270 == 3702 Of7H

ol

@
o0
IH
ol
M

7
Klo

= Mg

HI:II-I-l)\I
o ‘o

oE

PVT & 0f ClHsf &2l

3.

50

[

<k

O EOfLE

-4
(O]

H[O|E 2t Bl

A RAF YA

=
e



o
©
_I
S~
—
o
«Q
& =3,
VV\'D/.DI
dwm_
=3I
o  F 4
= =2 | S
+Wrw:h.
5 S
_I
F&5sh
VPD-V
CCCC
noon o
ESIrCNES

(T
(v
dH (T
du(T

dS
dS



7.2 3-0470H= OIS
. SeMe BMRE T
. EBURE 422
. YAYAME 5L
. YAAYAME BE
. YR z=TY

0 0.01

0.02

0.03 0 0.002 0.004 0.006 0.008

p(mol/icm®) p(molicm?)

37 7.1 « SH| HSNE X2l THsH Bt
Z)o| PpT 50| Hli, MSL

HAXQ FALEE HO| == HEHRIE) D}t HEHRE
MES LIS0 =212 Peng—RobinsonAl2= AR Zi0|ct, & 22|42
a0l HE 4 U= HE Sall thiEiEe= a2l Ziolct, AE Hlo|HE Brown, G. G, Sounders
Jr., M., Smith, R . L., 1932. Ind. Eng. Chem., 24: 5132 22E A2 Zi0|c}. H0|X|= &

UXEL, Peng-Robinson A2 x| Y5 DAesh= ol SEapH| et 242 Ofct,



c BH2E T = —of St @t P =P/P,
. ojMoIxRE
Psat
w=-1-log,,| — = o] Al 9] z}
PC T,=0.7

log(P,™)

UT,

T2 7.3 « OiX 7HKI0) KN CH5H0] BAIREC| B4R T2l B B7IQIOR TMo| BEf= TX
Ol 71| QIZ3HK| RLOLF ZEl XI0l= OFMRIXION Ofs FOIXIS 7187 [2Hs 2 HO1FD et

a8 7.2 - 7,=0.8,0.9, 1.0, 1.1, 1.301M St ol 2helf =AISHE O 7 128 ¢2
Peng—Robinson 5. 0= Y7ARESl A YHLUC2E= P-V-T HSS F&t6| LHEILHY o 252
SiCh= 22 20 T QAT Al FM2 miEol cher 2400 242 HIE]| CHEt 240Ict, 0] 232 Shdt
Q| KIS 2HE7| ol 2=F Ho|Ct. FHeake AMR2 Ch2 2ol i YHIA =8E ArZsHol Bt

= =



o PitzerQ| &2EA 7 _ 70 47!

04
T
1.4 ey
1 02 =
12 <
L 7 _.-»"').\
ﬂ . 1L \1 \ o
1 — iy 10 "
— T 7 11 —_] =
7
0.8 o - SR - T, 007 0. alo ~..
N P R N 717 N 02 = ~
g RS 7 i
X, 3
0.6 NS N
1 4 04 ]
0.4 Los
0.6
0.2 -
L] &
0 1 0.8
0.01 0.1 1 10 0.01 0.l 1
ghabgtE e, gt etel p,

33 7.4 » SEQUKE oEs| HEt YeEE £8. (2= o = 02 MEBE Lee-Keslerdlg HEst
Z0I, (Z)2 w=1.08 7F! 7kt RHl0ll ChSt HEQIKIOICH, 0] J2fmE gt aEgo R T2l Zi0|
2t= 20l =3kt



L;EI'% §._|'*._|' I'E.Oﬂkl_ Z—1+Bp+Cp + Dp’ +-
QAHIMOZ z=1+B(P/RT) 0|11 250| Sk~
=2 2M2EANE =2 %FHO*E“MI MHd0|

Z=1+(B’+0B')P, /TEEZ =1+ BP/RT

o 7] XB(T) = (B° + ®B')RT, / P,

B® = 0.083 —0.422/T,"
B' =0.139 -0.172/T,*’

Lee-Kesler A/ T, >0.686+0.439P. ==V, >2.0

2

z-1424C + D = [E +E—]exp( =)

Ve vy, T3V2 V,

r

J

A E

<A 7.6>
<A 77>
<Al 7.8>
<A 7.9>

<Al 710>



7.5 3K} AME[HHH

Al

o4
« van der Waals 2rE{jEIH Al
— OV MEf™HAM S EXLS| L2t A2 XES
p_ RT_azszT —ap? gL Z = 1 ap
V-b V 1-bp = (1-bp) RT

27 R b = RTe

64 P, 8P,

- =X M8 MAZ LIEfLY ™
7 147" 4z 14 PP _ 3P
1-bp RT



» Peng-Robinson AEHEHY Al

RTp ap’ 1 a bp

= - [=X=}
_ L=

(1-bp) 1+ 2bp—b?p? ~(1-bp) bBRT 1+ 2bp-—b?p?

