIZHE
98B A b DL S NIV STEELZENTEEDEAS. HlzIE, BEEETIEH 50N
FHBORKHIIHT LTS, KBIIZEDbORVWETEL, ELBORE (IhE BrELZLIZLE
) R ENIDIREVRE L. DFVRAORIF4DHD. THRILX—L¢ BORRIIREGFINS.
S5IZBOEZFERT VY IR UL RS T iRwv., BERIE3 DU ARV, ZZCHEIZRED
WEBEWHIBETEINTHD, JAUDNSRELZTENT L T4 VABUIZANDS EDNTEHIFE
H-oTK 5.
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17 BE&IvbhOE—

17.1 88 HWER, LR
SETHMRTHN, HAERTHH, FKAlE LT, HEOEMS - 1FENAFH L7
EHE2NEIHZ > TERD, UL, WEYEOE L WS DL, KRG
HBGE, WAVWAIHEITHE I BRI ->T WD (55 2 4.8).
ROBYEDRD LD 2R BE I Rbnwe &, DEDYEEEL—-EDL &,
RIFFACLTWBEEDLNS. £ THRVHWAERTRYEBENZIT S, ThiZ
LN ANF—DEMAE G5 ZZHIFERMEM Z (4.12 T () LIFEXN, Tx)L
F—LREH (Wb 55 —1EHl »7.13) %

AE=Q+W+2 (17.1)

DEIITHFEVWTHINZROBENFZZ2REL TV DIMEHTHS. 2%F0, L
N-RTIERESED B A B ED XSRS N, /EROBNZOHRIET
i, ZOHEEZ TNIERIFMEF 2R BFECHEREMA S Z &R PN RDE
HFEBEND XD REFBEHARINT VS,

LML, Z2OEHETH, Ay, (MFWEOHAD LILFEKIGAH->TH, %
NO R LWEGEDOHEEH (17.1) DBELIMIL 2 LITEHAT S Z EDES < o Wik
WA S, XoIZFNEZBSEDHHTE2HEMTIIRL, D2EDOFEHE LT
BANFEDRZITANIRMEEIZEI - TEITEINTVWALTEHASBRWAS, E1
SIZDOVWTOEDDREL S WIEE S5 5.

AETIIETIEIZT 25 DDRERDBRIED & DBl Z /MDD, T5IEE-
Th, {LFEF—HETIEZVIRN., 22T, TZEFTF2RTE>TEAZADE
DITALFYE %2 RIS 2 ORI & Z OFIE e 20 RE 5.

17.2 BNFEEHE L TOMEE
AR TO T XN F—DHRFRIDEL (17.1) IdE\WWe UT, BN KR h
Hol-0 ZDHEPIGFHET S EEE, FR2EHTAGELEFSELELEH L LT
DP? BRI EZ LM HOBARIP OB E 72D T, HEOBNF DT *
AMTREIFZZHAT S & A THECHLFEEIZOVWTDERIZH LD, Y
BREIZOWTIREFERWZR2%2F X% T s,

Z Z CRIBEIZ 2 5 T\ D O 313 & W X H] UM AR e 75 Z & ad
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HFEINED, LWHMETHE. BRI ANF—EFL LTHUGETS, B
JIFHNAIRARC R 5 WEDETH 5 (—A.10, 8.3). TIFEEMEMIXESIFH
IZEDRDIET

PR L MV A R U DB TH D Z L% 55720101, (EFT R ILF—
AL XV F — OB OBITE "R FIRT 5 & 5 2HIRA 22 5780 [(H
%W & Clausius D E W (—A11) 2D EHHER VITHEABRTE 5] Z e hE
FESNTWRL TIERD .

17.3 BERRANIC K BHRMN BV EIEFESI WD T &H7?
BrREoBFREZEEITNE RokSicEzedbonsd: (flcZfbzikx 912) 4F
W % Mayer-Joule (Z U722 > T (=7.13) iE T DR Q ITERNIZE# L H L, %
DEQ ZHFIZEZDI1Z1E Carnot DE S T BAVH B, DFD, Q6 Wik
T E R\, [Clausius D E D flifH (—A11) ZED R ITNIXWVITRWED D 5 72
HTH5. 171 1)

I1 w w

1 l T
II/ vf U<—O U—>O
Q<—O Q—>O+q 11 w w

l T

Z<—O<—2’ Z—»O—»z’

Figure 17.1: HEERANIZE2H 0 5 2HIR: Q, ¢ (< Q): B W, w (< W): fLFH;, U: K7 ¥
VIANF = Z, 7' WoDZERIEH. YOEETEILTRINT VS EBEDREILBREDEZT
TEDIRFBIZE 572 < TR 57200,

TN EIIIZ, HFERRT Y Y v VTR X— (L HOMITIZZ D & 5 22l
MR (IR RN E U, BRRREHICTS £ 35) (M17.110). & ULIEEW 3K
TYVYNIXNF—UILEBIND L, TORT VY YV TR VF—2MIZBA

299%, 4 5 A GIRIAR % > THE 100 %IHHIIZX 52 LIZTEBA, 208 XEHE LRt
CROBNDS (28.7), M ZLEBRETIT) LERLA.

164



DRPHHRESTIEFEW IR TIENRNTE S, Znd T BT 2572 U
2] [2% D, Clausius DEKRTHELZUIZ (AL EWVWS ZEDHARTH 5.

WO ETERL, ZTOU-W BERIZEMDFPERKE THELI N TWNWS300,

TIRMEFEZANVF— Z LHEFHO T R IVF— W OBURIZIZ V12 25 R NI &
LHIBED D 5 Dh D h. ALFEWEIZ X > THLN T WA LR T 2L — 2
DIGIZZEW S 5121, @E, WEORHMPES, ZZTH1IT10oFORE (Y
EME—RIZYT2) BB TH EHD, SOGEIIHIZILTHEMRTH D WITEX
IXNVF—T, TRLF—Z13bF TR OFDfbFTxvF—, Z7/1F T&EHES
NE O] OO F ANV —Thd (W =2-2").

Z-W B OMEZEHIZIE WD 7R B fIEE B ERNE WS HEEZMGEEL 2 < TIER S
w28 2N EANBEZT, AFEW EIMATED K »MExIns ez Rk
LTRSSV, WhnsERE2ZTLUIEDNVVWODR? —FAY— b aoiXELRLT
SR, DX DEMEMS 272, BRAFOEEMIIFEHOEREMEL X5 LR
Mo, HWRIENRSGNROBREINERETHS.

9512, B & BRSO M O A BRAMEE R 2R 5 LB OEFED
Al % GERA S 2 0D 72301,

F&®%&, Thomson DJFEM (—8.7) & Planck DJFH (—8.5) b (LH I, {f
HEYEREXEREHZ G0 0O, —BAb L H R = e, (CIERIR T 5
Z L DSRRERAVIC IE ML T 5302, (LE RS W B B E W 2L ¥ — E DD #
HFEEE AR LTV D THS. KETIETTIZZDO LS BRIETHE _JLAIR %
FNT & 72908,

17.4 BRERRDIEERNZEDN BB TR LD ?

17.2 1087z, EkORBEO T, HREHZZERLLAWVEARZ X TREHLTE
WT, 22z EART S, LWIHEHTHS. INDPFAIND=OITIE, B
FORAKFM, FHZE R ERICZHFAE LU RS TER SRV, 2072011,
RERDE JERI DR, ERMEAMEZ MDA TIZEKIZE L BN LD EFEI NS XS
7203, Z 5725 T%\. Thomson DJFHX Planck D FEIZIIMEEDRBETH 722

30085 5 ARBRIIZTHEE S N T W 5.

301 A16 TITICRAZEDIT, BEAOHNLE ZOHREDBELIIAPHENLSIZHZAS.

302005 TARAEM] ITARFIINES. LArL, THEARLBIZERNICHEEENTVWENE S H, K
BWBETH L. RIZUA, {LEKIBITIZVBAREDRHH DN 5.

LML, KOPAUMEHFALTWDS &5, (MEYEHOBEOZ(IFIEEL fble < TEWIT A
(%5 8 i)
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ZRWEIZZ5 (—8.7,8.5)% & U LH LA FOEMYE (—17.3) 2R
EI’J IR ARTH 57251, Thomson DR 2 NZE T 54X\, LA L, Planck ®
JREE (—8.5) I3 A1 FH L & WE B OMRARE W (-4.8) %, 8.5ILHDLHIT, &
ZIWZANRLS TR SRV, [AFZ2HRTE720DERITENHLIZHERL7ZHD
TR TEH RS RWVWDTE.

Clausius DFH (—8.3) IIMLEKIEN D 5 5 B3 A S BED SN, YDk
WHIR X 7z 5L (72 & 2B B RIS IE I - R T Z OFBELZFE U 72 H
572, LMo T, kD Planck DJFEEE A 5 Clausius D JREEDAE NN 6 &\ o
TH, ZHIFREDIED Planck DJFEIEE O L DHADFETH - T, TRTOHR
D Clausius DFEHIRI NS DI TIEARW.

BN EBII I NDE I L2 E DI iHm&@E@W@@M%@b it
FRIZESWOFNS BTy ba—2 KT 5720121 Z A0 12 Planck O JFEHE
DHETINTWZRL TIEZAR 5720 (—8.5).

EZRIGHHETT R T, KinZEE LU ZITE, —#icik, @5 ORI 7R
BEEEE I 2200, £oT, BNFETHERISEFEMTE L LDICT5720
Wiy b= bR ETT A A THEEIN TV RS TIER SRV, fif
KDALEBNFZDOWEIZ DOWTIX 4.15 24,

17.5 EBRNEBE  BEFH

WMELEE>THWAWEDHL0 05, EOEYEDRI & O % T3 FEERIZIE
BETE5235 (L <I1X25.3, 25.11 R E2M). ZTNIEREID FHOEEDME
EHETELLMNHRTEHZILTEHD. Tz il d 2 LI N/ EED, &
RIEEIE selectively permeable membrane (fHHD 72T selective membrane) T
bHb. ZORIFEESINIAEYEOM U MBI v, FERIZIEZDH 5 EN
FAARCE S HD 5726 DN ENERD BB L HNTKHTE 235, WHORIX

304Clausius DFHIIEIEZ BE L URWA (—8.12), TOHHIZWA WA & RE X - it 7 (flx
FEF ISP N HR) TEVWDOBRILIEEZ L 206 THD. HlZ XD 5 A D Planck D EE
75 Clausius QFEHAHEZ L ULTH, TR DO TO Clausius DJFEHZH L TWE DI TR
720,

30572 Z oW S EINAE AR L PEEE] & K<IENTVWAEETH 205, TD LS 70E DIFBE
IZHEELRWE b’Cﬁ’b&‘h"C“?ﬁi%5 ETBMELDH BN, FTHITBEJUEBE L\ S BES O e
MHLBDE, TTIZA414 1T REZZH2L vz LTsL.

DERALE | (VB O ESREE N HEREEZ Ty 7Ry J AL ULTRELEZDEDEFZDHRE
TH5. ERWZEBEIIEVOELMIZERETHNS (B BAAFRAMKDESZHZIZDONWTIEE S
BUKTIZAR WA THR\). TN 5 1d passive R E D L IZR S WA SBNFTHES DIk & <74
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ESH->THVWD, ALFRIEZEBIIFINTED D 72DITIEENVEZ S OMH
MThHE»S, MESDLRVIRD BIVHTYEHEIZIRITS. b 5FWE % W2l
POMLFRERE-EDD & TRIZIN BVIRMLU 7z & RN L XV F =D udN
2T B L&

dZ = pdN (17.2)

LELT N IIWEEETH D RENRETH D (FiIZ, RICEBRICH 2LFYED
&, DF DALFEMEA AN 2T B REEIE AR, —ITIZ WA WA RYEDH B D
T, TNENERFETEHLT

dZ = wdN;. (17.3)

LELL p BALER DEERT UV LV ERER, ESXTERWA, N, IZREZE
#Cd 530,

17.6 A’ NEROE S ZEZER
U 7= 2DBNZ2BNINE T 2L ¥ — & HE B 2 &b 7 B 2B TR & 1

W, EWIHESHIIEZZAAERAEHS. UL, ROYWEMKIPRERIZL 3R THS. (bF
BT VY Y IV OMEFEADEBIZHIRZ R W1 FE T, +oOREZ D T2 Z LI
Rz, REER E ST 20D VDT, WEODHREEDODHZ L ZA, ZOT U A% E
REPEEFEE LT 2D THRT DI LRI NZIETE. FlxiE, H2EAWNS, RETHHH
MIEAZPBECEZE L LS. ZHIEWL 5 TEMEM 2 > CRIW#ERKICEITTES. 250
THBEL72 A ZROMITINA S Z %, EREBIELIFENE T Iy 7Ry 7 AL LTk d 52
CIRBNFELF oL BAENTHA S, FERBEOEE, & 2WEOERAZE R ZI1E ATP OHE
R, WHEIZHENSINOMBED 75w 2 A Ay TV LTWEDTERE LRV, TR FZE
TEDHD LT, AWHEHRIHEL LTRHRTEE775 5. AIEX TRRELEZONS. Dl L
HAFNCBN ALK U R WR D EBIITE S LI RETH S.

BT DIZXAITEDYBIIHEFNNHETE D, LWVWIDOEFHIZLTOWL. TTIZ43 (D) &L
TEeHTHHED 7. ZOFBEOEMRAERE B2 D72, [FEEHwRIZ S 54— LEHD &
SIBAEIN/ZBREEZLRNEITHS.

H2o WEA L BORAGTY bu—2HE TN, A, B2HIWENGIPHETE S0 7]
EWS 74X o7z, BETY b —OHIE IIMYENREEYD SEEI NS YA 2V LIZiX
TERWRS ZNEIARTARETH S, W, BE->TWBI b TWBR6I1E, FEMIZIE, 2
ST AZEDHRETEAIY MY —I3HIETES. ZITHLNTWAFEAIZAD S 51F, B
FOTNA AL UCERWGEEEZ VAR EEWICEEBTE 5 FZXTEVI L IHTH .
3067 5\ S HEEDFEBRIC (JRBRAYIZ) WBECTd 5 Z &1 4.14 T TIZim U7z,
07TdZ 13 dQ = E ARz, 1R ZRTHE L L THEDLNTWT Z DD & WS Bk TlEZa.
38 2 AT XA TN F—DMUNEALDR L LT, YIDBEDBUNEL T 3 )V XF — 125 "l BE 72 21k
2HEZ2EWS I ERBTEN, u MRERETHLZL2ERTLE, TV HEMARTIIRL
A, FNIEdQ E TdS LELZEITHYLTVWA Z 2IgiERE.
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TWe, 172 IZBARTH B £ 512, BIFNZ, @H OMWASF L YEP O

ER L T BN b % M TH 5.
Z ZT—#%i75 Gibbs DEIfR 11.8 I%
dE =TdS+  zdX; + Y pdN, (17.4)

HHWNEIZY hpE—Z2fMcEZ N
(17.5)

1
dS = —dE —
=T T

YEFSL. U, £REFEUCERED, dN, IWEEBEOZILTH > T, {LFEHED
EEDZALTIEZR V. Gibbs OB RITH K T CEBRZOBIEIZEILEZANTH 5.

Z; i
ZLdX; — Z rdN;

17.7 EEZRTV v IL
HBHRITBT BAER | DILERT VY v )by 2D BRI 722 5 1E (BRER 72 0E %
CIEWREHAWZ L IZEDRV) Z2RRLTEZ S (K 17.2).

System
i
Selective membrane

that can pass only chemical i

Figure 17.2: {b% R T > ¥ v L ORI 728 %

XU, RIMTSNINS D) VX —I1ZI3WE i DADGFEE > TW\WB 2T 5309,
V) VR — & ROMITIACERR 7207 %2 @ S ERE @R (VR Ao Th s, Z
ITCYAMNVEIELTRIAFE Z2MZ 5. ZTORHIEL/(LEHPS u; 2D B

ZENTE B3,
3OO BRI REMIEEIZ DWW T, Y AR A & T O 0 Ik S T e TRIEIR W Z 2133 T
IZE U7z (—16.5; 25.11 H2[),
3107 DIEED T WHERHIAN T d D IRAENBETH B, AHIZTE DLW Z IFEAHIZRD 5N D
ZeTERWESS, FIZIFCA NV EMLIAD L ZLF[EH L ETHOREIN T E0E S
M7 T BRI UZERPEETH DA TN E M T 20 ? RREFESLITH .
UL, HERRYEZ S U8RI, RIS HIZH N, WHTHS 5.
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Gibbs B0 5005 £ 512, ANV ZMHUBRRS L LEFHEESTRTE —EIZ
Uil 2 Z L IEARETH 5. (LFEYWEZ MBI RICTINA % /%29 Clligim L 7z
M (—=4.14), AAA>TWS., INZilk) 5.121F, FIAIXERERZMES Z &7,
AA=W —-Q BHETEDS, /2L, ZZTWRERAM 2T 22X 5H5H,
QIEREFRIEDZDIZABET, LHIZHEARETHD. DRI,

dA = —SdT + zdX + dN; + - - - (17.6)

M dA = j;dN; 2 EWRTBDT, TS 1 2RO ZZENTE B3, =1L, Z
I UTRD AR T v VI T &Y OBBTH > T, RLYOEIIZNBELR (B
&Y OB 252 TE W2 L ITHER.

17.8 Gibbs-Duhem D&%
E = E(S,{X;},{N;}) & —R[FEIREE (—3.5) THBHH 5 (3.5) 1o

S—+ZX +ZN0N —ST+ZXxZ+ZNMZ (17.7)
EXO2MI 25 &

dE = TdS+SdT + (z:dX; + Xidz;) + > (udN; + Ndp;) (17.8)

SdT + )~ Xidw; + > Nidp; | (17.9)

TH2H, Gibbs DRALR (17.4) DB DT,
SAT + " Xydr; + Y Nidp; =0 (17.10)

SN 5312, 2% Gibbs-Duhem D4R Gibbs-Duhem relation £ \v5. H L H
—FEEOAFEYE LU PR WGE X

S X;
= ——dT — —dz; 17.11
du Nd EZ Ndxl (17.11)

A, 521F, #THTL % Helmholtz TXILVF—TH 5 (—18.1). i
SRYE R AR D BB WAL H B, FlziE, (17.10) ITHNATWS N % N IZES 2 T
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NELSNS.

17.9 BESAEDEERT Vv IL
(17.11) IFHEMELKMRIZDOWTIZ PV = NRT B 2

S v S RT
dji = —~odT + P = —dT + —5-dP (17.12)

L5, WEP—ETHNIEIHEAITET
P
_ S

LHAGNSG. Rz, BEE P =1 ((LFETE P E2KETED, 1&FE%EFEC
TBHIENEWV)DEE (T, P°)=p(T) LT,

w(T, P) = u®(T) + RT log P (17.14)
L EL Z NN,

17.10 Dalton O3 ED;EA
RIZoTEMR1L L 22 ZTNTNEIVE N, NG UTSRDEIE, HASKE
ZA5E, TRLX—HRMHEERIZZNDOT, ZTOEHTIZ

P = (N, + No)RT )V (17.15)
&72%. Dalton 1, Z DA% &KKIARDLE partial pressure

P = N,RT/V, (17.16)
YTESL. M, AUERAST, 17.7)ICBVWTN %2 NIZESHMATEVWI LEDNEDT,

DM %I, Gibbs DEMRIZ SO Nydp; = 3. Nidp; 25 & (x1) 235, 20, NHW N &
o THNLZABOMTRWZE 22D 5T (SWVWHZ 5 L, Euler DEHEOMER (3.5) 22 20T
D5 F) FH UAEERD, (LFEMmMOBENTT, b, oL 5o T, (LA Z M I
FHoTHETWEDIF TRV L2 ENTIEWITZRW. ZHS5DRD N; IZWE R N; OFE O
DELY FTH->T. MTERE UTEFEMBRAE R R AL 201 TldRw. Whid, FHRATRTHK
o 15T WD EIZ F DR T OALFEBEEDEEZ R A LI TH 5.

SISHLUE B % I B FEHERIE DI H XD B I B A L E L D 5 (—25.18).
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D& UTHML -, 2% Dalton D2 EDIEAI law of partial pressures & W5,
SR 1 DEIVGFE x mole fraction %

Ny

== 17.18
’ Ny + Ny ( )

LEZETNE, DER

EHELILNTES.

17.11 BIREBRIC L 2 0 EDIEME

DHEFRD XS IZHFET B2 e ATESL (M17.3). BEFZ—EDT £ T 5.

WG, 2FTNFNDENEE N, Ny b TBLEPDOLETZOERMBEIZY, =
2V, Vo=(1—-2)V 2R2E2DOK1T3AIZHDIIIZHELETEREV IZT 21X D IX
X531, ZORBEMBAINTVWD LTS, NS Z2TNTIVEREV IZHHES
T5e, WEIEIEDLSRWDT, BTOENFENTNIT.I0ICHTEZP & P
mAH., ZD D% ‘HREDLESE ' BsCoD &b, Sk 1 & 213 AEEHL W
DEZMMS DDEJNEP =P+ P27 5.

Selective membrane
/‘ filtering green gas out

—> —>
C

NI~ slectve memb
elective membrane
A

B filtering red gas out

Figure 17.3: Dalton ® 43 £ DA

17.3 A: RAEME 1 (), 2 OR) TNETNDOEILEE N, Ny &322 Z0KRBIEV, = 2V,

Vo=(1—-2)V &R5DT, GO THRREV ORICE-obHINDE I LNTES. 22 ThkE KO

DFFEEZ FRN T2 72 2 D 2 f3 T D OIRAHAKAIER T 5. EIZED 5.,
EIRE B Z H S & Dalton D7 EOEANI KA DK B E HIZIR TR T E 5.

U Z N EDER OB TH > T Amagat DIEAIE KT d; 2% 0, BAKKEKD (T,P) IZBF
LML, SHDKRD (T, P) 1281 2 KO 5.
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B: A DEXDOZMRERE V ICE THEEBRBIESE2 2 ZNETN1WHIET 2 REORMRITR 5.
C: RDZIRD A - 725D N % R DLARIZNT 208 S IV EIRIE R (DX 0, KROKMKRZE LIS
W) CEEMR, ROKUKRDA 572D EHZ KDL T %28 S RV BRIRSE B CE SRR S
Y, ZODKE —DIZELHEIENTESL. T ELKMLMHED T )V X - EAER XN D
5, BoD OZMITHEEZMA B2 REZ LW, DEVHAFIAINLF I LBHRT—ETH 5.

I CIRBEIRBRRIZ X ARG DN TH DI EE2IELTWEH, Thit
TTIZFLEDTWB IS ITMEN S DRIRIZ L 5 (—4.3).

17.12 JEAOT Y hOE—
X173 TA—=B & Z2{LxE 5L, ABSC=oD Th25ED, NI R ¥ —
fEL7Zw, UL, MEZEEELE S EZTNEITORDIT DT DDIXKE 72D
TA-DIEARAHEEZSNG. EEE, BoC—DIHERWSEBED BN IFCHWiT
H35N, A-BlETNTNDOEMRIZOWTHAEHBIRRDT, AAEETH Y,
A-D TIRZT Y PO =3NS 2133 ThHh5. ZOHEMEREATY b — miring
entropy £\ . THIXA-B#EETOTY brE—#NE —HJ5ETHhDT, *
m&%ﬁbii

HAASAD T Y b o v — (BARSIARDIEALTEX) 1 (11.28) IZHEA 6N T WD, W
BEBEERINEI ALY —, Lo TREZ —CITHE>DT, EAHERDS
HAASA N ELVOEKEZL YV -V IZowTZ Yy hav¥—oZ21{kik

!
S(V) = S(V') + NRlog % (17.20)
Thsd.
ZIT, Rkl 2ZNEFNIZONT
Sig = SiA — NiRTlog z, (17.21)
SQB = SQA — NZRT log(l - x) (17.22)

LHEZoNEDT, 2TV buv—2£{LiX
AS =—-NR{zlogz + (1 — z)log(l —z)} (17.23)

CELZENTES. EELEELEE N=N,+ N, &FE N/,
AT, WEEZEEELEDZ L ZTNZITORNIIDTEDIFIKRERDTA-D

172



BFAFMHEEZO6NE] LEWKLEDOD, TV v —2{bodtHEE2 R, £
DEEINTEE D Z L L o< BfRRL, HEZVWEIFRINS (HDWITFET
) ZEIZHRLTWAS Z e bn5b. REBRIFEFRNTICETTE LN oA
WDRIITIZIR S 720D, HBEANZIIL (DF 0, H2UWEIHOYED %A
Do TV Z L) DI EAHEDHKNTH B L\ DD, BEDHFHANLDA > TV TN
D76 THEE KRV, 22O FEZRPETFEREDOFERTHS. ik
3(I) eWFETHS. 1716 DB LEVDONRT T I 7HHM. HAT Y hoE—
EWDHEINL 3 K<,

17.13 Raoult MR & BERIKESY

RET CHRIKA L BOREMZEZD. Z05 OBEMARITHMPBEORHIZIRE T I28\W\WT

ZNENHKLIE Prg, Pgg 25223 5. Raoult i, %< OWAKESYI T
ADENGREDN z DIREGWREEEHmIZH 2RK[)EIL A, BENTNDOHER
Py =xPprg, Pg=(1—2)Pgg DL DITRKOTMATZHDITIRS.

ZrERH UL, ZORERRZ Raoult DL Raoult’s law &\ . Z T THRRKE
Vapor pressure & &AM (AHPEM) & EHICH 2 KMHDEIDZ L TH 5.

Raoult DIERIATEEEIZ B O 32 DIRARIE G W) % BARR AWK ideal liquid mixture &
5N,

17.14 BEREAEREDHE D DILERT VY v b
IR T, I 1(atm) OFBBADILFERT > > v Vv 1, puy, BET, HEJI1(atm)
DEEDILERT VY Y V& o Hpe BELHE, T OITKABPHBLHETDH S
ZeERINET DL ZDERT VY v LI (17.14) OFRICET DT, ik ZTOf
ALK DO FPARERIZ 17.9 127172 K512
py = pag + RTlog Py, (17.24)
g = MHpg + RTlog P (17.25)
b, BEWERDTORRDDILERT VY ¥ IV%E pp, pg LELZ2IZT B L,
%X’Lﬁ)%m%ﬂa)ﬁj\r%%ofzm EBZH B DD S, Raoult DF D 51T L
THIENFHAETEL RS
pa = piyg + RTlog(xPy), (17.26)
B = ppg + RTlog((1 —z)Pp) (17.27)
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THRLATE RSV, FOZHMOFEAZ AR S &, HIEREGREOFTOENEN
DR BEARDILER T V3 v LD
pa = py + RTlogz, (17.28)
pug = ppg+ RTlog(l —x) (17.29)

EHEZO6NB I L L5305,

17.15 BEKADRESI Y hOE—
(17.7) 225 2 A TARIZ DWTIE, —fRHIZ,

E = ST — PV + upNy + pupNp (17.30)

735318,
pANA+uR N DIHIE 17.14 TH Z 72 2 AR Z EE B HTIZDWT, N = Ny +Np

rELLE
eNp{ + (1 —2)Nug. (17.31)

BEEkiE
eN[py + RTlogz) 4+ (1 — x)N(ug + RT log(1 — z)]. (17.32)
HABAKCIHESIZL > TEORTH T R F —PRBIZZE( LBV ERET 5D T,

REE—ERME T TORLIX

TAS = —A(uaNp + pgNB) (17.33)
L5, ZoHRWEIF, (17.31) & (17.32) 2R3 &,
AS = —NRzlogz + (1 — x)log z] (17.34)

THZIenbhrd. INHVHABRKEZEESZLI2E2 Ty o —0liNTH
D, BETY MO Y — mizing entropy LIFEN 5. ZORNIFHELIKREZREE S L &
DR (17.23) L £ 57 <AL THB.

BISpER T S5 b, P OWIKDLERT VU vy VIEFNFNDERLZEDD & TOERT VY v L
TR TRZR SN (—19.9) 2%, EEDWEEDILZERT > Y ¥ IV IFEINTHRIZIZ & 572000 TiE
WE GRS 5.

BI6Z DARUTIIAEBZ AN F —DEPZEATII RS EZDELORENT WS, TRILF—DF A
—RENZRD BTN S Z D & D BRTERPI R VDT AW ? ZONEIFEHTIERL, T
INF =2 EIZnoHlo2PERE—BLTVWARVZ W,
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17.16 ;EET> hOEE—DOEK
D7D =X —DREE, 1712728 Tr=120565%2F 2 L.
/ 4

\/ \/

l

Figure 17.4: —x—iE&h» ok 2D Hd FEER

I TCROEEDPORTZINE T EREEZEZ L7 (K174, BREFTIINDT
LRROK TR I NG, ZhrobNONIFERT L2ETELRIFGERZA>TWVWAS.
TIHEARIZEI D ?2ROE U TL 2R TIERPRTE > BITR B NIE L7206,
FETERW (X174 4).

TR ZHDITIZE S WHEMZ TR ? TRRTT2?] WS YES 2
NO THZSNZEMP P2 —2FT v, TRES ] Z&THEB LA TEbho
TWZ EDEPRWEDLNRSRL R o7z, RIZODVWTEDbNIZbhvbid THIFE]
&, EBR—[EH720 YES/NO DHEMZ —DTIERTE LM TH > 7.

AEROEIL, TN2MB 7O HEREMOBTERTE 57255, YES/NOD
LZDVE ST PRTERVEMO L DDEZ THEMRTE A0 R (EHTE DM
WELIER) Z 18y hOFHRE NS,

r=1/20%4, BATY MEE—IXAS=NRlog2 THRAOLND. HMNEZ

STENZOEATE LT, WEIKF2RSTETWERE S hiEfbiawn (MAR0). Ui, 72
& ZALE Y IR BRI AN B ERYARIZIEE TSR F RO L TL 3 Z 2 IFERMRBREHE T
HbB. RTODHEODHFTES o> TWaA kb hw., BEFHZENIZMO TR I L AF VT EN
ROE > TWD &S ik & 1PN TWDIZTE WL, S AYITHD S mnwD iz,

Iz XS BN FE2ENZROTRECENL SR T2 O HT ) HEINDIHEROIZIFIE
EIVEIZHR D, EWOMEIAREREE LD Z T > TnaWnWZ L ITHER.

3B8EHB5 4, YES/NO DEADTFHNE 572 D RWEM TR TR 52200,

[FARRE 572K 2D RV] LV FRMIE—EHED DR VAL LR B0 7 2 ZITIXBEI A
HBILEBNDERETIERN., @EIE, 2, ZHOER2RNFREEKEL TV,

AR T, BFNENREER T VR LI R BT H L INTWVWEY, TNIFHEROMERK4-Born
DOWERMBIRP S DRERTH > T, BBFFE] WO IDEEFHEDRNITRTCOEBFETHZ L WIHE
RILEICERTH S,
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725 FTIOEBRERT—REZLIZ YES/NO OEM % L\ EIRE7-HO5ER7 K
gzl i3 o, EER LR TER SR WA 7 1 EIVIE Avogadro 2
Ny ER T2 E HHIERL R 05 NNy EY SOBERMEAICE > TERbNZ
Eilikb.

R, BBEHECTHRBER 252255622 L5 (H175). £k T
ZINE L TEREEZ 5.

= =
\ N/

_—

Figure 17.5: Wi#vE R CHRRED 2 51272 255,

WREN AR B RNIRFIIB T ELSREHETA, ko8B TIRERY
boroidhbhrow., Tk TENSTIH] WS YES/NO TEHEZ LN
B0 D0 DHGEIBRAEETCRDN-Z 2125, ZOROZ Y O —0
BN AS = NTlog2 & EORAEMEDEEL EF-7-<FALTHS. T hor—
DEINEO L ZITFIRIZE D (—17.12) LWVWHI B EEEL TV 5.

ZOZODHENS, HEBIZLBZZY bu Y —0BiNE, FTOZEOREELED
TIRBBIZDOWT, 2RI FHRRE DR BNRTESL7-0I1IZbNbNNI S5IZH 5 74 <
TR BRWEROE L EEWIZEARLTWVWES LWI Wb n5.

ILEYVEDEFENE WD T EBZRD LD BT EI N TES: bhvbiiifb®
WIE % ERRNIZERA T 2 Z 3T E S, BT 5 SUXEMRIZER T E 2 E
DEWEZEMRMTERTHETERWI ., Tz, BRo{bEYWE2EET
H, WIZThZ2 DT 2EHRMNTERD S, BERENTERTHETERWLEYED
AEFEIER I 70V SR NED, T50WS Z L IFERKERTB Tl
TER\.

17.17 #BZ{tE T hOE—
MR Z IR U ZZGEIFBTI DL D IS 2% (5B 23 38), Z 2 CIXHIK
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DIKDVHES 72D, L CTERKUIIRD LS BHEHEES K508 k2EZ5. K%z
BNZZET B0, ZTNDREIKRTRVERDLZAEDIREZENS Z & %, Bixo 72k
%, L\ (—23.2). WHDKEIIKED AN SHNH S L S RIBKRDKD Z &
THbh, KOREZEMH, AKOREBEZLGMHE WS, HPZLDLSZ & 2HELE W
S0, KDGE, DNONAHERERT AL DL T, 20 3HITHEAR L XH]T
&, MHAALIERE (B, ) THOMICEET 2. 2 ORRERECC BB & LT
XN 2 2 (BN latent heat L SN 5) DIRINA B 5.

FHA DM BIZIRE T CHENIZZL T2 L SOEEN L THD LT 5L, HELL
NA-SBDGE, T hav—ozli

L
ASpA_B = T (17.35)

12725,

e ZIE, 0°C =273 K, 1 RJETK 1L BB ARDKIZIRS L E, BifEDOE
BUX 5940]/ENVTHS. £oTC, RE 0 °COBREDKIZEERDEGEELDEH AS =
5940/273 = 21.75 J/K-mol = 2.6R (R = 8.314 J/K-mol) & 72 5. Z ik, HEEH%A
DB T, ME2EKRTS725507

JlZ, 1716 TRAZ LD, 1 2 TH7-H —D2D YES/NO TEZ o NLERTHE
LNZIFHRDE LI LY ME Rlog2 =0.693RTHD. &\WS &%, Aoy bbb

—X 13 FH720 26/0.693 ~ 3.7y MIFHYETEZ &Bbn b9,

BLOKDHEFIT IZDRAENT VB KDA T LBEDHDO KD TREARS &, WEL S VATHT
YES/NOODFF?%b&bt%@%ﬁb’ﬁ:%@qutﬂﬁﬁ? B ZENTERY, 2WHIETH
3. ¥ 2T, WHRDPTHTIE OKERAZREDHIT) ZAEE EEICHIFE LAV AT =
BESIIBDHEERDEZOMEMEF 2 XY N THEETSEFTHE3EY NIWEDTH S,
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18 ZFHRBE & Legendre-Fenchel Z#2

18.1 FRROENZE
FID DVHRAE L TN S BET 2540 0 OEARREAE UIRE T O %2 F iR
F& isothermal process £ \5 . B@HTHHPER I A S LM ->7-Z & TlERWVWE WS DT
BIFOVWDOEDMY THD. £HZHRPIPEEITH Z2MBEIFZRVDENS,
EERA2TEICHKEZRKTHS. L L, EBICHERBRZ EH T 5 HERNSG
HiE, RZ2VWOTHBEEE (7.11) 2N L THIRET OBR LBz ETE< Z
ETH5B. ZORHDH LD D DFEPREVRECIRE T TH 5 Z LIt nTW
L., bHLAABET OB EEMUKRITI TOWTHRFNRE S Lo TWEhrbh ok
A

BI1F %D 72 DI IR AR & MORAB 2 v HEERRFE CO RSB EL D D00 5,
SOEE, YA W EF SRR 2 TR U CTEHBEIHE S OB ER L Vv, %
HEFE T Gibbs OBRR (=17.6) BE S 202 FTHEXLD. ROEEE —TIZ
ROWITREATFUCHHBRBOHEAD 2 X TEWITRWD T IE TH <

dE —dQ = dW +dZ =Y ydY; = dX;+ Y mdN; (18.1)
EEADNEZEN, EHINDPDO—ERELRDT
dE —TdS = d(E —TS) = dW +dZ =Y zdX; + Y pdN; (18.2)
EEZDDONVHHETZ. £ T
A=E-TS (18.3)

% Z, Z1% Helmholtz T 3 )V — Helmholtz energy & WE53320, iR HEFH A A
WRETIX (17.1) 225

dA = dW +dZ (18.4)
TH5HIZEITER. FRHZEEEH Z D70 o, dAIXRIZHRNIZINZ & vzt
FHIZmb., ZIZTHIDAQ LU K dW X dZ I3WMA T RDEL S TH - THEMH &
WO ERTIEARNZ 2 IZHERE (—9.9).

