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EW-FVWELWLEEZEENIRIELEDELTEA
K (Cercius) iR C [°C]: /KD ERE = 0°C ~ KD = 100°C & 100F 5
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RCIRIZIXEEER,
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mEREERZTERAITHICII2ANDERE RAADE
MEOMEZMAL TRERERY 255
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BEICEDTIXS=Q/(exp(T)-1) IZEZ > TLM=HH LRy
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fextRE EEAGEFARBAFRTHIEL. T2 FOE—AFEIZE =00
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BOHENE ] = 419]/cal (1.4)



§12 REEE L REHER

PEMICRICTFEREZ—ENICTRET =012
DA 8 (O 1 ES bk

IREEZ B (BB ERSh TLND)
(1= BIBE, Rl BRELH DM, CDEZ TILHbHALY)

- MEDE

" >z

- [
- (KFE

<'U—|_.3



§1.2 REELREAES

RREZE®: n, TPV
BRNI. Chib FEOREEHOSS BEIER DN B0(E 3 11

ME &2 gn, T, P, V) =0 DFlAH S IKEEFFER
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nim



§1.2 REELKEAHER

=
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- RAIL= )L IL DB
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BR[AEDIRRESEL

PV =nRT (1.12)
S[IAES R=8.31J/(mol-K)=1.98 cal/(mol-K)  (1.13)
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§ 1.2 Van der WaalsDiREEH K

BRSIRDEE
RF-DFITIETAERDREESHHS: V=075 &F G0
- RF - FREICIEEI ARH LD THEIIREICHFELTLS
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Van der WaalsDIREEAFER
(P+3) (V—nb) =nRT (1.14)
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77T —LZORERERA (van der Waals equation )

A7 EOYBFEINZIR - TA—TU T - 77>« T+ T—ILZ (Johannes Diderik van der Waals, 18375 ~1923%F) |, 9F
DREZILHDFRENEZEE LI-SEOREAERZ 18T3F0ELHT RELSEDEFEICOVWT] OFTREL

P=nRT/(V—nb)—an?/V?

EY 7iAEER (viral equation)

S[EOREEZ, LICEEFLIIRBEREMEE TRELKERTABICAVLWLNBRERD—2T, [HOELELUVELGEEZZN
FNP, VELEEE, BBV OSHOERE (REZ2w 5T 5 1 powerseries) ICERTZEY 7/LEE (virial expansion) T
xLIE-AER,

PV = nRT (1+B/V+C/V’+ « - -)

B, C. * - & ZNTNE_EVTLERE, F=ZCVYTLEE- - - &WH, EYTARE (virial coefficient ) &, BEICEREFL
RWBET OBRTH 5,

74 —7 Y FDOREAEKX (Dieterici equation )

EESEOEN LFE L DEREERTRDO—,

P-exp 7l (na,”RTV) = nRT(V — nb)

a, bREHT, EERETIEZZ7TLT—LROREAERRERLFICAS,

Ry=nrEryroikEHRER (Peng-Robinson equation )

~ > (Ding-Yu Peng) &8 E> /> (Donald B. Robinson ) #REL /-7 7 »TALT—LZDREAEXZREEL, @EFETTHAL
LN BIREAER,

P = RT/(v—b) — aa/{v(v+b) + b(v—b)}
L FYy k=24 >DikESER (Redlich-Kwong equation )
CRZIZTHAVWOLNE 7 7 TL7—LADREAER2HUE L -IREHER,
P=nRT/(V—nb)—an?/{T*°V(V+nb)}
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§ 1.2 Van der WaalssX D 2R
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Van der WaalsfUEDZE B KD HE I

KR 57 7E 3

8a
T, =

27bR’

P. =

27b2’

V,=3b

BERSERA D van der WaalsEHE N E T3

a=3PV> b="R=

8PV,
3T,

T./K p./Pa V,[m’mol™] a[Pa-m°mol?®] b [m®mol?]