— p=2"% =n/VO|H, b &=0|12 ax 22} 0| 2IX}0f 2|E

RT. p=0.07779607 R l—c

a

a.o, a, = 0.45723553

c

c

a=[+x0-{T)P  «=0.37464 +1.54226® — 0.26992

c

Z=1+Z2"+72* =1+ bp __a _ bp 53
1-bp DbRT 1+2bp-bp




3Rt YA S EAHAD
Z =PV /RT =P/pRT
A=aP/R™T? > bp=B/Zap/RT =A/Z
B=bP/RT

Peng-Robinson EOS

1 A B/Z
(1-B/Z) B 1+2B/Z-(B/Z)?
Z°-(1-B)Z*+(A-3B*-2B)Z-(AB-B*-B*) =0




21 (bar)
2

0 100 200 300 400 500
1] (ecm’/mol)

a3l 7.5 « 275 K, 290 K, 300 K, 310 K, 320 K, 350 KOlA CO,(T, = 304.2 K)oi| Chatx
Peng—Robinson &EiHEAICZ ofiEer 22| oflA|. Y2le| FoTl Ralof| tistH O &2 2=
O =2 g2 S=0t. 'S52 220l 2850 el , B/ AMZE 275 KoM 36.42 bar,
290 KOjlM 53.2 bar, 12|11 300 KOilA 67.21 barO|Ct,



. 3XtAl EO|H: v =2zRT/PL& YHIMOZ o1} 1ALO| EXY

01— 2.1 S
aos L P = P oes L P >> prat
oos + < T, we+ T<T,
ooa L 0,04
- gz} Za.!’d ﬁ 002 | S
f[;d: O | = o s —
007 L g 0,02
a4 L \ / Hew 0.4
006 4 T 0,06
=006 + =006
0.1 : : 0.1 | } 4 | |
0 0.2 0.4 04 0.8 1 0 0.2 04 04 0.8 1
VA A
01 - 01
oos L P << pt .-“lj ooa + T ir;
aos 4+ 1< :'r; o6 L
o044 / 0.0
— 002 L — 0:02
LIN\_-'_; 0 / e’ —
002 L e —
<04 L .04 /
0,06 L 0,06
008 L I 0,08
e ; 0.1 .
0 02 04 0.6 0.8 1 o 0.z 0.4 0.6 0.8 1
VA VA

a3 7.6 « # 7IX| Z20M Peng—Robinson HEEA0l chist 22| 3xt HS Hlw, %
Jzf=of U= Bt 2,2 2,01 et B2 £= Bof| Y= 2= S0/l 2ALE|0] 2ACH,

« HFEB: Newton-Raphson
X

. OFHEl 20| AH: text AX



71.78H 7|18 A=
Ol %| 7.6 Peng-Robinson{2| £ &t
Peng-RobinsonA0f| C}}0] (GPJ (GCV) 122 (aUJ S

oV oV oV
®) _ R pt  da
oT ), 1-bp 1+2bp—b%p*dT

0] Al O|A7|Ho| BHA E7, nm["’”—PJ _rp=R o Mot
Vv
C,0| B O|EME C}EO| 2k EEt40f o|3) Ao{FICH

[acv :TLaZP ~Tp*  da -p* ax|« ,/aTrJ
2
]

= —+
C 1+2bp-b%p?dT?  1+2bp-b%p? 2 | T, T

0| A2 %o UOfAf O|A7|H| BHA ZO| BB
U 2 2

M) _foP) el e “[a_da} P8 [t o]
v ). oT ), 1+ 2bp — b%p dT | 1+ 2bp—b%p

=0 A 02] O 7| otA =0 E. =

rlo
ml:l

. rfec, d?a )t Tp? dp T (d%a T (d%), [1+0+~2)bp
C,-CJ=| av = ——|f — - ~|In
av ). T2 {1+ 2bp—b%p* p2 2420\ p* ) 2426\ dT%) |14 (1-2)bp

d*a
o 714 (de



—~
N
I
N O
Il
o
Il
N,
I
73
IS
N,
+
I3
N
N
I
N
I
N,
I
NN
N,
_I_
&
N
I
ON

O| | 7.7 van der WaalsA! Q| A O 7} B %=



7.9 AEfEMY

1z

of ZX7|qt

« EXIXHA Q| i SAEl
- a%t bDH7H§_¢_
a=4n/3=4n(c/2) /13=76°16, NV, =b

. =X »=bp=b/V

S

I'-III

- Van der Waal 42 TH{EStH z =1/(1/n,)-(a/bRT)n,
- EFR7H J/mol?l a/b= a/b~ N,e
- /KT =fs 22E B=1/kT

