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BRCEA2DIID VIS ZTNE2mEMIZEM LU DX AE 2B TE2bITE R
W, ZOWZRIZ, REBRBFIEATHNIZONOND AT — )L 2 EEET X 5252\,

ZD &S [FEMR FRIZHLUT, bbIIBFEDEEA - s B, £
B, FAx4—ERoTWbHEWI KmAdsrELEw., L, 22 2IF%E=

SUNEMMRE ) NPT KI NP FOIRD WV EEME T NIEHADOTRTHEMTE S &
ITHRG. WMEEE A1TIZREZZ N TE 5.

SUMNL, ZZIZHB2RBEIZIZOVWTOEZSHH IO EWEHIZE DN T WS DTiEA
W2, [65 AEETHL ETHEVWHIZED (Zotticwnwse il izs)] BEE2ZITANS Z
LM EORBE TRV, 2K ERR S DIEEHEED, Kk FELRWITEHOD L (Z
O TRFE R 21 T E . B SWmIEEHZEBTENZZE S ThvweEWnS THEE LS
ELTWABEALZDHDZ D | BFELEHEREDD R G ORME.

THFDFDAT —VIZHRZ L bobiidhe b ERED, £S5 L TEI TRIFNUER SRV D
N HhE DI AR R R RS, 2009, 2024) pll li7E 20 (bbb DK E X ) 2.

SHfIE BRSO FE—5 H ORI KT CAEEIE, 1988)
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BEBHWCTRAZEDPHEICHFIIEETL2LODHTHD L WD T L IFHEE %
PTHNTH LD SRV, BTN FIZZOHRMOFHEDHFETE 2 Z L IXMEHT 55
HD—D2720, ZZTialINd Z L IFLERFEOBRVEERZEDE —-HTEHI L
TH5d. 2F0, WHIZEEOBHHAIE WA EYE, TOREICIZbNbho SRR
W& BEENRINDESD S & VWS EERT, AEDOATr—NLVOHS  EHRNES DY)
HAEFITHETLZLIEIRBAZL LTOYHBOEARTHS.

RERRE L, EEREEZLZZEUNMEURY, EEIXMEURY, EERICRER
TERVEDIXMELRVWE WS, TEHERBROFEHE ] (2D < HNIEEITH 5210,

1.6 £ZYORRICITZEEH

RERI X Z DRARIZONOND GIRER (L HfER) 2 LRz ES. L,
BERIZHONDONDEFTNTZDOHDORERSZ T Z2ERTHEDOTIIRW. & XE, H
HEXZTOWABEMEP»SIZESL ETORA A LIZbNONAELY & HEFIZ
DWTDHBHEDIERNVELET A EISIIhorUdESNTWAL, bhvbiTERK
DIRFEBTEFNTL 2bIFTIERL, #BEDRS LD HEED ZhMEX o

I(RLLRERERERER ) D. L. Everett, Don’t Sleep, There Are Snakes, Life and language in
the Amazonian jungle (Pantheon 2008) [A3 ¢ & E A 5 OIS b | IXMEFIT EHERERD FHEIZ D0
TRES. JRX p270 ABRIZIRD K 512 5: BED & 5 0@ BFEIILAE O WA, K &
IREREBBICEDP R WENEZE T2 EMEEEL TS, HERREZEA U S lifEH & GELo 2
RKOELTRHIDEI BRI ETRTHEVRDBDL.

DUARYPOBRBEREENVED ) 72720, THFORALILZITZ2ELS] THFDHETER S
cWnwH Zeid TRBFER] PVwowd MEHG ORKTHH S Z LIZER. C. D. Ruiz and T.
Nilsson, Disinformation and echo chambers: How disinformation circulates on social media through
identity-driven controversies, J . Public Policy & Marketing 42, 18 (2022) &f&. Zih o OREIER
FRFEAERIREER (—1.6) DG, RERDBIEDOARLTH S,

TUANT LV AIZRERD F @ OEEEZ L 2Ry O BER /B FEETH o7, PHIER [TV
AN TV AOEF] EEFE 1966 (2023) [ZOARIET VAT LAAND (RIFEED-OD) EDA
METH 5] X p29 TTYVANTLVADEKRT S [BROKER] LiF TRENEZ 02 ThHs
EEFHLTVD: TRBIEHR] X To oMY T —] LWSF VI THEORGERZD, ZoF)
7;§ii, emplrlcal R ORERBOT, @EIE TR LRI NB. 72U Z D FEIXD % ERE

WCHBZE%®, ATNO6X-oTHD I LZ2EKRT DM, 512, £ URBRZE U T»Ez

D, PLAEDTZL VI EREMNED Z2hRZ V. TYANTUVANZ OFHELR B H O @R

KBWTHHT L&, TNDVERT LD, AR HKECEFN AR TIZRL, HEHLHE
MPEML#$WLowT&¢#by<®ﬁ P%ﬁ%%@é ETRLDTHIZDITONEHDT
HY, LODLITES L THRONIAHOIEH LNUIZENTDH 5.

TUALT UV ADREBRERIT [HEURERF ) @iﬁﬂi Hb. TVANTLVAZRERDOTFEED
AHFTHRZVWEIIZLES.

Bz 0L, EEOEANIME e SRR 2 D0 (DF D, NIZEDETD) =a—v 23 TicHl
AIAENTWS. Johnson et al., Position representations of moving objects align with real-time
position in the early visual response eLife 12, 82424 (2023).
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EROEALERE ThONDORBIZH AR EN-IREBTEEFNTLS 5D, 722 213,
ZHEITIZONDONDAT — VOMFA R =00 TH B Z EPHlARAENT WS 12,
bhvbnEEYORERIZIE, FARFEDRETDOEDE, ZMBEDERETDED
D_DONHBHDTZ3,
DODNONPEETVBREIZRBTELZ L2 I RTEDTEHEETNTRIZIIL S D
JTCIERY. U CIIRBEEOERM A E 2 Rz S L U, Z ZITRERAE
FIREER DEER & U T Db hikeffRRILEENIZE ST 5. ADOENKDKR
EIEREEZ B KLU TWA WS HENSDNE Z L iE, bhvbhimiln
BEHZF > TWaDIxbhbnhBEL L T E LA GHIN CHEAN 2R IR TH S
WS Z ki,
ODNOLNDEZNREPDODNDONDVEHR L AR T L BANTRVWEEEH S
PE LN, ZD XS RIGEITIIEFREREEIMEL T 2 RMRENICERINE
REMEED AN L VEHTESIETTHS.

1.7 BAFIEE D WD EROYEE D
DNHND AT =)V TDTE DT EHNLRRERIEINT, (25 ZHid) EM
B D AR HEAR D 72 DI FE R X N B GR B IS U 72 R R DB 2T
H5. T TEFEZEMTTETWEH ] &2 THERDOBEVIXE S Lo TWE D)
E\W D KD LAEENRIED A D RO H 28 (BNEMESHFEA D LT 58 &
WARNZEZZ Y TH L. BHZEOXUMERIIZ ZICH 5.

ZOARTIE, $RLECENEILLEET DL, BOFOHHRDO KE % B
WZURWDT, =Y habE—DFEE ZOME%Z{KE T 5 ‘postulational approach’
ALV (-Ex.1.1),

1.8 B PRI B E 3 % H

LA O NE ORGEH N AR L U T O ETERIBIZEIE U T\ 2 2RO UG T
»3: N. D. S. Grunstra, F. Hollinetz & A. Le Maitre, Convergent evolution in Afrotheria and
non-afrotherians demonstrates high evolvability of the mammalian inner ear, Nature Commun.,
15, 7869 (2024).

BHbsA, ZITRODUDIELZ AND—EDORRZFICEH L TREWIT R, EEWnAkd
EEDIER LI N TS, I 2 TRHEFEDR EOREREHIZIFA TV 2 EEFER EOL D
THRVRBROBERIZIZTVWA WA RIEHA T — VDB DHH D, EYERA = X L b IEEERTZ )T
BAFkZTHS.

Mo—y oy MEowm, AMGREROBRLMES] (BEKR, Btk 1974).

15y ha ¥ —IZ Thomson 2EDK ZEHFETH I L HTERN -2 FD FHEIFEHITET
5. ¥9, TvbbrEY—IZENE, RS L51T8N, LS FEELRARZER H A AMER R
SEERR TR,
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BUNBR DA O BRI R BHRIZBEBR L 72T TIZHSE B > TW A YBLED Bl A%
HAET A Z LIt L > TEMRWBIHSAIZ OV TORBEE2 LR UCHETE 5
£II2TBL VI DRARETORN LM OEARTEHTHD. T I TT TITERA
PR EA > TV EMMYIE L 1377, ERAFETH 203N mYE - HFERY
EMRMBESICEBRT AR BAI AW, THEA] EE->TWAEDIZFDOHA
FEOHAIDZ L THY, THEER->TWSE] ik [BHAl IZDOWTTH->T,
EDMNERNT &N E WS ERTIE L.

FERRAFET DR EHET DI1T1E, BRGNS ZOWERN LR DGR A BHET
H5. UlhPo TLEBREDER, 722 ZIXENVEOM SR ESBME L Tk
RO, THIZYEOHAD DRWRTIHEERIE &N TH B Z & (LA
D—FM) 2 ERFNRRREEZL LTZITANS. IhS 3B E2fRE &
IEMNMETE, BN EAREETICHEBHTE I EDATRHRTE S, £Z T,
RN B B & BN 7 SR L F I B A MR T A BRIT,  BEIT F O S ST
ENTVWBEDE LTHME T35,

Hr o, BRI AHMBEICHIRG EEZ AN ZAWEZ (\0WDB). 724,
ZOMHDOBNFTIIMSOBEENTERZHNIZTE RV, L HRAMHRICILFEA
THRWETADERTES0, TS50 DI TAETIIAHENRITES HE2 L 5%\,
BEOHIZEHIIH TS 2P ZNIEHF L UL TEKRDOD 5 L XL OiEimn 3l L
THHEIADAT, WET SIZHFNERZ2 FRTHE TR WiEmz AT 5 Z
CAED.

LD L, BNFEBMziite LTWwahk, (5XTNEHATHEEY VY E ZRWITE
WEWTNE D) H O UHARERIZ [BNZFIEMEZRRIZLTWE—F L] &
LML TEL.

1.9 BANZF0ERDF &t
L8 DHIHIZENTH S & 512, BEHOIERWYEE - (b2 RGN 2R T 5
EWVWSDhRbbhDETH 5.

OABGRIT 70— FIZ OV TERLWARETZD [ TH S D. bILL b DEMZE IR )
(FR=EPUERER, & < FFEE) 2HOAEE. ZhEIRT7 U AVIicyay 2252, TORKEOH
T BFEoaEML) 2% 2722 253, C. McLarty, Poincaré on the value of reasoning machines,
Bull. Am. Math. Soc., 61, 411 (2024) iZ2® 5. ZD#MFUIH B & 512, NHALT B Z L 137 OFEIRA
IEITETHDHILEHTILTHS. DF0, BMFNERRE L AMUIT E o 2P E RN &
ZHEE. TAvyaXa VFPBEOREICR KFE LI RO NT WS BRNDORERNT 7
0 —F O & BT 2 BFEDBRI - DTH D, & (b EFREEARDE 2RI K DR

TZ).
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BHFZOBMAZIEAD LT DL E, BHRPEATI WL D LRERFHFIZE
TOEYHZIPRGE LU THRA 207206, BESICERLZBHIECHERIE, &
UoOIZiE, HZONEE LT, BEEINTWS LALERW. Lo T, B
NFERET S5 & SBBRIHETIMEOERECPEDOHE ITIEBUCE o= <BRL
RWHERPBIEZ T 25 eI N5, SR 5L, BIIRPERL RV
B (B X OCEENZ2LF) 22 ->Twa & LT, BJIFITMANL TSR
CTEZRLR.

ZORER, T8 PEGLRVWESITT2REE (8] RRELRVWES R (DF
D, B BB CRIA R T E 5 ) 88, O ORI RS SROEE
IRRERSEEIZ R D . BIEDS TWiEWE ] adiabatic wall (—7.7) TH 0 & [HifTA]
AR MEERI T ZGEFE ] reversible qausistatic adiabatic process (—6.5) TH 5.

1.10 BAFICREIN B ZDOHIR

T2 ZRNEDNTRLTH, IRTOEMNRDEALBRBBEHRETHRAD LS54T

MR BERIRRZMES S LW D & 5 RN HER R FEB T 501 TlEZw.

ZODHEARRHFDND B

(1) RO EAIREBTHIRZA 2D TRV, DNONBEMMICBIRLTRIZEZ

DERFIZEHRADZALE RN K D ITRZ ZIREE TSEHRRIE] Uk A 27,

(2) EARZRDFHAIREETHIRZA 20 T, ROPERIIC —RRIEEPRBIZ S

2HEIZ, TNEES LTINS EZL E, ZNTNAR > TVWA T RINLTF—18055¢

D537 5 KD 7R, IIERNZRR (additive system) 72 1T DA 5 (—2.14).
MENZR R E VD DIFHETHRODRS WL LTH, (1) OFIBRIZMO THEL WX S

WWHZ5. UL, BEEICHESSREIX () BA L H w0, BTy, (i)

B B LHPIRFED 5 B D SEHPREEAN, 722 X E DL S WHEFH 2 TNIXEMTE 50

BRELWS ZEDNHETEEDT, WAWSLHKIZILDDTE.

L2205 52D —fRIPIREEZR > & 5 RHEMIIEE LW, T s dFhkEE2 K
5 IR PRENE] L WSEDIEHEIDRUIZZLIZTER.
B3V F — 3, BOFCRIAMZREREZR > TW5 (—3.8).
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A A AEFIRICLTWSA D —F &8

BOZOEEREHREZD SN DT LD THL. L, BEoNMHERl
FRAD LI BRI LI LR (1.8 L ZTDFEBI). F/2MOFBAEEE -
THRWIPOZDELONSHETERITHARTHS. UFTIE THiER] 2
BIEFIZENE EERZBDRND, EERIETIZ (D0, REDOFHHDIHIZ)
* DOWZIHH Z L TWIHED R D GBI B 22 BT E 5725 5.

WZhBH LD

*%ﬂ@éﬁm#%MW@ m%ﬂﬁibt$%&0@ DR IFHTIRTH 5.
?«f@ﬁﬁ%fﬁ@ﬁhﬁﬁ%i DHHEDOHF THREIIHEINT WS, Hfi

ZAE, BRI E % 3% ia<f%&$ﬁﬁ#ﬁﬁ7 ETH DT LPOWrE
HEEN A OB DOFAE 10.1, B.2 R K IZEHRYHEAHiRE LTWbH Z L/, &5
2, B PERE DR B 22 O Euclid M (—5.2) BP0 52> TL 5.
272U, ZADANTHNS L nas, W gi8ilimhis 6 — /s T o %
DRI X F —HIZIE S PITHKRFET 5 Z L 2{KET 5 (—10.8).
* FHFIT T 2RI (BR) IIERZRR (—2.11) 1ITR 5.

* BBIRE DT ICEIFEEE2 2T E S (—3.11). TN & BRI E 1% T2
B 711) AARETH D] WS I L THS.
* RIXT T2 ZVTIHRWIRTHEFR TR S N, RONEIC TBE] & UL THRSE
E (ZAVF I XA MRUID) BELTE (=2.1). [ROKETFIERE D
5WEZE DERDMAG DRI OLME (5 —ERH) # 9 & 5 RBEDEE
35 (—5.8).
* WIS R EEPREBIZH D 5 5. 2.8 [RIEERBIZH S L 1E, Tz
HOAATERDPZAL LR WK S RBUR 25 TR I IRV —EDBREVFET
52 THD]
*F$@%%® F#MEDHI] 2.9 BI)FHNZKRIT ERWRDE—FM4 TN T
?5$mh BT FINZE R TE R\ (— ﬁ%f%é)
ZEAE R D IENE (—2.14) ZRET S. (FDEKRIZDWTIX5.10 IZ7F
%“ )
* EERREED D EIGRAZME] 2.13: FEMRBIXDEAERAETH L. EFR
i$@h%hi%m%ﬁ%bff%tBﬁ%$@h%k%é.@é%@$%%
BBLlL, ThEBRT2EMARENTNEEREBIZHEZLTHS.
*F&$f@awgfﬁ®£mﬁj73%E@ﬁkbkw5lx»# &EHE D
BRI TO LRIV F — & DY EFRITRERKICHE LS TWD., 61T, T
NS OpEREE THEERBEE] & —HFDIZL TR0
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* RONIBEZ AN F—DZAITHETTRETH S [7.8 KD I 1)L F —FHAE].
* [Mayer-Joule DJFH] 7.13: —f{EFITH I € DHARTHEIZELHL T
EEORIZ (RICEABRERDRIZE)MAB I LNTE S, (B LFIZXHT
EHILEFEELTVWS =712, )
* [Planck D | 8.5: WBGEREDHIZRIZHE W TEEBENIZ L2 WA 6IF
ﬁ®W%I$w# FHRDTHB. THIT

BIFDARFH 8.4 TBNFENHOSDIZEIELBNWI LTINS 5] 23R
@5
« [ASEHEFRAIBGR HIO ITRENE ] B.3: RIXZ DARREDY € (RITHF S N7 FHRIR
REDIMR) 1IZH BIR D BAFERE 2 Z 2 312, Bk T OB L nl a2 3 g
5T LMTES.

RIRIIREDTH B D, IRO D2 EFET 5.
« [ERDYIE () I2DWT, ERIEREITFAES D (—17.5).
« AR DR DMFAET B (—8.7).

GRFAL THLD, TE5IZ] UTFIRTTIIRAR7YEZBBRO L S 28R —HDFETITRL,
B HEAIIZ A THRNEL LSS5 227, 17.3 2R,
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A- *ﬁ % I\\\ I\\\jj%/\

ZOMFEITBNFEMESL T O TR 2T 9F0ETHS. (CFZLANFOEBRENRET B
EZDBULEVDES ZFHOMEIXH A .

A 1 IEACBY 70 B LART

A21ZH2 X501, ERINBEEIATY IV FTITHO FEBICHES. BEHS>5302 LT X
DRF] DEIREBDVBFZ SN 5WVWEDRS, (BF (HD WV i3 D RIS D HRA) & REA A
DERIZH o 72, {LFIIMEOLREZEL XS5 &350, O fHEHE—riimiEfiR & £ iimry i
fROMNGZ FENE <. EAYEIZ—-DOTHY, TOEECHEMFEHDZRREDRE DDLRRIELZ ED &
ZEZDDN—TLMTHY, TOHIZZEZEVWAARBHOK T2H 5L WD VLR LTLRTH 5.
Newton JJ5% D EINIR FFIZAEH T 2 DL HRIET ST R TOYE DO LM %2 309 % —Jtamiii i
ZHIE L7220

UL, MEDOZRMEZ IITOEMAZ T THHEL LS & T2 —xPEB L 1 FRETERDITE

FEE DRI E 1, (b1 Boerhaave @ Elementa Chemiae (1732) (2 & o> TEi¥E R &
U\@E%J (KpyickoTHREINDE I L enoTz. FKRHHIZ Newton O RFIFT O AN IR S 1
WRT—TNE2EPSHERL TV EDROoND XDIT2D, BROEMSIHARNDELDEE D
AR ST (K ) IE Newton DT —FT IV EERBEDLETZITANONDE LS ITho7x.

A2 SERMBREBEDIRE Y
L e BZOERIGIZ S 23— Black? T £ 5.

WD HAD Cullen??1d Boerhaave DR % NFL AL TR TCOBEZFEDLRIZIFES T DD |
CHHIL, (bEH4E XY WEMNIZHAET 272008 LT, B\ —FIVIZERT SR L&
WIE P RRZ ITHEG U & 5 &3 2 NERERAME %2 kT 2 IR 5 CBRFILD) 28HLZ. 250 T
Bh  BOBE/MEOFLMEE 25 72,

Cullen D% £ TH#fi% & 572 Black lE =D DOWIEZE L 72H L 2B R R/ &, TNk
FA—DREZRT LW Z e 2BBRITET 2 EEMN LA & UTEHRH LU, REFFORIFIIEF S
JBD 7= DFETT - 7223,

é%t,mmkuﬁﬁ%zbfmﬁtmﬁ%iﬁt%Aﬁéiv_“*E®&Wma ENTE
5Z2%mRU7T2%4, Black 3EEREZ [BWE | »WEEYWELESET 25 2O - #IRWE L
DI THDHLERT-. 20, THUHBRNWEI W FRAOTHERIGEZEFEL LS5 2 F 5 Cullen &
Black DfLZEBLFRDIER FiZH D, %D Cleghorn?> % Lavoisier DBy E TR & AT [BEH | DT

Y2 OBl ARER O [AZERORKRE] 1-3 (FEEE, 2008-9) (2 RKWITHIFEL T
W5, 72720L, Carnot (2B 9 2IHH A.6 BLU A8 34 N5.

2ONewton HE —siin D Z -7z [77) V71 HFP (1686 45 H 8 H) &IH.

21Joseph Black (1728-1799) https://en.wikipedia.org/wiki/Joseph_Black.

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

BEREICDWTOZER ) ZZICHHALAEZERAS T, EEBEIII N DIXRELLE Z0r e b
DD BRI BN D T c‘:@&’C BUEHEBIITE V. Lo T, HEE] 2087
HABTHD., ZHIBEEYHO— %tbf%if@ﬁ&%ﬁthfbk%ﬁ@%ﬁ?%é.ﬁﬁ
TR, BEIEANGETHHETE R,

2401,02 EENTNOBEKEL LT, B\OHEER] C1 AT, +Co AT, =0 225 01/02 = ‘ATQ/AT1|

ZWilliam Cleghorn (1751-1783) https://www.uh.edu/engines/epil956.htm
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https://en.wikipedia.org/wiki/Joseph_Black
https://en.wikipedia.org/wiki/William_Cullen
https://www.uh.edu/engines/epi1956.htm

o7,

U EDRNWIIBENZD—DDJFIRTIEH 50, BBEEDO L5 2 DIXBH LR w., e EE o
FRIZDWTDEIRIZNV Z YV AMZ > TEZRUZE D TR, FIAMIKBRTH 57203, Zhid
bbb EBIZHES W< b UESE)) & T8y IBELRBEBRRH D VWD XS B XI1TiED
MRS,

A.3 Watt LIRTD#F SRS

ANB VD 74 A1 ADEK] ‘aeolipile’ Ak, BEMLFIZEZX 2 L WIEZILLERIZES E T -
EDICRZS. BB OWTOERD T A T TIITERDOFE AP 57227, Papin®®ld, E X
DOV VA —HIZERE AN, DWTY Y VA —2RP LT TELHELEEM> TRRLIC
LHE2IED L VI HEE (KREHE) 2L 72 (1690 ). 1ZIEAKRHRD Savery?® ® RO FHE T
1698 FEIZFERIC IR BB R Y TORFHFZ I - 7230, o ) ZTIEEEIL (REE) OFKME % ks 5
EWVD EAMIC K E LRI D > 72, Savery L FEYET V * > HH D Newcomen®! % 1710 4 £ T2l
KREERERE % e < 723233,

A.4 Watt & DS

ZIZTWatt* 9385 5. ks 7 AT - RFEOFIIMAFHEE /X Black (—A.2) S84 72 2 8%
b UL XD ERNBSHESELETH o7, BELREANEZLEH UL R EITOHMKMEZ L A
ORI BIEDERTH > 72, i 1763-4 FEDL T T A T — KZFT D Newcomen T > Y > DR

26Hero of Alexandria (ca. 10-70 CE) https://en.wikipedia.org/wiki/Hero_of_Alexandria.
RE2M: Lecture 4 “Ctesibius and Hero: Alexandrian Inventors,” of G. Aldrete, Unsung Heroes
of the Ancient World (The Great Courses).

T(EEOREOEEM ) (WADEHFHT 2 X512, KURIZDVTORRDOYIHLD R KD TR IZ
Torricelli (1608-1647), Pascal (1623-1662), 3 & ' von Guericke (1602-1686) (2 & % K& & HAED
FRTHolz. TEREZFHUDPSEHTLIEIARESHERLTHY, ZThE2HADIEEDH LWIERD
G HLEZT 725 7.

%8Denis Papin (1647-1713), https://en.wikipedia.org/wiki/Denis_Papin.

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

0D R Y T OB O IE https: //www.youtube. com/watch?v=0vK80s2WEno. Z#THH 5
£512, BRATKEZHUDITTHNVWDDTRGUMHEZ S B LT TIERW. EBICIRLNIZHES N
725 DN S EH)T %M d https://www. youtube. com/watch?v=Dt5VvrEIj8w (143 10 B dH 7= 0 H
5) Thnd. FHMIZIEALTEEZ ETNXEARIZES LS TEKEZRA EFONZ XA, Y
RO T/ERETIEENNE L, SHEEARIZVDERT 7 —DBROGHRE/A > TV L SFEL
RLEIEREIR L ko7,

31Thomas Newcomen (1664-1729), https://en.wikipedia.org/wiki/Thomas_Newcomen,
https://www.gracesguide.co.uk/Thomas_Newcomen.

32Newcomen & Z DR, T & DB D Watt OBEEIDIAA https://www. youtube . com/watch?
v=Q1tRwiudU2Q (ZH 5. AN =A L7272 5 https://www.youtube.com/watch?v=9GqVQPMCtY4
P, EEBEOD L ORIZEFER DI https://www. youtube . com/watch?v=HCELUWSBX jk.

BTV FUVETORBOEENZELZOMMIZA Y T Y RTIT2THED I L7257 (https:
//en.wikipedia.org/wiki/Janet_Horne % il &). BRI EE CTH 5. ptiid 15 I
Do TVWBDTIRE, FERPZOHRELIZHE 7D THAWV, ] (E. 704 TAEIZEITSH
H (BOFEZE), FIRBRRERER AlaHith 1955) 26 5 =.

34James Watt (1736-1819), https://en.wikipedia.org/wiki/James_Watt, https://www.
gracesguide.co.uk/James_Watt.
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https://www.youtube.com/watch?v=HC6LUWSBXjk
https://en.wikipedia.org/wiki/Janet_Horne
https://en.wikipedia.org/wiki/Janet_Horne
https://en.wikipedia.org/wiki/James_Watt
https://www.gracesguide.co.uk/James_Watt
https://www.gracesguide.co.uk/James_Watt

(B A1) DEREZRE S iz,

g
‘l”,

l‘l-”

Figure A.1l: 7: Watt 2%&# L 72 Newcomen B DREIIEY): 5. Watt DB U720 KGFERE, RTHEhize
Z A0V HEE i ds  [Fig. of https://en.wikipedia.org/wiki/Watt_steam_engine]

ZDETFIDEIRIILEOMRE 2 BEL Uz, REE2AND L E TV VA —3BL L TRA
50WA, BEEZELIZEIWMATWRLSTERS Y., BT 512, AUV VA —2ERICE L &
CAIRIZ U2 WE ERRHTH720, TORELZ2EZDZDIZKBORZRELTWS. V)V &—F
DHDIFENE FITRS, FOELENOBHZEE IZENTHPEIEL VI LI2 Watt 1Z&A D\ 7z
(X A1 £).

S EEAEIER LA O SR B HEAL X 1782 FEDRFFH & T, HifAZR D 1d THZIRIFHE | expansion principle
Thb. EAMVEILU NI ZBOESHEEOEMEIZZE VI A>T Z 05, Watt 1% 2
NIFRRICELE>TVWAHELZ T AR EZEINTIBETTWE I EEX, EAM YRV ) VR —
ERIZOEZ>THEHESKROBFIIARKDEAEZ O, HLIFREVPLEFEL LR SBWREIM A TIT
{IZEERZ 2T, AUBEIT25 B SWHEENTES L5124 572, Carnot 1%, Watt 23K
BAUTWSENDOS L TELKEMBALZRADONZ L ERFEMEORER %2 & < FHffi L 7=,

Z DJFERORR, ALDOHEZ EIFE LT 2IFE BRIy U TELI o7 WoolfPIZ
Lo THET Y Y VIFERAI N (1814 ). FNIXRNR7ZIT THRIMREDL Bh o 7=,

A5 AK[KEBEOISRITERDIEE N TEEP 30
BI)FNTE BN T B BEE AN TR E FEIIASBERE O @B DO K4 722G HTH A
5. Trevithick3” D7&S BRI H ‘Puffing Devil’ 1% 1804 4£Td b, Stephenson®® Stockton-Darlington
] DSk E R 1L 1825 £ TH 539, 1830 4£ 9 A 15 H, Manchester-Liverpool #&Fi@ D H (2, Joule

35 Arthur Woolf (1766-1837) https://www.gracesguide.co.uk/Arthur_Woolf. %% Devon O
B D Cornwall 4 % 2.

36 i 2 Ay O RRIF IR IS R E B L BGRHITH - 72 Z L 2 BN TIER S\ [Eric Williams
Capitalism and Slavery (The University of North Carolina,1944; 3rd Edition 2021) % & K]. Watt
DR Td 5 7Y THUIRO AL D 72 b OB E BE L TR T 2 2 IZEEN I,

3TRichard Trevithick (1771-1833), https://en.wikipedia.org/wiki/Richard_Trevithick,
https://www.gracesguide.co.uk/Francis_Trevithick.

38George Stephenson (1781-1848), https://en.wikipedia.org/wiki/George_Stephenson,
https://www.gracesguide.co.uk/George_Stephenson.

OB Ty NSO L 7Y A7l https://www. youtube . com/watch?v=yNnOLC_9imY IZH 5. H
v b5 E TOERIX https://www. youtube . com/watch?v=w0GYZC-IJPQ.
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(11 %) (—A.9) X5 & Manchester RBIMZIKH & HIZ T o 72, BOZERELEHD 210,

RN DG IZ T > O Y O/NEUE R B EIR D 5 72D TE SIZEN S H - 7z, Fulton? % 1807 4FiC
Watt DT> YV %2 A M T New York & Albany 240 km % 32 K[ CE#4& L 72. Turner ® 1839
ok, RSB TH X 7R — MI5IPNTHRARBIZANS N J 7 7 VT — O CHA 2572
HEAE (WLAR) %% < “The fighting Temeraire tugged to her last berth to be broken up, 1838” IXHFX
ERET BHeTH B2,

A.6 Carnot XF
’f FV ATESBEEPKWE I NZD X Napoleon HiF DB >R 725720 T, TOHERIET TV A

ZidEb ooz, LA L, 1815 4EIZ Napoleon BiF+ &b 0, 7 F ¥ AIFHEEIZ B 1T 5 &L BEE
®%@,%K%E%%Qﬁkﬁ Lotz 7T VATIHAREFEMHRTRVWO T XY
A& D HIEDPITRETFNIC D ADEDN, 1815 TR < £ Woolf BB (—A.4) 237 T v A TR
ENTWS., LhL, BEEEREORENDNDNOPTHE XN T WL o7z, ZOREZEL DM
Carnot 7273, fDLFIIIH DA Lazare Carnot®® OILHDOFRVHETIZH D, Tz, BEH (—A.2)
MEDFUTIIHBEATH - 7=,

FIREPRDA £V ZAD X SITHEIR TR WKBEIZBWTIX, ZOSFH TR WHIE Z R U 72K F]
FDFERE U7z, R Carnot 1Z/KiR % [H o 7B CIR AR 2 EBLT 2I12EE S T2DR L0 nS
MIEDEKRF%Z Liz— ATH o 7=,

WD TR —MIZDOWTOMmE] (1782 4F)* 121F, KM TRARRE2G2542 LT (1) &
L, (2) BRRFLEL YT, OZEAEITSNT WS, (2) IRKKDOER) T 3L X —Z2f )5 &0
522 THY, (1) FAGEDSKHEDMBADEERZN, DE O, KREOEBOEbN A THEH
) 72 OKOWEE PROEEIZLAE—HLTND) WS 2L THS. rﬂ#éﬁﬁ%ﬁé@f
WX WEEBIZ DWW TIIE 2R w2 H S| & Carnot DEL & &, ZHIIHEDORDOEGHARIHEIZ
tEZOHND.

Carnot*? 1% 1821 £EIZA Carnot % ¥ 757 TV IZEin7=h, RiEFZThFE TIZ 77‘7"“7“21/7“01%2?5
éﬂtﬁﬁ%%ﬁkhﬂﬂ%%%oka@ﬁ,%W%%@Wi%ﬁb#%ﬁbtp FIFIFHEE T

40Clapeyron (—15.3, 19.10) (% Paris & Saint-Germain DD T DPLE D H% % B L 72
(1835 4) [M. Kerker, “Sadi Carnot and the Steam Engine Engineers,” Isis 51, 257 (1960) footnote
512k 2], i ﬂ&ﬂfﬁ%%ﬁ@ % EHEEAYE T 1836 4F 121 Saint-Germain %12 & 2 FHZ B WA)fid
ZEN DAL HEORG R & T I OMgIC EE LR E#E U 72 [Kerker, L#4).

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

42National Gallery D E/REGTOMEH T A H %: https://www.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" 2% Z DfE/EIZ DWW T
DWWESNH B, Z ZIZH T E 72 Turner X Monet O HEZ IXPEREF T & B KKRIEHD R < &
LTWBEWSFAH 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).

43Lazare Nicolas Marguerite, Count Carnot (1753-1823) https://en.wikipedia.org/wiki/
Lazare_Carnot.

“On 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).

%Nicolas Léonard Sadi Carnot (1796-1832) https://en.wikipedia.org/wiki/Nicolas_
Leonard_Sadi_Carnot.
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HA5. NUIZKE 57 Carnot 1F 1822-3 FEIZDBIZHEXKIZ > w02 EE FIF5DTH 5.

A.7 Carnot OERHER

Carnot IFIRD & ST R B TN F TIZHEI I N/-FEFBIRE S 51, DB Z2%E T 5K
DEIEET BN TES. LT, BENEM > THEBBEZ RO _DORIfEDE L THER 547
(1) HEXEDIFAETZ L IAEITHEHNDOERDARETH 5.

[FRSHSERHIC K 28 D, FEERICBAENHEI NI NS TIEERL, REEDDH BT TOE
FOBE I2LB5DTHB.

(2) Y1 FEE DBIEM SR IIMEEME VLR (BR) Tk > THPIZM LRI LA TEHZ L TH
5. Zh Watt OIERFEETH 5.

(1) IEEEEDH B L EDOKDOFNEREEDH D L EOBEDRNDOIGZDEDTH Y, (2) IdK
DPR AT Z & L BUZ KB ARFERVPEA N V2T Z e OXRTH S.

Z 2T Carnot 1FR DI KRR DR (- A.6) ZIRD XD ITHESE L 72 IRFRDOFEBITHE
FHAERE CHBZ FEI S SR TSRV X0 50T, BdX b & 0 IFE UIREOYIEDRE
TOHRHFIN, THMBEDENELHR/NTH S Z BN ERI NS, I o5iz2hh s, mAMEH
DF LN LAY, FoNAHLAROMAHEEZMZ S Z L THBEZVITIED 5L WHEIKT
AW THBEILbhb.

A.8 Carnot DEE

Carnot % A.7 DIFEHZ LTI W CTIRIE 0y OEIREIR (FF) LIRE 0, OIKIRER (MEIH) O
TEE T 28R B ROBMEEZ Y A 7V LTHER . EOEMATIZEDL, TOEE»S LT
Carnot ¥4 Z V%5479 5T VY (Carnot TV YV V) KD DI VWZ UV ViFFEZ SNRVA,
ZTNEH DR OEEME EH -2 2 EZ T TERVD, CWIK@VEHY 55, EARICHE-T
LRAICEDOAREZBEAE» /LT YV ORENE (DL VM A2 DHDO W/Q DEKIE) IZ/F3%
YIEIZ & S $EIRIE R MEIRIEOIEE S THE S Z 2 %, Carnot I$FHRRIREERI O Al Witk % {fi >
T, ~BOBEEZAREERALTEIR T UTHES e TiEHLZ. ZNIEM A2 IZH 58D T,
fAHRNVE ZANSMHEEEANTEVD BT L BERYHFPOENE F-7-< FFETH] &
WERIBZDS, W>wk\WH I 2iEHHERVDREY,

Fig. A2 /£: 2 BOTVIVRH Y, EOBSETH U TERAMREE. T0HIEE > 2RO I WVEETRUEEZ Q ©
WNTW >w OHLFENRTELLT S,

g ZEOBBIZTT Y RO THOBE» S B ONIAHO A2 M- THAER Y T UTHES. ZORRI

f: —UBAEOMBE LR UIC (WEASRETT) EFH W —w > 0 ZEAL T KA perpetuum mobile & EAfiiZ 72 5.

A.9 Mayer & Joule: TXIF—DIRE
Mayer®® IZMEE & U TY v 7IZHilEs 5 MICBBRITECVIE 2 S [Z 0RO T R TOBLIIY

46Sadi Carnot, Réflexions sur la puissance motrice du feu et sur les machines propres a développer
cette puissance [[NEEMER - fRa [V 7 — - BBERA OIS (AT 3EIE, 1973)] (Bachelier 1824, Paris)

4TCarnot DFMUZEEFID (HLONTVWBEZ L EHTHERH > TVWDEHDD) AT TH-722
EEPRLTWS NIz, KEFGR - 3 TV — - BEEBE oML (A3 HE, 1973) DR
H(2) BRARHAPAF TH o - L ZITHN BB OEEDV R M —DFITH 5.

8 TIEUNMSER] 2 X EUROESICHAT I L IAILT TV ATBE I 2MIFFEOY ROMEE R
5ZeNTELS.

WERH+ T 1 F —(RFH = Carnot DEHLDTH 5. Mayer X Joule DILH (—A.9) D2
BOBIE -7 Z L ITHEE.

50 Julius Robert von Mayer (1814-1878), https://en.wikipedia.org/wiki/Julius_von_Mayer

27


https://en.wikipedia.org/wiki/Julius_von_Mayer

e
<C_<:> ‘E’Eﬁ> <:><:1m1:;>; .
AR

Figure A.2: Camot v 08k 23T YV IIATHETHS.

HXZENo DHAEMEFDOZIZEDD, ZOLIBEIFERR LU TIZELARVWERET S, Z
DEAZ (11 )(Kraft) LR, ZORIIAZETHD, TOEDOANEIT D LHETS.] LWVWHE
WafFr., (H) I ZMREFET2 VI EREE, ARIEMEEE CEBIVEKT 22 WS EE,NS, [
B HEH—D () CRTHIEDTEZRETH Y, Y -2 HANIT Lo THWHTL
B LS AL E (1841 4F), EBRIZ (DS HETE ZITBDIMLF Y E work equivalent of heat
% Mayer 91 7))l (=14.8) 2 E% L THIOTE R 7z (-Ex.14.2).

ZNEMANTIZOL, Joule®? IZ DM F U EN —TDOMHIZ D I e 2 X X RS2 H > TEIFL
7. ZO5LTC, B ANVF—EZANF—D—BETH->T, ELLHETNEINFIRLF LD
KM TRCOBRTHRGFT 5 Z & (T RIVF—{R1Z1]) DL S N7z,

UL, TNHT SITEL —RIZZIT AN S N0 TR EFRIITIED - 72, BESIIZRR Dk
fitld Carnot DEH (—A.8) ThHo7z. TNIFBLMEHENEM TRV L 2FEKT 5 LZITHLNT
W7z 672, fFilZ1E, Thomson % Joule DFEFRKZF\WTZDEFEZiRD72H Carnot DEH L D [
JGl i EIN, SORIRBMEENBRETHD LHF AT,

A.10 Clausius I&&5ZEZ =h

Mayer X Joule AR U7z & 512 (—>A 9), HHOBWEIZL > TELHET 2L TNIE, BEIIRGFR
TIEBRVWDERS, FHOFEDBIZIZALNHBEINTVWE L EXZD0PEHA» OWBENTHL, &
Clausius®13#& 2. /=54, £ 2T, %K{i%o) BHIDMRIE I NS 2 WD BRI 21350z, Clausius
IR D JFEE % & < 55

[RIB BUZ L > THHEPER I NS TRTOGEEI, BRI NALHICHAIL RAEPHES N,
W, HE5EOEHEOHEEIZL->T, TNEFRUBOEPERINS.

ZOEANMETIE, (1FHEAOEMMEIMEIRAP S ERI NI GEITZITHILTWS Z IR,

Mayer (ZE\WHFRD 515 Z L5372 <, Helmholtz X Joule 2* 5 H{GEH S NKEDAES HR DK
MIZERZ 72 UREIC DWW TIE R 1 Y EEIKD Wikipedia 124 %: https://de.wikipedia.org/
wiki/Robert_Mayer.

SLEEREE Joule X Z D3 <HIIZ Joule DIEAI Q = RI? Z2F A L TW5S. X5 ICEHKZ &L
BCE S Z 272D DMROLLEIZEE P> TWT, T, BEXXEM) 5B 50, Faraday Dk
HI (—26.3) zFHL CHE SN A2 HtOETERZEEL TV 5 D%, BRALFEPAREMNLE
RTHbLNT WS, R DFADHF L EOPIE IFEMANZ AR L 72 EROPMEHOREIZ LD HDT
Hotz.

2James Prescott Joule (1818-1889), https://en.wikipedia.org/wiki/James_Prescott_
Joule.

%3R. Clausius (1822-1888) https://en.wikipedia.org/wiki/Rudolf_Clausius.

54R. Clausius, Uber die bewegende Kraft der Wirme und die Gesetze sich daraus fiir die
Wiérmelehre selbst ableiten lassen, Annalen der Physik 155, 368 (1850).

Shttps://archive.org/details/ueberdiebewegen00claugoog/page/nll/mode/2up p7
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A7) IZHo72& 51T, Carnot DZH T H DFEMTIIRE S N5 BERDPED ST A S AR IF
NEBENT D Z L THENRET 20EP S BEIIRTFEINSED, TN EOFBIZHEMT 5. 22
T, LOFEIZUZD T, AO—HOAMEFIZEDD LTS5, FondEHOEDTHKELD
HEREVK D EFREBWEEPFET 5 LRKEL T, Carnot DEHDGEH (A.8 HDI A.2) IZfi5 &,
rﬁ?ﬂ?ﬁ?ﬁ‘%%?ﬁﬁ“&,mb HOT, eI SRVnWI & 2725 & Clausius I$fE#RT 5 (X

WHBMD)., £V I EIFFERITIZAELRNDT, Carnot DEIFED 55, HBAIOARERIZE
%@%ﬁrmﬁﬁhﬁ#%ﬁhﬁ“@ﬁ?ét%@&ﬁ?ﬁ&éﬂéJ%%%b X 51T MR A
SERFEANEBDPRENT, MIZIHMTERI S0 ] LW e RnWI & 2EFETNIE, Carnot D
EHIIHERIICES I 5.

& Y o
08 D

Figure A.3: (i 5 SR~ & BAMNTOLRS, Carnot OREILMAL LA

A3 7 ERIZH2MEFECTRVATRINTVWEIORMF LYY Y. fEF W 2T HIETNEER Y T LTHER
5. AcH B0k, KERZE SIZHROIVWI VIV (TR EWTY YY) ) THE. FAROMEFEW 24AHTOILQ
LD EDRVE g (< Q) REEED S Z IO .

H: TED KXWV YV 9B LTENEF->THMT Y Y2 HELLTHKRY 71255, 25T LEREIIEQ—qg>0
DEMNEZOND I LT85, ZITHRIEIZORORHTHNEDLINTVWEIOTIWO HIND Z LiFhV. 2535,
JFH 1 AHFE L BORNOMELZERT 205, Q—q ZITOBEMNMEREIPSHM O Izl &izkd. DX, bbbk
A ﬁmmﬁ@%ﬁbmmmﬁ®% CEDEL SN, IIEABETRY, LW ZEARET S ZNREEEZ VWS LD
WEHRICHEET 2 I U B LRV 2 WS BliLIc DWW T O - RIRERICK T 5.

Z 5 LT Clausius @ 1850 D XIZ & » TENFDRMEN H Sk LAY - 7256,

A.11 Clausius IC& B FETZRRID THE] ICK 38R
1854 #E DX T Clausius X BFEMIZAE U WEABIZERIZAE U AT THiE] Shad TRz
57\, L TIRAIERIRL 72

B oL FHE2 A AT HFINITIZAE U WAL SRR D S EEMENDOBROBEI 2 WS H
FUBETHE I RS THREZ 52w,
DFED, TXLF—OEHUZIZEEMIZITARELZEDEZITRVWEDERH D, BENTRVEDIZ
BREREDITHEINALVWED AL B Z 23, aHsbeld, ZomEr»mmL TnwaZEo
ZrThB.
WD DODOHFEEEHZ R 5:
A: W OHFEZEE 0 DBIZE Z 5 EFE.
13mﬁewmQ%mﬁy(<m®QOﬁiéﬁﬁ.
INSDOHDBEBREEZFNTN AL, B iIdTIrizd 5.
FERRIZ %Uéﬁ%qufwiBa;ofﬁ%émwm%%) TAZE-oTHIEEI T WA

56C. Smith and M. N. Wise, Energy & Empire, a bz'ogmphz'cal study of Lord Kelvin (Cambridge
UP, 1989) @ p324 72 5 p327 0)267 D &G E DD B LS IZ Thomson (FFEMIZHFE L TWARL.
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(BRY 7)., HE\WNZEESMZ 5 2L OTELEMITEMRL L B L, Z 0%k % & &z RS
T 572017 TEHDYE ] (equivalence of transformation) & IFFIEN 5, BIG$ 25 T x)L¥—RIZH
BIL, CEBFREOERIZBEILT) ENAEZEALLS. BREMUIZELU S ZEHOYENETH D, A
YA ZINTIEMBETIZRE L5129 5:

A DYEE: WFO) (> 0),

B 0N QF(0.0); 0> 0 7251 F(0,0') > 0.
NS OUBEEO Y B A~ 1EDWTIRYRE —Wf(0), B-1 IEDOWTIE QF(8,0) L B RE 7
A, NS 5D = e BERE D QF(0,0) + QF(0',0)) =0 D% b,

F(0,0) = —F(0',0). (A1)

A.12 Carnot OE¥H#EAD Clausius DY EIC & R

Carnot D AIHEEEIIFIRD K 5 IZEIRTE 5 (X A4):

MEG T IR 0 DENQy — Qp DMEHE W IZEH I N, ZNDEE 0 DB QL DIRFE 6 DEQr ~
DERREBIZE > THiIEEI N 5.

WHE: AHEW PNIRE 0, OB Qy — Qr ~NHARIZEBIN, ZNRE 0, DB Qg DIRFE 0y D
BQp ~OEMEMET 5.

9, 0,
W 0, 0,
A
QL QH
\
eL e L W
0, 0,

Figure A.4: %807 1 77 TMIRT 5 Carnot OFWHEE: /=ANME 1 (), %A1 (BuKY 7). T3
V¥ —RIFANE W = Qy —Qp 2EKT 5.

W TH 505, YEOBMIBZERTHS: HAMIZOWTIE

~Wf(0u) +QrF(0u,0L) = 0. (A.2)
WHEFRIZ DWW T,
W)+ QuF(0r,0m) = 0. (A.3)
ZOZRERUT (AL 25 L
WIf(0L) = f0u)] + [Qr — Qu]F(0n,0L) =0 (A4)
72, BRI S W = Qg —Qr72DT
f0r) — f(0u) = F(0u,01) > 0. (A.5)
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L7zd3oT, f(0) IXBFARMDEETHS. £ Z T Clausius (& 0 O FFIE AR T(0)°7 2IRD X 512
BATS
T(9) =1/£(0). (A-6)
ZTITUHEDOREZ2F DB L,

(1) LFHEPSHEET OB Q WWHRET ZBBOYRILXQ/T THS.

(2) W Ty 206 T ~NEVQ DWBEIT 2RO YR Q/T, — Q/Ty TH 5.
U7=ho T, () IRRE Ty =co 26 T =T ~NEVQ PRBEIT 2 @fE0OYE Q/T Ic—HT5. £Z
T Clausius (XEFIXRERBE KO EfliTh 5 & iEaw L 7-.

T 5T, (2) IXEE Ty OEYEN Q OBRZENET 280N E —Q/Ty LIRE T, OBJED Q O
Boa RN 2@EONE Q/T, OMEEZBI LN TEL. TITHEIEERET S Z L 2EDH
DRI & AR E 2L, 55, IBE T ORJFEDE Q 2 IRINT 2 B0 Y &% RN Q/T &
WTEWZ &iZh 3,

CZTTIZRDEETIIR LS BFRDIRETH S Z LITHERE. 512, QDFEREFE,LS KTV
BILIER. DX, BENBEBIETAIENQ <05 TW5. [ZOBELNKEDRERIE
BB Z RT3 L EDO/RBORHK (—7.1) ERNTH S Z LITHER. |

A.13 T hOBE—~FTED
Qi DEDNRIE T, DEJFIZIEN S NG & 5 2BERTIEZTOBRESARTOLER

_N @
N_E:E, (A7)
HBHWE, 72 SAREDPD > THDHLRBEIDHEZ L L S
_ e
N_%jj (A.8)

LRETE 5.

ZIZTHA N> TWHEREE2EZ LS. 2F 0, RIFTCOREBIZES. ZORK N <0 T
Hot- UL, MENELWSIZIF—20EEE UTIEERBMZIZRBI SRV S, Z0L54
HA ZVEERLZWL. N>0TUL2bY A ZUAA RS HTEHEI L TN<0LTELDT,
WY A ZIZDOWTIE N =0 UL2H DB,

(A8) ZRBZY, ZHFdQ/T #FH Lt O GBRTIREEIND L\ Z L 2EKkT 5.
I (FEOoMEREZDZENWT) ‘T baE—" 2—%75. UL2L, Clausius ERT ‘= hn
=" (514.5) LW BN FOFRLNLREZEAT 5D 10 FED 1864 FETH 5. 72 F 725 FRill
Mnd-o7z.

A.14 Clausius O#F R
TZETAI3ITHEK S ITYE LHiIE (-A.11) DF A T Clausius FT Y PO E—HIIZE TE-
7z. UL, BBOEMMEDFEIENA —BRIEHTE TYENFHETELRVEEND 5. #lXIE,
Clausius [ZWEVEAHIZER (—17.12) 2F A 5. KUKESMZEFEZ LWL, SMBEOBEOXH D
WD, ZDEFRITIEA N DT, BAADBICIIHEINTICERSZEQYENRHBIETTHS. T
i, ZOLUEIFIVW S5 ? ZTHIE T8 — MMEE] » EROB — KIROE] L\ Bz
A TWBEITTIERD 5z,

% Z°C, Clausius [T 2V F — 2 Wi EB) T 3L ¥ — DD TFEER] L 2nbshicblr, #

TZNFZZETOMMTIELRBREETH LD, MxhiEL —HT2HDTHS (—11.6).
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FHEANDHFEDPNTLEETH 2 L FEZARD - DOLEM T8 — EIEH B — NRLFE] 25X 5.
dQ = dH +dQ" 2 EHL & &, dH DEHEE, dQ' 7 TFNLS] DF D NELETH 5. Clausius &
0o

dQ dH

T = +tdZ (A.9)
EEWT, WEBMEE = AEEIMEBIRLU TNz b&E Z 280 k> T, EE#R (Disgregation) &
4 L7z (1862 4E)%8. 22T (HEED 2 Wo DIk, NFREVENR>TWL Zens6< 5 IR
DEE] ZHZEELEZTDILTHAD. Clawsius FINEV OAKEFETHEEZZ. £57
5L dZ BRI 5. I T Clausius & (FRDZEWHIZT B L) TZODELMAEADH & LT
dS =dQ/T +dZ \F5%2TH 5. ] &ffiml7/z. ZLT, S%& ‘T b= 47 DFD,
TV a3 E VIR ORI TH B, 72721, Clausius 13 1876 DY 7V > M Tl HEED 12
DVTDEKIFTRTHIFRL 7z ELNT VB, HOFRIATT (b2 Wikt H) XMkt <
BbFD CHERD ITHEARINEZ L o7z (—AL5).

A.15 Horstmann & {bZFENZEDIRFE Y
1866 12 ETH T Clausius O Z %2 BEZE L T\ 7z Horstmann® 1, 1873 £/ > T, = kO
Y—o THEEE ) 2 CHESEKOBEOR (DF 0 dZ = (P/T)dV) WMz s LTWE A o T
Wl %

Zp = Zj — Rlog(Py /Ry). (A.10)

CEIR U7z, ESIE A «— B &2E R /. SUSHEITE (—25.4) A1 & DRf dZ(§) = (Zg — Zp)dE, X
ISEDS Q (BALIGH#ET H 72 0) 61, TV b -2k

ds = % +dZ(€) (A.11)
LEIFD. ZHIEMSGMEL LT Y bR Y- RO E KGETEICHEHET 5 &
dz
Q)T + — i =Q/T + (Zg — Zp) = Q)T + AZ° + R (log(Pp / Py) — log(PR/Py)) =0. (A.12)
EB, Innrs
log(Pp/Pg) = —Q/T — AZ°. (A.13)
Db, WEYLHHIRE C 2o T,
PA _ pp-arr, (A.14)
g

ZDENEDBERFNEIZZ & T K MEEE N, [RIRE —HT 5 Z e ARMEINA] . 2D Horstmann
DEFIEFTY o —DIEADICHARENZ LOTHD AL I NI,

%8Disgregation DEFRIZHRNVE D TH B, IIARKDEEFRT. THIXVWVERED, KR &Iz,
TTIHOBKRTHDONT WS, Aggregate DT & UTHBELLENE GHE2 2 212U T, HifE
WHRZEMNITTEL.

SIIIAR 3 D 31 T LU EFEE [A. Horstmann 12 & 2 BB O SGERE-—19 fitilfg s s
\F BALZEFAT I RN D YdE— ) BHE TS 1T, 26, 1 (1987).

60August Friedrich Horstmann (1842-1929) https://en.wikipedia.org/wiki/August_
Friedrich_Horstmann. Z Z DB/ L TH 5.
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Horstmann D S IZE %2 2T THANFDOAFEAD X 5725 %#BRK LU 72D 1d van t' Hoff’! T
HoTz. D 1884 FEDAS2D p124 12 Horstmann (2 &5 &, BNEOFRBIIEEHIZSHTE
5] &HBH. LrL, 3<LTEFLDALUEZEZEDTIER .

UETHhOhr2dZ i, WoDLEEFH ((h#E1H) L @O hFHZ2 B L LHDORRE IFRAR
23 > Tz > TEW, WS ZEDEIEE, ELEVwWS e THS.

A.16 Faraday, Joule & BER{tZDEEZMFIH

ZH %% Faraday®IZ L o TWAALRES (EWER, BLAFHICL2EL, BHIZX 28R E) 0
TRTCALHBDTHD LV I ENFEIFEI N, BLROED Daniell Eith (—26.23) O HT D5 )& HHHH
DHBEBTH SN TWI D500 5 & S IZEKLZET (Bild) B PERDOERICRPELRVE
HT®H o7, Faraday 13HEE U 72 ESEDPHEE U 72 bF Y RITNIGT 5 Z & (Faraday ORI —26.3)
ZFERU7=D%, Joule I3 1839 FIZMuiET & HAE LSS E OBERE B2 R L T\ 5 (1840 4F Joule
2K TH D). ISIHBSINLIBEHNEYL, TN SLET 2ERICE > TESASMRIND KD
BOMIZHERNBERED D Z BRI N TV, Wb & & FEE DR Joule DIEHIBHE
K[EEHETIHOMMREERT RS AILINIEATH L. —FHOITITEOMFY &I T
TANVF—ZEL[TANF —ICEXTNERICLERX D 2 THlES N,

Joule DIRFE/EE X, Joule WESIMEADOHEZE L TYHORKIZD > THED L WVWIFHFT
INVX—DOYPEAOHEE L7- & %28 E kO TV o7z, EELDHTWEON, ZTOHMBOESEDE
BIFESLANRDDTH 272D,

727U, BRTRLSZRVOE, TAILF—LAFIIOMDE D I3E KA L T2, EXdt
¥, BHRT, BF, NEPR—-IhZ0THS, LWHILE. RIZLAINSIETRTENFHK
JGHT (BC = Before Clausius) D74 D72,

A.17 Helmholtz [3tE T R F—ICDWTHEF 7= ?66

HelmholtzS"iZZ ® T{( 11 ) DRFIZDOWT] B OB L EWTHKROREZIND EiIF5. X LF—
MITL 2DFMBHE L KFENF EE > THRLFEET 2720T, TNIEEITRE & HIRAGEE55 D
CRIUGETH %, T THELIAATIRGE] BB LR EZECTHRRE L REFHFESELTWS, T

61 Jacobus Henricus van’t Hoff Jr. (1852-1911) See https://en.wikipedia.org/wiki/Jacobus_
Henricus_van_%27t_Hoff.

62M. J. H. van’t Hoff Etudes de dynamique chimique (1884). 7272L, X7 ¥ 1 — RIZKE#AIH
»no.

63Michael Faraday (1791-1867), https://en.wikipedia.org/wiki/Michael_Faraday.

640. Reynolds, Memoir of James Prescott Joule (Manchester Literary and Philosophical Society,
1892) ® p42.

650. Reynolds, Rifg®d p66.

062 ZC YLZET HANF =7 [ JMEZERIBITHED TRV F -2k % £ L O TRMLIZIFA TN FE
Thb. AETIE, MEEIXLVF—] ZPIFTMHS & SIFMPLRMIT > THAD T 4L F —
ZiRT.

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

68Hermann 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). ¥Df#&T
(1) 1%, Mayer DF W2 DR (—A.9), TALF—%2$ET.

691 5 L, Heisenberg 23® Der Teil und das Ganze Chapter 3 TRWHZFE->TW\W5B & 5 (g,
JRT e RKEGRDT 8 Y —~DE&D Bohr (& Heisenberg) # & T HFEANLE DI TEZDZE WS Z
&z W2 DIIEGI 7.
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WBINODTLEEF ST I IITEEIN?2ELAAMRTHIEIZENEZ X >TWVWBEDTE. £ T,
EIDUAG ML UTKDBLDRZ BT S, ZD7HIZ1F Galvani Bithh S5 EHE 2 4HE L 7 <
TRESRWY, ZNEREEVPBILINDE I TERINIDTHS. D%, BEEEY TH LK%
TR T OO TREESIG) 260, (EFEHTH BB DIl F EH>TWD. LA,
b~ EBRIIBEFETHELSERLTHE VLD TH .

Helmholtz 12 & 2L KIGD IHAEF v IZ X BHMIZHENRH 7. bS5 A, [BIERL
JLHID S | KEBFERRLEM L KOELDE (—26.6) DER A YN Z Faraday X Joule (Z458D
HELLUTHES DERITHARAATWEZI 2N AL16 DFANSHIS.

A8 FBIFRAICOWTIEE S BRDH?
Helmholtz D5 571 = 3 )L F — (RAZ A & R O i £ FEARW 2L A & UTHENL T 2 DIZ D d 5 7.
A.17 THIA U ORBEIZES IZHEFEIZRI N, I SIHOEEORBIERNEEE LY 5.
U2 L, TRUF—RFAE UTEHE - EINIEBESZEAE OB TRy, BB Z223% 572,
FNp 212, van’t Hoff 1% Horstmann DL A.15 Z23Fli L 72D 7 > 7=, ZDEHEH Gibbs ™ BARTIZ
ftZizzy b —%2fo7zM—DHDO XS IZRZ 5.
UL, MEZEERE] (55 WM FEYE O E) 2 5@ DR D & 5 L fEEE & HEIZH > TV
EWVWSEHREINSZDESIN? EZIZHmWE D THB. Helmholtz D HEE TIVIZES) I 4
MR 2 D 7= &k 5 7=,

"OHelmholtz DFE W2 H D TIIMEFEN = bF T2V F—TH 5.
71J. W. Gibbs, “On the equilibrium of heterogeneous substances,” Trans. Connecticut Academy,
III 108 (1875-6), 343 (1877-8).
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2 FARRE —#EI

2.1 BERENREFEARTRD
ZOREBUT, R IEROIXZEMIICEE - 8% 5o 2 BERNTIE (bh
DNDAT— VDYWL =1.4) DZ L THD. TOHEFITEHRMICIIHEEL TWVW5.
ZTNEMEET 5DIEH 2FOYATT E 728 (o) 22 d Ly (Bl RE, &
KPS 52056) L, TNEKOER2E LhZaw (BlZIE, BEERO 7oy 7).
ERRORE I 2T & ZDHENOEE (H D \WIEZDOREDED) IZHbh T W5
WiEiE (B A IXEE) X2 DRDAEKIBS (VN 27) ITHDNTWSE D L KL TH
HNZEHE TR R 2TV A6, BIZHLNTWAYHEDHE 2 I TE 5 &
S B. FIT, BOPEBIER L TCVWARICERSLGZETLIETEEZ SN
5. DF0, BFEHIIWS L, TEE] & TEREM] BIANZZATRRMETH 5.
W2 ROTIZHEAT B Z L3 IC CE LB 2T L 72,
RONTBIZF 727282 B ST 720 2 DOWEEEZ BT L, /206 dH5WNEDEE
ZRS ZEIXEHHICEBENRZ ANV —HIA MR UIZHRETHE EART. Th
FHERIZOWTOEFTHS., 250 ‘HDEVEHEETHRW EFEE WL B FHIZ
FOTHELARWE FEERFERITERN. BSIFEOMAN T BB F P 5
X BHZRMEZEHRIZLT0WE D —F D] I —InEDTH 5.
REWMOPHOAOHFIIRDOEBRIELIEIINET. R ZTOERBEOEFIZHEI N
BEMIF(TTIREHFLTHD L) TAINVF I A MR UICHHICEEAHET
H5.

2.2 BERRODEALBREBZERLEIS>ET 20N
HHRDVEBRI (=1.4) Eo722 LTH, THIIVWAARREIZHD 5 5. NEH%E
M kTR h o720, KFRIRIZZIEL TWB & 5 ikiE2 A 3 5 12134 % DR
DEMTIEMIZEDLWEAS S, Lzd-T, e hEHmz2EHEIRSIEETIE
BB EMARELIRZ S L5 2Mime kL, X0 &M REBOHEMIXH R EV-
7-HERZFHA LU THA LT TN OREREA 5.