320 1AL THelmholtz HHH T 3 V¥ — ] LIREENTZ. TOLRIE DREZEZ 520D 2 I)L¥ —
EELBIWEED] CWHEIKRTHS.
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U722 ZZCTEEEH ZP20WESIEdA=dW THEh1 o, MEGEEIZS
5D L FEEE, FiEERETHERNEFEEAN eIk 532

18.2 FRENEHM TR VAR TO Helmholtz TRILF—DEL: AFRE
FAL72R2FZX LD (L7zDoT Z iAW), FRMERNIOETE T (18.4) 2 6

AA=W (18.5)

TH5D. ZZTWIERDPADP S A HHEFHIIZ I N EFHTH S.
T Z DRI S DRI T2 S HUE (—2.3) 2> TRINRFIE—MIC
EDBMNT? MRRIIFAEAT B72A5D, BURIZE > TEUZEIXERZM D7
IZL o DWVWTWARIRD & 5 RIREEIZkITTn<., 2% 0, ImMAashzW $RT
MADIRIVE =LA B DT TRV S

AA<W (18.6)

LBIETTHD. IhEB/IMEREDFEE principle of minimum work £\5. DF
D, BB —EDEAAZF ST -OITBERRAPSMA S NBLFHIE, A
WHNZAFEZMA 2 S ITRNTTE, LVWS50TH5.

RPN FEE T 5 & &, MR < (Hukzz < iIC) 2037z S AR KDL
HAWMOBINEZ L2 5725 5. TNz mAMEBEOFEH mazimum work principle
EWVWH. ZOHE AIFHADEL, RFAFLLTZANF—2LIDE1S, b
NONDFEOHKITIE, AMAEW HLEBHIZATHS. LI AT, (18.6) Difamik
REE72DT, ZNIEVDEHDI>TVWBIETTHD. L7zdio>T

IAA| > |W]. (18.7)

N RAFOFM: afiilhe TR ZSL DAEFHEWMO BT I N TES, 12
fli7s & 720,
BEERA ZLH5 —HBOGEIZIEW 2 W + ZIZESHZ U NN T TH 5:

AAL<W +Z. (18.8)

LLE, MHEENIEDLTIZ, RIUEERKRREDE > TEFE T XL F =
D e B BT I (18.7) AR |AA| > |Z| BB SN 5. Eilhh S EAMLHE %

2176 TR L S1T, W@ TIIVW O THHEFHERNIZ R THEHFN TR TR 2722 LITHE.
ZZT i‘ﬁﬁ%ﬁ’:}f&h\tb‘ RN
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EOHTEAEMEFE I ANV F —DPELGN T AN F - LTIV HINEDT ZIZDOW
TORKNFRBIFEZIZZRS. LrL, FANIFFERRGZT TR —EET LW
IEMEHMO N> TWBIGENEERDT, (LFEZRXLF—IZ DOV TORAFIEIX
Gibbs TR N F—DE ZATEZX 5 (—19.6).

18.3 Clausius DAEFER & TERE

18.2 DAHFHDE X /51X, WEAIZIZT VW E L ngy, HF 0 HwEEe DK
UL EWS N, MO LS giEimzRMIELTHEI 5. FRBROFEH D7
DIZIF—CHEET OB ERWHEIZELTWA L LTIV, £55ARFTRMNE
BRRBIZH B L IEIR 572 \W\WD 5 Z DIREDIFAET 6 L IEER 578\, Clausius D AE
K (=14.4; TZIZENDRE T ZBBOREL 72 e 2BV Z ).

AS > (18.9)

NIO

LQ=AE-W—Z%{fi>¢&
TAS=A(TS)>AE-W -2 = W+Z>AE-TS)=AA  (18.10)

ZNIL(18.8) TH 5.

18.4 Helmholtz T RV F—R/INDRIE & R DL 5322
AU =22 e DR D & 0 & L, RE - EORMET TR LD (18.6)
&, Az

AA <0 (18.11)

Y25, DFD, FEEM T TR S OEIEHEIEA(LAD EROZT 52700V EGE,
FEZ 2D Z 572 51 Helmholtz TRV F—XFADTRETHS. (18.11)I1XH
75 A DREIRIE, FIDIFRIETHERIBIZH D, SN S DIERO —ffLH 2 BT L L
RNEEE TN L 72 & &, fER e UTHE L 2 FHRRIED Helmholtz T 3 )L — A7
W GZBETENE VNS HDTHS. 222X DDR%2IMEELREEZ —KEE
Z B MR S, TN H DEMERL TEBICART 2 LW ETH . Hk
BESIFESD & 517, REEZ DU CRELSHAHRS TS0 EIXERY, 7TD
RIZEBIZD 28 F2fid Z 212 K52/ TH 5. (18.11) % Helmholtz T 1 ILF —

3227 ZDHEMBIZ 1211 TREZE DL E2IZWITTH 5.
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A DR principle of decrease of Hemholtz energy £\ .

PAFMIZRS & 51z, BEE U CTHMHIRSEMEDR I N T WS RIZDOWTIZETIZEM
25y ULTH (18.11) 2R T E 5.

(T,Y) DR J(T,Y) OFREM T OENZFZNE DTG U 72284653 6 13IRD
EOIEEINS:

SJ(T,Y) =) J(T,Y;) - J(T.Y). (18.12)
i€EP
ZZTHEP = {i} 3T DRDBEPRTELL TOW i ~ORETY =3, ., Y,
Zhilzd 00D ET 5.

RIFHAMADH 5V ITEEE U TR S (7272 LEEIZ S R TERNTH B &
T2)2RINTTETCVWDRHERNTH DL L LS. TDH L FHENRAEBIZETIFH
Bnaid e, MR Z2EET SRY, Helmholtz TRILF—ADY 12T 5
B (—18.6 D (1)) 12k »>T, W2 %

§A>0 (18.13)

DAL T 5. ZHIEFRSEM T TEEREOE BN LMHEETH 5.

BERDGEIZ, BIIFNER I ZONIHRZHR LU TV ESEEZ BT L W& F(Z
&, HEREGZID LD KO BRERHHFAINDDT, SADFFIFHEL LWV, 5
5 h, FIRMBEDATRET, ZDRHIE 6 BB FNZE D 2 EIKk T 555126, Helmholtz
T4V F — A DL

SA<0 (18.14)
ZREEL, STOFEERIIAYBITIILZETIERro72, LWHZeeksd, ZOHIM
ol (18.13) Z R ESMF EIFRDFHMETE RN LTIV, Inr s, Fin
ZM T, & AIREED Helmholtz T XV F =D /NI 78 o TWIUE, Z DAREBIXF
BPREETH B Z LA bbb, % Helmholtz T3 )L F — D HE/NDJFH principle of

minimum Helmholtz energy & IFE33.

18.5 Legendre Z#t

E — A= E — ST % Legendre £ Legendre transformation, & ®EIXi, E O A
a2 S YPoT Y IZMOBZLZEMIL>TVWS [T Y 0dX; % ViKY v
I 2dX 2 E L IRIZENTE S 2L &5, RITWEEEZ N L ENTH — kD
CAXFR & 2. fENIZ,

dE = TdS + 2dX + pdN = dA = —SdT + zdX + udN. (18.15)
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UL, 3721 Tl Legendre ZH#DEIRDN E o 72 < DA 5720,
E(S,X,N) — A(T,X,N) = E(5,X,N) - TS,

YELLE, TRBFICEENTVWEDTIIRL E(S,Y) TkE3 (EIXSTWDOT
HHEGMS TRETH 5 —13.9; 13.7 HEIR):

T = (%)Y . (18.16)

FITEE ADBRBRERMFERIZEZ LS. MMOBBIZOVWTORMEIZ VD EH
LARDT, MFZOEATIR (RIZMAET)Y 2000t H 5.

E A
! ()
SO N
- o
) X\%\QQ
N
S A
& .
@ > S

Figure 18.1: Legendre Z#

E i3S Of#e UTid (BFEKR) MEKTH S (—13.9). TV B E—DEDIF
HIZHBREEZEZ D (K 18.1) &, TOIREDIRE TIIZD SIZHF5 E DR
(B DER) DA TH S, FHUME 2R > THRAZES (V) Hif E =TS &/
2, A=FE—-TSI\IENLD B JEIEHEN S FRALD B JEEMHEEZ L W-b D72, Z
T T ROV X — AN o TEREE (A 13/ 5 DN W2 sElE) 25 295 L &,
E=ES) WSl E =TS &\ EMOT/NE#MS A THE L 0D Z ez
5, ATEL L

A=minly[E(8,Y) = TS| (18.17)

E\WSZ L EL, | DAEIZDOVWTWS FIEDY THIEEEY % —EIZff-
M0 CR/MEZET I A2RTILIZT S, ZH5ELE, ENS THHA
BT O, MBS (X HE DN

(g_g)y T (18.18)
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272> TWT (18.16) 52 5D 5, (18.17) i& Legendre 1L —5 4 5 Z L h¥bh
.
(18.17) %
—A= m§LX|y[TS — E(S,Y)). (18.19)

cELE, BIRMBEBTH LS, THIXMENTIZEIT S (#4) Legendre-Fenchel
254 (partial) Legendre-Fenchel transformation (—18.6, 18.7) TH 5 Z &b h 5.

InolE, AETIETARTOD Lgendre £ % Legendre-Fenchel Z#1 & L T
W, MHERT (—13.1) OBEERREBERTH S I L 2T S, I 51T ((18.18) 2Bl
TW5 &5 7%) BEBOM etk 2 KE LR\, ZOISMHZ (b 25 C DBICEET
H5(—23.11).

18.6 Legendre-Fenchel i
MEAE f R® - R (—13.2) 1T LT

fr(x) ==Sgrﬂaf~y-— f)] (18.20)
% [ OHAZEAE conjugate function &\ [Z 2 Tsup & max Z MFFEIZKHIT5D%
DTN, RIKIZB W TEEHER 72 sup 2 5323]. 24 f — f* % Legendre-Fenchel
Zi#i Legendre-Fenchel transformation £\ . B f I3\ 72 25 & T A AIBETH N
IX, 18.5 TH7z & 91T, Legendre-Fenchel Z#X[H D Legendre Z i & —39 %324,

FEHTAREIROZDOEHTH 5.

(1) MBIE D LRI M TH 5. [FEIH —18.9]
(2) " BIE D AP D AL BIBUI T DB DE D TH 5 (f*)* = f+ = f. [it
i —18.10]

323 (sup & max)) ‘max’ IZRAMETH > T, M = maxyec f(y) &, BB f PESECOFOH B
WCEBIZ-BRERMEM 225, LW ILEFERTZDIINUT, M =sup,co fly) & fAC
ETHBMED ERD S5 TRANDED (D VEE f(C) DERNEF) M 7225 Z e 2EKT %
WS, fOEBIC M OEEIND &5 72 8H C ORIz THEDRW. FIZIXC = (-1,1) IZBWVT
fly) =1=y? 122V T maxyec f =sup,ec f =1 TH B, g=y® KL maxyecg(y) BFEL
BOH sup,eog(y) =1 ThHD. 05, sup & max FXAI U2 TER SRV, EREIIZ I$ KA
ETIEHZDT, sup % max & X TWTHDARL.

324 Z DI A RER G S H & ® T Legendre £ % K E T sup 2> TEET 2 DM
272> CERD, Y TIEMA AR WO THHEIHENIZHE TWA DT, AFTIXEGMNIZ [Legendre-
Fenchel 1] ¥ \\WS HFEEMES. WMAARETRVWEAERA D Z LIIHE (AR EDH 25517 B
BB OEEN (—18.12) 2R T 2DITHHTH S (—]23.11).
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Er ADBRIZEIL TZ DO DOEHENEIRT 5 Z &1t
(1) —AXREOEE L LT THS (0F 0 AIFEEOBKE LT RIZNTH
5).

(2) AZHI>oCTWNIX E 2521 TES.

FER (18.20) IZH 25D ADBENRERDE S/ THS. LerL, (18.17)%
(18.19) IZH B BN ZIZ K VEED WK TIEFFEDE 572 D sup/inf BELD R >
2D L TWa, HAM (1831) TH/HEN LD oTWE., ALEANIXV VDD,
EHIITEDZLITBDEERA L RVDT (18.20) IZH D HMNCHEMT 5. LS
FoLFAUKEELTWS., £I T, ##&iZH Legendre-Fenchel 210D & & 13 ™ B
BIZDWVWTD (1820) THDLWAD I L 2@ ED5.

~— N S ~—

18.7 B D—ERIC DLW T D Legendre-Fenchel i
Helmholtz T 3 L ¥ — 12§ T b T V355 (—18.5), E — —AlE EOEH(S,Y)
D55 Y XEELT, SIZDWTKI Legendre-Fenchel Z#3Ef 7 T0W5b. &
D & 5 722 HFH 73 Legendre-Fenchel Z#: partial Legendre-Fenchel transformation
EIEIRETHAS. TOHRFEIF 186 IZHIHL THLHBEHDGELIFLEALRL
ThHb: ZIEUBRWTRTOERZEE L THFITT 2EH7Z1T 2DV T Legendre-
Fenchel Z#1% Z7 3 IXWV\W. T TILfli->TWBD, IROEIEEZEAL L5

J*(x,Z)==sgpbkt~y——f(y72ﬂ~ (18.21)

Z DI
fly,z) =sup|.[z -y — f(x,2)] (18.22)

OB EIFEBAATRTOERBIZOWTIMERTH 523, FHEBEETIXSIC
DWTH, DD E %2 —ZHEE &L 7 T Legendre-Fenchel Z2#i% {fi>TW\W5. £
THHERTID, TD XD B2 72 Legendre-Fenchel Z2#T15 & 1 2 % (5D
BEIE —A) I, HFICUTWARERBIZOWT (5OHEIE T IZ2W0WT) &, MBI
ThH 20, MOEBIZDOWTIIEMFTORB (5DELHIEE) LAUTHE I LITHE
B, DFED, —ARTIZOWTIE (RY ) MEKTH B, Y IZOWTIE (MBI
YA FAEDITTO2LKDELTWADT) (£ T T)MEKTHS. Lzr->T,
A(T,Y) iZ2tke UTiE MBS TH MK TS .

18.8 WERT RILF—%LZEH T Legendre-Fenchel B 9§25 EIRDHHM?
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B cfibiv s Legendre-Fenchel Z2#d WD Z DRESIFEKIZ DOWTTIER
KZDMBEBIZDVWTOEDTH S (=18.7) D, E = E(S,Y) DM EHU
DWW T Legendre-Fenchel £#19 % & ¥ 5742507 EIIREBZHO —IXERAZLDT
(—3.5)

0=sup[ST +y-Y — E] (18.23)
SY

5. TNRBERGHERTHSD. £572550. 01315 A5 AMBERZL» T2
Hud
E =sup[ST+y Y] (18.24)

Ty
THhd. 01 FF 57K BHRIVPRVHBRTH L. TIhomBLHEZHEL THRD
niE, O EELRBNFENREINDEIDTHD. Ln>T, HHIZR X 5 (18.23)
EBNFOREMEL UTIHA S Z L HAREZ A S IE & BAFEE O R E T R T
(T,y) DR E LT, 013582 BI1FBIM (—18.12) 72D 7=,

18.9 MBEHOHZBEHIILEHRTH S
DURQEEART & 51T, f* 57 (18.20) TEHBINTVWIIE, fOVWDIAICEDSS, i1
Jensen DAEX (—13.3) i 3525 MEKTH 5.

FEEDNE0,1] 25T

Af* (1) + (1= A f(x3)

Asuplxy - 2] — f(z1)] + (1 — A)sup[zg - 25 — f(22)]

= isuf {Azy 2] — flz)]+ (1 = N)[xa - x5 — fx2)]}
> sup {Afws o] = flen)] + (1= Ve 75— f(z2)]}

= sgp{)\[ﬂf ] = f(@)]+ A=Az 23— f(2)]}

= suplz- (Az] + (1 = A)a3) — f(z)]

- ;Qﬁ+u—m@y (18.25)
U72hioC, f*id f oMEIZEb S B TH 5. K, MBI LEREBILMBERTH 5.
18.10 f** = f TH >

FRYSREMERETSE = fTHD.
FBIZE>TV2 ZLT Wy IZ2W0WT

[r@)=z-y—fly) (18.26)

THB. BLL fHANARSK Y I OVWTEERR LT 2L ¢ WFET 235, LEs-T, T
DEDFEETE y IZOVWTHEORLT S o BEET S, DD, HOEERHLT 5

fy)zz-y—[fiz) = f(y):SI;p[%y*f*(I)]- (18.27)

325 Z N AR ITEIEIICBER S 5 72121, B £ O SRHE I O EMESBET, Tkl
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ORI P OEBETHENS, = f EEKLTWS.

18.11 Legendre-Fenchel Z#:(Z & %5 Helmholtz TRILF—DERIL
(18.17) %
—A(T) = mgx|y[TS — E(S,Y)] =sup|y[TS — E(S,Y)] (18.28)
s

EESHITAHALD. EWS) ZMEBTH 05, THIEMEN D (#857) Legendre-Fenchel 28
#118.6 (H 2\ F 18.7) ITflZR 572\, DE D,

—A=FE* (18.29)

THD (12770, TRTOEBUIZDODWTEHBLL TWEDITTHRL, SIZOVWTULMEHL Tk
WIZEITIFER). IO oEBICT OBKE LT AWM, 2F0, AT) E EiCMAali
EOBBTHLZ Db, I5I1I22Hh05

(—A)* =E* = E. (18.30)
THhdILbbnd. 5D ULHobizEL L, TNk

E =suply[TS — (—A)] = sup|y [T'S + 4] (18.31)
T T

WS ThB.

COERTZLIAEMOTERTHS.

E = ESY)F526NERIIDVWTORNFHEFEZERIZHBRLTWEHEKTH S
(—18.12). =125 2 515 Helmholtz TRV F— A0S (18.31) D& ST EWME LI N5,
EWVWSZEIFAD, ELWD BT FREUNDEARN TR VBT FEIKEL TWSIZH 0
»h 5T, BIENERE 2GR L TWAEBTH L L VWS T LT

18.12 T2 ZEH

Legendre-Fenchel Z2#i T T 2 )V F —%2 TV b1 ¥ — &AL FH K OW)'HE A D B #k
E = E(S)Y) & UTHEHILHEK T & 2200 2B % 58270 BB complete ther-
modynamic function £\ 5. 18.5 1257z & 512 Helmholtz T X V¥ — 1% D —4H#T
bH5.

18.13 Helmholtz TRILF—IZ DWW T D Gibbs-Helmholtz DA,
Helmholtz T IV ¥ — 13552708240 18.12 TH 5 H* 5, Helmholtz T R ILF —»

DDk D IZHHINTWS (—D.2).

LU fAMTARVES, &y TN U TERERLEE S o dAET B RIEIERVDT, [ = f
WAL BRFEIE R, 18.9 TRINT WD L S1Z, M THO., fANTHIHATIE f &
—HTEHDT, Ik f DME conver hull LIEIEN 5.
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ST RNV F —2EHBRTEE2R0ANH BT, E=A+TS,dA = —SdT+ydY

DT
oA 1/ 9A OA)T
E=A-T (%) =4+ (=) =(=]) - -
<8T)Y +T(m/T)Y <61/T)Y (18.52)

INEZHZEILCGibbs TR F—IZOVWTOAR (19.7) 2HEELZHDTH 5.
PIERIZBI L TWB DT, S pudN =0 Th 2 (MMLFMEIE—E & IZR S 7220,
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D #5 : Legendre-Fenchel Z#: D& {a] 2 HI =K

D.1 MBI THASBER TZALNS
R RZMNEBETEEZDIET T T epif (—13.2) ITMESERDT, Th
SO FIZHIBEMp=h(z)=x-b—BBFIETS. D%

fle)>2-b—p (D.1)

DEALTDHEIICOER L LERZREIIENVTE S, MD.1AESK. FIZKD
WZDOWTBETEDLREINEIK W TEFEMy=a-b— W f OIS T T7ITHET
5EXDIZTES. epi fICET HBFHZ f OXFHE M supporting hyperplane & I
S fDTITTEDEDN epi f DX DXFHELHOEIKE TH D Z b0 5 (K
D.1AZMR). DE D, epif DXFHHEFHOD /AT A X (b, B) DRAKN S f DFREKT
&% (—D.2). Z4h Legendre-Fenchel Z#i 18.6 DAE TH 5.

(®,-1)
normal
direction

supporting

y=bx-p

supporting-plane
at the red spot

Figure D.1: f O XHHEE -1 D4

D.2 XFFBFEEED O DLEARDOBEERN
fiR" 5 RZMBEHE TS, ZTDepif % FNZED (HELTVTH W) HEYHZ
p=zr—pr &ELILITL, INZERLTVWEINT AL (o 1) BHOEEG %

826 Z D /iR (2, y) € R x R T (0,—8) 238D (b, —1) KEZT BHTHS:

b,-1) - (z,y+p)=0 = bz—y—F=0=y=b-z— L. (D.2)
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Fre&EZS:
F*={(z", )} | f(x) > 2" -z — pu* for Vo € R"}. (D.3)

ZOEAPHMEATH D Z LIFIRD & 512 Jensen DAREX (13.1) Z2ffi> TRES:
(xf, ) & (b, ) W IZBLTWVWAE L LS. Ve e RPIZK LT

flx) > af-a—p, (D.4)
flx) > ah-a—p (D.5)

THBEPSAE0,1] LT
fl@) = (Al + (1= N)a3) -z — (Mg + (1= A)p3) (D.6)

MDD, DFED, (Arf+ (1= Naj, Auf + (1= Nub) € F* Th - 7=.
Vo € R*IZH LT
fle) za" o —p’ (D.7)

WS Z LI Ve e RV LT
P>t — f(x) (D.8)
LS ZEERS
pr Zz supla” - — f(z)] (D.9)
ZEKT S, DF0, (o p) e Fre WD ZEFBEB [ ZIRDEDITEHKRT S &

it > fH(at) = suple @ — f(@)]. (D.10)

xT

SWHZ Y, Fr =epifr WO Z 7. 0 fOLBEEKTH D, [+ IZENE
BTHo7=0 f*iE, 9§ TIT18.9TRAZLSIZ, MEAKTH 5.

[FEER T, (z,n) € F=epif DFRMETT, 774 VBB g(@*) =2 2" —p
D _EREIZZ > TW5.,

D.3 HAfEAEFEX
fRMERE TS, V2IZ2WTARZ ML g B3
f(z) = f(z) + 2" (2 — @) (D.11)
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ZwEd b E, otk xllB 5 f OBEN subgradient £S5 . U TAEFR (D.11)
% B BAE X subgradient inequality £\ 5 (K D.2 ZH).

0f(x) = {2 | /() > f(z) + - (= — ) for =}, (D.12)
FNEATH D, Of(x) X285 f ODHEWMS subdifferential LTFIXN 5.

N

/0 S
) e

\\ X f&“\\

&2
Figure D.2: AR o+ & HABAFR DKM
ZDAREADPERT 25 Z L 1EH D2 DHDFRWERIIELTWSE T 7 1 B
h(z) =a2"-(z —x) + f(x) (D.13)

DR (z, f(x) 2B 2 epif DXFHEYE (—-D.1) 2RI & WS I &7z,
HELE [ CMAAEETRZVWRSIXZ I TOLLARIT—FRN TN, DX D,
HW3 0f(z) (DA2) IF—REVE DN GRS,
BUH A T TR SIE, (D.11) 1
f(z) > f(z) +Vf(z) (2 —2) (D.14)

5. ThEAMRAERX gradient inequality LFERZ 2120 & 5.
D.4 ARAEXDRER
[ RO THAWERSIE, ZOZMr, 1220w T (D.14) &L &, {LED

21220\ T

flz)+Vf(x) (2 —x), (D.15)
f(@)+ V) (z—1) (D.16)
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f@)+Vf(z) (2 —x) = f@') = f(z) 2 V[(z) (2" —x), (D.17)
f@)+ V@) (x—a) = fa) - f(a") 2 V@) - (z —2).

=
=
\YARY

ZDZDODXNZMA S &

02 Vf() (@ =)+ V@) (z—2) = (Vi) =V[f(@) (' —=z). (D.19)

2% D,
(Vf(x) =V f(@) (x—2")>0 (D.20)
NEonb.
BZIX, ZNEHNBTRIVY— EIHEAT 5 & BIEEMOERED DR D E

NHEDEIZDOVWTORER
ASAT + Y " Az AX; + Y A AN; >0 (D.21)

HESND (IHHIZ 23.6).
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19 HFEREFEBEEE Gibbs TRILF—

19.1 FERFERDENZFE
UIRUIREBRRIE, BRSSO Iz, FREFETITFONS., EITEERIGNE
U 5% TlE, Gibbs BRI

dE —TdS+ PdV =d(E - TS+ PV)=> 2dX;+ Y _ mdN; (19.1)
Ve i

L EIF 505, Helmholtz THILVF— (—18.1) DFH EWMITIZE Z 5 &, Gibbs T4
WV — Gibbs energy & FFIENHIRD &

G=E-TS—(-P)V=E—TS+PV (19.2)

EEHETDHODVEETHSH. ZHd Helmholtz T 4L F — & [Alkk Legendre 21T
HBHDT, BE% S VIZET S Legendre-Fenchel Z#12 UTIRD L S IZENWTHL
DM, ZOREMMEEEZ L2 IIEE VAR THS (—18.6, 18.7):

—G =sup|y\v [T'S + (—P)V — E]. (19.3)
S,V

G (MZEEL THELSD, )X | ORIZHELTHS. VOREKELEHRIT -P TH
5 Z e EBENIRNK DT, Legendre-Fenchel ZH#D —fGn (—18.6) 2o —G & T, P
DEEE UT (VDSOS RTOEMEEIEY, Z2EE L 7G6E) MBEERTH v 7, Uik
o T,

E =sup|y\v [ST + (=P)V — (=G)] = sup|y\v [T'S — PV + G| (19.4)
T,p T,P

D& EDVHEBRTHEITLIND Z LIXADEE (—18.11) L[HETHS. DF D,
G \FBN R Z ST RITEER U TV S BT (—18.12).

19.2 #2587 Legendre-Fenchel D W T DEE
18.7 CHELZ&DZ, T, X, N TR TOLEKEHRE LT AIXMERTE M
BTEWw., ZOME»S GIZOWTHEUZEI BERVPBETHS. -G T,P

BTN DEGEFERE, ZIZTH S, VIZOWTDEHZ Legendre B TH 5 (—18.7).
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O LT, 2F 0 GV UNOLFHEBEEYEEREE LZEE T, P
DL UTIE=AROMBRT, T, P2EEL7ZE XV U DO P'E
EOLERBHE LT THE. bBEAA. TP, Y \VIRTOEHELTE
EMTHEMTE R,

19.3 T4 I)LE—
19.1 @ Legendre-Fenchel ZH#IIHIDIZ VIZDWTDEW, DNWT SIZDOWVWTDE
e —ReA e U CTHETE !

—H = Slép ’&y\v[—PV - E], (195)

-G = Slj{P lpy\w[T'S — H. (19.6)

Ihaegedd e (193)12745. HIZT Y XIVE — enthalpy EFEIENS. T b
WIS AN F— 3B CHE T TELDTINERNZENICZLRBERTHD. &
LT TR L 2L TR VF—DHAD ZEAELED DT R
F—ZMBNAH TH5. Thid, HBOERE TOLF G T HIUXKIGE reaction
heat & UTIRINE N5 B IZHHY 9 5.

(19.6) & (18.28) 2R 2 & (18.32) T/t L 7z X

BEOoNS. Zh%z il Gibbs-Helmholtz DA Gibbs-Helmholtz equation £\ M\, 5
BRIZ R & o 72 KIS E 5 Gibbs TRV F — 2GR T 2 DICffb s (—24.1).

19.4 EZRFV v )L E Gibbs TRILF —
L FEERTIX UL U IR D HEEN 7\, DF D, KEEFEUADLFHD
HUANDBRWRZIRD Z &Ik 5. TOHEE

dG = =SdT + VdP + ) judN; (19.8)

2o, FRFERMET TR
dG = pudN; (19.9)
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5. Uo7, FRFEEG FThFEYEZX 172 1D TANIE, Zh
R (dN; D S EERNCHIS LI LERT Y Yy LR S NS IETTH B,
272U, BondLERT Y vIVE, 17.7 THALZGE& L #E - T, M2
T, P, BLUOVIKEDERIEEIETH 5.

dN; DFERIE (—4.8) EBREMUEYE i % dN; EVRITIMA S Z L THS.
T, ZORMEMEYE | DAZETERNEERZ N U TEITLTE VLR S,
FIZH 5 i WEDERT V¥ v VIR SBING 14, TDHEDTHS. LaL,
WZIERDFEDLD D06 RDOHIZH HFWE i NZEDE £ dN; TV (REHVIZ) §
A BRREIE IRV, WIS TRIGWE U 2 D@20 5 72,

(¥
SN

N
2

ik

19.5 {LE2FEHDOFGE
dN; Z I Z 281D R D EMHRIEDL LMK EIEDR N TH o722 T 5 &, dN; M
SNTZZ eIk oT, [EFMKIIE(T S, TOEE IN = {dN;} £ELZ2ITL
£S5, ZNIZHET BT ANF =X (T, P—EFMTT)

J
THb. AP AN, 2 RIZINA % & %D Gibbs T4V F—1% 1,dN; 2463 5.
koT, 2he FoRIF—HUL R TR S AW

J

51T, —MINITIRDERDEL L TV TR 5720
p-dN =p-dN. (19.12)
FRHALZRIGD B U 72 RNEBCTEL B 2§56 &, (bFER IR H -2 LTH
0=p-dN (19.13)

TR TEAE SRS, ZWMLERISOTHRIETH 5 H5, L FASICIRALER
BBV EDAEZ D (RISF DS DI 25 U T THRD).

S 5bhrd & S51Z, Kirkwood & Oppenheim DEBIZIZIHEINT VWS L 512, RAEHEL
TWIURLZERT V¥ ¥ UM Gibbs DEARIZEND Z & 137\ .
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19.6 “Yt2EFE &R
% DIALZDERBRTIMEBELFUND RN E DLEFEDOP D &L DiTw. 1T,

dG = —SdT + VdP + > j1;dN; (19.14)

W, I, E R O A G T TR (5 17.1)
AG=2Z (19.15)

L35,
TREAAFEERETIZEDIRDENT? G=A+PVENPS, WHIKMLHEDOADY
Al

AG = AA—W = AA+ PAV (19.16)
ThHhdIePbhrsdin, (IR N:) mMEEOFE (18.8) 2256

AG < Z. (19.17)

2F0, RMEFELAFEOFRBE L TEESREAEANESNS.

BLRAF T, ZOFRMEIEME2ABET 2L EORNERXRTAINVF—2E5X5Z
b, RARAEFEOFE (18.7) 2t LD L £ 572 FUHERT, 7z& A IXEM
POBLXKTLAINF 2RO T & S IR AEFLFEOFEHE L THNIRE

IAG| > |Z] (19.18)

WEPND., DFD, MO HEINDG B FTHERHNLR L S HPRRTHD.

19.7 Gibbs T X ¥ —H/NDERHE
AU 72209 E R FEUNDLEFEDR D & b 2 LT, BEED—TDEM
TTH DY IO (19.17) 1%

AG <0 (19.19)

5. LLRDEEE, Helmholtz TRV F—DE 184 L 572K Wif7TH 5.
RS T TR 5 DIAEFEEEAEAN D ERDFF 55 (RELFEZ RV T) v

5, EBRIZEAPEZ 572 51X Gibbs TANLF —IFHADITRETHS. (19.19) IZ
BIT2 A DOEKRIE, HOIERITEEREBIZH D, MBS DIEKRD (KFEEFHUS
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D) —fftFrBEE U WEREZZNICH L7z & &, fiR e UTHEL 2 EMRRED
Gibbs TANLVF =BV HZBMTENLEWVWIEDTHS. XX D20RE N E
U72REZ — R e Z 2 2 MPREDN S, TNITHDBHIEEZL TEBRIZEKRT 5 &
IRBIETH B, BRBENTFHNESD L ST, REZSE L TRELZNZ Hiid 7S
THDEIFRELY, JTLORIIHEBIIHHFEL2ET L ICLLLMTHS. (19.19)
% Gibbs T3 )V F —iHADDFH principle of decrease of Gibbs energy &\ 5.

o, FREERMETTHBRED Gibbs T3 IVF —DE/MIIR > TR
X2 OREBITEHERETH D Z A 0h 5. T1%E Gibbs TRILF —DE/ND JFUH
principle of minimum Gibbs energy & IFE38.

ULoL, PARICR2 L5102, AL UTHIHERSFAEVIEIN TV D RIZDOWVTIE
BN LT (19.19) 2R T E 5.

Y'ZY DoV ZBRWEZIXRTOEEREEE T L, (T,PY') DB J(T, P,Y’)
DG E M T OB FZE T IE U 72224650 07 13 IRD LS IZEHEINS:

SJ(T,PY')=> J(I.PY} — J(T.PY’). (19.20)
i€P
ZITHEIP = {i} BAOROWT i ~NOREITY =3, Y, 2T 5%
DEI 5.