,
—SW

’ IEI_I-HEI-E_:!EI- ?_IE! °] _A-:c.jg;gfcc

- dhrd s Z, =1/(1-bp) 5 O _1.25fcc

0 2 4 6 8 10 12
1000/T (K)

Ozl 7.7 o UEE x| of 4lolg. MME2 van der

. NIST WebBook2Z5E ¢ AlS
= O| BX} A CHESSICt, =X Of

=T =
Waals B2o| EAIZ LEHIH AIMS ) = 1 72 ZH= AJZIRE mdlo
nl

IHEH(a%t b EE= e 0)E HF= LA OH| 7. 901 2AHE(0f QUCt,



= XIS e (Molecular dynamics simulation)
Ab A 70| HEIMI} BE SE0) het 2X B ME7I0| B2 RH £

o —

o
=]
SEO: €, o)t AAK HE(Y: a, b)ZtS HEAIZ

m(v2)? =my,” +my? : EEAA YA BE

o _
m,vy =m,v, cos@, +m,V, cos

)
X
I

— 3 . o
0=myvsing +m,v,cos@, : y—<

73 7.8 » 2D0MC| 2t &, Haez J8% CjAI= 0 MoflA =2lE C|A3 0|o|X|o|Ct,

- HRASW,0,%,6) OlT sing,=(y;-y))/o OlH F 0| 22T 4-6,-9%°

. _ 0\2 2, . _ .
V, =V,°c086,; V,=+/(V))* —=V;; V,sin@, =-v,sin6,

- aw



Hto| ZZ A7t !
o V= () H (v, )Y
= = =i s X s X 5
=Xt 22| RIX[E ZCHSIY A[ZHZ A4t ’
Xi'= X; — Xy, yi': Yi— Y, 5 Vi,x'=vi,x_v2,x’ Vi,y'=vi,y_v2,y

= HW =Xk AX|=

t - / .t — VX = 12 12 %
an¢1 Vl,y V1,xa an¢2 Y, I X050 ((Xz ) +(y2 ) )

X,"=r,"cos(d, — &)
y,"=r,"sin(@, — @)

£2 |yf<o U O SABICE BHO} ZE0| YO

o}
X\ =x,—ccosf, O7|0|A sind=y,/c

tlzc = ch" /Vi,x."

f _y\y0 0 f. f _\s0 0 0
—I|:—H|_'IRH E—Xl'gl %l—?— V2,>< _V2,>< +V1,>< _VI,X’ V2,y _V2,y +V1,y _Vl,y



MD

=
21 24

o M (Hard sphere)2| mElA

- 2E7t =AU 2= HO7t0Q! 8%

150 18 s
_ -23 197 ESD ‘
_ - /
100 - .
—87 1: --- - vdW |
11 o E&W
< 07 /
=
3 O L e
m | I
-100 —
0 02 04 06 08 1 0 0.1 02 03 04 05
r(nm) o
2 7.9 ¢ (a) AIIRS DHo| S5t A2 ZHIT HEA | (b) 2204 2I2E Erpenbeckat
° Wood2| 2A} |0[E2} H]wE ZARE HElEo]| cigt DMD 2AF Zat,

Z™ =1/1-17,)

Z™ =1+2n,)/(1-2n,)

Z™ =1+4n, /1-1.97,)

Z" =1+4n,(1-7,/2)/(1-17,)’

Van der Waals 2 &
Scott 2 &
ESD 2 &

Carnahan-Starling 22



7.11 MELEAL0| iAK 0|2
PV
Off LA K| A m—

— u: pair potential(® I €l Q)

— g(r): Radial distribution function(&AHEt Sk & X Bk
— Configurational energy(Hi € 0f| L X|)

_ BXQ HEfz2 AT

J - Ug= Apj r)dnr’d

— HAHZ|O| A= pair potentialdt 1 =27} 0
- At K| &2 4~5H12| A2 M= m&HZ 27t 0



38 7.10 » e g o A

N, R,
N, = [dN, = N,p [ pnridr
0 0

- NZE E7HA|

— g(r) : radial distribution function : ¥&2°| 7}& X|(weighting factor)
- r2H r+dHR2 7 BEshel)U e AAt Y & FLZE Lhe T + B2

g 1T

0

0 1 ro

a8 7.11 » MU= Z7A| RAofl cieh PArE 22ak



Al e & (bec) AAF T

g(r) 1 4L

0

0 1 r'o 2

38 7.12 » bee ZAH FA0) et gArdE 2Xe

YL 7

47 QPR

""\ T~

1 2 3 )
rlo
a2 7.13 » bp =0.49 EX E80|M2| A S0l CHSh 2AEF Eadle

TtAZ] A A2 AXF0| HOor U
g2l . Ax+d0| Bls



=1y = Sl O . o= A
1yt HHUHO| EXdt= RAFE: AL 2= THEH A
15
1.0 - =159 e
' A2t HEE v
05 -
we 00 - — ? ..
-0.5 - sa, F=
1.0 - u(r) = i—¢, o<r<io
-1:5 0, r>Aieo