=R 132.5 3.77E+06 8.81E-05

He 5.201 2.27E+05 5.75E-05
H, 33.2 1.32E+06 6.38E-05
N, 126.2 3.40E+06 8.92E-05

0O, 154.58 5.04E+06 7.34E-05
CO, 304.21 7.38E+06 9.44E-05
H,O 647.3 2.21E+07 5.71E-05

1.35E-01
3.45E-03
2.48E-02
1.41E-01
1.38E-01
3.65E-01
5.53E-01

3.66E-05
2.38E-05
2.67E-05
3.92E-05
3.19E-05
4.28E-05
3.30E-05

P/ Pa

CO,TCHEHEHI

1E-04

1E-03 1E-02 1E-01

V/m?3
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dt
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FERTUU v LBMED N F = - 0B S
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dv dx

av ax — av _1 2
——dt+C=m[—vdt+C=-mv?+C
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EHIBE. RN NENTEDIKEFR > =F E.
HHIRENSRIDIKENERD - Y EILT 51858
WHERBEFH: AE = AE. AR = NR
HOPYEIY I H-TH LWL (AS=0)
( [#EFHR] o [ZTRLF—ERA L V] BRI HEBRIE)

Us Us_ A=>BODZEEMIFEIC/NS LGS BUMEIR)
—) - REBIRILF - MPEJU=U; - U,

1% itk L%
A gfg’ W, QIFREBETEHZELDT
"“i #5 dW, dQTIEFRE 1LY
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prEE s _dl
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V) e st
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dU = —PdV + 6Q (1.24)
6Q oUu
FHE—EOBE: EMLER: ¢, =2 = (a—T)V (1.28)
RONIX KLY

NEBIRILF—Z2TEVOBEBU=UT,V) EEZDE. (1.25)

dU=(‘;—¥) dT+(

ou

aV) dv (1.26)

L. C,EBMNTTL B,
EEHBERETORER (1.24) 5
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-9, 9,2

dv (1.27)

),

EFRENDGEIL AV =0

=22 (),




§1.5 SEFEHE
EN—FDBE: EELE: ¢, =22 =

au 5Q _ (aU)
dT (aT)p Clv=0=Gr v
ou

50 = (32) dr+ [P+ ]dv (1.27)
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aVT an
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C,=C,+P (‘;—Z)p (1.33)
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X Cp —C, = R: 74 v—HE& (1.34)
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F=U-TS  (2.25)
o) - 2(%) e
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—A(H—-TS)=-AG<0
G=U+PV-TS: ¥TRIRILF—
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G=U—TS+PV (2.31)
138 Z W5
dG = dU — TdS — SAT + PdV + Vdp

dU = —PdV + TdS (2.23)& Y
dG = —PdV + TdS

— TdS — SAT + PdV + VdP
= dG = —SdT + VdP (2.32)

T BIENIFE:

E:mIBE DS S

_ (2
V= P)T (2.33b)
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U(T,V): dU =dq— pdv =(8—Uj dT +(8—Uj dv
ar ), ¢ v |

du (ou
KE—EThHIUL, — =| — | . EHELECYDESE _| &
aT aTjV . VO G (aij
H(T,p): dH :(a—Hj aT +[5—H dp
oT ), op ).
w90 a—H) . ETELEA G D cp:(a_Hj
dT oT ), oT ),

f
SO L E Gy B EOIERGIEN T, dH =C dT 415 AH = [ C,dT =C,AT =q, ©
Hb, DFEV, WEZATEZDDOICLERBGEN Co M HLatRE T2 LIl b,

B ) L — B
UGS, V):dU= TdS—-pdV, H(S, p):dH= TdS+ Vdp
F(T, V). dF =-SdT —pdV, G(T, p): dG =-SdT + Vdp

< 7 A7 =)L O RERA(Maxwell relationship) (=27 A7 = /LD BEL%  (Maxwell relations) )

&j T (@j _p @] _p () Ly

oS ), oV ) oS ), op ),

A _ s %j o, @j _ 5. () _y

aT )y N )y or p op T
-3, 6363 6
op 6S ), \ oV J; oS )\, \ov ). \oT ) \op ). aT ),
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- §2.7 THDOEH
— BT EEEZEZ S (ATHRIE & XE S L)
5Q < TdS (221) =TdS—60=0
#MAO%E—EA: dU = —PdV + 50 (1.24)
= §Q = dU — PdV
= TdS — dU + PdV = 0 (2.35)

m - ElEEEose
TdS —dU = 0

= d(TS—U) =0

dF < 0: ZFROREZEIEIK
BHIRLF—DNEDTEFRICED

FAME /)N : 4
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§2.7 FHDOEH
B - EEREoES
TdS — dU + PdV = 0
= d(TS—U—PV) >0
G=U-TS+PV (2.31)

dG < 0: ERDIREEZ1{L I
BHIANVX =RV TEHFMEICED

GH R/ JE48
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§28 {EFEARTUIYI

HFEDNEDHLSHE
R nfBEONFMNLER SN, SHRFHEN,N,, ... N, ETH
(N,N,, .., N, [T EHREHEEZ D)