RIZHEFRD D B W FEEE U TR (7272 UBEIZ T R TERW TH LR/
22T OB DTHEHLTEH)ZRINTTETCVWLHARNTHD L LD,
T DH 5 NVEPREBIZENFNE R iR T &, WG ZEET S0, Gibbs TRV
F—GOY 1T 2NN (-19.1)I2&-T, wWDOH

5G >0 (19.21)

DRALT B, ZOXFRFESRMA T TFEPREDO EH BN 2MEH TH 5.
HERDHEIL, RAOFNEDBRZONNHHZRL TWLEZHEL VWS &
ZiE, FREMEZID 0D KO BRESBHARINLEDT, G DR IEMEE LR,
b5 A, FIHBEDHRET, T OKIX I PR FNEN 2K T 558128, Gibbs
T RIVF = DR
5G <0 (19.22)

ZREEL, STOFEERIIAYITIILZETITRro72, LWH T eksd, ZOHIM
D51 (19.21) 2 ZESM LSO T E N2 & Tl .
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19.8 SEEEN—EDEHED T TOHEEHE
MROYBE DR > - ZHMF L TWBE E ZE (B & D5 EKDFWZKD X S12),
RETELTWS2 - D2DHALB2ZOYEZEHICKMTE ABETHELZ-D0D
Hixo72R A, BRI HIENTES. WETEEP —EDEMETFTTIDOD
DRZDMIZ B B 5 ff 1% Gibbs TRV F —DR/NIIRE L TH D (—19.7). &%
® Gibbs TXIVF— G X A, BZNZEND Gibbs TXILF—DFIZRDT

Gayp(T, P,N) = GA(T,P,N — N') + Gg(T, P,N"). (19.23)
Ihz N TR 9 i
—pip + pp = 0. (19.24)

DF D, EHEIZH D HTIERT vy VIE—H L T TR S 720, M
HAFDERM (19.24) 1, ADPMHASBIZE2ZaRTLT5L,

Ap=0 (19.25)
EHEFHIT 5.

19.9 Clapeyron-Clausius D2

WRPENEZEZ 5L ESR5MIERNICHEELMETDH 5 (WA vacuum
distillation 2 W Z5). TNZHET DIZIFZENTIRERT VY VDI E S ED
LB BB D BN, HHEBEE U TERBEDOAD D 5 R TEMREV/N 20, €
Vv bBaE—=S/N%Zs&ESE, (17.11) &

dp = vdP — sdT (19.26)
LELZLENTES.
19.8 LA UICADMHA-BTORLERT L LED. K191 DHKAIDE O A7
MRIZFE S TAT, dP ZH5 L, (19.25) 1%, Av=uvp —vp, As=sg—sp LittlF,
AvdP = AsdT (19.27)

FHIF5 ((1925) 2DH D). ZORXRT, dT/dPIFHRHOMEE, D0, HLFEH
DUEZ D EHEBIRENRE S EDLE0ER LTV
dpP _ SB —SA
dT |jgz vB —vA’

~N

r
%
(19.28)
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Figure 19.1: —MIEFHIRIR>TIENZDULER B L
HD 720,

LFREEIZ E S ED S0 HARHOMEE D

\

Z % Clapeyron-Clausius @ X Clapeyron-Clausius equation & WX, A—B OFEFE
2Qrd b, MEMDEEE As DR (17.35) 25 (19.28) IX

ar| @
dT |z TAv

(19.29)

CEZEYS. LOEAET B MWEHEHE (RAECEE) T AXSHELRS P IXRET T
DZDOYBEDEKIETH 5.

19.10 BREFERS

17.14 TlX Dalton ®EH] (—17.10) & Raoult DL (—17.13) &\ 5 RRERHINC I
DWTHERDOE G DR DB RIEEY) 2% A 72, Dalton OIEHNIZ X 720023,
Raoult DL BMEREDOEI & DEEMITHLT 525G FEEIMTHS. LrL, TV
DRz BOPLITEVWE ZIEPRVEHTHL I LRHISNTWS., LzA->T, H
HEAREBOMAFRT Vv VDR (17.28) B LU (17.29) iF o D/NX 2R & EZiEH
O EWVEBTHE L WVoTEW., ZNSDORDRIT S L &, ZOREY%HEM
FVEIEEY) ideal dilute mizture & FEX.

HDEMADD BRI L UDBIRL 2\ 2 & ZOHBRDOTTORMARBK S DE N
D x MLURDEINZ MBI % &\ 5 KR (Henry DERI Henry'’s law) 13 Dalton @
ERTZ R NE Raoult DERID S H B DY, Raoult DIEAIE D £ 11X B 02E < DR T
B RVASN

19.11 BHET
W B DEKICMMOME ARELDRIZLCe (« D) ZTBEHRLTWE TS,
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D& E, WET OWARDILERT > v VI (17.29) 2BFIZLT (ZZTIRIEAP
EEZIRVDTENR), DF 0, FEXTVAEEZ2HAFEESEY (—19.10) &
ARELHE LT,

pr(T) = u7(T) + RT log(1 — x) (19.30)
LEIFDH., ZITUP(T) EB TTELMBBAEDIERT VYV THE?. 2D
BEWERNS B OFEEPTH TR EEZ 5. MEWIKIFEACHPEOB X075
DT, FkFERTF D BOAERT VY vy V& ug(T) £ EFELS LA T, I2EWT, 19.8
TITILREELDIZ,

17 (Tn) = 13 (Ton)- (19.31)

ARIZ K > CTEZRRICAFMYINEL 2 LSV TN S: T, — T,, — AT (&

& %N melting point depression). Z D& & Z DIRHE DFG & 2 H 5 DIEAH
WA %RBATZRIRTH D ZDOIERT VY ¥ Lk (19.30) 72 O TS 1%

us (T, — AT) = pu5(T,,, — AT) + R(T,, — AT) log(1 — x). (19.32)

x DN W& U T Taylor BB 1K (2 AT 1ZEIX O 87w O TR

0

o7 WS (Tn) = pE(Ta)]AT = R (19.33)

BREOND. T2 T LITEEE (-17.17) TH S, p DR IE (17.11) 205,
L

[50(Th) — s5(T)JAT = Z-AT = R,z (19.34)
1D TR T T BT AT 1%
2
zxzﬂzzﬁﬁ?nx. (19.35)

BEzEVEEBENLEZDHDTH, TNRBETETHL ORI d L EH
m¥%5®%wﬁ#%Mbtb 272D, BAAY (19.35) SR LD X 50T
BRT2ZLiikhd. ZNITEMBIKOHFTA A VIZEBMT 2B ONE 5 2
5Ll ol-DT, EERMIZEETH S (cf. 26.2).

2 DEITIE o RIMHMEZEKT 5.
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19.12 R ER
W%K%k?%’t@&thfﬁh%g%%%Tm“,%5ﬂﬁATﬁiL%b
Fr 72 22 P s TR D IR D IR L AW DY x BV R A o 7R & H3 b2 Al 1z
5L lilnd. (19.32) ITMY T 5 Ak

pe(Ty + AT) = p (Ty, + AT) + R(T, + AT) log(1 — z). (19.36)

Fwamld 19.11 & F o =< Wifr720 6, LezsfbE#e LT

RT?
L
WEDT, D SRMY D012 ERTHH ML, T, I tBVWTZEDORKEN P TR

RAPZZITHATHTHD. TNz /lE 570 FRE T, £ P— AP TFER
T ILDO—HEEZTEIZO:

AT =

T (19.37)

pS(Ty, P — AP) = uS(Ty, P — AP) + RT,log(1 — ). (19.38)

{BERT V¥ Y VDESHRIFED BB TH 503, Thd (19.26) S5 bn > TP D
D 1Z Taylor &R NIX
—vgAP = —v, AP — RTyx. (19.39)

DEGELMEDEBIWARRBIZWARD Z N K 0 EEEFIZKE VWD T oy IFEHL TX

< S HIZERMARIFRAEEELARTIELL TOVWEA I D5 vg = RT/P 25 L[5
(NI

AP = Pz (19.40)

LHEZo6N5. ZHIFAREMRIZ Raoult DIEH] (—17.13) TH 5.

19.13 }ZFEME: van’t Hoff DA

B 1720 @ RIRE R 2 T U C, BREMEE 2T 5L, (19.30) 25
DB LD ITBERD S OBEBEDLERT > ¥ Y VBB O TN L D E/NI WD T,
RIISHAE D STEBALTRAL LD 235, ZThEHL & EH S 7-0I2ERMAN
Ft%#&&<fi&bam BN A SIEEAN L WNIAAT IRV LD
295D nR/NGED m ZiREE WD (H19.2).
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v
selective membrane
for solvent l

Pure : )
Solvent Solution

_;)

Figure 19.2: KVE-ORENTEHD FHIMRAT M2 KT

DE D, HOVFNRVEHRIEE ME S IITBBADOTESZ P — P+x LML
<TIRWIT AW, BEOILFERT VY vV ugy, DD &0

1oty (P + 7, T) + RT log(1 — 2) = i1 (P, T) (19.41)

TdH5HH 5 (19.32) D Taylor R & [AFLIZ U T van't Hoff DL van’t Hoff s law

—vm = —RTx = m=nRT (19.42)

NEoind. 72720, nlFEBVEETH S, 2 FEVAETHE DV 2 < 1 DEETH

5DT, BIE1ELVH-0 DBEDENETH L. ZTORBIFvRDTar/v=n
55Dz,

19.14 m—HHE

Raoult ®EHI (—17.13)), Henry Ok (—19.10), @lsSfE T (—19.11), @i LA
(—19.12), van't Hoff ®JEH] (—19.13) iZ T R THEEOMEMEICIT & & TR T v
VY IVOHFD logr D log(l —x) HOEW (DF D ENLDEW) THEDT, 0 &<

KDIZUTEZRBZENTEDS, WO DITTINS DHRFIH—IMEE (colligative
properties; —AG T ICEETE A MHEL WO EIER) L Sbhb.
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20 YYaET7>VOEH

20.1 AT R F—DiEMOATaeME, ES
WEBT AN F—FT> ba ¥ — e EH RO EEEOB L LT, Egimiios nlqe
RN TH B Z & T (13.9). L7zdioT

dE =TdS+» zdX;+ > pudN; (20.1)

TREWMHTHY, EDMEBMELS, T, o K0, 13Ty ba¥— 2 EEHROYE
JEREDBIE L U T (Lipshitz) @4t Tdh 5 (—13.4). BAOFEEZTI 1S5 EZINUAEON
HMLANF—DoNE, FIZIKIREDOBI I FREIZ L 2WMAWREEREEZES 2
ClETERWV.,

UL, RRERIIZIE, FEZMEDZRWERD, 2700 @R OmMA vl feEA AL U T
W5 X5 THE¥0. £ITI I TIEHENIT AV F —2 G v etk (C? 1) %
ROZLZIRELT, ZORREZHANDEfEZ L TH <.

TR R DB A2 51T BEIEIC DV TAREN R AKX 9.2 2.

20.2 Legendre-Fenchel Z#i & T Z#
Legendre-Fenchel Z#: (—18.6) IZ & > T, BoNd%aRETIFHEE (—18.12) D
HNIEBIIREBZ ML TR S WD T, & UHROENFPEMORTE DR 6IE, D
fEl DET ) F 2 DF % B D D E D BT F A DM LT 2 BB UIXUIXEL 5.
Bl 21X Gibbs TRV F — DN EBIL T, P,Y \V 72025, ZOEKOMZ S, V, Y \V
TERIT 5 2 EDEATER (—11.11) 25 7212 FERI NS, [MEXRT T v
NERERE TN TEI LI TTIIR®>TE.

INDHbnd X5, NEBT RV F = ZREG M TREME 2 /5D 2 & DI
ERIBI121, R BBNFEE OB FRTHBIIMD LR ET
ER-RANAN

20.3 M5 DEHE
nfHDZE X, X, (X LEEDTEL) DB f(X) ZRDn DL vy, -,z
BN EDRERTIIBNERT VY v VIRIFL AL DEAKAMIZERTH S, L L, $Eh

FERBNF X0 EARNLYEO ST L WS DI TRV D S, BB L U TOZ OffEm D R I3
OTAMETH 5. ERIMEDOERIMGEIX RS 5.
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(2 FDTEL)DBEKBE L THOTSET 5.

AR ZOHEDS 20.6 T X X o 3EHEERZDOILEEKRERT DT
7w, —MRINIRZETH D, KXF (resp., /NXF) IF/REE (resp. MlE) KT
DIFTHRRN.

Z I T, BEEMH X — o d WoFEMEES difftomorphism 2 525 K572 H D’
9538 BVWHIZ DL, OV EREBOFER, ZHATIIZEKANTETWZHD
MTERLBRDEDRIEDVROVIRD, BUFICHTL 2BAWFEITEITIEL V.

f % x DB E AL TS OEE chain rule Z{# 5

of B " (00X, of
(a@>c“§:(émj)q(axg>xg (20.2)
o g=1 i J

ZZTCEAME IS BEOMOEDN S TNNROVWTWAEELNZ TRTED S,
EWIOEIKRTHD., ZITENEtZIBEOERE UTHARZ ML

S%E::((égf)xg'”’(aig)xﬁ>t (20.3)

IRERERT DL (20.2) 1%

of [0X7 of
ox {8_:1:] 0X
EELIENTESL., ZITHE(1,)) MRD0X;/0x; TH B KD HIRD n x n{75%
HALUT:

) - e ((52)) 20
< X
(
(

(20.4)

Q

3

o5}
Ny

T c
Ty

)1‘5

(@g @&) . “‘(Xﬁ
OTn ¢ o2 < Tn z<

Blox b, S TLIRBERX OO D nRT/IITHRE, BEXIN2FHEDN 2 DEDIZ

HEDENTWARN (DED, (KEVPIED) n RICIARIZ, BRI DI BEHBDI L. X DAY
THIEAL T % & 2 DEHITERLRIE GBI 78 5.

Q

3

X
z

Q
N

Q
>
5

(20.6)

Ox3

Q

Q
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ZZTES ISRl nlOES ay, -, a, (a & FE&OTEL) DO FEM
B T (2%Eh X 5 x—a) Z2ITTHIEX

e~ 5a) (32 o

90" |9a| |72 | 2X (20.7)

CEL N TERMOOELILS & 5 KO A

o0X ox| [0X
{a—a] - {a—a} {a—x} (208)
THIIEZebhd. [ZABDODHEEIZ—ELSWF2EN LU CHETS I L 2

H5. |

20.4 Y AET7V: Jacobi 77X
(20.6) TEA L 721751 (Jacobi {14 L XN D) DIFHIARZE Y 2T~ Jacobian &\
W, IROGLIEZHS:

%(()2: iin)) = ?;(.f)) = det (%—f) — det ((%ﬁf)x) S (209)

ZORTE LT WA T2 OBEEBEROM (TR D FI 1Z15) T RISl A T
5 DAL LR DM (17 1THIS) TH B LTS (—(20.6)).

Wiz, ZENREOEE1T
0X oY 0X oY
(%L (a—y)x B (a—y)x (%L (20.10)

A(X,Y) ‘(%ﬁ (),
o) | (%), (%),

TH5.

20.5 YAETZ UNMTHRTH D I &h 5K DEERR
Yav7y yE2EHTSICEMREAGERNZ (20121222 D THLHLSI2) WD
MEZTBELETTOVD, ZOS5500WL OV a7 UAFHRThHhs I &
MOEBIZHED EOHAIT, BAS2ETHRL.

FHIATIE, Z2DITHBWVIEHE ANEZ D LFENLEDS. YALTVOE
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0.9) 75, “DORBERD S\ ERONEF 2 ANEAS LY aLT
FEEEZDL. FIZZZBROGEIIH S bIzEITIR
IXY)  IY,X) I, X) 9X)Y)
oz, y) x,y) Iy, ) Oy, x)

THRDD 5518 2 NITITER b 20T 5 L, THRBEP G NG. bhb
NIZBEIZIRZDIE b= -1 DHERLITTHS. RIZALABOHGEIZH S DIZEHFEIFIE

o(-XY) O(X,-Y) 0X)Y) aX)Y) IXY)

%Jﬁ(
VIR

(20.11)

= = = = — ) 20.12
Oory) 0wy Owy) Oy wy) 20:12)

20.6 YOET7 Y TE W EHE
(20.8) DIFFIN % ENIE

a<X17"'7Xn) o 8('T17"'axn) a(XhaXn)

a(a17"'7an) B a(ala"'aan) a(xh”'axn) . (2013)
TH BTN 7ZDE I D TH[ T

8<X17' ) '7Xn) o a()(la 7Xn) a(-7717' B 7~Tn) (20 14)

a(a17"'7an) B 8(x17"'7$n) a(ala"'aan).

EbHEITS.
LEOBRIE, OF, DRHCEIUEDONH L L 3o TERZEIBICTE S &
WS, REWBERIZR > TWA Z EIZHER. Va7 v a2 flo 72515 T s
PRI 2077, BIFIIB VT, 20 L5 B AWEE2 HHIZT
Ro TREZBANT Z LT ETHRV. BEAWFHEDOL—IVZ2, ZAROBEIZHIR
THIERDE D5, T OB OLETFZ208L T, 20k ZAIZFAU ‘?’ %
AT UV
IX)Y) 9(X)Y) _ 0(X.,Y) (A, B)
Oz,y) d(z,y)  9(A,B) d(z,y)

(20.15)

ZZTA BEUTIHMNY AR UTIRZABEDRSBRATE VL.

20.7 YOAET7 VI & 2 REBOFBEDOKRIR
YA 7 VORBETIEFICHATOWAERPHNEBIZDOT, FexDBfETS
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L

(£) 00 0 0 0
X1 :l'(l:
oF
(a—m)% 10 0 0 0
o | (g_g) 01 0 -~ 0 0 o
’x2...’xn :Eg
— det . . =Y 206
a(l'l,.fg,"',xn) ¢ : 0 1 E = : (axl)xc ( )
OF
<87>z 00 0 1

Rz, ZRBOEER

2. y) —det< <8F> N s (20.17)
oI, KIARBNDHDGETE, VLI ZOHDH L5 DDLEE b

WCERLUT-WE T, (20.16) OMBEP SHERITE 5 & 512, MOZEBIERVWED
EEZTADER %X > THEDIR.

8IS

g
<

20.8 FEEHENST/ONIZERANALER
X, Y DS BLTE BN FETHDH LT H L, HBHIZ
I(X,Y)

8% =1 (20.18)

ThH DD, ZTHIZ(20.15) 2FHS &

_0(X)Y)  O(X,Y)O(A,B)
1= I(X,Y) 0(A,B)IX,Y) (20.19)

XD,

oXY) /(‘XA, B) (20.20)

9(A, B) a(X,Y) "
INEYAUT VI & BREORBOESR (-20.7) ZHALEDES L, HlRIE

B2 - () /),
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ZORIE, ZO L5 ITREINTEL L B BRICAZ 508, LITALTIE X,
Yide & Y(z,y) DBABEEZSNY (2,y) Z 1O T2z THAILWASADIINLT, f
AT, 2,y X, Y DREKEEZ SN, YV Z2IEOHTX THMHILTWBEDT, il
Iz iE D7 b HIHTARW. fle UTid (BB Oy 1220 Tk —14.6)

B

REIFHEPR N DEPSIRD LRI LETE 3.
oz, X)  dx,X) /a<y,x> Oz, X) /a<y,X> (X, ) /0<X,y>

(y, r) N aw,y)
(20.23)

BB, e

r=P,y=T,X=V&iEL &

)/, e

Z 2T a 1 TFHEBIZIRIREL isobaric thermal expansion coefficient, & (55 EHME=
isothermal compressibility T %:

1 [oV 1 [0V
(X—V(@—T>P, :‘i——v <8_P)T (2026)

20.9 Young DEE & Maxwell D%
Young DEH 9.7 1Z F O ZERBHREN TR THEET 572518, #5RIXRHES DIE
FIiZLomWI e zHA 5., 2%, V, THIZTY ba ¥ — & LFH RO E R
DENPEFT & E(T32

Ny,z) Oy, x)

Ny, X)

R FREBUZ BIER 340X

oy

0*E 0*E

VY. = BV OV (20.27)

B2HERDLFHR DR A F D &, Z2I12hHBZ LIMMEERKIEDR B NE TOARIE L.
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XD,

0y . y;
(&), - (&), 05

DRNLT B, BTl Z 0% Z Maxwell DBEER Mazwell’s relations & \N5 .
ZIXHHEE Y U TIREDO A Z FFORIRTIE

dE = TdS — PdV (20.29)

THBEH, ZHIZDOWTIE Maxwell DEEFRIZ

oT OP
(W)S = (%X (20.30)
H5Z 5. WEIIZIE, ZHIEEIRESBERTHS. MBAWIZABEZEZ -2 0D

MEZA, —ERMTTY bov—22bx ek DRI L ERMIZER
DFo6NEDTHD. EERKIIHBINEZHRT 5DIIBSTEH D E .

20.10 Y OE7 VIZ& B Maxwell DEFRDOFE—HRIR

Maxwell DEIfRIZAET RV F =721 TR <, BEWMIED WM Iz OVWTIEW»
DTHRALT 506, HlZIXTERBREIIFEEIT DOV TD Maxwell DBERIZIZWA
WADEDDDHD. LHIL, ELTEBLLREARNFIRDIE—DOTH 5:

J(X,x)
Ay, Y)

= 1. (20.31)

I TCRXFIIrRER, N FFIREEZRL, NIndTdT7)IV 77Xy NI )L
F—IZHlHTHEETH S (X, 2) &, HIZIE, (S,T), (V.—P), (N,u) %KL T
W5,

ZORAIZT TIZI.18 TEAQANT W S33,

333 3 B \MIRE I E R £ Mo T (D F D BAFHRRE D TIT)
SRR 2 E 2 TEr Nz
orv)
(T, S)

FERENSHISNTWAS. Mike Stone ZAHA TNz, UL, /EROEHRITAXDOARE % & H
RVBROENEDTHS (Am. J. Phys. (2H3B). 9.18 TR X512, YHIXEGZZ L.

=1
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20.11 Maxwell DEFROHE—: KEHIECRA
(20.28) Z# AP T EL LS, - TX, Y USNOREEHEEL ZLIZLT

(&), (
Y ) x.
BWER U2 X212 (=20.7), - OERIEHOID
HOAMD T E, ZOFEXT

(20.32)

Q
S

Y,

ERR L TH VWD THRER BB

nk

Oz, X) _ 9(y.Y)
5V X) = 3 T) (20.33)

£07T, " - |
z, X Y, X
oY) oxy) - (20.34)

IhE (2011) A HEBHIZ (20.31) BB, UL, MR, EHE2 WS &0 ERMnE .

20.12 YAET7 VEIEDIL—ILEED
Y7 VOEHKIL 204 K12 (20.9) 1IZH B. TN SRS HREDN

G%)m:ﬂé%g (20.35)

D& HIZET S (—20.7).

YaL 7 U ERESBOHAEIIRBGEIETHY, TOBEOIL—NVIZIROD=ZDDHAT
H5:
(i) FFIZDOVTDIL—)V (—20.5): XFDIKFEIRANG Z335H 5 WV EIXF O/ 5%
BR5HEREODFENEDS:

AX,Y)  aY,X) oY,X) 9X,Y)

— — = — . 20.36
0y~ Oy o) o) (20.36)
_ L A=XY)  A(X.Y)
Bl Z 0% = — . 20.37
A Sy T Ay (20.57)
(ii) A (—20.6): DEETICFAUETO(--) ZRUTHRLTH LY
OX,Y) oY)  O(X,Y)0(AB) 0
d(z,y) (z,y) O(A,B) d(z,y) '

335 Z LR IE 1A,
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(iii) Maxwell DR (—20.10): (X, z), (Y,y) ZEEOEEREE RBEXT &5

L&
(X, x)

(y,Y)
IROFEHRIZHTL D20 ANWARflz@LTYaE T vaffiozREL O L WEHE
IEND &V,

= 1. (20.39)
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21 IV hOB—#EH

21.1 BT L DEBR
(TARTGHARTOy AV REE2FLPLZOIHbN5) LI L%2HET 5. &
oY= UCIEEDEEZMS. 2T IXUDICEHTLZBIZEHEL BT TERDK
UCZMERTE. AL UBIETTHE. IZK2L1E IZHB LTI LD
TEH7EEE L2l TFOHEEB L AL LBORIZL D AT, MDA
WZHBEDIZTE BT 2RI 5 IEIXT.

Rapid change
e

Hold firmly Stretch at once
Figure 21.1: A D T A%< A08IZ5 MHIXT &, T ORIT D TIZMTETT I HEFIEFE A
EIZEB T E 5.
ZTOHE TSI ERIELUZHAZBIZYTTCRES. B BoTWAIETE. %
DB B SEIX U2 E FMEINZH P REBRIC R 72 & TR F2Hd
CHEAT DR b 2 L L IBIREE TR TE 5.

[GUHIZ] BISEIEFT & E-7-2 25T, ANHEIZTESZ XX APHNTWS
DT, T L OEHIEFENZ RT3 5 < D TR ESHFERE RN B WELLIT
FILTWDE., 51T, BISMIXUZEZE TITFEXRELD S DBDFRAILIRER
THR D DB THIEMERHEIH L TWA. DF D, ILOWE W HEFRIfHiEANE
BINZARER T & 5 D 72397,

336Feynman (I D BN ED#FE % The Feynman Lectures on Physics Vol. 1. 25 44 #12H 5 T 1
DFENSIBHT NS, Fig. 4-2 12T LAT Y Y UDFHIN TV, T LABEE VWS HDH H
%: https://wuw.youtube.com/watch?v=1fmrvxB154u&t=51s.

BITLDOBEMIZFERSEZ DB EDIEUKRD o ZRHZIFR T LTWA D, BEMNEFELIZRS
Do D UABRRFLEALBRE S THWAWRE, D% Y Feynman DF 5 (—2.6) FHRREDE
PUIIZFEB L TWB D72,
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https://www.youtube.com/watch?v=lfmrvxB154w&t=51s

21.2 O LICDWVWTDBREZDTE LD

21.1 W2 H B FEBRKROBE L - EBR TR A ITBE TE 2 HEKR

(1) WrEkrl R R X5 SMIX I N OREZ B 5.

(2) W] HEFRIGRE I IME A 72 OREZ TP 5. Zhid (1) O DM H 5
B Z2 TRV, TNTHHRNZHEETIEIH 5.

(3) TLNY RIZHEZ RS FIFT, 5 LiEARs E2s

(4) TLNY RITHEZ RS T, «&bf%ﬁéﬁxﬁbbm\;o 123 BT IR E
EAEMOI L TE RS,

72720, (3,4) ORIRIFAELBRVDT (1, 2) IZFEABITARERT E 2013 TIERNIBEN,
4 21.2 214,

Figure 21.2:  (3) 259 %, LRZYEUICE> T AICHZ2 D T WT—E4 2 g
2 HHEIB IS N HizAL#EL.

BNTIFROSBRWEROHEIX L 2T 512135 >kS N F 2 L TH%Z L
L TIEVWITRWEWS Z & Th 5.

21.3 TLNY ROE#AHZE

WIRRBRIZDOWVWTH, TORNFEREMT L2012, ZOEJI¥ZEM, DED

BN FEEEZZE LR TSR, TLAOREBOXRBFIZZONIPZRXILFX— F

CEILIBBELEASS, TLFFISIEIZEI NS LM< #HL 233K IFIFIE—EIC

BRI=NDZERHOENTWDEDT, WREIE L EHNRERTIERW. 22 CHEFE

FﬁtbeéLﬁﬁ%aé INEZEMAIEE L EZOMHEK (-3.10) 1%, HF
BRTEAIDS w=FILTH5d. TITILOANFERMIE & LTRESH

338GQhixian Zhang, Quanling Yang & Qing Wang, Solid-state cooling by elastocaloric polymer with
uniform chain-lengths Nature Commun. 13, 9 (2022) (2 K #iE, WrEGREZ —15.3 K $ LK OFiR
TV b —24k 145 J kg 'K~ % poly(styrene-b-ethylene-co-butylene-b-styrene) TERTHE S
&0,
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TWT, Gibbs DR 11.8 1%

dE = TdS + FdL (21.1)
Thb.
21.2 DFFE (1)-(4) FRD LS ITRBLEI N 5.
(1,2) (g—f)s > 0. (21.2)
(3) (g—;)p <0. (21.3)
(4) (g—g)L > 0. (21.4)

AL ERRR R I B LTI = bR E =D —ETH D DT, (21.2) DFEMF S = const
WA ZERLTWS.

21.4 WO LDEREEDOHEERR

21.2 OFEBREE (1)-(4) EMHLRHERDZA S0, TS ORI FRE D FE
BREFARDRE LWHER, ETINSORMAFEEZY LTV TRETEHI
(—=20.7) P OIEE S.

(1,2) (g—DS - gg’ g; -0, (21.5)
(3) (%)F - gg;’ g <0. (21.6)
(4) (g—i)L — gg’ g > 0. (21.7)

LIRUIE, =¥ bob— SIEEERMIZIZENETHS. Iz kr< HikiX Maxwell
DR (—20.10)

or,s) _
ILF) 1 (21.8)
DHEEE S Z & (—(14.8)) 72, F 9 HEEHA (20.38) & Maxwell DRfRZfHE 5.
oT,S)  O(T,S) AT, 8)d(L.F)  O(L,F) (21.9)
a(L,S) a(L,S)  a(L.F)d(L,S)  d(L,S) '
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SIEEEE->TWAED, ZOWREMRFVEIZEWZER DT o, HEOHIEIXRS T
»H5(—14.6):

I(L,F) 9(L,F) (L, F)AL.T) (OF\ T (21.10)
oL,S) o(L,S) o(L.T)o(L,S) \oT),Cr '
CITCLIRESIZ IR EDMITLDBRETHD. ZH5LT
oT OF\ T
(52),= (7). o 211

WRINTZ. O >0THY, KUVPIETH DI LIIRFITBIR (EFHEFE (1) T
7=DTZORMGRIE (4) ZEKRT 5.

(3) & (4) PERZRZITIE, EFMEEXFIC—DOEFBERY EFT (22T
X 3)ZDOY a7 URED ERESHL R E2ROTEZ S:

oL\  O(L,F) 9(L,F)
(éf)F“auﬁF)_ o(T,F)’ (21.12)

()2 (T, L) DRFARHE0 6 INnE ANE S, 20120 (1) T2V TDIL—

VHMH-T:

(gg) :éxLJwauiL):__(gg) (Q£> (21.13)

or ), oI L)o(T,F) or ), \oF ), '
NEEPTEEIIMHTRIET THL P HALO_FHDRMMITIIETH S (ZHix
%D Le Chatelier DFELOH|ITH D —22.8). L7h->T, (4) 55 (3) DEIFEA
5., 20 (1) 2Ho TWNIEFE Y BRESNENBZ TIN5,

:@ﬁafiCL>0a@RmmT>0%%%ﬁtbk.%b:ﬂ%@ﬁ%ﬁﬁ

EolzoBALWIZ eI 5, FIZIFBEENALS, Bx ANNEANDIFY
mﬁ#?#oféb BERNUPTLLRENPSRDT IV I R—ILDESRIE
ﬁibé.ﬁib,pﬂb®ﬁﬁiﬁﬁ®§ﬁ@#b<5@$%&%@T&iﬁf
W5, IRETT—EIZELD RS .

21.5 T hNOE—IZEIZTDHZH

RE—C&RET ol EMIETEImTLDT Y ba Y —3ESEDLEEA510?D0F
D, IROIFWMDDFFZIIMEZA 51?7 bbb OEBERIZK S &

a8 _ (S, T) _ a(S,T) A(F. L) _ _O(F,L) _ oF <0 (2L14)
OL), O(L,T) 9(F L)o(L,T) o(T, L) or ),
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DFED, MEP-ETHLIRY, FlokDIFETY bub—3EAST 5.

Ty b= 0D EDEFHEBNIES TOETIERVEDTH 57205 (—12.5),
TCETRUAEAESDLS, T LNE2RoNDZ LICHSSDIFTY huE—
WA TE7-OTHDHZerbhrrsd. ZOLSHMEE2T Y bo ¥ —#M entropic
elasticity £\ O\, IREZ EIF5 & AR 5] (FiFse [hngEnd] )k
WD EEREFE (4) X2 DRETH 5339,

IV RBEE—F17.16 TRZE ZAILLD L, TOREEYI/ORARAFLD HIE
Aol iz d 2 SITHELRAFBOBELEBL TV, ZORGIZES & (21.14)
d, T LEZFoTWAERY Y —DREBEZIFET 2D0E[ 2RI EMHRICRD, &
WO Z L EERT S, TOMGRA A—VIEX 213 THDE. DF 0, 5loikDLH
SHIFAEE B L, <bhABHIRINS.

<«

Figure 21.3: 51 SEIXT N2 L HOFF SHFAND R 25, 3HES IV T4 A= 3 VAW
THYH, KIKOHF 5 HilH A KD FEI.

TIE, MILORIZEIZLTEWTRDZHENTES 5 LWITLDOTY
FEE—IZES R0 7 EBHA A —Y (K21.3) IR 6IE, 5l Tty
FEE—ZBEMI TRV RIEIEZ W (H 5 WVIINRERAKE L Bhian).

INEREBEEZADIN?DED,
oS
— ? 21.1
(8F>L:>O ( 5)
LI LIFWVWDOEDEY THS:

9S\  O(S.L) 0(S,1)d(T,L) Cy /(OF
(a_F> “AFL) T L)AFD) ?/ (a_T> =0 (21.16)

B TRILF—BM ) T bu -l g 2R IET 2OV X =% energetic elasticity T
5. ZNELERELTS (Bl20ED) LA VT—DWMT 2Lk 5, HEOBRED NNRITH
NoBELMETHL. ME—EDRETTED LITKGFET 206ENH L. HHEITLNV K 21.6
X DXRIZ D 5.
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AEFIE, 21.3 DFERFE 4) (LHBDETHEI L) ITLS.

21.6 BEITLNVR

ZZETIIHH AN —3EHER S B o7z, EBEBOITLNY NZEEZHFD
WKL §5 i< Ro720, HIZHEVDOEBTIXETZ0TE06, 5N
M AINVF—FEERIITTHS. LrL, @FEOREFHTII, W%IZw#—
FLIZHED ISRV, ZTHIFHEBESERONET 2L ¥ — 7542&%%?(&%?@ &5
MNEWH Tl E—IZLTWAS, EZTEDELIBRENL ibam:AA/
R %2 HAR T LNV R ideal rubber band. £\ 5. HARS 4ZIK®I/FDE (Db, &
AR (11.29) B EIZ LB L VICK DM THITZLD1T, HAITLAN
VRO hubE—3 EIZL2Hn e LIZXSEpOMTHEIND:

S(E,L) = S,(E)+ S.(L). (21.17)
CITS BIAINF—EATHO FNIEZTLINY FOEIITKRELZY, S, 13T A
NV ROBIMAZFT DD TH S, RETIZS, OMHTHRFEF->TWS., HEHE

ToY, S, FNE<HES. UL, 2Ty NV —FEHEDT, S.(B)BAE L
5. LE LEORERSURE. TNT, REN LA

21.7 MBS DRI
Bl oRoNZE FHREEHMOBEITZELZTLZRAITRD D & (= WEGER)
57507 T MEWwz< b, ZNIERBEATH S (21.1 D (2)):

<g—f)s >0 (21.18)

BDENS S —EDRTLZNELTSE, TEHEALZLSTEZSRW. 2D
BEGRHIDRIETH 5 (KM 21.4 2 1).