ERNZ%2% (ZDRONETHED R\ —2.3) —EDEEIIZ 0 R WREE L
T &, 2L DGE, DWW T I 572\ JREBIZRS. 20Xk 5 RRER

T MR WO BEERFoTWED, FEBRICIK, REBEENHEEEMAZL D 3 &5 At
DINZST2ERFDZ & 72,
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[SEHRRE ] (equilibrium state; A HSEHRIREE, RIRDG G Z DIEFR & 5) & IF
. ZFIZTEOME TBUF) 3 PEMARRE] o HEEZE(L) (—6.3; 2O&ED
LIRS 5 WIEEEICOWT A6 REBL AR TE 2 imE HIET.

2.3 [EEMN7ARWN] EWD ZEDER
ITHRNF—D THED W] L IIERNZNIZEE S OBHAFHN TRV F—1RD
IR EINAZ L E2ERLTWA.

HUHMN U7 R ERNR N L BREKFOHEAEINIRS 2 61X, TDOHZF
BPIOBHKAT AT —OMIIEEINS. TOHEITIIRIIERN L )15 L B
[REOHARFEANZK>TWVWS., 20D Z i, BURD 7N RO R IXERK 2
HELBRMKFZII LR EINT VWD WS Z B, TOME, ROBEFRREIZ—5H—
BT A Z N TE S, BERNR Y ERATFDOIARIEINZRE S Whi 521k
IZH Z N & RN ER U 72 BRI % & BT D FEATERNTRE 5 2 L EH
T&E5.

EIZ R DN T OIERWERRIZ KT 2721 TR < FH L MEREORE T
HUB. ZOXILHHORERKRIZERNNFZRPERLRFETIHEHINTVEND
HMmnwh, —ERRINEZZXIVF—NIRTCTDE TR L IH@EHEEZ 5Nk
V. fERE U T (2L 0GE) BuHEiutz BT 5. AETITRANOBES T 2551k
W7z,

2.4 FEDREE & (] H
2.2 TEMNZLR%Z —EDERE (—2.1) T o RVHKEY 5 Z & THRMMIZEET
5 b Z 5] JREER NEARIREE] LIER, CWHOEKDZ L 2Rz, Z
I -REIX, HEMIZIZTHRITERRETH 215 2ke LT HEAR
BE| DEUIFONDZEAS. TNTEHEFTRED, —E0REE], THoREWil,
M), T8RRIz, TabEZ 520w R TIZE 5L TEICHELTEL
(—2.5-2.7).

2.5 AL SHRW] &iF

ZHIFSDOXHRTIE, Db DR S & CEMRED A7 — )b (—1.4) TR TR KM

PEHIX N\, L =52 LT,

TNE DX BTN R — L ORERIRGEE b, F 713D DTN S IRZEf A — L

BILKLUTRSZZ DR TENE, bhvbNERAEYIZE > TR MH#EZ S50v] JREETE —
iz ThpsE] LEbLbNAEFEBAINEAEINS. LIrL, Thrzbhvbhd A Tr —)LOkzE

30hm OFEAO & 57 E OIFEAEA TR L, YHIZOWTORERIITH 5.
M5 Y ESTZEMAT—)L 2520 1y < S\, B A —) L 2120 BRI S W TR T,
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R CBIIIL THHEIN TR AN,
BTl BRI o2 & IFRHZLD T X TOEMNERERIZOWTHEEL R,
WS ZLThHS.

2.6 [+oRVWIEEl &1
2.5 TIHEVWKRHEA T — L 2I1F1F 106 REICRE L TWE R, TNX 0 IE2 0ROV -
OB T DTN ?

bNONDBELER > TOWARRI AT —ds, 72 ZIE—HA 6, Th i v +aEVWHE (7%
EZEHH) o THEZEB A S NRVR S+ REVHEEA LW EE >TSS,

Feynman (£ [TARTOEPPIZEIAZR LTRI ZBRBIFELTLEY, TRTOREZ
B ULNBVD oL D UABERIFELZEICRZZIEEED TRV S WREE ] HVEMRRRE
Thd, LWOIEKDZ L ZEE -7 (BEINH] —21.1).

MRz 1%, DO NOBHIE A —LASRD TP AE U %30 DR A
T=VEO+HEWI L2 MREEAMLL T EMINIZ] EE>oTWVna0D7E.

2.7 [—EDEE]

—EDERE] id TTaRWH] (-2.5) MIHEI 530\ (—2.5) REDOI L THS. Z
CTRICIIER E U-EHMICRRCE 2 RERERADRH LD LT D (—2.1). BEELRD
ZTOERENLUCED XS ITHEERT 20, LWo & (0F0, RSN —2.1) HEREOD
MEELTHRE->TVWE LT 5.

UL, —IZANBRE2IBET2DRFTNEEHETERVWDOT, @HOENETIE, 4
fHEFIE TENE DL 35 DX, MZULARZ2HETS. [ReAOMFIIMEMEHZ—
PLRWRSHENLFEALTHD, LWHIEMAEBL: TREZMILIETHLEVM (—2.6) -
TMERT 57857 (—2.5) RIEEZ FHERRAE 2 WS | 76,

LU, AMUDIT SO —EDHEDE & TRORER—EILREZE WS ZeEHb. fHilx
i, BMWEBOL L THTOMENH DS &5 BGEETEROVKMEZ TXEREBIZH L 20D
REFZBLS., ZOLS5HNREE TY0E->T)] M EE3 26 bMITELONENLS, E
D TEE] ErTIRMEEDOTHS.

WGP EIZHEDIE, TNVHIEOHENEFIESHKILT, TOFRBEIRLF—D
Mok DELBE0E LW & 720, REMN S E2ET, RFRICX S RWERRIIZY —72
BRI % 9 B KIBDGE (D32 o 7248 Tl BORIZA: U v TR I B 72
G0 5 &SRR 2 —EOEEE WS Z 2IZT 5.

RIET 2] LId—EREICAENZRICBIEEEDS (AH LRV EWH 2L ThHhb.

2.8 EEREDVEFTOESR
2. 7T DKBIZN->T, IROXDIZES>Z &IZL LS
FORIZKGBRZ S I I VW—CEDBREICR %2 T ERME L 72
DL, TORMVEET D, EHRNEID 7L o 7IREE SEAREEL WS T,
LML, bhbhd, “VWhPIEDS E BT AT — VIS THETOA T —LEDiE5
MNZbhbhbhDY 1 ZIEWN. 206, H47% Brown EEINRR SNE Z & BNEFDEIED S5\ Y
BOR FIANEZ T SIZEEH LT WA DI TR, B2 Brown MEENIR O E 0 12 EHD
SENDHDI L AERT ST, TS T T Brown 82 BT [HEFRAYIIH-2DE] &1
I NFRFLBDTEVARE.
6 FUSTRME & M ) IEEITV S &, TOEHTIE, HlXIPLEBRECTOEHRIEER EHT D OH
BTN, FIT, ARTILPEMINED S EISEFEMN 2.13 25 5 bICiET 5.
THEBA, TITHEDNTWVWS [—EDOBRE] (-2.7), [THEMEMN] (—2.6), TEHRKZL]
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UL, SEEPREEIZZ D [HAE] OIREBE T TCHEEIZIRE->TUE I RELD T,
SEEPREERZHE T ADIZ, TOXREZH U RITNIENITHRVWE WS DX, A UARH
TlEHRWH»? L LA,

[RAVEENRREBIZH D &1k, TNEZHMOAATEZRNZL LR WE D SEGRZ
FIERIIBDVWEDERENGFHETLHIILTHS]

EWVWORHHDITDANLEE L WVAE L.

FRIZEHPREDN D B 721 TR EZEARE TR TERSRVWDT, M- TH
HXZ 227K ) 222 EETH2OPEHEED, FHOERZDOEDIZIEZTNNE
IR TEHEINAENEES THWVW,

2.9 EHREBO—FMEDRE
WIERIZEH U R (DX D, ZTOWHLRIERZELTHEMEDOHEAL RN VR) %
ABLT, TNEVHIZET S5 F T (—2.8) ~EDEBINET 5. HLH I DHEK
% BRI A — ORI HREE D S 0 RS & B IICE 5 N 2 ER B, H—Td
%78,
DL ER AR 72 F — M (R AR —2.10 12D WTE) BREBRFEE LT, H—FM4
NTEET 2 FHEIREO — BB NZOFHETH L ARTT. F2HDTEI ;!
WR B RE PRI H D 5 5. EMIIZHE—OIREO R EMIIZFE —D
MR CHEBLY B EHREIEFE —TH B.
IhzFEEIEIE WS NFZWE S TH S,

2.10 BREBEER

& ZATHYHIRREIZH 5 RMERINZI—REBIZH 2R EL WS T LIXI T X T
WCESR L TRV, MgZRas, TNENONEEREBIZH 204 DR% £ - 72 < MAE
HAUZRWESICIEL T2 R EFATEMDLEWDITL (- K 5.24). 5
2, ZOZDODRDOMIZIIMIREBRYE D Z 0 LV, W DREHAEDE

(—2.5) R EDMHFEIXZ ZETITHE L ZEKRTHbAT WS,

THHIR (—2.10) IZDOWTIRHFIZZAIFIEL W, HENPP I LAY 5 501F, 16.8 12fh3H
5E517, HER (22.10) DHAETHS. LrL, TO XS R5EIFMD TH/RkaoT, T —
F R ERAR I ERIR B D — B A AET 5.

TULEERIED B B IGEICH TNHRALT B Z 21k, (L% BORMFEETH S (—4.3 (ID)).

SOBEMIBAMRAS MR TH 2 Z L AL OIEA & WO D & 5%, BCEHIRIfRD Gl 13 Bl
(=7.11) DVE > EVHE XNV EERDBR VO TIELOFILORNIARS Z L IR THETH 5. X
512, BERFEHTH LRV, EHRINICIE N2 SIREDFEZEIET 50, ZORMZTTEI VD
Z2IETERWV (-Ex.2.1 BTF).
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THEVWWDENS, WO THEMBREMRE VWS LDIFBETES (—2.1). Ly
U, —fGazRET 27201 ETRBMBRGEEZFFMICHL, TOMRBICEIV
THERDOFIRZ IR L TW L DODESZS 5.

Z T, EXIICR CTERIIZE - H 5 RPRBEHEZA 505, 20
E54R%E THHMAR] LRATRIZERZLS ONERTHSD. LIAD, ZOK
IBRRTHEENDNL D S BT R TOVHARETEMANZ ERRIZE—TH O il 5
EWV D LREEIE R (B X CT—IRMZEM 234 PEL 208 L), 22T, B
BN — I PR BB DY (B 2 5 FT) BT 5 & 5 7R (& 0 —BANITIER A
BrZET 5D HEFELTWS LD LHREAEPRINTVRVWR) 2 BHR simple
system L IERZ &29 58,

HHRZ M OBE (B2 FEH T S KE —»2.1) 2N U TEHRL TESZ 2D
TEHRELVTHMATES (DFD, TV REBINFNZIKATEZRN)RDZ
& % E% compound system & FE582,

211 EDELSBRERNRZEFELLS>ETED

HDHHHR (—2.10) 2 ZF DI — (-Ex.2.6) ZFHELEL LR UREEIZBWT
A —DPHRBIZE L 2d & (—2.9) T, ZOZDDREEEDEE (D F ) BEFREAM:
=2.1) ZN LU TADETMEDOREEVH UEBREE TEEHIZR 5D 2RD. £0D%
T, ROMERD/NZ 2B OREEFESHOR UHDDENE IATHL TR 4
E5RZEDHBERIFHFIC LA (K2.1)%, (B4 UEHIRE SEx.2.6 1255
ROD) FEAIZ L > THIAH L FAROKH D ICERNLEVPBEI T N LEWRE (&
R) L 72 3R (combination additive system) & FERZ 212U & 5. bbb il
FIZT 2D (HBR) ERIRRDATH 5.

2.12 RIFBEAAEERIXIEIMEMABIE R T
RO BN TV B AHEAEH O ZLEFF /NS < BRWIBEITIEYE (—2.11) 3

SLHAI AL, BIZIE—D2DIEEYN S TETVWEHBEL LWL, T TEKGHRI 5720 LTH
HhRWh, ZCHDS 5L, MHENICE B2 E 25, THMR] OEHRITEFEFIZL->THE
Hmn 55,

827721, BRIV OTHENELTL DN RHEMRAZ BT TELRLMINT LI LN TES
DT, ZZTOEERDEENGIE, BHRLHADNEEZ S5NDERITHRNT 5.

8BrZ-oTH, EMNE WEOWELS 1 I 70 Vs ORI FOERNTH 5.

BB TORBINENERARELR (—2.13) FHREEFEFO L S RRAUMHEFICI LAY, &S k.

8 EMZRR] L \WI EHEIX, TTIZ 110 ICHTELD, TAKINER] 2 5%k0ERTEZ S
Thb.
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Figure 2.1: FRUREIZHIFAULRZE “OHEL TEREOEZ N L THET S, FHMIVHEHTE
FUEETHHREIZRD & DR —AERINER 2 R2—U 2R ZIHTIC LA,

s, 2UT, ZSHNABEAEEPRMHEFRTS (0F0, SBHETES AWM
HAEHZ A VF¥ —%2KD) DT, ROEIRI)LF — (DFHE) 2R &L © 20E 140
5. HEIMHBEAER Coulomb HEMFMIZ, ZDX5WHEEZED.

BEHEFI AV —HFGRDNONDOY A XTIERELRVDT, BIFTIER
W COENHEERIC LD L EINE T RINF—ITHEL TV, Coulomb A
TERIEMD TR EVD THOBMD D 258 13T 5 Z L IFFF I v (B
DEEEH K —26.9-26.11). 772U, BKHNIHMELRTE, EADEBMPANE
BT 22T, MEFHOIEZEEMIZbhONN SRS LIFE A ERNTEL .

LU, EEOBMVPMGFZ2/E> TS Y, MBHEERIZE#RINDZ &
<, MEEHZ RV =20 r OB E LT1/mP OLSICHETSOTHU
DOEBMIEEZ —KIZT 2L TR VT —IIIEN TR 0D, 612, KELH
UCTERDIANVF—IXRDIRIKIFT 2 L 512705, AAMMTE—RAV b %
RonrPEE > TESH, BEFRIZEH KRR T2 KD RITHFBERZ & 0»
ANHHD.

D &S RRITIE 0 MR BUA LR AYC & 220 O TH EEH AR ©
<, ROFFDZRNF —NZDEMIZIHIT 2 L5 7% (T3 F =2 IIiEM 72 ]
EWD)RDAZBNETIEELD (—Ex.2.9).

2.13 TERED D EIESETEMES

ERNRRZIZIEAUREID DDA T o IX0 H5EIT 2L TE 208K I3H
VCESIZRRE. 22T o130 0% LIRREA TS 2 X ho70 LW
Y, REROMERD 2/3 FIZHMIT 2 L 512HEFT 522 THY, Ivan Hove IZ 45

868 & 2 DIND K E WK (B 2 1XHIER) & OB DMHEAEAITEEATE RV AZORRITRIZE -
TIFZEMINZ R TH 20 5 BEDOBS ) ZOHPFATHATE D (ZOARTIEBPHL TLZRW).

STH L kG (B2 IXES) b2 L k. DEERIZZONGEDO R TiibR TR L%
V.
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HI L] ZeTHhHd, LLIRLIERBEINS. DR, DETL2LIXZ0EKRE T 5.

PE, BEICODVWTOER BNF T, R2_20RIZHELEZL, —D2DR%24H
RS BEMEN BB 5. SENIHEAEH ZIER T 282 AT 5 & LT
205, 2LIZBRTHBE L5112, TRAVF—HIAZXNRUIZ, FEEDOEHST (X
2.1 LAIBROEET) EFAFE VBB S N WL S R EIDHETH 5.

BRIZDOWTIE, SOXIRTIE, FHrREZOHIL THRONZRHEZEHKL T
TTDFEFTOREEE LT S Z & LB R\, 2 DVEHIREZ &5KT S Z 2k
SEE 270\,

22 1XR%Z ZDIICMNEYE LSRR E G Z 50 EHNWD, ax LFEeH
WIHERD D Z L IZER. B2, KOz LEIL-We EiX, T 2N0E2EBENL
TR THSBEOHEL TWWDTE., B IAEROEOME 2> T
H WL (—23.7).

EARIZ R THEEIC R TRWRB RN~ & D /NS R EAROEZD
LEZOND L EX, —HREEMRZHMETNEFD. 22T, TEMARIEMIZH
NEFENZRHIL TTE ML ZNETNEHREBIZH L) 2L 2HO5DITERL
sl

Equilibrium as a whole in isolation

iy

/ Each piece is in equilibrium
in isolation even after

3 separation
A B

Combining A and B recovers a macrostate
indistinguishable from 1

Figure 2.2: FHpRIED 7 B & AL
2.2 HPRRE D 73 EI SR LM
E#iR%Z AB 2¥0RICHET 5 (152). ZNREROSETHS. £ DG, SEIEHIZEITS—
C)OYIELAHEAER PN & S I2 U ToWw., BiRE) 7% & O5E IFBR S & H 72 T IR TR
TeORBEBEER LA TERSBVESICES LW, BJfize 5T, BHENTRED

41



A XL RFEBDE NI T RV F —IRFSEPLRNDT (523.7) WHWLHEEZ LTV,
HEUTTERIMARE E-MEDE S L, SEIFTONEERE L (BUIFERID)
KT EmNERRER RO ND A S, £Z T
EAPRBIREI DB ERAETH S,
ZEEEL TH 8990,

2.14 FEMNENE &AM

213 3 NFHFIEEINLBZADLEL LD DL EDREE —HT DL 54

HEZIOES OWEHRIEZLHAS.
HERAHODNTVWEEQ Z QA) DESITRTEE, ADBFLaE {A)

(A=U A4 DDi#£ 76 A NA; #071) 1220 T

Q(A) =>_Q(4A) (2.1)

72 51 Q 14> EIINIER 72 & (partition additive quantity) TH 5 & FH 115 %,

BT, TR _DDRAL BRF>TETENSIZEEZNG Q % L FERkRER
THRLU, SHECIDOZDDORIBFLRMHAEEAZHTEZNLULTHATDII L2 @
TRIT B L &,

Q(A® B) = Q(A) + Q(B) (2.2)
&% 2 B INEN (additivity) £ \W D . ALFERIGR END B &, 3 EINEVED L

S NLIIRDILITKIEL 0D S, ZOEKIFY 5728 Z A TS KRBTV, SFRMEAH I L
FHEMS E T OBEEEZRUT T AHES ., BRI ER O S IZBESE 25 Th
% (—23.7).

SARIZDOWTIE, kT4 E, BEETLARLS TZRSRN.

OREENZE 2L, DD FHRREEVESIZNZEK B I NR N IZE I WD Z RO TEDNRL T
T s7w». 5.1 2R K.

NE A ZATIZ L T2 FEEDOHEE L 72K E £ D).

RLHENEETIZ R B2 D2 TEDOHBLTOEZEBRTLZDTH-T, HEILE
BIZER LU TRIZEE 20 E S R b R, DX 0 DEIGHRAEN 2.13 ikl Th 5. ZLDHL
SHEAMEF L TWRWASI NS 2R %2 UE LG, H5E Q MNEHINIERNT &% (2.1) AT 50
FEHBRFPETF v 273N WVWS I 2EKT S, 512205, BORMICHEEMRLH % &
SIZBRUEBTE S R ELOMH B.

BIGEMICDOWTCOEERER BN ERH NS B THEHT XL F — 2RV THEEMFIZ (220
HIRT) INERIZ 2 2 YHEIZZ S W e B2 ond. TINERZRE] Lk TERiIZz 3 & 5 1Ak
DEMEREERGM %2 (TRVF—TANRUI) 825 Z EDHRERYIEEE ] OZ L7778 — IR L
7 TIRER SR (—5.10).
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DT> THINEMIZ—RIZIFR D L2 WENR VA NS L T L 5%,
HIHTIZH 553, NEMIZ S BEINEN 2 ER T 5. Hd—MIZIEL <20 (BEL
72% & »Ex.2.8).

2.15 BNZEIRRR

2.13 1%, EFRRZIZIZAUCKREID 2N HE TN, ZNTNIEE-EHRT

CHEEESTWAZEIZRE., LML, WOETHELRSZIARI EZMEEED

BB IZTRRN.  UEEITHZS Lz oA E MERIZKE W] 139

72, HERRIEZ O & D MR 2 47 A&, TEJFERMR] & WS ZEIDIDNWT N5,
I T, bhvbh@EER-> TWBEEMRIEIZ OMRDO KZEWWELUZ R > T

WHEWDS Z X ZH - THIFIEVWNS,

MBETHTL MBI B\WTIE, DEINEMIINEY . UCA 0 Th 5. BI1E TR 25
AT 28, bz IEEXZ 2 TEESINTWAIIENE (2.2) TH 5.

B TWWERL & WS DI, TRTO RENEDEENBSFMHRTOEE IO TV E WD
HR7Z (—5.5).
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3 IFER — #EFII

3.1 mENRE
LNbHLND R — )V TR TR 2% (X D ERECIERMR —-2.10) 2 HET
5. HIT 215 THRZELDIZ, EFRROHROMERZES S & TNIE, KRELRRDH
[RzZZ2DIFXEAEZDS, ZHHEIIZ—HEROREIEZREI LTV EZNIZ
ONTRELBS TV RIZERZL O RET/.
Lw%hbnbmmmimﬁé%%z15KL&ti5KVWMM%%E%Q%1m
21 I ULSBREL TWE Z 2 25N TIEWITZRW. T — 72 R DK
BV IZHHIL CTHRIT 2 E Qy (> 0) TZD (IE%%E’J ZiFE e TR BENE
Z6NB LI REREITEI NNV, TD XS REIIRERNZE extensive quantity
IS,
ZEMINZ — BRI R TEND > TW B H S8 Q DR EINEN R 51, TNILRE
728127425 (— H Ex.3.1).

3.2 BANZDEAEZHIITELHTH S

HIZ, HERRKIIBIIFER (—2.15) 2IFE L 5 o728, Z OME TR BN EIX

TARTHEERTEERDERZND T, KRYIZEHNRTERLD 2 DIIMAEH 720 DR
=R, DX0EETHS. LrL, BEIZLTLED LEED2/3FITHAITS &
IRBIFBUMRATULED. ZDE54birT, BIFIMHbLNE AL, K
E, TRV =T RTCRELELDT.

3.3 BNZEZRIITEEHDREERTH S

AR EIZYE RO —IRFEXRERK (—3.6) DT, »IHIHARNLREIIFR Q Hl
DREE{Q) PEETH B SIE, ThIF{Q;) D—REARBEEKIZRB%. OFb,
Q=Q(Q1,Q2, Q) &EITBHEN(>0)ZLEDNNTARLLT

ER5.
Qi 22 LI/ ED Q DEIZ (M ATHER 5) Q; I & DRI RE ¢; T
9% i Ex.3.2. HOLEARIIEARTRVEOBBTH D 5585, Z0 X5 LBIKIE (AHOL

5TCIE) BFOFERNZZBRTIIRN. 22, N2 IVX —HRE T OBfe LTE»ND
BEND B0 HNILVA, %%&i?ﬂﬁ%@%ﬁﬁ’]&ﬁ@f%f 7,
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DB, 3.6(1) 1% ¢ 2 {Q;} DORFREBTHS Z L E2EKL TS, DD,
A(>0)IcksTIz

Thsd.

YrE R D 0 IRFIREIECH % & 5 72811 & % /Rifif) 72 & (/R5RE; intensive quantity)
WS,

FORBARED SR D X DI, Rl ERARRETIERW (—3.5), B
NETEHETHD. WMET, NP REVWRBEDOHITH 5.

3.4 BRERAZIIITREREHT B H

3.3 IR EDIZ, REWARENRIZICH TS 28HIE, 22 KELLTH-TH
ZNDINE L5, WS Z TRV, REMEBPEHNSHEEIX [#I170D
BAZRIIREEHTH S (—3.2) & (3.2) ITRE S (— # Ex.3.3).

3.5 "EEZHUIEARETIEAWV
PIEMEI ZIIIRE P EE LR LTHNS., @REAICEZESIZ (—A2), $
B A AR E X E R IR B 72 5 7297,

LU, KEKODEGFHZBEWVENPRS £ TH 72 REIXFEIRELZ —FKIZHE
ETERWV., — Iz, RBEVPHEMREZIBET 5 DIZHETI TR WZ & iX, B4 D
REZINENLUTHET DL REEN T ELOBEPINDODTEEISNEDITH
LT, RS, REMNYHEIZOWTIEZOI W Z L TERWI LSS
MZAD.

3.6 FIREIH
wlEF R Z THR & T 5 n-IRt#E n-cone”® TEHRINTWVD n-ZBHKELTH. A\ (>0) 2T

MY TIRBRERE ] [EAR LIRS ) REREE & W S BERAIRERINIC (B F R L T) 5RA6Nnd
VD DEFMD TEED LW, WH7R 2 RERIGEES © I b b O SRR 12 36 D EilE % 3 )
B TIERSBRVWD, EYNIBVWTREE v —E—kThRW». AV b=z bhbhidEl &L
505, TNIIWRIFHBOBEX VY =BT AV M IVHEIULEYMOX VY —2RALZE DN S
72 [D. D. Luu et al., Evidence that the cold- and menthol-sensing functions of the human TRPMS8
channel evolved separately, Science Adv., 10, eadm9228 (2024)]. #ERHFFH TOL P —L AP L A
ZEUBREHPTOL Y —EATITV —2GES. LA -oT, REZEEICL TRERIEE LT
DS % WET 2D EMTH 5. Maxwell [FIREDVFEMET 5 & SITERBEBRLIFRMEREKTH S5 Z
¢ (HEx.2.12) 223 L7270, ZTOHWIXRE B - DR THDIILERITHDTHo7-.

BIEHAMFRIZDH D) n-#EL 1T n RIER Y MVEBOIAES C T, ERDEDFEH a 22T
reC=arcC PRV VNDEIIBRELAEDI L.

45



ARELT, HO2EHprLDLE
MNPu(zy, - xn) = u(Azy, -+, Axy,) (3.3)

DO NLDR 51X, ulk p—(ﬁ@ﬂ(ﬁ(ﬁ@ﬁ homogeneous function of degree p L b5,
(1) BLE uDUAFIRETH 572 51F, (3.3) 2HDH— DD x; TRMI T 5 &, HEENS

ou
)2
A oz, Mg (Ary, -, Arp) (3.4)
BRONDDT, Ou/0n; =uy, 1ETRTD 2 IZ2WT (p— 1)-IROFERBIEIZ2 5.
()(33)72>\“C{7&§J\b173>b)\—1<‘:%<<‘:(( ) )
pu = sz or” (3.5)

»RES5NS.
(3) u DD TTEEZR 51F, (3.5) 13 u DY p ROFREKTH 210 DBETNEMETHS. Zh
% (FRBEEBIZ DWW T D) Euler DEH L\ (—3.7).

3.7 RREEEIC D W T D Euler D EE

IR EZHEERE T R TERINT VWS BB ET5. H LD uDMWHTEETH
5 L EIZIZIRD Euler DM D N D:
EIE [Euler] M5 ATREZR B u HY p- IR D [EIREAE T B 2 72 8 D B A4 S 1F IR D MERF R R
BARADRITEZ L TH 5!

n

ou
;%% = pu. (3.6)

?

FEW] (3.3) 2 A TR T B LRI E o T
PN (2, x,) = zn:x-iu()\xl C ATy (3.7
) ) n Z:]- 'La)\xl b ) n

ITA=1,28HE(3.6) BRSNS,
Jﬁ%nﬂfﬁﬂj'é KRR S FFFE R quasilinear partial differential equation (3.6) % f# 1
W9, ZORMELRERNEZ ST AZANES £L{ffioT

du dw;  dX

pu €T, - _7 (38)
DEHIzEL L, (3.6) D BfRIIMTRE DM TR F 2> T
F(APu, Axy,--, xy) =0 (3.9)

EEIB. OFD, udt{z;} ODBEBTH D51, Wuld Dz} OBBTHRITERSRVWD
T, u lFHEDZ pIRDEIRATH 5. (GE)
OHEIRHU R A /iR R D —ERIZ DOV T, 728 21X, #iFE IR R R CREKRF RS
2009, 2024) Hizk 3.5B.1 12172 4S8 5 .
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3.8 NERTxILF¥—
BHPE, T2 2B RERANDMAFELAOHADIZE DT 2N F—DE M E KRR T
THELU LS T 2YHOHME UTHE 720015, ROITXILVF— EIER%E
BRI B DI RERBTH S.

L2L, (ROFD, H2WIERICHADTE) TRV F— i3 far?

EHAREBRKERONAZCBVWTT RV F —FHBICERZ I NTVWED T, £
S IR R e BB CTHENL S N2 T3 L F — D& B L OHIE L 2 51
TS (—1.8). 2F 0, FEWELMH T ZMS 2L TROZXINVF — (DZHL)
CUTCHETE, HMIETEDZEDDADPBNFIZHTL T2V F—7-.

ROEIANVF—EREERE U TOEB T A LF —PELOKRT VY v )LL)V
X—2BLEA5. W, Texhr & H1IZH< (co-moving) BLll#E H 5 FH 7z )L
XF—%2BADDT, BANFENRE L LTIk LTOHFERNT R ILF—I1FE LIV
TENTHRDPEES TWVWBEEZ SN D T IVF — (NI X IV F — internal energy)
FE X UTHRHYT S (— #HEx.3.4).

KOMPATH (—2.11), BHFTIE, WHTRIVF—=DIER (L72h > TRE
() 12725 & 5 7R U 7,

3.9 RNZFONENES S PENRE

GETHREZEIIE, WBTAVX— ERRNFONFIIRIYHETH 205, &
BNRORZHLART DIZIEMBHATHS. LArL, TRXEEMPYERNLE DIZHE
bhTWwb., 2F0, ROGRORMEL LTETZoOWBERME (LIXLIE, 204k
FHRUK) 2 FBE LR TR SR WI0 2D RHITHET 2/2WE {i} ©
EUE AN} ZFHATES (EVFHLLIE—4.5). 5ROSNERDIEHR % ESH
IZ N = {N;} &&E XM ERE (chemical composition coordinates) & IFRZ & 12
L&9.

N THREXINZWENEAD ETHU SN RAOERYEZ R T 272003 E
SRR IE AT REZR, WEBT XAV T — E LSO TR TORENBIIE T, SHD
T TVWBRATHNEETEIIEZ LN TE (0F 0, {X;} % EUNDOREN
PIHEOMET DL E, X; (J#41) ZEELTX, 2RI ELILNTE), Ly
H, WAL F— (LD EMIZIZTZDOHE) 22T 5 5 & 5 R ENYHED
MoHRAROM {X;} 2510, Z0 {X;} % LR work coordinates & IFTY, U &

100JEZ0 ik 70 EAMIBE DS R OWPERER I BE S R URVWDI, ZTNDEIT RN E BT 255128
X, ROBMZIZUIZUIEE S5 WS A L2 3 X 2.
017720, FEBRIZESHEVEOLNDRIZDOWTIE, EHRIIZES WS HZHES DIFRE>TVWED
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FLHOILTEHLEIEX LRILT 5.

1.8 Tifam L7z & 512, ZOARTIIMSPYHE I IIEBMEGYE - (LFI2B VT
THRENTVWEIEDIREHRIDZVEDE LTZIFAND. HHmBEIE T R TIEE
MERYE DT TRSICBHETE 5. X512, Wil tZom#z e d %
(—4.3).

TP R, ZHOM (B, X, N) 13320 ELRICBIHITTRER 28T H > TR O Py
REZFBT2DIMHTES. LrL, AFIZLT, Ths 280170 FRNEE
e UTHRATZ2DIF4FETHS L1 (e.g., 4.4) RO RHETH S, &b IR
13 4.12 TH Z % (EEIESH 13 Ex.25.5).

3.10 HEEFEE4E

L LONHONBT 3L F =Dk (—2.3) DRVEIEDAZMAFIZT 2251, (1H
JERE X # 2 LI E B L RONEBT ALV T — E (DEAL) WEMRMWEBSF L JIFD
BEARADARZFSTERTES. ZIIZRADENZIEE W, 2o OF/ER
EIHR PN FEORARAPHRZ MG T 272DDFEBRIZETL 21 DIEND TH 5.

ZD &S, FBRAEFEHTA-OICIEUIXUVIRHREZ D - < DTS (HEHI)E
2 —2AL6) IZIF TV,

B 17 L BRERFDHEARIE O AT L S T WA R TIXI0%Z o iR % it
HZE > THiE L TCRTEMEBEARERIIER AWV, BB 0n 577 (—2.3). #K
WO NIRRT, (EFHEEOZEIE, The —H—HilsZenTEr 2N
SEKRTHHTHS.

EFREE X, DR Z DR W& S IZ2 b T I Z NI o 2N = R L F —D
ZALIFAEEE R work form & UT 2,dX, DEDIZEL Z N TE S, 22T, ;&
X; DI R E conjugate intensive quantity & FFIXH, 3.3 1272 X512, (fIHh
D& D7) RIBARETHD, B & X OEKE UGB EIZ L > TEZ o0
TWB0 — NI FRERIIRD & S BIE 2 HL5:

w=Y z;dX;. (3.10)

5 LS BAMEIICE U T W A7 51F (—4.3), JEAKERYIE T A% E & OB

WEELEDS, T2V I L2 —hoEZRL TS RWVWEEIZT S LW,

02, 2L, BEHRKWBRESIERE WS HD0IRUIELIE, bhvbho HEREE T, 572D,
e ZIEE— X TIHEHOEILEE THEL LT — L BRI T 2L F — O %13 905%I17 5%
L, BBEBE2MHTILISII-EHINENETERLEDITVA.

1037722, BURBRKRECRNERELT (7L —2.3).

1045282 13 R DWIE KRG R IZ B AKTFE T 5.
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[F T AN F —DLRFAD A w FTBERATH S (—9.8): w=dE. TD7=D
{ X} 13 FHPERE work coordinates & IEIXN S D 72195, (LR DFNZEE 1TV <
Db B (— {#H Ex.3.5-H Ex.3.7).

B2 FETHLL, HFEELZZIE S FHE H D WVIFEREITIERN ESYEE D
FCRIREBR AR B DZTTH D, SR DL, BIRDRWIIFEND 5\ I3E
BSHIRIEDAIRETH B Z L 2 EL TS, Lizhio T, BRI RtFHo
YV — A (fEHF) 3R AT TH 5.

3.11 AWK A EOLTICHEEELLTILTES
Whip s [EEER] 16930 R D, T E 2 WEABR 2 D I FHEE 2 2 &
BEIENTES, BIIRIBRIE, A XEME2BHTLILED - DTHIT
Joule #dE 2 W L TH/NS LK TERZ L TH 5.

Bifg Z2EK T L L TBEISEZWET S, FHTIEROERNBRTHL LT
W, BAEB D72 0 OFEEIX RI? T, ZOURZR1SBE UL TRIMTEKITT WL,
T E At 328 [ =q/At THEN5, RFHEQIX

q7\? Rq
QzAtXR(Kt) = AL
A, At RELLTNE, 2FD, o< TN, ZhEnW sTEXYaizin
DT LM TES (b5 L —MNLHEGRIXEE 1 Ex.3.9).

72720, Bo<K DT EDIZREREL LTRIHRIZRNZ 223 (3.11) 5 b
% (= Ex.3.10). REZKRELTHI LBV EEHETHZTHS. DEO AR
YRPHRWNDEMBDEENENSLKTEILTROETDOLRALTHS (—6.6 (2)).
IR R TIE R V. AFRICEZEAMBETES TR WS DEHEUEET
ALHERRERE 2 EBLT 5 R UIZR 520,

(3.11)

SBPEF T AN F -2 2SR VRIIKERZ DR, TND X, LFHERDOY X b o it
BABMPEMIZ (FE E) BEWIZE 0 THh 2E8UIRMA N TV 5.

06 wbpz TEE] ICDWT ) (LA X OZ(LEEIT TEET ) PHAIL TWa5E Rk
ORED X SI) X ZITAE X511, BT 2 VX —IXEROWARIZRD. LrL, Wb b[E
IR DEEfIZ & 2 B AR O GG (JEFETIE dry friction & FER) 1, BEEITIE X 22T E 510 A
E— REBEBRRUIZ—EEEZINE 26, TXVF—HiaEIIZEED - RIZHFIT I kD,
Do DEZBMIEDILIZTHERE 572 BV, LEA>T, Wb s EIRMOEMIZ X 28
DM T E 2 WG IZESNELIIATRETH 5 Z L ITHEE.
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4 YERER — & 111

LIRS D 3 % A AT BRI W GE R ML EME D E %2 35T TITHK - 72 4E
HEERE (—3.10) O —Fl & FRET IO L.

4.1 BHZFOMEMNES

WE ORI ZOBRETIEIREZHRT2OIZNMTRILF— F LAV O &5 %t
HEEEIETHTL S, TN DENFERIIROYEN LA 2R T 2 H1ICEHA
é%%@ﬁﬁf%é LU, HEOBNFHE F LU0 X WA EEZN 6N
FAET 2703 EZ L L IE0wnT, Zh o iIPEICHLN TR TER 672
\1\108.

ES ZOARTRYENEAIZT TS AINTVWS (—3.9). LSS N
NHEZoNHEED BT, BN FPHEREEZHUBENMYHEHE E S LU X 2072
(—3.9).

L2 U, B0 7OYERNEEES I35 EOHBI O E t%%&@m#%é i,
FIEEET 2 LA N DFEVOD (DARD) 2T R 2ozl gcu;r
N Zs ERIT. EBREVMNALTEHEEEALITRDZ t —%K,Kﬂ%
7=.

Y CIXEA D WIS D 5. s, Loz, San2 b nidsks

FHEINDIETE. UL, BN ZCEEE I REENELED 5. 72 2P
A ZET 25E6TE E & X IR0 0 5 (FHEM) flcE s, flRIE, iz
MR L7 ERBIEERELTHBIT5.

YR rEAR Y M EEZNETNOAERIZ O WTHET L, iR 22 B
(E,X) 2ZH T 5[, $RTOIEME N 22580 SHIETRETIZ R VDA, L
U, 25 UTCHEESNn M, —ficik, FEBL0X M52 onz5E0F
@m%ﬁmfia< #I@i%h% BELWN, I E - T, HEOEIF
JERE (B, X ) 2 ZTH U S, (LR Z s & U TR 9 2 Z & 3L g o
JFREE (4.3 1) 12T B D7,

07 (b2 RS DB ) WIHLES & U T O IE O EEAFERIZTH? ZHE, SR L OWERz
B LIz, WERT R F = HEENE T 5721 T, ROMEEENELLL S5, WS Z 7.
108%%‘ It TWEIEFAEDEIE (no ghost principle) X IER. ZOHETIXT RTOIED, 1E
WEWREE, HETHE 5D RUICREELRYL. 554, TOWIZ, VI V—HEELR
(AN
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4.2 {L2RBDH ZIH5EDHEDONT

4.1 Tt =W H 2 DT, HEHBRERFIZRDOED SO S IZFEH 5100

(1) FRT ORISR THIREE A > 2 L 2 LIl S 74 L & ST 5 2 L A TE5, DD,
el 7 TGS S W7 SEHREE ) frozen equilibrium &\ S AL RIGHNEFT U 72\ BEEL SEHRRIE %2 &
A5 eI g0,

(2) WEOBMNFHE EB L X WEEOEDVHNREBIZHD 5 & SI12H, (LFEXKIIEFHEPIRARIZ 72

Wit
BF (1) 13T RTORIEDPIEFIZD 5 < D & UAHEFT LARWA S IFBRERDS LI, £<0

L EROGIEEFEMIEHATERVAL = R THEL I 22 ENERETRV. AfEOMHHITFETE

20 (—25.5 DIFER). S (2) IZFHEREZ MER U0 S I PHNBR 2 PR T 5D T TH 5.
ZDARTIZHRIZELU 2MZEKIGNDARBERZLI A% ## T THGE 22 REHT 5.

4.3 BNEMRWN T 2 EKLZF
2T, BOFEPMET 2 BEANAEZOMRZBRIZE L O TEL. 25 3
LEBRBNFIRBET 22D TH- T, BhFIT TNz, BN EGYHEOIARR
MR, BRBREFOERE L TEEZITANS. £F, FHETIERVWIIROHE
FIERT 5:
(i) (L YE O —E R D EEHI2,
(i) RIZEBREDVPIMA BMFYEOE L ERIZCRATEDLFYEOENE/T &
IE— Wkﬂbfawwm%ﬁm@ﬁﬁy

P EHIRDFEI % G D
() {bEYDES %i@ﬁ%iﬁ%%iﬁ%’%ﬁihﬁﬁa
(IT) T RNTOMZERINT (B, X) T &) (WA HRED D 5. AL FHAPIRIEIZIRD
BRT—&HNTH S: %btnﬁz%gﬁuﬁbt%)%%%?5&@@T&T®m
FYBOEVPDP > TOVIIEN, ZTHEBRRTORD (B, X) (B O] 7 B

OPIFDES 5 TERWMEERNF ORI, MEZEREITHELL TV (ZIFEELLTY
52 LIZRKDVT I AN,

HOZ MU DWW T DEHET & 55dbIE E. A. Guggenheim, Thermodynamics (North-Holland, Fifth re-
vised edition 1967), p.35, J. G. Kirkwood and I. Oppenheim, Chemical Thermodynamics (McGraw-
Hill, 1961), p.100 IZR 61 5.

1T, Prigogine and R. Defay, Thermodynamique Chimique (Editions Desoer, 1950).

120 SEE SRR AN ) HIBRILE 7 & T A BRI T WA NS, 24
SHLBNFONRLETANEROT, HMKZRERTO—EMROEI 2 ERT 2D L5 L <RV,
AF B ERNLEY & Bb .

W3Znizid, 7z 21E, LR Z24EEMT 2L SICHBELZTRTOMEYOE ((HAARTH 5)
Mhhro TV L.
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EIERZ 2L & D) 12 & o THRRTORDIEME I —FMITRE 5114,

(IT1) ¢ NTDACZERE? 1FRAGE GG & U T (JREIIZ) BRI ETTE
5. ZHUMMEFEI IR T 3OV F — LRI T 1L ¥ — DM R T DI BHTH
% (—A.16).

4.4 {LEZYEDODEDRKRIRICEEZ D 5 EE

43D () IZdh s &S5z, BIUZR, DEOVRILEHEDORD L VDR WVWRTE S
FUOX 2D &, RHIZEBICHEET 2T NTNOLFEYEDELVE N = {N;}
EFEERIRIEE U THERE T 5. —RICIT E, X 228b 385 &Lty 7 b
TS, HEITNTNOAFWEDOREZAPS VWU 52 TH N AL T 5. D
0, 5, RIFETIVAARLEYORE KET 28 (N} X E, X » S Phar
RERTIZAR .

UL2L, BiEZ, MOWEZE-7-<MAS I LR MIDOEEEL LT, RIC
MABENRTEBLLWVWIEKRTIE, WAARIEYDEE RIS 5 FEIEEIZEENIZ
MNIEBTHBREE, 20, RITMASLEWIEX, —RIZIET IS
MUT, EBEDMA7ZE T ZOAEMOBENRTHZ 2D TIRRW (—(4.2)).

4.5 ERBERBOLOHDILEE S REERD-HDILEE
4.4 TOBIEEDEKRT 2 DI E ((LFEYEOENVE) 1FD< & DO OMIE»
HBHEWDSZ LT (i) EBREDRIACMEZMA 282l 3 2 Mm e (i) &
HFUZEBIZ S 2L EYEOE 2708 5, O=>THd. ZIT, (i) D
BT TR TOMFRIIEBRIINZ S Z N TELRY (DX W DHETE B D 119,
TRTOMFRIFMNIEIE AT N TELD, (ii) T, %5 TR,

(i) DEIER R T O LR ORI, FHi(bEEOENLVBITILEF DS N, &
vy, TNz TWEEE] (materials coordinates) & FEIE S . ZOFKIZ D WTIEE
EHTN ={N}2WHEBEMES 22235, — i, FAUZRTEEDE

B2 EHO—FMEICDWT ) B O FHEAREAHEE T T\ THRAIRFBD T3 D ) 7 JERE
(B, X) B[ —0D & EEHAOPEIREBOZEMRIE —BRICHRE > TVBE L WS DR (1) DERTD
%.

UL, WlEAEKL W& RbaWE, REATr—ce K50, BILLErbaycine
EDFHME N LITHER. ULdio TR P 2 & 2 5 & Z 13 Feynman DR 2.6 ICHETH I L
I I EE .

B2 FEEOKIGTH S, 728 X, {LEHEEEZ MRS 72 T L S BERREEDOZ(TEHA
FRIGEALELTEW. 2O LS LA THIFEMEG 2] > T, BAENEEEZZEZ ETHEEZH
Mg 2 & F ZNIE 0.

H6E 525 AT RTOMEYNHEEETE 2D TRV, TOHEIX 25.2.
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HFERENR E, X O & EALEMBED N OFMPRIEE MES 72012, EBREDVHEL A
STEBRSRWEFEYBEOEZ N IZEKRT 5 & B o Tty

BOZEERR (B, X, N) D5 Z 2L FHIREIE—FTH D (—4.3 (1)) A%, TD
PHPRAETE D & 5 bR N H3FEBLT 2 2 PR R RE T 5 72012/ 5 B
AN

4.6 RIibB&: R
N & NOBERIE KISEHI REWI HDEEATEZ LTk TE%. RiIWHE
JEREH N TH DR (B, X) Db & TERT 2 PHLFHE N 2 52 254 TH 5

N = Ry x(N). (4.1)

Z DEEIIMEFEDFEE 4.3 [T HMEFEL TW 5.
KERE D SN 72 LEYEERICMNZ B & (DF D ROYEREMEE N — N +5N
EEZ T8 F) RNTOEBDOLFEME DX

SN = Rpx(N +6N) — Rp x(N) (4.2)

ThHALNS.

FHU 72 R CIRMEEEIRALERIGD H > TH —~EITERLED, [LFHE N =
Rpx(N) %, FIUEZRTIEN (RZ2BETHINIAZXTHS) PEEINTWVWD
"o, RTo@EYy, #ifiz, F, X O TH 5.

4.7 FALCLRICIHMEZEEZRIRT 2 MU LBANFZZHIIEE LAV

FRZRAE U Ty, #EMIC S ERIIC S B ERNITHNLIZ 20T 2 b F & %
KT HEBIIFELR: ) BAUZRTIE N ZERTIER WD SBIENIZEZ S
AL EE RIT 2B FEABIIGFE L2V, (i) fLdiICiE, 722 ZARMPEALTY
ThH, 122, ROBED (NHT AT —DZ(R LT L > T) BT i
SEEERRBEIL S B0 0, SAEFYWEOMFEVBZIIETE2H0D, Tk (E,X) I
HIZEE LU TEILT B2 T, ZOGEEICHMERE UTIdMbEE 23R 50
SRBIFEBIE (FAU R TIEEH L Ay [IoAARE], Db, Rai
fiid 5L ZITHB LT RTOIEY DR, DA FZEL .

NTE SN TORDIRET N AR E->TWTH, TDEI0R%2 AT 370 M RELEY
BOELVBN ZHH55A—HNTRWV., 22ZIEA+ B+ CRoIEA B, C a2l IcEY

TH AL CEIUIPEERLS THREUALFMEZ, @ OBNFEEN E, X TH D & 5 EHk
HET, 525X512TE3. ZOZ2Iz2o0WTEHLLIZHE Ex.4.1 2.
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4.8 BEEHE LTO N BINENRTREZHTH S

WSR2 B DL S 20D S R F D MAFIT X > TS, 72 & 2UE, (EFHEELMA
BMVZJDLE ZD0%(E,V,N) & (E,V',N") &K U THIOBEZHLD R < #40E
ZRRE UTHUZMBSKE T T RAB—E L LTI D &, ok B35 ke
FX(E4+E,V+V N+N)TH3', 5354, (E,V,N)DIREDO(LEMKE N,
(E', V' ,N') ORIEDIL A A N 22 &, VHRE(E+E,V+V' N+ N')
DALFHB T — I N + N 1272572\ (= # Ex.4.1).

4.9 EERICRICRET DIEEDEDOEILHIETVWEKTIEEW

RNITAFAE L A TEBIOALFE & U TERBRE IR (REIIZ) A2 2L DTE
53 RTCOMEYED, RICEBIZSEET 2BV ((LFWE i OEIVE) 21T L
Flkk N, & ESLAAUREEE L X1F 5. ZOMIKEN = {N;} 2 HNILHE» 2R OWE
PRI 3 5.

UL, 22T, BEOHERED X ST, fldicI3EN 2L N %2802 D
— ¥R > TROVPEREEZ LR L &5 & TE (BRICRRTH B Z 27200 —4.1)
RD &S BHAL BWHEENEL 5.

(1) (LT DFAEL S DN B & 512, N HEIZEZ—RICZEBRLEH 205, NIZ
BUAHIR R COMNI A DOEE D TlEAR\W.
(i) ROMERIZEHUTWA L LTH E, X (0F 0, BF OB FREE) 22X
THUE T IE (N} B BT 212, Kz, BIU7Z%R TR, 4.6 1I2EELTHE LS
2, (B, X) IZBRIE UL THS.
(iii) SEERE DY {ON;} &2 (IREUVID) RITIMA =6 L F o T, —fITl, RICBFET
HACEYE DD {N; + SN} 1272 57200,

U7 T, Ml OB OBRIERENFEEO e UTHRMAT 2 N 136
FEEUTABEYITH 5.

4.10 MEBEZDZ &

H8 Z MBS TR LED ST A I NARBFEE L L Tikbnb.

19 Thr#h ) 2 F B ICHELTRWRAS, 22T, TR LTV Y281t
i LT,

207 2 CRURBERBL IDIEV LV IZHRBERELTWED S, ZDODREFEET 2 HIEITHTLR
LTI, HIZE, EE2E CEERT TR VEETHENEE V +V OFIZA-
TVWaE5 L0, ZOLIBEEEIFVDOTHHETH S (—5.10). Thextf@iC, RESEKRL 2%
TN+ N #5952 L3 EH@ETHETRL.

RIZNhSABIHRTE 2 L5012, N X (DEIENTIED 305 —2.14) IIEK 7R ZEBTIER
V.
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WIBEEREE N D BTG EFTORNFITIE (IF-oE D 21X 22 &AW DT, £
FEATHIEZEZIIICELDTBIS.

(i) 4.8 THR7= & 512, BRI NERZ: & Td 2 HMLFR R T — 12 13k
TRV (555 AREERD THENEN TS )22

(i) PR HERRIXE DR T NN E M AR 20T Z e DI N, I SICHBEOB
TNFEREE ML TH D, RREMMEEWE %2 ON ZIFRITIMANE, £ OYHERE
BUEN - N+ON 2{bd 5. /272U, B, X L85> T, ZTOMEI B TOE
JIPREZEHER T D TR B, X LHAAGDINTHD T (—4.6) BRI TOR
FRIEE BRI MBEIE N %2 5.2 5.

(iii) PVEEEITRDVEAC TOWARD (] - AMEFZITEE) ~EITEII LN TE 5.

4.11 MEER LS

3.10 12 H @ ODLHEEDEE (3.10) 12725 > T, W IS % HEF A DD iy
IR LD AN F LM% ((EFERT V¥ v L ERIFUOHTEAL 7 Gibbs IZ
o T) IRDALZA R A (chemical form, ) TFHK 1%

(= ZMidNi~ (4.3)

Z 2T p WAL @ DALF R T VY ¥ )L chemical potential L WEIX N 5.

UL, PERERSE & @ DAL A & 2 S E IR T Ve WD Z EIXHIATA
W (—4.4-4.10). ZHERBANFTIEIRBRFR L UTHEL SN TV TER SR,
BLRALT 2 N U Ol OB -3 & AL2R I v S M B A B e T h 5
ZEeMZORMNEITBETHS. DF D, EMIZDOWTD Faraday DJFH (—26.3)
CHWEMDFE (—A16, 722 ZIE 26.6) I NEAHEIZT 5. ZTOHMHIZT -
LIRIZT B (—17.2).

4.12 BAFERR & RN PR

BRERNLE, PR HES LCMENTEHE (—54.11) 22 2O THS L &I, 2N
5% F DT —HE generalized work LWHES. Z D& &, (IS L Y8 AT
¥ & & TEAFBERE operational coordinates EFERZ EIZL Y, (5&®BHTY) THER

127720, #HEx.25.5 1255 & 512, YWHEHBEOIY HIF—RWTIIRW. 2o, EMIZEX
X, TIEMEZ 723 KD 1T EBRE 2RO Z PV D TETES. |

IBHER DOV TIIEEMEA (mass action) 2K ITHRNE TEVWSI REED THEEH] LWvwi b
FDON SR NHEE RIS N E T
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5. ZOA4FZEIBEEZADR S EBFEBRNIZ, RREVHF S L D ITEEEE
flél 2 MSZIZHEETE D 5 72,

UL, HHEREEYEEENOE FLDIIHEDLNT VIR WVWST, 205

DR 0 Hip s Z & (FHZ 4.9 (iil)) 2502 0WE 51L& .

B % BT 2720 DERNZBITRONT LR ¥ — E B X CERIMFREE.
IhozBHLET(EY)=(F X,N) %EBJ5 R thermodynamic coordinates &
eS8,

4.13 TR R B EEDEL
LI ¢ (4.3) HERIERNZREIR &2 FFD 72 D121k,  W'E JRE RS oD HE F i) ml 3 iy ) 7 28
{EDIBEIZIR D, Z 5D ZARIMLFYE O ¥ 2R S 40 BB O AT HEME & A i b
B DA RENE (—4.3) S AR 72 5. AL & B D& MiME X, Helmholtz
@iﬁt@%ﬁﬂ,m?ﬁmu@ﬂ@ﬁ?%tﬁ&tﬁ?@mtﬁ?mﬁﬁﬁnﬁ
DWTHEZDBALZIZIFHRDOZ ETH 7. b#b,:hiﬂ?rr

fEERT VY vV BAEICERT 5121 wa#mﬁff%tf%%ﬁzu
yﬁ—&ﬁxby%ﬁ5($@#b<iliw.Z:Limi 22D S B RNRZDdH
%.

—DIEIFE S TYER (2 W ILERYERE) OEBIAfEtEThb: H51b
?@ﬁ&%%%Kﬁ%?éiimﬁiWW%ﬁ%®K?§mm#6 ZTDEOIRE

EZHERDP S BRITARETH D T2 EEIL Fermi ZIEUOKEHTHA S
#_ VORI E IR DO ARG O MR X 5. EIRAEEEE WS H DIF 4.3 123k
RENT-ALWOEFRE (1) 2 KRBT 250572072, Hl2 X8RI CEEHA LS )
A0 NI 57 4 —NMEN T AL BEAREERIETTEL L THS.

B ORMEITAROEDLEYE %2 R EHAROBTHEWNIZPD & DT 2121 E
2950, LWHOMBETHS. 2%, dE = wdN;, Z2ESEHTLENE NS T L
7. ZNIREFEOBNFORMHATIIELN AR VHEETH D, FEITAAALDTIZ
Tlidim U\ (— # Ex.4.3).
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5 BNFZEME — EfF IV

5.1 BAFEZETXRITE 2 RENTEIRRE
T, HERDOBNFEIE (LY} (—4.12) 22 b b N ERNERIE X5 T
EHOVBPREBIZITARTRITEEN? A4, TARI IRV, £H%H, NI
TRV F—IRERRZEA (D % D BJIFBIR —2.15 THHNEH T 3L ¥ —HEICE
fB) Z4E UV E D BEBIZDNDNIZHI T ETHERONR TR (—3.10).
=& 218, R (MENRRTH D —2.11) D 3IRITLZR I van Hove 72 (—2.13)
ZHROEEDESTHVWV. HEIWVIEZDOHPHEF L TVWE L EZDMENE S 455
TWAPIEE S THWVW (= Ex.5.1).

IEfEIZE S &, BITFHPIRRE thermodynamic state | LEFIZIZNWA WA XITE
% B HIN AW EERR B D B PRI K B [AMERE: D F 0 TR T O REFEA—
BT 2 PHIREZF L TOL X eDIZLZE DD I L7212, 5B VAPREL S
5 & EITE, LIFUIFBFIREEZ ERT 5.

5.2 BHFZEF

H B (HFR2) RDOBIZPEREZ & - TR S N 22 & £ DR DS F2E M ther-
modynamic space 3% \MEH o & TEIZ, BIJFPHPRAEZER]) & L8328, 5.112H 5
£51Z, ZDORDEL - 72 FHPRIEIZ A T EI ) 22 M DR D UG T 5.

B TR E P A ISR B 72D T E S A2 ANS BEDDH S, JE
BUIRR > REEROTYHEL UTOIRITPESTZD LTWVWED, §RTIX
NWF—IZHRLUTHL Z T EL0T, RFZERIZEHR O Buclid 22, 2
THEONEPREI DERE I NMRIERT MVERIEEZ TV,

5.3 BNFEEFENRERDOETH D
B 5 ZDBIERERIL T D ROFEMAREE R T B, ORI E o 7R 7 (e
[72) BB DT H 5

LASHME D HIR T 2 HZE DA, 72 & 21X Heisenberg € T IVDEGED & 5 IZHA{ED Hrdi#in -
TIBOMDEL S 20, ZNSEAEMIZIEENTERNWZ LIZER. A0EVWD X521 DT
»Hb.

125 B R DA T T ORERLEMR % ff 2 128 2 oL,

126 B %, I A AHEMEZRFEBED A 5 72 R 7 M VERR SR ATE VW,

EfT OFMBOH D 2 EO B DI, INVEITO T, 74 I — (IR ZERER) TR 0L (&
WEIE 2002) 12D ARIX .
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(1) BUZBR U WEMRYHEL - (b2 TRR D2 DRIETE 2 RalBoMlths. F
Wiz 58, ZTNoEFERLUZDHETE7-DICBNFENRESRWERTH 5.
(2) (EFIZ LD —5.1) T H 5 ROBSFHREE —BITIBET 2 EKROMT
H5.

5.4 REEE, KEEAK

b % R DTHRTE (DB HERE) HUE 5 & 2 DBMIENTE > T L% > HAIRE
RS, ZOMAEHA TS THRES AT UTHEBLS hieh £\ 5 R
TR S 72\,

BOREEThOH 5 EA T ERIKE THEBEREEAKE NS, D BT FHE
B2 A B BIECE IRRERI 0> DT 515, & 5z, IREHIL O BIM S A
RE#L7Z.

MRS, REEOBEKIIREREKTHD, REETHS. L-T, RE
BIFEN P 2N THEB TR T VL. 28 21X, HEXEIIZHE
RIB R TIEA (53.5) 4, WIBRTH 575, TRIE L T OB RIER
bHob.

5.5 BAZNERE L5
BN OHEALZHIIRELBTH D (—3.2), TOKE, BIFITH T 2L BUIRELH LR
WERTZTIZI2 5 (—3.2) Ll R72D, HERFRIIBSI IR (RO K E S ERKDOMIR) % 4
HLEWD RNz (—2.15). TOMRTIET N TORBERLFEIL TREEZE R I 220,
U723 T, BAMARY - 0 ORER, DF ) ENZEE thermodynamic densities THRIRFE
PR T AR, BERRBRIEORLRDOT, 7T 5 H o HHEREE (—3.2) ZRN¥
55 thermodynamic fields LWEEND. DF D, BIIFEMRE & o 725 DB A3 7%
Bz GREANFNGE EARERE UTHERBINE I L iR 5.
DNHONDOKE S DYMRITERTIED 208, BIIFNBIRIZH2ENOPEETH S (W5
WA B IXES I PRBR OGOl & EE EFH UE%E & %), ERANREIIE T, BETEZ
% &0 ARKOREEB AR S DHIEEITERZRDO T, PINTH% K OGEEE 2 iz b
T EIELRW.

5.6 THIREEEL2MEDF

RTYPE RIS N WA WASDHD FRHBZ e hobhd I I —HBMIRE>TVWRWEEZ S
PERNRND, MEBEREOBEDORIIWAWARED D TH] 2Hh2 [HMEEH] EUTHUREZRT
THEE L T W3 (— i Ex.25.4). FEEEOFIHEICIZYBEREEDH 2HLD /7 (RBL) 2 EE L CH@E@E»
FHETIEV W (= i Ex.25.5).

1287- 72U, BIIF22R O 51 & [ — DB REREAE & Ff DARIBITFHRRIE & IFBR 5 720\ (—6.1) 725,
ZZ ORI HERBICRE L Z3ETH 5.

12997 L XN T 2 EZ D L WO BEZ BETRIT DI TR,

58



ZZETTEATVDRIIDWTEIIFEERE (—4.12) ZHAL T, BUyP%EM] (—5.2)
ERE LT, ZATVWSRITIH I NS HHREE (EMEIZIZET ZHIREE) D2k € 1
BAOZEEMOLERE2LHOLLIXES RV, TNEEARFEELTWEESI N T B
WAL (—5.7) THRP-720 T 5 LENHAENCZRD 55180, 22 TET E DT (MK
nY—) ZREARLS.

FDFTRD & 512, AP TG TR A2 D 2 S A% < TR

AVARNBNS, PHRREED 2K EFINRERETH > TARL V. T 512 EIZIRDH
WTWT (= B5.1), &2 FHPIRIERT 28552 DEisiiiis € DT DA
ETHEHEWIIBIZbNEWE T 5 LREELEEEZEZ SN TWVWSEDIPRET
TIERES LGS CRIEIZEZ)PELNBRVDTELZEAMIZRE. 250D
ZeMEISBRVWILEFTHRIELTE IS LW DORAEDRIETH 5.
IR BNFCTIHBETRS &S IR EN 722 &, MHORENERT 2 L ZRS 5h o720 (2L
U2, T =0 DIRIE) B 5\ FEZIERE AR IZ K X 2R EREZSNB0E, B 5ROFH
REEDRIE € BHEATH B LEZLE LNERWY, 25 LIRSV (B2, RORRSES
THIRET N TWEHA).

5.7 MROY HIVIR AR

(FEfE)) HIFAEAVEMETH S LI, T RIS 2R W DDREAIC
DETERNI L THD. H5 (HEALIIRS V) EEVERTHD LIE, D
F£H @D IR OV E NI B 2 KW O DOHESTEDES 2
ABWZ & THB.