0.0 05 1.0 15 20 25 3.0

- MY EZ0|M= Boltzmann Distribution lim g(r) =e><0{k—}

- DYUZOME ZRBNI FTEFHO|D Q1S E4F

4
Be=1.0
3 bp:O
- s
g(r) '
1 bp=0.4|
0 :
rlc
O 7.14 « 271 00|17 B8 £80] pp = 0.49) AR MU2E FAH (R =1.5). HE =1/

kTolct.



52| A

Z =1+ Bp+Cp* + Dp’

NEEZO| H[Z|E4

K u
B=2naN,||1- exp(— —J]rzdr
A![ KT

Ol B.1 1} B.2

Z=1+Bp 2} —=1-




Example B.1 The hard-sphere equation of state

A sigmificant application of the Dirac delta finction 1s suggested by the pressure equation devel-
oped for hard-sphere fhmds. The discussion m Umt II indicates that, at low density. the radial das-
mbution function (rdf) 1s given by a simple Boltzmann weighting probability:

&) ~ exp(—w/kT)

Note that for hard-sphere fhuds. this function 1s discontmuous and behaves as the Heaviside step
finction at r= o

The pressure equation 1s:

P _, Nyp
AT 1- ), rg(r>4xr3dr B.65
If we were to substitute the hard-sphere potential and a discontinuous rdf like the low-density
one into the pressure equation, we would have a combmation of discontimuties that we could
not resolve. Note what happens if we postulate a function y(7) such that

W) = exp(wkT)-g(r) B.66

Clearly, y(r) would be continuous at low density and approaches a value of one. Furthermore, 1t
furns out that y(r) can be ngorously proven to be continuous for all densities anda]lpotennalsl
Apply these msights to develop the equation of state for a hard-sphere fhud in terms of its rdf
valueatr=oa

Solution: Substituting g(r) = y(r)exp(—wkT) and recognizing

gexp(- kT] |
—— el E e 8o
sen(-2)
Z= 7= ‘;;;j e - = Vamiar = 1+Ng‘° : arkr y(r)da dr

B.68



Example B.1 The hard-sphere equation of state (Continued)

If you plot the fimction exp(—w/kT) versus r for the hard-sphere potential, you will see that1tis a
Heawviside step function. This means that its denvative 1s a Dirac delta. So the pressure equation
becomes,

_pPE_ . N _HS, .. 3
Z=mp= V% J’o S(r— o)y (rydm dr B.69

Applymg Eqn. B.60,

Ve e 410'3N_4p Hs
oRT & -
Although it may seem that we don’t know (. recall that it is a continuous function. Therefore

the value of () will be approximated by y(&"). Fmﬂm reco that 1™ (") = 0, therefore
exp(’™(c*)kT) = 1 in Eqn. B.66, and therefore y°(¢%) = #(0").

(o) B.70

3 416°N 0 "
I;Zr 1+ —4g"(o) B71
: 1 5.
Defining np = §7C N,o
_ P‘“ _ HS =+

The relationship between 7 and g™°(¢”) is used often. It provides the fimctional form for build-
mng Z™% in the equation of state. It also provides a basis for converting our approximate equation
of state for Z% back into a quantitative estimate of g°( ). Recognize that Eqn. B.72 is a virial
equation for hard spheres, Z= 1 + Bo At low density, g7°(c*) = exp(—(c*)kT) = 1. resulting
mn Boltzmann’s value for the second vinal coefficient for hard spheres.
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exp(—u/KT)

< 217.61 >
(1-2bp/ x°)(1+ 2Shp/ x°) B

g(x) =

7|0 x=r/o,b=nN,c*/6 2|10 S&= 'SH'Oi7H==0|C}. SO| Zrof it CHE
HEEAO] EICE  e/KT = 0.5, bp = 0.40(| A HEfHEH A S HIIStE}
. exp(e/ KT) A
_ 62
9(e™) (1= 2bp ){1+2Sbp} a6
_ exp(e/ kT)
1567 )= 217,63
90190 )= 1 0.1765bp )1+ 0.17650p] N
L1, ABp exp(e/KT)  13.5bp[exp(e/KT)~1] 9764

1-2bp 1+2Sbp  (1-0.176bp)(1+0.176Sbp)
E0|
S=32 7}dsHH,

2(0.50.4)=1+4-0.4-1.649/(0.2-2.4)—13.5-0.4-0.648/(0.789 - 1.211) = 2.83