RV ITLZM > TROWEZ HMES T DT ITIEVRZR WV, LW D
LR TIX (21.17) K D L7278 > TL EV, TLIEFEEALKB>TLEINST
H5. FEOMKIEYHOFER TIEAEERIEAKIHbN S (—-21.8).

21.8 FEBHMEMARD 2 W ISIBIERIMER; BEVERDSE
WEVEAR DB 22 I R 1 L F — & Ak M ’CEE@M% % Z T (—B.2) Gibbs
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A <
%
>
o \ <
% X) z [ 0(
k)
I
A%
=7 -
Y
T2 Tl Temperature

Figure 21.4: B UDROEEERE T, TH2. ME—EDONTLZEMIES: L1 — L. ZNTH
DY bR E—WEDTE. RICHBATYERIZ L2 L DEIIZET. = b —3k=n350T,
BEZT, TR TS, AEOBRIZIZILDIZAIIT LR 5o EIZRBI -2 THA.

D REFRNIZ
dE = TdS + BdM (21.19)

725, 2 CHAREBMEARCIIHBALRCHA T LANY FERUIRD & 5 nHEAR
FHRERDE IO LT 5!

S = S.(E)+ S.(M). (21.20)
A S B (5D & 2155y, BIZIX 2-547) % D) 5 L ERE — A ¥ b D
DAMERL DR E (£55) DT, ZAKITLNY NIZHENTTH -iES Z
LEMDTRWT FuY =0 d 530, D%,

<g_g>s -0 (21.21)

MWILS D, £ I T, BB S 3 (WEGHM) SIREA N5, JFEEX 21.4
TL%Z MIZEESHBALZITTONS.

340Y. Oono, Perspective on Statistical Thermodynamics (Cambridge UP, 2017), p290-1: 24.2 &
DTHEEIFEZBOTHOIM>TWA L ESZED LI REDT.
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22 MHEICLZERNZORER

ZZTIMEERISDEEIZED 5 WRDWhW 5 NEEPRRED e M| ZiEiRT 5.
CERGEF DE D DLEMIZDOWTITE 25 #ETHS . E#REBOZEM] & \n»wS
N, FIZZNIXEEREBOES LT TRV F =2 TH L Z L DFERTH -
THHR (—2.10) 5 WD B &M 2 7 S WV EHRRBIXAFAE L 2. SEARR
BPRHHLVWD ZLHEDPRDLENZERLTWELEEZLIREEAS,

22.1 BNEHNREMITICO VW TO—RRIRER
— RN LB & W D B E T T OREBIZEEF ZMA T, ZOREN LIRS NE
ORIk s H«é@t#,_®% Hb DIRFEIZPHIRETH 0, BBICHET S IREE
H, BNZEVPMHFIZT D05, PHERETH . X512, ROBSIFREEICEE
ZIMZ UL T IO EHPIRREIZZALT 20 SEEIORIEINHEZ 5 Z & id—Kiz2.
fiF, BROD 5 HHTRWGEIZBIIFEEDORINZED 58wk 5 o (EE
%@VP@&%AKEHT%&9&%@@&%%%5;t;a%.Oi@,%b%%
Ay (—12.10) 2B A B I LIThD. ULzho T, HHRA S EHIREILE T
HBHZLIZEHHATH L. I THEOHFLNE, FhAroBoNEAHGHETH 5.
728 ZAXAH T AL F — DMk (—13.9) BROWEIZWA RS HfIZFEL TV 5 b
Z BARIZIHRSE Z 212 5.
BERONNHIREZM 2 BED - AP ZhIEy ha - e 2 HE
TRV F =D 7 EDOEFFHDGE (—12.5, 13.10, 18.4, 19.7) IZ/R 5D TIF L A
EHm LR,

22.2 L LR DOFEREICDOVWTORAENESFEFR
MNLRIZDWTHE, ZENAHHRA SIE, -5 DML S BIIZETNIC X 524k
3% (—12.10)

AS <0 (22.1)

iS5, BERDGEX, TONIOHMRIAITHEMU R O #RIE B FH

341 7 MIIAREMIZ 12.6 DFEOELTH 5.
32gzpim 13, ISZL TR TH, EHBOBNZEEOBMMAIILOH LR U THNIT O,
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RTHd. UL, NNHRZGZEBHNZATLE S HEITE
AS >0 (22.2)

PELUBEGEDDHD 55, TOWRHE, WHHREMZHED 5 & FHARREDY H FE/H) 12
AT L VWD T REERT L. DAIT, (22.2) IEFHERRRED NHI SRS % 8%
U 7-BRDFREA: evolution criterion & WEIXIVS.

ek, (22.1) IFEERBOLESRMF L SN T E 20, BiROHEIX MBI -5
IZDWTDHIR D Jensen DAEFN (—13.3) ITHE R\, LT, HHR, H5
WIS 2 2288 U A W4 (22.2) I3HERHI 2 U,

22.3 I3 L TOWAWRDEEKREICD VW TORNENE D FAEFLX

ML U CTOWRWRNDOESIFINEEH O R ZTR5121E, RS2 XD KRERMILL
TRDOHIZHDIAD L WS WO DFLEAS (K22.1). RS EMHAMMHUL ZOIM
WZHB2E TR reservoir ELEbLN533, T 5958, REB2ELE-R%2 2K
EUTIMVUL7ZREZEZT (22.1) 0o

AS + ASpes < 0 (22.3)

PRohd, ZITARREBOXINIEST, UL, ZDMTOERIZRERED R
AR T D LD REHBICNT2E0FERZRT. 22.2 DRIZENTH S LS 1Z,
INHLfo () v bu—omEHMkz LS.

BIZBWTIE, BHFEEO L EDEIZEHFHORZDE ODILEEDIH L —
HTLE5IER, ZTULT, REBOMTREBIZAHIIZBTEST5. 2M
REEAE, AV, AX, AN, etc., 2P 6/ L & 534,

NI DOVWTIETRTORBEN—ELDT
1 P, Te fe
ASres = = AE = oAV 4 3 EAX £ ) S ZEAN (22.4)

LELZENTES., ZZITX®NIEWAWAE (VB D) {5 A X0 1) B i
ERTHIDETSE. TEAXY MIEWEIZOWTHIXIZHEINTWSAED LT

3 R L EbhdERRR (HRRICIIERIZAEARR) 255 OEHEEVEES AL, R0
BRI Z L > THRZEZZ DI 8125, 5 TRITNE, BIEEEOILLARZ —EIES 5 2R
BREHET LN (L 213, 8.82H).

MM Z TR EDREMEE ZHAEEE LTWE DY, TO—EHOMIKHEHIRLTHMbRW. 208
BIEFELFIZHETLS 5K, KT (22.5) 2 ofisnavwREREZRITIEL V.
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Te  reservoir

[S]
We

Figure 22.1: %S REARIIRZAD—HTH D (2AENBERRDT) REEK T, P, k13—
RN TVWEEEFEZ TN, TNSDOHBEER (S, V, 2E) X2 LR DL & ORI THEIZ® D
rOTEBRLTS.

5. 2T, @R UTHNLL TWAERD T Y burE—24kIE, AS + ASpes 727
5, (224) o AFEX (22.3) X

1 P, Te e
_ — — — — — < .
AS T@AE TeAV + E TeAX + 5 TBAN 0 (22.5)

ERKT S, BTy huCoMBEBMEORETH S.
FR (225)I28WVWT, AN BZREBOPOEMDZDETH>T, RATRIGMVED
ENENEFE S AR TH S, WERIGVRTHEL 2HEITIE, (LR
ETRIZAEU B2 E2EL L (4.8) BI) AN £ AN 2725, AE, AX MY H
TRV p, - AN = p, - AN B3R D SEDREEIZ R,

22.4 NS BBADZEDICFIE LIEFREFR
220 A D WY TOENFENES § BINI W5

. 1 Pe Le He
EEITT, RIZOVWTIEAS 2§ DOWIRERAN P ETREATE 57255
AS =85 +6°S+---. (22.7)
—IRDIAK, WMREBUSFERETER T 2 D705,
1 P, Te fe
08 = 0B + 700V — ZL0X = 3 726N, (22.8)

ZDORE LT (22.6) > 5/NZ 2R BT FAINZE 53 % SR BRITE 30X (22.3) 13, BR
BSRMIC & D2 e, INSBREFITOVWTHEIZ
628 <0 (22.9)

ORI EBROEME LHOT WS L, TORBIIBNZZEMNIHEDT, THFH] tnwH e &, ¥
L 5DEMIZOWTRFAMDARMTARENHSE. T 2T, EBROZEMIZOWTHEFKE VWS Z &
WEmLTEThRWY., 22T, BN E 3B FEMTcoOnfE2EKRT 5.
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ERBIENDNDL. TR O YR I B AT L E S CIRRERFTIN 72 2 E 5%
) LEDLNBD, T bub—DMBERM (—-13.5) 75, K K] i
R, EbITH/OND T LITHERS.

22.5 NSBRBAZEFIIRELEFRER: IBIRILF—DIFE
(22.5) I
AE — T.AS + P.AV — 2,AX — i, AN > 0. (22.10)

CEZETILNTES. TITASDEHE 22.4 & %572 [ARIZ AE % Taylor
B L C EERUGmMEZMES &, (22.9) &Mz

E >0 (22.11)
HELND. Zhd EOMBEME (—13.10) 5 ELIR/ LN S T LITHERE.
22.6 EDANY T VD5 Z BEEIRER

EDZEHS, X, NDTRTZ2Y ={V;} L5 dTEIILITT B L, (22.11) IF6Y;
IZDOWTDRDIEM RPN ZER T 5

2
§*F = 5??%;5E5Y52‘1 (22.12)
iy g
BARMIZHIRS B &
Gl Golsw Gr)sw 55
(65,6V,6N) | — g% V,N (BB_V)S,N o ga_)s,v oV | =0. (22.13)
(a_u)v,zv (8_#)SN (a_u S,V 0N

22.7 ElEZ R DORLETIFRENSZ 2 DR H
A =matr(A;;) & nxnOXNFEATHET B L E, ZRKIEX

~—

B07: 721, MEMTRWHHBEO H 2561, TNIZOVTOERIIOVTIHII WS 2Lk
ATRN.

MU 720, BN TRWMEREBEDO H 2581, THUIDVWTOERIZDOWTIEI I WS 2 &
ATRN.

il

il
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WIEMETH 2 BE DM, 70T RTO I mate(Ay) (k & 1356
BUC{1,2,--,n} 2SR UIEFIC L 5) OFFFIR (RUMTFIR) 28

22.8 Le Chatelier O RIE
E DN T UATHINIEEEETH D I D5 22.7 THIZ L D1Z, Kz, WAEEIL

ITRTIEA: )
0°F
) >o. .
(8}?)ch >0 (22.16)
DXV, V,OMEREEE y;, L LT
3%
> 0. 221
<8m)y_c 20 (22.17)

Z 1% Le Chatelier DJF i Le Chatelier’s principle £\ .
L5 5 ABTHRDFEER U LDT
Y
(a ) > 0. (22.18)
8yz Yic

TRHBH, THUE(Y;/0y)y > 0 L WVIRTEAVI LICHEE. DFD, ke
I, Cy > 01 (22.18) B 51E 5N B2 Cp > 0 &R L7201 TR,

22.9 &£ V)—f%®D Le Chatelier DRIE
BREIFIZTOFMIZESTICIHATH I L EZOoNBEN, ZhL, (S,T) Mot
NI EBTFIL —DBA TSR ELE Y 72 THE X,

(%;)Zzo (22.19)

WS ETHAD. ERIZ, ZORFEAZFHAETIHEPRT LI LATEED, $-5
LEHEDOWWR D HIENPE > 0IZR-TERD LR, Tt (OB REBWEZS
—9.11(iii))

0°E = 6T6S — 6PV + 620X + Y _0usN >0 (22.20)

318(22.18) 105 (8S/0T)y = Cy /T >0 T 5H, (0S/0T)p DFFIZONVWT, T E£TDHEM T
&, EEMIZIETS S o TaW.
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THENS, MVEBBEROEZ S 21X, 600X DERT NS §z X hEDL S
DEBEATWL ZEIZRDEDT, (22.19) IFEAZE. 728 ZILEKD Z & 1%, o Le
Chatelier DJFHIZEE U - AERTRTIZHEL 5.

Le Chatelier D JREUIEHIEWHER, DF D bbb HEEE TWBHAD
BETHDIEDENTHS. £ U Le Chatelier DJFHIZH T 2 ARE S m &
THNIADH Z B2HHUEL THA B &0\,

22.10 Le Chatelier-Braun O RIE
Mayer D BEfRH 5 BAGURIZOWTIZ Cp > Oy THAHH, FTHRAES1Z, ZDHE

FR I 5 A 72 AN ox ox
(5:).2 (%), 22l

D—HITH5. THIFXRDEIITRTIENTES., £7

OX\  aXy)  (X.) 0 Y)
(ax)y = By~ 0w,Y) 0(wy) (22:22)

o), @)~ (7).().)(5), e

|
()62,
(22.24) 125

. Oy.z)  9(yY)o(zY) oy, x)

R GRGTC R

FO5 —HIXIEA L DT
0X 0X
- > (2 ) _
(8x)y_'(8w>y (22.27)

Cp > Cy. (22.28)

DT

EZIE, X =874561F
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HEVEF X =VESEr=—PHRDT, EMEBIZONT
KT > Ks. (22.29)

Tl%, Le Chatelier-Braun OJRHEEAE D L7270 E T 5 & 50 AH G Z
L7097 (22.26) O 0N D KD IR T 2 HEL AT (FDHE, y 2 Y IZOWTOD
Le Chatelier DJFEIA N 5 Z & 121d7 5. DF D, Le Chatelier-Braun @ JFEE A Le
Chatelier D JF ¥ % 8 2 2 KGN DHIRE EZXZ TWSDTIZBEWZ &R D» 5.

22.11 HELDH 2I5EDEHELIZ D W T OOLEHTHIEIR
MZEMAD DS & FIZRHMa R L ZR S 2 n. Uedio T, (22.17) A 4w,
Le Chatelier DFEA E OMWMEDEZNIFETH 2722 2-BWERZIZ 5. 4074
W TaetEA 2 < TH, MMEIFHE(EDE TOEHOZLIZRWGIRZRT 5. 72
ZE, (KIEME SRMHERERSZ E, BHEIZLDRKERT VP OE—-2FD. 20
&5 BERIFARAER (D21) o5 (2, X) 2R LS. MoZHIXE
ET 5 ETNIE,

AzAX > 0. (22.30)

s, -2 ZXE,
ATAS >0 (22.31)

WD EIZE U2 R TAARERDPHTL S, RO LS BERTAEAES
L5N5:
APAV <0. (22.32)

HAHNX 23.6 TRAZ 2127 5.
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23 METEEEEL

23.1 HEHER: #i5k

WAWABERZSTZFMETR (T2 X8R 572 (T, P)) TREMEMIZE L - 72k T %
RIZEeRDHD. KEIBIZE-ST, 250VWH 2RI o7z EbNONITRITE
725728 phase (25 %, LS (& DFEL <1E —23.2). WIKRDKPIKPIELKIEAD
Fp o 72 M7Z. TEMRNCERR 5 72k 1) I3BI 2K, B —i % il & s A3 H U
P E (BHEMRTEOFE) &5, JELUTEHIZARZATRERW (A =LV A), &
WO kDRI ETHD (IRDEKSR).

| REEEERRY | ae—L VR

ELiE »HY )
WA ARV )
StH AV ARV

HOEIYEEZHMRT L VWS LI ZDIEIERMHEZOREENS Z & 504
£5. T I TENFEROZRT (HD2WEDRELDHIBNFENTAR LR
XT X PR ETRONZEMDERT) TOYWENEABRMIZH S0, £THKO &
DREDEMFED V. T THIK] 1ZH725 % D %X (phase diagram) & K& (72
& A, B 23.1).

Figure 23.1: il Dk D R 721X

ERLUZFITHEBRELS. L & G OB T cp TRb>TWERS, ZOMEKIZEWTIE, Rk
M AT KIBIZERTETH, WHEPSMEEZ KIERIZERT S Z LI TER.
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23.2 &

BRI M 2 EET HDIRT SHE TRV, HEEROEL TIRRLR - 7240 % B IZ X
MTEZ7Z550, ‘DN EHDTWAHEE 1L, X 23.1 DK% R Tad
55502, oD THLIFIRORWV. X512, HORIOMKITIE, Lodbh &BH
DHcH0ELNBNA, ZHIE L0 ERTOHKOY Y O2d LT, BlO R,
M (D F D RKGLHM) TEERVPRLS BNV, 22T, TITIEME &
WO HEEZMEICM S & Zl, ZFEXATWAHKO ET B IRD & 5120 A
5: ZEXATWVWAHHNDH 55T M LZE> TUNPEWIZE D EbN W iEIEE
o lzMHTH 5.

23.3 BE & 2D
HERMVGZoNT L EZDERDFHENRIEILZ DO RD BT FEERE (NH T 2L ¥ —
E & (— AN I3 E R % G D 7 — %) (L H R = E R Y ) TIRS N F
ZEM D — T (—FINID) RELEIND (—=5.1). B PEBIEIIBENFE2EZRT D& &I
OO TERERERE 72 (=5.2). W OPDOHPET 2545 THRDFEHAIRIE
FE—RUTHIRT 2 &\ 5 EIRTH B 722 M3 ® BR800 #IREB DO RBE T
H5.

DIt ZHTHS O OMADOENZF2M (E,S,V) TOMM%Z (E,V) H
HRE L THEZ S (1X123.2).

¥ 23.2 #JyFZef TRz 3 O (DORERX).

FAUKEER S (AL B12), B0IUA (£) B LXCBWKEDO =M (F) X =EA (ORE) 27°7.
WO EOMEISIE HFETH S, ZOMOFEHWIE, WEOMHK () ORI e ZHEaD B8
g CIEmIC TBEINT) BRSO EI L IZEDHBED L S5 \WDEE TEIET 5 h % THI
BIEMTELEIITRDILEFHIPTHIETHS.

ToAREAIZ S U, SMHOBSR LORA ‘@ 1ZZDEMHE HET 5 H 5 RESMHD (E,V) BEEZ R L
TVW5 (HICIINOBERGEEFEBRZRT RS & g BRAINT VD). 202 ZE2iESIMo 0 k
DR (HOMWEA) IZZORED —DDOHDEEEZRLTVWE., ZOHWHADMENKIZHS LI
MAKHTa:(1-a) DI A THB0IE. ZOREBTIEEM « L& ‘g ORI (1-a):aT
Hd: INERETOBA lever rule £\ . R XS CTH FEHILFREBIZDIHEL Z e TE
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NG
>

1/P

Figure 23.2: #J1%#%E0 (D (E,V) ~NOH) ICHSAE N2 M. ARIKERHZRL, B
HERVWEAREBEZERERLTWS. JKEOHE HEARETH S, HE 0 IEMRMTE 2V
M, EnznwZ ek, il & K A (£) 125 2 AR ZHE R BT F 2/ TlE (72 & Z IS
HELE > TERMEMHD NS WA EZR 5 72 BO A HER Z L3 L) mICEEE D Z &
ThsH. LOFELVHMIZOWTIEAISH.
5. TS 005 &S ITHIAREIB TR F2E M (E, S, V) TR (ruled surface) (2725
SHHGFERTIBWKAZAOROIX. BWEHOSIZE D W2 EHOERE barycentric coordinates
THRTIET, HOEHORICHY T 2MBHOEEY & UT—RNICEHET 5 Z LN TE 5.

Z D 2RI TH, H5WITHXKTE 2 LM%, 1247252 ZATIRENTE,
FRIZNERT AL F =13V & SOEKE LTARL s BHMOTRETH 5. 0
SMIVFIBOBEHRTIHME R T 2. 5540 FE PO TREEZ KD 23w (£
NIX WO THEGERMA EETH 5 —13.9) VWEEBUIMO TRE TR 42 5. &M
AL Z B 72 DIZIZBA ZBEE E O & I IZZ2 A 2 TIRWiFRnwZ & i
a0

F 2T, MZLOBUANT BRSO ITIZRO L 51245 HELE 1L S &
EFERRY DL LT EDREONIZERIEL I L TH B3,

WEhIzE &, B LIZESZ I N, ZITE- T, THI oA 23.2 HHEK O
TR LB FATICHHETH 5.

SOB ) E OB L U C o2 BRI (—18.12) 2NV 2 I B 3 & 0 B A felE ofE
EERETIERILEE>TLWV. Mt h¥ETIED 2582 BNFERBMBENNEE LS 2 & B HEL
ThHd. UL, FEBRIC TEAME] 2R 52 L IEARARERZS 5.
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23.4 —R#EZE{, ZREZL

MR (3@ R I KA S N — IR & 2 DMt Ef iR & 2 W IZ IR
B TH S, —UHHERIZ B W TIIA AL &3 —DDEIIFIEE (—5.5) A% %
B (—5.5) ORI E U TAERIIZZLT 2 DIZH LT, ZIXMHIER IZE W
TIFBNZEE I, KBS 358 XA TH 2 D ERIEDE &
TIE IR 272 5.

MiEfg 1, 2 < OHEEWGEIZ, EOEE o7z %5 TRhWHE DT
U BTy hEY—MHEEI R LF— (BTY ALY —) HORBTHEL S 2o T
HEWVWN, RUNTEDIFD 1272 AEE VIR F—D T VR LaA)VREET Y b
E—D/NS R0 22 ENREBOMTEI S (52 AHHIT AT —I1FELW).

—IRAZAE, BREHOZEMED Tha A ba 74y 212 bbb 4EL5. W
W ZBE, DUDHFEDOE R SR A2MFDOIKTNZ2BET 22 &, — RN
LB, ZDED, ZEMIIMETRTUTWARZNTELZERLENREEIZH 5 & 5 7afk
JPAREDBIEZ T E IR0,

I ERBIIZ, ZIMHER OGS IIRFHORF DR TINS5 25K N2 E
TEHZLHRVDT, ZEMEIE T U ZBPIRENZE R FREE U T TE
5. BEMDINE 72 o 72 PHRBIXE RN IR DG R o ZIRE 7D & S 12
FZEZTOW, DS EF KB ROEL TRIZWAAREL RS, D5 ERKEL
o THRBEMIZREL 225, HEEOMEDFE L T DMEENPHEN O
5, IR DIHEERINIZ 72 WA ABLIRZEL 72 5.

23.5 HH#E: ZHOBE

RIFBF R (E,X) CAldTEMILHIT IZE L X 2R LD TEH5EMETT
HEFELTWBE L LD (ML L0 HT). ZMHPEETIIESE S 2 AT ORICHE
ZBELTYEDOPDLEDEH D, 19.8 DiEmIZHB S, S =51+ 5y 2xKRICZULZA
<TIEHWIT AW (—12.6). Gibbs OREfRIE

1 x o
dsS = TdE — ?dX — ?dN (23.1)

TH 500, § TIRAMZ (FIZP S ETEHRINTVWEE() V2 ZRkT 5 & Th
i, PSRRI

1 1 oy HIT
0S5 = —5EI — —(SXI — —5NI + _5EH — —(SXH — —5NH = 0. (23.2)
T Ty Tnp Ty

BB £/, ROPEED LW Z T LB FNEDTH S (—19.7).
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ZZT7T 5EI + 5EII =0, 5XI + 5XII =0, 5NI -+ 6NH =075 (23.2) =8

1 1 T T
5S = <TI - T_u) SEy — (ﬁ - T_E) 5X7 — (% - ;—E) SN (23.3)
mDT, —HRIz
Ty =T, a1 = 211, P = p11 (23.4)
NERING., REBFEDOLAIZEX =V, 2= P ThHENRSIAERT VY YIL
— DM
(T, P) = ppr(T, P) (23.5)

L7325 TC, TP MM EOMILFRRE RET 55
ZDOBRIZ TP —E&M T TGibbs TRANF—2B/NMITEEMAETHHTZ &N
TE%. (235) 75 Clapeyron-Clausius D N3 72 (—19.9).
A D Gibbs TRV F—I%
G = Nyup + Ny (23.6)

LBDT, MBPERETNWEG —ED E FREVZILL S 5 (N, Nip BEEL S 5).
Z D= TP AHEEIE 232 IRz LD ICHIZR 5.

23.6 HHEICKBZLD AR
22.11 T E OMEBMED S, EEOHEEBN (2, X)IZD2WT, HIZ

AzAX >0 (23.7)

THRLATIERSBRWI 2R, TTIZHEILTINEZ E S S> 0 /7-0Y, EED A
FAZTCIEDEDIE->ZDE2ENTHRVRSLZZTHIZZEITFTLOLZLTEIS.
APAV <0, 2% 0, 2R TRVWEGEED

(P — P)(Vir— V1) <0. (23.8)

ZARFEAHD S —EME R H 72 D DERRE (BIAIFTEIVER) DREVWI L2 ERLU T
W5, KOELZEBIZE D&, KOTIWEEDKE D —QEDD & TIHEARP K E

BUEEIZNS &, BB E, V BEON TH->T, T X PIRESNZEETIIRN. 22T,
T,PBEXO X E,VEXUONOBEKTHE. £oT, (23.5) 2857201, E, V, BLXUN,
(=121 %2THBLOPTENT, u(E,V,N)%T & POBSIZLAL TEAESAW. TSFT
ERINTVWE ES1Z, ZORR(23.5) IXERIIC G OESFI (-19.7) 2> THT I e TE
5.
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W, DD, —RELEL CREEMHITBEHETRSTERS V. ZThiE—ERET
JENENTDZETKREBNT LN TEL LWV LIKHONTVWAEHFELELL
TW5.

ATAS > 01, UBIREZ LI THRADELT 2 & 5 BBEERH NI, ERD
FWRE DB LY PO E—FRELL BT ARSRY, WS Ze2EKLTWL
5. EBEZDX ST L 3He THRZ 5 (X23.3 FRWKREIDFZAL).

P

solid

liquid

gas

T

Figure 23.3: Pomeranchuk %3

Fig. 23.3 Pomeranchuk 2 5H: RKAD & 25 ClEE EIF 2 LBHIZELT 5. Lzd>T, EMHD
HPEMHEDHRERZY PEE— 2> TWR TR SRV, ZOHEEEPED KERT Vb
OE—%2fOHMIIMAC YRR > TOWRWRSTH S, A VITKERBEMENFE %2 1073 K
TOBERTRY. BALOEL Z5TEHEEBY EHDSGANS R bpE—%2fF>TW\a.

23.7 AMMENBIR L 1235E OB AFRIE
B Z A XREMEAR DS RN ERIZ T o T2 2 T B &, ZDRHALIEVWA WAL FHEZL D S 5.
HAIZIE, COAMBELTRNF—%2KD., Lad>T, ZHEZRILF—LH
RIRVERDNVTWE LS REELFRIUTH S (—5.1). 20, BT ML M D
FINIES1F % BT 5 1IN T 2 B EDO LR WEMRNBHIEOFITHE. H5
AR T NIVD RIS S 7D AFT 2008 5 NI ZOH - 72 Z & Tl .
FENZ TR D [ AIEEETH L. LA L, MMEGR LTI, B Hrixx
MENT, WESEP SN, FEDOHLE R - 72fMAMNE, BEZXLVF =29 S
(LOKREW) DT, FHREE UTIIFELRW. TD XD Wbl TERG > i1t
DF % Xl 2 EE, SFEEJIF e UTiE, 2.

23.8 MAMEORER
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PEDHPIEFEL TVWE LT DH L, uy ZHX TOIFERT VI v ILETEHLEE, IRD
¢ — TEDOERD R T N2 TR S W

(T, P) = pp (T, P) = -+ = :U'¢>(T7 p). (23.9)

BHHDILERT > v v VIZEE L UTEWCREIZBERIZZVWE D INET 5 &, Z
Nk ¢ — 1EOMN kM 70d., ZNSEMZSTT L& P ORENRD 272D I3 ML
BREMIEEZ2DOUH VARV, DF0, MPETIEEX 3 DOMHVBIFETE 572
7z,

SHPAFETNEZOREBO T & P Ik (FHH O ECTRATICIE) —#IICRES.
DORZ=ZHKREWVD (—23.3). HMNHEFMAKDO=ZERIZT =273.16 K TH 5.
2019 FFELAFNIZIZ Z 5B 22 H > T K DEFEE LT\ /2%2,

23.9 Gibbs DR

FRE TR, cHOMN E RIRINBILFERA D605 R %EA LD (Lzdio

T, fL¥MIGIER W ERE I N TN S99,

P DN TS 52T 5. MPMERMgIE

(1) T & P BT RTOMTHA—ThH 5.

(2) c FD B ZEMNALFREDFER T V¥ v VR THETH 5. HLFFEIX (23.9)

WCR7ZE51Z, ¢ — 1 EOFEXRZFH I 2T RV (j=1,---,¢):

u{(T, P, a1, i, -:Uf_l) = ,u{I(T, P,y iy, xifl) == ,ufl;(T, P, zé,xi, . -:U;_l).
(23.10)

U7 o T, -3 TR o W0WERORMIL, LLFERIZZNS DILFERT

VY OVZIEBEE UTHWIZRRIZZBERP R WE D ERET DL, (¢ —1) X cTH

5.

HFOMBAEPD H121F ¢ — LD TN R (1 22 - 27 Db Ao TV

LD WAL K 135 Tl (2019 AR, & 5\ % 2018 £ Lk % - 72 HEIC B 72 the 26th
General Conference on Weights and Measures PAf%) Boltzmann E# % kg = 1.380649 x 10~%
JK 1 e@EL ZETHEICERINS Z 57z, 22T JK ! =kgm?s 2K LIZBWTH
0275 L, A—RLER IEPlanck DER, HDHX, IO Y A-133 OIERRE D B BRI S
OB DORERIZL >THRDSNT NS,

3SR D B & IR AL AT B R T 2 i — D DEBAMEE R D B DI T A DT e A 1
RS Zeilinsd. DF0, MVRKIGETE (-25.8) 2 r DX c— c—r &2 I TOHMD
HTOEBESMAPBEIRS., ZOME 231 & f=c—1r+2—-0¢ 1785,

SULEME i OEVA R 2 oy = N/ Y, N DL S CEHS WD, ZO5E, LEHKIEEE

231



KTEBRSHV., MRIEBEHIEIZE R STVEDNS ¢ x (c — 1) DENVDR (K
EIMERTFCRBTEE ol 2225t (x=1,--,9) ZPROBR L TIER SR,
oT, REZRDBIZ 12+M0—Dﬂ®§ﬁ,ﬂf%ﬁﬁ%&@zlwqc—L
x=1,---,0) ZBIELRLTERSRWV. XoT, ~BRNRGE, HOSNBNT
BAEBOBIL f=2+¢(c—1)—c(dp—1)=c+2—-¢Z%5b. DFb, HEZMAED
HilBR %21 CH £ 72 (T, P) & 2 X O dh DI DR T (HAFIREE D FHIK D IR IT)
[

f=c+2—¢ (23.11)

LEF o, 2O fIFBIIFHEBE thermodynamic freedom & FEIXI, ZDARK
% Gibbs DM Gibbs’ phase rule £\ 5.

MR X9 TIZ23.8 TRZED, ¢c=1RDTf=3—-0p &0, ZFHNPLET
68%if—lﬁibﬁﬁﬁﬁiTP@LT—mﬁ@%%,ﬁﬁ@@ﬁ,tﬁ@,S
MEFETE =0, 2FD, 0RIG (ZERN) IZRDZEDVDNS.

23.10 HEBFEICOWTOEE
()ﬁ%@%%ﬁ#%b#%i5t,i<#%%ﬂ%ﬁ@ﬁﬂfﬁﬁmﬁjﬁ%ﬁﬁ
WZ EERHRIZ U @R CHERER SN T VS, LA > T, AL L2 W
&S REAY), fﬁﬁ@@mﬂib%ﬁ%<aéf%¢6$ii ETd 535,

(2) HERBLZERT V¥ ¥ T DWTDOERETG TR H D 5 5N DOVWTEHERXT
WAED, ENRHZELE, W OHEZMNZOVTIHAIBEZ L\, Hl2IE >0l
PEEMNIZH DL E, BEHITWLSDHDH, LS XS RRMBEIILETEINES
PORBZEZONTEHEFICAZLMETIT AL, HEZE W XS R RMTZERTIE
DRSIRN. ULzdi->T, #MEO =ERPEOH 20 IFHEZEZWmIETEAS
NAHETIE RV, 22T, ZDODO=ZFHEAPEALABEELTERTEHZLEHD
AT, (1) L BAWMRIEL 5.

(3) T, tHELIFZ FET 556, ERICHIZIEGET 227 BI1FERICXT
ZHMHIZOWTIRHEFETEEEZ NS, LML, IFMEDOBRKL 2545121380

LBRVWELTWEDT, SORTEN=NTHY, z; ZWEEET 2z, = N;/ 3 N; LEHLT
HO.

352 VWS DI, LERT VY vy VEIZBIEEIRA D NI, EBOHIREMEVRE D05, %@?ﬁ%
LTI, YARITHEE> THENZFNHEBED f Koo nwS Z e/, 20, —&NIZ
MEIEXfF>c+2—- 0 RDTHS. EBE, 4&HSZ2FOMBYIEDOHIX K. Akahane, J. Russo and H
Tanaka, A possible four-phase coexistence in a single-component system, Nature Commun. 7 12599
(2017).
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FREA U R WD R S 72l REIZ 7 5. TN HAFT B0 5 0k, #HlX
SFRAR O ZEMWIMKIZL, EDREDIFBNFEDOH 722 L Tk, W2k
FTEMBBENENH 722 & TIERW.

(4) T, BREZDHLU THREFELTWSHIZEEHTH D, ML FREEEIZH D
D7 T A RE TR AR, 728 20X JBUZHIH B BB T O IR 43 e
%%h’&éﬁ@&b%%ﬁ%aiﬁé@ﬁﬁ%f%é%%%ﬁw.%5mu,ﬁ
YRIBOH O BEENTREBIZT VX LBRREBLEIXRRIPOHEEZBZRETH
D Z DM DHZALIE RIS T H 235003, RYDPEIREEBTRWGE Y Z 50,
HEWIEHNZTEIR D B B IREBIZPHPRAE T <, ARY D PHPRAEIZIEZ IZRE T E R
W, HH5W0 ;@Ui%@”m IWB LV L5 RZeEDHTH L BRWIETE. TV AV
PEL B LD REHEITIFO UAEEREBIIAEETH D 55D T, EMKIZY v RO
> TR M%w\gézf)é.

23.11 HEDH 585D Legendre-Fenchel Z#
18.11 Tl& Helmholtz T 3 )L F —DXHNER T 3 )L F — D Legendre-Fenchel 2

~A(T) = max|y [I'S ~ B(S, Y )] = sup |y [T'S ~ E(5,Y) (23.12)

—A=FE" (23.13)
THdIerhil. INPOHEHMEAGET, EOMMERS

(—A=E*=E (23.14)

THhb. 25U T, Helmholtz TRV F— AW S ZL2BETI 7RI (—18.12) TH 5
E»ExiIN5.