((ARESE ) A EEIIMRERETH B L1, TOELSDITED K2 ZTDEANIC
HLEGHFR CTESZ LN TEEZ L TH S, HkEME ISR 2 Bk U 218t
(B ) H2EEDHINRERE D D FARERE 2 Th b 95, TDOHDMERED
EEEAHAR 2 R AT T RO 5N D (B IDULBFEOSWAHITED T 5 &, &
B OEREOEGHARES — M AT Ny 7 TH D) L &, EHIHERETH DL
Ebhbhd.

(FRENEY 2 ) HfEdhER £(t): t € [0,1] — € DB DEFHR g(t): t € 0,1] — €

1307 ¥ 21X Maxwell DR 9.10 O ZHIZEH 7 5.

Bl2 2 2y v H— /Y =7 ThRu Y —&MEAM] (K5REE, 1976; 3 1967) O pbd 12 K
WHb., ZOARLS5WEHRATE IS, #HEHHEE WS EDITIFVWAWAHRRAREDORH L0 5
IOV eI BD7ED, WHTIIEX 2o 28GR L 2FZE AR ONEETH S (2L R
£ 9.12). YL TOEFEMEIXEER X & o 72 L B0RERS 2 Bk T 5005, 20 &S M
IEZ SR UL TV,

295% 0, ZOVWHRIHEHPEGBIMREREZL WS Z L.
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EREMEYITHE LI, t7ETTRSEDI —=DHDNRT AR s (0,1] IHAFT S
HEEEAR F(t,s) 1 [0,1] x [0,1] = ETF(,0) = f(t), F(t,1)=g(t) &2 L5745 %
DBEET DI TH D, BB, [DITTT%gDT T 7ITHEEMIZ, EMSH
5T, BRTELLE OO ARE I Y 7L VWS5DTH 5.
{(—=R7FI#gE ) (one-point contractible) HHEE S NEDHD—KH P LHRE MY I
ThdrLE, TOEAEF—FNAMETHE L EbNSE: HLD, Fo,t): Sx[0,1]— S
725 AT F(2,0) =2 BLX P F(x,1) =P e ST L5000 H 2725
XS B—RuifiTHsd. ET DI, EHRAF T RIIHMDOoND I L TH S,

— ~
/

arcwise connection  mutually homotopic curves one-point contractible set not simply connected set;

curves are not homotopic

Figure 5.1: (Z#ocBg & UC) slRiEAs, R b E—, —glniE, Hods

5.8 WA WARTHR
SIPOFE DL, HEIROBENZEBIIB VT EZORIZHA I NS FHREDOL
RKDOEE E DU EZZD72DDHEfTH 5.

eIz THAIRR) (—2.10) 28 AL, FUEITWL 5 THEMLTPERES X
5IENTES, LRz, ZITIE, {HEOOIT, BEFRITT X THEEIZ—
BRAEAPREBIZH 2 D& LTEXL.

B R% —DHEDT (M 5.2A) —2DREFEZNIX (K 5.2B), 7z& ZZDMIZ
RADHBEAERAR RN E LTH, HK EDV 5723 (K 5.20) 1&, FHIREDOEED 5
WREHEO T 5 (—2.8), FHLREIZH D, THNIFEAREFE LI LIZR>TW
%.

5.2 PR 2 HASHLETEERZMMENS. TEAEAGRIFILLOBMADMTR YL INEHE
VEfEA 22 B2 L TWA WA REEIREETH D EA.
A: =D DRI % DIRERIZ B B HHRA.

1332 DGO DEREORMRL — RO 5 d Z L LIFHDFETH 5. HER; L7721 Tid+4
TRV, 72 20 2-Bkim 52 &2k K.
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1;/{ﬂ»\\/ N
C JE

Figure 5.2: Various states of a compound system

B: ZOZDDHHMRE —DDRDEH DR LD Z L IXMERTEETH 5.

C: 2O DODHMAZEEZN LU THALTH, BEXRZINETNDORZIMNIEELLOBEDHRLME
RAEL LT OZEALIZAN.

D: ZZCHEEEOMEZ2ZEZT (HAWVWIXEL S MEE 2R - 2B R T 2.1) & 2 EMEEED,
H LN TD, HE5VIERRAOLZIEHTIE, HERDD D FHIREVRFOND S S.

E: E5IZHIRZRED, DWICITEEZBETAZETES. 221, TORVPFAUYETTETW
NIEE D RELRHMRVTEE7255.

TEEAERD OO ZEEZ N L THELTDH (K 5.2C), BERD L DHMMAZE
ML T2 L5 0bDRolE, EEROPMREBIZZIITRWD, ThiE—DDRD
HIZ I N T OMEAEHZEWN T 5REEZFIA L REFZA DI LHTE S (KM 5.20).

ZZChaBEOME AR ZEZ T (b D \VIEHER - 72 B 2 R o 72 BE L BUE 2 C) HE
D—MTHLIZRERDOPD L ONTEL LS ICLTHAEVER 2k LTD
BB THIREBIZE L E L7255 (K 5.2E). 25 L THIODHHMRD DD FHpRfE
@FWE%JE&Wﬁﬁ%%otﬁﬁﬁﬁ%Wé:a%fgém.

ZZETOEMTIE, MARALAS, —EORBIZHES N -R1EH 5 FHkEIC
ﬁ%ﬁ%:a%mkubfmé(azm LEMRLTEIS. LFRTIE—4Z50»
5 Z EAFR AR,

5.9 LENRED 2K £ FBNELEBDNESTH D
58 TIXR A L ZABAREIUEANZEMZ LG L TWAREITLRWD, TITIEXTOD
HEZINET 5.

BAUBIZDWTODEFE) 25V ZeNTEZL2 0 OIFEMmMNICIIERETHS. TTIC2.11
BARTHB, BOIE-> & HFFIX

[ROEENFIERED 5V EZ DEEOMALDLE T ORMmEFHT & 5 RENFAET 2 )
ZEERNETS. TO5VWHZLiF [FLd] TEDTHS.

BEDIFAEN, WELNIE I XFATSIRDO AN D 5 DT, REED LI OB FIFEIL
R\
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EHHRIED RN E TH B DDRA, BRAET 5. ADBNEEEE (A YY),
B O#S SR (BB YB) v L& >, Z2TY IR ERER (—4.11) (X, N) TH
5. TNo &M 53 1ZHDE517, WHEHEIZEALTHLIWIEIREEZIZEALT) H5
HRTOEEDLETHEREZES. TOE, dbEoSNIRIT2EKELTTALF—
RIS YERIIZBAC TS & T 5.

A B

.

Figure 5.3: W#fIRAED 4

Z 2 CVPEPREE T OEMEBIE Y 23T RTHIEN (—2.14) THIUKY, WEEE L ©
FNVF—INERTHE05, R S3NSH6NRESIT, Ael0,1]]&LT, AL
B D 24 72 bR T DA CTEI 1 R S

A=QAE*+ (1= NEBMYA + (1 - 0YD) (5.1)

THHIEEDONRENERTRETH L Z b b, DF 0, BIEEEN AT
H5 LS THIRENFET D, LizAi>T, A,BeE=>AeERDT, EFME
A (—=5.11) TH 5. T, FEREBO K% £ DR TECHIRIITRTHEE N Y
7 (=57 DRGEMH) THD. SO EF—RMHTHD. LzWoT, EDLED
AR HEIZ5ERTH 5 (—9.11).

BEERFE ML3IZEVTHAEIETIE, b DOREHEML THSEOEE
BRN B A CIEEHEINIZ AITHY T HRERTE D LS RHIREEX 50, &
B2, BIAIEEMESBICEENREDL 720 LD 205, (KFEREOINEMEH K
DAEDZ L IFB T UE HEMIZIIEIEI NN, UL, Y OIEMIIMEEES 0T
WEN 6, N THEING PEREBLREET S, Lo T, ZNIEA, B2 SRR

IS SEMEETIEA 2RI LITER. HEx5.2 2R K. HEREENINENNE SN WVWS T
i, RERIEMAYHEAETEZI SN DENS, BIZLHTIIZRE>TWS., ZOARTREET
IR 7Z e fEL TW5S,
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ARERIXTTH L. M53DHDRAIFZENZEKRLTVWEDTHS (—5.10).

W A ER 7 D T30 (EE XS ZIERZ S IX EIXYESTH D, E
BT M H AR DHRIET—RNIZH D SNBE I L IFR VD TAETIE,
T, EFMEETHD LT 5(—5.11).

5.10 IEMZEEIIMAEKRL TWBDH?
T

WHOBSIFOARETIE, REZH X OMEEIZEMIZ 214 0F 02 EKL
TW5., =& 21X, KBV IZ,

HEDEV DRE V' ORZEHDYE S & 2RDARFED
V+V OF 7212850 T, INERRETH S L EEEMEINTVWS.
UL, REOEGATE 2 ZOMEEIXEHEIINIC (H D WIZESRMIZ) B D
DT TR,

ol = =

WAR
HELERGEDVELS e, 722 XX, WEOREIZHNKT AT, Pk
IREE S
IEEZBHcE 2820 Z 77

EOEAD S EERBIIEAL S B, ZOGE B VAR EH L (REHAFRY
BITEH)IMEEERBERTE S (HD WL, RHITES).
I 512, JIERN

EBTEGAE T, ERO (—) EFEE TR LI
YIEFERE CRBLE N WE B P AR Z OFERTHBIZINEN TS 5.
5.11 O&E

Euclid Z/IZ B 1T 28 A Q DINES (convex set) TH D LiE, TOEGIZEEND
EEO - NERSD LOEEDORPETORAIIEEND 2SS, ATH
e, Wael 1] Ty E

Ve,Vye Q= e+ (1 - Ny €Q (5.2)
WS kL.
“ODNEGOIBE DI EMEETDHD.
ZODOMESDER
LMEATH 5.

FEZMEEGTHS. Ld o T, EERDFHIRED 21K

BOG RCTOALFEES F OBRED AL TV 2 WE R Z R T 528 N BIER TR 2I12E
U735 T (B, X,N) Ttk U7z £ IXMESTIZR VDT, BFO KK — I 7EE A H
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6 HEFHHNEE — #EFV

6.1 BANEZEEFOHFORUITE D WHREEKRT H
5.3121%, ®2HEMADENFLEMON (E,Y) 1£720372 00— D O FHARRBIZ X )5
2LBENTHSE. L L, HBER0OHZDREOBIFEEL (EY) & BT 0%
DIEFEIZH B L LTH, TDREHPFH (= BFIRE -5.1) 1I2H D LIFRS .
722 ZIE— A KR DES Z L (B, V) TH B D, HHIREOTFILF— L KK
B (EV)IZ—HT N6 LE->TENN(E,V) TEE LR TH S LITR L2
WBT, FIZERDRND D Db Lk, Uizhd> T, B2/ o i
TRITE 2BBEPEFNTH 572 D W[ HTH o720 T SRFEIE—MIITIT AR,
Z 2T, RELZB/NRIZINZ 572012, SEHEPREEDIEA T, MEEARREE quasiequi-
librium state £ W5 LD ZLARNTEAT S0, EHEWRHEHET—Int+27%0 THllT
DEZAEFHEHRITHWV.,

6.2 ETHERRE, BMROEBE
HAIR (—2.10) DB 2RI (THRIRAE X IZIR S 22\N) P T % 0B RS o B 7Y
MELTWT (Dxh, BIPZEENICHEREE UZMEP 24O TWT), Lrbx
NPT ECAYOEHARER 2 G Bl T 5 & 138, PIGHEEHRBIZH D L FH 5.
INTHAED, KOIEMIZIZRD &S ICHEFEIREEZ EHT 5.
HHR (—2.10) D H ZARME CEERIRIE 2 IXER 572 \) P T OAJIZZEBIEOBIMEL M E L T\ T (D
0, BIIFEMNICHEREE UZALEP 2 HOTWT), Lrd
(1) P O+IEVEFEBNFET 2 URDH 5 FHIRIER 2 EBT 285 B, DXV EATVDE%R
ZOHICIET % L ROREAEHIRAE R 1T 5 & 5 REREEMOB, 2ib b, 512
(2) TOEREEBIZIREBP IZH 2 REMET D L EHRERICES
& 5 7R EE % HESEMPIRAE quasiequilibrium state & FEIE S .
DF D (X 6.1), RE P IEEERETIE AR VAS LRV Z B ZEEED 75 W EO

BTy H254A, WETHRL, £ OIREEREBIZBANZEMOPIZNE S0, 728, BUFRE
BOIIEB ERWEE - L2 o TEBZINT VBN S, DAEMhsTNze U TEMHEL 2%
HoTWBEEIIWAWEAHEESS.

138k = BT R = P ThH b,

BN TR TOEFEIZEENTVWS] WS LT, SOEAIZR =P THE#bw. 1
VI A —=IIZIE TR EW] THED, EBITIE TEZEHLTOWSSWAI W] &S 2
T, BEGATESTV. X5I1IZP OREMEED c & LIZES 2.

MOEH LA ABRBEL WS L &, 2.7 TRRTWS X512, BETOEREMEEAATHESNTWVWS.
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FHPRER 235> T, Ld ROPHRIZRIZNDERESRMAE B O NI PREDOREZES L EZTNHAR
REITHNES 270513, P 2H¥ELHPRELITRDTHS.

quasiequilibrium state T
A
left
p alone
1 .

R environment
maintaining R
4—/

equillibrium state

Figure 6.1: ¥eEfipRiE, HAROLE

B RATERIELDI AT Y FOEWTIRE P 2359 2RI TR HELH 4
Uded 5. I&21E, BIFRICA-Z#H VI - —DEBILENVTHS L L LS.
PRI SOOI —DREPIIFLAL —ETH D, KEHTIIANYIZ
IRE—CDEEIRER BT DHEIZH L. DF0, FBRIZEVWTHLIEEMIZA -
BT = — X ZAZ AW ATV D 6 AR O T EERRBIZIZ R WD, £
DEKE L TOIRBBIIHE AR IE L U TENFEM O, RER &IFIFEK > TH
B9 5. HERDOEPAREBILERFEZRL < TV (= Ex.5.3).

6.3 #FERNBEFE
BREDARRITEWT, (HHl) ROREE (D IZX TEWT) PHEEHREE (—6.2))
IZHBEE, TNk (FORITDOWNTHL) EHHETRE L\ S5 142

ZTDEFE L, EEHFIEEL WS EDIFEHLUTWSR (H D WIXHEDR) 1IZ20WT
EONBEZ L THS. BERSHEBIEIETIZIZDRFDZRZTDEH D DIREDUE
BRREEMNE S DI MEEL S, e A TOZRMMEMHEFEHLTWT, TD
M) DIz TH, HBAWNIEZED Mitt] 2 IXEEORERIZZRL TH, T -
722 & TIEARW.

KHIZE 5T, D L HMAIZOVTIE, BEX+SDP-L Y EHEITTS
5L, REOEDIZE > T BB IZHEEKTH 5143,

WRDBEERY S H55 L, $H-FTNEREOEBRE S HA 5 &, THEHHIRE] OEHITR:
FTCHRESTVWABZLIZEE. ULEPRosTEFDRIZODWTHERHKEETHAINE S E Y LR
LICHIETE 3.

L2532, [HHIERE] OEZEARICE>TEAYIZNSEE. L L, YOEHS FHEEICL
WEWS DI THARW (5Ex.5.4).

W3 2 I3 EFE AT ATRETH 5 2 & 2Rk L TlE W2,
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I TCHBHMBROEZ 2L LTEL. HIEMRNEH LRIZL > THEFR A

5F NI > TRIF 2 Hio TREZ{L TR 2 0EHHTES. 22T, D
REMHHEHLTCWEREDHAEHIZFRTELTWS Z L PNEFHINTHHRD &
DITHEWVWW. ZULZEDEHE, TOREHMAEMFHL TWBERTEL ZZ/IFET1F
THFIZTE AT VDT, 2K LTE I REINIIBATNFTOIrL6RVWDE
L7482 \,
EER REBEER2 DY 2RIZE > TOMWERIRRIZ 2RI E > THIZHFoP - <
DEFEE WO DI TIEARW. BEHEAIZIE, A6I2HD LT, BoazET S 20
S DY UEFEFE 2 BT A D S, ZOMSE2EAL LA NEOEM2BET S
o, T2 o< D & THERRK ] & 2 BflUZ A —fH L TIEW TR,

6.4 EFRBRED MMHE)

WFHHERED T A 7 7 IZREIC il 7z & 51T D BER THN (—A.6), Carnot b Z DA
IVVVOMERTIOT AT 7 2 MEVNOEE TR T it e UTHEL - (A7), Th
EZDKHRD 7 TV 2B 2N FDOERIZERIT B INTEGIZZTANSGNET AT T T
Ho-.

EABIANZ 22 N S S BERIIZE VD 5 & (—2.5) 2 KEDEANC RO W THEET 5
BHITHS; D% b, EHRNEBHC ZEMNIIEREND S EDHIE D+ RELBMTDH
5. DOZFEIMAET 200 5o THRIRDIDITITIERWVAD, HEHMEITWD DT TIERWY (F
BixEo). LrLW, Anol#iTts2eT, ZOBLEE—HHIZTSTIENARETH
5. THULT, BENREENTRL, GREZEPH0/NE 2l CHE EUEFIEI IR R
HERDTH S.

Ik, DOEDNETERDL, RERPSLEZ2 DRI L TEMRNE L ZHERHIIZIES
ZEMTES, LW0WHZE, £5DUEFNRE V2T 5L KBOE»S DT, KiEE
THFCEZ 2HMTREZNET 25 Z & CHEFKBERIIERTE 2 \WS Z 214,

6.5 AWAERRRYIBE
REDHELHEREBIZH - T, MELRE2ADLETHARLARLIZLE, Thd i
SEHPIRFEIZ D B & AL 5 XMW BTk R72 & 512, ZOBBIIFEITARETH D,
FHZA[ i Tdh 5.

6.6 FIWHBE, EHRIERE, ERIERE
AYERE, YERRRRRE, 2T w o < 0 R MER/NETEOMEIZ, ERE R ERER

VADUR O O ARB T KB A— [ S 7238177 (EEEIE, 2001) p88 IZHWTH 5.

VISSsEME R GE T D (R IXIFE & A & Einstein Ji OB FD & EOHERTH 5 5% FEH)IGE %
fluctuation-response relation % &l> TWIIX T K HABREZEZ HTH A 5. YO, Perspectives on sta-
tistical thermodynamics (Cambridge UP, 2017) 1

MOEARIZDOWT DM E £ L HIZE VTRV, HEEMARDH TR VI D EIZOWVT,
ZHNODVIZIFFEHEIZH D Z L (PO SNEZREBEOHMEEROEEINNI VI L) 2T lwn
DT—EMEZ ZITENR.
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IBEMRIE, —MITiE, v, ZOHETIE, FEFHPEL TOARWEERD S 28, —
JEDIERZEFLHTHL.

(1) MEFRAYERE 21X, ROREIHELHADIRTE (—6.2) ITHLSBEETHD. ZNI3#E
TEPERE 2 282 2 &, WhWwd TEEREHE] (dry friction —3.11) 2RWNR 5
X, ®o< O UBFEOMRCEIMRETH S Z L IFMEFICODVWTIHT TIIHE AL
(—3.11). WEEEIZOWTIZZDDOERIZEL PHFMEICHET 5. AOBENIZD
Wi 14.10.

(2) ROBEIERED 2 WNZZ DHEEDEMADPP > D TH > TH A L ENE SR
W ARZIZHDTWL I - —D & D BFEE 2 P E I OWT H T
5ZLMTEDS (— H Ex.6.1).

(3) WL LA 4b$$é%m¢m16$é<f%>Z“k%@%amﬁﬁbm(:ybn-ﬂb
INTRW) RS5IXEMIERIZE o THBFINTH Y, BIR/NELTH-oTH, AL
PR S 720, kﬁéwm%ﬁLAif@%éﬁfﬁ<io&ﬁﬁ%%zm L 29
WO ZEIBGIBBETE 7255 (- #H Ex.6.2).

6.7 BARITED LTHRICIIDDHN?
ZOMFUTIZE A EHIZT R THIEEMRIEIZ D 553, BOIZIEERRIE L 2 b
RO FENIRDITIREBSIFITNA NS LRKITNLDDD?
i,
(i) FHRRABIE Z DRMEIC & 570 (—2.8),
(ii) SFHREE K VIEMICTEBTE 2 LN TE B,
(iii) FHERRAEMI DB TE D HIREE Z R T 5 DITHF 72 (A1) HEFRrERE
ZLRUTERHERL T,
MHTH 5.
Rz b 22860 & 28O iR DOIREE S IXIRHKIC —EDIRETH Y, £7/H
BIREBFHZDOEOIREDTHE IV HBARDT, TN5Z2 PHREE s
DIF VIR UITEOVEM TIEZRY. 22T, BATVWH#EETRER (—-5.4) XD X
SNIZBDLEDNE, RESHLS FIZWK EEIZEBRIZEUZBENPRATHIDE-
t<%b&<f% S#bF’”<%t%Wﬁ®$ H B EmiiiRE — D> TR T
ﬁwa5 Z DHIFRIZIR o 72 @ FE I HEFFI I BT & 5 (-B.5) D THRAE
ZALHIFRIZIR - CEHMAE T & 5 (341X 11.12125H 5).
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7T BHFEDHE—EA)

7.1 FEDHE
R (REDEKRT) TALF—MBMA SN L &, e xiE, #EIRIMLHEEL
THENTZR S, RE+H (TTRA)DZRIVF—2EDNSZITED, BIERPSHA (-)
DEFEEZZITHRS L ED.

L5158, TRTOREMLZEDZM|IZONVWT, RBWEHOEKRTENEZITES &
SLOENPAD, RPBEFOREKRTENZLD L EIX - DENPAS, LRI
FEMNRTSE., DFD, REFLIZEDERS.

7.2 Wh 3B AHZOE—EA

A.9 T, Mayer & Joule DWFFEIZ & > T, THXIVF—RERDBNER LTIV F—D
MZETIREIFOoNEZ L, Rz, (IELK#HBELE) #&] Q & TEFE] W iidb
BELEDONIANVF - UTRFEINE L WS 2RI Nl L 2if Rz, D
F0, ROTXNVF—DEIAEIZAE=Q+W E TS, INz2BIFOE—IL
HIE WS DPMERRTH 5.

R B EGYEFZIZBWT, TXVF—IXERLKT - NFETE - &) LY
HTHD, F-MAEFBHEBRIZIF- SO LAEZEDTHS. &2 AD, L, Joule DE
BRIZER7Z K20, FICBEFRITZRVWRY, ESAYHONR L U TIFEEROIHN A
WHDTH B,

MWIZNIZREPERYBEONR L U TIIEBEROHNLWEEN S 7.

(REGBNZEMIIORRISTIERW))
SH, bhvbhid MRE] 28ER (O—F) L —H—R L& TH 2 LELTWED, LYY
P, BED TRE| BRI FIERLo I —208 005 BHROBETHD, TOMEMREL WV
SEAEIRIET B Z L 2HERTE2DIRIES TRV, Hl2IE THEX ] OS5 I2EYENZE =0
TANYHT YR = UCTHER eSS & TIERIC R 5.

REOYEMHS L BESRHPLO A Z BRI E2DI2bNbNIZEELMH S A, SHEIFIZD
ZODHRDOBHIZH 2D TRLFBRIZ—HIZJBLTWS., TOWZIZ, WHIIEBRRBEERP
EHESTHEIODOMADOEGE —BHNZBIRS R LU CHET LI N TERW. THIIEEIIE
MMEIN7ZGBUARDET VA =B TR VWAEWHEETH S, 2O DDA DERE—FNRD
%, TOEBRVBEEDLD, DF 0, bbb OMRRDIEE L RO H 2B DORERIELEY S
MIZEZ6NTWBIGERITTHS. 5 TRWVWIGE, RERA B2 5252 13d 0 ER
W, NEEBEE] 2S8R —F D7D Z DIFARWHEE I RIT T WS,

Tik7ad NEEMS] BEAESTH D LARI N0, FBEANIZIE, Bud TkokF] OEH)
B E N 2 SR RIS O D W T SRE B R IR E IR DY (EL BAWIZH b 5T A
RERBRIND D157z, TP JERIFRE SO S N TERESPHESL LD TH 5
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FE W IRBEIT SR B S T % BB CHIE TS % (23.11). AF IET5%
VE =S % QIO BRI COMEEARL LT, AE—W T 8] REE
ETAONELWME LTHRES S,

7.3 {IEER & B EROEHME
TRTOMZERIGZE T 5 T2V F —Z{LIFE SRR T 0L F — 2017wl dE g
2, BB, BT 5 Z LR TE LM, TRTOMZK, 728 ZIXEMFERIES
(— # Ex.25.22), BLETKE, DEVETORHE DL LTHET I N TE
% (—26.4). TOBMIGOETREZMINIBETOR (BMIZLUT q) IZIXEEM
BEAH 5 (—26.3). T HICKIMIEIDRDOTRNF—2{LITEMMEZIFES Z & TilE
BHV EUTERTANFT—qV O TMO T I eNTES (FIAIK, 26.6). Z
NHETHRFEIINF - EMN T 2L X3 IR TRV F—T—EDHFER
2RO Z LTI I T

WTNIZE &, (EFZRVF— ((TRIEAINDIWEDOHAD ITMES TXVF—D
2t —4.11) &EE OIERWIPE TO T 3V F — & O Y & AR ITRERIICHENL S
TWb5ED LT 5 (‘Faraday DFH L THLITRE/ZA D).

7.4 RICENB—KEE
B CIRMERY PR FE © — Bt FH B (—3.10 B LT 4.11) 2 55ET 20
FIER BRI & ALEDTRD TN S,

TCITHNIZIR A K 512 (—3.10) Hid@ D ERRN Z2BIE ERR et FH 2 2270 b O
ETHEWHIRTEHRT S L5 I&E I nTws, AFHEAILEE (HEx.3.5 4F)
WZHIRH B L5 ITEFEDOERYEIZ > THAEI NS, ZNIXEJIF TIIBEIZRE
HOBEHYHIZE>TEZ6NTWS.

LFZAIZ & 2 T3V F—DEA (—4.11) IFBRKN R FIC I AT E

(—11.6). IREMERD 5 WVIFEROMERZE B FOREFICR > TRAVERANFICR oNDITEHIT
TEBRMTH D I L 2l REF,

VSJBEIIZ1E, TR TOMFARE AP BRI L UTERTRETH TV WD, ZhldalaE
THd (—4.31). ZIZT MHEMivE] (I2E=D>DME A DH D Z LIZIHER. Faraday ¥ Joule 2Mb# T
ANVF DRI T AN F—ICEMEIND L &, HDVIFTOWOLEHNED B & ST U7 R
# (Y& equivalent) OEEMEDME, 5 —2ld, HBIEH (—=17.3) IZBEFRL 2 MH LD 7203,
Faraday  Joule ® #4174 LT (BC: Before Clausius) TH o722 &2 8NRVESIZLELD.

97 D 7= DIZ EFRPEED TR U CWCRAERIERABER DT TRV, BEZDOFHFIZLTY
BALFEEDP I ERTE, Bl 25 A O EFREELIT & 2 T AL F —Z{Lh IRE AT 6e /e
e (2 21, HBEEBDMED NS AR TORIEHNIT V).
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% O TSN H 72 M IR A U7 (—7.3) 10,
WL E &, RARSRIZIND —RAEFFBNEEAHRE LW THIETE 5.

7.5 MTBABRIEDHE ML

74:%%bf%%ﬁﬁ?—%ﬁ%%%ﬂbf%%@¢?ﬁ@ﬁ£’056 ZD7=
WERT AEUTRD S RITTIT o TIER B L, FHAPSBNA-TLE2DE K

5.MZ&#%&%AE%WT4K%éiiﬁj%ibfhét%,ﬁ@m%%lx

WF—H ZOFERBPIZAE ZIFEMU R TR S R0, é%m,:w—ﬁwiﬁ

M (512, WiBGRAE adiabatic condition ETFIEN S —7.6) D72 I N TVWE MY

D MFEERIIZTMEET E 2V & W, WrBGRAE % i 72 3 BREE 2 Wi BIRBE adiabatic

environment L FERZ 2129 5.

7.6 BTEARM, BTEVETE
REITNTAL EZDRZ2MBAIREIZE S Z DT HEE2 W EEE odiabatic wall &
W,
WIBGREE L 1L, ZOBRBIZEPNTZ RO DOEHERE A 2 5 Tl IZ BE T 5
tm$%%%BKﬁ<if AL D & 0T FEOKRRA, REBALBD
XD ZDMED— ﬂ%&%%bnxéa@&(’)i n, —BHEFEEZN LU RILF =D
ZH)ITIFRFE LR BB KO RBREDO I L TH 5.
22T, I ZUDDFHAREE A 5 S840 O OFHPIRAE B 1217 < v O WrEuifR 13 72
ATH I ENDMEFINZ L a2 e 0D & D RifilRIZAWw. ZorE, 0
—REFELROAN TR SN TEMEO WD, AR IERADERED —REFHOE
T%olmw# WIZ—87 5. ZOEBRMPIFEHERNTHNEw + ¢ (HEHK O
GeD—MEHERA, (4.3), (3.10) ZREKITIR > THZ LT AE b h 54,

BOZNIZ A 16 R IZ R L5112, EBMFOMTIIYKRE L Tlibh, HiHRd Helmholtz OfFR
(—A.17) % (A.18 THIHI N TW3) Gibbs DENFH X THMDOMEE R LIZRD SN TV &
STH5.

BIERAWEE TR T 2L F — 1 ZHEEE THLL TWS, X 5I2F DO WrBERE 2 VI3ELD 37
TTRETHS. FITOhONOEAFE 1.81ZH/->T, 3.81HB L5117, NI NLF—17
TIZHENL LS TH OV ETH L 2T 5.

1524512, B.6, B.7T TR% X512, FED DD EARED D7 & H— i S M52 2 % Wk
FEORGFIETHDT, ZZTAPS BADBDNTERVWE EIX, TOWDEEEHELS.

BYI3E R, AN A LKA BPEEINZWBEWEEZDT, YARILETHER>TLVEWVD S
S 123 6T, HILSHIERH 5.

154 2 O FTREME IX IR 22 ERIWIEE O = 3 )L X — (R1FHIDMRFE S 5.
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7.7 Y% B S A L EAEE
T6IZHDEDITHBEBERTERTIDIZL VD, BERLREHEIZTEITIE TR
D& DT B BREFEOBHN—E] &V REVRERINCHERTE R TEWITZR
W,

ZTIT, RVBRBELYEEZDPD LD TERVWE S RENKMEMNTH D Z & 2 HER
THZe%2E2E5. H5 (FHMZIIMEED)RE2 LD, ThreWaWEzRiEL -
WEETH A, RPZITID TRV F—PAL MG U 7L FI BT 5 Z & 2R
PHZHER T E 2 < TR SR,

NP SINZ BAHOREW WMHIETE, £E-RDZITE - 72T 3L X — DA
AE DHIETE X, JRERIZ, BEOWEWEIIMEETEZ 5. AL SMZ 5 4HOH
ENXIER 72 BRI EHA T E 2 E2 X IEAHETH 5. RVBENIFTDO T X
VF—=%ZITH - 7200, U LKD) OFEMEPIREEA, BHBWOH[E U =D DIREE
ThHdHIEDHERTENE, AEIZ—HT 205, TOEEFERTERITEH, Wik
PEIIMREE T & %1% (= 1 Ex.5.5).

7.8 TRILF—5HHE

HBRBEBP T RN T =125 5 DOIHKF T 2 FRELEREZFFORE T XL F —
FHEIEY, 2D & S HRRITTRIVF —EFDOME energy meter property ZRiD &\ S
ZEizl&o.

&0 EMECIIEEBER Y DG 2 5 N7 564 TF O RIBE y DIEDE S )
5T RNF—BENDOBBRHEE IR > T WS LRI RE2 T XN F—FLIETS.

WHD D LARIREFHIE NPT RV F —EEICHIKFET 2R TH Y TRV F —
FtoflTth 5.

ZDHITHONS X517, HIALRMEE y 1ZET 17 DARTIZ IEEA R P X fb 2 o v
THEMIZEBINTVWALEHTHELDT, BIFEL2HNTCEHITE S, iz, =
INF—ZAEER L TWERE I BEIHIMRETH B, 72 2L, REEAHOR
EHDLRALTXINXF—FHDOMETHT L, ROTRNVF—EENREILLZNE DD
Zhh B (T3 X —EENEBINS DI TR,

EABYEBTEREIZRBADITITIERWZ 2o birbs kD, EARRKRTH
ITANVF—FHI R B FIEE RV, UL, YARREIAVF—FOMEEZ2 D &
SThHb.

15554, MBEOWEIZEZOEOOWETHIZEENTVWSIR L IIMERTH S Z L IXHiiE
THHH, i 8] & [HFREMA] CMRLTIVWELTWS (-2.1) O THEZ .
1565% 0, y(E)Y)=y(E',Y) = E=FE7%5lX
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7.9 BREBI TR WREE

—REFEUAZBEC TCRBPIRINVF =2 ZTOEEE LD L D LD 5746 1XRISHE
BB, WMBGRRIC R WRITREEBELZEE L2 F o2V F— 22T E 5
ZEMTES., INTRD LD INEZTHNF—% 8] (heat IEFEIZIZ TRY &L
TRDEDVINDZZANLF ) WVIDTHD. SR DL LENHTRILX—DEAL
B FEW ZIFICE20TRERVES, BVENQ=AF-WH»EHL LTPD
LOINEZIANVLF—TH5.

TIZT, BT ALF—DRDLEDD—DDE—RTH->T, falh [Fy &S
LOMN( TBFE] SA2TEZSNTWAELD D) WA D BENAALRL VT 201
Tl W, A UL TCRIZASTZ 2 VF -8 —fFHL L TRIIMA SNz RV
XF—HLRDHTRTOXHZEES.

7.10 BOEEL
T, HEOWER TR\VEE GBREE) 2L TP e b Iz x )b — (8] &
LTRDEDINAEZIRANF)FE ISP TEHET DD
9, HEOBICIHENTHZRDBRE (B,Y) 25 —fHEFHRW 22122 5
ZXIZEoT, MWIREB(E+AE YY) IZE -2 L&D, AE—W = Q W RHBRES
(=7.9) LXMDY L-BETH D, WIHERIZEIT 2 A =X 212 & 5 it
HeLTHBTE D05 (ERNYEERAZIZE > WETETWDS (—7.4)17.
AE%ZESIXR>THIET 20, THEH, RBVTRIVT -G (=7.8) TH D LIE
T, AR EELWET LI L TAENRES.

7.11 Zhisf

Wi TIE AR VDI WD 7R DR EAE (—4.11) DR S FF X 7 WEE (EBEED 5\ X
BRGS0 D) B U7 D DR DM % BEEAL thermal contact £S5 18, =D
DR % BT TEDLEEZRIE2ARL LTI LTWEED LT 5L, 4R
DS T2 B TIZZAED R K 2R D PHPRABIZET 57255 (—=2.9). ZTOEE, ZD0D
RAZECEHET thermal equilibrium (23 5 & PECEMNIZEL 72 L KRBT 5199, Z D EE
fRAZAECZZ I —HORMPEQ 2LV, £ 5 AR UEDOEEELZILTH

TR H 2 WIS RADEEIZ L - T THHK ] REEOM/BNR T RINF —2ZITHS RTDEHED’
IZ& > THRBRKNTH D EIFES 0

B8Z SW\WS ZENAFETH S, WO DL, HEIZEZIE, BHFOIRED—HTHS. 2]
Z 8.

159 = M3 — R e B A S 12 B R A 2 L IZ iR, B L TOIRILEF—DP D L Izl T
DAEMG D TH 5.
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510 ZDQIXT10IZHEVEZLIICLTHIET A Z N TE S,

ZUDZTNEFNDEHIREIZH 572 —DDORZEEMI TS &, —RIZ, —ANT
INVF =2 RNMEGDRZNEESE. TXIVF—%2KD % LD EWR hotter system,
5% X DET2\0 R colder system NS . ZORRIZO & ZIZENZTNDRDEE
BIOREBTHRES. B2 VOBRIKIREMS (OFK) BRI TY
5 LITHER. I oICEET B FAPRED —FME 2.9 005, BWin7owOBRIZ T
DOREVGZ SNNITHBMEDLH 2 (F—DOFEBRZME DRI 72N L 0L
2ol DT io7 D 2D DI LI3R\W) (— i Ex.5.6).

712 B HAEFIFVWDOERBITEZDOH
CZETRHEARBREIZBVWTHELEFHIIVWOTEXBTESLLH>REEZHEZL
TEEN, EE2EDL, WOEZSTEEbIITIEARV. EFIZIEULWE/LTIZZY L
DAT—=IVDREMKI TR R 5505, (EHLHOXBHNIBERIZRD 5 5161, L
MU, BhZETIE, BeHAFEREFI-E0 eRYTE S EIRET 5102,

UL, B EFHOEBMDPEULRWGEIZIE, HERVPD L DT HEOMKMIE
(RFRIZR D DT, BENZEZ (Black B2 E 27512 5A2) IFEMTH .

7.13 BAFICE T BT RILF—REFR

710 IZHLEDEEIL, TAIVF—FFUDPRITE LD IZEEQ ZRDTNWED
T, WORIBIFZOE—IEI AE =W + Q 3B X PYHEN TIE AW, T
T EA DRERFEFE DRI AR DD ? F i, Mayer-Joule DJFHE Mayer-Joule
principle (—A.9) EIFERIRE MERIFEIZ - EOHMBRTHARIIEMTE S]] LW
3T, THB. MFMAFEEMLFHLEALRESLU (—4.11) HEBAAER U ZEBUTE AR
RIZBHMAZZENTEBRILZ2EHRLTWBE 1S, Mayer-Joule O %

— R FITEI - CDOHMBERTAEIZAHM L TEEDRIZIMA S Z N TE 5.
EEL DN LN,

607 NIFRBFEDHPTH > T, ERICFEYEE L VWIETIRLF—QBBHLIZEVWIRE L
A% [BeXo7z0l 5200721 EE->TWBD7. BHEIIZIE Black A3EVEMSF D BN 2 3835
L7z (—A.2).

Bl Z CEBHTEBLEIDEIRALF—DPDEDDE—RELUTKINTESZLWVWSDTH-
T, ~HROFIZA>TUERIEHNBZ AN F - ULTZORBNIEERZLS.

1628 VR I, WIBABED R 2 FFD, LINEL TWBHDTH 5.

13MHDHBETIE, EEORIIMAAIENTES] LESEWHIEH A Z 2 IHIFIER V. Ly
L, Zhdne, PARSRDRIZHEEH L UTMASNBEILLR 0L RS, WS HTHEEHWRED
BUENHHEOBRTHREIZ RS Z L DRIFIMBETH 5.
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InzEMANNTZZ RV F—RZAD VDY S [BJ1FEOE LAl THh 510
FeHd L,
(i) WrEvEFE (—7.6) B X —MEFH (=7.4) 12 & > THH T XL F —DE/bILHlE
T&5%(—=7.8). LT
(ii) WrEGERE T uE, B@RIZ X 3BT 2L ¥ -2 A 7= — it FHoMmE &
BVEWND 57, %@ﬁwﬁw%%ﬂ;élﬁw# OBE L EERT D (—7.10).
(iii) — ML FITH TR ERIIZE B T E (Mayer-Joule DJHE),
(iv) (ii) & (iii) [ FFEBHEGPHE - (LA B T2 TRV F—RFAI E BET 5.

714 BEITRILF—ERAIRILF—0 ‘L&

1 kg DYIED 100 km/h TE-TWBHETH L, TOEETRILF—|L386 J TH
5. ZOYHKPKTHBL LT, ZTOEH TN F—2BOETENIIMNMAZ L, £
DIFEIZ0IKS ERHLAERW. Zhrobriod [BRFX5] CLERRMAEFENTE
5, WS Zehbnd., BHEHE WO EDONRAEHIZE > TWHIZHEMKTH - 72
MEKTEBH725 5105,

6472720, BHFIZHENT, TANF—DLE DBOBIEEEDOZA TR L L5 LT, &
0 2R IR IR < TR S 0.

165 Z8 MBI A S DRI 72 5 72 DB EAIT B, Dvorak O SLE (THF & 0 | 1893 4E) HH&HKED

BUHIIAKBEAEO I T 2T DB TH 5 (Abbado BPO T%Z Z721J: https://www.youtube.
com/watch?v=S5sB4B21Caq).
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https://www.youtube.com/watch?v=S5sB4B2lCaQ
https://www.youtube.com/watch?v=S5sB4B2lCaQ

8 ,.“7]%0)”“_%5']

8.1 BAFDETXRRA: 2B X
Carnot D EH (—A.8) Z Mayer-Joule DJHH (—A.9) & FELRWETIEHL 72
Clausius DL:H (—A.10) 1 T2 PRI OZ 2V F — BEIORD THdI &
ZHENL U7z, Clausius Oifam DO, HESDOEEZM O X, [Carnot DEH %
BETDE, BECFEIDZSITHRWVEENEL S Z L 22T ANRL TIERS
A

SHTE, MBHEZEI D Z 5200l Pz Uenend 2 e 280
FOHEIERE WS H DR second law of thermodynamics & UTERHEATS. ZD
BETRZ2ESIZZOFBIZITVWAARENRD 2D, TXTHMETH 560,

8.2 %:%EUH%EM‘“%B%B%L:%F@ LR TER 5L

BRALFE %N U T @ OB 13 &AL 2R I T i EFR I 2 AH B8 T B

5. DFDb, E@ﬁiﬁ# DWW T D Faraday O Ji{H & W[ EM DL (—A.16, t?:z.l:lf
26mbP%WET BIZT 5.

COFER, BB IUOB R 2 YEEEZ SO RA D L ITHERT 5 Z &1
@@mﬁiiﬁh(’kﬂ&ofhé—%ln.%ﬁﬁmofﬁ,ﬁ@@%?%%%
DR CEABHIZE SRV WiT .

KICERTREMDN DD 5:

(ULKLAKE AOMLH LA REOBRIEZ, EROBNZETIEE XD SN2V,
RERFFED 2 WIFFHLE U THBRRSNAR L TIEAR SR (=7.3).
(2) ALZPERD DR AVER (—4.5, 4.10) Z 5N TR S 720,

AP NIRRT IE TEFP T 2OV F — ] R BT T 3 )L ¥ — 12 KBIEIZ A H
TEDITRBEIZ K BBDBENMETHS. BLEH, BOFBOZXINF—BEIHNZ
D@BETHHAIZ L Lo, BOFO5DERRPARITIES &S Z & 25
7z,

8.3 Clausius ORI

EVBVREIOWIVWER (—-7.11) ZHEL X 5. Clausius DJHEE Clausius’ prin-
ciple 1,

ooz S onne 2 &, E5RBENT? TRTOBERBRITIZELORH B0 6, BE_JEANITE S
JRERRARFTREMEZ IR CE B Z &2 5. £ I TAFTIIWA ALFEHOARE M FEMHEMEDFERIX L 7
W (LI EABEICED D).
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[EDWZVRDLS L DBWRIZEE LT RV —2BEHL, LrbZTD
ZODRERMD B BRBEITRADEABLELURVE D BRI A FETH B |
LRRBZENTE S,
BAOFICBIE2EHTRTUTBU S Z 2720, BI1% (R 2 OFH) B35 L 7%
WZ AU THEDZR W (—8.4). 2F 0, TKDBWRNSBEMTI O WMZWVR
B UTHERZ AV F =D EIL, L2ABZTDD0OREMD L EEIZRAD
ZALEE LR VWE D BN TH D, ] £EHA A, TKOWZVRNS LD EW
RIZEVE U THEBZ AN —DBEL, TODODRZMDELBREIZRASHD
ZALHBEL B &S B ARETH 5. ) 2D LS 2 EHIFRN T % H O ek
RITED B ITIIHHZBETH 2 (A, RIZBRRZFHZOE DL s OAFENE
ZDOWTHTE Z o TWARWT IZHER).

8.4 RNFD XY RE
8.3 Tlx RN FMARIEL AW Z IFERBL THORW] LW 7R DBV EREZ L
TWBTH, —fRIIZE - T, BOZEDRAARE L SR VERCHERIIBIRIZED S
5. Tz, REREFEEL LT, BIFD [ X XFEM | metapriciple of thermodynamics
EERBREEALS, £IT, BAWLREGREE LT

BOIFZOXRFH: BOFERHODITEIELZWZ &3 I D 5 5.

EBEL. [Hobiz] LEVNTHE2D%ERAEL L TIIWIT N6,

8.5 Planck DFRIE
Planck O 1

[T BB AL D TR IZ B W TR (—4.12) BZAL 20 o ITHERT 2L
F—3IEHASTH L. ) 1P
cikRoN5. ZOFRMBFFALZRZITIZOVWTOFRMTREAWI EILER. 56

67822 BB, LSRR T 2D TENSHEIT S Z L 3ANETHERE LI AT
5 ITER.

1688 122D A R FELL, BNZCTEKREZEZ2WV, 525 WIRFEMAEBERIZE R U R WEaEIZ DWW
TRHILAAEKRDOD ZmEEEAH TRV, TEYIIAEFEARASTRACEELZ LITRV] L
WS FEBIZEBAZIZ 0D S [FMIZEE 2P RITNIEE LR TV WS a8 # 06
BT, EH W 2 H Z OB (—8.2) L2V THMEZSHLRN (DT, T TR~ E
512 (—7.3), ZOERIIMICHEL 2L TR S22V .

16O ERE D EL D S5 13— TIEAR\ (—4.5, BHZ ZOMIE) O T, 22T IZ8Lav] &3k
DOHiZTH— OYEEEMEI A TE 5 2\ EIk/Z
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02, ALFEROGIEBE T2 A U ThED 0 (RO BRI OB REGIZ DWW Tk — 3
Ex.8.3).

ORI, ARFH84I1ZX 5T, 722 IE NREMNETIZHBRD, WrEuEf
THFEEEZZ LI ET AT TRV F—2HNIEoNnd] Z22E KT 5. D
0, BEEEEEZ IR NTHIARONMIIN X —2HINT 22 L EWETH D
N, WA TR BITIFBE BT 2 LR nWD 7 (— #H Ex.8.1).

8.6 Thomson DRIE
Thomson D JFH 1%
[— D721 DEJED S B ERINT B2 UN R ADE M E R LI —REFHE2THZ
CIEARABETH B )
tﬁ&%’&ﬁf%ém(%ﬁExsm
ZZTC, I DM ADEALE R LIZ] WD REEFERE. 728 Z XA
%%ﬁ@hi B (—8.7) CHFEETEHI N TE L0 (= K81, {LFE L1,
JEANEEE S A7 F 720 T Thomson O JFEFLIZ K L TWARN,

(1)

balloon

4

heating

Figure 8.1: —#JHTILFIZTE 372, JLIZEAL.

FATIRAR Tz TARFH] (—8.4) ITIRDZ & 2 FERT 5 [HIZBCEHIZ AW B
FERNWS OB 2GETNSZ2M-T, Bl DEDPD & D ZRVWTHRADEA
HE LI BREFHZ2THZEDHARETH 5. |

8 7 iﬁb/ﬁ%%\l\‘i \/ﬁ

ZZ ZER D B\ IZENA heat baths £ \WD BEDH D WIFEEMLTE 2. £h
170 ¢{Thomson DFE L EZERE ). T I T, [HK®D Thomson DI, (LFMAH (Wb EE

BEM), DX 0L ZE BEGR U 72 € XM o TWzddy, (WIS E TH RO T IZHE T 5
7zdIiE, THF] 2WS e Eizhh o S I AHE (EEFM) 2L 2V F—DPh e hED
BORBUZ U TRA S,
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FREBEEML T (-7.11) UL —EREIRZNTWSERED Z L 21T 513,
FBEZ4— KRNy rTcaryba—lInze— b Xy RO TEEHIND
R, THZHLIXEEEOHBITH L. MOTKRKEL, RIZELTWDE L Z AL
WiEEECH £, I<EfPINZ—-TBREOKED LI BEDEEZEZ NIV . L
"L, BRIXEIZ—EIRECEEIREBIZH D L INDDT, EMEIZIE, ARZAEX
DHART i%fﬁl%ﬁt‘. bf’fﬁo’C BHEIWZIFFELZEDIZRWVDS, T50VWHHD
EHERBRICHE LA DRIETH S, LW - 0BARDS. LhrL, B
E (Al

(1) +oRkE L<E@EBRIN/ERMEILIR VT CHEZEHT 5.

(2) —IRFHZAL L AR 2 XRE —ETORDP D L D VERARTHRETH 5.

(1) ZHELT 2121, FOPSERIZKEVRIFEZSNZRVWDOT, HERHRIC
EoTH® TF&d] BT 70 —FIIHEDORTHRIRIC (BITFMIRT) IR T 5%
DI EMES JiEeIhdE5THD. 2F0, —HOMRBHEED Y VR & L TE
B,

(2) ®Fefi% Laplace DOKEER (X1 8.2) THD. ZDT AT 7 %MD FHikidFgk
YMEDOREEZ WL D5 ~FHOERTH D, LT5AHWEN, HFEOYENZ I
PEZBETH L. MDOLHNE L E SR EDEAIZ & BHFE f 0 G L A3 v BE
ThHhDILEFEZDE, WIRHTEDOEIRS Laplace DT 1 7 7 CTHKTE 5 &%
Z5Z o TcirFes ThHS.

WIUZE &, RETI, BBRDOT 1 T TIERBEIZDNIED &+ IE Y74
LEDTHZ VI RBRNICERGLIGZRAT LD T, BUBIEK 0 2 LICHBEICE
J.

8.2 Laplace DKEEF

#¢: Wikipedia Calorimeter & 0 (#43; 7272 U EIEA 5 & 0 B #i 2 BT 585013 LTH
%). A,BIZ0°CDXK%EAND. AFMBD-HODKE ANDE L IAT, EUKIFHIZHETS &
ST >TW5D. B THEITZKIZTNOERIZLOTEHET S,

fi: BEaX. A X BidEH 5 EKOREHADZDIZ 0 °C IZHEZNTWEDOTHRDOR D L b ik,
DD, B+C IEMEARTH S, TOEEFTIEBIZ0°C DKE VN, TOEIF-ELS CTED
TERETHRAELUZRAERZWE L2, AN 0°COEBE LTHbNT WA,

M7 NRE] 252 AL BELTRVWAS, EMIZIFIRDEIDIITVIREEZSS: BupLiZEA
IRREBFE U 722 TH, U o0 h R0 TEOEW/ K omizwv] BRPLD S 7%
WRDZ L THD.
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ice at
ice water mel/ting point

A ¥ /

14

Figure 8.2: Laplace DKEEF}

8.8 ZDODREIZFAETH S

AR R EERIE S 2 7 WS, Clausius = Planck = Thomson = Clausius %33 D
DEVWTWONEHMEORETH L. ZOEDFHETHERAZ & 512, FMETHRY
AL Z B 0E Z NIEYERIIZIZHIAZ A S
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9 RO EHMATADISES

Inhrolk, LEBEBOMED DWLPBETHDDT, I IITHERBEAIZE
RULGFHEZF O TEL. KLU, R AMPHIATIEZR WS ZZBEBD
FIEMENTIFZE B AL LRI TEE L TH S I L 2HRIZT 517, mHIFZ D%
RIXL, H—REIZRo756R>TLK 2D THDZRNT,

9.1 R & AR

AR OYIEMYT, 728 ZIXZDHERHKMEIZDODVWTIEH > TV D LT 5. fF
WMABH > TWBEAIW, 72 ZIXZEBEE y = (21, 20) DAL (21, 22) Tay I
DWW TR AT BE partial differentiability & (& 2o ZEEL T f % 2y D — R &
AR U2 EZNDWAREIR I L TH S (— 1 Ex.9.2).

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

SEBEBOH LWL, DB TIRTORMBAPEETEEZNSOLWVWLTE
DEBDZDHTOEGMNI AL INT VRNV &, DA, 7L ZIXFEMT
TRTDMEEDHABDWEIET BP0 EE-T, FERTEZOEE KR THD Z
& DMEEE X AR WG E DX

ﬂ%w:{ﬁwgﬁwﬁiwi%igg)_ (9.1)

2 OB BB > TIRE R TR ¥ TISED A, (2,y) = (42) 10h>T
t— 01T B LERTIR /2128517,

9.2 RHMDD [BANEN] BERICOVTDER

127- ¢ 218, EREG—E T R0 20 CEBGHE BREFEA~D A, 1995).

B2 ZC, BIFPEMTEERRN 2T 2 D720, TOOIZIFBNFEBIZAMEZ Wz < T
RSN, 5.2 TEIF 2 Euclid & LTRELTH 5.

1B IR ER AL S L T— A H L T0 B 28 Tldie (—1.8) T &5t
TH2HDRE. T, EMNPESYHEOERZERTHHRY, THEIENFOARBERTH
D, REOHPIZITHEAAENS.

IR, E. Gelbaum and J. M. H. Olmsted, Counterezamples in Analysis (Holden-Day, Inc., San
Francisco, 1964) IZFHWTHLH]. ZORIKREFHTH 5.
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Tz 2082 ZBRE f (2, y) DRI IZBEETIE, BIZ

of . of
5 PEU 5 (9.2)
LELSEIT, WiETIRy %2, BETRE 2 —CILREDIEWSI Z2IFTHINTY

50, BIIFDOEMTIE, Mz —EI2d 50z THMIIZ) RS S: 22 TEDOZD

RrEheh o o
(), (). 0

rEINS, BHFTISELHBR s TR SN T VWS L SIZy RN —ETHRL,
fiirdsHlog, 2 Z1E, 2=2 -y DR —EIZRZNTWVWERE LNBWI ST,
BT, TOEIREEITR, f2o & yDBEBRTRL 2 & 2 DR ARTHS,
WO g % flz,y) =g(x,2) 78D L IITEHRLT

(2) - o

EENRLTRR SV, FIZIFIRD & 5 LEHRIIAEZIZTE RS TRWIT AW,
PR f(x,y) = (2* —y*)tany, z =0 —y &9 5. RO TBNZERTE N fWED
ZEHEL T, y TRIAE &L (- HEx.9.1).

(@), (o). (&), 63

TlE, BJ1F T, BREHFO LS IR OE R % HH U TRS 2 &K
LW Dn?

HETIHRLS fIEH ETHEBDORRETTH D, BEBITWPREMN AR ZMH > T
WBD, LWVWHIZLETIAILUTCERINTWVWED, BNFETIHES fI12%725
LD, EZIFEED, p WS BDIEFEBDOF T TR, H ETYRLE, W
12»¥ tﬁ&?ﬁ%yva%ﬁbfmf TN DR E RiiE 05 5
3G &3, LWOIRET S, EOHITHWS L, fL gldhEN»ICEEEE LT
i%%f%é#,%ﬁ?é%ﬁgﬁﬂbab%ﬁ%fit%b%ffibfbiﬁ.
5958, WENZEDEKE U TRMA ZERZL TVWBELDLNLHLBR5DT,

PNTZSNIe AT H DO EHRIIZEDN X B 2G0T,
760t 5T, HIZIE, TV@E%MLT@E&SV@ES%{&LT@E@& Bz o= < o

BEfTH 5.
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9.3 WD AIREME
2 BB f DR AU CHEEEH tangent plane 2 FFD 720121, MO W THEMETIZE -
AR THEILZ2H>TVS (9.1 Dl BN Z ).

LB DGE, O TREME strong differentiability & 1ZIRD Z & % EE
T 5, ZEBDOGETZE Af = f(ry + Axy, w9 + Axs) — f(1,70) L EL & E

Af = AAx; + BAzy + o {\ [ Ax? + A:pg] (9.6)

DO DEDIZVTTEM A, BEEIZ LW TELROIE fIX (v, 20) THRIND WHE
strong differentiable Th 25 &\ 5. DX 0, FEUPBARIZHEZ L WS Tk
DIRIN D FTREME T H 5.

[ OMRBAFTRETHNIX A, BIRMEBARETEZonE 6, oG

EEEZ, f ORI total derivative £\ 5.

WM RN A, @, B AEEME S WS DY, RETIX, TNHEEOR
DREP TR THELET 2D LIFESWMETH S I L 2T 572012, HEITH D
DR EHHDOD D b IF@EMD TRtk & EEHIT 5 (DS, 7272 RE L S 2104
WAFHED Z & &9 5, feg i ‘58 Z2EFE07R < TV,

9.4 R FTRED R

T TARTOMMDERED D 5 s THAEL TR 51X, B O STl al

RETH 5 (— i Ex.9.3).
TEBOEEFIZINERLTEIS. BHOTOD [H 25 OEEE (1, 1,) &5

- =
- D.

Af = f(l’l -+ Al’l,fﬂg + A.’ﬂg) — f($1,.1'2) (98)
= [f(@1 4+ Azy, 20 + Awmy) — f(21, 22 + Axg)] + [f (21, 22 + Axg) — f(21, 72)]
(9.9)

0. &2 2 \THAFT D& q(x) e =0 DiEL T q(z) = olx] TH B & iF lim,_oq(x)/z =0 &\
52k, DED gVERDWNETHEZ L 2E KT S, & 21K, 210 =o[z].
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M, TZTa & oy TNENITEEOEMZMS &, 0,0 € (0,1) 2 LT

Af = fo(x1 +0Axy, 19 + ATo) Ay + fo, (21,10 + 0 Axo) Ay + 0 {\ [ Az? + A:v%]

(9.10)
L5, ZZTRMA D & b MGLEE M5 72
of O f A ¢ I R 1
= = — = 2R e F T IR : :
B h’&ﬁy [y PRSI A E S MEHFIZHE], ete (9.11)

RBOMRBOISE 7 L RE L= DD S, Az, Az BETITED L & ¥ (9.10) 1%
0.7) ITIRT 5 Z 2 Db h 5. D% DEEND>TH LORENZOE EMHA
BILIEMSHTESS.

9.5 WA > =2WH DKRIR
n BB f 12 DOWT—fRIC

gradfz(af . 3f>

or,’ Oz,
Zx=(r1, -, x,) BT DEE gradient 5 NMIBFCR 7 BV gradient vector &\
5. ANRZ MVEMS &, 25 (9.7) 1%, —BIIZ, 2= (zy,---,2,) EXZ ML
FKRTE, AzfioT,

(9.12)

df = gradf - de (9.13)
EEIT 5.
% 25D Taylor BB DO DIHZ%
f(x) = f(xg) + gradf(xo) - (x — zo) + of||x — xo|] (9.14)
LELZENTESL. 22U || 1 Euclid il TH 5.

9.6 RS DIERF DI
TR RER Of 0xy V& 2y & 20 DB DS, Z OMRME (ZFERMD) £ (Z Y
DHRERSIR) BER D ZEDTED. 0f /00, ICDOVWTHHAKTHD. £5T 5L 1
TN T B0 2y THRITHMD T 20080 O RO REZ 6N 5.
T BDWEIRT fr10y & frpe DINEIER S fr 0y = frge, TH 2.

FHIN D — &K (a,b) DIEET A ZIRDESITHL:

A= fla+ Az, b+ Axy) — f(a+ Axy,b) — f(a, b+ Axs) + f(a,b). (9.15)
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T IZDWTDFEEDEIE f(21,b0+ Axy) — f(a,0) (> & 0 € (0,1) & LT
A = Axq[fy,(a + 0Az1,b0+ Axy) — fo, (@ + 0Axq,D)]. (9.16)
RIEHED BB % 20 125> 2 0/ € (0,1) & LT
A = Ar1 ATy forpy(a+ 0AT1, b+ 0/ Axy). (9.17)
T &R O DR E H 5

lim A/Az1Axy = fry2,(a,b) (9.18)

(Az1,Az2)—(0,0)
BESND., ZZETOFHEESE X2, 2HITLTL DIREE

lim A/Az1Axy = fryr, (a,b) (9.19)

(Az1,A22)—(0,0)
LHEOoN5.
AR BNETE, ZREEBOREOEREZKETE D LIRS, Lidio

Ty forws = Joguy DERIEI N2 DT TR, BUIZOFEE & R A REMED 5
fﬂ?lIQ = f:):g:):l 6i%§§ﬁ?%t£\l\.

9.7 MATRI
—HRIZ n RoT RN n (HDOBEEL f; DD L LT,

=1

Z 1-H R 1-form (—RI R 1-form) LR, (9.13) IZZDHITH 5.

9.8 TEWA
LAV 2EBOLWrTETZLE, DFED (9.13) DL Cw=df LE DL
E, T 1-HERIZELER exact form EFEIEN 5.

ISRAE TR I LW IER] Calas BB RBUIE A~ D AT 18) D 5 d 72 b HVHE Y 72 A
59,
AR L, BFETIHEL AL DGEHT < BB MR ER D T e SN TVWDHDICNLT,
B TIEZ D ZF ROV EIRRS .
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9.9 A%
W T RITITAMAD external differentiation d &\ D EEVERTE 5:
(1) (D IR BIEL £ ITHER X2 (—9.3)

df = Z B0 (9.21)

5z 510,
(i) HNZEB DM do; ITHEL 725 DI (NI % 2 MWD T2 D720 56) EuTh
%: d(dw;) = 0.

WA ROBTI RIS A (T v Y) 2,

dl’l A dl‘g = —d![’g A del (922)

D & 5 e A A KR T B DAL, EEOENF R L FRROE S P ORI 2T
DEdT5H. LT, ALHODOREIZYA: dry Adry = 0.

doy Adzy 1F zy FAOBUNEZX DRZ MV dey, &z HEOWUNEZ DT ML dx,
WELZEHROERMEMINTE S, Z0LEEHRICIZEREH O, EERT LHFEN
BHdDEEZD. dig Ndry ZEERSRRABEFZADDT (9.22) DX ST/ 510,
(iii) d(fdz) = df A dx.'®!

(9.7) % (iii) Z > THMER T B &, fHRFEEFRBDTEER S 9.6 125 d?f =0
Wohrb:

Ff = dfe, Ndwy + dfe, A day (9.23)
(frrerdo1 + fara,da) A day + (fope,dy + fore,daa) A dis (9.24)

= fomdry Ndxy 4 fre,dre Adxy + frpr,dxy A dxo + fryr,dra A dagy
(9.25)
= Jaora @2 Ndxy + fror,dzy A dy (9.26)
(frazs = farws)dxy A day = 0. (9.27)

INTbhbhrd Loz, —f&iz, IEHZEELLT, ¢*=0Th5.

VORI FIZ VIR VISR ATRE 2 (R E X 5. ZOEHE TIZE S I3RE L R WA B ER
I AREE UCEE2fHIZT 5.

