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Chapterl. The Behavior of Gases and Liquids
1.1 Introduction

1. Systems — any object that we wish to study
macroscopic— =i, P V. T
{ microscopic — EX#l, g 557,

2. Mathematical Functions
RSB T S By B 7
independent variable — one to which we can assign a value
{ dependent variable -
7] : PV=nRT
V=nRTIP > HH?I: V fL dependent variable
P, T, n £ independent variable
(! P=nRIIV > HH?I: P Ll dependent variable
['B] P=P(T, V, n)
= independent variable
f P=f(T, V,n)

3. HE=. function 1 Hk —I"EQE‘N
(1) 2-D ' : i* % 1 i independent variable
I P=V(nRT)
=1 i £ constant
TIRREE g T [l

2EZEFKFigure 1.1 (2)

(2) 3-D q%*[ fi'#<=- 2 {5 independent variables
- {WIRIE 2-D [
@~ Jp[j\é TRt ﬁﬁ‘/f@lﬁffﬂjﬁl

22K Figure 1.1 (b)

4. Units of Measurements
@ [ﬁ[ H fFE ik g il
I} 1999 "Mars Climate Orbit" #5531 » 15 fiIAF filfiE
(2) Sl unit : International System of Units
= [
O-=<% — m (meter)
@ E! — kg (kilogram)
@E\*] fif] — s (second)
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5.

@1 — K (kelvin)
@?ﬁ;’h A (ampere)
®ffit — cd (candela)
@K¢E! — mol (mole)
H Py ERaELLEA P (derived units)
®7)s — N (Newton) 1N=1kgms?
@E«]s — Pa (Pascal) 1Pa=1Nm?=1kgm's?
®f=kl —J (Joule) 1J=1Nm=1kgm?®s?
(3) Non-SI unit
OF<] : latm =101325Pa (3%
= 760 Torr (Ex
lbar  =100000Pa (%%
@fichl : 1cal =4.184] (£
4) ﬁ'JE‘\T
®Avogadro's constant Ny = 6.02214x10% mol™
@ldeal gas constant R =8.3145 J K* mol*
=1.9872 cal K* mol*
=0.08205 L atm K™ mol™
= Navks
Boltzmann's constant kg = 1.3807x102 J K

Problem Solving Techniques
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12. - EEBPEG
1. System and Surrounding
system: the part of the physical world under consideration
{ surrounding: all the rest of the universe
system + surrounding = universe
2. Types of Systems

matter heat work
open system O
closed system X
adiabatic system X
isolated system X X X

3. }ﬁf_ system : state
A. equilibrium state : none of its thermodynamic properties changes with time
(7] "b i variable J[J i #£1r)
B. steady state : matter or energy flows, but properties independent of time
{5 - flow system .V P, T, n
C. metastable state : practically no change with time of observation
(REONES Oziﬁ‘ll:[jl(‘« ' (2) supercooled water - (3) diamond vs. graphite

4. State Variables (functions)— %] macrostate [f JF: B s P~.T~ Vs p
(state function [{FIf 'HJ I/ state & g FTJ A1 history = FTJ o N EF|FE - 27 e )
intensive variable— independent of mass, can be measured at a point
{extensive variable— dependent of mass, should be measured as a whole
Tt combine 2 ffif identical systems i > LF\,?@ 2 fﬁﬁljéﬂp o

intensive | extensive
P 14
€ 0
o A
T S

§ 2 {[a extensive variables ff/[i= fi’ I'|3&5Y intensive
B p=m/V > Vi = Vin (molar volume)

5. Equation of State — }‘”[1_“ variable £/ TM T

P

dependent variable n, T, V {3 indep. variable

——> P=f(nTV)§ P(nTV)

g ad

S A L TR GRS » i 3 0Py (2 V. 2123 1)

[ft} equation of state A ”E‘T 4 TJ [
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6. Process— an occurrence that changes the state of a system
ﬂm%vé | driving force ¥ Fﬁ:a’ﬁ@ IR B [ e AR

reversible- direction can be reversed at ant point by some infinitesimal change in the surrounding