LU, IETIX Tkebk] BNZEBETEARD 2D TIHRWA (—18.12).
ZNTHEHNMZ RN F =D > TV BT RBENZIT DV TDFRA LD T Wi

SOIBIRIZ &k o> TIRWIICHHREICR I N FHETH 5. FHERNEZLE T funnel ESDZ 5D L
WO A D DY, BLEEZEM O SRt % EHE2» SRAZRVHES 7R ATH 5. EiRkoeEIFRIKIT
TO funnel 2%, MIHIZEXIE, INVT7TA—=ADT V=V FR—LDEI3REDIZAEZS. ZNIEE
RTEERDARFEDIZ L AL ZD [H] DD D Z eSS, (Bl A1 Perspectives @ Q17.4 High
dimensional volume is near its skin (p208) Z & K. 100 IRITETHFEED 5 % DJE X DD 99.4% D
RBZ L 5. 1000 KIT7E & EMME 5 x 1072 % DR Z i 212 E 72w, D&, —RIDY)
DOMzE 20— MRIZEZ THARD ERGCER TIEEITEH LD, )
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WO ? ZHNIFESYREMTH SN, TOBZXIX, BEEE LTOE XRZEIZHET
INBEM, SOMEIIELTERN, LWHZEThb. 2F0, EbNbERIEID S
D7z

HEEDREOTY MO =R S THORENRT Thoz L LS. ZDEE, &
5 TIZN U TR 572 S IR T 256035 5 DIZESFEMEK 23.2 1IZ /728D 77,
E— —ADZEBTIEAIUEED TR TORER —SIZEMHRINTLES> DT, HBRA
MBSOy b —Dfidbhr skl itsd. TN TH, HIHRMETHIET ST
v hua Y —0#HIFHIISEEIIETLINSSTOT, R LTO E RSB rind
(X 23.4 Z2R).

E —A
A 11 A

a b S

Figure 23.4: ab ORI TZ Y huY— 32 LT 2NEREIF—ETHILTDL, EDT T 7ikab
MTIE—EDHZEZFF>TDoRDELTUES. DL Legendre-Fenchel Z#1 T3z DM E
IS U2 IRED —RICE#EI NS (ZF LT ADPMAAFREIZZR D). LrL, pT-AIETSHAE
KREEDIH E OHIPH (DX b = bu ¥ —O#iH; AVEE, THEEMSDOBIRIZE>TWS —D.3)
FADTIITNS6HRONTVWARVDTHEILTES. BHEAATDRN [KH] ORITD LI H 53k
nEDN o hb. TNPNT PEJIFEREE UTERHATERWHEHTSH 5.

SSTIMARATHIIZIX, A D T2 X 25MW5 subdifferential (—D.3) & L THRE 5.
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24 BANFOHE=ER

24.1 B=ERDERIR

F AL DD D 5 AR 2 T T OFEYHEL /b F O EE R MEIT KIS I &

% Gibbs T F—DZAL AG (4[3?5@@%%%[173 afﬁnity —AG) % JIE I RE 7R I i

BLAH PoRkEd 52 o7z, TR OEIR] 1%, ‘Thomsen-Berthelot D J5

W05 D%, AG=AH 2EKT 5 MRLU CTRIEIRR Kb & L.
Helmholtz (1882) 1%, Z A% Z & A3 0 V7 TIERE S IZ B FITIZAE T RN D

LI/ B TIERWD, & F o T Gibbs-Helmholtz D (19.7) 25 &,

OAG
AH = AG — TT(éﬂj) (24.1)
2AUE. (19.7) % AH/T? = —(9(AG/T)/IT)p EEHLTRNT 2 &
o AH . AG(Ty)
AG = T/TO TadT+ ST (24.2)

BESISEDY, Nernst?™UZ L, YHEEDO/LZEESFO TN XK IBE AH H>
5 AG(Ty) /Ty ZRET B TARDBRNI L2 o 7=,

24.2 Nernst DIRFE

Nernst 1%, —fRIZIEAG & AH IZFFELLRWD, +ERTIEZ D DIFIEFEIC
m,az%bt.bt#of T =0 NIE, AG = AHiiMﬁMTWDiO
TWAIZEWRW., ZZTHIZT — 0 DR T

0AG 3AH
DN L, EITHR AR 7R IERE T 5 &5 2 72390,

358 Julius Thomsen (1826-1909), Marcellin Berthelot (1827-1907). Z DL, TR TO MG
AOFEZMEN, ROAEBFET DRI ERICEZ 5] L ERU.

359Walther ~ Nernst  (1864-1941) https://en.wikipedia.org/wiki/Walther_Nernst. K.
Mendelssohn, The world of Walther Nernst: the rise and fall of German Science 1864-1941 (ebook
form from Plunket Lake Press, 2015; the original 1973) ZM].

SO0LIF T, IUARDA (B3 %) D p292 IZH[HINT WV 2 3@MmIZBFNT b N 520D T, ##i)5.
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BDERIFIXD LS ITHHTE . (24.2) OFD 2 HNHENT 5L

Tro1r AG(Ty)
AG = T /T 0 (a—T)PAHdTJr T (24.4)
B AH(T) AH(Ty) "1 (0AH AG(Ty)
1 foAH AG(Ty) — AH(Ty)
::AH—T/-—C——)dT+ T. 24.6
n T\ 0T ), Ty (24.6)
L’Hospital O &H 1%
_ AG-AH
lim ————— =0 (24.7)

2 Nernst D E5R (24.3) LEMTH B I L 2 EKT 5. T, Nernst BE R 72 K
512, b U, KIGEAH DIREHF (0,7] THETE TWIIL (24.6) 25

1 (0AH
AG_AH—TA T(?ﬁgpﬂj (24.8)

PEOSNTHIBEIITRITHIRT 5.

24.3 Nernst DERDIFEE: B NFEDE=XH
(24.1) & (24.7) 25

) OAG
lim, (a—T)P =0, (24.9)
%0,
lim AS =0 (24.10)
T—0

ThHd. TN (248) DHFOEAPERTELBIIERZINTVDILEWVWSH LT
HB. ZH5ULT, RIGADPKIGIZ &2 HHTXIVF— (BR) 2Lz Baeilikd b
ZENF AT

(24.10) 13N ZZE TIIMTEE DO M ZEALT (4.7 Tian L7z & 5 ITWEW TH#&] ©
ZALEIAAIZ LU TC)[TERTEHREOTY PO Y —KEIIFA—ThHhd I &2 HKT
5., BWHZLE, T=0CBFAWEMAIITY boY -2 LIAETDS. Z
DEIR (24.10), HEWVIEZ D FERDEDNT NS (24.3) HDE WK (24.7) D & 52X %
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BT O =3RRI the third law of thermodynamics & %\ & Nernst D JEHE Nernst’s

principle & 53601,

24.4 FENREOR I 5 —

Nernst O FFIXH\WZ AW Z{L THATTE HREBEARRIZOVTIET Y br Y — (&
JE392) DR R ILBOMEIC T Z2 2N TEEI L2 TRT S, ZOELER ZAW
¥ 7 & — reversible sector £ TEIE S .

UL, BBzt X —0OROEWNIMEERIEEZEZ S L ZHEZNZRD S
5. 72 ZE, BC OA#LEYE 2COILEYNSERT B I LIXTERVDT,
INSDILEYMTTETVWDRIFIDLRLEE - ODRL Sk 7 X — 2 kT
L. Zh5, TNSIEHOZY bR Y —DFEER > TWTHEDR .

BBAEZIIB VT EIZERZE S BB 57227 XR—I1Z@T 2 /{bEWIE DK
JGLS 5056, PCeBCZ2LHIZECMIAEMBERT S, UROEMIEX, 7 X —
MLEMMNTER L EILL /8 I7X—D Y bu Y —FAEBFIZE>TVTHWY
DM ? THFEDZR VL. LS DI, 2C ot e BC D5 2 8 Qi A E
FELRWRLE, ZORER, TBRWEW] ZEHIIT 5 FENRZW. LE->T, 4
S5EBFIZROTHERTIIHZVDT, TRTEHLLES>THWVWWDITE.

24.5 Nernst-Planck O EE
24.3 X T - 0MRCOTY bu ¥ —DfEIX, TZNATIZERTHEROMTH O
EESoTWADE., REMIZTY PO —IE FICAERTHLZ2IFHSNT WS (D
0, S— —oo IFAELR).

Planck 3 ZDHEENEH WL 7 X2 —DT - 0MRTOZ Y bu ¥ —Dfliz £ T
YoebB\nWTEWwWZleThdrZeriERLZ. 22T

lim S = 0 (24.11)
T—0

LEBANZED=DDFREICDVTD Nernst DY 3 —72 ) Kurt Mendelssohn [FIXD & 5 1IZFH W T
W5 O OBGERIZ DO WTHEERT 5L &, Nernst FBNZEO=DDEAREMOFFIZE DD I
W B S 2 FERESERMLU -, B—IEAIX 3 N2 & 5 Mayer, Joule & O Helmholtz; 25— ik
HIIZ = A2 & %: Carnot & Clausius; Z #UZxf U TS Z3ERIE Nernst — A2 & 5. 25 UL TEIZFE
MERER U2 Z EBPRENTH D, RS, FEUEAL2EDDOFHAEIL0NEZLSE. 7 (The
world of Walther Nernst: the rise and fall of German Science 1864-1941 (ebook form from Plunket
Lake Press, 2015; the original 1973) Chapter 4. Thomson ¥t T 272\ Z L IZIERE.

32y bEVY—IIRENAZEROT, HEEXEYO TARAVWASIIYEDOEZ2EZE LR Tldkon
W,
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% Nernst-Planck DB Nernst-Planck theorem &\ .
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25 (EZERIGEACZETE: B

Z DHILEE OB OBRER NN —F BB T A MBI 5. fEEoSE#E
TR S NBBEEIIC D, Rk EOCHPETRTEELTHS (FL R
2527 I EHTH 5)5,

25.1 ZROYMEBHRODRIT: &

ROFUZH BILFYEDOEL, 72 ZABALZRTH, RONIBT R ILX — & (L F L
(E, X)) (@ OEJ#FERE ordinary thermodynamic coordinates) (247 U T2k L
5% (—=4.4) DT, WAWAHEELEL S Z L134.4-4.11 TEXD, F0IE (H
455)72DT, TITELOERBELTEIS.

U, ROMENZMBIZOWT TERREIRICERICINA 2 WEE] & [5
BREPRPICERICAEITWER] L3 (WEKEDH 5 D T) HOEHTRIT R
ETHhHEWVWD LT

FERE DIRIZTHN 21 (—=4.T) MA 720 RS BIZIZERN 20 32 Z & D3R IEAE
Y UCHBERILEMD BNV R ZY BB L ITA L. 22 218, REIFUDICHET
% L ZITEE LAY OB IVEOMRIK N I, ZDRA (WERI) A»rTunian
i, 72 ARDOWH TR BMEKIENEL LD & H, ROWEMR ((bFHA)
ERET S, bbAA, WEERL, Z0O%k, EREVLF-LEWE A0 RV
70T BHTLICHEFI NG LTI S (WEEEO LML D Xk H 25.6).

BAOENE > T 43 DFHO I ENE, ROYEREENR N DL &, %
E, X 22z, RO N 2k E 5 PHibEMRE B, X, N »SHET 5D
WRIGEB R: N = Rpx(N) TH 5 (—4.11)%4,

W AR AL PR DE NI DOWTIZ 4.8 ZRET Z &, IROEE ¥R ET
WA % i > TR AL B & R T 5.

25.2 YEEEAE & B )

3BZND S B WL DONIZET BHIHIEENEIC DT 5.
304y 55 A, M 1F, WERKIGDEE, £3 £ Feynman DERE (—2.6) ZFE L THY &b
B TIER SR\,
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fle LT, 4.4 THLY EIF7 (%)
A+B+—C

A5, ZITHBOEZOIZ, RORRITHNAR (11) TREL L, ROFIZ5HWED
ENHEFOENEEN—HTEEIICLTHL30, 2 2 CEMEED K360 fiseff:

[Cl/[A]B] = K =1 (25.1)

BET S, 2720, [X] RACEWE X OEVEESTTH .

(1) REMETHHZ, A £ B 2EIMMEAAKEZ LTS, ZOBE, ZOROYEMEE, /-2 2
i2, (Ny, Ng, No) = (2,2,0) L2 B2 ENTED. SOLMET TR, Kk () HOFH
IET L A BINTNR 2 EAVHEINTCH 2z ENVERTEDOT (25.1) 1k z/(2—2)2 =1,
DEDPMRS o =1 TR TEARSRW. Ihh s, ROLFEMMR (SBME, EERIZROH
2B BEYOR) BEEMBEERET (Ny, Ng, No) = (1,1,1) ERETE 5.

ZIT, H b AER S Nz, TOREMKT B 720 BRI E R % 2
DI TOLFMBE LA UL T2 DIKEHII AR >TWD., £Z T, RIFFALTWEDTH
FHNZBATIZZR NS, @Iz I ZYE RS2 (N, N, No) = (1,1,1) DL S IZHH LTS
S DOWMEFIZZS 5.

(2) 2ZT()ITHTETVWSRT, WEMIZEAL 2%, FIAE, RE (DWW E) 24
LI A, (25.1) OFDOEH K (L2 FMER (—-25.23) K =318 -7295L,
(NA.NB,N@) = (2/3,2/3,4/3) (2725, 55 AWHERERE CBICERHLEDoTWD 2L
T) (NA.NB,No)=(LL1) DEETHB. ULh L, (LSRRI ERITIAET 2R
ERBLTWE 06, I TYHEERZ (Ny,Ng, No) = (2/3,2/3,4/3) LEHF L TBL DN
WWW7ZA 5.

(3) ZZITHITEREZHET 21T FEMHRYIE R (—25.5) DHLD D 5 5D Enm— DB
MTRALTWAHOTHREINTWVWS A, B, COEMIEHABRTNILY, 722 21E, 5085
BCRTZE2EVHRLTRZF>THRUTH 5. WHEERIX (Ny, Ng, No) = (0,0,2)
TH2H, K=1DRETIXIDROFEMEIL (25.1) ITRAIX (2—2)/2% =1 Zhi7zT 05
r=1, DEVRDMFMBEEEL A (1) DHE LU (Ny,Ng,No) = (1,1,1) TH 5. F
BHEL 72 ZD5E B WHEEREZ (Ny, N, No) = (1,1,1) LB DOBWAVEWES 5.

(4) AETRYERM U7 — DU ROF THTFICIEPEITLTLE S HATH DD, kL X
i, RN L/2 TADAR2ENEDR (ZOWEERIZ (2,0,0) T, ZOALFMHEEESD Z i
FELW) RN 1/2 TB DA 2 BELEDR (FOWEEREL (0,2,0) T, ZO(LFHERS
ZHUZFELWV) ZHELTBWT, GRS ETHRM1IDRZESZLHTES. Tk EHkE
Do - RDOYERERE, £55A, (2,0,0)+(0,2,0) = (2,2,0) TH B, [bFMIE, KA
HBDSLREDSNENIZIZR ST, K DETETWAARBEIZRS. e AFTK=17%
5, (1) ic&niE, (1,1,1) TH5. I T, ZOHEE, FHICELLBEIYEELEE (1,1,1)

3605213, RUBIZEIG- L7a\w A 22 b DPBRCORIGR o NY 2759 v RIZH B ENIE
AELUTEARNI LIZT 5.

366 Z D & S i RMFIFBRICENIFIT & o THP NS (—25.23).

367 Hifi7 13X mol/l TH 5.

368 5] — DAL AR SIS 2 W R (FME 7 W B REAS) D & 0 FIFER D 72 < B (—25.5).
369 Z DIMEIIMID 2 L 5 7250 B VB ITEVR WA, HETIDRIZNDS (—25.11).
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ETBEDONEERNNES S,

(5) (1) THELERIZETC 2 2 EVEREVMAZL LES. ROWEERIZ (1,1,1) +
(0,0,2), 2Fb, CEZMAT=HEYEMEEIX (1,1,3) 12725570, K =1 THIUE, YR
% (1,1,3) L EBWGE CARIDLDT, Thhly ELDMTEE L LS. FHBEFE,S
B—y)/A+y)?=12Fb y=(-3+V17)/2 TR IX (V1T - 1)/2, (V1T —1)/2,(9 —
VIT)/2) 1272 5.

25.3 MI{LZEH D

EOACEYE & MAIZ (Al OYE L L) B X ond i onTiddiad e s
TODERDFRETH B (—25.1). — DIXEAER 2NN (B 2 122 535 717),
£ 95— DIFHIE T 2 (2 ICROREZDEE T, DF D, insitull, &
HTCEDEM?)THD. INOVRITHRARZFEBRENRICH U TEITTE 28/EIZE
TEMNME, ERENRIZOWVTHID 72 WEBO YR ERIZ DWW T OHIEIZ
B9 B MM D DIz L T\ 55T

BT DWW T O Z REET 5 72 DI B EEILEA I N T WD DY, 4.7 OH
WZBRTH 2 [EEREEEEY ) DEFED-S, BFEITIEAR LI B EY %3
CHEERNICBEAT 5 Z L IEAARERONTETH L. 7L 2L, HHEDKERIT
AT ZZ LIEAAENIZOH X HOT 8 HHEIFEAINDS. T L P—ERMFTT
X, ZTho IR 72 ) (EFWEORIZIKDOEETHINIRE > TWD (Pl
ETREF-oTWD). WRIZ, Z05H, (D ed) ZFHrHsE00, FiEk
2H,0 «— H30T + OH™ & WS B E ESMFHEREN S, ENTE VWA —s
WM EZ B Z W TES SRR ] 7205 5. 22 CTHBHREITK
EMNIETEFZD.

WIEERLE U CHEZ DL SIXPEBERICHDYMEITRTE2 525 END— oD
&, HlEE—FLZVWE, EOBITIIKRBOEL W EARGE L 7RO Y E R % 1
ETNXBRIIMEEEEOMECHEMNIZIRE 200 FZBREN XL 2 LRy, LW
SEERILIZEHLAVWEWIIRW, DF 0, YWEEEZGRICHZIE, 2212
WA REREST 2072, 2 2ICYEEEOEEN:, RN & AL R FE
BUZEIL CTWAB XS TENIZETERVWEHELD 5.

SO DECSBEBED NG ENL NS S0 OHEETE 5. UL, (2,2,0)+(0,0,2) = (2,2,2)
b, HEBRLAVY, BRICHSING. WEEEE (2,2,2) L LA S, 2 BLO A WEHEIC
ETLETITHBESINDI LTI 2+2)/2—2)2 =125 c=(5-VI7)/2. 2%bh, HERES
NBACFEMR RS (VIT — 1)/2, (V1T = 1)/2,(9 = VIT)/2). b2 A, KXORRE L —5T 5.
STURIIZHRIETRIZINT VWS E S D0 S H 5: BIUZ RO THN AR E LT

kU325, Lrl, oMb TRRI LAY 520 CEACHAZY. JNEHT S0
BELHW T EBF 2L S CRISEHITE 2205 CHEERIMA S NEDE 57 (54.7).
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25.4 ZTEHDILERDICET 2EHEZFEDLTITEIRE 207

ZZETT, MEEBELAVEHBEEZEALTE 2. 2hiE, bhvbhdbEY
BUZ W72 B EHEN IR EBRIIN A 217072 TH, @FE OB P (B, X) D24k
MU FMEE 2L I 20 672, BRI TORDLFAMLIE (B, X) ICBEITHAT
T5. 20T, HlZIE, MOEIBRERN(ZDa=y bTIEFEIHFNED NI
WIB AR T <, EROBNFTHON T WAL FYBEOEREZ KT EIEL T 5)

oFE
<%>X,‘N’ (25.2)

D THID R L 725 (LK T, ‘N’ = N &\ RERDERD K TRk
ThH5).

2D &S Wz BT B 7201, BHERLFEEFTIE, WS EERRBIZ B W
TH N Z2—EIZIEDEITLIZLZHODITEF LTWS; DF D, WhRb{IbFK
% s, PHEREBZEZDO T, FERRICHEETES (—4.2). $H55A, 257
NN LBEEORNZEE2 Y DT Z 2 TES;, ZOEFHD LTI (E, X, N)
FBEFENZEDO M B DERIZR .

PERDBNZOHERIETIE, B HEAIMEFEZEITLEHRIRE TEBHEINTWS
DT, (=S E) DMMEIIMEZERIED 72\ E LT (B2 WIMEEHRILEE S T
L UC)HEELRL TR SR, UL, (bR EEIERICGERLZVE &
Ik, LB S I (—12.10) 28T 2 O EHENRHRIETH B, 1L
R ERE XN T CTERMEENZERFHIZZD LSRN TELDD.

{L2EE) % % B R 2 < B RS B 72 DI IR % 3G U 722\ T8
A2 R Ui AT E R < TIRWIT R Ww., £ 2 TYEEEE N BB EIZHh 5. L
L, BIREETDRDILEME % LR 5 72 DI IFACEH R RS N SRz 72 5.

25.5 MEEZFOHFHRIR E T DRKRTS™

BEORNPEENEX 5NT WD & &, ROYEERE N 3KISEH (+4.11) IZ &> T
MR N 2 N = R x(N) DESIZHRES S, FA—D N & ISERTE A 5 WEEED
BRI H B (—25.2). 2% 0, WEEEOMESIZIRD X 5 72 FERER ~

SR D ZHURIZH DK<
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REATZ Y, BUAMIZ 3WEEEIE R O ~ iz k3 AEEE AL, HEL, 22TD
YRR OWRTE, D%, BEEMICHNIC B A S E TE A (LEMEOMBTH B, BV
Mz 5r, RYY )~ Ouh mE s 56 d 5.

LG 0 DMEE BRI 5I1EZ DRIEEIRD & S ITREIIZEBTE 3 (—25.8, F1Z
(25.7))

> v =o. (25.4)

EoT, (B, X) TS TITKIG b OKIGHERE (KISHETE) & 22138, FEBG N~ N &
WDOAEG 72T AL DIFELEMTH 5

N; — N} =Y viAgh. (25.5)
b

L2 BOEAMEFARERIN TR WG S, Wb 2{LERMRINRERO AR 5T, BE T 52 WE
b (B, X)I2&205 Ry x CHREDAERFRE LD &SI RITALFEROEAZ > TR
B LIFTER.

ERINZIE 25.6 THEINTVE LI IR/~ DHOEED WAV N—ZFHTZ0D
AP

25.6 {LHELH N B LU N OEBEHARERY A
WERDIF BN FOBRETIE, LR (KR GEbbAD N) IZWH1725
ZAOR ETEHIETEDZ L VWO EFEND D, TDE, (B OBEIIFHEIED) HFE
UTWRZAA5E 7 U7 CHOALA N EE T 2 72 DI AW RS D LT A
N5, ZOT KRy 7RBHFERDP D FIZTEB7ZTIHD &0 RFRERRD b ivb
NOZZTO HEH B0V TEIAN THh5:
TR DEBLE W3 SOG D S & E55 3 B ERIZIE, kD N IZWEEEE N & fi
TS5, TnLSDBAEIE, N IIMEERBEE N L f#RT 5.
EDFEULLED & (T2 25.2 Tikin L 72413 10):
(I) BIC 722 TIE, & %6888 CBE ORI ZBERDEL L 7213V DD DRDER) %
FEABEE, TRTO MLFEEE] IYEEE N TH D (2 IEIMEER 2 225
TH > TRANFEHEED—HTD 5 5).
(I1) (1) DEFEATE T LD U2 RI2OWTIE, TOEMHE N % (25.2 (1) 12
BIAiH 5 E510)3ETE. 2LT, ROYEBEDOEEZ N IZHFT 5.
(IID) fLZEME R (AN O XS 2)MASND & &k, WEEEL TN - N+AN
CEHFENE. DWT, () ITR7Z &S IZROH =2 b F Mz ko Eh e —Hd 5
O I E R 2 Y 5.

25.7 {LZRSOREHIRIR
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k&Y A, B, C, - - BKEIGLT, ZNS6h5Z Y, X, - - BEKT S, 20, A, B,
C,- - DEIVE (LERR R 25k -> T, Z,Y, X, -+ DEIVE ((LEER) DR 5
& &, MU bF 2D B VI T e %

aA+bB+cCH+ —2Z+yY+a2X+--- (%)

DEIIHRRT S, T TMAXFIFT@AIEDEKZR L, (WFERBE L EIXN
%308, 7272L, EORAL, EBIZERLTWEHENIGEERLTWS EIXRST,
ROHTHELLWAALRKIEEZELDTENTVWLDNE LWL, ABRED»D
MEN LG EZ —D DML LTHEWZE0hrb LRV, £B55A4, ROFT
U BRIBIE—D IR S .

FEDRIRDFRA T %ZE R original 5 NI KR reactant system, 4534 % 4
%% product system & WL,

BNFaEZDLET T EONIERNE S > & REUAIZ

D& IZEKRT B, T2 Ty 1MLEWE C; O — AL EIRGREL generalized stoichio-
metric coefficient £ 01, FHRIZDWTI A F A, EFRIZDOVWTIET T A LHR
T5.
RO THITT HMINE—D LIRS WD T, The EfEHRF O TKERILT
(25.6) & & b —fEHIC
> vCi=0 (25.7)

&<,

25.8 {bLZERIGETE
(25.6) TRISHAICHEFT LT C; & (LM e LTOR, D% LFHAERE) A3
S, BAELTz T8, 1, LZORIITARTDIZOVWTCHAILELL/FS2FD. %
ZTCIDRIIZDWTIIGHEITE & (DEALD) ZIRD K D IZERT 5:

o

ge =21 (25.8)

v

STEEDAERALFREAFTIEZINT YWD, HIBRBIF YTl RBIZWH Y IR LFERILE
MHBENE DT, REIIATHD 5 5.
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ML IZHEITT B RKIEDI WL D0 b & ZiE, TNENDKINETEIZKIDDRT %
DI TEDEIICERT S, (25.7) TRIGHEITHEITLTC; & (LEMA L LT
DE) M on, BlbLized5 &,

divg =y vhdg?, (25.9)
b

2 CRIGHIENIZ LTS B 2, RZHOTRTOEMBIZ DO WT D C; &N
DEELEZT, TRTORIGAE (25.6) DX I ITE WL E, Th s OFIBAREK
KRR IZ B 2 & ThHh 5.

259%#&%ﬁ@m#@6ﬁ&%%btmé#

(25.6) H B\, 25.7 D (k) BEEOYHA L@ E LTI Z2EKRT 201, Fh
E BB TIEAR V. SR B ERRE R L TV AR 561X, mAICENS{LAEY
DALZERT V¥ v IV, FHALZMRORETD, DX, FHEEY L L TOHE
Plibia. LA LU, Kirkwood-Oppenheim @ Chemical Thermodynamics 72 E1Z &
2 EROGRITIRD ZBpEEZ R L TWEH WD

a) MO RICYEZR T, P - N TIRAT 5.

b) KIGDEST AT 5.

c) }im{tb Wi o BERLEY Z DT 5.

KIGEit a)-c) BRESTEDEINT VWS, LeL, £ DEBKRTIED) TOZYL
@&’E?ﬂﬂﬁbflﬂé Kirkwood-Oppenheim Ti%, SAHNKIGTIEb) DT 2025
ZNTEVD, BHTRESEPEHTELRVDOTHIEN VWS LI NTWS,

25.10 van’t Hoff DE#i%aE
25.7 DS (%) BEMHTRTZN TV DIRAE (DX D 25.9D b)) ZHFRBIRL LS &
T B5EEE D van't Hoff DK GKE van't Hoff ’s reaction box TH 5. FiFHD A B, ..., Y,
Z 23t U7z M o A %2 EINFNIEE T %2 AR LT, MO & S 388 %A
T3. 22T, BbEWi 1% (25.8) 12> T 1dé ZALT 2 LD IZE A NV Z il il
TEHEDTH5.

KERFHOHTORAVILFEIREGY TH 2 O TSI AW HEERRIZ L 2vAE Uiy
(—25.17). Ex2 S 2, (LFEHEICB VTGO ETIZEU RO 1S, Fi
ERODZITIRO ZABKEIT NS ZVWDTHS.
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Figure 25.1: Van’t Hoff O V-4

ZOEBEEMS &, FHEIZIE, 25.9D (a)-(c) 2FEBT I L VAHETH L. H

W25 R, ZOREITDNDONITAFEYE i DFEEEAYFh TOFERT V¥ v
ERIFERREC DAL R T Vo Y IV D Ap; # A N IZIIZA BFED» 5, JFHERRIC
X, HIETHZe2HTHICHD. LoT, FEHHMIZ, WHARIIEFEKIGIZDWT
P B FERRZ AREIC L T B,
FE EEEIIFNEREITD 2O NIGDETED - DT 5 (HEHINIZT D) TA
filids) OFMAZRELTCVWEERIED H L. WH, 2 I3ROMEEZE X RWVIEE
DWMELBFMT I WVIZT TRE L U TIIEH T 20382 A k2 Wi R
ERETEZEO22EDDIETHD. ZOT AT TIXEHFEMNTHET LR WS Z
I ARHZIEENTH S, ZZ TR UL UEHBWIZET T KI0%Z T £ ULTH
ELRLSTER SRV, ZHMbFERINC 5] 25 U0 ew. 2F0, T#
it ) 2227 A4 F 7B THEI RN,

25.11 BEtTERWMESHDERY KL
D=y MI16.5 TRREZZEDESDOXRTHOBEEELTH 5.

25.10 TlE, ¥V v X—DhDAbEYE MO/ FZYME TH S EIREL TV 5.
REWZUT, TRTOMAYDEEET E 200 Tldkw., AN e (—4.7)
ERiOWE, BEIZE X, TollTHE. ZOGEILEE Y E S E R D
TEHEINS. LI,

NQO4 — 2 NOQ

WL B UTHBRIETE LKHY EiFonsd. 50558650/ @
DM R TIFRBETE W, 72006, van't Hof DfZ2 R TE00v. Eik, TAXR
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Bk el 22275 £ THR\W. SETIZTTIZEZRZIEDH D
A+B+«—C

TIHESITEIDN?ZDGE, CEITZY) Uy X—IZ ANTHEL DIFEHETIZR .
HELH CHFEWVWA & BIZARKMWIZOMBLZWEEIX, ZORMEEZET S 50, 20
SRFOGCDE BRD S E THEIT T 57 61F, BfBIIHEZ 2200 5 (—25.10 DIFE
) Z20 30, TRIDESIREEEREIIES>TE07 #ikD C L{bFEE
AN AR A, BEXUC COREMZMPECORDOIZVY VX —I1Z3ED 57
A5, INEKIGHEIZC DAZERNEBIELEA2 N LTI IT5. 208
BRHEIZMANS N EBORBIIYEERE L U TIIMD C 05E L EMiicTtEs. Z
NOYE RO R D 2 WNTE I TH 5.

Frbde, BEECERWYEIZOWTIE, REEMIZHEERIGE LRI
BETHVMREEYE V) v X —IZ AW, ZnThh b & 512, AkopE
LAY ORIES T 2 Z L IR,

25.12 L2 RIGICEL % Gibbs TRILF—DZE1L
(25.6) TRIEDY, ZDMITEDEILE TRINDEFELL ED, KIGIZLS
Gibbs T3 )L ¥ —D &1Ll

0G = Z/“Li(;]\?i = 6& (Z V,»ul-) ) (25.10)

EELSILENTES. I obd XS ICHARD ZDORIG (il v =1 OYWE
D1ENDHTZD DEAL) DUz & D Gibbs THRILF—DZAL AG 1%

AG::E:wuv (25.11)

b, bbAA, RIIT, P—ETYWERIZEAL TWE 2T 5.
AG ZRDDIZIFEFERT Vv L EH > TR TR s n. bivbh iz il
ETELDI 2510 ICHNT WS A, I TH5. Zhid

Apy = i = (25.12)

ST BERiIE G Y 2 58 X 2B RIS R TEH V.

SRS PSR DO A Z RS 025, (WP EMEZTEEZDLIENTES. £5T 5L, wHIE,
B Z 5N EEPREETONZ L TEE TR 6 BHBEICZAR D H, EAFICEAS »E Lk, EHE
WSk, ZITRENFENED (—12.10) DFERTH 5.
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DEDIZELZENTES., ZZT* Evan't Hoff DD DOEEHREY DIRRE, F
LT o IR A T AL TR A TH B 55 (25.11) T AG — 0

> v =0 (25.13)

ThHYH, Ld->T. HIEARERIERT Yy IVERH> T

Z viAp; = Z vind = AG® (25.14)

DEHIMITB. TIZT, AGE IFHEERETD KR & AR D Gibbs T 4 )L F —
DETHSL. ZOEVPKICEREIITS. £5%-5TAGE Z2RkDE0IZOVTIE
25.21 IZE5a2=v b &I,

25.13 Rt (Gibbs) BEHI RJIL¥—
25.12 12> T, MESNRBIZH 5 KIGRDILEY DEESVIEE I NREIZH
5EHRDICEVDOEEIZEAT ZBDOHB T XL F — (Gibbs TRV F—) O£k
FHETES. ZZTREINZREBLEIMEFERT VY, BEZ5NTWVWD
EWVWIEKRTHD. ZDLEiE, KN LD Gibbs TRV F—24bIE, (25.14) &[H
BRIz,
AG = i (25.15)

52561 %. Gibbs T X)L F— DAL HHEFK 2 KISIZ DWW T DR TH B
ZEITHER.

ZDY%E, KIMLEYZEE O (T hd oL 72 £ £ ORE, ik
BRRETH D) L KINMRIZ ML 72, ZHE 7RO EHHREO HH T 2 V¥ — % A
TWBDTH5. 22T, HHZANVF—OF/NFH (—19.7) 55, HLH AG >0
f%ﬂi&mﬁbbiﬁﬁiib@m_ti%mf%éw AG < 0 THNIXES)

FPIERBPAEL D Z LICHFERIBEZA RO, LIEE-5TH, TNEHT B4R
72\ (—12.6).

25.14 AAJgE%=mgEIC T BHAEDLE
BNOZOINHOMEL, BIENAAREL T58EE, BRBICHETTEILTFETS

3677, MMOKmE Yy TV U0 5L 251412/ 5 K517, ZFidE->TL 5.
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HRE (BIZIEHET RV F =B~ A FADEE) 2 hy TVESET, 2L LT
AR AR EZED 2 ThH S, (LERIGIZDOVWTARES, AG <K 0DKIGE AG > 0
DEZENTY TVIHETAG > 0D EEITIETCLES>Z & THD, ElFED
HERMMNEIZ LK EIWVWIEHDT, EYD [HEF] 1225 U THEBELTWBT,

EHLAAHBEIHETLONZAUBRRTE/E51Z, B HFED TRWIZHEEZ ] &
S0l AT, WREOEER L IZEERLZDT, TOL S REROEFIZITZ K
D TRPHAITHEER (ELEFRE) PBETH 5.