1807 M VR R BWHZE S,

BLZ NI ROBEDONMUS DIZA DY FREETH S.
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9.10 FAFX
HLB 1A
W= Z fi(zq, - n)dx; (9.28)

ENBA U2 Edo =012 61, wldBEA closed form LIEIXN 5. FHE
TET AN LD
ofi _9f;
Oxr; Oux;
BOoIXwIZBATH B, (9.29) 1$ET1F TliE Maxwell DEAFR Mazwell’s relation & WX
nTna
_®%Miw_dF® ZIARI S DI 0D 28 T REME::
*F  O°F
O0x;0x; N Oz ;0x;

(9.29)

(9.30)
AERLTWS

9.11 Poincaré O
9.10 TR &5, ERBENIERAZ. BIEEEZAS501?, D20, dou=0Th»
5%51F, w=dF THHIOIBHEBE»HB725507

— AR EE (=5.7) D LTI ZNIXIELY, DF 0 — SR ELSD L TE
HZIN-HAER TV OEEL2EATH 5. 2% Poincaré Dffid Poincaré’s lemma
E\WVW9,

EHPRIED 2K £ IXBNFEEMITB W T — S Wi R DT (—5.9) BOHZETIE—#K
LR A w (3.10) + ¢ (4.3) IZ Poincaré DFHEAL D 32 D.

9.12 #RES
I TIRERD7ZOIZ (KAMIZ) CH-EABUZ L 5/87 A ZRRDTE B HIfRD A%
> .

BN RE AR o 7Rl C 22T 51, 1 BRNw = " fidy &

182 [n-Z2[ | X n-IRCZEMDERTH 5. —MRIZ, RITH n OBMAMEH A D XXX 1E n-XXX
&L,

183 ( RE % $F o 7oBIGHRAR )) HiARAS (K H) CL-BIBUZ K B8 T ARKBRDITEL L &L, o = c(t)
(te0,1]) &L &, HiftoEX X

1
L:/namw (9.31)
0
THEASNB. EEL, ||| BRZ FLOEETHB.
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i O 122 - TR T 5 213, iR C 2% (KAIIC) CL-BIBIC X /85 X R K7
MWTELLHELTVBDT, 1 =c(t) = (c(t)) LB & &

/C o= / S Ailel®) - ity (9.32)

ZEAtHET 5L THS.
ZIT, BATWAHZEMD 2R AL BEBSIDLSIlifte = c(t) IZih> T5
2R w=dF 223522, c(0)=A4,¢1)=BTHd05

1
/w:/ffﬂmm:mm—pmy (9.33)
el T
SE D, 5ATHAOBS OFRILIE L RO BO R L 518,

9.13 BAFICHTL 2#58E D
B P TIRBBRIEL (—5.4) ZFHHET 5121E, ZTOWADZELEARDT, Whkdi%
a2 THEHIPREBZ 290> TONITHKIREBTOZDMEZFHET LI LN TE
% (—9.12). Rz, FAUZZERRIZIA > TS T IS RII YOIz 5.
WMo wpEer2zFovr3rZ2E, TOEAMEF Y 7 LEEIFTlE—
BRIZIZDPR SRV, 911035075 K512, ZTOEFEBIZ/NZ ERITNE, dv=0
BEHERT ATV, DF D, BB T Maxwell ARV Lo TWBZ &2 R
XV BOIF TR, SEERREBO R £ 13— /AT (—5.7) 2006, FNTHAT
H5.
do = 0 ZHERT 5121k, HMES (—9.9) L LTIhEHETNIEOD WD (= 1H
Ex.9.4).

9.14 2-FEXDES
MNL B DI — D DANE dry A dxy 72 8 DR % 2-TE R 2-form & WD D3, 2¥RIT
ZBTEZ DL, ZTNdw = fde Ady DIEULD V. ZIRTEm O L TOZ D

NERDEDITERT 5:
/w:/ fdxdy, (9.34)

WA ADBESIFTHEEOEAD LI ITHMIETH D L EHT 5:

/m(w—l—w')z/mw—l—/mw’. (9.35)

18U PK D BARIN 722 % KUZ L 72 < TR WIT R WERBE 2 O BNTEEIZ H 5 (1 Ex.9.4). Z OflEHE
Z T\ B TREH R TIER .
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WIRIRINS dy Ndx DFRITIET A FAI1Z785 (—9.9 (ii). m%Z (z,y) DD De, xe,
D& DN REER L T, f AR o1,
/ w > f(x,y)eey (9.36)

ThH5.

9.15 BAZHOZEH: YaAET7 v
fIRXY)DBEETHE LTS, B (X,)Y) = (z,y) BEIE M %2 m IZEBT S &
L&D, 2535,

/ FX, V)X AdY = / F(X (2, 9), Y (@, 9)(Xadz + X,dy) A (Vadz + Y,dy)
M m
_ / F(X (,9), Y (@, ) (XoYode A dy + X, Yady A de)

= / f(X(z,y),Y(z,y)) [ XY, — X, Y. dz A dy. (9.37)

INEFESHONTVEEBEBMDOANT[|OHFIZHZDIEY I TV Jacobian T
Hb:

gx X 9(X,Y)
XY, — X, Y, = < & | = ! . 9.38
=X ‘ 2 2 ’ 3. v) (9:38)
O i D 9
I(X,Y)
dX NdY = ——~dx Nd 9.39
ag) W (9-39)

THbd. INTLHADOES L BBEH DroT-.
9.16 Maxwell DEFOY IET7 VICL 2KRE
w=>Y 1;dX; 52 1-lEA (—-9.8). LT 5 &
0=dw=>dr; \dX;. (9.40)

Kz BB OAZT LTI Nn6EH 5 A Maxwell DBZAH S, Tz
X, X, FHID— KD Y ORUN 2-IEFiR (BH) e =& x e; TR T HIXE

e € i/ X i/ X¢

ISSFI-D 7z, BRIIMAFEHE T2 (DF 0, —F—WAMIZEIATREL T 5).
186 LR & FkE, T E D XEFMNIEREROEEDS X, 2N T5, LWOIEKTH 5.
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*7-,

€ € Jr42]

__tZ[a@mA%)+£}(&&>xvi&de (9.43)

X = z I3 FEfEZR DT, Whw 5 Maxwell DFEfRIZ, £ L Jacobian 3 E G
ci“187

A
Sl et VA 9.44
(zj, X;) (9-44)
CIEMETH B8, 7277, BAET, RO T—EIZENPNT WS HNERIZELN

THEWTRTOMNEMTHBN, YA 7 e U TITFEENIZ2 x 2DESDAE
Z O,

18Th 1z, 2 ZIZHTL BRMAA DT RCERZ 5 1E. Maxwell DEARZENZTHUE 5 & 21230V
DTH I DEMIFHIZEINT WS,

1889(S,T)/0(V,P) = L i¥Er oM onTWT, 20 GEH] ZT 2 VX —(REFHIBLTH S, 7%
CrENEZEDOEHHN, TR E S e SRR o & RN BRI R BERTH B,
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10 BANFZEFOEE

VRO EERIFE 109 2EHZ B> TRLUTW., HERIXEMARZ CICER
TE&5 (—»Ex.10.6) 2%, ZOiEimIIAEMIZIILE L VWDOTI 2 TIFHBEHMARIZDOW
TODOAiFHamd 5189,

10.1 BFEARTHEERRDETE D FTREME
5.2 6 Nz RDOES )2 O W T £ OSFMRREE (B ZHRAE —5.1) RIADHEZ L %2
ELLLSY. 2D P ZED ZDEBIFBEHRIADOHEZ PP &9 5 (K10.1).

E\

h

Figure 10.1: % 2 RDFHREBO 2K E (EBRITIXZNITERESTIZRVAMER L2 D K S I1H
WTH D) & OO EERK A YO8, BEORISIREBIE —EOMERT. P15 Q ITHRE
JERETE E AR WA IZ T > THEREHIE (H WE A Z N TR S 1T\ ) 12 W BEF K 72 w] ¥ 2k
EELE, N ALVF - FIZdE=w+( IZ>T P25 Q ~NDFMTZE > TE(LT 5.

bbb D JFEHIFERK ERIEL 2 (LD W T (—1.3) BN 2 H% 38 > TER
B ez EBERYER &AL SRR D A A & W BAEFR A C R IT 284
IEBIENTESL. TONRTANF— FlE—MAHEX (3.10Dw + 4.11 D

BTy A —DEBETED I L2V OB P OE IXZB RSN DN, EIZBEMA
WZOWTIZY hAEY—REHETEDILEE ﬁb X5, HEROTY O ¥ — B ERHMRAD
2 s @%ﬁf@i%hé@f%ébé@A%%% ZEEN T B LI,

190521213 EIRARESTIRZWD, 101 TIMEE EZDO L5 IZHWTH 5. HIZIETRELK
WU CEERYED D06, @EIE, EFBNFEROFE R EHME T2 (—3.6) 2ALNE7.
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O IE->TEMNT S, ZORER, Y HANOHEDONE P HMHEE X N LD FHRIR
B P e & %2l WBERN I RRVIFET S, BWEIZWD &, ZOFEN—&EN
THhdIZEIFBNFRUVICIEZEARVE D722 ( Ex.10.1 2), ThEKEL T
HLEMIKEIR VO TY-H ED P & Q 227 < O it Y (1) (K10.1) IZ¥#Hh -
7= W BEERI AT R IE T O P & Q 2ok SR WilifRi—Do & 5.

10.2 & % EHIRRED 5 Wi EETE TIXEE T E A VWEEREN H 2
DLFOERIISETHHL TELZTRTOHEERFIEM S, Kz, BNZEOE
#EH] & U T Planck O (—8.5) 25> D CTHML THEHEL TH I 5:
Planck ®RE: [BEGEREDOATEIZE W TEIEREE (—4.12) BZ/A LRV
SIFNH TRV F—3I D TH 5.1 (K10.2). K, ZHxILF—HHIIEAT4
EARZI > TRORBIZWBINT FAD Z LI TE RN