@ all intermediate state are quasi-equilibrium state

(A IS 2 variable 113

(@ quasi-static process- infinitesimal rate change
irreversible- & JFIJ'FJZFI IF'EIEJiﬁﬁEEIfJ state &7 3 }F’*[f_ (F T )
* spontaneous process fl- irreversible



1.3. Real Gas
1. Ideal Gas Law ?EU

1660 Robert Boyle — 3F ™

IR

(A+ho) ¢ =constant
A[] P « V=constant

, I“

PR )R R

Z(cm) | Ah(cm)
20 10
19.5 36.8
19 64.9

ho=1033.6 cm for H,O(,
re R R

1787 Alexandre Cesar Charles —P oc T at const. V » [EI4 5§ %

1802 Joseph Gay-Lussac =V o« T

V=V, (+a,0), H 1V, 273 K

Hift £l ao = 11267 » [iy2}21/237.15

U ISR E Vigee Ve = K =1.375 skl 373.15/273.15 = 1.366)

s TN N 1
=it e shE S T=—+0
aO

0

e B L AT

ST (A
a [Eéi{ %P?EH 1 3661x10°

Qg

2| PV #nRT
iﬁT’E}l i1~ {E/I'] ideal gas Fiifiﬁfmf%

2. Virial Equation
(1) [’ﬂf%ideal gas T’F'Iﬁ:?
% compressibility (57 compression factor

T
PV PV
= = m FE< P i
nRT RT b "
Gas

W

2R Figure 1.3

1 V,T
:>V=VO(1+T—(T-TO)j= o%

PRl 2
103a A i N,
3.67 - ;
i He
3,66 - He
700 P/Torr

B T

const. for all gases

]
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(2) Virial Equation

_ Py n n) Mk, 23] cenees
3= nRT—1+BZ(T);+BS(T)(;J +... Iow;]ﬂ\ﬂjE 71 ®

:1+BZ(T)V_];1+BS(T)(%] +...
Wy :1+A2'(T)P+A3’(T)P2 +... |OWPE\3J5 gl e )

Ay PV, =RT+4,(T)P+ 4,(T)P* +

}Elﬁfrﬁ_l—%ﬁ‘ﬂj 1+C(1]+C[1j high T » 21
(EEEE 1 B PSRN o RIET >0 0 P phif

I PP
1D, P_RT[VJ|:1+B2 V+B3[Vj }

R I oo o PR

2
=1+ 4, RT(EJ+(BZA2 RT + 4, RZTZJ(EJ o
V l V

B, = B,A, RT + A, R*T? = B, + 4, R*T?

ﬁy Az’ = B%T A3' = (Bz_Bz%sz

W |4, =B, 4= (Bs_BZ%T

<ﬁ§}> B(T)E ‘dr i"== interaction potential relate, B,(T)= 27 La3jw (1— o Vhr )rzdr
0

=27 Lo*/3  for hard sphere

3. van der Waals Equation

(P+V—)(V nb)=nRT ¥ p_tRL_an® 7 [P+V—](V —b)=RT

Venb V2

m

<FH> : @ P,V RLEEE! £ intensive variable

@ﬁﬁﬂ[ i|deal gas ; FWP%I +, VE ;

i E\JEJI T e R

g ad
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[ b VHEE : excluded volume

N ’
'R .
S< _-7

a Vi ¢ internal pressure (1) 'fF ;J‘Tu)

B bi- A
5 attraction oc ; oc No.of pairs
I*“ 1) "
\ total attraction o (—j oc [—]
vV V

i Cl, P=1957atm, ¥=1/,T=300K
P=45.64atm, =1/, T=600 K
il V=2¢,T=600K[H, P=72

Question : mixture [, EHHE? g = ayx,” +2a,%,0, +ax,"

2 2
b=bx,"+2b,x,x, +b,x,

3
[ ay, =Jaa, by = [% (bll/S +b21/3):|

§ van der Waals eq.. % %!* even " EL P RLIEYETELY eq.
@ virial eq. L 4 ideal-gas-like . case, vdw [I[[3# ™ [~ g
@ 3 lig— continuity of state iU .
@ L*FE?FIL[' critical region 7 {4 #7
E‘Tﬁﬁ'p NS \/*JF{ N RVEINECE Y
® a,b [ fHI#ER(Pe T, Vol - #2114 8