25.15 {EFRTF > v ILDOKRIF
HABRAGEROFTHIENR P, TH D LD 5bFEEi ObFERT v ¥ v Lk

pi = pS + RT log P;. (25.16)

ZIT, uf IFEEREO(FERT VY YL TH 572 (—17.9, 17.10). —BEOZIRT
HETEAETZOEBHMFFEI NS XS IZETT DR D IZEREEE fugacity f £ E5
DxEEFHEL

wi = py + RT log f; (25.17)

mErEL, HHAAREEITHIE THRD 5.
AR AR TIZED i DILFERT VY Y VIZFDENDER ¢, %5 T3

wi = ps + RTlog x;. (25.18)

ZDGELHANTRWGEEILDRONRD D ITIEER (EHIE) activity a; 2> T
(25.18) DIED AR Z MR 95

pi = ps + RTlog a;. (25.19)

STAEMOFEARZTD LSBT H D LFEXO5NDS. HIZITHERILFANC HRITET LTV S8
FE & TR R DE TG &\ D BER DB 2 HIERERE TIEA T 887 U b LAY ARSI IEBHD KOS
W ITERIZ] 1y TN UT, FEERIZ ZBILREZED —BILIRBEADEITAHREIZR S Z L idbhvbhR
L7280 THS [N. Kitadai et al., Metals likely promoted protometabolism in early ocean alkaline
hydrothermal systems, Sci Adv 5 7848 (2020); Thioester synthesis through geoelectrochemical CO2
fixation on Ni sulfide, Commun. Chem. 4, 37 (2021).] ZZIZHR 5 k512, BRALFRITIE, @H,
H1y TN EEEDOAE LV RGRIETTH LD, TNTEH, hy TV ITDEL 55 ThH 5 B
MATTETCVWEPPMOTEHEETHS. bHAAEMBEDOLEIF TN ZHHIZ TRT 201X
WATEEAMIRTEZ IR OND DO TR TR SRV E Z A IAERR IZin % 221 72 Z ORE
DHELINVDH 5.

STSIEHERRED F A 5 72D /iH H B (—25.18). T I TIIHFLREE (ie., z; = 1) DEHERETH
5.
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ZZTHIHEE o IZRERINIZHID R TR 57\,

EZRT YV ILDREFEIBOEERFRE LFERT VY VIET, PEXUNOD
BEEZDY, ED XS B RN 2> L DRI SEHEGET AYWERE, D
FOFMBBERETCRHEINTVWEDONREETH D, WzhioT, FLHRBIF
IR fR 2 5 & &2 I3 a2 Bl i C DAL B TR I L 22 < TR 5 742
W, 25.26 125 B EHISHE.

25.16 TOREDILEMEDEE

A4B — CIZBWVWT, COBEENMZIEFXY A TH >4 561F, TOLFERT Vv
IFHBBHE T L EBE NS (—19.10) 125, MO TRKERYA FADMEEFFD.
Z5 92 Kan6/oN S MLH (FIAIXEMOEE I L LTI HE2) 13T
REWZ LIZ%25 (—19.6). LU, EBIZEI WS 2 ETAELRN. E»”?

TN E AR R & X R IZIEFE U TRVWI EEZRBLTWE D, D
0, HFEEBEOZDGELEELD, ZIEERZNZETHRWVWDIZ, YHEE
BOZIT D FEN O REHANDETHS.

YOREAFYEOGA R, IR OREHTZHNIEV o THRE L lHE
WOHLS21E9TTHs. ZTNFEHBEOBWAMFEL R 5T, (LAEFHIDLE
BERDD LI TRENENTETHERPSMHIIKRES TN 2HTHS. OF
D, BEWIEHEEEEMIZIZZOHBAENLREITH LD,

25.17 (EZRIGICITTERENEFEET 2: BNFHIER
(25.11) 5095 & D I ORI, REE—ERE T8RS

> vipi =0 (25.20)

THd. FADOHIRIGRDH DA DIREZ NS STENILKTEILIZEST
WS HTHAEIIITES., RODIZERRDDH DT DREEZ WS 5 TH/NSLT 5
ZETZOMIZW 5 THIEICKREL RS, T UTIOHIIEDIRE & I
ZALT H5DTHITHNREHIZIR D &S BMEA RIS, DD, WhiRb?
BOGIZ B SEEAREREIET 5. NP DJHA] (—4.3 1T) & B EPBENTH
52 LEPEHRLTVWS.

25.18 ZHEREDIEE

250



fbZRT Vv V2 FSITIEC DDV E, HOBLUS®, DE D I I £4/%
YEOBFIEREBORN L EBVPLETDH 5.

(RBEPBIE D) FRHET > 2OV ¥ — IR T > KOV ¥ — Hp ICE DWW THEME
ns.

(T =298.15 K TD) ZEIRREIZH 5 T N TOHKIZ OWTIIERT > XL E—I

AHZ =0 (25.21)
LEHL. [, T — 0 KMETOZEREAEOERT Y ba ¥ —IiZ
ASF =0 (25.22)

LEH5D.

—fiz. H(T)— H® & 25\& S(T)— S IFBHIETIRD 5 (—25.19, 25.20). 7=
ZU, X058 (XX HDS)IFMEEER X »oikedd. 250U T, fEHE Gibbs T
FNF=NH L F5:

G® =H" - TS°. (25.23)

FEAERRED B FEBIIR E LTHEZONT WS, TNNREI XS TESN S )
HMoThbZ>S.

25.19 BEEH T VY ILE—IXE D RD D HT
HE 2182701213 F T HPEBEUNE TEIRIGEZ RN, ZNS5DRIED AH 25
BHED AHC M6 b, ZD729HIT1F Hess DiEA] & Kirchhoff DFAfRE Z{# 5 (X
25.2).

TV R — HIPREEKZ» S, AUERETOS Sk BREEHIZOWT

experimental results Hess’s law

e.g., combustion heats H*
\

heat capacities

H™(T)

Kirchhoff’s relation
Figure 25.2: ¥ %o THEETY X VE -2 ETE BN SRDLED; L2
D AH FNERTH 5. Z3d Hess DIEA Hess’s law TH 5. RO SEUTHIE T
31941 Guggenheim p242 75 & - 7.
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x5

C(graphite) + Oz(g) — CO2(g) —AH =393.5 kJ, (25.24)
CO(g) + (1/2)Os(g) — COs(g)  —AH =283.0 kJ. (25.25)

B oH _OXZ51FIX
C(graphite) + (1/2)O2(g) — CO(g) — AH =110.5 kJ. (25.26)

nEohd.
FEORIGD & DT, BRI Y ZVE—ITREO TV XV E—n o/ o605 (HiEH
DfERIED 200, B2, IROBEBER G

CH,(g) 4 204(g) = CO,(g) + 2H,0(1)  —AH =890.3kJ,  (25.27)
C(graphite) + O5(g) — CO2(g) —AH = 393.5 kJ, (25.28)
2H,(g) + Oq(g) — H,O(1) —AH =571.6 kJ (25.29)
no,
C(graphite) + Ha(g) — CHy(g) — AH =748kJ (25.30)
WREONS. TNk 20815 K DIEIZHETIL, BHEART Y 2V — AHP %
CYATR
FIT, WAWAREETD AH BBEIZRS. K6 1,Ci = 0122WTIX Hy(T)
EZRETIZET2EWE O Z2VE—-2L LT,

AH(T) = AH(T') = > v;Hi(T) - Z viH(T') = Z vi[Hi(T) — Hy(T")] (25.31)

i

THD. C & LFWE i DB (ZNIRBETRETHS) L LT,

dAH dH;
= i Vid_T_;ViCi (25.32)

72 DT (Z DRFRIE Kirchhoff DBAfR Kirchhoff ’s relation LI T W 53), TNEH
%352 2T AH(208.15) BMESNB.
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25.20 BHITY fOE—FZEDRDBH
BHET Vb1 ¥ — SO &K B2 I3 RAE

S (crystal, T — 0) = Rlogo (25.33)
PRBETHD. Zns
59(298.15 K) = {5°(298.15 K) — S®(crystal, T — 0)} + Rlog o (25.34)

5. { ) OHIFERIEIZ LD TV b EE— (calorimetric entropy) & IEEN 5. o
ZHIO RS TIEROBRWVWD, ZDD05E0RH5:
(1) BHZRAEY (B0 SWVWH LS5 LWV) IZOVWTIEHARIEIC LS Ty baoE—2 4
HFHIRIEIZ & % =2 b1 ¥ — (spectroscopic entropy; S©(298.15 K) €D D) l&—
HTB. 2FDo=1ThH5.
(2) WL DD DfE#R4rF CO, N0, NO, HyO 72 & DG & TSR O ML TIREN S o
DERETEL (ZZIZHITTHAEEMIOVTIE, TZICEVWTHBIEHFTo ik
2,2,V2,BL0V3/2TH5).
(3) D% < DYEIZDWTIEH ED XS RERT — X IEBRVWDTo =1 LIRET S
(BB =3RRI, BlZIX24.5 ZBWZZ D).

(2534) D { 1, DEVAJEICEI BTy bR E—%ERD DT, HEDOFE
(cf. 17.17) BT RTED L TR S22\,

25.21 RELR Gibbs TR F—
B R T > 2OV ¥ — AHP LA T > b o ¥ — ASP i 5 BEHEA R Gibbs T 4%
V¥ —

AGY = AHP — 298.15AS¢ (25.35)

tbrEd. BHEREBIZ 1 [EDF25°C TH5.

AL TIE A FRIEERE Gibbs T % )L ¥ — biochemical standard Gibbs energy
AGY BMlibNS. AGE LRBKIZEZR S 0D, (LB pH=7 DA #KIEH 12
HHHDEUTEHEINS. 72720, /K& HN OIERIFLHIT1 L@ENPNEH,

3804 21X, Chapter 3 of Voet, Donald; Voet, Judith G. Biochemistry, 4th Edition (Wiley) % &
X.
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25.22 MEERED SILFHEKERZ E D> TKRDHBZH
B Al D S 1
> vi(T,P,N) =0 (25.36)

ThHb. PHHEN N THhaEoI1E, T T2 LD CWEREELES Z &
MTEE:. N=N°". LE»R-T,

> vyu(T,P,N°) =0 (25.37)

DAL L7 TER SR, L, —IIZE - T, ANz (DX D RHA4WEN
ZEL SNZZBEHTO) NIZDOWT N 2Al>TWA DI TIREW. 22T, (25.36)
ENDS N 2#KRDBZZENTERLLTIRBS V. IROEM RT3 K IGET
WL TRRSRWI IR

N° =N +u¢. (25.38)

ZZTv= (1, ) (=25.5) TH D% 1, ld N TRHEINTWDEHS £IFRD
RNZ2{5729 (25.15 DIEESR):

> v (T, PN + v€) = 0. (25.39)

ZIT, NIZTROYHEERE (LIFUIE, fHAARTH D). GO NIZBHT B MMEL»S
(25.39) & —HM IR € 2 FED2. XoT, (26.38) 05 N 2RDZ LN TE 3.

25.23 ‘LZERISOFERM: BEFRADER
{LEE DG (25.6) O - S 15383

0= ZVzﬂz = Z v; ,uZ + RTlog az] (25.40)

SR EMNAEYIE, D=L, ZIZTIEREZRZ.

SB2IEREIZWD &, MEEAED — S TH 5D Z & IXMMENSIZE 2. MEPEZ 2 DIFRITMES
ERTEWDZEETE. LizdioT, COfD NEAPREZ > THWIB I EDbNS | L EX 5.
LU, ZOXDaBNEH s 7,

SR IIMEMIZEAL TWD T8, TEAXY MIDOTTWVWWEEEHEID, T5FT54<D
LA I PRSI IZEB U T L E S O TR REENPBEICI RS, HRMZ2HTRETH 5.
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Thsd. 2ok

—AGP® = - Z vips (T, P) = RT log <H al-”i) (25.41)

i

CEXHEHINSE., ZOHUIZROMBIZESBRVDTT, P DOAIT L BFEEME

Vp
...a/p...

K(T, P) = ¢ AG7/RT — (25.42)

..a;l/r...
TE£TD. ZITHHEDATIZEND L DIFTRTEERDIFAFTH D R
N5DFFERDEFETH 5. (25.42) IFEBEIEHDIE] law of mass action. & KIF
ns.
RKEBRKIZZDORKBPERRDHIZHFS>TWD (FDAIZEHF->TWD) Tz
Ry 5.
“AG® = RTlog K (25.43)

WD ERHAMEBIZIZEATH A S, 2D LS —AGHMLFETIIEM DT (F
SALFORE ISR —26.24) ZNZ2ALFKISDEMTT affinity LIERZ L D3 5.

(RN AL O E B 2 s W ZRNZEHE T E 5 L FRT 5 0%, HEKARD X
JETHERVWEY BELRFERT VY V2GR T2 2 L RIFLAEARTREL E 5T
& <, FEBREFIRZE RS DWW CIIBLER (R IR TH 5.

25.24 F#FHEDZE: Le Chatelier DJFRIE
L2 2 T TS 2 LEERICRO XV RIBIC L5 TV XV -2 AH®
M3 545 . Gibbs-Helmholtz DBIR (& 2 \MEZ D Gibbs TR IVF —fK (19.7)) 225

Olog K AH®
() _an st

Whhrd. AH® IZHHEREBOZ Y XNV —Z{TH 5. ZORR% van't Hoff DR
van’t Hoff’s formula & & 3%,
[FRRIZ,

dlog K AV®
= — 25.4
()= 7 254

bRRond. TITAVE BERERETCORISIZESZHRBEEITHS. (MERIRICE
WTIEARRWDTE (EBRICDOVWTOR) — (FHRIZDOWTOR) TH 5.
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(25.44) 1%, H LB MGHRBEM L SIE DF 0 AH® < 051X, RORE% L
T2 Z e THEEBDRHELRVATICT OTIENTES (DX Y KW EASTS
DTHIGIFFEATT D). T GEENIN T 5 R0 KIS IFEH O R 2 B84 5 1A
IZHE U %7 £\ 5 Le Chatelier D JH Le Chatelier’s principle (—22.8) OH#ITdH 5.
(25.45) HZDHITHS. WHETHRL, TNSIFMHANLZEL L VWS Z L E2RLT
W5,

25.25 RIGEITEICET % Le Chatelier DJRIE
L PHDOEMET T, 22 21E, RET 22385 L KISETENE 52T 5
MEZLD.
(1) IZL D (FLE N TV SEALF MR I HH R & A — 303 2 W e
BECRARTE 5.
(2) BHU 722 TOALZERGIZ & BRI DZA I, KIGH e ALFEWBEDOTRIND 5
WIEFRZE ON = {1d€} P IZ & > THFEBTE 538,

L DMLY v =0 THEZ 65N B (—19.5). £oC, T, P%EZ{It
721 Tl

> vipi(T + 0T, P + 6P, & + 6¢) = 0. (25.46)

LB, ZIZTED (2 ICHEELT,

5 )~ 2 (), (58,2 ()
( 85 TP ; ON. J T,P,N¢ 85 TP ; ON. J T,P,N¢

THEH5, (25.46) % Taylor R L T

Z v; (—Si(ST +v;0P + Z Vj,ui,jd§> =0 (25.48)

( J

NESNE, 22T, Rl

aMz‘) ( Opi )
—S; = R Hij = (2549)
(8T PN ’ aNj T,P.N§

BINS FTbm <. WHEHEED RN S Ol ANFIERE UTIREEL RN, DFD, £5 L7
E, ON = {pdé} ZMA B THRORELYHEEEDOZER UIZERTE 5.
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THEAONS. &0,

Z VZ(—SZ)(ST + Z VZ‘UZ‘(SP + Z I/Z-Ujm7j5§ = 0. (2550)
i { Y]

s, MNPRARZITETLUZBZTOZY b E—0Z4iE AS =Y ys; 78
DT, FIZIEP —EDFRETTIE

o\ AS
<0_T) = S vy (25.51)

BEOND. ;1% (GH N OB LTHROT) EMETHD, MALZEQ %
fioT AS = Q/T BDTHENIE (Q < 0dHBWVIEAS <0) Tk, RENEFRT
% L KM TS 5. T4k Le Chatelier DJFHED (25.44) K D H VW WREA»H LN
R0,

25.26 {LZYEAEINZ DEDLZEEHOBE
FAU 72 RIZB VT2 EHOBENIIIRECE I H 5 WIE E &V DIAD @ E O BT 2 R
EEZAHZETUNAREIZZAR S AW, 23 25.25 DY 42— b 5B S "TH
5.

SEIE, ZBPHALCTHRWE L, WMENIN ZIFNzZonsd 2 & TROYEHFEN
T, P—EDRNTEAT S LT 5. EHhsfix

> vip(T,P,N"+6N) =0 (25.52)

Thbd. ZOBHHZMABANIRITEEREIZH 7229 5DT, TDOYHEEEZ
BRI OFMBR BRI —T 25512, N=N EoTBVWTWW. 250 T
BoNDEHENREIL 25.22 TR7ZE 5GPV HTRDOIIBZENTES. RO
FUC OYE FERE T 12532 U 72 BROAL B A & BUE I — 3T 5 & D ITH > T
B 5D T (25.15 DEERFEESIR)

S v (T, P, N°+6N + y5§> — 0 (25.53)

Taylor & D& T
> Vi j(ON; + v;0€) = 0. (25.54)

ij
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b, e ZIE, METEELIELLTHLE

Z VZ‘/.LZ'715N1 = — Z Vil/j,ui’j(%, (2555)
A i
3 ) ( o8 ) i Vili1
— — (= — L 25.56
(8]\71 T,P,N¢ Ny T,P,N¢ Zij ViV, ( )

ZIT, RBSIEN=N"»OT, P—EZ&ETFTCHEINTVEA, $RTOL
PRI D B Z R L TWAS. G O S 2 RHIIETH 5. Maxwell DR

%3 ) 1 (8u1)
=~ (25.57)
(8N1 T,P,N¢ > i Vivitig \ 9§ )1 p

EEEKTS. LEdoT,

TS - <0 25.58
(8]\/1 T,P,N¢ 23 T,P ( :
Ths.

X9, HEBMIZ, RIGHEICET TS, ERRAOWEDLERT VY v ILIdHE
Z, RISRTIEZEDHIZRED L5 GEE2FA LS. ZOGAEITWE 1 DKL)
Thbe EXROE IHIIERDT, F-HIZATHY, 1 225 & IFENTS.
DFD, HIFREDIZ, ZOKBIEEICEART. ELEYHE 1 BKMLEYITH S &
FROEIHIZE L TEDEDS, BHIEHIZIEICRD, 1 2MA 5L XN 3,
D0, WFHEDIZ, ZORIGIGIZ (ERRDHIT) EAHT.

LDL, $<TFICRS 512, RIGHWEIZHEITT 5 &, ERRAOYWEDILERT
VYR IVIIEZ, RIGRTIEZOMIZRS, SRS RWDTs.

(25.58) D L D BALEXZFHT S & & (K0T, le-Chatelier DJFEHIZ R
L2z RERE M5 & &) REXDEHLNZ M2 BN TIEWIT RV, 7255 (25.58)
WEWTIE T & PAEEINTVWS Z 25N TIEWNIT NS5,

385 Z UZ DWW T DOV WEIDENTFEN KD B — L _— http://khem2022.starfree. jp/index.htm
ZhD: vy M) ZOFBIIENAD D17, Zod A MEIBNBERKICEZ SN 2 ZoflidE
WEIZ &> THERI N T WA A, Prigogine and Defay, Thermodynamique Chimique (1944) D 17
HIZEBMINTWS (LAY FY LAWY,
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MDT VE=ZTHEREZLS:

Ny + 3 Hy, — 2 NH;3
(25.58) 25 72D RIFMEIE DKM LT D, ZORITEBEZMATEHERE >HIZTH
EEFNEL S, T OHITITAE R WIS IEET LR WO THIENIZH 5 L T2 0BT X
WO TROYEREEZZEA 5D DTIE AV, [EBESY® ALK L ELT 2D T, Dalton
DIEAN (—17.10) 2> T, ZTOMFRT V¥ v ILiE—fIC

p = p® + RT log(Px), (25.59)
LEIFB. 2L, 2 FEADRETE. koT, WFEWE « DILERT VY v VT F DS
DELVEN, T
O+ RT1 PV (25.60)
= 0O .
Mk = [y g NN2 +NH2 n NNH3
EEITDH. 2IT, KIGD ERTEITUEZROERDMERT ¥ v ILid
NN, — €
S] N2
= + RTlog | P 25.61
IN, =N, N o, 8+ (N, — 30 T (g, 120|256V
Ny, — ¢
— 42 +RTlog|P Ny 25.62
’uNz + 08 JVN2 + NH2 + NNH3 — 25 ( )

2 1
NN, + Ny, + NN, N,

L5, koT, E=0 TR ERDB L
NN, = Nu, — NNH,
(NN, + Ny, + NN, )N,

8,uN )
2 = RT
( 9 Jrp
(25.63)

LB, EBIZHOPRE ST, ZOMBRBIIROTDEROBIZL > THEELERS.

ERVT/ITRVE, (25.63) 1XAT, LEW-oT, EEE2MAS L, (25.58) &, K
JMIHIFRE D AR D A ICTND. LA, EELTMCHIL (BT EDL), (25.63) 1%
IETHYH, F1—77% Le Chatelier DJFEEDOIRIIKT 5 Z &AEL 5. LIEE A A I H
THho: EREMUDOKIMEEN ZTIMLUTLE I D572,

=RT

25.27 SHBHILFRANZIIR/EMICKTIELTWS
ZNIZEHBHTH A S.
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SR T

i)
An

26

26.1 EXtLZORENEEM
ZTOFHEMEEEICEED 5T (—A16, 4.3, 17.3) BEXLF 2 F L HIZH->TWD
BNFO (RIZYHEEM T O) BRIFIZRED LW, fLZRISVENFTE L DI
WZBNES DHZRELDITERMFTHS. TIZ T, TOALTINDL —LDIREME
FCcrZZTCERHLTEL.

A16 2R &SI Faraday, Joule & DMLDES ) F DR 725 133 TIZ Daniell
B (—26.34) &, KIZHEPBIITESZEZHTEMRE (—26.2) DFMEEZA > T
W7z,

26.2 EffE & EREAERE
Faraday (3 BEAEAERT CEKZEIN A X 1XBHE2PT L JITHRETEEE X
7=DIZxF LT, Arrhenius®®71% 1884 HEAZI D BRI R 2 2R U 7-: BRODL\WE

3 DM EENEZ EHbALERMUZARXHEOREZMbLT, Rl edLw. Lad-sT,
Faraday EHUTIFE A EHTH IRV, HRZADOAKIIEHHIZERMIEFZZHBS L LTVBIEFEA
EHE— D72, Callen £ Landsberg B £ o 72 < F K& L.

BLRALZOHAZ LR WBNZOERIEIL, 1Z& A L Mayer-Joule DJFHZ WL i%%ﬁ%:ﬁﬁﬂ b
RO & [FFRE OFRE R 2 R D, AL R & AL SRR & N EIZ R > T X <, ALFEEBIIRIEE
BAOFOHIZAETES, WS ZEOMMle LTI, BRMTERIZE X ZRBRHER] i?&L\J: 51z
RA5.

387Svante Arrehenius (1859-1927) https://en.wikipedia.org/wiki/Svante_Arrhenius. “Ar-
rhenius put forth 56 theses in his 1884 dissertation, most of which would still be accepted today
unchanged or with minor modifications. The most important idea in the dissertation was his ex-
planation of the fact that solid crystalline salts disassociate into paired charged particles when
dissolved, for which he would win the 1903 Nobel Prize in Chemistry. Arrhenius’s explanation was
that in forming a solution, the salt disassociates into charged particles that Michael Faraday had
given the name ions (after a suggestion by William Whewell (1794-1866), cf. Laura J. Snyder, The
Philosophical Breakfast Club: Four Remarkable Friends Who Transformed Science and Changed the
World (Crown, 2012)) many years earlier. Faraday’s belief had been that ions were produced in
the process of electrolysis, that is, an external direct current source of electricity was necessary to
form ions. Arrhenius proposed that, even in the absence of an electric current, aqueous solutions of
salts contained ions. He thus proposed that chemical reactions in solution were reactions between
ions.

The dissertation did not impress the professors at Uppsala, but Arrhenius sent it to a number
of scientists in Europe who were developing the new science of physical chemistry, such as Rudolf
Clausius, Wilhelm Ostwald, and Jacobus Henricus van’t Hoff. They were far more impressed, and
Ostwald even came to Uppsala to persuade Arrhenius to join his research team. Arrhenius declined,
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S THLHDOKBRIFA AV ZEATWS.
1887 7 L AT IR LT van't Hoff % Ef 41T Arrhenius 1% van’t Hof DIREE
(—19.13) D=
7w =icRT (26.1)

NS ITEHIIC L > THEBINE Z L IZE D\ 72388,
IH5LT, BRERKTCIIEBICEIH A A VPELTWB I e RINEZ. L
#b TARCOEMRENERERET 2D TIERL, mé DWSLZRA A BT
EIRE I XTREME strong electrolytes, & 5 TR \WVEME IXISEME . weak electrolytes
(—>26.21) YIFIEN .

26.3 Faraday@ = [V R DR
Daniell it (—26.34) Tl%, HIHEBEMIZSNT, SBEFICET2KL T A LA
AU S, BB CTIXIO N F A U AEML SBF2E > TEKMICHEEL TLE
WM HTS., 250 T, (Bt LTo) HHEMIXETF2EL 1 FAMIZRS
DIZR LT, HBBIIEFOL Y72 L TT T AMBIZRS.

FWZEH ZOEMDHFTEL TWD RIS (FERIIZ) Al Th 559, dERmEMIZ
MU THEMIZ D777 A0ENAEG A DL, Kbzl ZHRE) T & #inE
Uz i EH OB H T 5. BIZ A6 TR K 512, L -HighoEz2[ET %
Z LT, Faraday R E1EH2ERRICEG L TW2ERXDBREZHS Z LR TE /.

Z DT ORERFIEDOEMIL Faraday DES D ED LRI Faraday’s Law of Elec-
trolysis IZ £ & & 5 317239
Faraday DX RO —ER: ERARIZB W TKICETE (—25.8) ¢ DZ/LE
AE VX TEME & @l U 7R E S E Q [ ERHIT 5.

however, as he preferred to stay in Sweden-Norway for a while (his father was very ill and would
die in 1885) and had received an appointment at Uppsala.

38 L, Wikipedia van’t Hoff (https://en.wikipedia.org/wiki/Jacobus_Henricus_van_
%27t _Hoff) IZ XX “He worked on Svante Arrhenius’s theory of the dissociation of electrolytes
and in 1889 provided physical justification for the Arrhenius equation”.

SORAHEM HOfITIETHERE VWb EEDE RAHEELE WbNELD LMD B, ED
BN ETIE R CHPHZER L XVOFEE. IR TOBEBMMICIMEERKIGTE 1 60179 5 K66 JFHE
PRI IEFTRE & W S %ﬂﬂi’CTﬁ’Ci)é UL, FERRIZIE, 722, SRS TIESEIC Y
T, DRP-2EEEMICELCRIZBDGIZENLRVWRELE VWS Z BRI b, EEI a2 FE
WS Z e DBIEBENTH 5720 ERTH 572035, ZOLS ke SHEMIAMFEERTHSLLF
bhs.

NZZDEEDIE, TAVADEKROBERZFIR SN 2500 2 FHEMMFETCSVELZHDTH 5.
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Faraday D& REOHE 3R] ZOEKE Q (FEMIZHH U 7z& B0 EVEITIELH
#ild 5.

Dbkzicxewd e, AEZENVBEZRAIZ, Q2 C(7—RY) ZHMIZLT
HIE 9 2 0

LEIFS. T I T F & Faraday E# Faraday’s constant (= e x Ny = 96485.3321

C/mol) TH 5. 72720, eldEXFEE 1.60217663 x 10712 C, N, & Avogadro E
6.02214076 x 10?3 mol 1.

(26.2)

26.4 EX[EFHRGIIBIEETRGERIRT 2
SIALED=ZDDFHE AR ARz, ZOHO (IT) 1% 26.3 IZHT &7z & 5 2 #fliz
?ﬁ@@}im@&f; 5 TR G EBRIGETKIEE UTHEBETED I L 2RRT
W5,
BT 2185 Z L %ZB8IT reduction, BT %KD Z & %24 oxidation EWFATZZ &
ZEWEIZZS. HEWICEIEEREGZ2UI5Z e TA AV EERL S 500, HHE
BNZIZ EA BRI E BT DX O Eh, DEFVESIFTEBETEZZETTHA.

B
X-C .
e -
+ — °BX-C —> + X@//»Xl
B C \

[}
anode C

Electrosynthesis

Ordinary synthesis via cathode

intermediate complex

Figure 26.1: @¥O&K L BMRAK. o W —DBETA2EKT. B@HOGKTIEH A XHEAKE L
TTE2aAY Ly 2 ADHT—DODEFNCA NS BAEBEL, %@%*%A(%i XC) AR
ZEL, BIERNT C ORI 5. i), EHAKTIE, 7/ — K (—526.5) 3% ZIZFkEL
TW5 CADPSETEL SR, ZOMKRA DARLZENMIEI D ZONREF ST ’& %*;'%tbf
AU (Ml, FIZHELR) XIEHY =K (=26.5) XBEITA. 7YV —FRTRBPEFEERLT
X EMIGTED LD D 24EKT 5.

il LT, ADPBILINBRELIN, TOHBRC+DMVRTEEXIEA+B —
C+D%Ex2&5 (-K26.1). ZOXKIEZELDIB A X-C+ B — X-B +
CeELCZLIZLED: AFERBRIZIZX-CTHD, DEXBThHsL3T5. ZZT
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ADS (FBIZIE X 2 5) BTN, BALBINS., B@HOARKIGR S IE
ZTDANZZALIIRD LS5 DEA S5 FEEEKRCAB TlE X | ﬁﬁbfhéﬁ
FIEBIZkoTHl &N, TN X-COMEG2YMTL2ZLLRb, XIX°BIZ
m%ﬁéMTeDﬁiﬁTé

BRI R BSEFKNE LTI, ZORIBIKRDAAN=ZAXLIZ LB EZEZH5DH0
HER7Z: 7/ —RIZk o T AR SBTME Ehnrh (—26.5), T CE2ELT
(IEICHBELR) X0tz &I . XIEH7Y — R (—=26.5) B#HL, #V—F
MOBTZ2H0oTBeRo7-BeGULTB-X =D 24T 5.

e BRI “CA 5 A, DWT A + B — D, H&IIZ °D 04K 2 26.2 1I2H

2391
A D
A+/+D
angde B cathode

anode

cathode

A D

Figure 26.2: &G °A + B — D ®fil. Y. Imada, Y. Okada and K. Chiba, Investigating
radical cation chain processes in the electrocatalytic Diels-Alder reaction, Beilstein J. Org. Chem.,
14, 642 (2018) O 1 123D, A: trans-7 + b —JV, B: 1V 7L > Z LT D % Diels-Alder £l
Y. EAE 1V AMEbNT.

26.5 BIBD AT

26.4. TYTTIZRZE ST, BRULE TR DOBEMHPBETHS. [IELADKIE]

(BT 2ICHMDOKIG) WELS L E, BAXAY (hFAY) BEDVTIT iz 4

Y — KN cathode, BEAF 2V (7T =A V) BEDWTITLEM%EZT / — K anode £\ 5.
B 26.3 1255 X512, PS5 RT, BRARNVADHOEMIIFEIZT / — KT

39172721, Z D Diels-Alder KIGDHI T, iz 7272 Ol & 3 2 BRI TR WVIER DS
b ATUTELEDT, DOIERLEE I NZELKDENIZ —xF —OBFRIZERIL UL,
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ZF)D BRBPHE TS ARV —RTH 5.
M (U RFR) OFFIR (IEMR, 775 ZMH) 1&h Y — RTh b, BRI (BIFERE)
mﬁxofﬁ< BRI (77T A) LIEENDD, T/ —RThbd. TIX
v{%zﬁ BN RBEMOEETERZRINTVWLIDTHY —FR, 7/ —K&idE-
72O ETHB. BXUIERENFETETIATAFRAEFTPRPIULLAEDS S
MO EDRNIE D A2,

26.6 KFRMEER & KOER D

ﬁhk%ﬁmﬁ%kkofmgfﬁé EEBIRT B-O1Z. KEREBERE Z0D
WHEETH HKOEM (A 1T IZH 72 & 512 Helmoholtz H TN EE D EIFTW5) %
ALD.

1

&, EOEIZIE, 13RI ERRANR > 72 KIS TH 0, KE, BEE, KEKDNT
AL KBE PG LB RSBV, UL, KERRERZX 26.3 DE
WZHBEITHEELT, KERBERENZMmFRIZDT 58, IFERZTMILE
Wo DIFBHIENAREIZRS.

current

Ny
Ha>R [1”¢vvtj <120,

ath

current

J
porous carbon + Pt

Figure 26.3: 7 /KEMREIEM; £ KO EM

aq st 04

H,0
2 Pt

26.3 Je: AKFEPRRIEM: . KO EM.
5 ALEMIZIRE U /KEND FIFBEF2E->TH;O ELTHBETIZAS. iF0BEMTIX, 20D
A AVIFETEZERLT(Z9) TRBEREIIBRE Uz [FEBDOKE] &b, I THELKGL

327 XV HDEKRTIFIRD LS IZEZ 5 “RED CAT: REDuction ¥\ 2> T% CAThode T4 U
5. “AN OX: OXidation I\ 2% ANode THU 5. ”
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TAREERT S, KIS Hy 4 (1/2) Oy — HyO OFMFIZE L HIZE > TWADT, (L Pz E|
ETLHET, ETET/ — P2 olEEEEZE>THY — RIS I eNTES (DFh, AY—F
MHT ) — RN %28 > CTEBRARNDS). ZORRITELXMNEFEZTLZMnTES. L
U, Z OEfRIFEERFRERE TR,

G KOEM. FIORUEEBBRO[AEZINSEEIZL T, ZOMIZHZ L D1T, KETEE, K
Ji Ho + (1/2) Oy — HoO \&ITHEST S 5. AMNIREEE &2 iE = < HilfE 3 g, }im%?fﬁﬂfj ZHEAT
IEDIENHERICIRD. o T, —AG =W Ziii7= 9 A EHN T HEE2ERP OO L Z L &
%5,

X 26.3 DR UTZBIRD FIAZMTEBIEIZ L > TKRIETE 506, HRETEZ
@mﬁ%#U#U®%mﬁwﬁfQMGmwj;BH@ﬁmﬁﬁﬁKﬁtméitt
AN

PRI D TR K EREPTE DT 2 L ZOAFEKIGIFN 5TEP - D
195 E212%50, ZHIFERPERETIZRY. AGEZZXTVWRVWRLTE (50
56 AG <0). 20, ZOWoL ko BRI O h & 0% 2 5 BREP R
YRIZHBNIBRRPSK[UEDITRNDD LRI UL DHRLTH 5.