E\

even if adiabatic

\
if adlabatlc{l><

~~~~~~~ >
YZ
b Yl
Figure 10.2: Planck OJFEHE: HMOREED S 7R WESITIEBBGEFE TIFATIF RV, A X 8.4
2 o TIROEIZTIIMEBBERTEHITL I N TEEH, Az TR, 22 CREDBERIZER

PEREEED — E DML THEE KT E 5 FHREDEAETH 5.

2T TWiEuafe] X (FEBITE220) RATHVWZ, Lizh{iFUo kbbb D
EHPRIEDBAEMERED — BT X (DX 0, AR & WE A —H L, T DT
AR S TVWTHEWELS) VW, WEHORALDX D LDEEBLAAHINS.

91Planck DFEEZDH DIFHE T RN F—PADTEZ 2 EIELTVWEREIITHS. Lizdio
T, X10.2 DFOEBSIZOWTIZITIID BT RVESMBEBRT VARV, Thdx X X FEH
(—8.4) IFYURE AT .

L2URZh L IR L BNIZEE L TWAREJR L ORI TR D & D T 3EBTNFNE UMD 22 U TR
Loz TWIENVWDTH S, FHIIIVZLTWA I B TH AL L L IZYH L L TIidES.
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10.3 KRR WEBNICEIETZ 2 RORMBIRILF—RFIRBRBICI ST —RITRE
)
BAEBTFHE AN P & Q %227 < EARMB W HEFIERES (€ Tk bR D)
P % MFT 5 & (KB e R @ i%?h%h) —FWIZL EOH BIREEIZE

Z & (—=10.1) FZIF AN T L.

E a L

adiabatically accessible,
but

BI| quasistatic-adiabatically
inaccessible from P

p
0 adiabatically
— . .
P 7 inaccessible

Figure 10.3: P’ Q'(B110.1 £ UL, ROMEIFER) 120 - 7z —fRAEF R ROBD B 74D P-Q
(75 DHhAR) 12 - 72 *ﬂ“(i%ﬁfﬁ@ﬁﬁ%%:{i‘ﬁﬂ@zb# FTP2SHFETNEAL Q IZBET
5. DF0b, Pﬁ‘b&ﬁﬁﬁjﬁﬁ*ﬂﬁ IEDVBRL P ERESIRVERR L EORQ IE—HEMITIED, A
P BDXSREIAITITL T 2R,

Z T H10.3 DFE DHEHIFR I > 2RO R 2 Q* & EHEIZS. LD LET (KX
1010)?1«\@3%?0)%\““)620)?@14 Q* HkB & (XK10.3), P-Q % P-AH AW/
NS QMS AIZWBEWIZITF Z 2R TETPlanck DFEHIZKT 5. [HKIZ Q* B
DEIIZQDEIZKRBZZEHTHEINZWN. DFD, Q*=0Q TR TIFRSZ.

ZH5LT, PHS LIZES (EHO) WA g EFHREREIZTRTQIZ, £LTZE
DIRRBIZZZ T EDL Z R bhr o 7=,

10.4 WrEART BRI E DK

10.3 Dkl P 2 o Wi BAEF AT RIZBE T E RO MR Q € £ ITHAT
ERILITER. QORI AINLF—IXQ (2FD, TO Y- IZH#EEHIZE S
DT, WAWAL Q 2ENLT. MIETDEEARERQ 2T RTEDT, P2E

193 7 jE e 1 BRI O — ISR 2 5 < 5. gy 22V T E<HS Va5, Bl s AR
DIEOMWEN S ZefEmTE R .
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%9 N T O W AIEF AT OEFE D> & 72 2 i 78 B T (hypersurface) ' Ap 2 1E S
ZeMTEZ, Ap % P @AW A & IR Z 212U &S,

ZDED Jir o5, PkBiéAP®@Mi*ﬁéMTw5@ﬁAPﬁpﬁﬁwﬁ
AHE (—9.3) TZ DAY MV PIZBIT5 y L.

10.5 WrZARHHBHEIL E ZEBICAIT S

10.4 THEK X N8Il Ap (ZOHOHlFHIEE 104 TRAVHIBITRINT VD)
D, TO EOEBOMQ %3EI. IO Ri% 5 W B BT Ag % /i & Fkk
ZAED Z eI TE S (ZDOHOMIFRIZE 10.4 TIEFKIZHR > TWD).

E

péT

gl

)

Figure 10.4: Huvihirix Ap D Eiz, DX AQ D EIZHB. AQ IZ#E;->TWaB RW» Ap IZ# -
TWTHERENRAL R OB FIZH D LINELZFPHWTH S, TRTAHBROTR - Q — P
— R’ & MBIZ 24T & Planck DRBIZKT 5.

LLE, Ap & Ag P —E LW sIX—APA LD FiliZito T EIZH B L5 %
MREENDD. RIFAQIZHK-TED, Ag W Ap KOK 104125 KD I1Z LA
HBETEH ZDLE, RERDETFTAp IZ#Hi->TWBIREX 5 &, RQPR &
WD W BGEFEASATREIZ 72 > T Planck DFFICK T 5 Z & i 5.
FNPR, Ap ¥ —HTHHET VR A MEAE NS Ap & —HT B L
2 5.
Q€ Ap = Ag = Ap. (10.1)
ZOULT, Ap BEBE I oMM MRSEIMT TS S Z &M bh o7 (K104 5

14 GEZE MR D (n — 1) ITEDZFRARD Z & 2L OZER OO i e WS . ZEEZ0ED LD
HRTLIP—DFD, DEORIKICEL D, FHTFHANKDZ L.
%Q’ipbﬁofmém6&¢fﬁﬁ’$ﬁ&£$ﬁ¢m® Ef& D —OL R, DD, KRG
H1O, MEHAEMOZ L) I2LE EDYH ORI BMEADTIZHE05 Ap lE—HAKHETH
% RBMIZH HNWTIRNZO— DI (RIXT 1 DEMREDZ L) TH S
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fH)196,

PANNY

10.6 MFEARSHBHEIE T RILF—8IA > TEREZ AW

H 5 THPRIEN 5.2 5D & T % 8 5 W BB I X —FICIRE 5 (—10.4).
X 51T, EFHIZHER AW I L > TI NV T 1 —2D L5 IZ/EI TV
5. ZOBHAEOEAER D HIXIROEFRTHEMTH 5. 2D R > 7= W] i
fimz &%, UL —A0 E-HNOE T Rd b ERICHA-> T ALY S Rtk o7z b
T5&, ZOMRU ETFBEFRPETRTO BT REAITDOWTE D LD, X105
DEIRILIIARIZEHBHLULTH B X DITELT .

ngmlaa WA TR O _E FASANE D 2 2 & 137220 HEDRIE T 3 )L ¥ — 12 AT 2 AR
x5 5.

P Y PIEFE—OBAEEE (Py) 272D L35, ZOLIREEiE. PPorolr
BRI Q' Z, £ P25 Q ITWBFHIIZITK 2L TES. PEERELT
Q' ITATE, TARIF—EIEATRERRITIR > THIEMIZ Q' o Q ~Nefi< 2 e
TE5. TZTPQOAHMEEM->T, &KL UTHEWIET P ro PANCRER
BZ5HIENTET, Planck DJFEA AL L7 5.

IO5ULTC, 2MOBELLZMBATHHIZEDE I TR THNTT AL F -GN -
THHEEFMELTWERSIE) ETHEEA-ELTWE I 2hibho T,

10.7 WTEARWGEBHE L FICED & D ICEKRT 50
EWTHMFBE—ED (DF D THXIVF —HHIIEAT2) B EOERIETTNT—2%

68 REFIZBEWT, TNARAIZHWTRWGEITE, BRNEEZDI L b ), TD
BITIEL 2 D 5 5.
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UCHZ—DOWEN FBHENICH 5255 (—(10.1)), ZHhs OWEEIHEES &
EROHBXM (T ANF—HlDH B H57) LIT——TUDEIET &2 Z 7220k
MO N ZETITRINT.

E

/‘/, I

</

y 3 0

Figure 10.6: WA dt@dhimid £ (2@ &7 3 5

VRS E I RER (D F D BN FATR) AR E B 2 WrBGE I O XD NER T
INKF—E 2D UEZZRCE Z 285 EEIMAAKREL ZDOREEZS LS T
BHEHEAL W, 20 FREEIZOWTEDREDZ LR EIRTE 5.

101D P & Q ZAESWBR R EZE A XS (K10.6 RO, P %@ 5 5
Br (B Bl SR ERR) LT P OERSEREN 55 HFE U 7 Wr B T bt i 13— 3212
QZEBBHEML LOHLRUCEIET S, D L NEBRIAZLDLLLRVDENON DS
HA-2TOMBAATRKIZIQ 2B L LOHLZEEN 258, Q1o PIZir W
BRI b AAMLFEL T, O ETERIEDLSLZVDTN 26 PALRES
WA R DEZT VRN IZEEND. DXV, EEIZ/NS P O W]
REIZE 2 THIDINE QDIEFENHY, £-HHEZOBMRBEIELWV. Lzdi->T,
Wi 2 A] R 1T BB AR 5. T OFE RG] WOEAE € F I3 EE I 4K
295 (— #H Ex.10.3). D% 0, WrE\al @iz » 2 %€ OB Y I8 1T
BPNETANF—H Ey TRTARDIF LT (E(YE),Y)2E£RTBL, E(Y;E)
& By \ 2Bz & 5.

10.8 WRBATEHHEIXE D SWELNMC EICL D H?

WA REER D E I DWW T DA ARENE, DE D E(Y; Ey) D Ey (DWW TOWS
AHEEMEIZOWTMAZEZ 202U EH S X TIRE L TE /2 L7100 513
MPLEZ WD Z X TERWEASS. BIZRS &S5 ICWEG BT E 12 S H
WHRIET B2 VWA WA LEENI W, ZNEEDICFSETENZINELTE
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LRI TEATATHZDT, HIZIXABKRT T 0 —F TIERINZZDZDHD
NEREFT L. RETIE, BHEOZOIIC, ZOREZMHM->T, BE(Y;E) D EylZD
WT DM HEMEZ H2 6 X XITKET 5. (— ¥ Ex.10.3).

10.9 BREAAIHEHEmE & O
SEThbhrolzl 2 Fddl, FHAIRBOES & 13 nl W U 22 W HuEfE T
KT E B EMPRIEDEE D & 70 2@ e MR T (Wr B mr g i) 12 & - T B REIR
MR L U7z (—10.6) EFiZblT 5 s (—10.5).

& W THMERERE—E D (D F D T3V ¥ — 8T FAT72) B EO&AIE TR T2
ZUTCHE—DOMAMYEIENIZH E0 6, Zs OMARGEIINES & EHD
HDXME (RN F—HlDd HH5) LIZ—K—1F 52V an D < (kI D
WTI10.7; 2 FHRZRBERDO S IOV TIE I 2% AN S 10.8).

W EA T R T D REEGE (—10.4) ZMTEAGRAE T T—MEFHE R dE = Y yidY; %
AT 50770, ZNEERESE TR Thd, BT 212, BIEEEROD S
FEIRIZATARZ MV (Y1, ) PEBINTOVTEDRT VY ¥ VBN E 2D
720 U72h3-C, Wil 8l i3 Y (2B U Gl 20 72 1 T < I FTRE T H 5.

PAEDNERE N T 723 B BARIZDOWTE X720, HERIZODWTH ZDOLME
PTHIHDT, ZIIZEVWZZILRZFOEEWTS.

WIE - fLFRNTIE, — D QBB BRI & 1, RO D BIREH SRR LIZ (5
FEZTWDRT) MBI IERWIZAEL S 2BHKDOLKTH 0, R LZRIGE EWE
P2 S U TIWEGESIE, ROHSRENSEL S 2 EHRNEBHATEE LU0
DI > CTHMTE AT RTOELEDEL LM TH D198, Lizhis
T, ZO@EMENTEL S Z 3B NF e HBERIZERT I IV TE S, B
X, B EEEMOEBEBEHERLDDLIICTE I CERYMOEE 2R
5Dz,

17 THg S D] &I ATREZR &\ 5 Rk,
8 L3V R, BFDBED A B RIFNENZRR (—2.11) Tho7zZ e ZENBWNnESITL &S,
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B f#h:E RAFZEROREORITA M

B.1 R EREBROMEMERATREMEEZEZ 2D
HD5H5Z5NTRDVMREORAKE ZNESTH S (—5.9). Lo>TEHDEED
MP EHDOEEDR Q %A HAHARD E DHFIZH . Z OREKIZFEROY LS
7 HE R 72 AT 0B FE (- AL6) L U TERBITE 2725 5 »19? B2 odRIEIXL
X UK E NTERED =D OFHRR A8 % A SRR | E Y 70 v] 908 FE & U CEBIn#E
L (WObIE-oZFDZESES LIRS RV IRETEDT, UTFOHEMIIFHL 2
EFTHRVELTHEEINS. LrL, & NOBETREGRRE A HEF A @R & U
TEHTELZLE2RUTBLLDRIEETHS. TN H-> THOTENEEZEN
DIEEDRIIZIR > THHICHEHATE 2 Z 21248550577 (—6.3).

B.2 WrZEAEHIBE

101 Tam b7z &5z, —MHEFERN v+ 2 E (P2ED EP—EDEYVMH) IZ
#HoTWd P L@ 2ok lRiiiicisTHDT 5L (M 10.1), P& (Q L
VEREREM —B1T 5 Ap D EIZH->TWVWA) DD Q 2 DR SRIENTE S (—10.4).
£oT, P& QaDORSHETFHERNZLEREITAET 5. #0ETH, ZOuE
MZH L FTENEDADPSRHLIAEN-ERYHIC L 2ERTH LS, BNF
IZE > THARETH S, L L, FHEAZNTWDEENfEX, BJIFH
AR LCWAEHYHE - (LEIZEENTVWAEDT, bIbIBNEOFEL LT
RSN TV,

B.3 #FEEEE>TD E DEIL
Planck O 5B (—8.5) & £ #lliZin - TEELREL/L 2w C 5. B 10.2 THEWIZ
ARIZI > T E Z2BAIELZ L IXTERVD, MINXEsZ3ngETh 5. %
Fix, EBRIIZIIEFEEZEBORIZE > TREWIET 5 Z L THBEIZR S, £ 5 70 6 Wk
TRHRUIZEILLZERTETVWETZ,
ZZT, MORWEEWHRIZEL Z & L&D (— i Ex.10.4):
R, TOREVREIZHBIRY, BAEEELZZTI2F DOBREE L Bk ] R
Iz g B Z & AT X A200,
LOMELMINTH D Z W FORP A2 LITWB Z 2 Z2H LT NB EEFES RV 2IZERE. L,

BRI R EMEAEH U TRV S IXEFHN THNIXVITHETH 5.
2007- 72U, MIEORBUAMHHKEIE N 2f>TWb e, D0 ~BORNFEOHRETIE,
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CDOHRBMREIZ L > T, EEDZDOFHRAER 12 v] FHEFH N 2 @R AV FEBL T
X320r%%(-B.A).

B.4 FEDZDODEERBIE AT HEFHNIC ORI ENTES

BE2oNTROMBTR_DDOVERIEP L Q 2525, Q LA UHEEBIE%2 K5 Ap
(210.3) ITFES>TWVWAHRQ* 2 LD (DFD, Q1 1FQ 2ED FHiE VATRERE Ap
DR TH5 - B.1). 10.1IZ5HL7ZLDIZ, TH5ULTP»S Q &H UHIEREE
R o 7r QF NOMEBVER TR ERHTE S, Z2THLEQ=Q"25ID
WrEGEFEDRK D ZWFETH 503, —BRITIZZDZDODREIZF U TRV, T ORI,
BAEREIE & (> TREZ AW T 2 0%mP T 2Tl & v (—B.3). Lzhio
THEED D DFMpRAE % HEFR A WORFE TR Z N TE 5.

B.5 AR OEHGHIRITEHN T HBIEE LTEIRTE S
HZo6N7=RT ZOFHARED 2K € 1ZINRERS (—5.7) DT, TO[{P & Q
Z D7 g HhERA E DHFIZH 5.

Z DHRRRZ EF A OERE (- A6) L UTERBTE S0 ?
BhFZEMiEa—2o0 v REMEARES (=5.2) 06, HU2mMEDHRS OO0
GHAROM O M2 EHRTHI N TERN, gt P Qa2 SEIONH
BEHARIZ W < S TH I P B S T & 2 Wi i e B iE & B il T
KR DAL LR TIENIRIEEIEDL Z LD TE 3.

£ o T, ENDERED =D DFHRIRAE % K S 2 i 1 Z HEFFIY AT R & U TFE
HWTE5.

B.6 2R TIIEREDOZDDOTAREBOREICITEBBENFET 2

ER LN DHAIZR S & 512, Planck DJFHEZ 1T A CETHS DT, Rafwitke
NE T 2L X — DM BB E IZ AR M2 INT WS, ZOHIFEMARIZEWT
FIELWD, HERTEHEOEETITEA LWL S, EiFEZ EEDO DD}
BRR B DN XM BGERE P FAET 5] 2 & O —RINGEIHIZIZZR > TV,

Mayer-Joule D JFH (—7.13) DB M"T T, LFEEHHET 2 2 & TRIZHEEET
FERNZEAEMZ BN TES. UL, Planck DI (—8.5) XMz #v%
RETAZ LI TERVWILZERLTWVWA.

ZZTHRIMAE B1DEDLEIXQ 25 Q IZWI AR MIIZITK 2N TE

NDR—RIZITARATRETH B Z LI,
00N 2 A DB B DY, WIZIX, Frechét FREEDMFH X 5.
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5DT, P15 Q~NDOMBGHENEHTES. LU, RUIPEB.1 DADHEX
Q* 15 Q IZHIBNZ IZAT I 2. ZOBAIXQ H 5 QF [T IZMBMIZF 2 2T
EH5DT, QN5 P NOWBEGEFENHEETE 5202,

E

Yl Yl/

Figure B.1: 7: P26 Q* [IXMBWIZITITS. LD Q" B Q KO/ BRNBZ AL F—%
FFoTWwa ol Q7o QITEEIZ (MEAA M) [T<ZENTES. A: HLHQQ &P
TIZH B e, BEWNIZ Q* 15 Q7 22 IXTERW. LA L, WEWIZ Q 75 Q* IZiFWiT 5.
P-Q* 3D T Q 75 P ~WEWKIZITI) 5.

£oT, BFRIIBVTIE, [EEOFEEREONZL L L, Dl s —FHro
M NDOWBGEREDIFET 5 L Dh > 7z,

B.7 #ERTHAREDZDDIFEREDORE ICIZMBBRENEFET S

LT IH2EERDERD ZDDFHRE] (AB,C,--+), (Z,YX, ) IZHEDHIHR
&, DF D, MORMEDRE (BEFREME) Z AL R > TEBTE 5 EipRELET S
DE&TBH. ZITALZ BLY, - IERMADBEZOREBONIGTZL T 5.
EiRIX (AB,C, ) = (ZY.X,--) (BB WIEZ oWt (2,YX,---) = (AB,C,--))
W EVIZEBI T E 5.

HELBIRE, HOIEAREELT 5 RMADHEICHEFERAPEZ N L THo 7
LTH, TNENZEZRHINV.IETCHLEHMOEEHZLESI I L THS. £ITA
— 7, B=Y», TNTNEHEMIZ, HE0IE, SO THEIZ (DD, Wik
BHIADHOATORDOLHBIIHALT), EHTENE, ERE2TEHUEZNL
THARIZELD ETNITEARO MRV TE 2 L1125,

fHHD7DIZ, 2DODHMAN ORI HEERTETEALS: (AB) = (ZY) (&
WM ZOWEE (Z2)Y) — (AB)) ZMAMICEETE 5.

HHRDIRAE Z 20 & Wi BEFRI T OBfE CEETE T A LM UBEBIE Y %

2BV IRT D, Q & QF DALFMMITEHE R U Tldiaw.,
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OIREEE A* L HL 2 L2 B (Fig. B22). AT, HERDIRGE A 5 skt
TR CEE T & T 2 L [ UHMERSIE Y % R odkiER 75 2 X b B 2 2o
T3,

No contradiction cases
EA 7 E 7
8 : | é__ﬁ/q '
. A . i
A
re— ¢\ | ——¥

? H Y Z* ;
(A, B) > (Z,Y) possible Y; \ / (Z.Y) >(A,B) possible 17

otk
. § WO
gipaio®
Qss

Contradiction cases
E ‘F 7 E ‘F 7 %
i e P

o] ]
N AFE ,xc&C‘“‘“.“"«\c\“ :

od .
cxc\‘““jg o B ®

peal ine Y :
OOy Yase™ B‘—/?Yk

B ! !

>
>

- . jA, B)\—»(Z,Yz })ossible Y/ E(Z,Y) —>(A, B) possib)lew iﬁ}; 3 \
igure B.2: T“ODOHMAN SR BEAROVMIREE (A, B) & (C, D) & D7 Wi BUEFE DR,
BRI EORGRZ R U 72 B RSB .

A—=7Z, BoYD, TNTNHEMAL LT, MAWIZEBHTE 258121 2<H
B iRz ENns. BHiROEEZ5bENIETVWEZITE. 2hdiFig B.2
® no-contradiction DEDZETHS. HLEH, A =7, B— Y DlEELZNT
NO T OWENANIZ RS 9 5 & Z203(Fig. B.2 @ no-contradiction D45 DHE) 1,
D% ZE AN Z NI, ZNo OFMEIFFHFE EB.6 LHUTH 5.

MEIZZ DO DOHAMPEMAL L TFETEIHAETHS. ZNEES WK
507 —AORMATIE LOWBHAD, £ U THGOHMRTIE T DM
NDEEPEL B & ETH D (Fig. B.2 D contradiction DFE). Z D& IE (F]H)

WRETHPD LT, LHIZTVIEE—2H6T L&
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BORY 7 (B A4) & B WIF A EF B HUI WD TH A[FER D T (—14.11 H B\
1314.12) TN 6 %25 2 2T, BeLU TEPS TOMBARAOBHY — Y &
[FRFIZ 25 =7 2 FAfT79 520 ZDH 7 — ZITBEOLFEORRZES.
INThORE L2, WSOBMALHZHETH, HMRDIRE (R} & MI6T
% {R*} D TORKRL UTOEREZZ Z, A o#EIZ 72 < TUXR SR\
ZEITLUT, BOBRVWHEMEHEOBRTH S 2 & Taike U THIEW R 2 i HE
1272 5.
AR MEEDO =D OFHREDORIZ IXMBGERE V] §5 2 & IZEAWFEETIE
B2, TNVRERINTORIFNIEBIIZOERRPER EAR S5, L5
HDTIEZR,

RELAKERAIDTGF 28T U 72 #7E)

WHELHZDEZ*NZ L0 RITHAZS, BB (
AB) DVHREAR I T TH S, ML Ex.10.7.

TA* A LRBHZ B* 5B (B &0 FiCdH 5 RAE)
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11 T hOE—DOEK

11.1 PR YEME L T -EEZN2BBOTRARERF T rAE— DE
ETZ5: ¥R
H % RDNHRRFED 2K 1T Wr BRI IZ K > T L FRRAMIAR E L7z (—10.6)
JEFIZhT 505 (—10.9). TO—W—W (FEE) Z—N—Eos»z (DF0, R
M) EBDH 25X (RONFHL A ILF— E OfF) &XFnL TW5 (—10.6, 10.8).
ZI T, EDIDORMPARMG CERMELE) 22 <KAo —CIFX
NDMWFTREBIEN S ZIRD LS ICEHL TV FERFDO ETIE S IE—EEZHD
T RF =B > TIRBERFEMTH S: 2F 0, SBEEEMHEY I28WVWT,
E<E =S[EY)<SE)Y). =72L, (EY)H(E\)Y)bEILRT L3 5.
DNONDOEAMEE L, SEHEREO AN ETEGEA—ELZE IIE N
TWb e Y] PERAROAETHY, T b — SIEEORIFE
NEER\WN] WO EDTHS.

11.2 HEHHMABTEIE TRV F—8HIO0 > TROHAY TRYBRA SN
10.7, 10.8 CRMRFTIRIE & (B(Y; ), Y) L 2R U7z, By & ST —H—H
SR H 5. £ T, SOIET Ey 248E 3L, S O TWrEar ¥kl 23— 211z
fREINDG. Ey WS O oD IREBRFARMBRTIHRE I NS L LT,

E=E(Y,S) (11.1)

ERBELES.

ERIZE T, BIEBELZ DT AL —2 NI EE 2R TENIES
M 5. ZNEDOF D, RICEQ BRI TLERNIMZA K S IFEMT 2 2 »
5 Z &7 (—B.3)%,

11.3 S = 0[8Q], SIFTEE
ST EOW o kR INERTH D L Lizh o, b E (RN OEGQ > 0
ERIIMADE dS = 0[6Q] TUAH 65 > 0 THL TRASARNWDS, X512, dQ

52505 ZeNEBICHRETH S Z LI (—14.10) TR S, —EIIZIEB.3 TEHI LTV
5.

2060[(Yy, 8 +05) — E(Y0,5) (=6Q) & E(Y,S5+06S)— E(Y,S) DBGIRVHAREY (55 A
RIED E1ZH DL LT) IZDVTHHAFMRDT, W75 Y IZ2WTH dS = 0[6Q] TH 5.
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MERZEIEIBL WD T IFZTNDRENREBZL WD Z DT, SIER
BLRETRLI TR S22\,

114 S(E,Y) BRANFEZRICOVTRBOATETH S

S—EDHBHERE (DL Y HHWEF WM ' E = «(Y) e RBlEhB &L &
5. TZITCIDERBOHTEHEMHEEZY oY +0Y N 2T 5 &, [REEEEIX
(e(Y +6Y),Y +0Y) I2Z&T 5. ZOEFEOHRTSIF—ELZNS

S(e(Y +3Y),Y +6Y) = S(c(Y),Y) (11.2)
THBM, SO EIT LB TTHN: L 350 E = o(Y) ORI THEMD 5 EDiE

0 de(Y)
S@x¥+5¥)+EES@LY+5Y)dY

5Y +o0Y] = S(B,Y), (11.3)

Oi 0207’

S(E,Y +6Y) - S(E,Y) = —a%S(E, Y +46Y) diz(;:)

§Y +o[0Y].  (11.4)

ZZTHRY TSI EICELTHMARERD T (—11.3) I TV 2 MR EITAE
RThHb. Lzh->T, S(E,Y)IXY IZBU TR vIaE (2B, RIS 7T Ee)
THdIehbhol.

EoT, SEANZFEEE, Y 2B L CTRMDATRETH 5.

11.5 BFEMICLZTY bOE—DEL
TODENENRZITEMIZH D () R T &, 2K U TEMEAL TEEA
BTCTELEAROI Y PO —FH LD D2DORDIT Y buEY— S & Sy 28
BEOLHRLUTE I RENEEZEZ LS.

RIPINTOITY hEE—SDZLLIE §S = 0[0Q] (—11.3) 72D T4 2R B
o B L0 0 2io>ToQr = 01657, 0Qn = OpoS LEL Z 2N TE S,

IPBDETIAILF—6Q >0%2K87TC, IBALEDIRINVLF—2L55E, &
ARODIY FPHE—IFZDODROILY hOE— S & Sy 2&bEEDRDT

1 1

W0TZ 2T EIRWHRAETHERT BRSO T —RKIZ EOEXD D D,
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X725, 1ZUD, IBEDWEVER, IBNEDVBVREINTVED, L0HBZVAR
MEDKERIZFDDNZ D THRVWDHR, ZbNOIITEH S RNV L IZHEE.
TINEHUE LR TER SR,

Thomson DJFHL 8.6 & A X FHLI8.4 725, ZDDEYENHIUXLEH W (> 0)28%
ERLUTUNSMIZMAOEBFHEIBRVRXDAHoTEIW (Z VIV THDB). 2D
EE, FVHAVWRIEEIDBZVRINH D, #6Q 1L Clausius DJFEFIZ K LR W
ZOIZIPOHTHZVRICKN TS Z 5, TRILVF—DHRE (Wb SH
—JEINIZE 5T, WZVWRINIZHEN TV B 0Q — W TH B, TR TOEREIE
WP O THE LT DL, HARI+ I IETOH ZWEEEINHAIZE £ % 5.
Lo THARDT Y b —IFZ/L LR WP S

5Q 60 — oW <1 1) SW

= = Q(——-=)=—>0. 11.6

01 011 | 011 (116)
LdioTop <. D0, BEfHidsR (BA0R) 3L 0 kEm0 2510,

s, (11.5)1FIE, 2F0, BEMIZEI>TTy b -3 5.

11.6 BE & (ZE,: ExREETY bOE—
BOPMED & 7207 —BUL, KODEVER (=7.11) Y& D KER{H (—8.3) 1272 5 R5R
7 fRAE & 2 — T (REBR) LS empirical temperature £\ .

L7h3 5T, 11.5 0 0 IERERIEETH 5. Z ORBRIEE XS ENCARZ DT,
I N &R absolute temperature EEF L, SHRIFT 2 EL., ZLTH5HES %2R
DIV kBt — entropy &S,

dQ THIHHNZRIZIMAT 2B EZRHT S 1B T 5L (dQ lEF—KT—DD
FETH > THOWMA R L THEREIREEL DT Q DWW TIEARW)

1
as = ZdQ (1L.7)
THZ 6N dS IPREBEABMDZELTH 50 582D (—9.8) THS. LizhoT,
T3 A dQ OFE5 AT integrating factor TH 5.
PRERAE Y — @ ORI A 2L B W T dQ 2 MA 25 Z L IZWH T 2L F—%

P (= e Nl L X5
OF
(5§>Y_7’ (11.8)

08 Z DFEOHHITONDONAS RT WA D TR L IZRAR S 2 L IR,
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CELZENTEEHDT, Z DD THHRE absolute temperature DEFHE L LT
H L.
CZETSOHRMZHRLTRVOT, MET ORMAHFE > TRY., BRITHS
512, 1 BEVOHBKKRDOREAREAEZ PV x T ORIZTEHE, ZOXRDOFDOT
L (11.8) DHD T XM 5 (—15.4). R=PV/T DL ¥z KT B TT
BLUSOHRMALED SNTNWD (—11.12).

11.7 BEfIc L 2Ty hOE—DZ(L: #EEAE>T
UTFONEIF11.5 %, #iREZH->oTHOVEBELZEDTH L. TNENFHRE
WZHDHO0 (BH) R 1 & 22BEML TEARE L, 2KRERASMAETICEL.
ZU®, TNTNDRDEEIXT, > T, #7230 L LS. Clausius DJFH
SIIWZLNIFEEL LTI RNF =D 1 NS 2AERAWHIZHENEZ b, £
T, 1L 20MOBEZMARD T XINF—6E (> 0) 0105 2 ITBENT 5[H72 1 B2
BNz LT, [ Z 20 2HFHRE S, 11.6 12L&, EMIELZETIE, R1T
FOE/Ty 20Ty bRE=DWY, R2THIE/T, Ty bu—»m442 529,
2%, 2R UTHEASKE T TEAROT Y b ¥ — I3 RA KB EIZ L > T
Hmy 5.

1 1

(MBS FOBEH i Co Y b —2 o9 2 IFTERWV]. Tz har—
% f#i 5 7z Clausius D FUH (—8.3) DE WX TH 5.

11.8 Gibbs BI&=
HEFHRFEIC DOV T — B FHIF—BRAEFHERA w0+ ( TRETE DT, Wb s E
JEEDHE—EA (—7.13) 1

dE = dQ + ) ydY; (11.10)

LEIFEM, Ihexybn— BOAHZETORGIQ = TdS (—11.6) &
bEB L
dE =TdS+ ydY;=TdS+> zdX;+ > p;dN, (11.11)

J

2008 W2 LT 50, RPRBOFEZ L TWAD TR, BEERENE I L-oTWEhaE X
TW5AD7=.
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b, ZOBBRPENFZOREKBEBRATHSLZ L2 RIKEBIFE2EBRIE-D
73 Gibbs TH o7z (—11.8). £ I TI DK% Gibbs DRIFRA Gibbs’ relation & \»
5.

FE dS & dY = (dX,dN) \SJER/N7Z BN 72 — D DOEEPREED I DD A 72,
Gibbs DBIRANEHK ZFFD720I121%, RE(E)Y) LRE (E +dE,)Y +4dY) & &
HIEHPRREDES E 1T A> TR TR S 2L,

Gibbs £ TOENFIIE _FEAZEAMLT 25 Z LITENZFENWTE72AY, Gibbs 1
ZTORERE Ny haE—2fio TN E2EEANMLUEARIZ S ERABRIER
WZE U7z, T OHFEED Gibbs I UODTEE N LEZZOBBRRZDTH D, KIH
I RIEE] x dHE U (DF 0, & L) RENE] OO G ORI, 575> T
WABZEIZER. bbAAZNRBNEDPREBICE S BERYE - LFh S DEET
5.

BHZIZ > Ty b — R T DM B EZDT, Gibbs BfR%ZE dSIZOW
TELAVPVIEV IR DOHARTH 5!

1 Yi
dsS = TdE—Zi:dei. (11.12)

11.9 Gibbs O & EE KIS

4.10 THELZ X512 Gibbs BIfRIZHI T 2 dY IZHEENTWS dN 1FERE N
RICMA T RSV 0 T2/ FMEORE (BER) THB. Lzd->T, {b%F
KIMZ &> T(2F D, (LFEEMEDY 7 M & - T) BB EERIZ T 2 &l
AN TEREINBHEIEIR. RO EBEOEMRDZAL dN 1338 OB )%
BEEBIUCX MPMEEINLE, KINEMHRR (—4.6) 2{fi>T

dN = Rgx(N +dN) — Ry x(N) (11.13)
rEF 5210,

11.10 {EZRIGED H %355 DRMD

Gibbs DR (11.11) 1
OF
T = (%>X7N (11.14)

0N S £ TH AL, AN ZMABRNCRITEMIZH 2 Ry x(N) = N = Rp x(N*). ZIZT,
N* (& R OZBE UTHEAMAERE O N & BUERC— 80T 2B A ER L W5 2 L & FIkL
TW5., 20, N*=N WS I 2E%kT 5.
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2HA5.
RD KD BERAB KLY 5

T; = <8E> . (11.15)
2% S, X¢,N

P EDIRMAS DR TRERDERIETIE N BHEIZN e EPNTVWS, LarL, N%
EET 5 70121F, —&iTlE, HEOBIFREEZ LD TEPRL TERSRVh
5, T o DERATEFERZERIZ RV,

WL DODDOYBERIEAEZEZ 72N S S X 2EELTHIFADT

OF
ON; S, X ,N¢

IZIEERD D 5.

11.11 BRI & (Efah

HERADREERZBNFNIHRT S 1L, TOROBNZFEMEZREL, T bO
Y= S 2 BFEE(E)Y) DB LTEAS I THS. £ TS=5E,Y)*%
RDIEARK fundamental equation £ \N5 .

HEARKIIME % DR ZBSFENIFTR T 2EDTH D BN ARRATIE VDS,
HEBEDRDEARAREZANENLGEZ L LIZTERY. TRIRBREITH S0, H
WA B DGR IZ & o TRHZDH PS5 2 500521,

HERPYEETLRT 2L ZIREBARA L VWS L2 UIXUIXES . #l2IER
RDE P, RV BLCHEE T OMOBERRENEHTHZH, ZHIFHAKXTI
2\, TRLF—IZBETABWMAREL TWD., ZOoHE2HESKIZIOWTRT
BIS (—11.12).

11.12 BREIJAOEALRR
HASA N TEIVOEP, KRV BLXOHEE T OMOBEMRIE, Hd, REeAEXL S
bivT

PV = NRT (11.17)

PG| 2 RALE TR IR R ISAIT 5 L ¥, FEIARSIIIT — XA D . BB TARAE 5
BRI & BEAFT B 1T IR FBRINIT L 5 MR W ERGEN Y 1 2 L OIRER £ 055 25, Z i — &
DEKITH 5\ b d B AR (HIZIE ) 2RIHBRT 5D TH5.
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LEINS. TIZTRIBEREBERTH 5212, ZHIZT RTOREBAREAFRE, #H
ZORRTITRL, REBAD WAL HOFERCLIMERTHS.

HHESARE DN RICHER L LS 2 ThIE, TOBNEEMEZREL, #
NEEEOEKE LTy b —%25250, N V¥—E%2Ty o —
CALFEEOBBE UTH A0 ENRH 5. HBEOXAKORNFIERL, (WEORE
Nﬁ%iﬁmthf}W%I*w¥—®&#i%ﬁvtﬁf%é.%pf%®%$
RXE S =SB, V)DFEEZLTWS., EARZWL O0ORERFFITHE I N0 TR
ROV, ZTD—2F VWL HREFHENX (11.17) THS. 5 =2 E LfMrdH 5
Z DR (BWIRRE /HFE N thermal equation of state £ EHN5) Th 5. HAL
WTIE TEIXREDADEETHSL] \WD [HFE] 2Z07DITfHS.

L2 LR W& 512 U TR MBS NEI A 728D T R THEBT RV F — 12 &
DBEPS, —EEME (DX, (THEE ) TS5 L&, HHEHRCY (18T,
EIVERBARE LTINS —14.6) 2o T

E=NCyT (11.18)

LEITDH LT D (RERFE), HFEE—ERMG T TRIMAZENRTY brE—
{bZZEld 555, (11.18) & Gibbs DBIR (11.12) dS = (1/T)dE + (P/T)dV 1%
NCYy NR

7B + ——dV (11.19)

s =

ZRIEKY 5.

TV O E—IRREELD S dS B2 n =782 X (—9.8) TH Y, H 5V
REF (B, V)DT Y bat—i&, [ZUDDIREL (Ey, Vo) DTV FEE— S, B¥bhro
TWa% 6, BN FEMADIE F 22 W0Whkd (BRI 2o 72) liIfRICA -
7EREEHE D ERERIIFA L TH S (—9.12). T THDIZINSIREM (B, V) IZ
1€, ZTOHBM D6 FIfT<RBREEM - T (11.19) ZHBE7 L &5 (K 11.1). 1EL
IZDWT P/T = R/V 72DT, 1ENOHBLAEDOIEARNIX

V'R

E Vv
S =5 —dE —dV = § Cyvlog — + Rlog — 11.20
o+ . + v V o+ Cyv OgE + OgVo ( )

EHEZoNG. ZofEN, BIIFETHODI-WZ EIFIRTHS:
P oS R 1 ) Cyv
7= (ov),=v 7= (55),~ 2y
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Figure 11.1:

11.1 fki (11.20) OFEEE. BIRIBT LHOREB F 2 B F2EMNTH S (RE2R-72 —9.12) B
Frphf (B2 R OHER) TR THALTHVLA, FHELPTVORBRO LS BLDE35. 1
BB B2 O BERME 2 o TWW 5.

212 R = 8.3144598 m?-kg/s2-K-mol.
23072 < & B AR TIRE DU 7 R BR = 5.
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12 Iy hOrr—EKDEIE

121 T OB ROFEE: 2 HZ

BHRIZBWTIE, RaEfs e NE = 2 V¥ —2WER TINS5 Z & & 73, Planck

DFEMOERBIZR D X512, AAHTHEDT, WEATEEETTZ Y bo—h—

RHNZIEINT 5 Z 30050, ZHIFEHAER MBIT OV TRINZDIT TR,
9, BFILEHERRE L B O EHPIREED R Z R Z 721D T, KAz

ERHFT A OEEPREEZ EERIIOWTHEEHbALHEL TR TR

S50, ZThhi12.2, 12.3TH 5.

12.2 WARWBRR—HRTERULHAE LAAVWEEREIZE S P> TEZH
5.8 TlE, WL DD ENTNAEMRIEIZ H 2 AR Z SFEOAE (RS —2.1)
ZNUTESI L THER (—2.10) OFAREEES Z N TED I 2. T
DEIBEFEDEE ZTNEFNIIREEDDHSLY b (0 ELNARV) 2T 52
LEHT 2N UTHEMRAZMAEDOELI I L TWAVWAREEREELZLNT
5. TOEGREWRDEL L VW—ERREIZTHESAINETSI L TVWANAR
—RR TRV EZED Z L TE 5.

BNFETIEZ O > TCTELEEREBLU DLW, BIZARZBRWLS 5 WS L
TH I DG TIERERITIIBNFZDRRLT H OWILERZEEZEZ LS NSDT,
EAMHE (51.4) 122 > TEINTHOFFMZREBOIEEV T RETH 5.

12.3 HRFMHAT E OFARRE

ZIZT122 CEo - EBARDEEZ I Ao T U X 2K, BRI, Kz, TO#E
AREME LU TVWAITRTOBEMADVEUYMETTETWE RO, BMRADDH S
SEHPRRBIZD K W IZEBELZA .

BEZ AU 445 BT 6 SEHPREBIZ I B o 729321, BRI D B\ T B APIRAR I 4T h
WK DI TEET) MR I Tz FHREEEZDZRELDT, ITNE2HRI N
SEHRIREE constrained equilibrium state EFEIEX S . T RTOEER —EIZR172<TH
WS G2 SN (BE) RITIEWA WA X F X F AR X W PR IE A AT e T
HbB.

WREMEZRS LTV Z L, HEWIXROEHFKNEIZHT BHIRZRHS LT

2147 MIFSEAEPIRIED E S 2.8 12X 5.
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W Z ez HRZ2505 ] ERET 5. Z‘A,E‘M’mﬁi%%&)fu\mi‘ow:ci (kR
2, MBI RE kR L &) R AR IR

BAZETE, DDA LILREN (—2.1), mﬁxﬁéﬁﬁ EEZTDHD (%L D
Gitr, BEZ DD D) DRNFNEGF G FZMHETE 5. TBE] LW 5 DI3 (BEENR) 5
REMGEZDHDLHE—HMTE S (— #H Ex.12.1).

12.4 TV MOE—DREICEKRT 5872
(1) BRI OWTIRIFRBEME T Y ba =285 Z & i3k wn
LRI TIZHI-TWS, ZhZZ >y br Y —DEFHEE Planck DFEMNASEHIZH
1% (—B.6).
7z, 11.7TI2FE2HDTHB LD,

GD TODREREMIETREE UTKHASRE TICEITEEbELROT Y b

— D Z LT,

KT E 21X, Planck OB (BrEic =Y b u E— X5 E72\0) & Clausius
DJFH (BFEAIITY o =280 ) Ik by ba =25 Z 2 idhno .

12.5 EEROBABRTIY FOE—ELT B Z &R0
9, PHAPREEIZH 2 EERDONERIZH ZEETH) D B L CREEMR 2 AT RIZ LT
HIEBPRIEIIAETH D Z LITHER. £ 2 THRE DRMEEERE O (— i HH)
EREFETTHENC, FEMAZ DA ST THEL. INT—HREFOMZ K
ZEAETINPEHMNEVIREZFRICIZTAZ L IIAHTHS. FHMAIZBT
LEFRIIWEVERETH A0S ZDOBRETERE LTOT Y b E =25 Z & i3k
W (12.4 (1)). £I T, BIINHOMREMEEZELT T L L &, = bo =3 EED
ThHhdIrEZZIEX.

TOOHMAN, TNTNTEIRE (B,Y ), (B Y )IlhdLdb, ZDD
DRZRRE UTIMNLERE FIZBEWT, A5 DRNREMRUIC (D F D liRDE
FUZIE R A DHIRE 72 LI WL DD RELZRORZBPTF I NG L LT) GRS E
THET B 22 NTFNZ (B, +AE, Y, +AY), (B, —AE Y, —AY)D X5
2T B7255. bbAA, TO_DDRITEWVIEEEERIZH D, TNnZTd Hl~

2BRITROFAE RNEOD 28D, HREHD > THEEIZED SR,

26 = D DM R E BRI BT & ERBADSHENNZ IERIZ 22 2 BRGEIZ R0 DS, WEGRE T T,
BRU 72870 5 IERD — At F 70 UITHEMED K D 3 o 75 R 2 W T & 5 DT, FEEINITHIEMEDR
oo LTkW. 5.10 2R &
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EHRRBIZH B (—2.13). THICENEFNFIHEEL-Z Y brE—%2Fb, 0
B LU CRET 2REOTY b — 5 5 IZFE L.

£9, MRDOHDEEIMEATH 2V MEEEOMLEORMEHFTLLT, Abt
REWET 5. FEd 5 FHRREIL, MEMRPEWIZEEWIT Rz Z L H > T
FET 207205, 124G0) RS, b5y hp—dEbTH 5.

T, WSRO M DEEZ BRI 72 N2 5 — &&%@x@%#é&w*m%tﬁ
5. 295 U TliR%EBET LD LN Z > THi7z 72 Epk g Wé?ét
5. 12.4(1) ITF DL SIZ, ZORELHYDODREL D TV b =254 U
W5 Z &R,

PAE 2B OBFE L ZHIZRVIBEEAOE RO Y bo ¥ — 3R KT 5.
Z A BRAE IR S 5 2, ,MBE IHWT 2D (0 IZHEE) DEBLLNTHBHH, T
Y hBRY DN S A5, AROIXIVE—DRIZEZIIALTETDH 527,
IR 2751 XZ DfEIK Sy 0 & —5F 5218,

PRS2 BEBEIZHE L CWL BB Ty br Y =R T 2 Z e e o 7z
#6 Sit2 > S1+ 5, THD.

Digiiz ~ 2 XD EZL OHMAP SRS NEERITEIST 5DIXES T
365.

12.6 TV hOE—IBXDRIE
12525V 5L, Be EIXAc &M oWEEIENEE adiabatically accessible T
5LW0WHZLEA<BEELSILIZTELEROBEFEAHLL TWD (— i Ex.10.2).

A<B = S(A)<S(B). (12.1)

INhzETy b ¥—KDEM principle of increasing entropy & \N5219, BAU 72 %

NWEOHZXEMEHINT S S QXM OBRIZMAFEHEZ > 72 (—10.7).

218 7 ’f%i%'%z UTHRSNRIFHEMR (WHHRZEVLRVR) THD I LITHER. LEDST,
HEMELZY IZBVWTHERLR -2 S 2FORSIE, TOZDOOREBONIBT AN F—IFELZ>TW
&<Ti&b&VQSEﬁE®WﬁHm@)ghd%%éhéw®%iﬁ KT 5.

Ho LHHIZE S &, I TITHRARIERIEMEILD 2 FAPRIBICEREL, FhIdmORFEM %
F%bf_ﬁ®$fﬂ4kﬁ58¥{%>{j(ﬁﬁ® =M (52.9) PS5 —HU RS TRR S,

MUUAS > 0RFENTVEANT) I X TTHAMINTLDZLIZAS £ 0 ThB Z LITIER,
DFD, HLHAS <0 THNWEHE IJFEANCEAT 2 2 WS tt&t.AS>0T%é:td%é
NTWRWDT, TIITHEWAGEZITT K] w0l @M, SWEBEThs. L,
MNLOBANT AS £ 0 DK Y ViDEMETTAS >0 2 RTRVEMLT DT, MBRFEH] &\
IO HPFEI LD,

Fi SR 72 8 R RN OFEE (BRI, Jarzynski DEFERIC L D) LT 25 D L IXFEIRAMIZ
Bigb.
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DTy ha =25 UL ITUEWmEIT 5 L.

ZIZTIVMEE=DPKRTBERELZES>TWVWEDIX, #H &b D OFHMRRRE
DY A VE—2HKUTHRKLTWERESIREWSZ 2 TH->T, 2T 51
FROBRFPTHAZ Y PAE—=BRTEEE>TWEDIT TR, Ty o —
IPEPREE T U E R I N T VAR,

12.7 TV hOE—DRAERE

BNFEDRARFE (-8.4) DR T, TV AV —RKDFEALT S I 2 ITiE
BUES., TV PR YE=RERRTRVAS, 12.6 DPAIT, TNRIHITHMA 5
EABERMIZECTHRTAFEBIEZL W, LW oT, Z0O& ZRITEMEITHL.
£oT, Tzvbvrb—KKR] & ] LERAMEZ. Zhiz Ty buE—RERDOH
M mazimum entropy principle ® 5 \NMI TV b0 ¥ —g KALFREE entropy mazimizing
principle & FER (— i Ex.12.3).

12.8 BNFEEOEEEL T hOE—: F& O

ZZETITHEm L 28N P EMOME L Zh 2 TICREILTWS Ty hr Y —
SIZOWTEEHTHID.

(1) B A2 AN e I B 12— T A Y PR E——ETEHIND Y
DWW TR AT e A R 12 & B BN g IS 2 e D (—11.1).

(2) BAEBIE B DM T T Y b B E— I 3L — DR Al RE 72 5k 2% B
BRBEHTH D (—11.2), RITEAQ ZFHHEFHRICIMA S LTy br Y —I3dS =
dQ/T 721324t % —11.6).

(3) (1) & (2) 25 SIFBIIFREREIZ D\ T DR Al g7 m &R 2R T H 5
ZeNbind2,

(4) WrEGAEBR T > br =A% T &3 IZ 2w (—12.7).

12.9 TV hOE—HFARKEHT LEBREZERER LBV

SEMPREEIZH B DS L E->TI Y MY —MAfEZ & 0 FND 2 TR AMIZZE 5
TWB LIRS, HGEEBORAMEIL, TNPERBATEHLTVWERSIE
MiKAETH D, RAEIFEREOBER ETEBLTVWENE LRV NPSTHS
(B 21X 16.7 128 241 % 7 L2321,

207 ZFTTEHZY MR Y—DORMAOMEIIESATRY. TNIX13.7 TRINS.
2Lz oo b L5, FEREDRIK E IXFELG LIRS WD THS. b LEELGRS, &
KEMWNER T B755, FHIEMAL ULTUMNERL RN,
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12.10 BHENES
HDFRDEIIFHIREBOLES (b5 WVIFEEZMA S Z &) 3B %M (£ b B
IR ED 2R € 1) TIRIEEZIBEL TV A EOMEEZD LT 5T Z & TiER
\ \222.

WIEGAE R CPAPIRABIZ D 2 RITD > TREEBZ A 5L £S5 5607 HEHE
BITITRIE, RITTHIREETII R RDZ DT, TOIRER R T SUIENZEMD 5
HATUES. ZOBR RO & RITFHARBIZEZE L TR ZAZERIZH Y
BNg (—2.9). ZOBENREBIZOWTEIIFETIE-E D L EXD I LT (&
HOTTHRSIE) ZTOREOT Y b ¥ —EEHRT L D /hS IFRVwenS Z &2
72 (—12.6). FHEL ZPERRREIE, —ICiE, TOEERETIE ARV, ZLTZO
REEZ B L EROBENSHID Z L ITEE RARETH 5.

ZIT, BHFECWMORAZE#Z2E225Z212L &5, 2O XS5 LEHIZRA
FMZE 9 thermodynamic perturbation IZ & > TiRI N 5.

BIIEINE S & R T HITIFE T ROEBNW 228 D5 EPHP 23813750 < Tl
RN, s BRI OB EREZ BT RTIZDOWTHIZ & 5 LD
ROBNFEREE —8T 5 KD 1Tl T 5220, Wi HOERSMEIFE S TTER
BB (BN %2 AT A7-010) FHRBE UTHERF S N5 & 5 ITE IR, FFZ
FEREUBWIRD, JTORITIAE L B (BEREM) ZEET 20295 (K121 0D
HEOHFRCHIR): T2 THREGZEET S 1, TOEALRENIEELTVWS
B DB 2 A 2> T LR, LWnwS e

B SO R R T (E,Y) D52 5 7z B 22 528 U 7 254043 6
RO XD IZEHEINS:

SJ(BE)Y)=> J(E,Y;) - J(E)Y). (12.2)
i€P

ZIZTHEPP = IOV THR i NOREEDOARIZE = Y, B 8LV
Y = Y p Vi 2T L5060 5. D0, HDEHIENED thermody-

228 DRUL T RTPEIREEZ DS, 2D X570 £ OFERTE ZREIZF 72 (BHMERD) Sk
RETH > THKEMITMOIRIBIZZE T B Z L1370, b UEERDBS LM O IREE B X
BIGEE, AN FETHED ZLIETERLDS, WS ENIREMBNFTIZIEZ SNR.

BN HEBARH, TEMRB bbb OBEETIEHo/NEIL TLWZ IgERE.

4E 554, AHDEITHS. SHRINEVDBWBENRN,

BFHZHEZLTVWB EDIT, MEMTRVWRIZEZ L.

268,55 ARJIDEIL 9 Z TR\,
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Original wall

Compound systerm
Original compound system after thermodynamic variation

Figure 12.1: FHZERLUBWVERD, JtORITFEL 2 (HEOHERTHR TN T WD) BE (Bists
) 3MERF 26D L9 5.

namic perturbation |32 DREE DZEM3H P & £ DLW Fr ~ DB FERE DRI
R ZRVAE (B} BEO{Y,)) THEINS.
§ DOV EIZ UL VIR AL L XN D . Z DOFRRIZZE 5 D EZERSES Al
BEMEIZZNIZE R 2D, WO ZETHD. ZITIEWVWIABIT/NE R
fﬁtwiﬁ%iaw ZIFE->TH, BWH OBIIFEE (—5.5) B AE £
LW D BRENFEES SIZNIVEE>TWVL.
AR WO ETHERVEIFES D, ETEHRLZ O] IFICD PR AL TTE
BERDMPREZ LKL CEHRATA2DTH 5.

12.11 T PAOE—IZDWVWTOBNENELFTER & BKRREOE R
%ciifﬁ@%ﬁﬁ*& L/’CV\JE’J?JBH%#FH%?SZ’L'CT%TL\%% ERTHBELLD, £
Db 5 FHPIREBIZENFZNE D R T &, MEZMG2EET AR, 125 TR K
12, WOE

55 <0 (12.3)

DERALT 2227, K (12.3) X EHEPIRAED (BUI1FHY) SR stability criterion & I
ENTE 720, TR RO EER L EETH 5.

HERDGEIZ, BHENESRZONMIEZRL TV EIEEAEEL RV E &
kﬁ,%Z%otﬁﬁ%#%%%bﬁhﬁﬁﬁ&ﬂlun%%éﬂé@ﬁﬂﬂ®ﬁ
FIRMEE LW, 8554, HEMEDLHEELARET, TOREZZY PrE—0H
KD JFEHEH

55 >0 (12.4)

EREKLUDBH5DT, TOEHERIE, NHEOZLE THET S &, RYIZIIEE

23 TRE L1, 2=y ba¥—o MM 13.5 AR T 5 Jensen DAEN 13.3 TDH
IZEE N,
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TlEZerorz, WS Zkehsd., ZORMN I (12.3) 2 LZESM & WSROI
KTE5.
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13 (LEEEUE

13.1 EET ERNZF
SETRTERLS TR ZAZERIZNB TRV — B & EAFREAE (Hh 3R & YE
JERE) Y = {Y;} (—4.12) 12 & > TiRS N7z Buclid M TH 0 (—=5.2), "MELE
(=5.9) DHTREZY o — SA—EDOWEAPHIIL &L 0 w5 ERIZRE TN T
W5 (—10.5). EDH DR =BNFRENGEZOND L, ZOREOZY hoE—
AREER L LTRE S, 2F0, TV bOE—ZHNIBT RV F — & BIEEEDIRFE
B2 S=S(EY) (ZhAEAXN11.11 TH ). HD5WVIFEREEEE T
FRE—=SZ2UIDZ L, ZNZL>TER—RIZRE S0 56 (—10.9), AHT XL
F—lZTy buv— SRR A M E T HIREEME = E(S,Y) L LTEX
55,
ZDOEIIZEZTZEX S (IEHEZIE —9) 1IN TH 5228 W5 FH L WRHEN H
D, ZNABRNZOGRIE IRV EZRL, HVPTEDIZE LTWS (—13.4).
BIZE, BABUTTRM A FTRE A S SRR WTRETH D, Thd SHRE T
RAERT VY v VD ER IR TH 5 Z L BEHFIIZE X 5.
(HBEE & K S B D 0B = INENT convex analysis &\ 230, (RNt D) SE R 722 K
MEFESOTWVWRZENREE LW EIEE R, FRTIFME2HDbS VDT, +4)
BU/NEDFEZEDIZ LD > TMELIZLTWZ 5. ZOHITIRE & —S A (F2EM
) MBEBTHB I L ERLEZVWDT, MBEKREERL ZTOEKRKNLEEZHFHNS.
D EHEAMEIZ DOWTIZE 18 EH .

13.2 TEY S 7 & LB

nEOMTZE xy, - v, ZFROBEE f 2y = fu) (u= (21, ,1,)) £EFEL L2,
HAGERIE f DT T graph & n + 1IRITZEM (y, p) DHIZ n-IRITZEFR D 5 1 T &
Xy P—FBNIZGEZ o EHEIZRS. OIS 7 Chsri@EdhmeE TN LD &
WEHNEEDEREAEBEB f OTEY S T epigraph £\ (X 13.1):

PRI I IE TR VB DD D 55D TID XS ICE D YINT, FELUFBEIZRED
2, OB TIIMEFEE L U TR EIENRE D UA7RWDT, TV bEE—I 3R M
B THs. RETRHIDHEAL»MEDR,

2L, T 3D AR TRV S LR,

230,84 71k R. T. Rockafellar, Conver Analysis (Princeton Landmarks in Mathematics 1997;
original 1970).

Bl oEFEFITNTH 2 LINET 5. 3 Ex.13.1 S8,
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C%#EAK fOEEB LTS EESL
epif ={(y,p) |y > f(p),n € C}
EEB fOTE T T 0,

y > f(p) IZBHNEEFITHER.
MES (—5.11) D EIZEREI N YT T 7 epi f BEA OBEE ™MBIEK conver
function £\ .

epigraph of f

= Inside + graph |

(inside)
~

graph of f (skin)

W “domain of f
Figure 13.1: ¥ 77 7 &K

DF D, BN TN THELZIMEBE VWS> DTHS.
—f BT H B & E f & MEAEL concave function d B\ T EIZ™ ) 7R
W,

13.3 Jensen DAEL

PATFCffi > EEAREHIZIRDEHTH 5

EIE [Jensen DAEK]

B f.C o REZEZXS. ZZTCCRIIMEGLTS. fRNERTHLIBE
FAEME, N >0 D N =12 F Ry e CITONWT,

/ (Z /\¢Mi> < ZAUC(H@') (13.1)

72 545K (Jensen DAEN Jensen’s inequality L W) DKILT BT L TH 5.
RRITIRDE 13.2 2 SR A 5 (ZEBDGE 1= (11, 12)).
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39\

)+ Ao f(Ug) + 3 f(us)

O U+ Rl + A 515)

R LS L AT

—;Xl

Figure 13.2: 2Z28OBEOMBEE, f DT T 7 LIZH BN EAID FIZH B &5 DA Jensen
DARER

13.4 LEAROETHHEE
BB OME TR FIIN BRI L ZitHkE T LD 5 (— H Ex.13.4).
(1) MEA%LIX Lipshitz @2 TH 5,
(2) MBABULE FIRN DR D EFR_ETIE AT BUE D 5U% B\ Tl 5 s /T EE (—9.1
(3) MBEIEE (BR) U4 ATRE (—9.3) s Tl O FRETH 5.

U735 T, FRIZHNEHZALF =Py hatE—0D Xk D12\ 5 & 2 AES Rk
BUZB LT (38) A ATHEZR &, i O BIER (—Hsie il o rTRE A= BEER) TH 5.

13.5 TV hAOE—FE EICMDRERBHETH S

[l — D WEHRRBES E 2RO ODDFMR 1 L 22 EX 5. TNTND IS F PR
% (B,Y1), (B;,Yy) &EL. ZOZ2285b8-EER%EED, WMASGHTTE
NONVEETHEEEZMO RS, BEZIORSATORE (DD, HRI N/ FHRIRTE)
DIy b =3 aREE (—2.14) 225

S(E1, Y1)+ S(E,Y5) (13.2)
Thd. BEZHNIZURIZEET S EAPREDO DY b oY —I3, HFHEEDINE
PEB3IN G, S(E1+ By, Y 1+Y,) THB. TV b —HKOFH (—12.5, 12.6)

28 () A 2 T Lipshitz @ TdH 5 & Xz DIEHET |f(2) — fy)| < K|z —y| THD XS RIE
DEBK BPENDZ L THD. 2Z0EHETIE K AW H5THRELRD S 5.

BINENENE (—2.14) FA T TH B Z LICER. e 2E, (13.3) OLEUNEZRTE 2.

BARNZER L TH B £ 51T (—5.10), NEEE—BIIZABNTEZRV. BRL TV, A
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IZ&D
S(Ey+ Es, Y1 +Y5) > S(E, Y1) + S(Es, Y5) (13.3)

TR TREBESRY, 22Ty b —OREEEZMS & (—11.2) A € [0,1] &
LT
AS(E,Y) = S(\E,\Y) (13.4)

THEIDNS EDO DO HAEHLET
SAE, + (1 =N Ey, Y1+ (1 = N)Y3) > AS(EL,Y ) + (1 —NS(Ey, YY), (13.5)

DED, —Sh Jensen DAERX (13.1) 27z I &AW bhr o7z, 13.3056, —SH
MR THEI L, EVHZB L, SHEILEVWT RITMRREEBTH S Z A
Do 72235236,

13.6 WhBEEFRE IS < 0 &N
WD RD WD B EERREEIZ B W TE BN E NPTz hr Y — 2 KX
HHEWIZ A2 12.10 TRUZ. DF0, WHRAZEHIZONVWTEH

55 <0 (13.6)

Thb.
ZDOARERIL, —S BRI T, FIT Jensen DAERZ @ H U 725558128
ERVWZLIHER. ZNIETRTOEEREEL 72T A% TH 528,

13.7 T bOE—RBRNZEZRD C' BEHTH 2
S(E,)Y) WMREMAAHETH 5 Z L 2R L (—11.4%9), SAMEHTHE Z &
£ 13.4 (2) 5, TRTOMMWNITEHRTHD Z LD bNE. BRIZ, 9.4 TRL

WRTEHZ U d — O UANIR U TR FERED (B + B2, Y1+ Y2) 0725 £ 512TES
(BIER D B) L WS 2L THhS.

235 ST B EROBBETI, BFEMIEHPEN L TDA S B D MBI 5.

O LR O MRS & SRR T 211, WA HREE OB ICEREDLE. # Ex.13.5
ZH.

BEERTIIRHTMB ZSHDRVR O NHIRSEMFIZERET 5 Z 212 LT\ LITHER.
BIHMR TR S HFTH D, EAERTIX, 0PRSS 2R T 50 THEMADFREK
ZEBERE LT, ZOHEHIFITEHIETH S.

BIZZTRY DOV THEMAHETHE I LERLTHED, (B,Y) IZD\TOMEMS A EeMEIX
RINTWERD T2,
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EBIZE D S(B)Y) IFEMA EETH 5210, 25 LTy b u ¥ — 38 RS
DR e U THERTEMA FIRETH B Z 2o 7.

K, TRTOEBRIBEL (WD) BB 7 MY (—5.5) 1B FEREDO B &
LTk TH 5. Rz, BEXFERT VY v IVIZBES 2 EO B L U Tl T
25)5241.

13.8 BRI OHEBUIS BRIV LEBTH S

T,y EHEL, y=f(r,2) IFMEEC CRXxR"D ETEHRI N2 MBEHBE T 5.
ZITHZeR'IIBWT flidz € ROMOWEKRTOHRGFEADEEE TS5 (0D,
T < xo = f(11,2) > f(22, 7). FZIZBVWT oz BRI ZILENTEENH
v =gy, 2)5588% (y,Z2) € f(C) x R*" TEHETDHILNTES., ZDLE, g
BB TH S, ZOFRIFRMEZ DM 133 NoHONZAS.

y

Figure 13.3: & 2 FBEEIZ DWW THIFHRAD O MBE: RVald (e LomRD) B0 S 7 7 (Hk
WEDHIT) L2 D, Jensen DAERIFHAIMFOMN G D EHEDH P O () I2HB L TH
5. KEDRUZ yZ-BYHIZ, AV VEORIR o Z-BVHIZH S, T ZOAREIZ THFREAD MBI
OH BRI FEFFANERTH L) (FOR)ITRES. LobDRHO AL RTEHMBEBKTH 5.

13.9 I ITRILF—IZMREEHBTH S

13.512&->T -5 =—S(E,Y)IZMBEKTHY, Y 21k E FOBKE LTR
WEIR CTHIFHADBEBTH S, ZNEFAED -1/T <0721 567. K-> T13.8 TR
L7ZEDICEE(=SY) DK E LTHMBERTH L. WL DD EEEE (M7 Z2H) O

MWOXEFIZS(E,Y) PEMATEEL WS 2L IIRLUTRVWO T 13.4 (3) IXfHEZX 720,
MLz T, IR EG PR OB L U T DN TH o T, MV AP B PR TR WGE
WAEHFE AR,
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5222 THMBEBOMEIZZIZR 02 622E = B(S)Y) M TH 5.
I o 13.7 LARDHEGR T E DE F R O @Rl o rlae R TH 5 Z
EMbRr5.
E 1XMBEE72 DT Jensen DA%EX 13.3 2L T

EAS1 4+ (1 =X)S, AY 1+ (1 = N)Y,) < AE(SL, Y1) + (1 — AN E(S5,Y2)  (13.7)
BELNS.

13.10 R RILF—BDPDRE
(S,Y) ZMNL R B L T 2GA DREE J OBIIFNE S % 121012785 5T

0J(S,Y) =Y _J(S.Y,;) = J(S,Y) (13.8)
1€P
TEHELED. AP = {i} BxOROWF i ~DRETS = X, 85 BLT
Y=3.,,Y 2= L5ubDLd 5. EDMBEEMNS, HMRPHREMNE
UEHTHEGRDEDTIZOVTIE,

SE >0 (13.9)
i Jensen DAERZDEDTH 5. HERTHESEM 2 7RI EERELZRWEGEIE
SE <0 (13.10)

ThHh>5. ZOEDDFERE S NIREBIZNEI RSN 2 TR TRV 2R TI
RWZLUTH, TNUDEHKEWIZTIIRERS Z 21E ((13.9) 225) 2V, ZThZE2RET R
IWE—HPORELE NS, S| Y 2 —EIlEOELMTTORMTH S Z L ICHERE.
B DFERDPA L IEHERBIZ AR > TOWIUE S, Y 2 —EIZH D 7254 7T (13.9) ¥
AL L7 T s wnw, 2F0, ZOXFETFTTHETXIVF — TR/ 5.

M2 ¥ 2UF, y = fl) PBBUR 5 UAIRT y = f(—1) (¢ (CREASHIC L D8%) 525 Th
3.
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14 #ETy hOb—

141 T hOE—IZDOVWTDFEED
IvhabE—-SOMEEZT L FEDTHIS.

(1) B2 ML m] 3 HEER A W 26T ((—10.9 12 F & ) 12— 8T 2 Al hmm < 58
JBIZEEND (—10.9). FEEELTZY FRY-RE—ETH D,

(2) TV b EE—IFBIIFERE (E)Y) O LM 7Z2 s s irae e T H 5 (—11.2)213.
T 5 NI AV ¥ — DN EkRIM D AR S & Y OB TH B Z b8z
(—13.7, 13.9).

(3) HAEHERE —E DS FTRICENAQ ZHEH A HIZMA S L TV PEE—IEdS =
dQ/T 17 EALT % (—11.6). L7zA->T, TV hOE—IIREET, BNZEOE
HIDWATE % Gibbs DBMER IE = TdS+> ydY £ UTEHEL Z &N TE S (—11.8).
(4) WBZ L TIE =Y b E—FH T L v, 2Ty bo v —HROFEM
12.6 TH 5.

14.2 2B & B3R
EREDOREFEEWNIHEL T (BEMLU T =711 MEOP D L D DWW Z 2 IEEMAI
BENTVWD) B —EIREITR7ZN DSR2 BIA heat bath £\ D (—=8.7). BDPbh &
DA (IEKRE UT) 2T NITBGRITEM L TOTERIIEERTH 5.

BE Tp OBWBHEE LTI RV F—% Q (> 0) 72170 6 al HHEFRIZ 572 &
T5&, ABOREREDSIZWASZOIY ba =X Q/Tp 7ZF NS %:

Q

BIRHD Q> 0T T A VT —2BINT 5 Z LIXRVEQ <0 ZMAT DI L2H5
(14.1) 13755 2 B IR T WD THIEL W,

14.3 EEBADEE

SEHIZ T TIIHDREFZRD. INCBEMUTHEZDOEEREEZEZ LI D%
WEIRIETFET 20?2 EWRZ 5L, 56N PR L BOLEIZH 5 BB ITH I
FIET BN ?

PBINEN TR WMEHRBEDOH 2581 ZEZRVEFoTHEN, TOHEIZEIFEL LHLHEED
BMEEITNS.
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BOEMHIZIRED B L AETH - 72 2 LITIEE (—11.6). M H BRI IR
MWEHTES. ZLUT, Tv haE—0RITME WD B2 2 ) ar etk 125 E A
B TH LI L E2EKRT S (—13.7) DT, ZORDIEL —HT 2IRE 2R -8
WBOPFET S, Tz RDOEEGEEYR intrinsic heat bath EIERZ 2120 & 5. iR
IZZ DEEEHWR =2 B MIETHROREBIIAELTH 5. ROWRERIZZ N Bl
HZMBRTH 722 LTEHEED S22,

G A BVRDAFIEN, MFERNZER T E RV EADREENH D 55 2 2 2WEE-> T
W3 (= Ex.14.1).

14.4 Clausius DAEL

IS Ty OBUR L B L TWERM. REZFORB 2 ALY LTHLUTW
THEAGETIZEIPNTWS TS, 22T, B LTIV F—QWEB» 52
CBEILT, iz PHRBICEL 28, ROZ Y b= ASZ/fLLTWnWiz e
5. (141) 256, @0y bu -2k

ASp = AS — 2 (14.2)

Ts
5. BRIEMBINTVWEDS, TOZY hEE—2FEDAT L Lidnwn (T
FEE KD —+12.6) DT AS;a > 0 THRLSTEARS RV, Lo T

As;iéi. (14.3)

B
I % Clausius DAERX Clausius’ inequality LR, 22T, AEXIZEHNTWS
BEFROBETIILRWI LITHER RO LIRETIED ).

14.5 %> & —fikH74 Clausius DRER

AN B B IR T, ORI i 5 5B Q; & (REINIZ) 852 Lk S, RLTATORBIEA

DETHASA TICEPNTVWS 26, 2k LToTY brb—21kid (14.2) 22FI12§
i

Qi
A%mM:AS—Z:E— (14.4)

LEFBZM,. oL E, ZMNRHFEELTEWMATH IR bRV, 2RIIMEAINT
WM, TOIZY M= EDT LI LIEHVOT (ZY b Y —HAROFE —12.6)

AS;zEj%?. (14.5)

PHEBEOEGETH .

MEZZTVB WAL OHIEFAKTH DR, TORHITRE N LT d BRI 5 5 O #R
ICEADRNRIIPHERBICR N LIS, L7zhio T, B E RATHEMT 5 & IR
DFENEENE S LWL ODORIRZERPSYIDIEL TE R 7R TIRR SR,
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HMESNSE. Z0d Clausiusn DAFENRNEPER, FEPKILT E7-0121%, FEBE DEDP
D& DDA WHERN TR TR SRVWDT, RIIZOREL2BRZIOBEZ S T IZHHEL
2 TR S5 (15.1).

YA 7))V (MRIRIE L HARIEDNF — DEFE) 12DV T, TY haE—IRREREZD T (14.5) 1

0>y % (14.6)

LB, Tk (DAY DRFEOMRM KN 72721F T) [ UBfR% Clausius (& ‘T > b1
R IZENWT WD 572 (—A13).

14.6 A8 E

fEEL D 7z DIZHHR (D D W IZERDEE TREL S N/ RGNS EAGAIHEfl L 72
WEER) EEA, TNIBEMATROEEZ LI 5. RIZEAQ 2MMA, RO
ERT 5T+ 0T IZP> W&ozl d5. ZOLE (TITHKEFET 20 LA
W) HBIERER C(T) % R DE & heat capacity &\ D

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

BRBLES>THWVAWVWARL S84 (BIZITHRBE—E L s —E L h) T
DRABRED D DD TEDEM ‘cond ZIRA T, BRE—ERMFETHRSCy mEDLDIZ
&<,

RIC— R B2 F SR ITEAEIIRDRKEI L L BIIAT LT EDTHRE
Cmgmﬁif%é

T@E%W_M%MKéab@(amg)5Qiiybne—?%<:aﬁ?%

5. TIZTBIZ (T b aE—HEE THlD ATRED 5 424)

05
Coona(T) =T (ﬁ) . (14.8)

CELDOWMERTHS. 72770, BEEDERIZZ Y PO V=030 EL b Tk,

14.7 AR I RILF—EBAREDHERK

(14.8) 1= Gibbs OBIFRA (11.8 D (11.10)) 2 IXEH 12, —fEA
OF dY;
Ceond(T) = (a_T)cond - ;yi (a_T) o (14.9)

268 DIRIMS W REMEIZ B PN U T OARGES N T WS Z L 252N & 512 (—13.7).
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8E) (8E) (8E) (8}/;)
v = | 5= + (14.10)
( 9 cond or Y ZZ: 9Y; cond,Ys or cond

ANONE
OF OF oY;
Ceond(T) = (———) + ( ) — i < ’) (14.11)
“on oT Y 2 9Y; cond,yy oT cond
rET5.
2 21, HEDOKKD XS ITBFREN E LV DAL SIE (14.11) 225
OF ov
comci+ {(2) «rh (%) 14
NRESoND.

HALRRIZ DO WTIE (—11.12) FEBZ RV F — BIFEEMIMEEZE LR Y. 5
ISR L ENMZDOWTIX PV = RT 72D T, EORIFBELHA 1 EILIZONTOD
Mayer DEFRAIZR 5 (—14.8):

Cp=Cy + R. (14.13)
Cp, Cy lZFNEFN1ENLDH-DDEFEIE, EREIATH .

14.8 Mayer D&%

(14.13) & Mayer (2 & > TRADEFELEZ KD L 72DITHONBERTH S (—A.9)
N, BHEAABNFEF o TEPNZEDTIE LD 5 7. 14.1 D X 5 7% Mayer ¥
1 7 )V Mayer’s cycle DMFib 7z, ZZTIE1EILVOHBLKATEZ 5.

Fig. 14.1 Mayer ¥+ 2 )JVIT ol ¥ EFH I 0 S5 F 0 1, Al EFHN LA —E FTOME 2 8 X OW
EE AR 3 22572 5. Mayer % Gay-Lussac @ [—EREOIEA ] (BiEE R CIXIRELED &
BV) BRI TWz, A F Y ZAANFH1E 2 OERIZ KIS 72275 5 72D T Mayer O EiRZFM & AL,
M Joule IZHATU T W2 Z & 2R PERDLL - 72,

B 14.1 O OB 3 TIRLAAERIIMEFEEZ LW LA INTWED S, TDONE
IXNF—F—ETHD. #WEL TEFLEEMZL-T

W="PWV,—Vi)=R(Ty,—T1) >0 (14.14)
HWZDATHD Y, Heond IZEENTVWD L ZX, ‘cond, V& —EFRMOBUREIT L0 L EL .

126



nl €
2 ' Adiabatic free expansion
“/ 3 This portion is nonequilibrium, so
the path is not on the PV surface.
P i — 1
1 B l 1 A
it h Vv

Figure 14.1: Mayer ¥ 7 )L

DHFEVPRIZIND. SOKMEP—EENFTL 2o T IZFA>TW5S. £0D
EERDVPBLRQ X
Q1 =Cp(Ty - T3) <0. (14.15)

Z U Citife 2 TIXE AR TOE T
Q2 =Cy(T —Th) >0 (14.16)
DEERD., LIAPY ANV E—HLEHLENIBTANF—IZTIIR > TIN5
WH+Q+Qy=0 = R(T, —T))+Cp(Ty —Tp) + Oy (T, —T1) =0.  (14.17)

Z 5 LT Mayer DRfR (14.13) 237,

Q1+ Qo BB ZLHENTE, WIIHFENIZFETE5DT, Zhh S5EDHA
cal L {LFHDHAL J DIFELREL, BDMAFH Y E work equivalent of heat cal/J 33K %
5133 THB (— i Ex.14.2).

14.9 EBEK[AD A H R AR EEFE: Poisson D%
Al VEERI 22 W BGEFE IR SARIE PV = —EE WO BKRERZT. Tz
Poisson DR Poisson’s relation £\ 5. T 2Ty X HEULTH 5. v = Cp/Cy.
HALGATIEERMIZED 5T dE = CydT HERNLT 5016 (—11.12), PV, T ®
BAGRIZ, BB\ i e RRA @R TIXEIZ (S =D T)

dE = —PdV = CydT' = CydT + PdV = 0. (14.18)
2l U < TR o\, RESHEA PV = RT 2flio TR T 5 &