4. El{3p% equation of state

(1) Berthlot £P+ AZJ(Vmb):RT, ElIE a—)%

v,

(2) Dieterici Pea/V{RT(Vmb): RT/{ TherE| (PJFV—J VAR

az ~ Pl 1+ a zpe%/mRT
V. P V.RT

(PJFﬁ 7 (Vl +b)j(V —b)=RT

) 1
Redlich - K -S P T)———|\V.—b)=RT
(4) Redlich - Kwong - Soave { +aaf )V +b)}( )

2
o1 1 w17

(5) Beattie - Bridgeman Sfflparameters P [ £ 0.5% ')

PV, =RT|1—- 1480 2B | Afy a
v\ v, v. ) v\ 7

m

[ P(ljt

(3) Redlich-Kwong




5.

6.

|

£ equation ==

virial equation Fﬁ%{ 7
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vdw Berthlot Dieterici Beattie-Bridgeman
- 4 - A c
b2 Yr | b P b—YRr TR 7Y
2
Bs b? b? b a | A p B
RT 2R°T RT T’
a A a |
Pl | TR | e i
oyle Temp|: Boyle’s Law holds 3
/BIT Boyle’s Law holds /£
. . 1
g @®B=0 T 5 @ 3 I slope 15.0[, [, A[B'=0, [ﬂy=v—, 2—5

pLH

I'} van der Walls Equation ##R 2/ 1/ #g{™

%z =

v

m

PV, | RT  a
RT _(Vm—b v,
v, _a
“V,—b RITV,
1 ay
“1-by RT

|

RT

,iﬂfliy=},//m

[ a, b ELT-fift > s B2 VBT SRR > BT FIRL
PR - 502 T el i 21

LR EH*] v By

2F MK Figure 1.3

ORI E ol Ibr z<1l

m

7 P.25 Example 1.10

Egr g


Yuegui
螢光標示


PRRI (- )R [ E B R
1.4 Coexistence of Phase and the Critical Point

1. PVT surface
¥H1- [ species ﬁ’ljfé[, P-V-T %)~ [’[E{F%T;EJI'%F — equation of state

REIAKFigure 1.7

P(V,T)
3-dimensional surface

(1) Isotherms (=17 3-D qgﬂmj 2-D k)

( isotherm
22E K Figure 1.5 tie line
E‘J/L% : < V91 Vﬁ

gas slope = liquid slope [
law of rectilinear diameter
\ critical point

F%ﬂ T1§H\Eﬁt IH Vg PJ Vyig |
(liquid 24=; gas [N K.E A& » @E[ﬁgﬂ?@@ liquid) -

i _nRT/ » [UELIFES P L constant «

Critical point : PV curve 7™ Il
strong scattering of light < (%% Fig. 1.6)
infinite heat capacity
infinite compressibility
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(2) Phase diagram

 triple point
2% H A Figure 1.4 2-phase coexistence curve
iR+ < 1-phase region
normal f.p. = b.p.
liquefy gas without phase
LA Ty P S Fy M

f'1 phase diagram J[Jf ;Uii_—ﬁl Tgﬁﬁij
CO, .V triple point 7+ 5.112 atm » 216.5 K
FE R 194.6°K ) -78.5°C

2. f'1van der Waals gas 71~ critical parameters (¥4 iy~ » Vin I5I'] V 33")

p:ﬂ_%
V—b V
(a_Pj =0= —RT2+2_Z=0 —@
v )y (V*b) V
o°P 2RT 6a
=0D————— =0 Lt
aszT v—b) v* ®
AR
_ [ SREEIFE - A b
Sl B 91 3v,—3b=2V, |V, =3b bRLFRAY 4
® 2 3 Ve RLARAY 12
g —RT,  2a 8a
SV c 4 -0 T =
"o 4p*  27p° ° " 27hR
e i 8a a a — 1l a
(¢ van der Waals equation, P, = —— = _—p| 4:p=22
27b-2b  9b° | 27b 37,
@Eﬁ‘%_FﬁE’FIJE[[PC,TC,VCTf*a—}s'/b a=3Pchz: b=%Vc