BLRAFOEELFSULEBR OB Z 2K 263 H12H 5 &S 1I2A»SHETE
5207, TNEFREERROHHI AN X2 0EIITELL VWS L TH
5. Iol, (AFEI AN —ZEEMNMLRIIEZLZI LN TELILLEETDH
5. SFETHOEBEUMHLTEZL D2 (A16, A.18, 17.3 2R), BLRILFEIZES
FIZE o THRMIIZHETH D Z L300 5.

26.7 ERULFEHRDEHR®
SR B D H R DT, EMTE U T\ B BRI B D SIS A B A
W, Lo L, ENX BN AN EREECZTNDA L v %E ﬂi/\éi%@jb%p
TRIBPEL B L WD DB HROMNSE UMiE - 2B 2 KT 5720
DUITFHELWZ 2 R TER S0,

X 262 IZRLUTHBEDIZZDODEMMRAICHDIAEFNT WS, BIZHEL
{LFFEDIZ NI D > TRENT 57 / — K IEIZHE UL FEREI Z I |0 D H
V—RThH5.

RO EELHEFIEMUE OB AN D ML D N TIRKIRD 4 LR TNIXER

3 DB TESFIIOWTORMI I A > M, FIT, # E, @NHEE, HEFEE,
1B TFESAET) (LR, 2001) (ZHELT 5.
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electric
potential

(1) no imposed electric potential (2) no reaction no current (3) -elecroreaction occurs

i 0
— ] - +
. A
anode cathode anode cathode  anode cathode

Figure 26.4: 27z - 7282 % NS Nz BLRAEFERIGHE: (1)-(3) IZDWTIEARZ A L.

LEFNBNE NS T2 THIEK 264D (1)-2) ICRIGLTWE., RIZELBRZ L
X, AEMIZ, BREERERROMICCEZa YT U DRREINLIBERETHS.
B 26.4 125 % & 5 IZEM & ERFEAEROM CEAMIIZBIEZDL S, HRIEI AV %
ELDPNNVIZFIZIZIZE A EEBLGIINRP > TWRWDTA A U EL TSNS
Z & idmwn,

B426.4D (3) IZH D & SITEAANETEMEZBA D & EBILERISHHET UL
DBERBTNIED 5.

ADT ) —=ROELS THILINZZIZAF AV AT DBEEVIED S, HRIZ, &
V—FRDIE K TBAELINZTDELIZT =AY B BEEVHBDS. ZHo D
Rl BT ZNZTNOBEMZ (ILHFCERRIZ L > T) £DIAD, K 26.4. D (3) ITRI N
Tbéi5ﬁ,%ﬁﬁﬁﬂ%bé.@Hﬂ@@ﬁ@%@%ﬁ%f , ARTWA1L
ZRISIEPAPIREEIZH 0, Z DALF G % o] 3 HEE R 1 AT éﬁébt#f%é

B ILE ﬂﬁ%}imﬁ‘ EMTHEUD &I IFHRENE ZEIZFER. BRI BEND
MO ELBDTIEHRWDE.

b, EMEEMRERROBIZTE2a T USSR UED, HEIZIZZNIE

A_HETHOLZDOEIIX I mBETHS. LzhoT, BEFITEME EREA
BWORDX v v TERIBA TEMH S MY LEYBEANZZEINS Db, 1
mMmEEOX v v SIZ 1L VEEDEBENRLNEI NS, FZITOESIFIEEIZHRNE D
ThHsHIZLIZIER.

26.8 EBERFAHEOMR

1A VIFEMERS>TVWERS, 20O (HH) TRALVT—EZODELr N GFOE
MIZEHITB2E/RV. X612, BRIAAFEZMAT 2720121%, ROH 2R
ROl B HBDNE @A S, E%2EY, p 2 BMERE, T UTe2BADFEE
ReFTBL, divE = p/e (—(B.24)) 2025, IEEEMOARYIME 7 < TER 57220,
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Avogadro FEHZ V) DELKFEE VRO 2L Faraday B2 Faraday constant & W
IEF = Nae = 0.96487 x 10° C/mol TH 5. & U D F4% lem OEKAE £ T 10710 72
JEABMAB A e L, T OBEMIZHEREMIIH L T8.6 MVIZZARS., ZOR
e 5 Z el (WFHFETHRMTES XD BIEEDITHED A A H5@EHE O Ehk
ETREHTEZICBRVWEIBEEEZEL DL WVWITLTHD.

26.9 EXHIFMHE

26.8 DEAEFINR U722 LIXBAEVDRD D728 LTHZNITES BEROAY
M c b DE WS 2k, DD, JERITEWKEE T/ V)L 7 HIZE IS
YThd., 14U Fi DBEMEZ (BEEEM elementary charge e = 1.60217663 x 1071
CZHAIZLT) 2z, TUTN, TEDENEHZRT I LIZTEH. £5T 5L 0hR
570V HHTH, M TEWIEMLT,

26.10 LMD RE—DE EEFERT >V 2 v L3

26.8 Cigam U7z & 512, {bLFMEEZEZX D Z e L HOEMEZEZLZ L TELS
EFRIGCHEEGZ 5 eNTES. 222X, 1g0llE2EL = DDEROBEN 2
MN0VEETRE, FAPMUAGLIDE 2x 107" gFIIREHEHA AV 2G50 8
1272 5.

U7zD35 T, [LFEMEDAHEE EZRIZ MU TWEPEMNZITIZESHEZEZ S
ZeNFHEInsg. o0, [LFERT VY v IOVITHAR & EALIZ B 2 ARSI U A
KTlERsRWVW., EWZ 5L, AURDENZ A ZIHEZ DL, Bz 2FF-o
A F Vi DILFERT VY v IliE

Ap; = z;FA (26.5)
ZITAILT 5.

COHREZBIHT 572D F VDM FERT V¥ vy VUK UIFEBSLFE R T
> ¥ ¥ )V electrochemical potential £ WEIZI 53, UL, {LEXRT VI ¥ IVDES
31z pa=v NI Guggenheim OFIHIZ L > T\ 5.

395 Z OIEHRIX J. Guggenheim, “Studies of cells with liquid-liquid junctions. II” J. Phys. Chem.,
23, 842 (1929) THA I N7,
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17712 &N, TN EVNEGPFETIRETTORYDIFERT V¥V TH
52 EENTIEVIT RV, ERNIZBELRMIEZRT Yy LERERTWE S &, 1L
FRTUUYIIEZID—D UMW,

(26.5) IHMMEFRT V¥ ¥ VIE—RITIRDBIZ T 5 Z L 2K 5.

wi = ps + RTlog a; + 2 F . (26.6)

ZZT, FULODOTIHFEED BLRAFEN TR LERTF Uy VDT, il
DALFERT V¥ v b pron = u + RTloga; & BALIZHKIFS 2IH 2, Fgp DFI& L THE
SALFERT VoY VIFELNSE LD ITR A S, ETHERELZLSIT, (26.6) —kT
{BERT oy IV DF., B, p % o & 2Fell—FMZHETLEZ 21, ¢D
EIZ M 72 R DS e WD &, ANEJRET B 539,

26.11 EFDILERTV I vIL
26.3 1272k 512, BTHFERE L THEDS OPHEEG VL.

BEPIKBEPIZA A MU THRITHET & EBFIIH T 5N TEEMICES. =
DDEBPBLXMIER I NERIRNRNWE T 5L ZTOMIZITEFORHIZET S
SEHGSRAED R DL > T WABIETTH S, £ZT. MalldbbEFDILERT VU Yy
)V chemical potential of electrons po % HE A9 % DHMER]7=.

LLY, “HHEORE & BAEMUNEMEIZH S (DF D, BRITENLRV) 25
X, IROFERDPKDLD:

pe =yl (26.7)
LU, AILE&Ba TTETCWVWEEERF ABXIUY BN, ThTh, R /-8&EAM
P BELP QP HEBPMDOEMIZFALTHBE L LS. TDL EiX (IX26.5281),
(26.5) 1%
pet = pe® = —F(¢" — ¢") (26.8)
EREIKTS. ZITAEDRODVWTWEDIZETFOEMRITIALZNS .

26.5 Zfil U 7= 4@ & AL

& o, B,y IFRB-EEETE. ABLXUOBIZHS o TTELRBERITEVICHEINTWS
», —FHEORRE (L AXa) CTELERTEMIZEINTVES. RELIZAILHLI2BEa L&
LJIZHEHLTVWS., @By IE BILHD@E o LEXNIZEL TWS. Aa & Ba @ Galvani &7

6L, fEERT Vv ILDEX Ap™om & 2FAG IZ—FMIZNEITE S,
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\{ l_/. denotes a location

deep in the bulk phase
Figure 26.5: #ii U 7= &J8 & B4

(—26.13) IZ VTHDH, o DOMOREEEZR Volta BALAE (—26.13) & —3 T 5. BV X
AB & By DD Galvani EAIZETH 20, RBOREEN x (—26.12) D7=DITHIETE R\,

HELH, 265THBLIIZ, FTTELEERVAILDHS o &EF & EKWIC
%bfbf,%@7@?%&%@%ﬁ3ﬂ%5aé@ﬁt%%%k%bfh%&b
X, (26.7) 1%

pet — gt =t = = —F(¢" — o). (26.9)
ZREKY 5.

LD U, ZDDRM - 7-&EHEOEAZFHETER0. (26.13) 226 Z DHHIE
BH 5222725, Gibbs 1% 1899 29 TIZEMUIZ B L 72 F U&E T T E 72im D
AL D AN BESFINZHETE L Z L2 BREL TV 2.

26.12 EFDIELBERT VI vILBE
HIBEYIBLDNIG 1 S 26.11 TRAZBFDIFERT VYUY IVEREZS.

I} 9( >> infinity )l’)

metal
electrode
phase

Figure 26.6: &EFD{LFRT ¥ v

ERPS (X26.620), BTOMAERT Y v IV 1 EIVOBET % HEEESP 2
S5+ EHONEHIZHDE R EFTHRH>TL A3 ELReYiAHETHS. ZD
WFEZ ZDDEHMIZ T 5 PRoBEBEIZHEALTVWVWQET, Q25 RTH
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5. QEREL2S 1 m K H5VDEZAEY, 1ELVDETF%2P 1S QIZERZD
AR (BT OEMIZERDT (26.10) OFADFHZ — 2D R TIERS
72\0)
Wy = —FyM (26.10)

TH5. ZZTYMIIHEBRT > ¥ v )L outer potential (3 %\ Volta BEhL Volta
potential) <‘_’. bbb, Gibbs 235 U 72 DIk (—(26.9)) SMBEAL 272 1 BHIE T
HEWHZ ko7,

i, 1ELVOETFZ QIS RIGESNDIZET H{LHIF, HaEEIIE—KTH
5Zeno0%EGTHBRMEM M IH BT, RSO BEREK IR
SNBAERT Vv b prenM o s 70

Wy = proM — M. (26.11)
IO ULTETFDIFERT V¥ vl
it = g — M (26.12)
LEIIL. ZZT
oM = M M (26.13)

BB M OWESAR T > ¥ ¥ )V inner potential (3 %\ % Galvani AL Galvani po-
tential) TH 5.
prerM g iE T E R w0 T, MBHIETER.

26.13 Volta BfI & Galvani EMDZE: £& &
THMEEARSE X, FOINEELLD L Volta AL Volta potential difference, W
HEALD 7% Galvani AL Galvani potential difference L WX 5 (X 26.7).

HLNOLIIZHETE 5 DIEFE UHAD s OB EDATH 5 ; YIEOFEMIZHK
FdARMBEMMHE TS RWD 572, DE D, VoltaBAZE LI (—26.11).

26.14 IBDILERT Vv
Mk S N7z A8 A L BIZH—DBEB a P A->TW5 (X 26.8). THNZNIZERDEAR

SOTERIRFEN 1L e/dmega = 3.6 x 1079/a VTHERALNEDT, a~1lpm THEA4mV K H5WTH
INZ W,
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Volta potential difference

vacuum
Surface potential X ﬁ I Surface potential X

Galvani potential difference
phase [ phase I1

Figure 26.7: Galvani 3 & U Volta @i #%; BEDAPHETE S

(tH B) MR > TWVWTHRA AV EZ P DD TE S LT 5L, EEIRETIE,
Higr = Mgyt g = Hyor (26.14)
T THARSRN. £ 5T (—26.10),

Higr — Hagr = Hygr — Hags = Flba = é5) (26.15)

. 4], IB

o a o

°
A
°

Figure 26.8: #fifgk & N7z B8 A - 72 A — D IFEHK

Fig. 26.8 #fifx & /-4
Mid I N7ZBa AL BIZH— DB a B A->TWE. ZIZTEM BB BRLNE T (0 SH),
72513 (26.15) XL LKL 575 5.

LULIRA A V2 EOH o DR A A V2 EATERNIHETHE T 5 L,

“KT%; — 1o, = —F(¢a — ép) (26.16)

LR DD, (26.15) & (26.16) Z R LEDLES L

oA aA __ aB aB
MAg+ + MNO; = NAg* + MNO; (26.17)
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"Eohb., 22T, B (HBR) OMERT Yy VERD LS BED L LTk
TZ%:

HAGNO, = Hpgt T HNO; - (26.18)

IhiE, RS, B IFEERTHS.

26.15 FHELBREDILRERT VY w398
BB Y ODEZERIFZRD LS ICRKBTEEE S5

Y=A,B, X, - (26.19)

ZIZT, A,B, - EY DA AVEITHY va,vp, - 13 Y Ol E KRBT 27 EiRMIRET
HBH. AF X IZEM 2, 2RO LT 5. Y IFEQWICH RO T

Zymzw =0. (26.20)
AF Y XDIEFERT Uy VERDESIZET S
pe = pu5 (T, P) + RT log vz (26.21)

ZIZTAAVER 2 IZDOVWTHEZTWABREDOTT, v, XERBEMTHY, m, ITTIVEE
(mol/liter®??) TH 5. FHHEIRAE © 1%

S = lim (ux — RT logmy) (26.22)
mp—0
DESIZPRDD. EMREY ODFERT V¥ v VORI - T
Ly = Z Vg by = RTZ Vg log yamy + ,u? (26.23)
Thsb. ZZT
py = veps (26.24)
LB\,
26.16 T L HKRIE
(26.23) ZIRD LS ITEESHZ 5:
Hy = u? + RTZU;E log yamy (26.25)
= u? + RT log H(%mx)”w] (26.26)
1/vy
= g + RTvylog [H(%mw)”’} . (26.27)

398 Z I H I Kirkwood-Oppenheim p 189-% 5 H{ - 7=.
39U 2L, E&EIEBE mass concentration mol /kg & ffibh b, FHE/KBETIXENVEEZELIZL
Ao EBUERIZ —ET 5.
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772U

vy=Y v (26.28)
LBV, D KD BN BEAT S L,
1/vy 1/vy
B L 0
(26.27) 1
iy = 15 (T, P) + v, RT log(y{mY.) (26.30)

LB, 2L, WE D A (K) 2 FERT A2 LT

,uy@ = 1im1[uy—VyRTlogmyi} (26.31)
Ths. ZOMRIE /v, B, M), = M,/v, gd7b OBME Y OHDHHTFILF—

B sk0, F#ET5. ZZ’C%{%tTtTé(OiD M| iY@/fﬁ/éu%77L\’C%5).
H—0OBMRE, 2\ FIEA A ORWEREORGYIZOWTIE M/M 13—ETH 5.

ffl: NaCl iz 2\W\W Tl

mNACl = (- my, Y2 = myacl. (26.32)

M' =29, M =587%MDT, v=2%0,
26.17 MEEHIIRENRETIEARW
ZTNEND 4, IFHIETERNDT, (26 20) IZBIND vy FEMEIZRE TRV, (26.30) 1wy,
pg B EOFHRARER mY 2o/ 1] OEHREEA DAL ALED. (26.29) 12 F 2 k013
LN TWB R @I%@O)f*éb@‘*;ﬁﬁf H5.

REBMEIZDWTI, 4 HKBEIZY - D UMEERT, HEBETIE 1I0EDK.
26.18 #FHEARIEM
(26.30) DA FEAWHGELR THEE 0 2 DEBUE UIE U IR IZ 72D

iy = g (T, P) + vy, RT logmY.. (26.36)

A0 BOFY T DEAMNIZOVWTHERTE 5.
f5l: NaCl + BaCl,.

mNAC = (g omyg )2 = [(myacr + 2mBact,)mNactl (26.33)
mPCe = (2 = (a1 + 2mBacy, ) mBacy ] (26:34)

HBETH m
lim —NaCl — o (26.35)

n1—=1 MBa(Cl,

PERA A S1X, (26.31) OMBRIIFET 5.
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BRI S B D 72D DERNZ Z X o Hirp 5.
BIREEROBA: Ha XY 280K, HEIRY OMPEKE TS, ZOZDDEDHO
SR I

sy =ty (T, P) (26.37)
Thd. py=py &BLL,
u (T, P) + RT logmY = pul) (T, P). (26.38)
L7=hoT,
mé = ([ [ms) /™ (26.39)
»no

B(T, P) — u(T, P
[]my = exp ty )RT“y( '~ k. p) (26.40)

BEOND. TNEBEMREROEIRI solubility product rule £\ 5.

Z DEMHIFE RABIZ X EIEOMEARWIZ LGS T 2, BENSNat 1 A& Clm 14
VAT EBRITHREEL TV D &\ S @R LR 558 ZREFILT & 540
26.19 HEME

LU BMELRZORD A A VIZRBIZTREEL RN E E my = m TR Iz, £2T, @
BIREIZ DWW T O (26.30) 13 Z A8\ RO & S ITEHRS N REEER K BRI 5:

vimy = K(T, P)y. (26.41)
ZORIZHEMEDRBE 2D &
= uS (T, P) + RT log(ym) (26.42)
DT, IRDOFGRIR
Jlim |4 — RT log m] (26.43)

WBFEELRW. DF D, v IIAHEHBIRT 1 Tldkwv. mEREOEALs IFEREOERLE
EEHBEORB T RS Z 2T,

FIT, BEOXD HIL, MEEEFEME LTS 22 ThHhD. KInETEIZHY TS
AUACDOREE o (BEALT

HAB = fia+ + fip- (26.44)

TABEEM 2 S Z L i 5.
26.20 HBRAEDHFAKR
BWHEPDOA XY i DILERTF VY VERDEDIZED S,

i = puS + RTlogm; + RT log~y; + 2 F . (26.45)
T ITpd FHOBBRMARRBIZE S0 E U, ¢ IZMEDOEN (Galvani BT —26.13) TH 5.

%

Z595&, AL BTOER

pl — = p? — p$4 4+ RTlog(m?P /mi) + RTlog(vP /) + z:F (97 — ¢*).  (26.46)

401Debye-Hiickel BEEwIZ m < 0.05 (2D WT v ~ 1 Z{RFET 5.
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WS ODRDEEEZR L D:
(1) =2 OMHE CALFME 2 R > TV 25 H

pet =P mt =mP, At =P (26.47)

7 7

Eh, (26.46) 1%
pf —pit =z F(6" — o) (26.48)

5. ZOBE, AITIEWOLEELH D, Galvani B ¢F — ¢ AHIETE S (Gibbs
DR L 72 & 512 —26.11).
(2) REDEE; —DOMIZRAR->TVWEET S, ZOBEE 2 F(¢F — ¢?) & ufP —uft o
% i 2811370,
(3) M U DR - 72 D% E: Z 054,
pet = nt (26.49)

Thod75, (26.46) 1&

ui = pit = RTlog(mf /m) + RTlog(v{* /i) + ziF (¢ — ¢™) (26.50)

B uP - p TIRERD D BN S, ¢F — oA BRD SNBEHEIFbNDBND A /A 12
DWT DRI HATT 5. Debye-Hiickel DRRRIERIAHZ 5 & T 272 51K, A¢ 2RdDBZ &
WTED, 75 TRVE X FRDER.

26.21 BRAEBEELK
HA 2 &35 (& 21, WEfglE Ac = CH3COO & LT HAc). XD K

HA + H,0O — A~ + H307 (26.51)

DWW, ZDVMIER (—25.23) Kyp &, FHEEETIE, BIEOIEEEIX 14D T,
aAfaH30+
aAH
LEITL. ZOGAER, KT, Kga & HA O IKERTO’ BRIGHMEE L acidity constant
E\WS. e 2, BFRIZDOWTIE, Kgae = 1.75 x 107°, /KA TERIT X L 72
WIRIZ IR weak acid £\ VDI, Kyp (38, FFRO X512, 1 X0/N2Wvw. @BET
X KA WEKRTHD 55, 722 ZIFHIL TR 10° ML EEETIIELZ 10 TH 5.

Kpa = (26.52)

26.22 KDA # 1k
KD FIFIRD & 5 7% § %

2H,0 — OH™ + H;0™. (26.53)
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GHSO+G/OH— = KW (2654)

EnF, ZOHE Ky l3KDA A U jonization product & WX, 1FIE 10714, T
HBH. THFEax107T WS ZEPRDT, ol FFLALENVREIZFELL.
RO B

H,O+ A~ — OH™ + HA (26.55)
IZDOWTIX, Ky Z2BAEMEE (26.52) & LT
TOHMHA _ fe Ka (26.56)
@A,
"Eond.
ZZTH;0" Z2HA &AL T, TD IKERTO IRAFHEEE (26.52) Z2RKD D &
aH,0%H.,0t
Ky,ot = a—3 = ap,0 ~ My, == 99 (26.57)
H;07

H,0t% - _ KA _ KHa
OH,00HA  OH,0 Ky,0+

I s, KOFUZIZHON &0 +H0HOEE (475 5 W Iik1 4 ) I3 3121
FAETERWI D 0P5. 728 ZIXERIXIFITERIC H0F & Cl- i d 5.

FRRIZ, OH™ &0 i WIERIIKIIZZOEFFTIHEELRW. 722 21072
NH,~ 2 TH 5.

K —

(26.58)

26.23 pH
B D pH pH IFIRD LS IZERI NS

pH = —logyag+. (26.59)

U7=ho T, 44V (—26.22) 26 RT, MiBOpH E~7 TH5S. $<HSI &
512, EICEMOFAIE ORI T 2 KEEMEZ o THROSND DT, Hlip

27 NIIMIAKD pHAI T THBEZ L 2EKRT 5. 26.23 2/ X.

037 DFHEIE, ZARBYH L VITHHARTHZD, B L TOKDIERIZ 1 THEH05,
(26.52) TIROFITKDIFERIFB NN, 505G, DEHNIH D KOIERIZEH L LTOKDENT
BARWI IR, BELLTEATVWBEDTHS., FIT, JKEKRTD tWH-ThHb.
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WCBEACEN FE TR OKEA A Y OIEFEERDZ Z L IETER.

IKFA TV DEIIREDPBEROKERZIES Z I3 TE S (& 2IEHPD HCl

ZioT) M, ZOIEEIE Z EENIZIRD 5 HIEIFFE LRV, £ 2T TUPAC Gold
Book’ (Compendium of Chemical Terminology)**1&IRD Z & % BBRIZERD 5
1 IEEE DT R — 4ﬁ/@ﬁaﬁﬁéa®®fypﬁéﬁiwﬁﬁfﬂﬁﬁé
ZERTERY. LEAoT, LOERIMEHAERITTERWI®, 2FD, &
FIFEBRIE TRV,
2. —IRA7RA0pH BEHEZ HENL S B 72012 1E, TR TOWIE DREHR & 7 DD EEE
B ATRER tﬁ&&éﬂfb%F~ﬁ%ﬂmﬁﬁj®wﬁ®ﬁ%ﬁ% INs.
FERRIZH T 2E B2 RO 5 HERDOIRE, AEOARMH» T DHEITEENRLT
(FSANCRANRN

pH O —RIJHEIE D /5 #£1% Harned &t U THIS N T WA YEBE D WEM (cell without

transference) O % &

Pt(s) | Ha(g) | #EEAK Cl~(aq) | AgCl(s) | Ag(s).
COBEBMDEBEBNDOANZES MRS L
E - E°

— loglo[aHWCH = W + log, mo- (26.60)
PRONS. TITmep- 3EFEA A YO mol/kg THI->7-HARRETHS. ZOADLLIC
HHEFTRTRETES. - DIEIE Debye-Hiickel HmIZ H D WTCEHTE T2 I 21292 (Z
N % Bates-Guggenheim OHFIE WD), T ZICHHI N Fhi A AR 51X pH OEMERE
BENGERAONIZZ LTS,

26.24 FEERELL
RN e VL FEAAH M & VA WEAH S DR CTH U B DT, EWIMRENL electrode potential E
FIRO XD ITEHRI NS (—26.12)

E=¢M_ g5 (26.61)
yp~¢xiﬁX@KhMm)“ﬁ@ﬂﬁﬂ”?%%.H%A%Ubt z5. &
“HBIIDPP o TWHEENEBBENTDH 5.

404https://goldbook. iupac.org/terms/view/P04524.
405pH 1% p[HT] TIZZR\WD7Z.  Christopher G. McCarty and Ed Vitz, pH Paradoxes: Demon-
strating that it is not true that pH = —log[H"], Journal of Chemical Education 83, 752 (2006) £

\\\\\

40632 13 primary. FEARRZR &0 S 1F L DEIK.
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T2 —TEEHOBISIED D O KIS EHIZH 5 & &, EIFEMEMENL equilibrium
electrode potential £ N 5.
IRDIBTCE (cf 26.4) ZHFEZ L S

O*" 4+ ne” — RET, (26.62)

22T 0 Wb HFHOMLKE RIZZTOETIHELT 2. 0B LR OLFEEK
Ty Illk

1o 1 + RTlogag + 2F¢”, (26.63)
pr = pp + RTlogag + (2 — n)F¢S (26.64)
DESITEPND. BFIZOVWTREZDIFERT ¥ v LK (26.12) THEAOND.
SEHPIRRE T I
po +np = g, (26.65)
TARTOEMARN LR RNZ Z IS &

+ RTlogag + 2F¢> + n(pM — FoM) = 45 + RTlogag + (2 — n)F¢® (26.66)

XY,

F(¢M _ ¢S) — /L% + nljjg/[ — M% + RTloga—O = —AG (2667)
aRr

HEOND. TITAGIFEITKIG (26.62) 1Z& 5 Gibbs TARLVF—ZATH 5.
o T,

(S S}
fp — I —wme RT GO AG
¢ 9 nk' nF nF (26.68)
ZZT .
R HG N AG®
po— _HrR”Fo M _ _ (26.69)
nk’ nk
B, BT
E=E°+ 2 10520 26.70
oF %8 o (26.70)

NEoND. T 2T ECIIERERITTEN standard reduction potential & WX, E
D2l Nernnst DA Nernst’s equation & FEIX 3 5407,

OB ITTEMIT UL UIEBRGR TCEAL redox potential & FEEN S DS, Z DBEAILETHIGZ & 5 Gibbs
IZW% DZEAIZHHIET 2D T, AETIE MRIETEN] &\ FEFHTIZ D20,
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ZT, TUTEAFCRB@Y, RT/FIRLIZLIZENS. i (298.15 K) 12
%Lvtﬁ

RT  kpT  1.380649 x 10~ x 298.15

= 2.569258 x 1072 V = 25.7 mV (26.71)

F e 1.60217663 x 1010
Tohb.
26.24 ORRILIG AL, BMEE->TWEEEOREA 4 VB EMTEITINTHHT 254
Thd:
M"™" +ne” — M. (26.72)
Z O VEMGEMEN I (SBEROIFEEIX 1 TH D)
RT
E = E@ + 7’[,7 IOg GJMn+ (2673)
LB,
INDERIIEEA AV DHARBEEDE L U TEMIZESET 358 TH5:
AgCl+e™ — Ag+Cl™ (26.74)
EADIETEILX 1 72D T e

PO ND.

26.25 ZEHERITTEN
%24#6@#5&5&,%b@@i&GmﬁI%»¥~AG?%ﬂofmmﬁ,@

R TENMERDDZENTE S,

HA A VINBALERIZ DOV TIR AGT 20RO %% 25.21 Tz, A A >
EFFEIZDWTIE, (26.69) IRINTWA X512, E°IFBIHITERWSE DL
HRTUVXYNEEATWS, LW oT, 1A VDIFERT VY v )L & EERTH
ETHILITARARETH 5.

ULDL, ZDODERRBRAA VDR T VI Yy VOEIFHETE S, & X
IX, NaCl & KCl 2% & Nat & Kt O@TEMOEZBFONDS. Lo>T, EBE
PIZiE, HIREDT AV OBLETENZ 0 LHEEMIZELS ZEDHFETH 5.

% Z T Nernst I[&/KFEA A& > DIEITTKG

2H+aq—%Qe’ — Hagas (26.76)

A08 AR Z BUHIR AT BE A D > 2 JELER I BEE WD Z & TIERWVWA, 26.12 IR~ LDIZFNIEHE
HEMNIMKIFET H5DT, EF% I42L<571~f‘r575=b7c0)!{*< TEID XL TR S TERICERT 50
13D CREETH 5.
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DiRILEN (—26.26) ZEICEMOFEELR (BN L UTHHAT LI L 2REL 72
KEUEIR JGREAL standard reduction potential ES , [3EEHEIRRECHIE T 5. T TITHE

HIRAE L 1X T = 298.15 K TG T 5T RTCOA A VEDIFEEED 1 (a = 1), TR

TOEE T 25MEDEIIE 1 x 10° Pa'® T, @EOEHEIXL LT 5.

26.26 1R#EKREE: SHE

Z 2 Cafiam U C & 7 P MR AL I 2 MO NI IR L TW 5
DT, ﬁ%MLWEiT%am BRI, PR & JE U7z WEMiZ DR\ T
Galvani it (—26.28) Z ke 5 Z & THWZREMER 2 HIE T 5. HEAEEM
U Tid Nernst |3 R H#E/KFE B standard hydrogen electrode (SHE):

Pt(platinum black) | Ho(Py, = 10° Pa) |H" (ay+ = 1) (26.77)

S RBEULZ. BHRISIE (26.76) 1I2H 5. Lizhi> T, KFEA 4k
OGN L

RT . Py
E HE = Ee - —log 2 26.78
S 2F a%{+ ( )
EEIFSH. 22T, b
S) S) t
I, — 2R — 28,
o =t 21}; (26.79)

THB. HibI TN KEN A ZEHRIE (P = 1 x 10° Pa, T = 208.15 K) 128 .
(26.73) 12t > T,
RT 1
E =E° — 5F log .
“H
&5, RILBMOIEEEIZ DWW T O (Guggenheim (2 X 5) 1, WhrRBEET
TH (26.76) ICBWT E° =0TH D, pHDEHL pH= —loggap+ "' TH B 5

RT
= E° + N log agy+ (26.80)

RTlog 10
2F
% OHFHNZHBARETH OBVRELER o BXBIENTWS, pH X
—logo[HT], LEFZINTWVWBHDT, (26.76) DiREILEALIE IM HCl % fH - 72

A9FLETIIAEHEIE ST 1X 1 atm (1.013 bar) TR\,
40nhttps://en.wikipedia.org/wiki/Standard_hydrogen_electrode.

E=-— pH (= —0.0591 pH at T = 298.15K). (26.81)
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CZWWE=0VEINTWVAS. ULA2L, THNIXIUPAC DEZETIER V. EHIZE
&, TR bMVOIEEDNL (DFD, pH=0) DKFRIINLTE=04DTH 5.
26.23 2.
FREOBTTEMNDEEDTEREE L > TVWAWVWARYE (1 4 V) O TEN % D
%. #EHRIXhttps://en.wikipedia.org/wiki/Standard_electrode_potential_(data_
page) ILHBHRIZELDHDOLNT VS,
U 2 E T 25 E@ED SIKIEY L@l e KT 5 Z & TH D (—26.28).

26.27 RNEENL
R TTEMORNIFIRD L S IcEEE R 5.

E = B4 L1559 (26.82)
nF aR
_ g B0 (26.83)
nkF CR
ZIT, cofeg HRELTH D
B = o 4 B0 0. (26.84)
nkF R

E®" 13 XNBEAL formal potential X W IEN 5.

26.28 EXtERINZREIRY 5 EM: Galvani Eith
(26.69) IZH B EC I ZFZFDH O DLRBREFRIZAD LI p ZEHEATVWHDT, JEIXT
ER\W. TIT, BFOMAFERT VY ILRETI RN & S ITBLKIG & &G K6
EHAGDLEZZERAFERGIZ LR TRRS KW, ZOXS BRI E2EHRT S
72O DEEE L Galvani B Galvanic cell XN 5. ZHidfbFET 2L ¥ —2 (15
AT ZEETHL. ZOPRIT, TOFERFSETERAL TS DI1Z, B
T & > TIHRARN R EEM 2 .

MEEEM half cel IXFEfAL 72— D DERD M & Sfﬁb&é—é’czﬁ)é 727U, MI3&E
THREM AL SIIA A VEENEEZ2E O TS5, Bl - ODREEMI A AV EE
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HEOIHATELTWEIRDILTHS. PEME FIRO LD ICRITE S
E =M | S*.

DL ETEMCITMITIROISIZRITE 5:
C=E; 1E; =M |S; 1S;|M,.

ZZT, HEZDODEME, & B, DEfiZR L TWAD, ZHILEE DRI TIX
12 || LB LS, ZDDRB > 4 VBEHOBMERT. 5 THVE E.ci,
| &L, ZZTRIDEBIZ LS BRWE E 1 25,

26.29 EMOHFTOEDRIGAME: TUPAC DK

B C (—26.28) THL B KIHDIED A, EDEMA 106 2 (BlD NI T
E#b%%ﬁ%%?éﬁﬁf%ﬁé%é.y®Eﬁﬁ#HHACﬁ%®6E®EﬁT
»Hb. %< OHITHE]

M — M** + ze
EEMPNSLDT, BMTEL B ML

M; — M*t + ze, (26.85)
Myt +2e — M, (26.86)

ThHsd. DFb0, BMOIKLE (—26.30) 1% 2 DEITLEM] — [1D
INSZDODK N ERLADES LEMTHEDL S KnE

TR &R B,

i

M, + 1\/[22+ — Mler + M, (2687)

AR

26.30 EDEEN

26.28 (ZH B &M C DFLE ST electromotive force E 1K 26.9 IZHi T W B HIEIZ
Ko THMENIZERZINS. E@ MR 2 DEADLEDEM 1 DEBEMEOENED L
UT. MPOMEFHOMITZME Y CTEMOF Z2HNDEBRDV /L LDENE 2T,
ULz NP EROEBORL HTHE. UL, BHNEIGO L 512, KIGDIEH A IEDER ML

MOEICRET B E7Z LR L (IUPAC DY), L2d, EDMEDRKIGHEITGKIEMT +e —
MDE L =T 2L LE, S| M & EMEFRRT 2 HPEARNE L.
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1'_L7E MDA E S elctromotive force £ T 5. @M i D Galvani EAL %
¢z‘ K ERAIES

E=¢s— ¢ (26.88)
THhd.

ZDOGEBIGIXER 1 T, BIOKGIXEH2 TEL S, DX 0, AHEED
LbRBE, BREM, oI NT, My IZRINEINE. 21 IUPAC OEH D
BMSISDIED HAIEBAEL TV (—26.29). SWHZ 2 & ZOEMTOKIBIZIR
DESRBDT:

M; +MJ — M + M. (26.89)
I TCRRDIDIZA A VIFTRTAli7Z e REL 72 My — Mf + e.