P C
CydT4—PdV::Cw1(7¥>—+PﬂV::<%¥~+1)FHV—%7%VHFK (14.19)
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Z 1z Mayer DB (14.13) 2> T PV T#El% &
CpdlogV + Cydlog P =0 = dlog P + ~vdlogV = 0. (14.20)
IN%EES U7=D 7 Poisson DERTH % (— {#H Ex.14.3).

14.10 AHEFHRBOPY &V

ROBKBZERDIO—EC LTS, ZORDIENRHDT TH Y, IE Ty (> T)
@ﬁ@t@bf,m@#ib@@yuﬁTﬁaTmﬁmﬁétﬁé.%u+ﬁ%&@
NEL, LA T (> 0) 3 FHNIVWET 3. LEad>s TRONETIRESEIZLS
A gEfEIFE v Rw,. Rozy bav—24kix

T
655:/ %:Clog a =C

(14.21)
roor T T — 6T

ST 1 (6T\? 5

Thbd. BRI CTFEIFAE L TIZRIVLFX—%2L5DT, Oy but—24blx
BN DIREIZIZLLnwh o,

55b____51§f‘ (14.22)
Tp
XoT, Z+EBOLETY buv¥—D24kix
AS =0Ss+6Sp=C l—i-5+fLwﬂ4mﬁ] (14.23)
- oo B="\T T, 2T '

5. UizhoTCT < T ThdE, PARIIDSL DI E LS &H 6T 12D
WTO—RDELRHE>TWSAOTZy ha—3EiMmLcL x>,

EoTT=Tp DL EDAH, oL DT (HEFHIZE{LTIENT), =v B
v —DZBIXZR .,

14.11 EBRFERREBDPY &V

14.10 2G5 &, #DPH L 2T 5, HEALAZ/NESTNEZY P E—DOR
AWEIZ K B EREE NS TEBRLEZONS. ROWREET, 5T, (>T) 12
LIV E LT, RERE T OB TCINE2FETT2H6L, £TH5
I DIRE Ty, (T < Ty < To) DEGBRZES>TT, — T,, DZELZETL, DWVWTIR
BT, DBIRIZOITT, > Ty D&M ZFEITTHLLED. T, € (T1,T:) THBHHR
D, ERINITY b OV —I—ETHEZZZ 256X VENILRBEEZAS. n
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BTcoeTy brbE—2{tE ASMW e EHELIZ L&D,
(1) REIZZES2250 7 ASP < ASWD %R+,
2) M (>1) Bz ey hr—0Z M ASM 2 X 5IT/NI L TEDITED
. ERR,
lim AS™ =0 (14.24)

M—o0

ThHh-o>T, sy, WEHTHENIZREZLZZ S I LN TES (— #H Ex.14.5).

14.12 REZRTORFEHNEAZIL: Fif
BARDGEIZ N 5 TH K WREE THEF S D OBERDIRE %, 25 % iz
g s e, RPTHILATES (X14.2).

Figure 14.2: ZOOEBIIME CEIN TV TIRRADRIEET 2 WEE A N ¥ Ol ORIXE L
SRVE DTS TWA. MENIEEARE (FTHRR) T2 hTnad. BEMTE
T AHIFEEGHNRAZ I DL, ZTOMBTROE L LD DREIZ, WIDOXPH L 0ixH B0, #
DR EDNE SRV T LITHER. ThE N countercurrent exchange 2E £\ 5.
U7Bigd, BOZEMIZIFEELEDNSBRRIIH S LI BEADANEZITRE R VA5, HR
AS=0TdH5.

H o LD RN Y SN R H DI (K 14.2 DHINEED) 272 TAMEST
oD RS 72 (K 14.3).

ZARIGWIRA N Z AL YR E> TELE TRV, 25V AN=A L%
#iHl (rete mirabile, pl. retia mirabila) & F\N, 72 & ZNXKFDIKD & T A 7=k
Ifil % B A BRI C 1 & #2 X % DIZHEERZR DT, A SEICIE 2 I 5 & 25
IZHAED D o T, KPEITEMALEIRNZXS L5128 oTWaE. HILEY O
REMBIZRDZDICEZDA RN X LFEbNT VWS (KR pampiniform
plexus?®), #I)FNH O DITEIEL RNV LIXFEHARETH 5. BI1F D A X

248B. R. Robinson, et al., Testicular heat stress, a historical perspective and two postulates for
why male germ cells are heat sensitive, Biological Review 98, 603 (2023) 2. 4&¥Tix, HE
TR, 1A VP ATP 28 %x#ﬁ&?%@fa A D WG AEMIEEDNT WS, i https:

//en.wikipedia.org/wiki/Rete_mirabile
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Figure 14.3: #MOBRAN. BAEZFERIEEZAN=XLBHNE, EAOREEZSHLU-EE
WBIREZB UGB ZENTE S,

14.13 ZBHNICREZ—BSELNEH?

BARENELL CTHE2_20 70y IRPIDIZENTNRET, & Ty (> Th) 12
%o#abio DD R EGEAS G THMNL X 5. T A BRI LT
B0, HFEHPSZOREILT, = (11 +12)/2 TH5. Lzd->T, iz tnm

¥ —Z ki

AS =

Tm CdT Tm CdT T,
El——-+-J/ ¢ (14.25)

T T
LT - T:Clgi+010gﬁ—2010gm
Yib. bbBA, (—logr XKD —13.3) T, = (T1 + 1T3)/2 > VITTs 2h
5AS>0T, ELTHEZALBEMIIDS AAMEFHFNTE R TE R,

BASRED VT T, 726 TV b B E—20idm i o A EEHIc oD T my 7
ERUREIZEZ6TIENTELZETTHS. L1L, Th+Th > 20TV L 205,
BRI ZOZ2D 78y 72> TWBRIT 2L F —ORRE T S 7% < TR
S0, RiFA L LTI EINhTWEOT, AHitHEs2 L TRV —2HS
ENVZAYAAN

DED, MIOITIENT, & T iZH o =Bz fioT, WLy Y YV (=15.1) (%
& Z1¥ Carnot TV A8) ZBJRDIRE AN /L 725 FTHE T ENIX I NNE
BTEBETTHD. RUIZZIRDIN?2HHAALIRDN, THEHENIDBED
FOWHEMETH S (— i Ex.14.6).
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15 I\\\*A%F*ﬁ t l\\\’—J—\ / 7

15.1 AT TV DO
BIEP OB U TIZANF — 2B TENEMHICEZ D HE 2B (=2 2 Y) heat
engine £\ D . Thomson@EfESGﬁ‘b—,\\/}?fﬁ$%'§—5 CIETERNM, X
RIFH 8.4 KD, B DOEFZ M > THMBIZESD Z L IFBJIFITK L
AN

M Ty OEREGE EIRE Ty (< Ty) DRREERHZ L L, 1A 7 VORIZE
BEJEP S BE LTI RV — Qp %, KIREVED S Qr 215, 3 -W (> 0) 24
LT%(O&DVV<0®ﬁ$%%é)I///%%zi9.1#4?»11///m
TCIZR S DT, WET XX —DRENS

W+Qu+QL=0 (15.1)

’C‘%Z) HERD WL v YV ZES T Carnot R FIZ LMK (—A6-A8) TV

CBR DB I A HERRIIZ S N K TR SR WA S, BOP D & D IXER
EI’J_&ém&<16ié:6tcb\(—>14.10) IR AT ATV Y DT Y
favY—ix

Qu
ASy = Tor (15.2)
2T EAT 5. FRRICERRE2 S DBz L 5 b ¥ —21kik
QL
AS; = T (15.3)

.14 70Tty oy va—24ti, 1Y A 7NV Ty Y UNTIZERE
AOTREETHATY hu V¥ —IZZ4biZ Wit d T, &5

_ Qu , Qr
0__A&T+ASL_7%—+Ti (15.4)

(%1% n L WVSEDFXVOBF/HELEZLDT, TV I VIZDOVWTIEEIR
BRI O TV VTR I N A Qy IRETH D, FIRRIE, TV UnT aLH
W|Thsd. ZIT, TVIVHIMIRREZEZTWADTI VY UHMEHETIX
W<0THhdILIIER. £TITIDHLAEDHEIX

o w
Qu Qu
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CEFHKTS. (15.1) &P

n=-W/Qu=(Qu+Qr)/Qu=1+QL/Qu. (15.6)
(15.4) &
QrL/Qu = ~1T./Tu (15.7)
THHNH
n=1—Ty/Ty. (15.8)

BURY TN ABBREIZ D\WTIEEE Ex.15.2 2 Ex.15.3 4.

15.2 Carnot DEE: A IV YV DUENRZRKTH S

TIE15.1 THEA L BJROM TEENIT 2 BMBE—M2EZ A LS5, 2ORRITE S %
Bh. WHIYYVDOMENG R SN BJROR CEEIT 2 BB I N
KETH D, £\ DA Carnot DEH (—A.8) THSD. T Z Tl Clausius DAEFNX
14.4 2 il 5. AR HpPEd 5 & (15.2) BL O (15.3) 1

ASy> 2 A5, > 2 (15.9)

H L
WZEDLDS., 3y Y eEUTHS. T b —0kZiix1¥%1 271
BEORDOT, (154) 1%

0=ASy +AS;, > %+% (15.10)
CEEHDS. FIT(15.7) 1), Qu BEBDT,
Qr/Qu < —T1/Ty (15.11)
WiEE b 5. Lo T Carnot DEHENH 5!
n=1+Qr/Qu <1-T1/Ty. (15.12)

D% D, Clausius RN & 512 (—A.10, 8.1) Carnot DEHZ HET 5 L
FERIDEN B .

15.3 #xmE BB OMNZIVRE

H IR X .
- =T (15.13)
<8S>{m}

EREFERI N (—11.6). E, HOWHEEDOHERIE Thomson EfEUIT SN TWS A,
FEMNZIZZFNIE Carnot IZL > TZ Y bAE—DIESDLETHIZEAINT WS,
132



Carnot (% U T Clapeyron) (ZZEEA DO E 2 RERIEIZMHEA S Z & 2808 L 7. FiZ,
Carnot |3#EERIRIE 0 & 0 — 60 OEIAM THEE) S % Wi Carnot BEEIDXIE on 25 (DBHIZ
Carnot BI%{ Carnot function & FEIEH 5B ©(0) 2EFH L 72:

om 1

% = 80" (15.14)

MO T AVREERIELE 0 DIRZHRF AT MRS TH L L T2 L, (15.12) 15

_T(O-50)  T'(6)

@ = T 50, (15.15)

on =

oFD.

@@):]V/db3§W). (15.16)

OO)=T0) 1252 L>5% 0 %> LIFi&ETHD. ThEERT DL, (15.16) 1L 0'(0) =1
IZ5DT, 0=0=TH»HERINBZ2, ZDZLIFIZD5HDHIZ Thomson IZ & > THRFHX
NBZerinolz: ZOBMRIK, ZREDPKBELT IV I=NREDOYMIZX S TITRE 2L
BHNZB ORI T 2> TEHTHI L 2AlBEIZT 5.
HARSURD T B FHINZ (15.13) TEBS NZMRET &L —HT5Z L %2 15.4
THERRL & 5 (—11.6).

15.4 EBEK{ED Carnot Y1 7L

Carnot IZBUGAEZEEYE L T4 (ZZTR1ELZEI ZLIZTE) RO LS %R
Wi Yy eF AT (M ExI5.1):

(i) HE Ty OERERED S FRMITEZE RINUIET 5 2 & THMMEFHEZ T S (K
Ex15.1 O A—B).

(ii) YR CTHIEBNIZ Ty 225 £ DKIRD Ty, ¥ THHZ LA SR % 1 5 (B—C).
Znh, Carnot 3 < FHi U 7z, Watt DZRIEHETH 5 (—A.4).

(iii) N CHLE Ty, OARIREJFIZ B Z & TR o FRMICIE S 2 (2D & ER_54H0
S5{EHEZ I N D) (C—D).

(iv) RBRIZWBWIZERET A28 TT, ob e DIRET, $THEES (ZDLEDL
ftH%Z XN 3) (D=A).

ZOTVIYYOREKIL (15.8) THA LGNS (— H Ex.15.1). L7=h-> T, HALIA
DREABARITHN D T ZBI AR R Gl 5. oREBAREAICENS
T 3BT A AR He 9 5.

MOO) xT(O) 12 2 BERTDHL =0T IZ725.
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I, c

V

Figure 15.1: Carnot T Y »dMdi 5 ¥4 Z)Vife: AB & LU CD FHEFHNEFIRERE, BC 5L O
DA IZHEHIMEGEIE TH 5. (LY E LA O THRBRETINBIAINVF -3 —ETh 3,
LD T EEE ZTRMNT BHH RICEI NS HH) ITRAMRIT BB RO T B8) ITE L v
Wwo Zr7

15.5 Z2O&UEZK DRBEDH ZBEDABLY YV DMK

BT, DEJED? S Q; DEVER(RTHEEFT AP LIV E2EZADHE, TV FAE—D
1Y A 2NV TORERNH S, — 7% Clausius DEFRX (—14.5)

> % =0. (15.17)

DD Z->TWVWE., ZZTQ;>0D (LK0EED)EJHE Q; < 0D (& VIKIED) B
FREXALUT, ThZNIENED + & - 2D TEA%

ZQ%JFZ%ZO (15.18)
+1 —1

DEIICHESELT, 5 ERMDORIEDOIEE 2 I N TREIE Tnax (CES X
5

+ OF
> QF L L@ (15.19)
T, = T
(IR BIE DI HE & 3 R T RAKIRE Ty B EHA B & (Q7 < 0BOT), Zhb
ZQ—Z' > 2 (15.20)
i T; Tin
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DES>RALAMEDAERNCRD., ZOZDOREREMZT, QF =Y QF &L
Z iz g, (15.17) 06 N
Q Q-
Tinax * Tmin
5. ZOREIE (15.10) ERIUTH S Z LITHFER.
IANF—REFATEACW +QT+Q = 0%28KT 2. T r0%=Eyld
/2B ETHLEIRNELRDOT, i, 28O CERT 2B I DOV T D)
HOeIBE L F-o7<FALIZRY

< 0. (15.21)

W oy Imin

— 15.22
"0 T T (15.22)

"Eond.

“& U —iEE 7" Carnot MRIE  (HIF X A DM R T 556) BIEDOIRE —EX 1 %1 7)1
BOI VYV OEMAED & S RIEBFENREZ BPRNTEERIIELED SRV, BYROHE N
—ETHL, RLAIZWATWL KO RTEDRE LEGATS, BonsEaniKiREz2 2 h
FN Ty, Tp £ 31X Clausius DAFRBK D LD Z L IZ EOFENSHMNZS S, B¥E%:
85 72 DI 13WD L #8D » DIRFEIFTEARAEIZ 72 < TR S WA, T DERMET TR S I
BLZASLW+QT+Q =0 & Clausius DAERX (O EFELOILEZ L72H D) 3K 5D
THEA (15.22) IXZD S22\,
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16 ZDDROEDEE

16.1 ZDDZRDEDFHEF M

M UBN TR (E)Y) 2> TR I NS FREE RO (E2HAETHLLT
LEVWW) ZODRIE T 22KE LTINS ES. 2ODDMIZH ZEE (—2.1)
DUEEZEZ DI LTI DRDMIZIEMRA R FMEBERAERNLT 5725 5. —|RIZ,
BEIZHRRM 2 52 TWED, ZD0RDETH 2 EEEEDP D &) 23T L7
i, TOBDZRIHINOTY bEE—%, TV hOE—KOFI (—12.6) 12k -
TENENDORDOLY b E—DMEDIZ/NE <725 LR

Sty11 = S+ 511 (16.1)

Ry b —RROFEM12.7 DD LD & T0UE, SFHRIBIZAR S & Sy &
PHDEYDINZRICEHLUTHRKIZRS LDITREZIXTE. Tdimd —RN7RF
Wb CTH 5. Sy ODEKAMEIXF S+ S OBRKETEHEZSNS (—16.4).

—[S1 + Sy IEMBEE T H B0 5 (— 1 Ex.13.3), TOHR/ME, Db, — TV b
oy — _SI+II I —FIZ P F 5290,

16.2 TV hOE—FKIFHBAH
Sty RV ED — 7SR TH B (—16.1) DY, ZNA S+ Spp DRBRIETH
EZMEIPIEINZITTIEOR SN, LR oT, B2, #IEREY 231 & 11
DT X, Gibbs BFRAN

e Yy
dS = ~dE FdY (16.2)
LEMIMD L E, EHEEMENPHBT LS, MR
B B,

DEY, y/T1 = yi/I 5605 LIRS 0Pl KB ZRERIZ D W TR
g7,

0B D L NOVELSIZNMES RO T, ZTOMUMEIZKRIBHRB/NTH > T—HNTHS. Ly
U, ML SMNER—BRNTHEZLIES ARV, 270, EANREEZE S WS R, HE
(LD WER DR Z 578\,

DU T4 U TR A,
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16.3 ZEiEfhiC & 5T H: B

BAOEHBIER (B)Y)DO5H EDOAELIEEILE2ERL P2 TRTOEME
JEREMEE S NTWERS, ZHEEOP D LD ZIFHMRT e IOMIZTFRINTY
WS (0FY, BEET.11). (16.1) 1

St (E) > Si(Er) + Su(E — Ey) (16.4)

LEHIFL. AUZHRKIZT S B W aGREE25ERXS. ULEL, TNPBRTH S H0
ESME, INEIFTIEDr SR,

TR I
(1) B DL EZ L TED L EDAEFE L BB LIITEHEIN (HT.11), THIT
(2) IREDORK/NIBEEMTORDTN S M & Hiki e —2% 75 K 512 (Clausius
DFM 8.3 LELETHLSIL) ERINT VWD (—11.6).

U793 5 T, KT, BOFMT thermal equilibrium (3RS & FMETH 555 (—11.10),

a51(E1)> (3511(15 = EI)) I
gy (Zme T 20 - 16.5
( aEI {Yir} 8EI {Yiu} n T ( )

FTFHTIRERICERIZRS. DD, TBEHEPFIET S Z L2850, T 61,
ZNHDE IR E FE U WERAED SIBRSEADTHR I N T WD Z & A5 2%,

16.4 1R/NEHIAH
TODRDETH 2B FEEN LI NG & &, FHIZELZEDOT Y b o ¥ — IR
HTEHTES (—16.1). 25 ULTTELZHEARDOTY b ¥ —BBUIBEIIIENZ: 51X %
=M TH 5.

PHRRTIZ BT B0 U 72 — G I3 HUNE AR A DEBTH 5.

fr gBER" > ROMEKRETS. ZokE

h(z) = _inf [f(z1)+g(z2)] = (fOg)(z) (16.6)

r=x1+T2

% RRING AR B infimal convolution £ \N5 . TNHMBEBMTH 5. EEMIZ Jensen D AREX
(—13.3) ZENrD SN S (— #H# Ex.16.1).

3285 2 AR (LR ERR) 1327 b9 2 DT, HEROBEER LR ORE TIREEIEX
I L.

BIHREDO ALY PO E—K (=12.7) 25 FATWVWADIT TRV, D% 0, Bz
IVMRE—ZDOWTONE A IZEeHD I LIETESLD, AROZY FEE—IZDNWTOE
A S T NSRBI B D TR,
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16.5 LTBDRIFEZRDR %1 TEET X 2 FAKRE
—fEIIZ, RIE DB TH S EEDEMEEIE (E & X) DRz iiAd oL &, F
ET A VPAREBOT Y boE—ik (—#ine LTI, —S DM S Z OfUNE A
H—16.4 THZH6N), FIZIK, MO LS BFESND (—16.1:

S(E, X, Ny, Nyp) = sup [S1(Er, X1, N1) + Su(Err, X, N 1))

X=X1+X|[.E=E[+E1
(16.7)

TRTOBEHEIETHR L, TO—HORBOAPHFINT WL L EELFAKTHS. 72
72U, EORD sup DA SM T XN REEIZ2\WV. 16.2 T TILERLZ &
ST, ZNDHEENE S NPT Y b E—BERDOERKIZE DT, 16.7 DHITH
WAL, —EmiEaw.

H LU ERASMPMESRMER S/ o NS 61K, FisMix

851 ) ( 8SH ) T1 T11
<8XI Xp° 0X11 Xi© T I ( )

Nd., ZIZTXZBENFEE(EY)DEENS X 2R 2L 2EKT 5.

Or

THA

16.6 {LEME DR AT I HEMICK > TE S FEREE
IDa=y MTRRE &—DDOYHEMERE N AN DOEIEEEY \{N} ZEEL, N T
REINBIEYEZ TR _DDR]T & 11 DR TRILI NDIGEI215 5N 5 LR EEZ
FZ5. fHROZOIZ, —228bE R AR LTIV LTWEET 5
S(E,N,Y\N)= sup [S{(E£,N,Y1\Np)+S(E, N, Y1\ Npp)l. (16.9)
NI+NII:N
ZIZTEAIZENTWS NEY IE, #1nEh, Ny, Ni1 j;_;ckU{‘YI,YH DMTHB.
LR T YL WS EDIFEBEEABDOZIIZODOVWTEREINTVWEIETH D
Mo, MBOHUANTIRES. [ROHPTRIGHH S D D05 D0, RDEMERR
RRIZHAHIRD, BRI,
BAX G2, AbEDORIZIE, B TERVWEDEVWANWEH DB, TDOLIREDIZOWTIFZTD(LE
Yy AL e mmi A U7 CE) IRAME —2 o k& e LTHUANT % & & 2 U0 (—25.6).
D& EYEEEOZII L EFRINICES U7z CE) IBEWIZ DWW TIEZ DR~ DFEREEDALEH

FBUZEASI NN LIZHERE (cf. 25.2). K 16.1 T, XX h i bEYRBEcER Ve &, Th
% B UL F RN RGN PR A (‘dressed compound’) %31 FIZEED 5.
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HEEMERT L I OFTRMTEL50%2 45X 5. REOYE R IXX
161DE5BEDESS.

selective membranes

Figure 16.1: Z2D%%, 5F AT\ 2 HIALFWE T 238 IRWISE R S 2% U CHEML
T3, MOBEATOHABAERETH B, HILAWEIHREHMINTVE I L klko X ) X4
BEDIZANTHS (L, BHTEANMEEMIEN SIS S Z L 2ENSRE TR 525.6).

SEEME D DN TOWMHI TR Z 5 Z & ITEBRE DEIEMITTRIZR > TWA LS
MaEHEUANTE20OLEUBHELTHS. LT, EERETIXEMOERT VY v
MW= UL TEsm\Ww., DFDh,

(951) %_<85HUW'_A%)) A _ Bl (1610
aNlI EI,X[,NZ‘IC aNlI EHvXII:NiHC TI TII

16.7 EFH
BRERHMTE 2B (DF D, HHIZENITAER M) 204 L TONVM TIRAKRED A
ZRHIPHIZHIRA 2 W 61F, (16.3) robnd 51,

(?éi) _ (?Eil) | (16.11)
M/ xppnn \NOVIL Xypogpv
2%,
Py P
—_ = —= 16.12
T I ( )

DN 425, Gibbs DRGNS P/T BHEEHL TWERDOMT—EH LR T
RS0, BERMBTR W S IXZ KT 2 BT 5.

LrL, 206, REOEREFIRT 2DI3ESTHS. EANVIZA Ny IS—
2 EENIXOW (BRI, K16.2). 55 AMENTET 50, P/T O—HUIET
LZaw, L2Ll, AbELEZREEOTY PO E—IdA by X—OFFE N THRAII
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o TW5b., TNEFERDOEBOEFR TORKTH > THATILZRN259256,

3P P 2P 2P

B |-
stoppers
el

3P P 2.4P 1.6P

Figure 16.2: A by =D W5GE L H 5550, ROEBIAEH CERAN L T5. b5
DAL T MO —BEXONEFME T THINSIEREIZZ>TWNWS.

TSR TA My S—2IEEES] Z21ZULIELIETRETH B &
SIZRZS., B D & KELEENEDS Z L ITHE.

16.8 B bV
X163 12H 3 LS eRE UTHEINTWT, WEBIZHE S CE < BEW 2 ¥
ANVUDRBHBIFHEEEZLD.

adiabatic wall

Figure 16.3: WiV 2 b > (%) THYI S N 8D 5 72 5 5

22T, FIZRNIOAPHOENIT LD BONEETLIVENELES. EA
NUDBEFICENTE L 5L T, FAORMEPRODENFD. BoRINIZE SN 5 P
RRBIZE S50 7

BN EZ B, RELURITNER SR WEARIZT L [T ORI ZEETH 5
NS, GEDGFEE > TWA TN, RO TER SR WRERIX B, B, Vi, Vg
DD, TRINF— L EKEORINIREFEI NS, I SITEME—H LR TIER

B5Z DA THEBENICHUNEAAA (—18.2) 25 Z &N TE 5.

DY BERERICL A ) H LEHEDOHEREPEA N V) VX —DlIZHELER VD
BREDMEZRDDDNVHL <wd. BEIIZEES L FHREE— DI 500, EX b UhlE
ET2 2 ECA N CHPIOGUEDR SR> TWB IR E-> TR TV S TE,
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LW, DEDFERE=Z20HD. Lo THE—DBEBREDNIRIREBIZZERIZIE
5. TOMRIIHZIET DA THENT 5 & DK (RY ba— T 222 KET S
M) THATH .

AWHERIIZ 2 T ThIE, 2T b e —HREFEI N DO TRKIREIZ—
FNZRE BT/, PIAIXHBARER S, HEFIIWNTBGERE D FEBIR (Poisson DA
A ) o, RRIREEPEA b OAENRES.

TREFHH TRV R E D250, NIZI LN OENP—HTEI L, T
INVX— EREPMREINT WD ZLITAWTH 555, RET 2 FHRREEIT V2728
5HLDTHEMT HEFHHNTROVDENS RN TOMEE T XILF —DO#GE (= ba
E—DHER)PELD. TR ZITPIEIEIETH D, 2ET 2 FEPIREEIX
EDHIZHHHEEENS. BMRER R TRV EEIENE S L EITE, 0@
D—FH/TRVWEEZDIRETHS.

BTRY hwu— 724k (polytropic change): PV —ED#fED Z L. ZIIFEBIZAEL 5 WH AR
HREOERE UL Tfibhb.
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4

17 EBEIv bhOE—

17.1 88: EWER, LR
SETHRMATHN, HERTHN, FHIE LT, HBOEMS - JIFRLH L b
EHE2NEHZ>TERD, UL, WEYEOEL WS DL, KT ZERIEA
H25E, WAVWAHEEITHEZLEH->TWD (45, FHZ4.5).
ROVYEDR D L D ZBEHFEE B I RbDRWEE, DEVYHEEEEZ —~EIZTES
L&, RFALTVWBE L EDNS. £ TRVHWZRTIIMERENE(T S, Z
NIZE BT AN F —DZEAE G Z DHIFMALHE Z (4.11 T () LIFIXN?S,
ITANF—HEFZH (Wb 5 HE LAl »7.13) %

AE=Q+W+7Z (17.1)

DESIZEVTHIPNZROBNFZZEBMLU T OVEHTHS. DF0, BH
N7ZRTIEENFED BEBIEA R ED LS RS Nz, /ERkOBHZEOHRET
&, ZOHRZ THIERIIMEF - aEELEmEINA S Z L2 N RDE
HEPEND XS EEHNEINTWS

UL2L, ZDHETH, ey, ﬂz%% SDOHAD ELEKIGAH->TH,
ZN S DR WIHE OMED (17.1) OEBIELAMTS 2 UVITEAT 2 Z & HBARERFHFEIZ
LoTEITBINTWARL TEHE S,

LZF R TII VDR, F2T, ZZ2EThEZE2ETE>TELZADEZDIZ
{LEYE % RBLT 2 PEFEOER & Z OHIE A REME 2RV R Z 5.

17.2 BNHFEHE L TOYEE
PR TOT R IVF —DEFR O (17.1) 1x & \We LT, H BN b H
Ho720 ZDHEMWFETHLES, (P2 TIHEL -7 ELHRZL TV
D7 BOZRIZH LT LA MAFOBBRPSHBE 72D T, HBEOENZEDTF
APNTIEBE L ZHAT 2L ZATHECLEREEIZOVWTOE MEH 205, ¥
HEIZDOWTIREEH W R 2F A5 T oL,

Z ZCRIBIZ o TV 2 DI IR & W REERIE A U O LB E RS Z & A’
HFEINdH, LWORETHS. BLfiFHFZAVF—RL UTRUBATS, B
JIPERNTIIMRANZ B B MO R TH S (—A.10, 8.3). TIHLZEIERIIE S ZM

BYLEMAE Z FCRERFEM LIFEN T E 2D, TOSEZERAR LD TAETIIHED R,
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IZES DD

A & WIE R AN E UMM OB TH S5 Z L &2 5D 720121E, [LET RV F—
EAEHTAIVF — DM EEMOBUZE R TR T 5 & 5 RHIRA 20 0720 [H
%\ & Clausius D& \WH (—A.11) 248 D IIHIE R UICHBEZRTE 5] Z L35
FEEINTWRLS TR SR,

17.3 ETEANC K BHIRD BV EIF EDI WD T &7

B MAFOBBRIIRO LS Iz doNnD: (MIZZ2{bEFERES $I2) 4F W % Mayer-

Joule IZ U725 T (=7 13)RET OB Q IZERMICEHM L 7-b L, TOBQ %

% IZEZ B2 Carnot DF D TELKBADRDHZ (K171 14), 2%, QoW
& (HFUTRBE % 5% X 3712) e T E 2\, [Clausius O 5 D i (—A.11) 1ZE 72

TV RWERH B THD. K17.114)%

11 /4

. | t
)| engine T Lu__() LF_+<>

T Q——)C)*q
I1I
0 w w
('_ O heat pump 1/ T l
irreversible Q(_O(q Z_>Q_)Z’ Z<_O<_Z’

reversible

Figure 17.1: HEZEANZ X 2H 0 5 2HIR: Q, ¢ (< Q): i’“, W, w (< W): L, U: F7v ¥
NVIANF—=; Z, 7" ALHEH (WD 2 EHEAEH). EOHATE YLV TRINT L L HEDIRE
IEFEDBTIEDREIZE S 72 TR S 2.
INENBINZ, HERRT VY VIR LF— U EEFEOBIZITZ O & S 2l
%mmwwﬁﬁiamtb ERTHEERRNIZIT S £ 9754) (K 17.1 D). & UfEHEANR
FUVYILVIRVNF—IZBHIND L, ZORT VIV ILIRNF—Z2MIZRAD
IR 7R X 971 mt#;@ﬁ%ﬂ”Jﬁi EMTE S, 2D [ _JERIDORT 5

2985 A AFRIEZ > TEE 100 %fLFHICEZ L2 IETESD, 0L EAFHZ LKL
KRS BWAS (—8.6), DEEiZFEIIIT] LR o2,
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Hl#ZRUIZ) [2F D, Clausius DEKTHELLUIC (A1) EWS ZEDHNAT
H5. WOIETHELRL, ZOU-WBRIZERNFZPERL S CHENL I T\ 520,

TIMEEZANVF— Z EHEFHOT R IVF— W OBRITIZ W72 5 5 RN &
LHIEDRH 5 DH, 0D, AAFEMEIZE > THLNTWAILER T A ILF—%
DI ZEH T 2121, @, MEHOLHAES., ZITRIT1IOHOMIE (ZvY
VEME—RIZNYZE)EBEBTH DY, SOHBEGIEIFAETEERTH L WILE
KILANVF—T, THXNX— 7213 K OFbEFEZx VT —, Z/1% TEH
SNV ] ORI FZAINF—THEd (W =2-2").

Z-W HOMEZEBIZIZ WD R A HED B ER N WS FEEMGEL 2 TIER S
RN 28 7 EANBRAT, HEW EZMATIO TR A, A oZbd i
X9, HEIEENDZ 2R TEARSRW., WhRLZEREZITNIZNWD?
—B/AT— M RDIFELAFNER, DF0EMEMES Z &7 BRAFOEEN
WEHOEEWNE X2 2o, HERFNLNEP oS REINEIRETHS.

T 512, BN & BRSO DM O AR AML R R L @ DL FED
SEMME & ETRE S B D 72260 (L L, — i Ex.17.1).

F&®H5bE, Thomson DFHE (—8.6) & Planck DJHFE (—8.5)  {LFH ML, ff:
HEYERERALEER 2 G0 O, — M b F i = e A, (IR %
Z L DSREBRIIC IEX L X 5202, (LI YV E AR S T 2 L ¥ — E DD B
NEEREE AR LTV DTH S, KRETIETTIZZOL DRI THE LR %
BNWTET.
FEREFEOIVIVICES LD, IRV F 2B VX — 12 BT 55
R FEIZES S YT 2ok 2F0, (bR FEZBAT LT —(1Z
L ZNEZBMT AVF —IZEBZXTE. ZOEEHYMAE T 2L X — % B
TRIVF =BT L TFEDPLVEARET D LALFEN I E DR NEZTHAL
(— # Ex.17.1).

17.4 REREDEEBRAZICIIEEDLHBH?
17.2 108X 7z, RERORBLENTIX, (EFMEAZ2EZRBLURWVARZ EFTRERL TS
WTC, TZIFZ2EART S, WO HAHTHD. ZODVHEINDEZDHITIE, B

2603 5 2 AREIIZHEES N T W5,

261 A.16 TTTIZRZ L DT, BHRIIZIE, BB O e ZDOEEOBE L I ohrbH VLS
IZRZ 5.

262035 TARRME] IZAZEIZMNS. UL, THNEFEAYIZERMIZHIEZINTVWAENE S, K
EBVRRBETHS = H Ex.17.1. RIZLAD, {EEXKIGIZIEWAARE DD EDENS. EHIX, #
FNZ, ZNEEE->TWS.
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DA, KB RS EHA L 2 TR SR, TR
&, PERDOE IRAIDFR, R ZERISDFAETELE I NRNT LA EGH S
NBIETEN, 572> TR,

BN ZZEBDER DRI NG T & % S 51213 Planck DR (H 5 WIFAREMIZ
ZN e FMREER) Ribh s o, MEMKEZEMDFNDS BTy o — 2 K
T2572DI21E, bIbNPT TIZPo72& 52 (—=8.5), ZTNAMIGIZ Planck O 5 HE
DUETEINTVWZRL TIEHZAR SR,

17.5 FRNBBR & LF LS
MEEE>TEWANEHE0 06, EDIFEYED RN E O % 3 2 B
FIEETES295 (L <I1X25.2, 25.6 S M). ZNIXRZED BOEEDOMEE
ERECTEDLMRTHILTHHD. Iz alfRIc T 2HM LI N/ KED, 2
RIVEEIE selectively permeable membrane (fHHD 7z DIZ1E selective membrane) T
Hb. ZORRIIEEINAFYEOMUrEI 2\, FHHERIZIZZDH 5eEN
FINRTEE #5726 DXHFENERE BEL HNITKATE 5.

T ZTWHERNZEEEL PEER] L EPSIEENTWAHERT, 4.13 128X
=&D, WHOSKENHEEEZ 7Ty 7Ry VAL LTRELEZBDEEZS
RETHS. KR TEHYEIZERFNZOBETE S, L WHLFEDOHI 4.3 (I) DE
AL DRI E B 72 D72, BRI B I 24— L\ P Yy A L—RD &5k
HELINZEHRLEZDHIRETHS.

PWEDOEIZE S H > TEWWA, BERIEZBIIZERNIZHD D 72D ITIZEIVEL
ZHESONERTH D06, MHESOLRVIED EVHTYERIIRITS. H51L
FWNE T WA ORI —E DS & TRIT AN EVRIML 72 & 2B RDOAT L+
VF =03 udN 2163 % & S EH %

dZ = pdN (17.2)

LEL, N IVBERERETH D RENRETH D (R, EBRICRIICFEET 5%
YE DR, DF 0 ALFRHBERED AN 26 2 RFEE ). —BRIZIE WA WA 7Y
EHHBHDT, TNTNERTTEILT

dZ = mdN;. (17.3)

2632 50D FEIEHFEBRT (JFHEHIZ) ARETH D Z &1 4.13, #l Ex.4.3 TT TIZim U7z,
640713 dQ = EFARRIZ, 1R ZRTHBSL L THELNTWT Z DD & W ERTIEZR .
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CELL uy BAEFER G DAAFERT UV ILERER, S ETHERWVS, N, IIREE
Bchs.

17.6 NN ROENFZER
BA U 72 R DB P2 IENER T 3OV ¥ — S HE R 2 SR 7281 Z TR 6
TWz., 172 IR TH 2 L5, IR, @ OB & WE KO
HFHLIIE BRI E e S b.

Z Z T 7 Gibbs OBEfR 11.8 1%

dE =TdS +Y " 2,dX; + Y judN; (17.4)

HhHrWNIZy v —2dicEz L
1 €T;
dS__TdE— T

7

X, -y %dl\fi (17.5)

YEITB. L, FEFEUCEERERED, AN, 13WEBEDOZETH > T, {LFEHBED
EEEOZLLTIEZ\W. Gibbs ORI H K T TEBREZOEIEICEILEZATH 5.

17.7 EZRTV v I
HDHRITBITBAERE DILERT > Y b p; &P B JFELR 72 7R (BN 728 25
CIEWREHWZ L IZEDRWV) Z2RRLTEIZ S (K 17.2).

e
Selective membrane
that can pass only chemical i

System

Figure 17.2: {b¥ R T > ¥ v L OEAER 72 € %

XU, RITMAT SNSRIV B—=I1ZI3WE i DADGEE > TW\WB & F 5205,
V) R — & RO 721 2@ ERNE @R (VR Ao Th s, Z
CTCEAMVEELTCRIAZH 2IMA 5. TORICELMLE»S u 2RO 5
ZeRTES.

205 MR ATREMIELIC DWW T, Sl TR A & T ORD D IR S T & TRIEIR AW Z 213 T
IZH U7z (—16.6; 25.6 ©3),
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Gibbs @RS 0D 5 X D12, ANV 22U S HAFHBET RTE2 —EIZ
LitlT 5 Z LIXARETH 5. [LFWE Z WBWIZ RIS A 2 TIEITIAA A>TV D
(— j#H Ex.4.3). ZNZE5120E, HIZIXEREREZMS Z 272, ZNIdBTitm
45 (—18.1 BAF).

17.8 Gibbs-Duhem D%
E = E(S{X;},{N;}) iZ—K[FEXREE (—3.6) TH DM 5 (3.5) 156

E = S— ZX ZNaN—ST—i—Zsz—l—ZNMZ (17.6)

EXo2Mn e e

dE = TdS+SdT + (w:dX; + Xidz;) + > (u:dN; + Nidp;) (17.7)

= | TdS+ Y wdX; + Y dN; | +

SAT + )~ Xidw; + > Nidp; | (17.8)

TH B, Gibbs DR (17.4) B’H 5 DT,

SdT + Y Xidz; + > Nidp; =0 (17.9)

PESND. TNz Gibbs-Duhem DR Gibbs-Duhem relation £ \N>. H L H —F#
OB L D7 WG &lE

S X;
dp = — 74T — > e (17.10)

"Eohd.
17.9 BREKBDILZRT Vo vIb
(17.10) IFHEBELRIZDOWTIZ PV = NRT W R
S v S RT

B, BENR-ETHNIESTET
P
S)
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YEA NG, KT, BT S PO =1 ({b¥ TR P 2 QETED, 1 KL% HHEC
T2 M%) DY E u(T, PP) = 4S(T) £ LT,

w(T, P) = pu°(T) + RT log P (17.13)
EEL T &% \N26,

17.10 Dalton O ED;EE!
B o518 22 FNEFNENBN, NyBEUEREDOFEL, BEGHKEE
ZAbE, TXANF—HRMEEERIZZVOTHTZDENI

P = (Ni + No)RT/V (17.14)
&72%. Dalton 1 Z DX % K KARD 53 partial pressure

P, = N.RTJV, (17.15)
Py, = NoRT)V (17.16)

D& UTHMEL . T % Dalton D EDILAI law of partial pressures & LS.
AR 1 DENGHE 2 mole fraction %

NN,

(17.17)

CEZITNE, FEIX

EHELILNTES.

17.11 BIRFBEIC K 20 EDIERR
SIEFIRD XD ICHfiEdT 52 &N TE S (K 17.328). WEIF—EDT LT 5.
M EARL, 2T NTNDENLEE N, Ny ETEHEEPOE ETETORBKEILV, =
V, Vo=(1—-2)V &Rh2DP5MIT3AITHZ ESITEDETHER VIZT o 1F D IL

266 FLE B % P 2 FEHERREDI R IZ D B IR G A IR E 2 D 5 (—25.14).

267 FEREF IR AR W, B2 e LTI, Dalton D EDEANIFRERAITH 5. K& 1 & 2 HHH
HAEA LW & WD TR S B ZM AR EE 25 ?

208z h imA%®ﬁ%m7@ﬁ%@é®T%%tw9m%@%KME@4mwrﬁﬁmj:t*
AN AN A
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5. ZORBIWBESINTVWE LT L. I0oZ2TNTIVRR YV ICHIFZRS
¥, HERFEDSBRVWOT, BTOENZZENENL1T.10ICHTEZ P & P
%%, ZDTO% ‘HRADED L BC—-D &b, KRl & 23 MEEMEM L W
DENRS D DESEP =P+ P75,

Selective membrane
f filtering green gas out

— —>
C

\_/
\
A

B filtering red gas out

Figure 17.3: Dalton ® 43 £ DA

X 17.3 A: lASMK 1 (), 2 (F) TNEThOELEE N, N, L3252 Z06KFIEV, = 2V,
Vo=(1-2)V2%25DT, GbETHEYV OFIZE-50NDEIENTES. ZZTheFOM
DPFEEE % RN CTEHIZ 722 5 D 2 fFTIE D OEGHALKRIERT L. REIZED 520,
ERE S Z 3 S & Dalton D7 EOEANI KA DB E HZIR CHT E 5.

B: A DX D DOLREMRE V IZE THIEVEHIESE 2 L ZNT NI T 2D EDKRIZ LS.
C: FRDLEARD A - 725D T % 7R DSR2 T 28 S IV EIRIE SRR (DX 0, ROKMKRZE LIS
i) CEEMA, ROKKRDA 572K D L E RO LMK %28 T VRIS @R TE S HRZ S
&, ZODHE —DIZEFLHEIENTESL. 2O ELKMMHED T 3 I)VX - EER XD
5, BoD OZMMICHEFEZMA B2 HEIZRW., DEVAFTANF—II2BET-ETH 5.

17.12 B0 hOE—

X173 TA—-B 22X ED L, ABSC—oD Th23@ED, NHT L F—
U7, L L, WEZEEELES EZFNE TORDNIT DT EDITKRE 72D T
A—=D IZAMH L IEE 2 5. BoC—D LB RNZERBEO BN THHETH 503,
A-BRENENDOLZRIZOWTHEAEBIRZ DT, RAfd@EETdd, A-D T
Ty b= EINT AT ThS. ZoEMERESET Y O ¥ — mizing entropy
WA, TN ASBBEETOIY bl BT 2T 0T, Thrkdt
BLES.

209z iﬁf®&%®ﬂﬂf%ofAm%m®&Wti@M5yﬁiD,ﬂé%%@ﬂﬂﬂﬁﬁﬁ
BIAREE, BWROGARD (T, P) 1281 2EBOMRANC 2 5.
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HAASADO T Y b o v — (BARSAROIEA LX) 1 (11.20) IZHEA SN TWS. W
BEHBRIEINST ALY —, Lo THRE2 —EIEo20T, EAHEALS
HASIK N EVORMEENLY -V izonwTTy buE—0Ztik

‘ﬂV):SUW%+NRbg%¢ (17.19)
Thb.
ZZT, &K1, 2FENFNIZONT
SlB = SlA - NlRTlogx, (17.20)
SZB = SQA - NQRT log(l - :L‘) (17.21)

LHEZo6N5DT, 2TV bnY -2tk
AS = —-NR{zlogz + (1 —z)log(l — z)} (17.22)

CELIENTESL., EELEELVEE N =N, + N, EFE N7 -,

EZAT, 'MEZEEALE DL L ETNEITLDBIITHT 2 DIEKRERDTA-D
BAHH EEFEES] LEVWELAEEOD, TY b Y—20itE2R5E, *
DEINTEE D Z L L F o< BfRRL, HERYENIFIRINS (HDWITFEET
) ZEICHELTWD ZeDibhrd., BEEREIXHESN A I ETTE D05 A
WDRFNZIZIR S0V DTE. HEANZIIILE (DF D, HEYEIHOYED T %A
Do TWL Z &) DEAFEEDHERNTH 2 L VI D, BZEDOHANLDR > TWV-o TN
DM THHI RV, 2O EHERPIFAMEEDOFRRENTH L. ik
3N LMFFETHD. RAETY b E—2 VS AETIIEN.

17.13 Raoult DA & BIAERIKESY
BETTCHIKA L BOREYZEZZD. IS OBIKIIFMPEOIZIRE T I28\\WT
ZTNTENIERIE Pag, Pgg #2273 5. Raoult i, % < OWAKIESGY THELIIZ

ADENGRN ¢z DIREREEEHMIZH 2EBK[)EIL A, BENFNOREZR
Py =xPprg, Pg=(1—-2)Pgg DL ITRODTIMAZH DI B,

ZeEHERHEUZ. ZoRERR]%Z Raoult DILR] Raoult’s law & \N>. T Z THAKT
Vapor pressure & [ (AHPEM) & FHICH L2 KMHOENIDZ L TH 5.

Raoult DVERIASEREIZ 5L D S DIWIKIRGY) % BARR AWK ideal liquid mizture &
NN
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17.14 BIEREREDH D DILZERT VY v b
T, I 1 (atm) OFPEBIADILER T > > v V& 1, p, WET, EJ11 (atm)
DEEDERT Vv V& 1S, ppe BELESE, ISCRERIHEALATSHS
ZeERETELZDAERT VY v IVIE (17.13) DRIZE T 2D T, Wik Zof
MZRG DO A RERIZ 17912 /72X 51
py = pyg + RTlog Py, (17.23)
f = Hpg + RTlog P (17.24)
b, BEWERDTOERDDILERT VY ¥ IV%E pp, pg LELZ2IZT B L,
TNV ENTNDREEFFo 12 7KQE T H D D7ZH 5, Raoult DF D £S5 U
THENFHAETEL RS,
pa = piyg + RTlog(xPy), (17.25)
B = pp + RTlog((1 —x)Pp) (17.26)
THRATE RSBV, FOZHMOER%E Rt~ s &, BERGHEOHDENEN
DR BEARDILFE R T V¥ v L H
pa = piy + RTlogu, (17.27)
pg = pg+ RTlog(l —x) (17.28)

EHEZo6NBZ L L5270,
17.15 BREKREDEATY hOE—
(17.6) 225 2 FRAWARIZ DWTIE, —MRIZ,
E=S8T — PV + uaNp + upNp (17.29)

Y7357,
pANA+up N DIHIE 17.14 TH Z 72 2 MR Z T B2 DWT, N = Ny +Np

rEL L
eNp§ + (1 —2)Npug. (17.30)

04k 2 55 &, FPOWIKRDILERT Vo vy VIEFNFNDHRLZEDD L TOERT VY v L
TR TR SR (—19.10) 2%, F@DOWBEERDIERT VY v VIZEINTHBURIZIE L 50V D TiE
WE AT 5.

Nz ORI T AN F—DEDPEATIERLS EXTDEDODRENTWS., TRLF—DF A
—HRANIZ D B IE NS Z D & S A RITEERB WD TIEZ WA ? ZOOERIATIERL, M
BEEEZEZABIZIIZANF -2 EZholllo72rEE—-BL TRV WIFARW,
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Hari

eN[py + RTlogz) 4+ (1 — x)N(ug + RT log(1 — x)]. (17.31)
HAVRECTIRIESIC L o TEOWNMT XV F =P RBIZEM LWL REST 2D T,
i JE T — e ST T T DZAL

TAS = —A(uaNp + pgNB) (17.32)
5. ZOHAE, (17.30) & (17.31) 2R3 &,
AS = —NRzlogz + (1 — x)log z] (17.33)

THhdIehbhrd. ZUVHEBRKEZEESZICL5Z oY —DBINTH
D, RETY MO Y — mizing entropy & FEIENS. ZONIFHEALKKZREE S & &
DA (17.22) L -7z AU TH B

17.16 ®HZELETY hOE—
MZEAKOZZERUZGEIFBETEOFELU IO HES 2 (BB 23 %), Z 2 TIERBK
DKPE 720, HELUTCERRIIRD IO BHEHES K5 BEE2EX 5. K%z
BHZZE T 208, TNPBERTRVERPSEROREZINS Z &%, Rigo 72Tk
%, 2\ (—23.2). WHDKEIIKEDROD SN S L 5 RBEKRDKD Z &
THH, KOREZEM, AKOREEZGME VWS, HIZLDLZ Z L 2HE W
I, KOOGS, bWbNAHERERT 51D TlE, 0O 3HIZER L XE]T
&, MHZRE (A, W) THOMIZELT 5. Z ORREIRECC BRI & LT
XN 2 2 (BN latent heat L EDN5) DIRIND B 5.

A DS BIACIRE T CHERINIZ AL T 2 L EDRBD L THDH LT 5 &, fHEAL
NA-BOHG, TV o —0Z&ti

L

ASAB =7

- (17.34)

Iz 5.

2N T, IBES] 22002k ->TZy ba =280 TWA b Tidky, 2un
SHEBREDL S RWITT .
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18 ZFHRBE & Legendre-Fenchel Z#2

18.1 FRRDENE

RO DHPRAE L TN S BET 2540 0 O EARRREAE UIRE T 0@ %2 F iR
& isothermal process E\ND . B TP I A S LHI-72Z L TlERWVWE WS DI
BOHZOWOH0@0 THD (= HEx.18.1). THTH@EPAIEHIZH D HEILR
WDEDS, REERATHIE ARERERZ. UL, EBRICEREREZ2FEHT
DHEARM IR, RE VWD THEREE (=7.11) 2N L THIHE T OB & Hfilx
BTELIZLETHD. ZORHRD L&D D OVHIRERE CIRET TH 5 Z & IR
AEENTVWS., A4, MET OB EHEMURIT TV THRFNRE S L >T V5D
MHOD SR,

BF 2D 72 DI TG & MR 2 R RFE T O R S B EDH E 0 6, &
DA, Y7 A SRR 2 TR U CEHEIH S OREEN L W». Hil
LT Gibbs OBRR (=17.6) BE S R 0FETHERXLD. ROEEEZ —TITHED
WIFREANFUCHHBBO B A D 2 X TEWITRWD T dE TH <

dE —dQ =dW +dZ =) " ydY; =Y zdX; + Y pdN; (18.1)
EHEZBNEIN, WO —EUERDT
dE —TdS = d(E —TS) =dW +dZ =Y 2,dX; +»_ judN; (18.2)

EEZDDDVHEETZ. £ T
A=E-TS (18.3)

% Z, ZH% Helmholtz T3 )V — Helmholtz energy & W27, 2R HEFHIA A 35
WRETIX (17.1) 05
dA = dW + dZ (18.4)

THdIZEITER., FIUEFEEFE Z 206 1E, dAIXRICAERIMZ 5 -t
)z 2 2274

T2 THelmholtz AT 2 V¥ —] LIRENZ. ZOAFE DRIERBZ 27201 BT 5 (£
BEDOHBEIZIRS W) TALVF -2 LGIWEED ] WO EIKRTHS.

MMZ ZCHID dQ ERIU K dW X dZ 3R RO E TH > TREMHI &\ D ERIEZR W (—9.7).
FAUZRTIMERALEE Z BBV DTdA =dW 7206, WMBGERRIZBIT 5D L FAkk, FRERETHHE
LA, WEGHFETIE, 7.6 CTRAZLS I, HW Z0E0IMERTH -
2B, S OBEIEE S DD IRERNBEGIIRO NS,
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18.2 ZE BN T VEIZTOD Helmholtz TRILX—DZ(L: HERIE
FAU7-RE2ZZ LD (LD 5T Z 3\, FEMEF T OEFE Tl (18.4) 7 5

AA=W (18.5)

ThHbd. ZZTWIERNDHDRNEZ T VWS RIZAWHERIZTHEHTHS.

TR IDRNDPS DHEPRIZE > THH TR S HUR (—2.3) 2o ThI Nk
RIE—MRIZE D220 7 YURRIIKAT S5 50, #URIZ K o THEU ZBILE
BEMEDT-DIZ 2 DWVWTWABWRD & S RBEIZkIT T\, 2F D, ZA»S
MASNTZW ITRTCHRDIRINFT =BT TIERVRS

AA<W (18.6)

LB IETTHS. INEHEIMEFDOFE principle of minimum work £ \5. DF
D, RIZHBD—TEDEMAAZF TR TZDITBERRIANSIMA SN b LFHIE
AR EZMA D & SITRNTTE, LWVWH5DTHS.

RPN FET 2 L &, MBI < (Budz < \EIIT) 2N S il Kot
HPWMO HIND Z L5755, TNz RKNEFEDFEI mavimum work principle
EWS. ZOHEARRBADEL, RIAFRLLTIALF—2KIDENS, b
NHONOFZSOHNTIE, AAEW HEEIZATHS. £ IAT. (18.6) Dikald
REE72DT, ZNIEVDBHED I TVWBIETTHS. Lo T

IAA| > W, (18.7)

INDRAREFEOFHE: i SIZRHEZDOEFHEWMOHTIENTE S, (2
ERASR A AN
BEERA Z 355 —BOGEIZIEW 2 W + ZIZESHIZ U TH 5:

AA<W + Z. (18.8)

HUH, LHEENEDL ST, RIMAFERRBREDIRI > TEEZ RV F =2
D HE 256121 (19.16) L HBRIZ |AA| > |Z]| BMEond. Eilir s BELMLE
ZEOHTHAMAFZIANTF—PELKNIALF L LTI EINEDT ZIZD
WCORKFEMIFEZEIZRS., UL, ERAMICIEERSZMEZITI TR —EEN L
WHEBE KD > TWBIGENEELDT, (LEZXLF—IZ DOV TORAFH
IZ Gibbs TR NLF—DE ZATEZD (—=717?).
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18.3 Clausius DAEFR & T FFRIE
18.2 DAFEFMOE X HiZ, WHAIZIZTVWHIE LRWD, HFE DL E WD &
CALZBWEWDS NI, ROES WiEmzRft L T2 5. FhRHEEOFEHD -
OIZIE—TCIRET ODBWB L RZDPVFIZEL TWTEeIKRE UTHERIZZR>TWwWS 2 L
TEWV. £HAARPTRIEEREBIZD 2 LIXR S0 D 5 DIREIFIET B
CAFR S 72\, Clausius DAENX (—14.4; 2 ZIZHNDEE T IZBWROEE - - 72
ZerBnwEZED).

Q
T

AS > (18.9)

LQ=AE—-W—Z%{f>%
TAS=A(TS)>AE-W -2 = W+2Z>AE-TS)=AA  (18.10)
2 (188) TH .

18.4 Helmholtz T L ¥ —&/NDRE??
FAU 72 AR AL DX D & D 2 LRI, IE—E D&M N TR D LD (18.6)
&, BRI

AA <0 (18.11)
7%, D%, FRFM T TRIND O DEMFRBIEZEAIZ X 5 —BEFEADIERDF
52704, EBRIZEADPEZ 572 51X Helmholtz TR )V F —ZHADTARETH
5. (18.11) 28T 5 AADFEKIZ, HORVPEAREIZH D & U, SN S DIEL
DO—ftFEEZBEE VR WEREZ ZNICHL -2 &, fRe UTE U EERED
Helmholtz T3 )V F =0 5D DIRFED S5 WL SZYL L2 WS EDTH S, 722 %
DD UIREDRZNE L 72 REB%Z — (K& & 2 5 FHRREN &, ZNITH B4
ZHEL CEBIZAEIKRT DX BREETH L. BRHZBNFNESTD X SIZ, RE%E
SEIUTCREER 2 HESTE2DOLIEELD, TORIERICHL2EELHETI &
W& B2/ THB. (18.11) Z Helmholtz T3 )V F —iFADFHL principle of decrease
of Hemholtz energy £\ 9.

18.5 FRFXHT CORNFENES
(T,Y) DB J(T,Y) DERSEAM T ORI AL TG U 7224653 0T 134RD & 5

52 ZDHEFBIZ12.11 TREZED L2 IZWITTH 5.
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WZEHR I NS
SJ(T,Y)=> J(T,Y;) - J(T,Y). (18.12)
1EP
ZZTHEP ={i} WIEDRLEBEVRTRTELL T THEWF i ~OHETY =
Sp Y BT LS RB DL T 2.

GREM T CRIFHEMADL D D\ ITEE L U TR (7277 LI TR TS
BTHBLTE)2INTTETVIEHARNTHD L LS. TDH 5 FMHk
RBICBNFINER ZRT &, MRKGZ2EET SR, Helmholtz THILF— A D
Y (2B B B (—-18.7 D (1) I2&-T, WDH

A >0 (18.13)
DAL T 5. ZAVUTERSM N T HERREO SRR AMEETH 5.

BEHERDOGE, BIENENRNZONNMIR AR L CWHEEAEEL RN &
IE, HIREMEEZEID D XS RERBHEINLEDT, JA DR IFHEE LR,
PRI D I RE 7 & & 13 0 DB ENE ) 2 EIK T 554128, Helmholtz T4 )L
=4 DA

A <0 (18.14)
ZAREICT B0 HINT, 20L& T, TOPHRIIAYITITLE TR S 7,
rWH b,

ZORMMN S (18.13) 2 LESM L IEIDIFHEE T E RN L TERWV. Th
Mo, FEEREMETT, HDIRED Helmholtz TR INLVF —DH/NZL> TV, %
DIRBEIZPHPREETH B Z L b0 b, 24k Helmholtz T 3 )L F — D H/ND JFHE
principle of minimum Helmholtz energy & &S,

18.6 Legendre &1t

E — A= FE — ST X Legendre 24 Legendre transformation & FEIX, E OIHNLE
BESYPoT Y IZHOBZAZEMIZIL>TVWS [T Y 0dX; % ViR v
T xdX 72 LfHIBIZEZENTHBL 2 895, FHIWBE/EEE2 N L E2WTE Ko
AR S 7. HEDNZ,

dE = TdS + 2dX + pdN = dA = —SdT + zdX + pdN. (18.15)
LA L, TH721F Tl Legendre ZHDERD E 572 < b2 540,
B(S,X,N)— A(T,X,N) = E(S,X,N) - TS,
yECLE, ERPOTRBFIGREINTVEDOTIEARL E(S,Y) THhE2 (EIXS
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TWOTHERMARETH 5 —13.9; 13.7 L 2R)

oE
ro (%) s
THb.

FITE & ADBBRERMFZNIZEZ LS. MMOBEIZOVWTOLEMEIZTVDE A
UROT, MTFIOHEE T (RICKRET) Y 2EPR0.

EA
) @/f&%
v G}OQ@
Q\@’*‘ A
&7
@ > S

Figure 18.1: Legendre Z

E i3S offe UTid (BFHEK) MK TH S (—13.9). TV b BEE—DEIF
RIZHBIREEEZ D (M 18.1) &, TOWREORE TIZZD SITHBF % E O
(FrEDERR) DA TH S, FUMHE 2R> THMZ@ED (V) ER E =TS %
5r, A=FE—-TS\IHENLD B ERMEN S RO B BEEMEEZZ LI W-d D72, 2
PE T VX — 8l 5 IR - THEBE (RS X5 O W72 i) 2555 L &,
E=E(S) WSt E =TS &\ 5 EROR/NEHN A THL L WD 2 Linh
5, ATELE:

A =min|y[E(S,Y) = TS| (18.17)

WS LT, L, | OAIZDOVWTWA FIEDY THIEEEY % —EIXE -
I2fEDd e CR/AMEZET I 2R T ILIZT S, Z5ELL, ENS THMHHE
BE7ZD 5, MRE S IXHED N 1T

(Z_?)Y —T=0 (18.18)
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27225 TWT (18.16) 252 5 H 5, (18.17) IF Legendre £k —89 5 Z & 3o
5.
(18.17) %
—A= m§LX|y[TS — E(S)Y)). (18.19)

tEL L, ERMEETH Do, TNIEMNENITIZET S (#7) Legendre-Fenchel
251 (partial) Legendre-Fenchel transformation (—18.7, 18.8) TH 5 Z &b h 5.

I oL, KETIETARTOD Lgendre £#1% Legendre-Fenchel £#1& L Tk
W, HERT (—13.1) OBFERREETH S Z L 2T S, I 51T ((18.18) IZBih
TW5 X5 7%) BIBOM ATRetE 2 RE Ly, ZORISHZ (L ZER U HBRICEET
B 5 (—23.11)%.

18.7 Legendre-Fenchel Z#
BB R® = R (—13.2) 12 LT

fi(z) = Sl;p[x y— f(y)] (18.20)

Z f OHEBE conjugate function £ \D [Z 2T sup & max & HREEIZX T 25D
H0IERWA, KIKIZB W TR sup 25 (— #H Ex.18.2)]. £ f — f* %
Legendre-Fenchel Z## Legendre-Fenchel transformation & \5 . B f DA\\W725 &
ZAMARETH UL, 18.6 TH 7z X 512, Legendre-Fenchel Z#11%[HK D Legendre
B —Ed 5.

FHITREFROZ OO TH 5.
(1) MBI DL BEBUT MBI TH 5. [REIH —18.10]
(2) BB D AR B D LB TC OB E DL D TH S (f*) = f*=f. [§
HH —18.11]

18.8 B D —ERIC DLW T D Legendre-Fenchel &2
Helmholtz TR )V F—IZF TIZHHONT WS D (—=18.6), E — —AlX EDEH(S,Y)
D55 Y XEELT, SIZDWTH Legendre-Fenchel Z#3 TSN TWD, Z
D & 5 BREWILE /7 Legendre-Fenchel 2 partial Legendre-Fenchel transformation
O S THRS X512, Legendre-Fenchel Z# TR A Crud B (5 D&ERIE A D5 E) HH
TENDD, ZOGAMD RN ZET 2L TNNTEHR LD 55,
TR, FHZAREE T, BENRHERICB W THBIBOE#RE, RANEHE Ozl 2%

FUZIRT S, 2E 0, MBI f 25 2 MES C 2 EEDORKRDERIKL T E, CDIT f=+o00
ERIRT 22 LT f OEHEEEREMIZIET S, 2R CIIEHER 2 BB OERTH B.
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CIERIRETHAD. TOBFITIRTIZHHLU THEABEEDBELITLALEHD
Thbd: ZAAUBRVTRTOEEZEE L THFIZT 2EE721F12D0 T Legendre-
Fenchel Z#17% EZ7 3NV, T TIE>TWVWAD, ROZTLEZEHAL XS

[(x,2) = supl.[r -y — f(y, 2)]. (18.21)
Z DYWL
fy,z) =supl.x-y— f*(x,2)]. (18.22)

E— —-ADSGEERHBEEATNTOEBUIDOWTIEHRTH 5, FiBET
X SIZDOWTET, 20 E %2 —Z28E% & BT Legendre-Fenchel 284 % {fi 5 T\
5. BTHEETEH, Z0X D257 Legendre-Fenchel 21 T3 5 1 % B
(G DHEIF —A)IE, HEIZLTWBRZEHBIZOWT (SOHBEIETIZOWT)IE,
B TH L0, MOEEIZDOWTIHEMETOEE (SDLEIXE) LHTHD I LI
FERE. 20, —AFRTEZOVWTE(BY ©)MBEETHEA, YIZoWTiE (™
Bz A F A2 T DERLTWVWADT) (FT T)MBEKTHS. Lizho
T, A(T,Y) lZ&ke UTIEMBEBTEMBEKTE .

18.9 Legendre-Fenchel B DEAXE F-ABR £& 8
E& ADOBRIZAILTI D DOEENERT 5 Z L ik
(1) —AFHEE OB E UTMBEBTHS (0F 0 AXREOEKE LT REIZMTH

—A=E"* (18.23)
(2) ARHI>TWNIEE 2521 EHTTE 5
(—A)* = E* = E. (18.24)
L30UbohIcEL L, Zhid

E = sup|y[T'S — (—A)] = sup|y[T'S + 4] (18.25)
T T
EWVWHZLThb.
CORKTZLIAFIMBDODTERTHS.
E=E(S)Y) 52 0N7=ZRIZDOVWTOEIIFZIEFRZ ERIZER LT WA
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Th 5 (—18.12). Zhh HZ 615 Helmholtz THILF— A5 (18.25) DL ST
EDPEIEING, E\WSZEIFAD, E L WD B ZEE LSO HARN T2
HEEIEEL TR IZE D5 T, BENEGREE2 IR L Tw BT
hde\\wdHZ k.
ER (18.20) IZH 25 DMWY ADVBENRERDE S/ THS. LerL, (18.17)%
(18.19) IZH B BN EIZ L DEED WK TIEFFFDE 572 D sup/inf BHLD R >
2D L TWa, HAM (18.25) TH/HENLDLoTWVE., ALEANIX VDD,
FHITELRITEDEWAKBVWULEZ L BRNWD T (18.20) 12 % T [
WMe s, WEHEFSLFALIEZLTWVWS., £Z T, #i&ilH Legendre-Fenchel
D EZITMBEBIZDOWT D (1820) TH DB LIWA DI L 2D 58,

18.10 OEHOHZEHIILEHRTH S

UTFOFHHEART LD, f* 57 (18.20) TEHZRINTVWIIX, fOMBEKTHA SV Rns5

2, f* 1 Jensen DAERX (—13.3) 2T 200 MK TH 5.
EEDAe[0,1] ZE>T

Aff(ey) + (1 =A)f*(x3) = Asuplay -] — f(z1)] + (1 = A)sup[zy - 25 — f(x2)]

T T2

= sup {Afzg - 27 — fz)] + (1= Az - 23 — f(z2)]}

x1,T2

> sup {Alz1 27 — flz)] + (1 = N[z - 25 — f(22)]}

— sup (Moo — F(@)] + (1 - Vo2 - F(@)])

— suple - (i + (1 - N)at) — (@)

_ POt (- N, (18.26)
U7z, ik f OMBEIZEG S TR TH 5. Rz, MBI O LRI TH 5.

18.11 f** = f TH 3
FiRP S REMEBET L = fTHD.
EHIZE STV ZLT Wy I2DOWT

@) >z-y—fly) (18.27)
TH5. HLE fBNRSE Yy ICOWTEENELT LM x BWEET 220, LizdisT, F

2785 #1112 B 1) % Hamiltonian & Lagrangian DERIZE XIZZ DB IZEIPNT VWS Z & %2 AW
EZZ5.
O N RM T ERIIZER S 5 720 12iE, MBI T O RHEEE O EMENBET, ZhidZ
DEOREE C LB ENT IS (C.2).
HU fANTRVWGS, &y Il U TERe KL D o BFET SHRIEZBRVDT, f** = f
AL T BRI\, 18.10 TRINT WA LD, XM TH O, fHRANTHIHATIEf &
—HTEHDT, Ik f DME conver hull LIEIEN 5.
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DEDREFSTE YyIZDWTEBDHRILT D a2 DMFHET S, DFD, HOESHNHKILT 5!
fy)>z-y—f(x) = f(y)=sgp[x-y—f*(x)]- (18.28)

ZOBRALIE > DEBTHDENS, [ =fE2EKLTWVWS.

18.12 TR FEH

Legendre-Fenchel ZHi TN X2 V¥ —% TV b0 ¥ — & 1FH R OYE D B
E = E(S)Y) & UTHILHK T & 220128 % 58270 B FBEE complete ther-
modynamic function £\N5 . 18.6 1272 & 512 Helmholtz TR V¥ —1xZ D —f|T
bH5.

18.13 Helmholtz TRILF—IZD W T D Gibbs-Helmholtz DA
Helmholtz T )V ¥ — 3552720240 18.12 TH 55, Helmholtz T R ILF —h
ST RN F—2FMERTE 20X DB, E=A+TS, dA = —SdT+ydY

DT
0A 1 [ 04 DA/T
E=A-T|— =A4+—[ —— = | —— . 18.2
(aT)Y +T<31/T>Y (81/T)Y (18.29)

ZNEZHZEHIEGibbs TR F—IZOVWTOAR (19.7) Z2HEELZHDTH 5.
WIERIZEA L TWA DT, S pudN =0 Th 2 (MMEFHRIE—E & 1ZR S 720,

7272, WEME = (—A) ((18.25) Tl A DMy AlaetEz2 ZR LW DT, Z
DHP—RTH 5.
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C 43 : Legendre-Fenchel Z#: D& a2 HIE LR

C.1 HBEHIETALBIETZAONS
fiR* > REZMEHETEHLZOIVET T T epif (—13.2) IIMELGHRDT, %
NEDFIZHBEERp=hz)=x-b—BIPFLETS. DX

fa)=z-b—4 (C.1)

PNV TEEIIZLeER L BERZEINIENTES. FIZELIZOWT ETE
BETNES > CTHREH y =z b— BB fOTE ST 7T B E5I2TE 5.
epi fIZHES BB VH % f O X FHEH supporting hyperplane £ IR, f D75 7 %
DEDM epi f DX DXFFEFHR O WM TH D Z LHbhd (KC1E1H). D0,
epi f DXFFHEEHDI/NT A X (b, 8) DEAED» S fHAFEHKTE S (—C.2). Thh
Legendre-Fenchel 224 18.7 DAEHTH 5.

Figure C.1:  f O X H OB

C.2 XHBYEMESDL S DMBEHDOBER
ZHIRERBIZIEIX C1I RSO NEA S, £ 2 THENLEHIIZE Ex.18.4 TL
X5,

C.3 AEEAEFRN
fERMBEKET S, V2IZD0WTRT Ml

f(z2) = flz) + 27 (2 —x) (C.2)

BOZNTIE—HOMFIR C ETERSI NZMBEB—BOGETIEARVWTIERWREES b Lk
WY, 13.2 DIFEIZH S & 512, £ L TY TiZ Legendre-Fenchel 2D EF 18.7 DHIIE Tib R 7z &
212, MR OERIZZERERIZIET 5 NE DT (A TH R 5 DHPEFENIIEHRER 72D T), %2
IZ—fRIREETH 5.
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EiRT 5L E, o* & o lZBT S f DHEN subgradient £\ 5. £ UTAER (C.2)
% B BAE X subgradient inequality £\ 5 (K C.2 ZH).

Of (x) = {a"[ f(2) = f(z) + 2" - (z — x) for Vz}, (C.3)

HMEATH D (- Ex.18.5), Of(x) &2 l28T 3 f DHMWS subdifferential & W
5.

1@ ‘

Figure C.2: 4l »* & HHHAE DM
ZORFEADERT 2 Z IEK C2 DFDHRVERIIIEL TWDE T 7 1 VB
h(z) =2 (z —x)+ f(x) (C.4)

PR (z, f(2)) 128 5 epif ODXFHEFEMH (—-C.1) 2RKT & \W\WDS T &7
HELUD fA 2 CHMOARETRVWESIEZ I TOLARIZ—HN TR, DX D,
FHW 0f(x) (CEF—REVZDRNLKRD.
HLD [z THAOARER SIE, (C.2) 1
f(z) = f(2) + Vf(z) (2 —2) (C.5)
5. ThEAMRAERX gradient inequality LWERZ 2120 &9
C.4 AFRAFRNDRER
(HEAEK f 23 RO 2 T ATREZR HIK, 2O iz, 2/ DWW T (ChH) 2&EL &, T
BEDR 21220V T
> f(z)+Vf(z) (2 —), (C.6)
flz) = f@@)+Vf(@) (z—2) (C.7)
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f@)+ Vi) (2 —x) = f@) = flz) 2 V[f(z) (2’ —x), (C8)
f@)+ V@) (x—a) = fx) - f(a") 2 V@) - (z = ).

=
=
\YARY

ZDZDODAXNZMA S &

02Vf) (@ =)+ V@) (x—2) = (Vf(x) - Vf(@) (&' —=2). (C.10)

2% D,
(Vf(x) =V f(@) (x—2")>0 (C.11)
NEoNnb.
BZIX, ZNEHNBT RV — EIEAT 5 & BIEEMOERED DR D E

HFBDAEIZDOWTDOARER
ASAT + Y Az AX; + Y A AN; >0 (C.12)

PESND (IHHIZ23.6).
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19 HFEREFEBEE Gibbs TRILF—

19.1 FERFERDENZFE
UIXUIREBRRIE, BRSSO D Xz, FREFFETITFONS. EITEZERIGNE
U 5% TlE, Gibbs BRI

dE —TdS+ PdV =d(E - TS+ PV)=> 2dX;+ Y _ mdN; (19.1)
Ve %
L& 555, Helmholtz T4 I)LF— (—18.1) DEE L WMfTIZHE X 5 &, Gibbs T4
V¥ — Gibbs energy & FEIENHIRD &
G=E-TS—(-P)V=E-TS+PV (19.2)

ZEHRT 5ODHHET (FEE — H Ex.19.1). Z1H Helmholtz T 3 )L ¥ — & [Akk
Legendre Z#iTH 5D T, E% S & VIZET % Legendre-Fenchel Z2# & U TIRD &
SIZENWTELL DY, TOBENMEEZRLIZ3IEIVESTHS (—18.7, 18.8):

—G = sup|y\v [T'S + (—P)V — E]. (19.3)
S,V

G (ZEZELTELD, )X ORIZELTHS. V ORELEKE -PTH
5 Z e xBENIRNK DT, Legendre-Fenchel 2D —fiGEm (—18.7) o —G & T, P
DRI L U T (V IHDT R TOEMEREIRY; 2 [EE L 2356) MBHTH 0!, Lk
Mo T,

E =sup|ly\v [ST + (=P)V — (=G)] = sup|y\v [T'S — PV + G] (19.4)
T,P TP

DEDITEPYERTHEILING Z X ADEE (—18.9(2)) LAMKTHS. OF
D, GIEBEJIFNBERZTERITEHR L TV HEET (—18.12).

19.2 E9H7% Legendre-Fenchel Z#ICDWTDEFE
18.8 THELZLSIZ, T, X, NI RTOLEKEAKE LT AIXNEETH M
BTERV., ZTOWEPS GIZOVWTELZE I BRERILETHL. —GIXT.P

BLA DEGEFERE, ZZTH S, VIZDOWTDEHHZ Legendre £ TH 5 (—18.8).
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O LT, 2F 0 GV UNOLFHEBEEYEER2EE LZEET, P
DL UTIE=AROMBT, T, P2EEL7ZE XV U DO P8
EOLERBEHE LTMEKTHE. bBEAA. TP, Y \VIRTOEKELTC
EMTHEMTE R,

19.3 T4 I)LE—
19.1 @ Legendre-Fenchel Z#IIHEDIZ V IZDWTDEH, DNWT SIZDOWTDE
e “REOAHE UTHRTE 5.

—H = sgp lsy\v[—PV — E], (19.5)
-G = sgp ‘p,y\v[TS — H] (196)

INEFELDBE (19.3)127%5. HIZT Y RIVE— enthalpy EWENS. Zhn b
WEBT L X — 3 A THEITTE LD TIND BN AN LB 18.12 TH
5. FEEZMETCHRBEEMICL2HFIZEIZ2TXIANF—DHAD ZEAMNEL D