A FBFEORNFELER dU = —pdV + TdS (2.23) ZHiL3E
dU = —PdV + TdS + ¥}_; u;dN; (2.38)

EZERTUO YL V,SE—FEITRDL.
RS DRIF Z LEEO L-BROREBIRILF—DIES

ouU

> dS =—dV + 7 —~ %", wdN; (2.40)
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§28 {EEARTUIYIL

RFRENEDHLDIEE
P av 1

dS = ;dV +?—;Z?:1ujd1\/j (2.40)
al#k(Z.

dF = —SdT — PdV + Z?zl,udej (2.41)

dG = —SdT + VdP + Xj_; pjdN; (2.41)

oS oF G
= 1), ), 69
! IN; UV,(Nji#j) IN; TV, (N i#j) ON;j T,p,(Nji%J))

(2.43)

RN —REOHRTFNOEBRINSIGE
G(T,p,N) =Nu (2.45)
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§28 {bLEARTFUIvILEE =LA
RAEBMN L1 SN %R (F8)
1FEEORF. PIFOPRYERYLAH S
ERANFHIE—F. BET, TAHPIZRELC

2-12F

M REDT AU, +dUg =dV,+dVg =0
é{$0)l > I\ A l:o_ﬁﬂs[j: dS - dSA + dSB - _%(‘UAdNA + nquNB)

dS = —%(MA —pp)dNy = 0 (248)
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WrELZE b - BRELATE: ROV EBOHE A Y RZELVREEZL{E
MENEDLL: EgiBfEE X

5Q:(6—U) dT+[P+ ]dV—O(139)

oT
&
V4T (1.40
eyt )
BEZIATZIEIEE-EZTORERBELTIL AV NEHETE S

= dV = —

COMAPARAZTELAGNATHTHEITIL, BRETICS
ITHEE V() DHhh b




- §1.6 (HEHNFRETIL

(Z_g)v dr + [P + (g—g)T] dv =0 (1.39)

ZEISGOHFETRITEL, RETICEIT2FB V) AHH S

BESEOEBE (a—U)T ~ 0

ov

ERELH C, = (g—;’)v % (L39)ITHALT

C,dT + PdV = 0
LENDHEP = RT/VA S, C,dT +RTS =0

@%+R%=o

=> TH+@F-1DT=0 (1.42)
DMWY AERRXZEZHENTInT+ (y— 1) InV = const.
TVY~1 = const. (1.43)
PVY = const. (1.44)

y =C,/CtEE L (1.41)
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§1.6

¢ T1V1y_1 — T()V()y_l

T r-1
A (Y
To Vi

MEEMR /), > 1
T _ (%)
TO = (ﬁ) > 1
— /m 75\J:75\6

BEEER T/, <1

n_%y*<1
To \Wi

— /ﬂFﬁ‘Tﬁ‘é

(FERFR)ITRZEL

e« TVY™1 =const.(y —1>0)

WrEAZE AL
Ty V, m) TyVy

T, (Vo)
To \Vi
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1-7K] BrER & FRIR

KrEWZE M, PVY = const. (y > 1)
FRZ1 PV = const.

(VO) P()) T)Q

2R Fim
PVY = P)V) PV =Pyl

Vo\Y V
rennl) per(®

EROZ(LITFRIRE Y H 2K
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(5r), 47 + [P * (%)T] V=0 (1.39)

EEALMAFETRITIE, BETICBIT2EHE V) AbD 5

BESHEOSE (2) =0

v
== Lk ou s —
ERELB C, = (a—) % (1.39)ZICHRA LT
Ty
C,dT + PdV = 0
1ELDIFE P = RT/VA S, CpdT +RT =0

C, > +RT=0
- y =5/3 : BEJRF 45 F(He, Ne,...)
LREAE vy =Cy/C, 2 ERT D & (1.41) Y =7/5: 2B FHF(H, O,..)
dT av
—+-1D—=0 (1.42)
DWW AR EHENT

InT + (y —1)InV = const.
TVY~1 = const. (1.43)
PVY = const. (1.44) K77y Dk
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« TVV"1 =const.(y —1 > 0)

* T1V1 =t = TOVO r=1

T v=1
L _ (Y
T, \V;

BREVEME /), > 1
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T—O— V1) > 1
— BE?LEH D
MrEiEiER o/, < 1
T _ (%)
= Vl) <1