——|I[I[l———

E -
- AMAWAAAAN——
C

—M,|Si| S M,
Figure 26.9: & E 1 WEED 5V ITER
Fig. 26.9 Eitll C = M1 1Sy || S2 | My OEE L OHEED B\ VITEEK. GIIEMO FZ2HET S L

FIZERPIEN TRV L 2HARSE-ODOWKIGFTHE. ZOEVEMCORENTHS. 26.31
THERELZLSIC, MUEE, HIAIEH, CTEEREMD Z LW ARBRIZEETH S (cf. 26.31).

hhs, Bl CORENE 2 ‘BBEIZT ROLIIZAMELILNTES
(—26.24):
RT | My Iy

E FE, = Ee EP + —/— |1 —1 26.90
o — I = 1+ ja og an, og L ( )
2FD, EEOERIX1EZNS
RT Qnr+
E=E°+ " log (26.91)
F CLM1+

L%, UL, IRO2=v b 26.31 TRZ5ED, S-S, DHIOESKHILEVENIX
BHTERN (DTERZ BBEXT RDTHD).
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26.31 Galvani EBDEENDAN
Galvani BALZ IZEZICHIETE 2D TIERW (—26.13). My & My & AR LA
J& (& T-EEUR) THRWVWR D (—26.11), 26.28 DEM C DEDIELE/IIHIE TSR\,

ZODBENFE U7 61, Galvani BA7 £ % VoltaBAiZL UTHIETE % (—26.13).
INaFEBT 572012, BMOWHZF BB T CTE R Falnz 25,

C =T(a) | My(8) | S1(7) || S2(0) | Ma(e) | T(n).

ZITXI VT X F anlZfho-HERT.

B C OB NEEMEZES> THRIFLTWIZ 5. DIz, 26.28 TLZ &

SN, TRTOEEBIAVIF—fiELEDS. 2F0H, My - Myt +edD &Sz, F
512 B 5B TIZIROERD K D 7D

ppe + He = p = pp = e + 1 (26.92)

Py THE = (26.93)

Py +He = i, (26.94)

R D S 1

ne = ul, (26.95)

My = Mg (26.96)

/Li@ = Mf\/ga (26.97)

e = pd (26.98)

THB. (26.95) & (26.98) 5

pd — pg = pg — g (26.99)

NEOND. alnIZFAIUEBENSHREDT, Galvani BAZILETDIFERT
VY IVDENS

il — e = —F(¢" - ) (26.100)

DEIITHLEb. T TP — ¢ WEMOEBENZRL TS (26.30 2 B\\W/Z %
5). ZOARK, NIRULAT CTCEimf e HERTHL I LITHERE. £oT, Z
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NIEEE M, My BE U =201 A4 VEEM (EHMH) TkE 3.
(26.99) DAL, (26.93) & (26.94) (2 LK

B B B _ B B
Ho—te = (kng, = pys) = (g, — Hype) = Hype 0, — Pag, — Mo
(26.101)
= g AL L T A (26.102)

TH-T, (2689) olfiffEndlE THS. £IT, ZOHERMOEEIZ
_F($" — ¢%) = “Ka; + i, — ,@h — ,ﬁM; (26.103)

5. WA AV counter ion, BIZIX Cl- bbb LT 5E, WMOIFERT VY IL
(—26.14) %{fi>T

Mfw; = IRl B (26.104)
(26.105)

Y v Y
Par = Hwvar — Bor-

mEEETFTBNS, (26.103) 1
—F(¢" = 0%) =m0~ Hey- T HM, “§41 — (Myg,01 — “%1*)’ (26.106)
— B _ _ J e 4 e 06
M, — Aapar] T [Hor T Har MM, — MMLCl
(26.107)
DESIZETS. LaL, TOES5% M, M, B & OHEHESNDOHIZ—&

TRV, Flzffo725F. &[] DPOVAVAREEZRLEZDEWZD TESEZNS
72. 26.37 M.

26.32 EMICIEIRBRAAIHE2EDELVEDEH D
bivbnDEdikTlE, &Eith CIXIRDERE ZFFD.

C:E1|E2:M1|81ISQ|M2.

ZZTHREDDOYEMPEST SZ L 2RI I THS. 2050 H5: —DOD
BIg o 7oA A VBRI 256 (—26.33) L —DDRIUA A4 VEERTEN
N556 (—26.34) TH2. DX, 1P| DEEL | DLEATHS.
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26.33 ARAED R WEHM
WS D N EE, — D DRI D DREKERZ 2 LIAAL LS REDE. »
SETHLRLKWKATMOH HBEME VIR TH S, WWIEFRE D72\ NEM:

Pt(a)|A,B,--- |Z,Y,--- | Pt(p) (26.108)
THUBRDOKZ nflOEFVESTHE L X D:
aA+bB+ - = 2Z+yY +---. (26.109)

B DA E I electromotive force E & a tHIZXT 25 3 HDOEMTHS. O F
D E@ AN B2 DEMDEMNTH S, ZNREMOEEIDHFEFIZONT
D TUPAC O TH 5 (—26.29). £oT, (26.68) 15

E = —AG/nF (26.110)
1% ,
RT aza ..
E:Ee——logZTY (26.111)
nkF ajap -

DEIITHEZONS.
< ¥ A7 VEZEE I manganese dry battery (ZIEIE S D 722\ Galvani BHOHITH 5
Zn | ZnCly, NH,Cl| MnO, | C. (26.112)

BMO~ A FAMIZ/R ST / — FTEHBILKIE Zn — Zn*" + 2¢ 24T, 75 Al
c:t,c%m YV — K Tl& 2MnO, + 2H,0+ 2e — 2MnOOH + 20H- 34U 5. Z O
L EMAE IR TlE

Zn*" + 2NH,Cl 4 20H™ — Zn(NH3),Cly + 2H,0 (26.113)

PHEL S, ZORIGIFIETH RO TR2EMMPHEEL 725 & ABITTE R0,
eRE LT, AU DG

2MnO, + Zn + 2NH,Cl — 2MnOOH + Zn(NH;)5Cl, (26.114)

THY, V= FTOREDORKLME Mot + e — Mn*" TH 5.
DT V71 VMR 51X Y — R TIE Mn* +2e — Mn** 24U 5. ZhE R
T AHEMIET VA ) HZEM alkaline dry battery & FEENT W5

7Zn | KOH | MnO, | C. (26.115)

412217 26.3 DFIFEIZE W K 512, FPHIERLV RVOFETEHZNIIARTEDO R RE E WS b
I T,
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26.34 RRFEDH 2 E M
% < OFEMHMZREMIZIZZ D DR - 72 I O BN IS (B0 liquid junction) B
» 5. Danielle Bl Daniell cell DWHLAIFITH 5 -

Cu(a) | Zn(B) | Zn** (v) || Cu** (8) | Cu(e) | Cu(¢). (26.116)

ZIT||WHEBEARTETHE. ZhEBELTA A VEEND DD, TOMHMTHEMIX
H—ThdLd5. EHTEIDKINE, EDMEITIE(—26.29, DX, [EDO®E
i AYEM O %2 5128 < KIS TIX)

n — Zn*t 4 2e, (26.117)
Cu*" +2¢ — Cu (26.118)

mDT, L LTI
Zn + Cu®t — Zn** + Cu. (26.119)

PR DEHE R TTEALIL B = —0.7628 V, 7z, DX E° =0337TVTHI 15,
Daniell Bt OFEHERLEE 713 0.337 + 0.7628 = 1.0998 V (81 A > A3t X Nvifi ik
i s).

[FEEAFIR S N TVWBREE E = ¢¢—¢®, TH O, W 272\ 72 51, Ecy— Ezp
WELW., UL L, EBRIZIEMEy 2H 6 1ZEBR > TWAB DT, WIRAEIZIZEN =
DFET B

AG :/%f¥+%m—ﬂﬁ—%%ﬁ+ (26.120)
= PG o+ Gy — My — MG, e +2F¢7 + RTloga) . — 2F¢’ + RT logal, o
(26.121)
ey i
AG RT A, a1
B=—"r=E°~ log " g 26.122
2F 2F Og G/écu2+ + (¢ (b ) ( )

s, ZOmBOEISIREIELE liquid junction potential difference & FEIXN 5.
TNz HERIIZ R 2 DILIEF R L W EERIIZIE, OB ZIT L FFERE %
{8 5 31 indifferent (or support) electrolyte method (—26.38) X f& salt bridge (2
FoT (1) BRETNhB.
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26.35 RS e
B RT VY v VIREE IZHEKEFETADT, EMAREUSETH D, BWEHLE UL
MBS > TWTHEENELNIE, RO LS LB MOKE N ITE T Tl

ZIZTS &S BEGSRED EHED) MDA A 2EdL LT 5.
IREDORGEZFEMOM I 2L 2BINIZERELL AT TE@IDS.

half-cell I half-cell I1 half-cell I half-cell I1
Ag wire Pt
AgCl = H;
1 atm l atm 1 atm ‘7 1 atm

HCI solnI HCI soln II HClsoln I HCl soln 11

Figure 26.10: @M
Fig. 26.10 &% E M
7 WG O A R
A JE (MED fURR) 2 A U CHIES O & 5 IRk

£9, X 2610 £i2H D LS ICHEERE BRIIRS LN TES. 5 =20
FHEE, X 2610 GI2H2 LD IR E2HACHIEZET 2 HETHS. Z0HEE
ROl CEMNV R LD T, Z DB membrane potential & W i?’bé BALAE %
RO7-DIZEDRE D IZITER _HENTE 5.

26.36 BRERD R VEXREM
£r1XX 26.10 DI H D, Z OEMIE

Pt | Hy(I) | HCI(I) | AgCl | Ag-Ag | AgCl | HCI(IT) | Hy(II) | Pt
YRRINDG,
BEOIEFEIZ 1 TH Y, KEHAFEEREBIZH S, EFAANDBEM)HIZIRD
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B NARANE
kD Pt B (1/2)Hy — HT(I) +e,
FED Ag B AgCl + - — Ag + CI(I),
LD Ag EMi: Ag + Cl1~(II) — AgCl + e,
D Pt @M HY(II) + e- — (1/2)Ha.

Lo T, EAMANDKIGEEEDD L

H*(II) + C1=(II) — H+(I) + C1(1),
HBWNIE
HCI(IT) —s HCI(I)

b, £ZT, ZOBEBMOKENI
RT . agci(n)

E=—"log———~. (26.123)
AHCI(T)
HCl DA & VIEE DL ar (—26.16) 25 &
2RT . a+(11)

E= 1 26.124

7 log = ( )

AR

26.37 REFEHEDH 58K E M
ZNIEX 26.10 DAIZH S, ZOEMI

Pt | Ho(I) | HCI(I) || HCI(II) | Ha(IT) | Pt
ERBITE L. [ESAANDBMGIE:

Fevi D Pt B (1/2)Hy — HT(I) +e7,
Givi D Pt EA: electrode: HY(II) + e~ — (1/2)H,

Thbd. RERY LA VEERINFIRO LS IZELS Z N TE 5!

H+ O)iﬁéﬁi"é t+ H+(I> — t+ H+<II),
Cl- Difizg: ¢ CI-(I1) —s t_ CI(1).

Z I T, ty \EAF AV DEE transport number, T UTt_ 1T = A VDR TH 5.
1AV i Dt ZBEHEOPFTA AV I Lo THIFNDZBIRDODSEDI L TH
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5. U7Zh 2T, ty+t_=1. £Z TR U TOHNER S
t HH(I) +¢_Cl-(II) — ¢, HT(II) + ¢t_Cl1 (1) (26.125)
LEMNDL. £IT, &KL UTOIELMDKIGE
H(I1) 4 t,HH(I) + ¢t_Cl-(II) — HT(I) + t H*1I) + ¢t_Cl=(I)
Thd. t,+t. =1%o TCHEZET L
(ty+t )HY(IT) 4 t . HH(I) + t_C1-(I1) — (to+t_) HY(I) + t,HT(II) + t_Cl— (1),
%0,
t_H*(IT) + t_Cl-(II) — t_H*(I) + t_Cl=(I)
HH\NE
t_HCI(II) — ¢t_HCI(I)
NESNhD., Z50LTC, ZOEMOEKENIZ
2t_RT A+ (11)

E==——log e (26.126)
A
26.38 [REMI
(26.125) 12 K i,
t HY(I) —t_Cl (1) — ¢, H"(IT) — ¢t _C1~(II) (26.127)
THDHPS, ZORMIKZIEET
o LI W U R L2 e S L] (26.128)

F CL:t(I) F CLH+(I)
LD, apr = ax EBEVWTWWARSIE, EORIZIRDOESITELMTES7EAS:!

RT A+ (11)
E=(t_—t,)—log——=. 26.129
(4=~ t) T los (26.129)
ZD &S ICIRBAIZERIZKIET 5.
HELLEZRZF>-RIZKEDOE MX 2IN12 % &, Bz 5 E M OEHIT MX 12

290



HERT B4 A VDRI L > THERF I NE725 5. T OFER, BEEAIX L FrEME
support electrolyte LIFIEN S MX IZ X > TR E 5. £ T, (26.129) 75 K THHN
55912, WFAVET=AVHN(KCIO LS 0) IFIFELVIRE2/HOLSIE,
RrEMREIC K> CTEEMNEZZRS 22DV TE 5.

26.39 EQLFAFE T NOE—Z{LDREDHAL3
MDEMEEZ LS

Pt(a) | PbMH8) | PLI MO ¥ | Pbl, | 1| Pt(B). (26.130)
22T, EED He) X7 YN HLEZRL I IZEARTH S, MGl

1 1
§PHH@—%I—>§Pbb. (26.131)
25 °C TD Z DEMIZ DWW T DFEHEIEIX
OB, .
Ey = 893.62 mV, —- = —0.04240.005 mV K", (26.132)
RDBIUZDNWTIZE
Pt(c) | Pb®™®) | PhI, | KI % i > 72 564 | Agl | Ag | Pt(53). (26.133)
Z DB ' '
—Pb(Hg) +Agl = PbL, + Ag. (26.134)
:@=mcomf@mw01®£Mm
Efzmrsiozmv,%giz—oﬂwSiommnﬂ/K*. (26.135)

(26.134) & (26.131) 22542 LI < LIRD UG (P F D 1 5K 2)
Ag+1— Agl (26.136)

W2 A5, ZOKIGDOEE X

B B OE OE, 0E, .,
(26.137)

43E. A. Guggenheim, Thermodyamics (Fifth revised edition, 1967 North-Holland Publ. Co.)
Section 8.13 12k 5.
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£-T, AG=—-EF = —66.17TkJ/mV-mol. 727z, F = 0.09649 kJ/mV-mol % {# >
TWa., ZOWMEMI?S 208 KIZBITAKIGT Y PEE =R & £5: AS(298K) =
14.06 £ 0.4 J/K-mol.

HHEED S 5298 K) —S(0) A (J/K-mol & BALIZ L T) FWEIZDOWTIRD & 5
WZhnoTWd: Agl: 1154+ 1.2, Ag: 425+£0.4, I: 584. T 5 Z2HS & EOKIG
IZDWT AS(298 K) —AS(0) 1% 14.6 £ 1.2 J/Kmol 72 5. Zhn s, AS(0) i
—0.54+ 1.3 J/Kmol LEHHETE 2. F=3E0] (—24.3) EFE LA,

26.40 £EZICED K Bt DAl
BZBES A 2Tl AMPNICEEMLAMEHE > TEMALTEZ L
MTES. ZITIRTCAYA 7 NVERALEHIZZEFTE IS (M 26.11).

Fig. 26.11 Schematic of the complete biofuel cell. Ethanol is oxidized serving as the fuel source
at the anode (dark red lettering represents dehydrogenase enzymes, whereas the light red/pink
lettering represents other non-energy producing enzymes). Oxygen is reduced to water at the 20%
Pt on carbon GDE (= ELAT gas diffusion electrode) cathode. Potentiostat is used to measure open

circuit potential and linear sweep polarization curves.*!*

414Daria Sokic-Lazic, & Shelley D. Minteer, Citric acid cycle biomimic on a carbon electrode, Bios
Bioe 24 839 (2008). The citric acid cycle uses acetyl-CoA as the substrate and undergoes eight en-
zymatic reactions out of which four are electron producing dehydrogenases. The electron producing
enzymes of the citric acid cycle are NAD-dependent dehydrogenases except for succinate dehydro-
genase (SDH), which is a FAD-dependent dehydrogenase. The redox couples NADT/NADH and
FAD/FADH; are two electron electrochemical processes and their regeneration can be catalyzed by
poly(methylene green).

All the enzymes employed for this biomimic were immobilized in a quaternary ammonium bro-
mide salt modified Nafion membrane layer. Dehydrogenase enzymes along with non-electron pro-
ducing enzymes and cofactors were immobilized in cascades for the cycle to progress.

Since dehydrogenase enzymes are NAD%-dependent, a polymer-based electrocatalyst
(poly(methylene green))was used to regenerate NADT and to shuttle electrons from NADH to
the electrode.

The starting point for this biomimic was ethanol. ADH, AIdDH, and S-acetyl-CoA synthetase
were incorporated along with all the enzymes and cofactors of the citric acid cycle. The entire
ethanol metabolic path can be seen in Fig. 26.11.

Naflon: the brand name used by DuPont for a series of fluorinated sulfonic acid copolymers, the
first synthetic ionic polymer. It is resistant to chemical breakdown, making it useful for membranes
in proton exchange membrane fuel cells. [Energy Library]
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electrons

protons

Figure 26.11: =X /7 —)V&RENZ T 2 EYIYELRY 220k E M [Fig. 1 of Sokic-Lazic, & Minteer,
Bios Bioe 24 839 (2008)]
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BA2OH ST L
FHI6EEFTOILTUEENTHL.

1. FLC®IC

(B 1] WS EIE TRBIR | R T 32V —DRBEPEE L -bhvbhd
AT —)VTHU 2 BR 2 —IZHET 2 ZOHMMTH S, TV F—RRED
20k, ERRRNFEREE LRI TRV =P RESNRNWI 2 ERT 5. D
0, ToLE-oT, EMMNIERELRT ORFEEI DAL U7\ ESRBR D
BRRZ] (—1.2).
(Mg, MEFRERROEZNE ) 2525 18y i3 fah», BFELLciEi<bhr
SR, Eh o 8% AN T2 EICH 2 YHIEEE RO WY, D%
D, NFELERK[FTHS (—1.3). T8 PEETLINEPPIE-ZDDONE LD
REBRPEESENS, [#U PG LRVE S ICT 25E (e & T8 BRAEL
RN D R (AT T RE R MEERN W BGERE) N EE L 72 5 (—1.9).

BT AR YR E IR EGE - (LRI B W T TRIhTV»D
HLORBKEDRVWED L LTZIFANS (—1.3).
(BHFEDVER Y 55 o7 TohbhD AT —)L) &g TEHRKATr =)L) 2\
ZET, KMHIZEZIEESD AP EICRIRTE 2REA T — L ZDMIEL D
JIKMBAT =D L7z (=1.4). ZITHEENIIRIRTE S (—1.5) FERIZH LD
W T BB R O AR ELRE D 72 D T HEEK & V7= BULHGR BRI IZ G U 72K R D8
BOIFETH B (—1.7). I THEIVRITTFHMP IR T8 & 222 0 BRITEL A S R
<. T TITRIEN R EBERY L U TORNZFOULINEE D 5.
(FEARHF ) UL, 722 ZBHEDPEHEL TS, TRTOEHKRD LA RE
BRETHHRAD & 54T R HERIARVER T 201 TlE7RWw (—1.10). —
DDA IR H 5
(1) ZD L ARETERZ B DI TRV, Db NAERIIIBRELCRIZLZ
DEBEIZERADEAE RN K DI Z 2R TEMRRAE] LR W,
(2) EABRZDEHIRETERZ D0 TIER., EHEIREBIZHZRE2EH LIz
E, TNENDRR > TVBIRNF—DILDPEFITR D & DK, NENRZT
DRAB.

294



2. #{F

( ERZR ) BN FTIZEMR (ERNAERE I DR »1.4) DAERD. D&
D LR DB FUIE A R RS 2RI RAEZATI W (—2.1). EFRRNRELT
i, EIZFEVTHE LD ITENRRDAZE RS (—2.12). TD K 5 132R8H 4
IRFBIZH B, 72 SADERPIZHELTELZTD LI IZODEELETEEIFEN
(ZAX A EIET & KB T & e (CEEPRED 2 B SRS ZEME —2.13).
(CEHRRE Y T D L SR T, KMHEIZE ST, [T RTOFEPHIEIBZRLT
BEZHEBIFECTLEY, IRTOEILZNELNARVDP - D LZERITER
HIZRABIFEELTOWARWE S KR AOEHERETH 5 (—2.6; FH121.1). [
UIRFBIZH 5 R % — R DERBIC —EDBEREIMEDO FIZEITIE, TOREPRE - 724
T, RIFVOE[FE UEHRRIEBIET 5 & WD DIIRERFEETH 5 FHPIRIED —%
VBN FDOFRBETH 5 (—2.9).

(ROBIIFEIN 2500 (HFEER ) REBET 2121, £ Z OWEMEEL (Y E
) 2E LR TR SR, TODITIEREED DIZHERCEWE (i} DT
WVEN} 285, ZOYBENEEAO EOERYELZ R T 572012, EEVERRI
HIEAREZR, W IV — EUANDTRTORENYBLE (KR LG 2 Yl E
—3.1) T, SO > TV ERTEREMMNIZEMATE, Lrd, AT RILF—
NEAT ZRENYHEEORKOM (X} DENETND X,) 2 HFEMLIER (VL
FeDITIF X)), HFHBEIXT NIERERYH - LZF O TR EREZ 5 HIE
( BIIEEERR ) SRR %2 E RIIZHRE T 2 E DM % B LR L WS (—5.1).
ZNHIEFRDOREIITHHIL TREL Wb E (nElNLE —3.1) 678D, AT
INVF— B, (HHEEX BIOYEBEN »S45. B0 DIFFEREDN, IFE
BRESIZAY PO —VTESDSBEREETT, FeHTY &EL.
(HFRER) TXVF— E (—3.7) P{LH (—3.10) FHPHZBUBR L R WELY
HT, ToMabllEEbHIIn TS, TNIEEFHEEDOL/IEH->TOED
LR ((EFER) THIT 5 (BI1F LIS MBRARFER)

w=>Y ;. X;. (26.138)

AN 22 NI AR I X A EFETw = —PdV 215 (—»B.1). ZHIFIERNE
Gz K500, YR, BBk E CHFHEEEZZ/TE S (—3.11). NPT
ERTNXNFHERKFDMEETE RV I LITHER.

(B ) 3 < RITh B@EEDOMTHEREDSGE (26.138) 12746 -5T, WHE
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JEAEL % HEERIA) D2 D A NIZ B AL S E B R D T RV F —ZLIZIRDALFZ R (B 2\ ik
ERERKR) THT 2
(= pdN;. (26.139)

::fmik?%gi®m?ﬁ%yvv»t@ﬁm5.&%@@ﬁ—%K&RMT
WBR 51X, B EAGRRETIZ I i eKATHhD. DF D, (=dE.
(B2 ) B ¥ 2GR 4 2 B =B (B,Y) Wik 5 224 % 200 %224 M
W9 (5.1, 5.2). FEEOVHRED 2K & IFBTIFZEM AR TIE LW, o
DIMES (—5.10) 12725 (—5.9).
(HEFPEFE ) € DHDENTND fSIX 7272 — D DO VHRBIZ S IB T S (—5.3) 25,
ZTNEFU (B)Y) BEEE RO IEFEREBII WS 5 TEF X 6N DB (—6.1) DT, £
F1FEzEfR Db R TR I N D & S B EHPIRE %%mﬁﬁ@%%ﬁﬁﬁu
RN, £ 2T EHOMIFRIZIR o TYHHRTIZEDME A 5 72 D IZIFHEFE Dk D ARFED
T&TI%M%~+ﬁE<&wawiamemm.%@io@ﬁﬁ%@%%ﬁﬁt
WS (—6.4, 6.5).
(ABRIZDWTDIER ) ZOARTIE, (LFEENFEE, MEKEORIIZITHEP D
BERETDLVWOIS5ETOITE A% L5V, [(LAIXERYHE L FERETIF DI D
SHBLAENERBHEEDOERECTH S, DR LLRDOFEMERD S (—4.3):
() {L BV DIRA S & O 5 H I FHER AN I TR RETH 5.
(II) TRTOZEKIGIZ (B, X) T 212 —FN7R) (LF EAREN S 5.
(IT1) $ R T RIS FRALE T RIS & U T (JHEEIIC) BRALFERIZETTE 5.
/—\@a CARBERDIF AN, DFED, (B, X) BB TE, ROFMKITELd
. RPERZEC TW S &, (WERIGRD 5 5 D385 5703, MNZ28IE (E, X)
t?f%é.vﬂkﬁ%bk£#b£ﬁ®ﬁiﬁibéC%4®.%%;Zi,?f
WZII) 22 o0 ffioTWS: (26.139) 2 hFHREFHE THEFIZ] HoTwne
WH T EiE, BEBRFEL L CITELFKE THREET 5 O IXRE7Z.

3. BOZFD B—IEAP

(Wb BEHE—LA] ) Mayer & Joule DHEHE (—A.9) IZL>T, (IELS#HRELK)
(ZE Q & TEFHI W 2EDLELZLDORIAXINTF L ULTHREI NI LWV Z LN
RiEh, ROZAXNLNF—DEILAEIZAE=Q+W & EITB, LWw>0%, &)
FOE—FEH L\ D OPEFEDEMHE (—7.2) 5, £72 [#&E] 2I3rBUZBERL
VB % il o 725 X TR W,

() W EEE D EAIPR AR (—7.6) IXEATE 55 & LT, BEEMIZIX

296



WEETRZHD L WD Z L3Rz SRR O I ANS Z L ITHYT 5. —
RAEFEDUNZE O TREPIRILF—2 T DEREL PV L D TE D55 RITMEABEE
270, WBRBEIC R WRIGBEEBEAEE LS F oAV F -2 2bIE5 T L
ﬁf%é INTRDEDINDZZXLVF—% (B LS D7E (—-7.9).

IT, BT A LF—DRO L OD—DDE—RTH->T, fAh [# 2\

:E)O)i)‘( [BAFE] SA2TEALSNTVWZLSI) RN VIRNIAALZD T 501
TlERWV., B U TRICASEZIRXNF—ELF L UTRIIMRASNIZT RV F—
LEROFTIEEORAZLS. L, HERFEMNIZIK, B LTHIEQ DI X
VEF=DRITHAUZE, B Q PRIAAZE WD ZERE .
(BIPFIZBIT BTV F—HIEH) Zhdrobhd L 512, RdRzwb) 358
—FEABBDER 2 SIERITIRZR W, YRRl U T MEFHIEEIC—E0#AE
KRTHAEIZEBL TEEDRICIMA B ZLINTE 5] &\5 Mayer-Joule D JFH % #H
AN TRV F—RFAITH D (—7.13), BbIH 5RBERFFEIZE B A A Mayer-
Joule DM (—-A.9) TH 5.

4. Z \\73%0)%—/%&”

(<,\\7Jd-a0>’“’“‘1£ﬁu W EBNFOEJFEHEEONEHDITIFNANADEDNH S
N, TARTCHAMZFAUBEZEZMS (—8.1): Bz (MUIZHADIHEIEI TIZ) 5521
tHIZEZZOoND L T5 L ([Carnot DEH (AB8) ZHETH &) ) HEITITELZ
DESIZRVEEPEL D2 22 F ANBRS TR R A5S., £Z2T IB5EI
W Z D Z 5 ITRVERE] BT AETRWE WS T 2 BNFOE A WS
ZDFEBIZT 5. WAAREDRD ZD, T (=BES7-22) OBERZDIRITIZ
HBMS, TNTHMETZRL TER SR,
(ARJFHY T AECBZLIIATRETHD] LW OWRE RO D,
k%mmgofﬁmjwéiMEUf%bam,awawéﬁﬁ%wxaﬁﬁtﬁ&
ZEIiZU &S (—8.4). HIZIE, TEE (MIZRADHEEE TI0) BRIMAFITEX
5J®@$ﬂ%ﬁﬁ,ma%%%bfwwagﬁ%%ﬁrﬁ$wﬁzem5 &%
ARZFEHIIERT 5. HIZS 2L, BIIEPEIELARVWZ & I3E LU THREAETIE
NS NS DAY A RIFELZ,

A B EEpIEE LTS, FIZIE T 0 3L ThW THded5. 2z M. DANIAE
UBZELEETEEMINT 50I1EMDTIHTERNZ., MEFFRCEZTLW] B rzmum xZ.'C
FWTRW ] 2 TI00%ZEZ TIEWIT RV RER2ERT20IIMER 5 5. AR THEIC
TROEEZHITEZPHKS ] 2FHEIZTS L, TWHERTHEI &of—ﬁd)?ﬁfgééﬁ%:a
MHES | MESPIZDOWTIITIZE 2R\,
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((Planck OJFHE ) 25— 3kAI & LT, (bR D2 5EITHEHT S5 LS ITEIEL
7 Planck D ZERH U & 5 (—8.5):
[T ZGRFE DRI I B W TEAERERE (—4.13) BEAE L R0 SIXNE T 2L
F—I3EPASTH B. |
COFHIZ, AXFEH8.4I1ZL-T, XX NRENEFIZHZIRY, WEGERT
BIERRE 2 2T I RV T —2 NI EoNnd] Z&, DF D RuliE
BEBRGFEETDI L 2EKT 5.
ZOFBIZEALZRZTICOVWTOFRB TR W LIZHERE. 612, {L¥
EBEFIZEUTHEDRW., [EEOBNEOHRIEX, H L2 RS E1Z, %
DYBEHZEIZDOVWTADERE LR WE ZAMEZEMIGHEL B L FHEIZH F D
BEIRN R B,
{(Planck DJFFED IR ) o & F > TIRD =D72:
(1) W RV F =AU W ED, B TRWESYE - {bFPEC 2 5ET
»H5.
(2) N T RV ¥F =209 2 5605, ERNRERYEL - {LF DT X2 )L F — 23R 0]
WHNZHOR VBRI E U 256 TH 5.
(3) HAEPERE A2 B L7z £ FNE T RV F — 2 WIS T2 LIk TE R, OF
D, WXT LM HEIZR .

5. RNZZERDBE

(( Wr BT R T DRERK ) B B FHPIRAE P 2 & W B a] 0t MEERANEFE 1T 1 2R8I,
BOBET 5 Z & D\ ERKYIHE - L2 O AR T 2 L T B IREE It 4z
5720 (—10.1). IREEDOZEAbIE, WEIX, MO FTRESZ 1S, £ DHITP o W]
HEREFE TT ) B RIEIX P 2 808 & 22/ (BRI WTBEZR) Al 1272 5 (—10.4).
Z ofgdhm LT, Bl 2L BRSO FMEEANT U725 > THREE (B2 Iz
OPEPREE) IZEHHBEEICB O EDE I N TE S, 277, ZZETTRHIDES R
P %@ 5 i »A — e £ TIEE A TRV (—10.1 DHFES).

(W B A AT (X — M) B LE P 2@ 5 Wi @i A b o722 35 L P
DAz L ZATZO 2T ERIZa»NG. BrEwE O X))
5006, PERHTNIEEDLS TASBBTHMIZITITS. D0, BEWIZHETT
FIVF=DPRESEENE, ZARI LI AR (—10.3).

(WrE AR L £ 2RI T B ) 25U T, £ DEEDIRER @ 2 Wl
FEHE I —HUZR SN, RETBEZ RV, DFED, EFXINVT 1 —2D XS

298



BB 2 D E I B (—10.5). TO—H—HEEREEL WS, THXLF—
i CENFZEMO LN 2D D L, EEO L FEBRIZED SRV (—10.6). 2F D,
MWETEA, FERIXVWEZ2LIAEEE LTER>TWVS.

6. TV hOE—DHEK

(ERET—ERBKS(E,Y)) E TEHIN, —WDOHER LT, —Eflx s FEIZD
WA W RE R B S X B P OME Z A 2 LS ITH ALK ERZELTL V. Y
B LUTBWVWT NOERENLS EOERIIBAIZIEZ AN -2 MR TERS
W, ZThE, Y ~ERDT, B LUTMABZLIiZhE., ZOLELKERLEI I
F—DBERIZY 21D LD ATRECHFAMK T L L 5 ITROTL W (—11.3):

dS x dQ (26.140)

RN FRERIE ORI 2RO I NS, #iF S X TR TOLEEIZ DWW TRMS
ARECHEZLETIRETE DI b0 d (—11.4).

(BN IRE ) ATWEEEM Ty br =32 b L anwZ & 25 & LoD
HHIERBITIRE DY E EHRTE S (—11.5):

s = %d@. (26.141)

ZZFEFTODEELEONNIDHD.
(Gibbs DBIFR ) dE = dQ + Y. y:dY; & EOREZMAEGDLE S L

dE =TdS + Y yidY; = TdS + > 2,dX; + Y _ 11;dN; (26.142)

% % J
7%, Ih%E Gibbs RA L WS (—11.8). dEIX5%EL2 1-EATH 5 (—9.10).
(FEAFBRRY) HERICBNFEEET 21213, T 2OHRIEEIEY %272 < T
IR sk, Z0OBRT, BNOFEE(BY) i LTty hrEY—252 50N
BT RTCOBNZENGHATES. T2 TS=9(BY) 2 AR VWS (=11.11).

7. TV hOE—ERKDEE

(BIVEZEHRIE L b\ ) FHOT Y b oY — i YIRS, R0H 5
HEAS (B FI1T) 256 U CRRINIZ & 3 PHPREEIC BB a0 = 2 L XS, BEhE L
FOENS, o ORELTHRIEI IR D 57 805 2 87, b ORIEA T4
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Doz 6, BIF Mo TENZENENZITEI L 1N Z LI AR EE
720 NRITT B FHRRARIE, £ 2T THIRSEMA & OFHRRRE] (—12.3), DX b
ZBEDI D 572D ULTENZTNDH NI FHIZH S KD LR THDIZEEEZ RS L &5
257, #FEZBL. ODREOBNFZREIIZMIDOZTNS DN S.
(=¥ FuEE—BERDFEH)) MhODIRFED (72 & 21X, WREZMEES Sz, #
PERERE % FERF 1TV L 65N T —12.3) JIOPHAREBIZZLT 2295, Z0& &
BEMETTRIY b =225 Z 327220, 120D DFHRIENIEE
T\ S W B HE R OO R I3 72 & A AR TH M IZWITRnh 672 (— X
10.2). Zhz2Ty bOobE—RKOFEHE WS, HLZROTY bR —%2FS6 LT
FRUZHET B LA (=27(3)).
CITZVhEE—DPHERTLILELEE>TVDEDIE, #lH L&D OFHREE
DTy hEE—2HBLUTHALTWAERE IR WS ZETH>T, BRFDEL
THHETH # Ty hO =2 KT 5L E > TR,
(=Y hOE—ORKMEFEE) BHEORXRFH (—84)DFTIX, TV K-
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