DIANVF—ZMDNAH THD. Zhid, HEOFERE TOITFKIETHILKISG
E reaction heat (—25.13) & U TIRINI N A BEIZHY T 5.

(19.6) & (18.19) 2R 2 & (18.29) Tkt L 72 5%

BEosb., Tz s Gibbs-Helmholtz D2 Gibbs-Helmholtz equation &\ M\, 5
BRI R & o 72 K ISE 5 Gibbs TRV F — 2GR T 2 DIZffibi s (—24.1).

19.4 {tERFT >V v )L & Gibbs TRILF—
(L ERBRTIE UL UIRAERBEUA DL EEL W, DF 0, KEEFEUNOMHLFHD
HUANDRLRWREZRS Z &Ik 5. ZOBES%EELMETT

dG = —SdT + VdP + ) judN; (19.8)

EhS, HREERETTR
dG = pidN; (19.9)

5. UinioT, FRELSETTFWEEZ 1721 THANIE, £h
R ALE 1 dN; D SEERNIZHIE LB ER T Y Yy VMRS NE1ET TH 5.
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277U, BoNBEERT VY YL, 17.7 THPLZEE LE > T, MERIX
T, P, BLOVIKEDEIEEETHS.

dN; DFERIL (—4.5) EBEIMLFWE i % dN; EVRICNMASZ L THDE. T2
T, ZORMEAFZYE OAZETERWBEEZ AU TEITLTHEV LRSS, R
HIZHh 5 i MEOIERT vy VIgA»rSlING 1, ZDHDTHB. UL, K
WZIERDOEEVRD D00 RDOTIZH DFYE i BEDE F dN; BV (REHIZ) 14
A BARFEIZ . WERTRISHE U % DHEE 9 5 72 (—4.3 (ii)).

19.5 B LU 7=RDILZHERK

dN; 2N Z B DZDFAPREDALEM BB N TH o795 &, dN, BHZ
SN LIT&koT, (LEHKIIE(T S, TORE IN = {dN;} ELZ2ITL
£S5, ZNIZETBZTRNFT =X (T, P —EFMTT)

> pidN; (19.10)
J

TH 522, ALPHEFHIIZ dN; 2 RICHA 5 & Z D Gibbs TRV F —1d p,dN; 2469
5. £oT, e EOoRXF—H LR TS AW

J
T 51, —BRINZIROERDPKI L TV TR S
p-dN = p-dN. (19.12)

2 AR EEO RS EOLRIEI I MRV, ZDORAIR, 2] Ex.4.1 T
TTRAEZESE, HEROMIEMOEICZE £ S ERSMARRTELH B &
WS Z EITEE R,

L7zdio T, RHZ, (LERIGH LR TEL S LT,

0=p-dN (19.13)
THRL TR SRNS, ZhiE, BIZAZ K512 (—19.8), {LFEKIGD 5T

282 7 N A IS EHEICIR S 5 RIS AN ZITE(LIR B LT, 20 ZhEITDOML
EMENDSIMADZ LT, BUKRENPESNDEZLIZEZNR DO IR, b5 AL TTLER
B 52\,

Bz obhrd k512, Kirkwood & Oppenheim DEBIZIZIHEINT VWS L 512, RAEHL
TWIIRLZERT V¥ ¥ LM Gibbs DEARIZEND Z & 137\,
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BB, DUNAEITIMEF KGR WGE DAL Z 5 (KInZE DH DIFEH 25 F I
NTHED).

19.6 FRFEFH T CHEHNTLWVIBE: {L2HEDRE
RREAFEUNADAFEO LR WREEZ X LS. FIRFESRME T TS (19.9),
DFD

AG =7 (19.14)

Thd. T ZIERIHAPEZITHNZEZEFTRIVF—Th 5.
HEUBEFETRNF =PI ng GRNTO) 8k (—2.3) 2802 25
B0 BEAEFIZE > THEOEITIHD D 5 503, ZHIFBBALRIF TN,
AR IZEE ORI TIRE LIZR > TWBADT, BEAMEIZIMZ S 2 (b2t
HPREHIIROZ AL F =TSN E VWD Z 27

AG < Z. (19.15)

Iz /MU RO principle of minimum chemical work £\ 5 . AG % 4G
T57-ODH/NOAFEAFITAHD L ZIZEHLUZOREIK (19.14) THALNS.
WIZRPAFUMLEEFE2THE 2 (DFED, Z<0D&ETIX) 18.2 LM
Ll T
IAG| > |Z| (19.16)
Nzonsd., ZHMEPALERROFEMTH S: AIFHEETR2SRAKDMLH (D F
D, |AG|) AYHLD HiE 5.

19.7 Gibbs TR F—R/NDORBEBNFESD
Y'Y 5V ZRWIZTRTCOHEREL T2 L, (T,PY) DB J(T,P,Y') D
FRF LM T ORI FENENTIE U2 2bD 6 1FIRO & S ICFHE I N 5.

J(T,P,Y') =) J(T,P,Y}) - J(T,P,Y"). (19.17)
iEP
ZITHEP ={i} BIXDRDT, P—EDWF i ~DRETY =3, Y, &’z
TEOWRERDE DI TERINSD.
RIFHARD D D WIFBE L U TR (7272 UBEIR S R CERM THE SR
22T RO DTHHLTE)ZRINTTETCVWLIEHARNTHD L LD,

B S, BOIFE TR REIZTFHREZ T 20 572,
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ZDH 5 IFHAIRBIZAN FNE D 2R T &, RS2 EET SIRY, Gibbs XV
F—GOY IZHT 5NN (—-19.1)I2&-T, WDOH

5G >0 (19.18)

MWALT B, TIVUFERFERME T TFAPREO I EN 2 MEETH 5.
HERDIGEZ, BIFMNED T ONIHIRZZR L TWEEEZE LW\ & &I
&, IR ZIDIND KD BEDBHEINDDT, §G D ZIIHMHE LBV S

5G <0 (19.19)

B EMHRET, DL EIE, TOFEHRIIARYIZEFLZETIE R P72, WV
ST k&b, DFD, FRFELESZMT TRID S OBAEHBIEEEAANDIEKRDF S
D (B EZRVT) BWiGE, EEIZZEDBIEZ 57 5 1E Gibbs T RV F — 1L
MERETHD. TH% Gibbs TRIVF—IFADIEI principle of decrease of Gibbs
energy &\

Z DM 51X (19.18) 2 RESM L IERDIFHEMATE RN & TR,

s, FREFLESZM T THHRED Gibbs TRV F—DE/NMIHR> TV
X2 DREBIXTHRETH 2 Z LA b1rb. ZN% Gibbs TR F —DEND
principle of minimum Gibbs energy & .31,

19.8 {LEFHDFRMF

—EREENDEA U722 TR EEZZ LS. BHFROTRYIDIRES Folkiy
IRFEB AL 2 TR SRV, H UE AR ESMED R\ —FR2 BMR R S
X, (19.18) iR 7z &k 51z, BIIENEETIEAT Gibbs TR ILX =213 5 DT,

p-dN =p-dN =0 (19.20)

WEHRETH B,

B DIRFE & R PREEN B B 72121, FHITFHPRETUL A B> T VAR
LTRAESKBRVD S, Dip LB BEADIREBIZESIRET, il IXHHREMAT
RIBDPELUIRNGETH 225, 2 THRZED 5. KInHETT 575 51819.7 T
R7=& 512, (19.19) 725, ZOHETEFEHIZET 5 & 1 Gibbs TRV F —

B MOBRETIZHMRT TAMUE] 250725505, Zb2d TAME WS FHEIXAED
FJE#E (oxymoron) TH D Z L 2L 2 TR SRV, 25.5 DIEESIR.
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MER/NZRBIETTHS. Lizho>T, mKIRETWD R B LR FERE D 2453 12
2WVWTH (19.18), Db,
p-0N >0 (19.21)

DL, AR IE EORDESTNEZ S Z L1745,

19.9 BEEN—EDFRED T TOHETEHE

FMPEOYIBE DR > 72 ZHPEGFEL TWE L Eld (B & 5 EKDFWZKD & H12),
RETHELTWS - DDOMHA B2 ZOYELZHMIIRMTELBETHELEZ DD
Bl o572% A, BT AZLNTES, WETLEP —EDFMHETTIDD
DR B 551 Gibbs TARIVF —DRUNIL B Z & TH D (—19.7). &7
D Gibbs T F—GIE A, BZNZEND Gibbs TR F—DH7DT N’ H3H B IZ
GEENHELEET L

Gasp(T, P,N) = GA(T,P,N — N') + Gx(T, P, N"). (19.22)

% N CREMS L
—pA + pug = 0. (19.23)
DF Y, FEMIZH B AT FET Yy LT T WAL TIER S5,

19.10 Clapeyron-Clausius DA

WRDPENZRZEZ B L ESR5MIERNICHEELZMETDH 5 (WA vacuum
distillation ZHEWHIZ ). TNZHET DITIXENTIRERT Vo vy AR ES LD
LM BBEND LD, (LREEE U THREOAZR DR TEMEMV/N 20, £
LTy hp¥¥—S/N%s&#HL L, (17.10) %

dp = vdP — sdT (19.24)

CELZENTES,
ADPHASBTOZLERTELLS. H19.1 DAXEID F Y MEERICZE > TdT,
dP ZHl5 &, (19.24) 225 dAp=072DT, Av=vg—vp, As=sg—sp EHF VT

AvdP = AsdT. (19.25)

286 = X, ALFEENFEDREZ RN KSR TH D, R UL, BRI TR
MHBEIT MOV —ZXEIDLIENTERODNS, BB A A Gibbs TRILF—REEET HTE
3, I MEERRER] 1PEL D TELMRETRVWI L 28l T R_RETH 5. Helmholtz HAIEHE
U7z 7122 R (= AL 17) DOt TIALE RIS IE B 2 12T H % 90 o T AN X 7 < Ehs
NEHERTIEID 5.
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Figure 19.1: ZMHHEFHFRITIN > TENEZDUER S L HIFREIXE S B D D0 ARHOMEHE A
F1D 720,
ZDONT, dT/dP \ZAKRMOME, 2F 0, HFEENZDUEZ S L HIBBIRE D

EOEDLLIENERLTNWS:
dP B As

T |y = Do
Z 1% Clapeyron-Clausius D 3 Clapeyron-Clausius equation & WS, A—B OFFEN
2Qed5r, MEIOEESE As DEFR (17.34) 5 (19.26) IX

ar _Q

dT |z TAv
LESEES. LOFHET B AEE (AEPEE) TA XSRS P IRIRET T
DZOYEDELIETH S (— #H Ex.19.4).

(19.26)

(19.27)

19.11 BEREEEREEY

17.14 Tl Dalton ®EH] (—17.10) & Raoult ®EH] (—17.13) &\ 5 RRERHNIC I
DWTEREDE G ORI EEY % %5 Z 72, Dalton OIERNE £ 72003,
Raoult DIEH LR D EEDIREMIZKNLT 2 HEIXEIIMTHS. LrL, EIL
DR BOPLIENWE EERVEHTHEI NS NT WS, Lizh->T, H
HMEAREBOMAZERT VY VDA (17.27) B LT (17.28) 1Z o D/NI & ZTiEH
RO EWEMTHEEV-TEW., ZNSDOARNKT S L &, ZORAY %M
TSR EY) ideal dilute mizture & WES3.

HDEMEDD BHARIZA U UDEIRL 0 & & Z DEAKRD T TOLRERR D D E I
7 o DEARDEINZHAAIS % &\ 5 RH] (Henry ORI Henry’s law) 1 Dalton D
R Z2 O NIE Raoult DIERID S H S A, Raoult DEAIL D HI1XE 0L DZRT
[PARVASN
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19.12 @REET
W B OWAKIZMOME A RNENLVHRIZLTr (K1) ZIBEHRLTWE LTS,
DL E, BET OEERDAERT VY ¥ LI (17.28) #BFIC LT (ZZTIRIENP
EEZBRVOTENR), DF 0, FEXTVAERAZHEMEEEY (—19.11) &
AiEBH L UT,
pr(T) = uf(T) + RT log(1 — x) (19.28)
LEITFL. ZIZTuG(T)E B TTELMPEBARDILERT VY vy L THBES. ZD
BEWRP» S B OFEFEPNIH T 2BRE2EZ 5. MRXIFLALHBEDOB LD 75
DT, FPHERTD BOAFERT VY v % uf(T) L FEL L@ T, IZBWT, 19.9
TITICRZELDIZ,
1E (L) = 1S (Th). (19.29)
AR K > TTEZIRRITAMPAEL 2 L @SB 25 T, — T, — AT (i
& ;% T melting point depression). Z D& & Z DIRE DGR & EM12H 5 DIEAF
WA %ZEATZIRIRTH D ZDMERT VY YLk (19.28) 72 O TS 1%

us (T, — AT) = pu5(T,,, — AT) + R(T,, — AT) log(1 — x). (19.30)

z DVNZ W& U T Taylor BT MUK (e AT XS IR DA & 72 D T HERH)

0
S WE(T) = 1E (T)|AT = BT (19.31)

RESND. T 2T LIFERE (—17.16) TH B. p DWW X (17.10) 225,

(50(T) — 55(To)|AT = TEAT — RT, (19.32)

D TR DE TN T BE AT 1,

_ BRI
L

BErENVEBNPLEZDBDTE, ZNRHETZETHI DN D LFEE
HNIZYIEDENEPEINL 722 812700, @AY (19.33) o fifia iz kv I 51

BT DHEITIE o I E 2 EKRT 5.

AT

x. (19.33)
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BRI DZLiZkhb., ZNIXEMREVPKORTA A IZEMRT 252525 & A
REBDT, ELRIZEETH S (cf. 26.2).

SALT B 2 EDIEL AL RVIE R BRSBTS UL, ZOWR T, 2AAT 721 E
U, Bz el mi TR DIRIR DR & AR DY © |V HEA - TR & DMELZEF
fricddZeinsd. LV RiERMPERS (— i Ex.19.3).

19.13 &FEE: van’t Hoff @;%R

WD 17200 2l EIRE @B Z A LT, WK eMalzEdT 5L, (19.28) 26
DD XD ITHED FFOEBEDZERT > ¥ vy VBB OZN L D /N VWD T,
BB N SBEBEANLETMAL LD T8, Thzafile &D 57D ERMAN
JES1 % 72 K TR SR\, EIEDFIREAIE D S IR L IRNIAAT IR\ E D
W29 B30I+ R/NREN © 2 REEE WD (X19.2).

v
selective membrane
for solvent l

Pure

Solvent Solution

Figure 19.2: A VEQRANIAEES 7R T D6 %2 £ 4.

DED | EDOMPFNRNEEIREEMED I IXBBNDOEN % P — P+ 2L
CTEHWIT RV, BEOIFERT VY vV ugyy PHID A0

1 soly (P +m,T) + RT log(1 — x) = p1%o1 (P, T) (19.34)
TH D15 (19.30) D Taylor FEHH & FIFRIZ U T van’t Hoff O¥ERI van't Hoff ’s law
—vr = —RTx = m=nRT (19.35)

PEoND. 72720, nEENVRETH D, 2 FENVASETHIP 2 < 1 B EHETH
5DT, BE1ELVH-DDBEDENETHS. ZTORBIFvRDTar/v=n&
755Dz,

19.14 R—HIHE
Raoult D#EHI (—17.13)), Henry OERI (—19.11), @lFET (—19.12), Wil L5
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(— # Ex.19.3), van’t Hoff ®EH] (—19.13) & T X THEEOMEMEICIE L S TILFERT
YY)V OHD logr A log(l—z) HOEW (DF D EILHOEW) THEDT, 0 &<
KDIZLTHERDBILENTED, LWVWIHIDLITTINS DEGEUIH—IMEE (colligative
properties; —A& T ICEETE A MHEL WO EER) L Ebhb.
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20 YYaET7>VOEH

20.1 AT RILF—DEMHTRENE, BE
NHZALF—FTy bo v — e LHROYEEEORE L U T, ks g
BB TH D I L2/ (13.9). L7zhioT

dE =TdS +Y " zdX; + > judN; (20.1)

WXRERMATHY, EOMBEEMELS, T, 2 X p k> bu¥— e fLHEOYHE
JERED AR L U T (Lipshitz) ##t TH 5 (—13.4). BIFEET L SIXINU EOR
WAV F—DE oS, HIRIXREOREIIFZEEIZ XM REE2E5 2
X TERR\.

UL, RERIICIE, FEZEMEDZRWERD, 2700 @R QRS alfeE A AL U T
W55 THD (- HEx.20.1). I TI I TIHNEST 3L F — G4 A
REME (C? 1) 2 KD Z e 2RE LT, TORMEEZFARNDHEfE L THL.

TR R DB FIT BT BEIEIC DWW TAREN R NI 9.2 2.

20.2 Legendre-Fenchel Z#i & T Z#:

Legendre-Fenchel Z#1 (—18.7) IZ & > T, "B oNd%aREIIFHE (—18.12) D
MBS REERE ZRS WD T, UL ROBNAEBDIRITN D 7251,
D A D BT FZE DM % J D D E DB F 2 DRI EH ST 5 MEN UIEUIXAED
5. P RV ¥ — D BGEGUS D FIREVE 2 R D Z & DS 2 M S 121E, — R
HEENTFREZROBSIFZRERTHEIIMD UIAERVIHETE 2 L 0.

HAREHERTEOTIEIRLS, BN REHTHS. 51T, KXF (resp., /NIF)

FE ZOHEHEMS 20.8 £ T, BX0U20.11 (i), (ii) TlEk X ® o [3LFHEZP Z D
WRELR (resp. THRE) 2R THOIFTHAR.

20.3 o DEHE
nHOZEH Xy, -+, X, (X £ E D TEL) OB f(X) 2D nHDEK x, - -, 2y
(eFeHOTHEL)DEBELTHNTEL7 5.

ZIT, BEEMHE X — xd W FEMEES diffeomorphism 2 525 K 572 H D’
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I BB, FWHZD L, WODPRBREREBORER, ZHATIZKATETWEZEH0D
MTERKBRDEDBRIENBRVIREDY, PARIZHTL 2 EREHBEIXEIZIEL V.
f % x OB E A7 U TR OEEEA chain rule Z{# 5

of\  ~= (0X; of
((’iri)xg N ; (axi ) (3Xj)xq' (20.2)

*:Tﬁﬁéc@@j‘W@ﬁ@ﬁ#%%hﬁomfm LEBLINE T RTED B,
CWOEKRTHDE., ZITENEtZIBEDEKRE LTHNRS ML

525::((5§T)Xg "(ai%)xﬁ>t (20.3)

RERERT DL (20.2) IF
af |oX| Of
ox {%}G_X
EELSIENTES. ZIZTHE(1,)) D 0X;/0x; TH DX DIRIRD n x nf15l%
HALUT:

) - e ((55)) 205

Xn
z

D
%),
)
),

(20.4)

Q

o5}
Ay

N

2

@
s

(20.6)

Ox3
g

Q

Xn
T

Q)QJ

Q

ZITESI e oD n DL ar, - -0, (@ L EEDTE) ~OHFM
BEBERITITHYT (00 X 52 —a) 22ICTHIE

of [ox] [0X] of
o _ {%] {%} o (207)

WO, EoN] TLABER X O D n/MNLfitk%E, BEIN2TEORz DEAVIZHS
DEINTWARW (DX D, nEEPIED) n-3iKIZ, BHRIDL LI BWEHBOI 72, X DD THIE
b9 % & ZOEHIFEZHILEHRIZ LS.
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EELZENTERMDOEHITS & 5 EA7FOHEITH

o0X ox ] [0X

[%} - {a—a} {%} (208)
TETDZZeDbhd. [CEAMOEGEIZELSVWTFE2EN LU CHRT S Z 2 2E)
D5, ]

20.4 Y AET7V: Jacobi 77X
(20.6) TEA L 721751 (Jacobi {74 L WX 5 ) DIFFIRZE Y I T > Jacobian & \»
W, IROFLIEEHS:

X X,) _0X) (a_x) e <(axj)ﬁ> 209

Oy, ,xp) o(x) Ox ox;

ZORTIE EIZHA TV 2 OAREBEROM ((THIRD FI IZRIS) TFIIHATY
B OBETEBOM (17 IHIE) THB LMIT B (—(20.0)).

Wiz, ZENREOEE1T
0X oY 0X oY
- (%L (a—y)x B (a—y)x (%L (20.10)

ax,y)y | (&), (%),

or,1) “ (%), (%),
TH5.
20.5 YAET7 UDNMTHXTH S Z &M 5K BEERR
Yav7 raiEHT I ERAGERZ (2011125 2HDTHEL5I1T) WD
NEZTBELETTOVVD, ZOS5500WL OV a7 UAFHRTHE I &
MOEBIZED LOHAIT, BA2FETHRL.

FHIATIE, ZD2DTHBVIEHE ANEZ D LFENELEDS. YA T VOE
#X(20.9) S, ZODWEED 2 VIMNEBOIEF 2 ANZFZ 5Ly a7
VIR BEEZ L. FHIZEBOLEIZH S bIZEITIX

GQQY):_OOQX):8OCX):_jXXJU‘ (20.11)
Nz, y) dr,y)  O(y,x) Ay, x)

FHRDD D5 H 2 NMIITIZER D 20T 5 &, THRAEKIEVEENS. bh

DNIZBEIIZRDZDIF b= -1 DGETHD. FIZZEBDGEIZH S5 DIZETIX
o(-X,Y) 9(X,-Y) 9(X,Y) 9(X,Y) I(X,Y)

az,y)  Owy)  O-wy) dw—y)  dxy) (20.12)
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20.6 YA 7V TE\\\EHE
(20.8) DI7FX % NI

a(le"vXn) o a('rla"'axn) a(*)(177)(71,)

= . 20.1
Har,ran)  Ban,an) Han o) (20.13)
TH AT RII OO Taj ¢
8(X1,. . .’Xn) _ a(Xl’ 7Xn) 3(3317' .. 7xn) (20 14)

8(0'17"'7@71) a(xla"'vl‘n) a(ah"'aan)

EbEITS.

LELOBIRIE, AT, ARCELCEORH D L ZiFiho T (@ L T) BfRZ g
WZTEB WS, REMBERIZR > TWAZ LIZER., YA T v aflio238ET
IR BRI REUC R B D72, BOHFIZE VT, 20L& 5 REAWEHE
FHBHIZIFR > TREBANTZ 2 EETRV. BAKFHEDOL—ILVEZ, Z2HD
GEVHIRTIEIRD L 51275, £ 08 O EFZ208L T, 22W\Wz2 ZAIZH
UHT 2RAT UV

AX,Y) 9(X,Y) A(X,Y) (A, B)

0wy 3ry)  O(A.B) Aay) (20-15)

ZIZTA BEUTIFMNEZRE UTIRZABEDRSBRATE V. LS 20.8
B LU,

20.7 YAET7 VICL 2 RMDBRBDEKRIR
YA 7 VORBETIEFICHATOWAERPHNIERIZDOT, F %z xDFKET 2
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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 -
7x2"'7xn :Eg
— det . . =) 206
a('xbm?a”'axn) ¢ : 0 1 E . : (axl)z‘f ( )
OF
<87>z 00 0 1

Rz, —RBDGEER

2. y) —det( <8F) N s (20.17)
oI, KIARLBNDHHGETE, VLI ZOHDH D5 DDLEE b

WCHEEL7Z\0E T, (20.16) OREEDX SHERTE 2 L 512, MOEHITRVWED
EFZEZTRDER %X > THEDIR.

8IS

3
<

20.8 EHENOSB/OLNIZERNLER
X, Y DML EbTERBNFERTHD LT H L, HUHIZ

IX,)Y)
IXY) 1 (20.18)
THDH, ZTHIZ(20.15) 2Fi>5 &
~9(X)Y) O(X.Y)O(A, B)
1= I(X,Y) 0(A,B)IX,Y) (20.19)
oED A(X,Y) d(A, B)
s ! T i

CRET VT T £ AR REOEE (520.7) AMALDES 2, BIEIE
AXY) oY) ox\ /(o=
(z,Y) —1/8(X,Y) “\a), =/ \ax), (2021)
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ZORRIE, ZOXITRENTEL L HIHZRBERICZAZ 50, FIFLELTIE X,
Yidae &Y(x,y) OBBREZEZ SN Y (2,y) ZIEDT 2 THALTWHDIZHL T,
AT, 2,y B X, Y OBFEEZ SN, V21O TX THMHILTWEDT, f#
MRz iZ e b HBI TR, file U Tk (BB Cp 12D W Tk —14.6)

B,

REPIFHEPR DN DEDPSIRD LI R LETE 3.
oz, X) 9, X) /a<y,x> Oz, X) /a<y,X> (X, ) /0<X,y>

d(y, v) N a(wy)
(20.23)

N R

r=P y=T,X=VrE &

)/, e

Z 2T a 1 FFHEBIZIRIREL isobaric thermal expansion coefficient, x (55 EHME =
isothermal compressibility T %:

1 [oV 1 [0V
(X—V(@—T>P, :‘i——v <8_P)T (2026)

(20.25) IFBNZEDIEL X 2 RERICHER T 2720125 Z e TE 5.

Ny, X)

Ny,z) Oy, x)

R FREBUZ BIER 3 4L

QD

20.9 Maxwell D&
9.6 13 F O _BREARBBRED ESi 7w 51, HRIMEMODIERIZL 5w &%
HZ25., 2F0, VT RIZZy b - HHEROYERBED EnhraRT &

\z 289
0*FE 0’E

= , 20.2
aY,0Y;  dY;0Y; (20.27)

WIRERDLFHBEDRE 2 [F S &, Z212H B2 L IHMEERIERRENE EDOAREL W
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XD,

0y . y;
(), - (&), 05

DRNLT S, BTl Z 0% Z Maxwell DR Mazwell’s relations & \N5 .
ZIXHEHPEE Y U TIREDO A Z FFORIRTIE

dE = TdS — PdV (20.29)

THBEH, ZHIZDOWTIE Maxwell DEEfRIZ

),

2H A5, YL, INREIANSHERTHS. BIBWITERMEZLZA L ED
MEZAE, —ERETTY b —22{3Ee SDENEl L EEMNIZER
DIToNdDTHS. EHEMIZHOINEHRETLDIEEGTIED S F .

20.10 YO E7 v IZ& D Maxwell DERDFE—HIRIR

Maxwell DEIFRIZNER T 2L F =721 TR <, ZBEMPED Mz OVWTITW
DTHMRINLT D06, HlZIXZRBEBSFZEENT DOV TD Maxwell DEFFRIZIZNA
WADEDRHSBH. LU, ilBLTELREARNZRD/Z7Z—D2TH 5!

X, z)
Ay,Y)

(20.31)

I TCAXFIFRER, NMNFIRBREZRL, HNTETNVT 77Xy MIT R
FIZETHIEETH D (X, 1) 1%, HIZIX, (S,T), (V.—P), (N,u) % %2&KLT
W5,

ZORITTTIZ9.16 TELANT WS,

205 2 WFIEI N F T 2o T (D% 0 B EBRRE — YD TI)
U ER 2 F A T h N T
o(r,V)

a(T, S)
BRELSHIONT WS, 9.16 TR LS 1Z, YWHIZEGZ .
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20.11 YIAET7 VEIEDIL—ILFE®H
YU 7 VOEHIK 20.4FHZ (20.9) 12HB. TS RIS ERED

(g%%)“.::a<A’::) (20.32)

D& SIZEITS (—20.7).

Yar 7 v EHESBOHEIRBGETHD, TOBOL—ILVIZIRO=DDAT
H5:
(i) FFFITDVWTDI =) (—20.5): LFDKFELRANZEZ 2?2 H 5 NMIXFOR 5%
B2 5RO ENEDLS:

AX,Y) O, X) AY.X) IX,Y)

ory) ~ Oy o) o) (20.33)
L A=XY) | AX,Y)
Pag Sps = TS (20.34)
(if) FEBIEE (20.6): HRTFILACHT () 2RUTHRLTH L
ooy ey) ~ UAB) 0.y '

(iii) Maxwell DR (—20.10): (X, z), (Y,y) ZEEOEEREE RBEXT &5

L&
(X, x)

(y,Y)
IRDBEIZHTL AVWAWALRHZELTY I T v EfiozREL O L WEEIZ
b &,

= 1. (20.36)

2027 NIREKIE ITAHY.
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21 IV hOB—#EH

21.1 3 L DERER

(TARTGHARTO Y AV REEFLPZOIHbN ) LI L%2HET 5. &
B oY= UCIHEEDEZMS. 2T IXUDICEHTLZBIZEH Y TTERORK
UCZMERTE. AL UBIETTHS. IZK211E IZHBEDIZHHITLD
TELREIHEE U _Efr2 M TFOBRB L A LEORIZL o0 AT, MDA
WZHDEIITTELLIFAHEICHL 5 EEIXT.

(&3

L
Rapid change
—

Hold firmly Stretch at once
Figure 21.1: F/A D T A 250 < 2IZ5] SMIXT &, T ORIT DWW TIIWT AT HEF)EFE A
EBIZEBTE 5.
ZDHETSITHEIEIXUZEAZ2BICYTTRE S, B RoTW0WaIkTE. %
DEBL G ERIX L7z FMEI NP RERBRIZR 72D E TRICF2HET
CHEATERD T B Z L HIBIREH CHERTE 5.

[RUHIZ ) B ST E o722 25T, AHIZTERZ 2 IEZ AT WS
DT, Hind L OBAIREFIZ RT3 - < ) T W HEF I EFE A R WERLT
FHLUTWS., oI, 5l EMIELZERE TITFRELDN S DD AL RER
THhR D OELTREMEDRET L TWE., DX D, L OWrEE] 3 #EER N difeE A0
EINZARER T & 5 D 72294,

21.2 BOLICDVWTDEREREEDZ O
21.1 12D A EBRBEOREEL - ER TR IR TZ 2 HEIR

293Feynman (ZDESFEDFEFE % The Feynman Lectures on Physics Vol. 1. 2 44 #1235 I L
DG SIHEHT WD, ZOD Fig. 44-2 [ZEf T LTV Y U RHHINT WS, T LAWBEEZ WS
DH &H5: https://www.youtube.com/watch?v=1fmrvxB154u&t=51s.

PHUTLDBHIFRRELE IV EDIE LKL oI T LTV AY, BEM EEUIZHRS
Do D UEBRRIIELALHRE > THWARWRE, DX D Feynman D F 5 (—2.6) FHPRED IR
PHNZRBIL TV 5.

183


https://www.youtube.com/watch?v=lfmrvxB154w&t=51s

(1) W] R R XS SIS N2 ORE %2 EIF 5

(2) WA HEFR G 3G A 72 OIRE 2 TP 5. 2k (1) OWOEfE 7259 5
L Z2eTIERVWD, ENTHHRNZHEETIEID 5.

(3) Wy T 228 % RS FIFT, DD LIRS L5
GD%ﬁAK@%$6TﬁT,mbf%%é#%ba&mi5ﬂ?%ﬁﬁ@@%§%
B X Tl s iz,

72720, (3,4) ORERIFRELRVDT (1, 2) IFEEDITARBRTE 21 TRV,
X 21.2 2.

sturdy ruler
L L

Heat here with
a hair dryer

Figure 21.2: (3) %R ER. LABYWE LR 2T ACHE DT TBWT—HA %2 MEAT 2
CHEBMBES N FIZALEL. 5234, HE DRI TEDIZWITR.

ST RSV YAROEEIT L ZHINT 2125 o852 F 23 LTHFEEZL
L TIEWIT R WnWeE WS Z & Th A.

21.3 I LDEANZE

W BRIZDWTH, TORNFZRHTLH7-0I121%, TOEJIFZER, DF D #
ﬁ?@@%ﬁﬁbﬁ<fﬁ&bﬂm.VﬂA@ﬁ@@ﬁﬁ»%@W%IX»% E
CEILIEBELEAS. mdlids SEIFIng Ml #HL 23 0MABEIXIZIE—F
W7D Z DR SNTWADTY, @A EIE L N RERTIERWw., 22T
EHEEE UTRS LETR LS. Zhe2hEd5 e E0LHENA (—3.10) 1,
NF XZBREASPSw=FILThH%. TITmILOBENZEMIE & L Tk
5N TWT, Gibbs DR 11.8 1

dE = TdS + FdL (21.1)

TH5.

2L, BEDOHIFIZE S L, FHEZE S B TIEARVS LW, 2K UTHREN—E IR 5 D
ST D5 L RBEIT 28D H B 72D/ VS5 Z. Wanga et al., 3D observations provide striking
findings in rubber elasticity Proc. Natl. Acad. Sci., 121, €2404205121 (2024). T ZTIEZE5WVW5 Z
EEHLTHFS T L&D,
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21.2 DHEFE (1)-(4) FRD LS IZRHHINS:

(1,2) <g—€)s > 0. (21.2)
(3) (g—;)F <0. (21.3)
(4) <‘;—§)L > 0. (21.4)

ALERR R T BV LTI = bR E =D —ETH B DT, (21.2) DFEMF S = const
DWEGEFEE R LTV 5.

21.4 BWILDEREEDHEERRF

21.2 DFEFREE (1)-(4) TN R FEELRDZA S5 h. 2o ORBSHRE O HE
REFARDZD LVWHEIE, FTINSORUAMREEYILT Vv TRETHZ L
(—20.7) P OIEES.

(1,2) (2—2)5 = gg g > 0. (21.5)
(3) (g—;)F _ gg; ?; <0, (21.6)
(@) (%)L - gg B > 0. (21.7)

LIFLIE, =y b= SIEEERMNIZIZENETHS. ZnzR< HIEZ Maxwell
DR (—20.10)

oT,5) _
oL F) ~ 1 (21.8)
MIBEM S T & (—(14.8)) 72, FEHA (20.35) & Maxwell DBIRZ B 5:
T, S) OT,S) AT, S)0(L.F) (L, F) (21.9)
o(L,S) o(L,S)  o(L.F)o(L,S) 0(L,S) ‘
S EEFHR->TWDED, ZOREMRFIEIT BRI o n, HBOHIEITES T
H5(—14.6):
(L, F) O(L,F) (L, F)AL.T) (OF\ T (21.10)
o(L,S) o(L,S) o(L.T)o(L,S) \oT),Cr '
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CIZITCLBEEIZ—RFIE-o L EDMILOBRETHS. ZT5LT

oT OF\ T
(5).~ (57), & —
WRINTZ, Cp>0THY (L IIIRE), LLPIETH D I LIZEDITHBI% (FE
BREFE (1) TEZOTI ORI (4) 2EIKT 5.
(3) & (4) DEFERZIZIE, FTMBFZRATIT—2OHKEZID EIFT(ZZT
X)) ZDYaLT URED ERZ20ML7-RN2OTH R 5:
(8L) _O(L,F) O(L,F)
F

T T, F) T, F) (21.12)

() (T, L) DRFDBH Lo Thze AL S, 2011 D (i) fF5IZONTDIL—

VE 5T
(8_L) AL, F)oT L) (a_p) (a_L> (21.13)
or ). O(T,L)o(T,F) or ), \or ), '
NEWPTEREIFMIBIETTHE2POHLO —FHDRMDIZIETHS. Lz
WoT, (4) 95 (3) DMEAHS. DD (1) Z2H> TWIUTE D IZESIFIE X
TiNns5.

ZOHEHTIEC, > 0% (OF/0L)r > 0 &2 4R7ZL L7z, £ LINSDRFENH
RolzoBALWIZ eI B, FIZIFBEENIAL S, Bx ANNEANSIFY
BER TR > TISIZAEZRINL R T RENSBDT IV I E—LDLS57T L
WRIE. 2F0, ZHoDFFIIRILT XL F — DM & S MARM) 7 HilBR Tk
EFoTW5b. REIT—MANZEL DK S.

21.5 T hNOE—EZESITHZH
RE—ERE T T EMET gDy ba¥—3E 52b 55 (IROMRED D
RFEIM0) 7 bbb OFERERIZL S &

(g_i)T 0(S,T) _9(S,T)(F. L)  O(FL) —(3—5);0- (21.14)

DFD, WEN—ETHIRY, jlokdIFELTy o —3EPT 5.

IV hEE—=2W0D 5 DIEMEWIZIKS T OBETIERVEDTH 72056 (—12.6),
FTSCETCRUEAESDNS, mITLNEo5koNA2Z LIZHSS5DIE Yy b —
WD T H7-OTHBI bbb, ZOLS 2Ty ho¥—#ME entropic

(L, T)  O(F L)a(L, Ty (T, L)
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elasticity £\ 0\, IRE%Z EIF5 & THAM 5] (FiFsE [hngEnsg] )k
WO ERETE (4) IZZORETH 5% (— #H Ex.21.1).

21.6 EA8EH T L

ZZETIIHNHTANF—F3EHE S o7, EBROmILIZEE2Z D F D I2K
T2 ffi< o720, MIZHEVDDEHIRTIXAITZ0DT 015, EHLAANIPT
INF—FEERIZTTHS. LrL, @FEOREHHTIX, WALV F—IXL
ZHEL LS. THNIFBBESARDONET 2L F —DMARE ((EFHERE) 12X 5720
ZrlHiE—IZLTWA. TITEDE D% ED LITE S 7%\ T L & B A I 2
ideal rubber band. £\5 . HEASAKDO T o — (Db, HEAKLEA (11.21)) 2
ElZ&28ne VIZLpEoOMTETZLSIZ, BillgT 20y o —% E
WZE DD L LIZ&BEaDMTcEIND:

S(E,L) = S.(E) + S.(L). (21.15)

ZITS.MIXNF—HITH O 2T LOREIITHRE L2\, S, 130T L0
BAMAET D H A THD. WETIES, DWATRE->TWS., MRS 2 &,
S AFNZLK 2B, L, 222 b —E—ERDT, S (E)WKEL 5. {&
HELEZDOENPSYUREZ., T, EDV ENS.

21.7 WREVSH DRI
M oRONZEFEFRRBE PHOBEIEL 2T L2 ATHED D & (= WBEER)
E5B0? T LIz 8s. TNIERBIFEATH S (21.1 D (2)):

(g%)s>0 (21.16)

BRDEDS S —EDRTLEZNELKTEL, TIRPALELS TEZRLZWD. Zad
BERHIOFRMTH 5 (X 21.3 21).

BN oI L%z lo CROMEEZ +ES TEH2DITITIFVRRN, EW50D
LR TIE (21.15) KD L7z < o T L EV, TAEEALBR>TLEI NS T
5. EEOEIBYIELO LR I A B AR HbN S (—21.8).

WO TR F—EME ) = b - T 2BERIE T 2OV X — @M energetic elasticity T
5. CHIFLE2RELTS (Bl-oMD) LT R LF—DWINT 221085, EEORED N+
LRNS B XS RN TH 5. REEDORMATTEMN L IKGET 2 REAH S, HAHT A 21.6
3% DXEIZH 5.
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A <
%
>
(= 7
] = ‘)\ (S
E v P -
k)
I
A%
=7 -
Y
T2 Tl Temperature

Figure 21.3: ZUORDOIEEIF T, THD. WME—EDFTLEZHEIMIES: L1 — Ly, THNTHR
DY baE—=2WEDTE. RIZKHBHERIZ L2 EDREIIZET. T2 b =3 =50 T,
BEE T, FTHADTS. AROBERIZIIUDIZAIZT LR 5k I >/ THB.

21.8 FEEMMARD 2 W IFIBAERGMER; BMECERUS A
TEMEAR DB FZE I IR = 2L ¥ — L b M TR 655, % Z T Gibbs DERA
1 (— ¥ Ex.3.6)

dE = TdS + BdM (21.17)

&5, T2 CHARBEMAA CIRHEAR KA I L L[ UIRD & 5 REARTGRE
AP DNIDLE T B

S = S(E)+ S.(M). (21.18)
ANEBD S B (RE5 D B B 553, Bl A 2-553) % 2 6 LHERE — A ¥ b D
DHMEIL &SI HhD (£55) DT, ZhidmIT Lz hashITilokEsZ ek
MO TRWT Fa Y =K d 527, 2% 0,

(g_g)s -0 (21.19)

MWIALS D, I T, BB S 9 (WEWHRK) SIRELS TA15. JHELXM 21.3
TL% MIZEESHZ 5727 Th1rs (— i Ex.21.2).

297Y. QOono, Perspectives on Statistical Thermodynamics (Cambridge UP, 2017), p290-1: 24.2 &
DTHEIFEZBOTHOIM > TWAFESZED LI REDT.
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22 NEICKBEANZORER

ZZTIMEERISDEEIZED 5 WRD Wb W 5 NEMPRED e M| 2 iEiRT 5.
ICEREZFDEDDLEMWIZOWTITE 25 B TH S . EHREBOZEM ] & \n»w
2, FIZ I EHEREBOES LT TRV F =2 TH L Z L DFERTH -
THHR (—2.10) 5 WD B &M %2 i 72 T WV SEHRRBIXAFAE L 722w, PR
BRHHLVWD ZLHEDPRDLENZERLTWELEZLIRNEZAS,

22.1 BOFHNREBTICDOVWTO—BIAER
— RN E ST &\ S G A3t DIREIZEE 2 MA T, TOREVCIZKLS 1Y
IMEPFRD. BIIFETIIH D DREITEHIRETH 0, BRIZEET HRESL, F
BRETH B, X 51T, ROENZFEIEIZ A E 2 2 X063 8 O EAR g I 21k
TEPSEHOMENEZ S Z 2 —Kiza\w., fiE, BRod 3 HETRWGES
ZE I FIRREDRBIIED S8\ & 5 e fthd (HERD) SEHRREAN L 26095 £ 5
BEEOAEZEZLILITRDE. DF0, BIIFNLRER (—12.10) 2 EZ 5 &
2725, ULdioT, BRGSO PHIREBPLZETHS ZLIFHHTHS. £ T
BkDFLE, ZNNSB/BONSIAEHBERTHS. e ZITHNHFZ RV F—D
M (—13.9) BROMEIZW AR B 2R L TW D 2% BARIZTAR 3.
HERDNIHRSZ M 2D~ & SITMARI 2 0ET Y b Y-k HEH
TRV F =D EOERFEEOFE (—12.6, 13.10, 18.4) 1272 5D TIE L A Y Hil
U772\,

22.2 INSBRBAZEDIIRE LEFREX
HHZROTY b — SIFEKE LT, ZoEIN-EBEL IJEFEKRTHD, -5 &
B RS INNERTH BB O MBI TH 5 (—13.6). Lo T, BHAMIW
REH 12

628 <0 (22.1)

TH B,
kR Z LIINETANF—IZE EA T, BIZEEIINENTHLRY, (S)Y)
DRI E LT MBEMEL S
§*E >0 (22.2)

982 ME B ETENFHEE L Y IZDOVWTOEDTHBEI 2N NE DIz,
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PESNL29,

22.3 EOANY T UNEZBEEIRER
EDEHS X, NDTRT2Y ={Y;} edTELZLIZT DL, (222) Y]
WIZDOWTDIRDIEME —IRE A% ZER T 5

2
§*F = 5;;%6n5ngzo. (22.3)
i, v
BAERIZHIRS % &
(g_gPV,N (g_gpszv (g_zgps,v 0S
(6S,6V,6N) | — (8% V,N gW)SN o (88_N)5,V oV >0 (22.4)
(_g)V,N (ﬁ)SN (B_Ji\Lf)S,V oON

22.4 EEZRBEADOBE+DRENER 2 LEORN
A =matr(A;;) & nxn OXNFEATHETH L E, ZRKIEX

WIEREE TH 5 BBEHHEME, ZDOTRTOENTF matr(Ay) (k & 115D 5
WRBIBEOMAMEAS U C {1,2,--,n) SR UIEFIC & 3) D151 (3/MTFIR)
Vb

22.5 Le Chatelier O FRIE
E DN T UATHINIEAREETH D I D5 22.4 THIZ X D12, Kz, MAEEIZ

TRCIEA: ;
02F
z - > 0. 22.7
(an)y,c = (22.7)
DX, V, ORBGRMER y, & LT
ayi
> 0. 22.8
(am)y‘c =0 (22.8)

297721, IEM TR WERIEREIED H 21551, THUIDWTODER/IZOWTIE ED L SR ik
—fRIIZIXE 2 AR,
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Z 1% Le Chatelier OJFH Le Chatelier’s principle £\ .
L5 A AHTHAOFSHRLBRDT
Y;
C’) > 0. (22.9)

THB B, AU (DY;/y)y >0 EVIRTHANI LIS, D0, kLA
1, Cy > 01 (22.9) 515N B H Cp > 0 R L 72D TIRARND,

22.6 &Y —f%®D Le Chatelier DRIE
BABIIZTOFMIZESTICHATH L LEZONED, ThiL, (S,T) Mo 4%
WL EREBTIZ —DRATESTEREGR2 7 T5 8,

s
o7 ) 20 22.10
(8T>Z— (22.10)
EWVWSZETHAD. FERIZ, ZOLREXZFETIINT LI LATESD, bo
BDOWWR D I 6°E > 0ICR> TH XS Z L0 Thid

0°E = 0T6S — 6PSV + 626X + Y 6usN (22.11)

THHENE, MNEBEIROIZ L 21X, 026X DERT NS jz X PEDL S
DEBEALTWS ZEIZREDT, (22.10) FHIAZ. & ZIXFARKD Z &%, 1o Le
Chatelier DJFHRIZEE U - AERNTRTIZHED 5.

Le Chatelier D JFE T EHIZE W, DF D bbb HEEZ TWA RN
BETHDHILDENTHS. £ U Le Chatelier DJFELIZHI T 2 RE S Wi
THNIZMMBEZ 20 HHE L THD L\,

22.7 Le Chatelier-Braun®? MR
Mayer D BEfRH 5 BIAGURIZ O WTIX Cp > Oy THAHH, RTHRBES1Z, ZDHE

FRIEAE 1Y) 70 AR X o ox
(%)= (%), 22

300(22.9) 225 (8S/0T)y = Cy )T > 0 TH 2D, (95/0T)p DFHFIZDOVWT, ZIEXTOHMT
&, EERIZE S o TRV,

01 2 Wk, AEAFENC412X5 (C.12) TV,

302Karl Ferdinand Braun (1850-1918) https://en.wikipedia.org/wiki/Karl_Ferdinand_
Braun. Braun & (CRT) BLUAYBRAI—T, KA A=K, 724 ART LA 72 X DFEHE. Malconi
&b ITMBEE R OB T/ —~VE (1909). TL 7V VAIZEED— A
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https://en.wikipedia.org/wiki/Karl_Ferdinand_Braun
https://en.wikipedia.org/wiki/Karl_Ferdinand_Braun

D—HTH5. THIXRDEIITRTIENTES., £7

(%), - S -gmpeen
- 1), Gr) - Gr). (3),) (&), e
- (3,33,
(22.15) 7 5

Ay, z) I(y,Y)o(x,Y) Iy, x)
0X\  (0X v\ (oy\’
(%L -(5), +(5).(3), (22:47)
FLE IHIZIEE R DT 5 )
X X
(5;>y;;<55)y. (22.18)

Cp>Cly. (22.19)
HHENNIX =V EolEr=—PRDT, EMEIZDNT

(%_)y() _9(X,2) _ 9(X,x) A(y,Y) 8(x,Y) _ <§Z) ((?9_};) (22.16)

mOT

e ZIE, X =8574%561F

KT > Kg. (22.20)

22.8 HEILD H BIHEDEHELIZ D W T DOENTRIHIR
MZLDR D 5 & EIX M TTRe L IZR S . Uzhio T, (22.8) IXfHZ 2. Le
Chatelier DJFEED E OMMEOEZENIFE CTH -2 e 2BWkEZ £S5, +0RWn
T%%#&<f% (P IZAH AL DL K TOEBDZLITIRNHIR 2T 5. 7z&
ZUE, KEME SEMAE2ERS &, BEITIODRERTI VM OE—2FD. 20X
5 BRI ABRAERX (C.12) 25 M5, (v, X) Z2H&ME UL 5. MOZEILEE
35230,
AzAX > 0. (22.21)
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Inns, & Z3,
ATAS >0 (22.22)

WD EIZE U2 XRTAAERNDVPHETL S, MOLS EHRALRAEARDE
H5N5:

APAV < 0. (22.23)
HAHNX 23.6 TRA2Z 2127 5.

193



23 METEEEEL

23.1 HEHEH: #i5k

WAWABERLZ S TZFMETR (T2 X8R 572 (T, P)) TREMEMIZE R - 72k T %
RIZEeRDHD. KEIBIZE ST, 25VWH 2RI o7z EbNONITRITE
725 724 phase 1255, 105 (K DFEL < 1k 523.2). HADKRKPELKIEKD
R o M7, TREVERNC R o 728 F) 213BI3IE, o —2 M9 & g h3FE U
UL (BT OFE) 5, EUTHHIZRATHER W (A —L U R), &
WO kDRI ETHD (IRDEKS).

| REEMERT | 2e—L v 2

ELiE »HY )
WA ARV HY
StH AV AV

HOEIYEEZHMRT L VWS LI ZDIEIERMHEZOREENS Z & 504
£5. T I TENFEROZRT (HD2WEDRKELDHIBNFENTAR LR
XT X PIRETRONZEMDERT) TOYENEABRMIZH S0, £THKD &
DREDEMFED V. T THIK] 12H725 % D %X (phase diagram) & K& (72
& A, B 23.1).

Figure 23.1: il Dk REH 72X

23.1 il DOFARDREM AR, S: [EIAH; L: #AH; G: &fH; 60 ZHE AT ep: BRSO Hh# I3AH BT 5T
HRUZZTHEERZELS. L & G OERIZcp TRO>TWEH S, ZOMHBIZBWTIE, ik
M IEKRIBIICERTE T, WHPSHEE KIFICERT 2 Z L IFTER.
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23.2 & mh

KB 2EHRTLDRTSHHETRY. HEBEROEL TIZERZ - 728 %2 HHHE
KA TEB7ZA50, ‘BHMHBEDT VB 1%, X 23.1 DKAHPHEEEZ R TH
MBEEDIT, F2oZDTHLIIESRN. 612, HORIOMHKTIX, ULonb &I
B c0d LD, ZHIEE D SRGTOMM O D O0s Le, Bilo R
FIA (D F O RXGTHM) TEERP L RZ 0B HNRN. 22T, ZIZTIEHM
VD FHFERREICH DS L EiX, (BRI AILHEST)FEZXTWBHKD ET HA
WIRDESIZDAES: ZEATVWEIHEMDOH 53T MHLLZE>TUNEWIZ
BOZELNBRWHIZE R >7ZMHTH 5.

23.3 HHZL & 12D
HBRIVEZONT L E X DERDOFEIREILZ DRDET ) FEERE (NEBT L F —
E L BEREEY ) TR S N2 BN F 22O — ST (—FIND) RBLEI N D (—5.1).
NFPHEIIBN P2 BT L I EDLO TEHERERZ 572 (—5.2). W D2HhOD
B EFT 256 THROFEMPREIZ—RITHIRT 2 & WS EKRTH B FEMIE
B AN LR ZIREORBETH 5.

ZDZ L% RTINS =D BEOFAKROERSF24M (F, S, V) TOMKZ (E,V) H
CHLTHIZ S (X 23.2).

23.2 B EEHIC R 7= 3 MMM (DRERN).

AL (72 £ B 12), BOIIA () 5 X OBCRED =M () 12 =85 (OIRE) %57
WK DA AT H 5.~ OROEEIIE, WEOHE () ORI = B S
oS CIRTEIC TR SN T BEErO RS L IC Y OMMRED L 5\ WOEETHET 55 % T
BLEMTEDIDIIRBILEZIHHTHZI L THS.

TAGEMICHYS U, SAHOBER EORA ‘¢ X2 DEIM E HFT 2 H 2ESMHD (B, V) BEZ R L
TVW5 (BHIZIENOBERGERFEFRZ RTINS & g BRAINT VD). 202 Za2iESMo o k
DR (HOWEA) IZZDORED —DDOHDHEEEZRLTVWE., ZOHWUADMENKIZHS LI
AT a:(1-a) DI A THB50IE. ZOREBTIEHEM « L& g OHRIX(1-a):aT
BB INERETOHA lever rule 2\ 5. AR TSR TEBERLAREBICEHZEL ZehrTE
5. Z0n 50D &S ITHIARBIZ DB 2N (B, S, V) TR (ruled surface) (2725,
SHAEFZRTREWKAZADOHTDIE. AWVEHORICE DWW EOERE barycentric coordinates
THRTILT, AVEHIORIZHY T HHBMHOEGM L LT —RIICHMRT 5222 TE 5.
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NG
>

1/P

Figure 23.2: #2220 (D (B, V) ~OH) 128 A F NN, FARERSERL, By
fEEVWEMBIEEEEERL TV, KEDOMA T HEERETH S, HE D FHERRTEHZRL
D, VTN i, il & < R () 125 5 IEMP S E AP REMTIR (28 R IFEH
HELE>TERMEMEHAD NS WA EZR 5 72 BO AT HER Z LI L) mICEEE D Z &
TH5. LOFHELUVHBEIZOWTIIAXSIRA.

Z D 2RTTHETH, » 25 \WIHETE 2 XM, 124725 & ZATIRAN%EE,
FAZHNE T RV F— 13V & SOREKE LTALRLL L RO AfETH 5. ZDiE
SNIVEROBEATIHETT 5. £H5A ED (BIFEBEDREE L) Mo
etk LS Z LW (ZNUEWDO THERHRM S FRETH 5 —13.9) BSEREEULIU
DARET K 5., EMEMZALDEZ 22D BNFEBE O S X2 N
B TIEEWITRWZ 2IZER.

F 2T, MZAbDOBERNTHHR RSO ITIZIRO X 512755 A ek S &8
VEEEFREY O E LT ENEONIZENIEELI L TH 530,

Wz E &, HZLIZEZ I N, ZhicfE-T, T o4 23.2 L HK O
AR EEFAIZIHETH 5.

23.4 —RiEERFE, ZIRIBERR
FHEERS (38 —FHEEIC KA S D —IRAHEERS & 7 DA DA ERRS B 5\ I IR EH
WM THD. —IMHIERIZBEWTIEADR L L —DDEIIENERE (—5.5) %k

33 E A DRI L U Coe 2R BB (—18.12) 23NV 2 I B 3 & 0 B i etk 0fE
ERETESEEILLE>TE. it hFETIED BRI FEBHELNE LS 2 & L1
ThHd. UL, FEBRIC TEAME] 2T 52 L IERARERZ S 5.
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B (—5.5) ORI E U TAERIIZZLT 2 DIZH LT, ZIXMHIER IZE W
TIFBNZEE IO . KBS 1358 R Th 2 D ERIEIDOE &
TIE IR 1272 5.

MiEfg 1, 2 < OHEEWGEIZ, EOEE o7z %5 TRhWHE DETAE
U BTy bEE—MEEITRLF— (BT X LE—) HOMTELS 0o T
HEWVWN. RUNTEDIFD 7272 AEE VTR F—D T VX LaA VR T b
E—D/NS R0 22 ENREBOMTEI 2 (£ 52AHHIT AL F—IFELW).

—IRAZAE, BREEHOZENED Tha A a7 10y 212 bbb 4HEL 5. W
WhrZRBE, DUOHFOE RN SR MO F2IET 5L &, —IXMEEL
LS. ZDED, ZEMIIMETRTUTWARZNTELZERLENREEIZH 5 & 5 e fk
FRIREEDIBEZ T E 72\,

TN ERBIZ, ZIXMHER OGS IIRFHOMRF DR TN 62 2K N2 E
THZLHRRVDT, LEMIMET U MR AZE R ke U Tl TE
5. GEMDINE 72 o 72 PHRBIX BN IZIN XD R o ZIREI 7D & S5 12
ZZTOVW, D5 IR R DOEL TIEIZWANAKREIL LS B EIRAEL
RoTHHREMITRS 27225, O DFEL T DIHKIFHEL D H
5, TIRFHEEBASHEERINIZ 2 WA ABLIREL 72 5.

23.5 HHiE: ZHOBE

RIFBNFERE (B, X) CHlBTEMILHIT ZEF L X 2P LD TEH5EM4TT
HELTWBE L LS (MWL AAOHT). ZHAHETIIEDE B 2 AT ORICHE
ZBELTYEDOPHLEDEH L. 19.9DiEMICHB S, S =51+ 51 2RKRICULZ
<TIEHWIT AW (—12.7). Gibbs OREfRIE

1 x "
ds = TdE — TdX — TdN (23.1)

THd0 0, § TIRABMZ (FIZP S ETEHINTVWEE() M2 ZRT 52 Th
X, PSRRI

1 1
0 = 6B — Asx; — Msng+ —6By — Moxyy— Blsng =0, (23.2)

T T T Ty 1 Iy
ZZT7T 5EI + 5EII =0, 5XI + 5XII =0, 5NI + 6NH =072m5 (23.2) &
1 1 S B 5| BT I
SO A PR T N (1) PR
T TInp T I T 1In

SR & £ 7272, BOIRERID WA FE L 2 B EINE S TH B (—12.10).
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mDT, —Miz
Ty =Ty, o1 =211, P = pa1 (23.4)
NERING., RPFEDGAIZIEIX =V, 2 = —PTHEINPSLERT VY vV
— DM
(T, P) = pp(T, P) (23.5)

L7 5T, TPMHK EOMEFMRZRET 5.
ZORIZ19.9 TRZK D1, T,P —E%M T Gibbs TRV F— % F/MNZT
L&M4THHES. (23.5) 225 Clapeyron-Clausius D XA 72 (—19.10).
A D Gibbs T4V F —d
G = Npup + Nyppn (23.6)

L BDT, MBAETNWEG —ED F FREVZILL 5 5 (N, Nip BEEL S 5).
ZF D= TP AEERIE 232 IR KD ICHIZR 5.

23.6 BELICKLZ2ELDOFHE
22.8 T E QMM S, EEOIEEL (2, X) IZDWT, HIiT

AzAX >0 (23.7)

TR TEFRsRWIZ 2/, §TIZHEMTINE ESHES RN, HED A
FIZTCEOEIDIE->Z D22 NTHRVRSZZTHIZZEITFTLONLZLTEIS.
APAV <0, 2%, 2R E0THRWEED

(P —Pp)(Vir— W) <0. (23.8)

HREAHD S —EVEE D 72 0 OB (B ZIEEIVERRE) BARENWZ 2 ERL T
W5, KOELZHNZE 2 &, KOFFWEEDKE D —[EDS & TIIAEBENKE
W, DD, ~SFEELS TREEHIZBEHETRS TR RS Ry, Zhid—ERET
JEN%EDPTBZETKRKEBNTIENTEL LW XLHMOENTVWEHELEAL
TW5.

ATAS > 01,  LBIRELZ BT CTRIELVEAILT 2 £ 5 RBE»H L, FEERD
FDHARED BT b E—FRELS BRI TERSRY, 2V I 2EKLTY
5. EBEZDX ST LN 3He THRZ 5 (X23.3 FRWRFEIDFZAL).

Fig. 23.3 Pomeranchuk Z)#: 7RO & Z A TlREE LS5 LHMHITELAT S, L ->T, EHEO
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liquid

gas

T
Figure 23.3: Pomeranchuk %5

FEHE D RERT Y PRE—2F>T0Wal TS RW., ZOEEEERIA LD k&R b
OV —%2FOHHBBAY VRHFEIL> TWEWASTH S, AV IIREEMEMREF %2 1073 K 2L
TORBETRT. FROL ZATIFHEE) FEMHDAHINS LTy b —2F->TW5.

23.7 RFMENBR L 72I5E 0N ZHE
B ZALREMAR DS RN I T o T2 2 T 5 &, ZORHALIZWA WAL HHE L D S 5.
HAEMIZIX, EOAMBAILLTRNF—2FD. Lo T, ZHETRILF—LH
BAEVERDODNVWTWVWE LI REFELHLUTHS (—5.1). 20, MfbkXT MV M D
HANIBN ¥ % BT 51X T 3R EZEO LR WEHNBHEOH THSD. 55
AHEALR T NV D BT S TP IAFT 2085 NI ZFEDOHI 572 Z & TR,
EBRNZ I D FIIZEETH S, LA L, MMESER L TlX, @ hmizx
BENT, MEGBBNIK, FEDALZ R > 72K, BHZ XLV F—HE S
(LD KREWV) DT, FHAREE UTIHIFELRY. D& D Rb I} TRA > il
DFim%E XA B 0EI, PRI e UTiE, 2.

23.8 HERYDE DEFE
PEDHPELEL TWE LT DH L, uy ZHx TOILFERT Vo vILETH L E, IRD
¢ — LEDOEXD R TN TIER SR\

(T, P) = pri(T, P) = -+ = (T, P). (23.9)

BHOMFRT VY v VIFEEEE U CH WM ARV D IRET S &, &
N o — LEDOMNI b e s, TN 223 T & POENH 572D 13T
BEMIEE 22D 0H 0N, DFE0, MPWETIEE X 3 DOHEVPGFTE ST
77z

ST T ZOREO T & Pl (XD ETREAKIZIE; 23.10(2) 1) —#
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BIZIRE D, ZOmMEZEHSE WD (—23.3). HHEETHKDO =HESIXT = 273.16
KThd. 2019 FLANZIEZ 5B 22 B> TKDEHRE LT W73,

23.9 Gibbs D%

FIRE TR, cHOMSNLE BRI NZILFRA D605 R%EA LD (Lizdio

T, LRG0 2 AR ST 5306),

MDD EIET 5 &35, MHPAERMI

()T & PRTRTOMTH—TH 5.

(2) c FidD 2 BWSALFFEDLFER T Vo v V32Tl Th 5. HALEREIL (23.9)

WR7ZE51Z, ¢ — 1 EOFEAXAZFH IR TRV (j=1,---,¢):

u{(T, P, x%,x%, . ~xf_1) = ,u{I(T, P, xh,x%, . xfl_l) =...= ,ué(T, P, xé,xi, . -x‘;_l).
(23.10)

U7=o T, 7z TR 6 WERDOHI, KLEFRIZZINS DILFERT v

VX VI E UTHWICRRIZRERP R WE D ERET DL, (p—1) X cTH

5307.

MO ERD Z121E c — LD ENLHHOS (21 22 ... o) Hibh o TV
KTIEBSHV., MRIEFBEHIEIZE RS TVWEDNRS ¢ x (¢ — 1) DEILGR (K4
ZEIMMIERFETRMT S L) ol 22,28 (x=1,-+,9) ZIRDL L TR SR,
EoT, REZRDBIZIE 2+ d(c— DADER, T, PELIT 2L (j=1,---,¢—1,
x=1,---,0) ZIREL RS TE RSBV, LoT, —NLGBE, ROLNBRNT
BRABEBDEIE f =2+ d(c—1)—c(p—1)=c+2—¢ %85, DEh, HfF5HMLE
DR % Z 1 TH £72 (T, P) B X CHEA B 5 HX O th QIO RIT (FEAFIRFED

SOSIELFEE D BN K 15 TIE (2019 BARE, 3 5\ 2018 £ Uik E - 72FHHIZBIA 472 the 26th General
Conference on Weights and Measures 2A#) Boltzmann E¥ % kp = 1.380649 x 10722 J. K1 & &
e CHBMIZEZEINS ko7, 22T JK ! =kgm?s 2K L iZBWTFO s 7 4,
A— V&R 1% Planck OER, DM, B Xt ¥ 7 A-133 ORLEIRAE D BTG O &R O
REBIZ L > TR SN TN S.

306 (Y22 7 fis i dp B & AL AL SRR 2 A — D DBRAMEE R B ORI R T A DT e dd
R Zeilinsd. DF0, MVRKIGETE (—-25.4) D r DX c— c—r &2 2 TOHmD
FCOBESMANBEICRS. ZOME (231 f=c—r+2-¢IZR5.

307H Lb, KRR (B2 WIMMERNL) BREHE 2T 5L, iz TR s 0nER0HIE
(p—1)xckDBPWHI L L5,

SOSLEME i OEND R 2 oy = N/ Y[ N DX ICEHSI D, ZOGE, LEHKIEEE
LARVWELTWEDT, 5ORTEN=NTHY, z; ZWEEHET 2, = N;/ Y N; LEHFLT
H,
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RO UGE) f A
f=c+2-¢ (23.11)

LEF o, 2O fIFBHIIFEBE thermodynamic freedom & FEIXI, ZDARK
% Gibbs O Gibbs’ phase rule £\ 5.

MR X9 TIZ23.8 TRZD, ¢c=1R8DTf=3—0p &b, ZHNPLET
LEFfF=12F 0 HAPREIT, Pl ET—RTORIR, HiF0MkR, 720, 3
MIAFTIE f=0, DED, 0IRIC (ZEM) ITRD I bbb,

23.10 HHEFICOWLWTOEE

(1) fHEEDEZ o bhrd L 517, I —HIICEBOIIC 5N B2
WZ EERFHRIZUZEBmCHERS RSN TWS., Lo T, HEIHKILL 2V
LS RBEEY, AR (2311) KV B KREL RDEREMELHIZTRETH 530,

(2) HEBIFAEFERT VY vy I DWTDERZTGZ TR DD 5 2T DVWTEAT
WEM, BENRHZ L E, W OHEIMNIZOVWTIHAIBEZ L, HlZIE 2Dl
MEHENIZH D L &, BEFITWD2HEh, LWV L5 RMEIILATLINE S
MIRBEZONTHFIZAZBMETIEARL, HEZE W LS 2 KRHELERTIX
oo\, ULihoT, MWEO ZEESBKDH 50 I3MHEZ2EZmETERS
NAHMETIE RV, 22T, ZDODO=ZFHEAPEALAEEL TERTEZLEHD
AT, (1) L BEWRFHE 5.

(3) T, HEVLIFZ FET 556, ERICHIZIEGET 227 BI1FERIZXT
EHHIZODWTREFET 2 EEZ NS, LHrL, SWEOHBEL 725612138 h
DX PNU AR NER D FE AR > MR REIZ 2 5. FNDLET I E 5 %, #Hlx
EHEBERDOLZEMIKFEL, EIREPIEENFZDOH->7-Z & Tldw»., W23t
FIT 20BN FENRH -7 Z L TR,

(4) T, BREZDHL THEEFELTWSHIZEEHTH D, HILFREEEIZH D
MNP U HEMARRTE TRV, 728 2K JEBUTEIDY B B ML N T O WA 2 B
REFNZLBED R VHITENSE XA L DM METH 20 EE RN, HDEWVIE, X
VRIBDIRDEEFNREIET VXL RREBLITBRLRLHOMEEZZERETH
D Z DFDOMHELIEZ—IREEBTH 2D (— i Ex.23.1), RYDOFMHPRETR

309 WS DI, (LFERT VY v VISR BBBIR B IE, TR ORI 2 il RS D fE £
Me(d—1) & DWBBDEDS (23.9 HOBITE), EOMETIE, &A% ICHEIR-> T b %N HE
MR 1) IGEALN f KOS ERVWEWS Z e, DF D, —BIICIEMEEE f>c+2—9¢
BOTHDH. EBE, 4TS ZFFOMBYIEDHIL 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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WEHE T AN, EYFERIZERD B B REBITEERE TR <, AR Y Ok R 1L
ZIZEETERY, HAVIEEEETNIERZ VWS L5822 HHTH5 LRV
T2, TVAVBREL B IS BRGEIZIZDUAEEIREBIZEETHY 550T,
MREIZ Y ¥y RO Y TRPNIDBEI X H 5.

23.11 EHZELDH 585D Legendre-Fenchel Z#:
(18.19) T Helmholtz T3 )L F —AINFHBL % )L F — D Legendre-Fenchel Z5

—A(T) = max ly[TS —E(S,Y)] = sgp ly[TS — E(S,Y)] (23.12)

TESNAZE, DFD
—A=F* (23.13)

ThHHZeZR. TNHOWEBMEEET, EOMMEDS
(~A)=E"=F (23.14)

ThH3d. T5UT, Helmholtz TR IVF— AN 5% LESFEE (—18.12) TH 5
EMErxIhs.

UL, RETIE TFLd4] BIIFEETIERP 72O TR WA (—18.12).
ZTNTHENTZARILT =D > TVWBEERBREITZIZIDOVWTDFRV b TV
WDD? ZHNIFESMBERTHSD, TDOEFEZIE, BEEE L TO EIXZERIZET
INBED, SOMEIFELTERY, WO e Thsb., 2FD, bbb EHRIEIH S
D7z

LEEDREBOZY FOE—DRSTHORENT ThHho72LLD. ZDLE, H
L TIZRUTHRIR 572 ST 25603 5 DIFESIFHMFK 232 12/ 728D 72,
E— —ADZBTIIFRUEED T RTOREN —RUIZEHRINTLES> DT, 4R
BRHITDIY b —DfHIEbr 6% %%b. TN TH, HIHWETHILET ST
v ha ¥ —oHEIFHIZEEIIELINS0DT, BB LTO E el oihd
(X 23.4 2R).

SIOMARATEIZIE, A D T2 & 2BW5 subdifferential (—C.3) & L TIkE 5.
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Figure 23.4: ab 0Ty bu ¥ —3Z T 20 HEIT—ETHDLTLE, EDT T 7iFab
MTIE—EDEE 2K >TD>_D L LTLES. Z DS E Legendre-Fenchel 2 TldZ DfH =
RIS U7 E D — I BTN D (£ LT ADPMAIATTREIZ 2 D). LL, pT-AIXHETSE
RO E OHIPH (D F D T b ¥ —DHIH; RVEE, ZHREMIDORRIZZE >TSS —»C.3)
WHADTIINEERDLNTVRVDTHEHILTES. BHAALDED [KH] ORTOEZh 5K
IO NS %5. IR T BEIIFEREE UTERHATERWIEETH 5.
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24 BANFOE=ER

24.1 H=ERROBIR
+HHA DD D 9 6 AT T T O /b O EE LRI ST K
% Gibbs TN F —DZAL AG (L FIGDBM affinity —AG) % HIE A REZR K
JGENAH (—25.13) P oikET B Z & 72o7-. TN OEMER] Tl&, ‘Thomsen-
Berthelot DJFHBI 55 D%, AG = AH 25K 5 LRUMBEIZ R RS &
L7-.

Helmholtz (1882) 1, Z A7 Z &Y S TRIBEASUSIZ HAEMIZIFE L W
L7325 TR W, & F o T Gibbs-Helmholtz DX (19.7) 2 & &,

(24.1)

AH=AG-T (aAG)

orT

m U7z, (19.7) % AH/T? = —(0(AG/T)/0T)p L ZER LT Ty 25 T £ TR T
5 .
- AH AG(Typ)
AG_TAbWﬂw T T (24.2)
RESND D, Nernst®2Z KiE, SlFDLFESF O LR EEIZSIGE AH »
5 AG(Ty) )Ty ZRET BT ARPBRNI L TZ o7z,

24.2 Nernst DIRE

Nernst 1%, —fRIZITAG & AHIZFLLSBWD, +MMERTIEZ D= DIXIER T8I
m,azﬁbt.bt#of T =013ET0E, AG = AH XX WVELITHED 7>
TWBITEWRW, ZZTHIET — 0 DR T

<%¥¥P_<%%£l;*0 (24.3)

ML L, BISERANTINEIIAEE S 5 &5 R 7.

31 Julius Thomsen (1826-1909), Marcellin Berthelot (1827-1907). Z DL, [T RTO MG
BOREZMEY, RBBERETIRPERIIKRI 2] £ FiELU.

312\Walther ~ 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) Z&.
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BWDERIFIXD LS ITHHTE S, (24.2) OFD 2 H NN T 5L

Tro1rT AG(Ty)
AG = TA;(TﬁT)PAHdT+—7?—T (24.4)
B AH(T) AH(Ty) /T 1 (0AH AG(Ty)
(24.5)
1 (oAH AG(Ty) — AH(Ty)
::AH—T/-—C——)dT+ T. 24.6
n T\ 0T ), Ty (24.6)
L’Hospital D &8 1%
. AG—-AH
lim ———— = (24.7)

¥ Nernst DEGR (24.3) EFMTH D Z L 2HKT 5. Z0d 5, Nernst B35 A7z &
512, BL, RIGEAH HREHPH (0,T) THIETE TOWIIX (24.6) 5

1 (OAH
AG_AH—TA T(?ﬁapﬂj (24.8)

RO N THEIFTERITHRT 5.

24.3 Nernst DFEDIFKE: BAOFDHE=%A
(24.1) & (24.7) 25

) OAG
yim, (8—T)P =0 (24.9)
O i D )
lim AS =0 (24.10)
T—0

ThHd. TN (248) DHFDOBEAPERTELBIIERZINTVDHLWVWS ZETH
H5. TH5ULT, IGBPKIGIZ X2 BHEHT X IVX — (BF) 2252k 5
N =

(24.10) 13HOSFE TIMERE DA H AL T (4.9 TiGm L 7= & 5 ICWEM 185 O£
BHIAAIZLUT)TERTELREOLY b E—FEILFA—THd I L2 EKT 5.
SWHZB L, T=01lBF WA (LI boY—D& e LIcELs. 20X
ik (24.10), HBWVIEZ D ERDFEDNT NS (24.3) ® (24.7) D& 5 X2 EBHF0D
25 =LA the third law of thermodynamics & %\ % Nernst D Nernst’s principle
b NI
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24.4 FHREDRFEE T 9 —

Nernst O FEIIEWIZ A 2L TRATTE 2RBEARRIZOVWTIFT Y br Y — (%
JE313) OFEME R HBOMEIZ T2 22N TELZ %2 ERT S, ZOEER 2
Y 7 X — reversible sector LEIE S .

UL, BRokaiits Z—DOMOEWNIMEFENRIGZ2E X5 & EHANTRD S
5. 1z zxiE, BC 0EBLEYE PCOIEMISERTEI LIZTERVDT,
INSDIEYMTTETVDERIFIDRLEE - ODRL Sk 7 X — 2 kT
L. o, INSRMNOT Y baY—0FEER > TWTHEDZR .

ARALZIZB VTR EICRR K S B 572w 7 X — 1@ T 2 /LEWE LK
JBL 22056, PCeBCZLBIZEUIEMBERKT 2. BROEMIK, 7 X—
MLEYMRTEL L ZIZHL {7 X —DZ Yy bu Y —HARBTFIZE > TVTHW
DN ? FTHFELZR WL, L WH DI, 2C DR & BC Ot A2 B A s E
FELRWRLE, ZORER, TBRWEW] 25T 2 FENAR V. LEW-T, £h
SEBFICROTERAIHR V., ITRTELLESTHEVWDITE.

24.5 Nernst-Planck O EE
24.3 13T - 0GR TOTY b ¥ —0DfEIX, ZTNDRFIZAERTHARHMATE VN
LE-oTVWAHDE., BREMIZTY b B E—EFICERTHLZ 2 IFHISNT WS (D
EF0, S— —co FELRWV).

Planck X Z OHENRKA L L 7 X —DT - 0METOZY ba v —nfEiz & T
Yoeb\nWTiWwZleThdrZeriERLZ. £ZT

lim S = 0 (24.11)
T—0

% Nernst-Planck O € Nernst-Planck theorem £\ .

By buY—l3RENREROT, REES LR TRV RS IIYEOEEZFE LR TERS A
W,
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25 (LFERISEALFEFE: Biim