— BEHNTFHS
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YA I H5— ’)@H(ﬁb?b‘bﬂjﬂﬁbf
BUOZDIREICES—[E Y OIREZE1L,

TIRRE = IRYKEE (U = Uy)
HAOFE—FN (1.21):W+Q=Uz-U,=0 (1.45)

R e (T FICER S

XU RS ﬁ/U/I/// TA4—tELITUYY BTy hbIVYY

B8 VBB ICRIFS N 5B
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Al
« nENLDOMBLRMEEE AL 2 O ﬁ))@
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"§1.7 HILJ—YA 7)» (ER A8 fY 75 T] 0 SR A4 ER)

1->2: FRER
AU=0=0Q,=-W, = V‘deV=
fv‘f PRTL qy = nRTlln— >0 (1.46)
ﬁ%tim,m,..\ﬁb bQ NDAEZHITLS
2 > 3: BpEME IR

AQ = 0= W = U(T,) — U(T,)

Lo (L)
T> B V2

3> 4: FREHE

AU=0>Q,=-W, = nRTzlnﬁ < 0 (1.48)
’)_T—\.P-ISU:{-E: ,..\lﬁl\IQZI = 'QZ wﬂi%mﬂj
4 > 1: BrEhE 58
T,  (Va\Y 1 7
T = (V_1) => V_i = (1.47)

1V, >V RirEEH O E8E Q 2% ITEY
5hERI- 1 -W, &9 % (RELBTE)

ER(T,)

ZR(T,)
Vy < V3 (BREVED S Q, ZFIFTELY
NEBH HEE -W, & Ih D (HEETR)

V

14 7 NWVDRT:
IR LIRIKELFR L
AU=W+Q=0
$7§“91~:"|3 (c L 7"J:|:$ -w [

ICFELVL
—W = nRT,In2 + nRT,In2
vy Vs

= nR(T; — Tz)ln% (1.49)
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« AL/ —HA Y )LiE TSR] L EES

=> TAHBETHS | R,
REBR: AL/ —RTRT DD I @
n = T1,;1T2’n Q1Q+1Q2‘J: L. Ql _ |Q2|

@+——0 (259D 9 ADK)

T,

Iy I~|:l E—DBRNGL, AIEBETH D,

- EFORBEOMEIAIL/ —HBAL I ZE
BHBZA bz

s MHhIL/ —HBA DI (AL —5EH
EEMEONBNSQ, — Q| PHEEET S
_at EBEEMNS|Q, | DEEELN,
I_l/ﬂ]l‘|= Iﬁ' Q1 ﬁﬁé%‘iéo
- Qq, O, DFEMRER
(REZEOMEZFEIE DL EHF5 L RE)

4->3->2->1
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NEBICTHEE-W=0,-|Q)
EREVEICIETE Q97 1F/hEn

1-9 HILV/ —HA4 7L
IS5 B ABOES
| Q1
Ql'_ “22'
102
RZ
(b)

RihoEEQ, &= TELY .
RUCENEQ,Z1ETHZ & T
T=-W=0,—|0,| ICEZ 3

§1.7 AL/ —HA4 D)

1Y 4 7V SIREED D Q2 ZITELS B,

BEQ,DO B, MBI EEL
L TR~ T=-DZE T =

-W  Q1+Q>
= —= 1.50
1 Q1 Q1 ( )
— nRT:In 22
Q1 = nRTy nV1
v,
W =nR(T; — T,)In—
Vi
T1-T;
n=-"L (1.51)
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1&4?»?%%E#6&$
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W=0,+Q,+Q1 +Q'
C’: hIL) — AR
a2l RS D & 310, ERE
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YA
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7 SO ZAM (1.52) HRRIL
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T;

* ;+Q,=0=>Q', =-0Q,zKA

Q_’l _ & — O = QI — T1Q2
T; T; 1 T,

e Q;+Q [ <O0IZTKAT D& (T, >0)

Ql TlQZ < O

D5 IVDRDAER

« CHNEBIEEZT 5D 00, >0(T, >0)
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Ho 5B (LY D DRE)
C: EROY AL QrQi=00d
C:AhAI/—HAL9)L
Al ¥ EFE
258 AHHAL L Q1+Q1=0
FNCIEC e NV 1, Q
S+ 2=0 (2.5)
=R R, (T,) S
Q1] } Qs A0 = TlT;lTZ @9
0, + 0, Q',+Q, FrEEERE
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2-9K] "EEET2BY OREEER B

2

AIEY A INEEZD. ZORET = #RORE T
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0Q _ oQ %Q _
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