PV 3
31 van der Waals gas , =—<¢°<=-—_=0.375
@ g & RT 8

c

[ErE& - 37 0.25~0.3 /[t

10
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i parameter V() Pe, ToF.l) -
vdw Berthlot Dieterici | Beattie-Bridgeman
29
, 27R’T? | 27R’T® AR’T? RT,
64P 64P, e’P 9(2%—1)11

RT., RT, RT, %
o | e | e | & |

2
e?
Pe Yot (%bz)e

Ve 3b 2b

8
Te 7276R %R

3. Law of Corresponding State

TE)SRE AR I R, 1 b T
M| reduced parameter
P T V.
S Sals w ACHA
8a
4 P=—2_p, , V=3bV, ,T= T
! 27p% °© " 27hR °
I} van der Waals equation &5 7] : FIIH] b:%{/C ,a=3PV’ R= 831%?
C

(P + V—j(V b)=RT

P+3PV yYe| 285 ¢
y? 3) 3T,

RN PV

qil ps 2 [Vlj 8,
v’ 3) 3

Bl 1t~ fli universal curve [i'3i" [ E) 1 gas

<=Fi> =7 vdW 7 Law of Corresponding State >

=)— i eq. of state 15 EJ—H F< [ I~ Law of Corresponding State ©

(EVeh Db kL R e o JIFA P34V Fig. 1.9

11
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(1) isothermal compressibility
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. oV 1
v =—— — [Hi VA& E%, intensive
PRt (a Pln 7
Vv o 1 nRT 1
3T ideal gas: =——|— =1
) ) g Kt V( p2 J P
L N ES (H9)18% liquid » [ i)
i 27 298 K, Latm  x; = 4.52x10 ° bar
0 P

(2) coefficient of thermal expansion
py thermal expansivity

5_Vj
0T )s.

X

L8 -

A BrredT)

3} solid [fi pJ— ) [FMJ IF“J

a,

2

1

oL
oT

R+ 0-3.98°C [V A

ideal gas: « :%
o =257x10" K™

CRHIAT AV R

| coefficient of linear thermal expansion

a =50 (W4 T, P.19)

12

]


Yuegui
螢光標示


1.5 IR B
1. ﬁliLJ}:
f=r@, flar=Las

differential off—1 T_ derivative of

af . flx+h) - f(x)
dx‘UEI‘ I

2. 5L piv partial differential (%74 Appendix B)
f=fyz) P8 Hvariable

df = (fj dx+(%] dy+(%j dz
ox vz oy . 0z %y
t t t

partial derivatives
N g7 variable 7. constant

7] - dV=§dT—n§T dP+R?dn for ideal gas

'V P, Vv, T = {j# parameter £%{5]

V(P,T)=dV = (an dT + (‘Wj dP
P oP )+

oT

P(V,T)=dP= (apj dT + (apj dv
or )y ov

1 @ i dP

aV%PT aI%PT

w @ g

w (&) - CHFIR) T8y T

(&)
oP ),
o (@) -war o) -G
or),” V) or op )\ o7 ),
NG 4y =0
O} T %57 > with E constant

o), &) (F) &
dr ). \or ), \aopr).\oT ).

3. General rules :

()(aBj @

13
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04 (aA 0CJs (ac aB)A (04 OB oC .
2 (ﬁl = - (aléci = - (86214)8 Ay (EJC(%jA[ajB = -1, cyclic rule

o4 o4 o4\ (X i i (04 (X amein R
(3) (—] :(—] +(—j (—j B ST Fb( j (—j , fedfgiconstant 1 @k
oB). \oB)y \ox),\aB ). | oX )4\ GB

<> @ HR- fﬁ]ﬁ?-ﬁgﬁﬁ&? a p=2a+2b, A=ab

Al (—] =0 PfERl ab=A {755  b= fla)

1 )2 () E) orrs
Xgz)

(%)

=1

@) (8_P] __(aVaT)p
or V_ aV@PT

J(W)
L V@sziﬁ}a

el
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