 DEEEH OB EOBRIAN N 3 —F B ARSI % BT 5.

25.1 ROVEBRDKRE: &b
ROPIZHBFYEDEE, e XHLZRTYH, RONEET RV F — & (5
BB, X) (B OB F R ordinary thermodynamic coordinates) (ZHA7 U T2t
L33 (=4.4) DT, WAWATHENEL S E134.4-4.6 TRED, BFOSELED
T, FHZERELTEIS.
Zald, ROMZEREMBIZ OWT TEEBREARICEBRIIMA SYEE] & (B
DESIZEHERE (B, X) ITIRAFL 5 %) TEBRFEIRHICEBRICAHITYEE ) &
(LR D5 DT) JIOEHTRIATRETHD WS 27z (K251 2H).

Figure 25.1: WyEHE & (b2 MUK BERLDARR. KERZ AN X 2 WEIZT TICROHITH(ET 2 WE
YRGS, ERENBIME X SITMARL T, 728 X IEREMEAT USRI ET 5.
FERE DRI 21T (—4.5) MA T2 0 RS RIZ TR\ 0 35 Z & AVEEREEE
tbfﬁb&mé%®%wﬁ%%E@@3@Aﬁ.#tzﬁ REIFZUOICHET
% L ZITEE LAY OB IVEOMRIE N X, TDRA (WERI) B Thian
i, 72 ZARDOWHTWARBMERIEPEL LD L E, ROVEM ((bFHA)
ERET S, bBAA, MEEEZ, 0%, EREVPH G EINZ 720 Ry
20T BT LICEFEING L TEAR S AW (WEREEO L EMEL Y J513jH Ex.25.5).
BAOFNE > TUDFOFEM 4.3 DI X NX, ROVEEENE N DL &, &
E, X ZXiZ, RO MBERE N AR E 5 PR N % B, X, N 5k
ETDONRIGEB R: N = Rp x(N) TH 5 (—4.6).
B Z RSB PAGHLR T M 75 & 7500,

3BE 554, ] X, WEKIGDOEE, £3 £ Feynman OERE (—2.6) &L THY &b
B TIER SR\,
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W R & (S ALZERLR DEWIZ DWW TIE 4.5 2 RIET & WA, 7 Ex.25.1
T TV E > TIEFEERFHK Z IR L Th 5.

25.2 MI{LZEH D

EOALEYE & MAIZ (Bl OYE L L) B X ond i onTiddiad e s
ZODMRIRMVAHETH B (—25.1). — DIXEAERZIIME A% 122 55 h7),
£ 5 —DIFHIEIZ BT AN (2 ICROREZDOFEET, DF D, insitull, &
BETEDEM))THD. ZNOPRITBARZERENRITH U TETTE 2 EMECHE
THMNNEE, FEEBREDRIZDOWTHID 72 WEBROLEYE LA DWW T OHIE I
B9 MDD DT LT\ 5.,

BAEIZ DWW T OMNIMEZ RIES 2 72 DI EBEEILEA I N T WA D, BEITIE
A I DIL AW % RICEIERICE AT 5 Z L IEARARERO2EHITH 5. T2k
I, HB2EOKERTEATNIEIAIENIZOH- REEHIRITEAINS. T
ZHbETOIEYPEEETE 52013 TIER (—=25.6). TDOXSRGAETH, 5
{LEVIDOEZYEBIETEZ S & &%, TOIEYDBIREPEEL R W ERKE L2
EEDREBEEZYEEEEL UTRETNIE, EREIMAZVEEF—-BNITHE I
HILIIZER. DD, WHEEEERICHZE, R b EicBE T A/
BUIMHES 2072, T 2B O EEM, RN & b2 OB IR L
TWABEDTENEFETERVWEEA D 5316,

25.3 LZREDREHIRET

{EEWIA, B, C, - - DR LT, ZN6h6Z, Y, X, - DEKT S, 2F0, A B,
C, - DEIVE (LR R 23598 > T, Z,Y, X, --- DEIVE ((LEEE) 2R 5
& &, MU 7 bF 2D B VI T e %

aA+bB+cCH —2Z+yY+a2X+--- (%)
DEIIZRKRT S, I TIXFIIEHBEEDOEKEEIXL, (LEEMRIIFRE (stoichio-
metric coefficients) & IFIXN 2317, 72721, EORKNIE, EBRIZEELTWEH LK
BERLTWD LIRSS, ROPTELDLWAALKIGEZELEDTENTVWLD

36o% b, EMIZEAIE, Th2AEW A \vwi e &k, TolEaYe Tz O EHREIHR
ZHsd TEEMDE] L OFEREY (WhIX, dressed compound) 2T & HHRETHL. L
TETOWEERE, TTICAUTE VLS, AVPZTOHYD ELAMDE] 2EU 5 TLEL
G L UTIRZFES L L L EDMENVKTH 5.

ST RO AR EMAZETEIN TV, HIBREIS 2 X Tl REIZWDhW 2 b EmibE
VnBnG DT, REEELYTHY 5 5.
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"E LN, (TP OMENZKIoHZ DD E LTHENZED00H L
nNEWw, £EbA5A, ROPTEUBZMNIE—D LIRS .
FDORIDERANTE L ZF R original system & 5 WIXIGR reactant system, £
1% HERGR product system & RS,
B aEZ5L 2 EORREREE - & REEIIZ

> 1Ci=0 (25.1)

DEIIZRRET B, 2Ty 1MEEWE C; D—fRALZBRRIREL generalized stoichio-
metric coefficient & SOOI, FRIZDWTYA T A, EFRIZDOVWTIET T AR
5.
ROHPTHITTERIGIE—D LIRS RVWDT, ThEN%E LA EZIRT b TXH]
LT (25.1) & & b —&iIz
> vCi=0 (25.2)

&<,

25.4 LZRISEITE

25.3 D (%) TRIGHEITHEITLT C, O (bR e UTOR, D% b LM AHE
) AON, bz T8, 1, EZDRIFTRTDIZDOWTHHILEURFFE 2
D. T IZTIDRIBIZDOWTUGETE § (DEAD) ZIRD X D ITEHRT 5:

SN,
V; '
WMANTIZHET T BRIV DD B & i, TNTNDMIGETE IZNKICDINT %

DI TEDEIICERRT S, (25.2) TRIEDAHICHEITLTC; Of (bFEMk e LT
DE) W IN, BlbLize T 5L,

5¢ =

(25.3)

=> vde. (25.4)
b

L CRIBHPMSIICER T 5 2 1%, RPOTRTOMEMBIZDOWTO C; Z2HIER
DEELZEZT, TRTORERE (25.2) DLIIZENZLEE, Zh s ORIEARE
KO INLIZ B 2 TH B,
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25.5 van’t Hoff D38
DA B, .Y, Z &R U 72/ E O A% IR E# T 5 EZ2 HREL T, X
D & 5 RA&E ‘van't Hoﬂ? DNYHF (‘van't Hoff D KISHH van't Hoff s equilibrium
borP &AL TS, 22T, BLEW i 1XZ DEEDHFT (25.3) 124 - T vdé ZAk
?5&5V§EZF/%%@T%@T%%

KRELBFOHFD (5DGET, P—ED) BRAMIEHEIEEGY TH 5 DTG
WHEFRIIZ UV U7 (—25.12).

Figure 25.2: Van’t Hoff O~F-fii4

BZ 75 /R0, ZoEEBEZDNDONWIAEYE i OFEEEY T TCOMFERT v
VX IV EMIRRREETDILERT VY v VD Ay, EEA N VITA B4FEHD S, R
A2, HIETA2Z 28T MIIHD. Lo, FEMIZ, W S{LFERIGIC
DWTH FHES FERZATRIZL TSNS (KW EHENR L2 UEKRDOZ LW
HIZ DWW TR Ex.25.2).

ER P ENFINERET D 2O KB DOEIT 2P > VT 5 (HEHNIZT D) 720
@fﬁ%ﬁj®ﬂ%%%$b1w%ﬁﬂ%%%é.ﬁ%,%ﬁtiﬁ®ﬁméiz
RWFREDOMERRMNTIWIZT CTRE L U TIREH T 2238 1 220 -4 sk
HOWHREZRETLE5BEDDIETHS. ZOT AT T ITHFEMIZEST bam
Rtz IET 2 ZIZ3AMTHS. ZITRLAUERNICETT A RINE [#H

EUTHELRLSTIER SRV, 2Tt EwmMIz T3] 22X 5 Urawn, D

0, TEME] 702 555 5 WIEHERIEZ N EKRD B CF & 72 D 72320321

318 1 —fRM1Z 1% “dressed compound” & UTCHI% IR A BIEEMTHS. —25.6.

319¢van’t Hoff O K& van't Hoff ’s reaction box EAGKRINZIIIFIEN T WA, UL, BIIEIEF
L kb nnr s, ERICIE I NIMEF G 2 T o 8ETH 5.

3207721, IEMUENET LR WKIGEETE S & &, FEHT B MGTIERIZ UL VIS a1
195 (EVER—NDolRhHB2EETAD LS. 206, FIZAKEPDP-L D THZITHITL
TVWAMIMBRRIZBNZ 2 ZDEFHATE S LIEBES 0.

2IW. Pauli DEREDFXIE, HF DI THWAEERNZEAMBEDORN 2 SIS 1y «— 21 DEEIZIMES
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25.6 BEETEZ R WMEEYIOERY HW

25.5 TlE, ¥V VX —DOHOMZFZYEIZMPEOIFMETHZ LHELTWVWS. K
FIZUT, TRTCOMEYHPHEEETE 2D TRV, AR EEY (—4.9)
ZROWEIL (—25.2) ZDHITH 50, BEEYEMUEZDO TEHE I NS, UL,

N204 +— 2 NOQ

AW UTHRIETE LI EiIFonsd. 20555508 E @
DT TIFHEETEZ RV, 55, van't Hof Df 2 FIHTE R0, FEiX, ZAR
ikl #2275 FTHR\W. SETILTTIZERZZLDH S

A+B+—=C

TRHESTHON? ZDEE, CREITEY ) Yy X—IZ ANTHE L DIFEH TR,
HLE CHEWVWA L BIZHRMIZARLRWEEIE, ZOREZET S50, 0
DRI ISDE RO K SERE THEITT 570018, AfIXHEZ 20w 5 (—25.5 DIE
B) 2530y, TRIDESREESERERZESTH01T7 #D C 2%
BB AERL A, BELXTCOREEGY (0% v, FMELYMERE 2R >7-H 5 F
BRIRIE T DREY) 2HFC OROVIZV Y Y X —1Z§ED D755 (—25.2 DIHTFED
‘dressed compound’ ). TN & KIGHIZ C DA ZERRZE#E I 322 LT
OIS, TNPYEBEREOR KD S WIEITHS.

Fede, BEETESRVWYEIZODWTIE, REMIZHP GG L bFEimNI
BET DEMEHREY (D F D dressed compound) & 2V ¥ A —IZ ARNAUE O (—
Ex.25.6). TN THOND &SI, KROHHELEYDORME (—25.2) BAHT LI &

=8

25.7 EZRIGICK % Gibbs TRILF—DZE AL
(25.1) THIGAS, T DEITEDEA 0 TRINDIZIFEUZ L &3, KIRnZ k2

o TOWTEET B2 WS EEZ > TWB: Zur Thermodynamik dissoziierter Gleichgewichts-
gemische in dusseren Kraftfeldern [On the thermodynamics of dissociated equilibrium mixtures in
external force fields], Z. angew. Math. Phys., 9b, 490 (1958).

S22 EERINIE A Y % BB X 5 RS BETH VL.

SBES)FILERBOAZES 026, WFFEHET2ZZADILNTES. 25958, HiHld,
HZ 6N PEREETOMNZ L TEE TR 6 BHBRIZAR D h, EAFICES »E Lk, EHE
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Gibbs T I F—DZ21L1%

EEAILENTES. IS b02 LD ITHANED ZDOKIE (@ v =101
BD1ENDHIZHDEA) BEU L ED Gibbs TR F—DZL AG 1%
AG = Z Vi i (25'6)

b, bbAA, RIIT, P—ETYWEMIZEAL TWE 2T 5.
AG ZRDDIZIFEFERT Vv L EH > TR Tk s wn. bivbh iz il
ETEDLDI 25.5 IZHNTWS A, 23 ThHs. Tl

Api = 1y — pu; (25.7)

DEIIZELZEMNTES, 22T X van’t Hoff OF O OEHIRE S DIREE,
Z U T O I3EEREEZ R T, BEAWIIMFTEHEAYMTH 205 (25.6) TAG =0
(—19.8):

> v =0 (25.8)
THO, Lo T. MIEARERIFERT Iy IVEZH-T
— Z v Ap; = Z vips = AG® (25.9)

DEIIIMITE. ZTZT, AGO IFEHREETD IR & EKRD Gibbs T 4L F —
D, DF0, FEEKLGbbs TRILFXF—Thb. ZOENKILGERBEMNITS. ¥
HRX 5T AGE ZRDBMNIZOWTIE 25.17 IZEBIHEHSIA.

25.8 &I (Gibbs) BHI RV ¥ —
25.7 12> T, FRESINREIZDH 5 IGRDILEMDEEDFEE S N REIZDH
5 HEHRDIEYDEAIZZET 2BEOHH T &)V ¥ — (Gibbs T X)L ¥ —) D24k
ZHETES. ZITHRESINZREBLIIMERT VY YLy 525N TWS,
LWHEKTHD. DL EIE, KIHIZL S Gibbs THVF—ZLIE, (25.9) &[]
BRIZ,

AG = v (25.10)

WSk, THRBENFENED (—-12.10) DFERTH 5.
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52561 %. Gibbs T X)) F—DZAIT A HHEFK 2 SISIZ DWW T DR TH B
ZLITER.

LG, RIMEEMZIRELHO (ZNZND3HEL 72 £ EDRE, Zhidh
REMN EOFAPRETH 5 —12.3) L RISRIZOHEL 72, TN X750 (FRSEM:
&) PHAREBOHH T AN F —2ERTWEDTHS. 22T, HHZRILF—
DI/NFEE (—19.7) 06, HLHAG > 0 THNIEKIGRD? SERRITEL RN
LI T E 5% AG < 0 THNXANZIIERRPEL 5 Z LIZHRFEERIBA L
W, LIEESTH, TNAFEHRT DRIEIE LN (—12.7).

25.9 RAIREZFAIREIC T B flAEDLE
BOHZOIGHOME L, BENAAREL T80, ABITETT2LTET5#
EWIZIEHBT RV F =R KRNI A FADERE) 2 1y TVEET, ke L
THREEFERIED Z e TH S, {LFEHIGIZDOVWTHRS, AG<K0DKIGE AG >0
DR%ENTY TVIETAG > 0D nEEITIETCLES>Z & THD, ElFD
HERKSIIZ L Z50550T, EYD [FH] 1225 UTEBEL TV,
HEEA5ADBEIHLTLDDPALBRTEZL51Z, BSED T RWZH[EERL] &
B0 AT, BEOHEEREIFMBEMRLRDOT, TOXIRBREOERIZITZ K
D TR AITHR (ELERE) PBETH 5.

25.10 {LZERT Vv IILDRIR
HARASSAEDORTHEN P, TH 5 & 55t i DLERT V2 v L

; = py + RT log P, (25.11)

ZIT, uf IFEEREO(FERT VY vy L TH 572 (—17.9,17.10). —BEOZIRT
LETELRTIOEMNHRINS XS ITEJIDORD D IZKEREE fugacity f L E5 B
D%xEEFHEL

wi = p; + RT log f; (25.12)
mEeEL BHAAMHBRITHE THRO T, P OB EL U TESEZTWHEAMI
DWThHEZRLNEZ L 5.

3247 1L, MO E Y T U0 TBL 259 1R L5117, FHiTE->TL S,
SBEMGOREAKRTO LI IBERTHIEEZOND.
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HAR SR TIIRD i DILFERT Vo vy VIEZTDEVDER ¢, %> T3
wi = s + RT log x;. (25.13)

ZDGESHBRTLRWGAEELTROND D IZHER (EEE) activity a; 2> T
(25.13) DO R Z iR 5.

wi = ps + RTlog a;. (25.14)

LIFUIE, R EEVSROBRE 0 = o, EEWVT, v Z2IHEEHRE (activity co-
efficient) & PR, Z Z THIHEIE a; B WITTHERREL 4, (TR D 70 < TIEAR
5 72327,

EERTVIY VDR EFEIBOEERFE LFERT I YIVIET, PEEXUN O
B DS, LDk S B LRR 26> & EDLFERISHEAGAET I2WERE, O
FOAFMREETCREINTVWEIOREETH L. Lizh->T, ia%@ﬁﬁ$
FIBEFRZ {H 5 & I3 E R % B i C DAL PR RS (D £ 0 KBB4 4.6 12
B4) TRE LR TR SR\, 25.2212H 5 FEHISIE.

25.11 EOEEDEEME DMRE

A4B — CIZBWT, CORBEMIIFELATH > =051 MEFERT V¥ vy Vi
HAEBEO AR TE EBEIND (—19.11) 15, MO TRERY A FADMHEEFFD.
595 IDXIENS/ONEMAEH (FIZIXEMOELE & U TID HE5) 1k
DTRENWZ LI (—26.17). L2L, FERIZEI WS ZEIFETHELRN. &
2

N R M AR L R EIZ IR U TR WIZ L 2R TWADE., D
£, FHEEDOZDGGLRLY, ZEFHENRENZETERVWESGTH, ¥
BREEDOZALIZ LB D FEN S REL AN B THS.

YoiREATYEOLAEX, +oIc oS ZAhNIXV S TERERMFH%
WMOHUS251E3TThHs. L2, EBEBEZS>HoThbunonigwn., ZhiEEmo
B & B 5 C, bFPEFHIFDUBREZED B 72T THNFENTFE TR
MOHBIZKRELTND B2 THS. 20, B A LF—{FET R ILF—
WZIZZ < ODGEBENREZDH D DT,

SWMAIRFED HAL 5 2B JiH H B (—25.14). T Z TRHAMPLRE (e, z; = 1) HMEHRETH
5.
Mz T EF OB RHEEITELFHII VR WIFEHTL 5. HlZ1X pH DEZ 26.16.
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25.12 {LERIGICIEEEIREANFIET 5: B NI
(25.6) 5 bM B LS ICHU R TOFE DS, BEE —ERIE TS

> vip =0 (25.15)

Thd. EADMEKIGRDH 2D DIEEEZ WS 6 THNILTEHILITE>TY
KHTHREREIITES (KIGRIZES>T Yy, <0KRDT). ROVIZEKRRDD 5
B DEEZ W S5TEHENILTEZILETIDOMITIVWL S THAIZKEL LS. *
UCZ ORI EE L IEGIZE AT 2D THT AL TI272 5 & 5 fkh
AHEIZZ2 5. DF D, Wk BLERIGIZE SEEPREEIFAET 5. ZIMEZE D
HI (—4.3 1) LB (YRBDO) BEKTH L Z L 2EKRL TWVW5.

25.13 {LZERIGER
CZETIMERIGE T, P—ERHETNTERATELZDT, IGTREZABNFEEL
THZTNEFERITEIT TS, ZDE ERET LE8E ZDOKIGD (EIE) MnE L \»
5. D0, —EEHND T TEMRDVEE DT 2L F — & KGRDFFD NI 3L
XF—DEPRIGATH 2D, EH—ERFETFTTOROEODIAINF—LIFENE—
AR DT DI BB REDTF G2 AT AN F =05 E UG WEE DR, £
NIFTVRZVE—TH S (—19.3). D0, KIBE (reaction heat) & 1%

SOGEY = (ERD T Y XV E—) — (RIERDT Y XL ¥ —)

EREERINDG. T I TRIBEADIET EEEKE (endothermic reaction) 234U % Z &
R, TV X E—¥ Gibbs T3V F — DR (Gibbs-Helmholtz D (19.7)) %1

5k /
AH:_EZVZ(and>P (25.16)
Th 30, o/
_ (9m/T
h’_’<5ﬂ/7’)p (25.17)

FEEY i DEILT Y RIVYE — (molar enthalpy) L EHONEZETH D, —KITKIL
B

ERBENS.
PAERE@EDMAERNZOEREBY DES [ THEH, EVT VALY —h &
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WO R, (LAY il EADREOZ VALY =2 0D XS REMARETIE RV, Fh
i, KINEAYIOR ORIV RV =i DEZTE{LI G SIZENETEDS
MEWVWIBRTH->T, EBRNIZIUZEFICAZRZRVETH S (I -Ex.25.3). AE
TIAERR, KIGREEHIZER T ZAHLUZETUPBNFEEZFZZDI L2 LR
W, £ZT, 25.7 CR7ZESIZ, I RTHERZITH > TOIITHRA S X5 7%5&EL
PRFGIZ U7\,

25.14 REREDIEE

BFERT Y ¥ VEMIICIEC ODWE, HO BLU SO, D0 X I ERAEWEOE

HIREDB N FZEDPBETDH 5.

(RRBER KB D) BHET ¥ X)L & — IFEHEA R T > & )L & — (standard enthalpy of formation)

er IZEOWTEHEEI NS,

(T =298.15 K TO) ZERIREBIZH 5T RTOHEAKIZ DO WTIIEAHEE LT >V X)L E—IF

Aer =0 (25.19)

EHIRT D (AARDSFLIHMICTTS). BARDOERT Y b1 ¥ — (entropy of formation) I
T — 0 K MR TOZERBAED LKL > b1 ¥ — (entropy of formation) A

AS;=0 (25.20)

27225 KO ICEHERERT 5 (of. =R 24.5). TniH L2 LU TT =298.15 K TOfH
&R (25.16), TNEASY L T2, T5ULT, BHEGibbs TRLF—2Tb L X 2.

G® = H® — 298.155°. (25.21)

—fiz. H(T) — H® »25\0 I S(T) — S IFBGE THd 5 (—25.15, 25.16).
FEHERBED BN ZEAIIR L LTEHEZONT WS, ZNRESI P> TESNEINRTEZ
2.

25.15 EBEERT VI IILE—FE D RD D H328
HC 218270213 FT HHPEHZENETEIMNINEZER. THNSDOKIED AH 76 FE¥ED
AH® 3o d. TD79HIZ13 Hess DAl & Kirchhoff DFfR & 25 (4 25.3).

IV RNVE— HIFREEEZ» S, AURETOS Sk @RI o>nWTo AH Zm

experimental results Hess’s law
[e.g., combustion heaj — > H ©

heat capacities

" HD

Kirchhoff’s relation

Figure 25.3: Y5 o THEZ VANV E—2HETE2E@NLRD LD £

328f3il1X Guggenheim p242 72 5 & 5 7=.
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HEHRTH B, T Hess DIEA] Hess’s law EIER., IROFSETRIETE 5.

C(graphite) + O2(g) — COz(g) —AH =393.5 kJ, (25.22)
CO(g) + (1/2)02(g) = CO2(g)  —AH =283.0 kJ. (25.23)

F—-DXPSFE _OXE5 X
C(graphite) + (1/2)02(g) — CO(g) — AH =110.5 kJ. (25.24)
"EoNS.

EDORIED & 51T, ERT Y 2V E—ZBBEDO T Y XV =06 G o N D (KD DfERIE
»HBM). FIZE, IROMBBER IS

CH4(g) + 202(g) — CO2(g) + 2H,0(1) —AH =890.3 kJ, (25.25)
C(graphite) + O2(g) — CO2(g) —AH =393.5 kJ, (25.26)
2H,(g) + Oa(g) — HyO(1)  —AH =571.6 kJ (25.27)
Mo,
C(graphite) + Ha(g) — CHa(g) — AH =748kJ (25.28)
BEONSG. Tk 208.15 K OFICHE TN, BT Y 2L E— AHP o0 5.

ZIT, WAVWARIBETO AH BBEIL25. KIS v,C = 01220 Td Hy(T) i
TIZBT2FEYE i DXL —L LT,

AH(T) — AH(T') = Zul (1) = viH(T') = vi[Hi(T) — Hy(T")] (25.29)

}J‘EF

ThD. C; AEWE i © () HE (:Wiiﬁﬂiﬁfﬁar«m) rLT,

AH
dd]“ j{:z@ ; (25.30)

2D T (Z ORFRIZ Kirchhoff DR Kirchhoff’s relation LIFIENTW3S), TNE2HERT5Z
& T AH(298.15) Mg ohb.

25.16 ZEITY NOE—IZEdIRDDIH
FEHET Y bR — §° %KD B I I3 MRERAE

S©(crystal, T — 0) = Rlogo (25.31)
DRETHD. Tnhrs
59(298.15 K) = {S9(298.15 K) — S®(crystal, T — 0)} + Rlog o (25.32)
s, { ) OFIFEGIEIZ L BTV b B Y — (calorimetric entropy) & IEENS. o ZH5 7
KTRBRLBRWD, ZD05E0H5:
(1) BEAMEAVMZOVWTIEHARIEIC LTy b r =2 RFHHEIC LS Ty bR E—

(spectroscopic entropy; S©(298.15 K) ZDH D) iZ—%9 5. DEDo=1TH5.
(2) WL DD DfEH RS ¥ CO, N,O, NO, HoO 7 & D& 1RGO WL REN 5 o DHIfET
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5 (ZZZHITTHHEAEMIOVTIE, ZZIXEVTHBIEF T, 2,2, V2, BLU3/2
THb).
(3) D% K DYEIZOWTIE LD LS RERT — X FR WD To =1 RET S (=1L,
Bl ZIE 24.5 ZRNZE ).

(25.32) D { }f, DF0EWIEICLEZ T Y bR E—%KDBI1Z1E, HELMDHS (cf. 17.16)
ETRTEDLRL TIEFRS .

25.17 Z#E4ERK Gibbs TRILF—
fEHE R T RV — AHf@ AT b — Asfe D 5 EEHEA Y, Gibbs T % )L ¥ — (X
AGf@ = AHf@ - 298.15A5f9 (25.33)
CHEeED, MUREIZILKFEDT 25 °C THB.
H AL T IR AL IRE%E Gibbs T % )L ¥ — biochemical standard Gibbs energy AG®’ A3
bz, AGf@ LRBRICEZR I NS D, LEWH pH=T OFEHEKFRTIZHEED L UTEHE
INnd. /272U, K& HY OfFRIZEHIC1 L@EIN 329,

25.18 MBEEEN SILFHEREEZE &5 v > TR B H
B Pl DML, BIIFEER L U I3 R % {fi > C

> VT, P.N) =0 (25.34)

Thbd., PHHEA N THhEE5IE, TN T 2L5ICWEBELENS Z &
MNTCEL: N=N". LEN-T,

> vyu(T,P,N°) =0 (25.35)

BT B, FEBEE, LERT VY vy VBRI ROMICH 2YHEE (DX 0 (L
HURIEED) OB E LTEAONBDMMETH S, L L, —BIZE-T, 52
SN (DX 0 RHBWEMIZEHL SNAERETD) NIZOWT N 2M->Twabl)
TRV, T, (2534) ¥ NS N 2 RDZZENTERL TIRESRV. K
DM %L T B SOCEITEL 2 TR 50\ Z L IZER (— ##H Ex.25.4):

N° =N +uv¢. (25.36)

ZIZTv=(v,v-) THBE, 1, F N TREINTWEDS RIRODRE T
T (25.10 DIERZIR):
> vipi (T, P,N + v€) = 0. (25.37)

3294 21X, Chapter 3 of D. Voet and J. G. Voet, Biochemistry, 4th Edition (Wiley) % i K.
BRI EWIE, RO, ZITEFAR.
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ZIZT, NIZFROWEEE (LIXUIK, HAAETHS). GO NIZBT MRS
(25.37) IZ—FIR MR ¢ B FED. X oT, (25.36) 5 N  2kDBZIENTE 3.

25.19 ‘LZRIGOFERE: EFFEHDER
(LSRG (25.1) O3

0= Z Vil = Z Vi [ui@ + RT log az-] (25.38)

Thsd. ZoAiF

(2

—AG® = — Z vips (T, P) = RT log <H al-”i) (25.39)
CEZEINS, ZOHHIZROMKIZE SBRWDTT, P OMI K B{LFETHE

Vp
~..a/p...

K(T, P) = ¢ AG7/RT — (25.40)

e Vr o
a/'r'

TEHTS. I THLDDFIZBENDEHDIFT RN TEBRDIFAETDH D DRk
BRSO ERDICEMETH 5. (25.40) 2L DIEA law of chemical equilibria
» oz
RKEBRKIZZDORKBPERBRDHIZHF->TWD (FDAIZEHF->TVWDS) TR
k9 5.
“AG® = RTlog K (25.41)

VD RENEBIIZIAEHTHSS. DL -AGHPMEETRHER RO T (B
SALFDOEE N B —26.17) T2 ALLRICOBINT) affinity LIESRZ 03D 5.

MR BN AL S SOSE R & MEaE I ENCEIRTE 5] EHd 874%, BAKIKD K
IBTHBROVRYD BELAFERT VY vy VEGRT S I LIIELAERARELE-T
& <, FEBE EBRGENREIZ D W TR (WEHE) 3R TH 5.

25.20 FEEHXHEDZEIL: Le Chatelier DRIE
I SER % T TR 5 LIRS O E D C X5 TV XV E—2{L AH®

BLAIWEMZEAC TWS ET5. TEAXY MIDTTOVWWEEEHEID, £5FT54<D
LA RO HUCETIL T L £ 5 (—4.1) O TREMRERVPBEICR S, HRMZHTARE
TH5.

332 2 N B EEHADIER law of mass action EEIDPEMTH B, T D K 5 R ERAIH O FHFE
ek,

219



MF 505, Gibbs-Helmholtz DEAfR (8 2 W E % D Gibbs TR IVF —hi (19.7)) 75

Olog K AH®
( 5 )RszRTQ (25.42)

b, AHO IZEEREBOT Y ZVE—Z{THS. ZOAR%E van't Hoff DR
van’t Hoff’s formula & & 3.
[FIBRIZ,

Olog K AV®
= — 2 -4
(%), = @49

LREONS. TITAVO IIEHEREBTONINI X2 BBE(THS. (LFKIRITH
WTIEARRWDTE (EBRICDOVWTORM) — (FHRIZDOWTOH) TH 5.

(25.42) &, B LB KIGHFEMN L 51, 2F 0 AH® < 0% 561F, ROHEE2 L
F5Z e THEMEEBBBELRVWARIZTOTILENTES (00 K WD T5
DTRIGIFFETT 2). T “EENIT T 5 R0 KINFEBEOXER 2 BT 5 S
IZH U %7 £\ 5 Le Chatelier D Le Chatelier’s principle (—22.5) OH#ITH 5.
(25.43) HZDHITHB. WHIETHRL, TNSIFHANLZEL L VWS Z L E2RLT
W5,

25.21 RIETEICEA T % Le Chatelier DRI
LB OZRM T T, 728 2, BET 22X L KIGETENE S ZT 5
MEZED. 25 18IZHB LR ENOIHLMNTHA DN, EEITRE I LK
(1) 1FCHD (FLE N TWARY) AL AR OISR BB & A — 30T 2 W e
el TE 5.
(2) AL 722 TOAERINT & BALFEM RO 2L, FEBOKIGDOADb D I L FYE
DEMB B WEFRE ON = {1de} FIFIZ K> TEFEBTE 535,

LMD D v =0 THZAS6ND (—19.8). £oT, T, PEZELIE
72Tl

> vipi(T + 6T, P+ 6P,§ +6£) =0 (25.44)

LB, ZIZTLED (2 ICHEELT,

5 ), 2 (0 ) (5),, - 2 ()
( o¢ T,P ; ON. J T,P,N¢ 73 T,P ; ON. J T,P,N¢

B35 T4, WEEEO RN S ORIt ARERE LTRAELRY. DFD, ON = {vde}
EMA BT RAOREE WEIEEOZ L LIZFRT % 5.
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THAE5H5, (25.44) % Taylor BRI L T

J

nEonsd., ZIT. s IE

8Mi> (aﬂi )
—S; = > Hij = (2547)
((9T PN ’ ON; T,P,N¢
ThHAONS. £oT,
Z vi(—s;)0T + Z vv;0P + Z vivi; j0& = 0. (25.48)
i i ij

Inrs, KIBWRAEZITEITUZBRTOTY hub—DZ4kiZ AS =Y us; &
DT, FIZIXP—EDERMETFTIE

o\ AS
(ﬁ) s (25.49)

BRSNS, p; 1% (GH N OEE LT E LRAMKMAROT) EETHD, AL
2ENQ 2o T AS = Q/T BDTHREUIL (Q < 0HDWIEAS <0) T, REED
ERT 2 ERRIEWATT B (€MD), ZAE (25.42) & D B Le Chatelier D JFEE &
UTIREWREDE LR,

25.22 {LEYBEEMNA % & EDLEEEHDBE

U 7ZRIZB T B EEOBENTIRE R ET1H D WX E &V AADIEE OB 7 AR
EEZAHIZETUNABEIZZAR SN, Z3d 25.21 DY —BIL» S S TH
%.

SEX, RBEAUTRWEL, WENIN ZIFINx 63 Z & TROYE BN
T, P—=EDRNTEILTELT 5. ZOEEZMZLANIRILFEREBICD 72T
DT, TOYEEEE BEET ORISR 5T 5L 512, N=N" 2H-
TBEWVWTW, 1

> vip(T,P,N"+6N) =0 (25.50)

S L OIRINEHR, BIZIXMAN T B L ST, WEERIIEICWEEE N TR < TEEE
ERA RN 2BV Z 5. BATFIZ, (25.49) T, PIEHET, W5 &5 RiEmb Tl
B, PR & HD 2 1T U E o 72 < R ZGRRAL R B 2 X ITHR.
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ThHbd. TIT, BHFIZH TS AEBNIFEN LU CYBERBETERINTWS Z
LI, Z22TH N +ON BWERNBOMEREETHS. 25 L THESNEE
BrIRAEIX 2518 TRZ L D4R D ATRDIFAZ A TE 5. RDHKERTOYWE
JERZ 120 U 72 BR DAL SRR AR & BUEINZ — BT B L D ICl > THE A DT
(25.10 DEEREES) N°+ 6N + v L BWTEL

S v (T, P,N°+ 6N + uag) —0. (25.51)

Taylor JEFA D T
]

b, eZIE, METEELIEL LT 5L

Z 1/7;[1,1'716]\71 = — Z Vil/j,ui,jéf, (2553)
i ij
oF0,
(ﬁ) = _M (25.54)
ON; T,P,N¢ Zij ViV,

ZIT, RBSIEN=N"»OT, P—EZ&ETFTCHEINTWEA, $RTOL
PRI ERE D ZAfL 2 PR LU TWAD. G OMMMED S D RHZIETH 5. Maxwell DR

o€ ) | (aul)
—_— = — 25.55
(@Aﬁ PN > i Viiti; \ 98 ) 1 p ( )

ERTS. Lo,
%3 ) <8M1>
— — <0 25.56
<8N1 T,P,N¢ 23 T,P ( )
Thb.

T ITE, HWEC, RIGVEICETT 2L, ERROYMEDIERT VY v IL
BHA, MUGRTRZDOHIZRL LI GE62F A L5 (£ ThRWEE OHILH
Ex.25.7). ZOBEREFWE 1 PRISESYTH 2 & ERADBE _HIFERDT, H—
FHIZEATHY, 1 2MABE MDA TE. 20, HFEADIZ, ZOMIMIAICKE
AT, BLBYE I PKMEEYMTH 2L EROE HIFALTHDENS,
—IHIXIEIZZRD, 1 Z2MAB% &L FMMT 5. 2F0, @ADL IZ, ZORIGEAIZ
(AR D HIT) AT
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SR T

i)
An

26

26.1 EXLFZDOREMNEE M
b7 PERE % AL AR & BT FRNT W E IR > TR W T & 2R TRRERRILE LT,
SALFEBRRICE X2 HDIERW. Lo, @hm%@ﬁﬁm%ﬁﬁﬁﬁAﬂﬂiﬁ
LU ARITIERWN., 22T, TOAANDS ~GORBETE2Z ZICBIEL TS
< 335.

A.16 IZ /W72 & 5 1Z Faraday, Joule T DD ES ) F DR FE 72 B 139 TIZ Daniell
Eith (—26.23) &, KIZHEPEIIELRUEE 2 HTERE (-26.2) DFEEAI-T
W=,

26.2 EfRE & ERMAERK
Faraday (X EAEAERT CEKZEIN A A2 1XEBHE2NT L JITHET L LE X
7=DIZX UC, Arrhenius®® 1% 1884 4FIZ4% D EMRREEM R 2 e L L 7= RO\ E
STHE (ZAA) DKBEBIEA AV 2 EATVWS.
1887 7 L AT IV X LT van't Hoff % §fi# T Arrhenius 1% van’t Hoff DIREJE
(—19.13) DX
7w =icRT (26.1)

CBND IS > TSNS S LIEAT V. T LT, BRI T
HPRIZHIETA A U AE LTV S Z EARE N, UL, TRTOEME S
BT 2D TR, SRS AR A A VSBT3 RS LM strong
electrolytes, % 5 TR\ NEMREILTIEME weak electrolytes (—26.14) LIEXN 5.

26.3 Faraday@ = [V R DR

Daniell it (—26.23) T, HREMIZENT, @EHICE 2L TT A4 LD
U 5. HEMTIXED N F 4 > B EM» S BT 28> CTERMTHELL TLE
WA HT S, 2H50LT, (Bt LTo) HMEMIXETF2EL A FAMIZARS
DIZR LT, HBBIIEFO Y72 L TT T AMBIZRD.

3354 { DFFHEREEREANE 25 12T T\ D

3368vante Arrehenius (1859- 1927) https://en.wikipedia.org/wiki/Svante_Arrhenius. f¥®D
1884 DGR SCHH O ® HER T A T 7 X E RS DI IR KIZIED T L TR T ORI DR 2

EEDBMHATH o7z, TNHHED 1903 D ) —N)ALEEDOSZEMEBTH 5. LI Uppsala
DHBFZIZFHM S o 7.
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FWMZH ZOEMDHFTHE U TWS RISIE (M) Al Cd 5337, HEnmEMIZ
U CHEMIZ 2R T I A0EMNEEZ G A5 L, KibZdinE 25T & s
MUz RO GBS T 5. A6 TRAZL D1, B L-HShoE2lET 52 L
T, Faraday 72 &3 dH H5WRICEHS L TWAEXKDOKREZHS Z LN TE .

Z D53 TORERFEDEM I Faraday DESK i D LRI Faraday’s Law of Elec-
trolysis [BE&FRIZ B W TRICHEITE (—25.4) £ D& b AC IFEME Z @@ L 72
RS Q IS 5 |

AE=Q/F (26.2)
LLTxedoNz. TIT, FIiFFaraday £ Faraday’s constant (= e X Ny =
96485.3321 C/mol) Tdh 5. 72720, eldELXHERE 1.60217663 x 10712 C, N4 iF Avo-
gadro E#X 6.02214076 x 10?3 mol L.

26.4 BEEEMRINIBILETRIGZERT

SIMAFD=DDFME RNz, ZOHFD (1) 1% 26.3 IZHTE 72 & S A Hiffin
%@@@}im@&f; STEEDMERIGZBILE TG UTEBHTESLZ L 2BRT
W5,

BIEHELHZL %%fc reduction, BEED Z 2B oxidation EIWEATZZ &
ZREVWEZZS. HEMIZIIREREEZ2UZ 2 TA AV EERL S 506, FH
5] ;té:/umim%m'yr/@ﬁa%@%&m’@ ETFDORH D, DEVBERMMETE
HT&3139Th5.

e LT, ADPBLELINBERTIN, ZTOMECH+DMRTEBNIEA +B
— C+DEZEXLS (-M26.1). £9, ZOKIEEEVIH A7 X-C + B
—+XB+C8$<’kﬂb£5'AM¥%KﬁXCT%D,DﬁKBT%%k?
5. ZITANDPS (EBIZEX20)EA3krh, BALBINS. @EOGHKX
mabi,%®xw_1Aia®;9E%®ﬁ65:¢ﬁ@é%%&mﬁﬁxm%ﬁ
LTWVWAEBEFIEBIZE>TH &N, TR X-COFEEE2UMTL IR,
X1 °B 25 EEINT D BEKT 5.

HRIR 2B RALERIGE LTI, ZOMIBIEIRDA = ZALIZLZ EEZDDN

STREHEM HodZIZAHEME WHhNEZEDE RAHERE WVONEZBEDERDH BH, EN
IFESFTIE R SHRIZER L NVDEER, TRTOEBMK G EFIKIGED 579 5 K ib® B
FHZIEAIREE WO IR T TH B, L L, EBIZIE, 7 2E, SE» I IERE I /Y
T, ERINZ DR > ZE8BHIZEXARICEZ IZEN R WRE L WS Z BRI Y, HEIN-Eill

SBEMIEDS Z e DEHENTH -0 ERTH 720 T 5. TD LS EEMITIAAHEM &
MEIEh 5.
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B
X-C °B-X X-C o
t o BXC > o XC//)Xl
B C \

anode C

Electrosynthesis

Ordinary synthesis via cathode

intermediate complex

Figure 26.1: @FEO&K L BREEHK. © FE—-DEF2RT. @FOSKTIEHZIEPRAE L
TCTE2aVTVy 7 ADHRT—DODETN AL BALBE L, %@%*%A(%i XC)%}‘T
LML, BIERNT C ORI 5. M), EHAKTIE, 7/ — K (—526.5) 232 ZIZFk&L
TWBCAPSETEIIEHRLS. ZORE A DRLEMNPEI D ZDRRER Sk 3“ ff*%'%&bf
AU (Ml, FIZHEELRL) XIEHY =K (=26.5) CBETS. 7V —RTRBPETFEERLT
X EMIBTED LD D 24EKT 5.

HR7Z: 77— K (=26.5) L& > TCARSETFHE &ML, ZhIXCEELT
(EIZHELE) Xtz /I §. XiZhY —F (=26.5) 1BHL, 7Y —K
MHOEF2ZELEL->TBeRo7BEMIGLTB-X =D 2459 5 (BB — 3
Ex.25.1).

26.5 BIBDZFR
26.4. T TILRZ &S IC, BRMIFE TR DOBBLSHETH L. [IEAMO K]
(BT HICHNDORIS) WELD L E, G A Y (AFFA V) DEDWTT EMZ A
Y — K cathode, A F 2 (7 =F V) PEDWTITK EMET / — F anode £\ 5.
X 26.2 1275 X512, A6 RT, BRAMIALHOEMIXFEIZT / — T
%)) D BIRDPIHTITSABAY —RTH 5.
M () OB (IEMR, 75 AM) &Y — R TH O, BRI (EMFEFE)
(nm’)\“)fﬁ< BRI (77T A) LIEEND D, 7/ —RThbd. TIX
v%%zﬁ IHENRBMNOSETERINTVWEIDTHY =N, 7/ —RNelxE-
72O ETHE. BXAERENFETIETIAIAFREFIPRPIULLAEDS S
DO AED RN D AN,

26.6 KFEMHELE KDOBEIDHE
ﬁhk%ﬁmﬁ%kkofﬁgf%é L ERBIRT B0z, KEREIEE Z0D
WHEETH B KOEM (A 1T IZR 72 X 512 Helmoholtz & ZNEED EIFTW3) %

387 XN HDEKRTIFIRD LS IZEZ 5 “RED CAT: REDuction i¥\Z 2> T% CAThode TH U
5. “AN OX: OXidation I\ 2% ANode THU 5. ”
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HES. .

W, ESEICIE, RIREAERRANCRE S 2B TH b, KE, BE, KELXIDNT v
A X KBTS 2GR EHE R0, UL, KERREZX 26.2 DA

current

Ny
Ho>R) W <1120,

2¢| cath

current

NOH* -
de

aq H,SO,

=

porous carbon + Pt

Figure 26.2:  /c: KEWREIEM; 4: KOEM

H,0

26.2 fi: IKERRBLIEM; £5: KD EME.

o FEEMITRE U KESFIXETF2%K->TH;0T (HY E UCTRIR) & UCTIBBHICAS. fii)
DEMBTIX, TOAA VX (ZH) BT2EEL CIEEREICRE L REBOKE) 270, *
CCMEL KIS U TKEERT 5. Kt Hy + (1/2) Oy — HoO OVFIFE LS AHAIZL>TWVWED
T, {LFPHICEET S ET, BLET /- R oM EREE B> THY - NIZRENE 2N TES
(DFD, BV —FhST ) — FALHBEEK L@ > TERIEND). ZOBERIIBELNLEELT S
ZENTES. LML, ZOBRIEVWL 5D 5L 0 THEHIEFETIXR.

A KOEM. FIRUZEBROAMEINBETEIZE->T, ZTOXIIHD &1L, KEzTENIE, K
J& Ho + (1/2) Oy — HoO (EHITHEST T 5. ANHEIE 2 iR < I3 L, KOS % EFIIZ AT
SEBZENHBEICRD. Mo T, FEMIZ —AG = W %= 9 al H¥EFHKLHE 2Bl S H
BB 5.

WZHDEDITHERL T, KRELRBEBSENZMEFRIZOT5E, FEREZTKGE
Do DIXFLZEMAERIZRD. CIFE-STH, 26.7TICERELTHDE LD, Z
59 B2 L TRMEDIMEFIIZ R B DI TR,

26.7 %m%wﬁﬂ%rwﬁﬁm5%ﬁ
X 26.2 DR U T B O 510 % S EE iofﬁ%f%%#b ANERER T % B
FKEEF ) XD OBIE (5054 |Aqmeb FIERIS IR IR -5 Z & b 73
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5.
ARIE M Db FRIC KR ERIEH T2 DT 5 & ZOMERIRIFNS S5 TED - Dt

192512750, ZHIXEHFRIETIZRY. AGEEZTWEREVWRSTE (50
AHAG<0). 2FD, ZOWoL Yk BRRITEEEO T &0 2 5B R
YRIZHDBINSBRRPOSLRERDRNED LA UZHDHRTHS (—6.6 (2)).
BLRALF OEE LA FUIXEMBR OB A ZR 262 512H 5 &S IA»SHIETE
5207, TNEFREERROHHI AN —EZ20EIITELL VWS I L TH
5. I, (MFI ANV —ZEEMMLRIIEZLZIENTELILLEETDH
5. SETHOKRUBFALTEZL 512 (A6, A.18, 17.3 B]), BLRIEIXES
FIZE o THRMIIZEETH D Z & hibhb.

26.8 EXKILFHIRDEEY
BRITBSAAFZRIOCVDEMRTEL B L SIZETRNS. BRVPBND DO KInHE

UBDTIE\., BANENEBRZECLZOANI AV 2E ﬁ«t%ﬁb&mﬁibé
tb‘?.%%@f’f‘b) B bf;*ﬁﬁﬁ@nbﬁ*%%ﬁ?%i -, / Eﬁébb\\_ K’EE’C
BZS.

(1) no imposed electric potential (2) no reaction no current (3) elecroreaction occurs
| 0
SE P A —>
E[E =
2|2 < e
|y <
anode cathode anode cathode  anode cathode

Figure 26.3: %75 > 72 BAI% % HINE Wz BERALEKISH: (1)-(3) IZ2VWTRAXEA L. KO
ML B AT

b EELHEZIBHHOBNMAR D LMMEI L FTRKEIGS AU RIFTNIEER
LERNBLNENS T e THIEK 263D (1)-2) IIGLTWS. RIZELSZ L
i, AREIZ, B BRERBROBIZTEZaA YT U RAEBINIBRTDH 5.
4 26.312H B K 5 IZEM & FEREHFROB CEMITIEMICEDLS. BRIEA AV %
GOV IZHIZIFIFEL AEEIG I > TVWRWD T A U ELG CTHE#H XN
Z ElEwn.,

BIAEDELAFICOVWCTOREIN T A > ME, EIZ, M0 F, SREE, MEEE, #HIES
MESAEE) U, 2001) ICHERLT 5.
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X 26.3 D (3) 128 5 & D ITEN AN BIBEN (—26.17) 2B R 5 L BLKERIG
PHELT LR OB B IRNIED 5.

ZORER, ANT ) —RFDEL THILENZZIZAF AV ATDREBEVIHRD S, [FH
BRIZ, 1V —FRDEL TBRELCINZTOELIZT =AY B BZEEVHDE. Z
NS OBEPLEMIZZTNETNDOEMZ (FLHUEFEIZ & > T) KD IED, B 26.3. D (3)
WWRINT WD DL, BRVFENED S, (2) & (3) OMOBMMEENZTIX, FAN
TV AL ZSONEEEPIRRBIZH 0, £ DILF Kb % Al EFHIICHE T2 Z A
TZ 5.

B E L BRI UDERIFIRNZR N E WS 2T 2 BENRWESIZLED (—
i Ex.25.2).

kT, B EBMEAKROBIZTES AT UHIZERLED, BHEIZIZINIZ

R_HETHOZTOEIIZ 1 mmBEETH B3, Lid->T, EFIFEMmE EME
BHEOMDOFX vy T2 BA CEBD? Y L EYEANLBEZINS 5T L L5,
InmBEDOF v v FIZ1 VIREDELELR1RDE0 6, I TOERBITIFEFIZEND
DTH>BHIZELITHE.

0

26.9 EEEFAHAEDOMR
A A VIFEMERFS>TVEDS, O (HH) THRVF—IZZNDBEL NI OE
MIZE T2 200, 612, BRALZEEZFHT 2720121, ROH B NE
IRoT-BANIZHDDONEGMIZAS. Ex2EY, p 2B MEE, U Te2BROFEE
RKeF5L, divE = p/e (—(Ex3.26)) 720 6, IEEBMOARIM A7 < TIER 572
V.

Avogadro 72 1T DELFEED K DO REMIX Faraday €8 Faraday constant & W
I F = Nje = 0.96487 x 10° C/mol TH 5. & L H ¥ lem OEKE LT 10710 72
JIEABEM B L, T OBAITEEEAIIH LU T8 MV IZiRb., ZDE
e 522, (CEHNTFETRAITES LD XD 0IMED 1 A 2 BEHEE D
ERETIIEHTEZIILRVWEIREBIEZELDI VWS Z 2T,

26.10 ES P
26.9 DBUEH R U Z LIXBMNEDRPRDH o722 ULTHTNIZES BRIO ALY

307721, BIEIZHbN T W B EMD VAR X UIXUIEHRERED S 13, BER _EHEH T -
E(EEL2THERVEVS LAY EL72D 5 5. filZIX, S. A. Berlinger et al., Cation valency
in water-in-salt electrolytes alters the short- and long-range structure of the electrical double layer,
Proc. Natl. Acad. Sci. (USA) 121, ¢2404669121 (2024).
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I 4 722D NWS 27, DFD, BHOMFEREORMETTIE, EFITH
WHE TNV MIZESICHETH D, 4 Ui OBEME (EEREM elementary
charge e = 1.60217663 x 107 C ZBALIZLT) 2z;, TLUTN, TZDENHEZRT
ZriZT b, ZOTHLEVRRENVIHTE, WO TIVIERT,

> zN;=0 (26.4)

Th5.

26.11 {LFEEMA R —DHE EEFRT > v L34

22X, 1gDME BB DDIRODBEMAMN200VZETDE, RAMLLELD D
2x 107" g Z RN AV 2EL I LIRS, ODFD, 26.9 THEMLIZE DT,
PR E IZ L AEEZ DI LR KHDEN Z KREKERDILNTES. 26.6%
26.8 THR7Z& DT, ZOBMEMMIMEFERIGIZHEELZH X 5.

U723 T, bR FHE LERIZ—H L TWBDIZEMZITIEAERITEDS
EEZDICILERD DD, DF 0, /AFRT VY v IVIXEE B B A %
[ VA ﬁ?ﬁ?% FAUC7-RDENZ Np T2\ EZ B &, Bz Z2Rfo7zA A2 i D
fBERTF VY v ILiZ

Ap; = 2z FAQ (26.5)

ZIELTBHEEAT J:L\Z s,

ZOHRFEZBRAT 272014 A VFEOIFERT V¥ v ILIZUIEUIXE ﬂi%‘l‘\
> ¥ ¥ )V electrochemical potential L FEIZIN 5342, LA L, [LERT VI ¥ ILDE
17.7 2 &0, ZhZ %753‘5'%%75*@?4@_5*#—FT‘@2[§%@4[3?471‘3?‘/‘/V}lx’(}%
52 e EBNTIREWIT AW, ERIICESIERT vy LEIFEInTwWES &, 1k
FRT UV IVIEID— ob#am.

(26.5) FMLERT V¥ ¥ VB —fRIZIRDOBII T 5 Z L 2 BKT 5

wi = ps + RTloga; + z Fo. (26.6)

ZZT, XUOoIHIFE@ED ELRAFHTRWALER T V¥ ¥y LD T, EiE
DALFERT ¥ %)L po" = uf + RTloga; L BAIIHAFT BIH 2, F¢p DRI UL THE
SALFERT VY VEEPNDE LDIZR RSP, ETHERELEZLDIZ, (26.6) KT
341 Z @I H IZ Guggenheim OFHHIZ & > T\ 5.

3427 OIEHRIX J. Guggenheim, “Studies of cells with liquid-liquid junctions. II” J. Phys. Chem.,
23, 842 (1929) THA X N7z,
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fLFERT vy vV aD7E, FEEE, p % o & 2Fe il —HBNZNETHZ L, oD
EIZHES PR TR D W S, RATRETdH 5343,

26.12 Volta BfI & Galvani B DZE
gi‘ﬁ%ﬂjf\é & &, T DIEREAN DI Volta BALZE Volta potential difference, W
BALD 1L Galvani BALZE Galvani potential difference & XN 5 (X 26.4).

Volta potential difference
vacuum

[
Surface potential X Surface potential X
[

Galvani potential difference

phase | phase II
Figure 26.4: Galvani 3 & U Volta BAi#%; BEDAPHETE S

ONHOIIZEHZENETELDIEECHND ZHEOEBMNAEDATH 5 WEDH
AT T 2 RMMELL v, ¥ DHETERWVD 672 (— K 26.5).

26.13 BEFDILERT Vv
BEVIKBEWAIZA A AL THEITHT L BB TIEM L CREHRICES. 20D
ESEPBLKCER S NERPRNBRNVE T EH L ZOMIZITETORBUIEET 5 F
BRAEDE D N> TWBIET THD. £ZT, Halld2BETDOIFRT Vv
chemical potential of electrons us % & A9 % DHMEF]7Z.
{5 Ld, ZHEORE o & SAEMUNEMIZH D (DX D, BRIV LS
IRDERDE D L D:
e = g (26.7)
LELE, AHUBEa TTETWERER ABLXTBY, Thth, Rixo728M
P BV QP HBEVMDOEMIEFALCTHEE L LS. TDLE XiE (X26.528),
(26.5) 1%
pet =g = —F (" — 6" (26.8)
EREEKETAE. ZZTASPOVWTWADIFEFDOEMITATZNST.
FLHE AL (38 “ﬁ@&d IZXY BE u#km®éﬁ¢® BT FERT VY vl
OxDIFHLTHE
= M7 pgM, (26.9)

SMBUML, LERT Vv IVDEF Ap™om & 2FAG IZ—HBMIZRETE S,
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LHEIFBEZAS. SBRINEETOMFERT vy VORAE UTHAT 5.

HELH, M2652HBLHIZ, FTTELEEERVAILDD o &EF & EXKNIC
BELTWT, Oy TTEEeBAYBIZHS a B ECESNICELTWERS
X, (26.7) 1%

pet — pg® =t = P = —F (¢ — o). (26.10)
EEEKT 5.

A[S“_—'V Y B

I—/' denotes a location
deep in the bulk phase

Figure 26.5: #i L 7= ®J8 & B4

26.5 Hfih U 72 &)@ & B A

i\l@ a,B, 7y IXB RS- ER/ETH. ABLXUOBIZHS o TTELEBFIFEVICHHZINTNS
, —HEORE (2 21X a) TCE-EMTEMIBINT VS, @B BIFALHLIEEa LE

X\E’\Jk?ﬁbfk‘%. EEAYIEBIZHEERE o CERJMNICELTWS. Aa & Ba © Galvani &2

(—26.12) XV TH D, %mb@ﬁaﬁmﬁ!ﬂﬁ?ﬁ%a Volta BN (—26.12) & —HT 5. BAAV I

AB & By OfE®D Galvani B ZETH 205, SEBORMEMBEN x (—26.12) BHETE RV DOTERZIT

HiET &R\,

%

26.14 BRFRBEEES
% (72

HA 2B &3 Z1E, WEMIX Ac = CH;C00 ¥ LT HAc). ROKIG

HA + H,O — A~ + H307 (26.11)

ZDWT, ZOFMER (—25.19) Kya 1&, FMEHEETIE, B (508546 H,0 T
HD) DIEFHEIXLRDT,

(ZA—CLH30+
aAH
LEITL. ZOGAEE, KT, Kga & HA O IKERTO’ BRIGHMEE L acidity constant
WS, e 2K, BFBIZDOWTIE, Kyae = 1.75 x 1075, KA TTE2 I I fiiif L
2RI TR weak acid L \WDIV, Kpa 8%, FEEO X512, 1 X0/NAI Vv, 58
BACIE Kya IFERTHD 55, 72 ZIETHITIX10° A E. HBgcldskz 108 T

H5.

Kpa = (26.12)
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26.15 KDA * 1t
KDDFIFRD XS Kz T 5:

9H,0 — OH™ + H;0%. (26.13)
2 ORIEO TR Ky &
aH30+aOH7 = KW (2614)

E0F, ZOHE Ky KD A A 2 ionization product £ FEIEH, 1FIX 1074 TH
5. TN ax107T L WWD T &7,
IR D Bt
H,O+ A~ — OH™ + HA (26.15)

IZDOWTIX, Ky Z2BAEMEE (26.12) 2 LT

oM THA _ oy /K (26.16)
U/A—
nEoND.
ZZTH;0" 2 HA &AL T, D IKEHTD BRIFHEEE (26.12) 2R D &
aH OG/H O+
Kp,o+ = ;H or OH,0 R MH,0 ~ 55 (26.17)
3

L5, ZOMBUINL - T, (26.11) DVPHMER K 25tHT 5 &

aH,00HA  0H,0  Kp,ot
s, KOFIZIE H;OF &0+ (437 H 2\ Id A 7 ) 13371z 1%
FETERWIZ eDbhnd. 728 2IXEBIXITIEFRESIC H0T & Cl1 1IZfififd 5.
FFRIZ, OH- &0 HRWERIZIAKFIZZDOEF EFTIFELELRN., 282102

Q. Ap - K K

SRy,
S A Y DIER RAEW L D TIHBEFENVREICHF L. Ld>T, agy- = [OH |~ 1077
YLD, ZIIMKO pHR 7T TH DI L EEEKT 5. 26.16 2 H L.

S DFHEIE, Z2ORBUIH D VIEHRHARTH LD, BHE U TOKDERIZ 1 THE0 5,
(26.12) TR FITKDIEFRIFB NN, 505G, DFIZHLKOERIZEH L LTOKDENT
BRWZ EIZHERE., BELLTEATVWDEDOTHS. £IT, KEWTD L¥i->Th5.
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26.16 pH
BIWD pH pH IZIRD LS IZTEE I NS:

pH = —logyap+. (26.19)

L7 oT, 14V (—26.15) o HT, fMAKDpH ld~7 Thb. $<HD &
5L,Lm@u®ﬁmii®ﬁ WZHKAF S B KEBMEf > THROSNDE DT, Hip:

WCBLSALFEN T TR OKEAS AV DIREIEZRD L Z L IFTER.

IKFEA T ¥ DEIVIREDBEFIO KB ZES Z 13 TE 2 (72 & 23D HCL %
fioT) DS, ZDOIEEIE 2 EENIZHIE T 5 HIEIFFELRW. £ 2T TUPAC Gold
Book’ (Compendium of Chemical Terminology)?*61&ik D Z & % HAMHIZGR D 5
1. WHEEOFREIIE— AV OFERBEZEL DT, pH 2 OFERTHIE T 5
ZLIETERV. Lo T, LOERIIMENRERITTER W (— i Ex.25.8).
DF D, EHRITBENTRV.

2. —IRM 73T pH KEHE A HENL T B 720121, TR TOMIEDKER & Z D% HieaE
B ATRER tbﬁﬁéhfbéF—mmMﬁﬁﬁjwwumﬁ%#E%éM5
FERIZHETL 28RO ZHERDRIFIE, HEOAHEI I DHEEIZEENRLT
EYANCYANAR
pH @ —RIAJHIE D 71413 Harned &t (— X 26.6) & UL THIoNTWAYEBH DR\ \WEMl
(cell without transference) D H % &4

Pt(s) | Hao(g) | #EEAEWE Cl™(aq) | AgCl(s) | Ag(s).
COBEMDEEBNDOAZES BRI L L
_ loglo[aHH’Cl—] = (Rflo_gi)e)/F + logyg mo- (26.20)
BEOND. 2T mep- JHEEA A YO mol/kg TH->HHERETHS. ZORDHMIC
HERIFITRTHETE . Yoo DfilE Debye-Hiickel BGRIZHEDWCEIRTHZ L1295 (T
1% Bates-Guggenheim DFFIE WD), T ZIZH S N2 Bl &AM 51 pH O EEIERE
BWHGRAONZZ LT 5.

26.17 FEEREN & Nernst DRI
FEAS S X FEABAE M & IS S DEEIFR CTHE U 5 DT, EBMEN electrode potential E

346nttps://goldbook. iupac. org/terms/v1ew/PO4524.
AT primary.  FEARMZL &0 D 1R E D EIE.
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WFIRD XD ITEZESI NS
E=¢M_ ¢S (26.21)
Z 202 ¢X I3 X @ (Galvani) AL (—26.12) TH 5. K263 2B VI ZS5. H
RS TELEBR_EBRBIIPDP > TWAELENEMEA TH S, 7277 —FHEDOEM
B d O K EHIZH 5 & &, EIXFEHEEMBENL equilibrium electrode potential
EEDLNS.
nfliDBEA A ¥ DRIBITIRDIRDEBEITCKIG (cf 26.4) ZEZ K

M"™" + ne” — M. (26.22)

BB RT V¥ v Vi
pape = WS + BT logaype + nFeS, (26.23)
I = My (26.24)

EIZDOWTIE(26.9) THEA LGNS, T I CHMERLRIE

piygrs 4t = g (26.25)
TRTOEKKNLRAZ ZNITRATE L
S]
'ul?/l’” + RT log ayn+ + nF¢> + n(pM” — FoM) = [y (26.26)
DFD,
S}
nF (M — ¢S) = (i A1t + RTlogaype — p§y = —AG (26.27)
RES5ND. ZIZTAGIKREITKI (26.22) 12X % Gibbs TRV F—Z(LTH 3.
o T,
S © M
ILLM = Hyns — Mg RT AG
E=o¢M_¢5=— M | e = ———. .
0] 0] T +nF 0g ap -+ — (26.28)
T
S]
E@__u%—ufw—nuy AGE 26.29)
B nk nF '
LB, BT
E = Ee + ﬁ 10g CLMn+ (2630)
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BEoN5, I T E° IFEHERICEN standard reduction potential & WX, E
D /A& Nernst @Eﬁ Nernst’s equation & FEIE3 5348,

—AGDPREVIFERIGIFERRIZmMS 6, BILEL EDPREWVIFEAS I VI
BILINXT W (BFERHELYITWV) WS T 7.

ZT, FUTEAFTRB@Y, RT/FALIELIZENS. i (298.15 K) 12
Bmfﬁ

RT  kpT  1.380649 x 1072 x 298.15

= 2.569258 x 1072 V = 25.7 mV (26.31)

F e 160217663 x 10-19
Ths.
INOERIIEB/A A VR AREEDIE U TEMIZEET 255 TH 5:
AgCl+e” — Ag+Cl™ (26.32)
EARDIEHEIL 12D T .
E=FE°— - log acy- (26.33)

"Eohd.

26.18 EZERTENM
26.17 05005 LD, b UEEEAR Gibbs TRV ¥ — AG® 2Hl> TWWiE, 1
R TTEMN ZRDB N TE 5.

FEA I VAL FEREIZ DWW TIE AGE Z2WHNIRD % 5 25.17 Tz, 1 A4 v
EFREIZDWTIE, (26.29) IRINTWS X512, E° BT ER W E T
ERTFUVYNLNEEATVWS., LEWST, 1A VDIERT VY v L2 EEBTHI
ETBZEIIARAGETH .

UL, ZODRZ -4 X VEDIFERT Yy IVOEITHIETE S, £ZT,
TN 1L, HIREDA 4 > O LR TENMNZ 0 LHEEMIZELS Z 2D HEETH
%.

% Z T Nernst 137KFE A F > OFEUEIRAE T D& T K It

2H" aq + 267 — Hagas (26.34)

3ABEITTERALIT UIE UIEIRALE AL redox potential LTFIEN 2 HY, T DBEMITETTHIGIZ & 5 Gibbs
IRV F—DZZHRT BD T, AETIE BLETLEM] VW55 L WEEIRMT bk
W,

SR Z BT RE AR D2 ? [HERINZ AT RE L WS Z 2 TR WS, THRREBMICKFET S0
T, B2 FERINGED S T DBE ICEID X< TR 5 THEEBRMNICET T 2 0I13M8d THREETH 5.
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DiILEN (—26.19) ZEICBMOFEER (ZRA) L UTHHATAIZ L 2RE L
KEUEIR JGFEAL standard reduction potential ES , [ 3EEHEIRRECHIE T 5. T TITHE

HERRE X 1X T = 298.15 K TG T3 T RTOA A VHEDIEEEL 1 (a = 1), TR

TOEEG T 25MDEIIE T x 10° Pa*°DIREET, GEOTEHEIL1 LT 5.

26.19 R#EKFKEMR: SHE

Z 2 X Ciam U C & 7 P EMREAL XA I 9 5 B O NEEAIZER L TWD
DT, EFEMIZHEIFTERW. FEENIZIE, BEEEMRE 1E L 72 WEMZ DR nT
Galvani Fith (—26.20) Z#E 3 5 Z & THYMREMEN 2 HE T 5. HEHEEMRE
U Tl& Nernst [FFEHEKZZE M standard hydrogen electrode (SHE):

Pt(platinum black) | Ho(Py, = 10° Pa) |H (ag+ = 1) (26.35)
S 2 2RRE L (— 26.6 /£)%.

Pt
Pt Pt
-
AgCl wire
C; 5 HCl soln 1 atm
Mo | with unit activity
T HCl soln
H, 1 atm
Harned cell

standard hydrogen electrode
Figure 26.6: 7c: HHEKEEM, 4 Harned Eitll
B G (26.34) 12D, U7hioT, KEA A OREHERTTENIX

RT Py, /PS
ESHE::E@——EE;kg-j§4—EE (26.36)
g

(26.37)

SOOBILETIIAEHEIE ST1F 1 atm (1.013 bar) TiX72< 10° Pa TH 5.
LRI, KEBEMZME DS DIIAMERDT, FEHEKREMTHEL 2D > L VP T WEMZ
S.
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TH5D. HbNTWBKENTAIEHEIRTE (P =1 x 10° Pa, T° = 298.15 K) IZ®

%. (26.36) &
RT 1

_ E®
E=F ¥a log a%{Jr
&85, BuUEMDOREIZ DN T O (Guggenheim (2 X 2) 1, TWrRBIEET
TH (26.38) ICBVWTCTE® =0] THS. pHDEHRILpH= —loggap+* > TH DM 5
FEHE K REMEALIZIRD L S ITHIR I N5

RTlog 10
o P

RT
= E° + N log apy+ (26.38)

E= H (= —0.0591 pH at T = 298.15 K). (26.39)
WAL B BEARIZ DWW T SPHTEME IFHETE 2 Wr S, EALBNTHHEL
FIET B LFRNDT, HREMAD I VWED L LT Nernst IFHOBHIZREL 7=
DTH 5.

% OFHNZARETH OBVIRELER o BEHIENTWT, pH X
= —log, [HT], LEHEINTWVWADT, (26.34) DEILENM I IM HCl IFHE % H - 72
CECE=0VEINTVWS. UL, THIFIUPAC DEZETIEAR\W. IEMEICE
&, TOMVOERNL (DFD, pH=0) DKEBIZNLUTE=0DTH5.
26.16 2.

R OBTENMNDIEEDTEREEZ L > TVWAWVWARYE (1 4 ) ORTENZ D
5. fERIE, 722 2L, https://en.wikipedia.org/wiki/Standard_electrode_
potential_(data_page) IZHBRIZE LD ONTWVAS.

UM Z T 2 b E@ED HIKIRE Y LEME KT 5 Z & TH D (—26.20).

26.20 BEXEERGAEFEIRT 5 EM: Galvani Eith
(26.29) IZH B ECZZDH S DRFRIZHD LD p, ZEATWSHDT, HIEIXT
TRV, TIT, BFOMAERT VY v VBT I AW & S I2BL G & 8T K6
EHAGOLEEZEBAFEKIGIZ L TS RWS, 2ok 5 Kt EEERT
5 7= D E L Galvani B Galvanic cell 2TEIENS. Tl {bFET 2V F — %
HIZEHT 2HETHD. ZODXIZ, TOFERSETTHWmAL TE L 51, #
BT L > TIRAR BTN 2 FFD.

LR half cel 1L 722D M E S 65 R TH5. 7272L, MILE

352nttps://en.wikipedia.org/wiki/Standard_hydrogen_electrode.
353 X D REIZIR D 26.21 DRES L UT?OHESH.
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FEEW AL SIIA A VEEN 2O TS, EMIZZODFEMD A 4 v EE
MDD THELTWEIRDI ETHD., FEME FROLDIZRBITES

E=M|S

ZDeE, —ODHEMEMAEDLE - Galvani Bl C 1 —MRIZIRD X S IZRHT
x5:

C:E1|E2:M1|81ISQ|M2.

ZIZT, HEZDODYEME, & E, 0z R LU TWaE. ZOREIIAZEDADT
EThd; —MOLRETIE, 12| HELLEE, ZO0RL oA 4 VEEMHD
A RT. T TRVESIE, | EL ZITRIOKRME LS BVWEE L %
5.

26.21 EMOHRTOEDKRIGAM: IUPAC DR

it C (—26.20) THEU 2 KIGDIED AL, [EDEMMD 155 2 (BIHONET
ENSAN)BEIT 2 AHTHRESNS. ZOESHAMIUPAC A 5ED 5 IED J7HT
H5. %< OHITPEMIE

M — M*T + ze
EEPNSDT, BMTEL M

M; — Mt + ze, (26.40

)
My*t +ze — M, (26.41)
THd. (26.40)1FEITKIGDOHITU72H D (BLKIR) 72D T, EitDOEE S (—26.22)
1% [2 DEITEM] — [1 DBITEMN] L85, ZhSZ20KIEEELADE S L&l
TH U % Kkl
M; + Mo*F — M*F + M, (26.42)

AN

FERROGEE I, ST T ARITHEMTRNZES S, LESTWBITE VR, (26.40)
L (26.41) ZIAT (26.42) 12725 2 FIZIZFEWTH S, bbBA, HHOERTHE
UTWB G (26.42) 1INV, A, ZZTRELKMAFELTETFLELD
7 EFEPE] L LTHRONT WS, (26.40) 12BN D ze 1ZBEM, FOBTTH Y,
(26.41) DZNIEEBE M, FOBTDIET7Z. o THEDILF KT V¥ v VBEL
WIETIEZR WD S, (26.42) D & S ITHEMITHK L TR SRWEA S, ZHIEFER
I 1% Galvani BALANHIE TE AR WZ IR L TL 5.
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26.22 EHDEED
26.20 (2 H B @Ml C DFLE ST electromotive force E X 26.7 I T W B HIEIZ
iof%@% IEHRIND. FOEM2 OBMALEOEM I DBEMEIVE VDL
X OMREET OB 2 &0 TEMOh 2 RN 2BV R R8N E 2 #7.
1'_L7£ B DEE S elctromotive force £ E&E T 5. ©EM i O Galvani BN %
¢z~ tj‘?’b
E=¢y — ¢y (26.43)
Ths.

ZDGEMRALK I EMR 1 T, EuKIOIFEMHR2 TEL S, D0, AEEEKD
SR5E, BTIEM AoMEINT, My KRNI NS, Z1IX IUPAC OFFID
BMSIEDIED HEEAELTWVWS (—26.21). SWHZ 5L ZOEMTOMIGIE
KREEFIZZE 2K, MO LS hbDrz:

M; +M$ — M] + M,. (26.44)

CITIRERDEZDIZA A VIETRTli7ZEKE L7z My — M + e.

——M,| S| S:[M

Figure 26.7: &EOEES: WEED B WVITEE

Flg 26.7 Bt C = M; | S1 1Se | My, OEBEHOWEED D WIFEHE. GIZEMRDE ZHEST S LS
WWERPHEN TWRWZ E2FARE-ODOMGETHE. 2O ENBEMCOELENTHS. 26.13
KETIZHENTHD L2, AURE, HIZIEH, CTEEREMES ZEBARBEMCEETH S (cf.

??7). P EOET, ML BEMOKIMS LT SWEMIZ o, 8, -, nEHIVIR>TVWS. ZDa

=y FCRHEHEOZDIZa==RFEMHM, e =n=&EHM OBEOXPENTH L. FEiE,
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Z N Ex.25.13 TR 2 X 512, BERTRW,

s, BIMCOKRENE 2 BBIF MOLSIZABELLZI N TES
(—26.17):

RT an+ anp+
By— By = ES — ES + 22 log Mz 1og M (26.45)
F ay, am,
2FD, EEOERIX1EZNS
T anr+
B = go 4 L 1og I (26.46)
F CLMT

LEXLRS. LA, HEx25.13 TR5ED, S1-S DEIO BRI R E\NE
(BN IXEETER W (OTERNX BB LT 2DTH ).

26.23 Daniell &t
B KOO EH D & 1F > 7z Galvani BB IXESRKIZEE THRIHEFIZKRA T
Daniell i & E N5

C =Pt | Zn | aq ZnSOy4|| aq CuSOy4| Cu | Pt .

IERE 2> T2 O THRENIZITRMEBMIZER L T X<, BN EEROKS
BT & o TIROBALETC G (RO & 81 A > DEIT) BEL D EFEA TR

Zn + Cu*t — Zn*" + Cu (26.47)
KR, ZoOBMoE I
T
E=Eg, — By + BT g feu (26.48)
2F aZn2+

din DFEHER STTEALIX E° = —0.7628 V, £7z, #HDIEZ E° =0337TVTHBEMNn5,
Daniell FE i OFEHEFLE /713 0.337 + 0.7628 = 1.0998 V TH 5.
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Pt/@\
salt bridge
Zn ﬁ Cu

aqZnSOy aqCuSQOy
Zn half-cell  Cu half-cell

Figure 26.8: Daniell &ift
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