Critical Point
|
Liquid Phase

solid fhase \

Vapor Phase
Triple Point

c s P
RTln-f‘— = RTlnﬁ-+J. vf dP-RTIn—P-
P B B!

L
vidP

f=ﬁ’tpfcxp J i
p KT )| N

where @] = f* /P’

vE(P — PS)

vE(P—PY)
RT

(3-16)

(3-37)

(3-38)

(3-39)

) is called poynting factor
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fi = Piglexp (T

f€ = PspSexp (%) = 0123+ 099« exp(

. . vf{P-pf
£ = Pgiexp (L27)) - 0123+ 0.99 « exp

18.22(10 — 0.1234)

) = 0,123 + 0,99 exp(
18,22(100-0.1234)

TRZF(E00-0.1234)
B3.14+323.2

83.14 +323.2

B3,14=323.2

) =0.123 bar

) = 0.131 bar

) = 0.171 bar
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Reference Equations of state Eq.
Redlich-Kwong (1949) . 'RT - : a _ G4
V-b V(I +b)I
Soave-Redlich-Kwong (1972) RT al(T) G.5)
et s UNTE K e
? V-b V(V+b)
o1 O~ ine 76 9
Peng-Robinson (1976) - RT al(l) (.6)
V-b V(V+b)+b(V-b)
Stryjek-Vera-Peng-Robinson _ RT a@.7) G
(1986) P=V vrsm)+b0 —b) '
o " RT a(T) (3.8)
PatelTeja (1982) P V-5 VV+b)+oV—b) 2.
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EQUATION OF STATE EXPRESSIONS

The general cubic equation of state, Eq.(4.12),
RT a

v—b vi+uv-w?

takes the following dimensionless form:

Z’-(1+B-U)Z* +(A-BU-U-W?)Z—-(AB-BW?-W?2)=0

where
_ gl w WP »
Asrn PR USwr Rt 2 2Rt
eosas dloles 0 W Joles eozes dlslza ol Jolses Sl aloles a3y S Sl alslea
0 0 a el il
72
4 0 b a SRK
v(v+ b)
b 2b a Peng Robinson
v(v +b) + b(v—b)
Vbe b+c a Patel Teja
v(v+b) +c(v—b)




The above equation results in the following expression for the fugacity coefficient of a pure
compound:

% A 2Z +U+U? +4W?
In¢=(Z~1)~In(Z~B) -~ ~In ; -
VU2 +4W?  2Z+U-U? +4W

Implementing the random mixing rules for the mixture EOS parameters (Section 4.3.1),

a=2‘2xixjaij ; b=2xib, : u=2xiui , and w=2xiw,
i j i i i

we obtain,

B B(b,/b) , (u;/u)U? +4(w, / w)W?
Ing; =-In(Z-B)+ =~ JU2+4w2 [22:( a;/a- oo x

1o 22+U- JU? +4W? Al 2Z+U)w, I W)W? +(UZ - 2W?)(u; /u)U
2Z+U+U? +4W? | (ZZ +UZ - W2)(UZ +4W?)
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T(BP) P—T(RT) RT+a_a )
aT/r ~  \v—b 2

1 *)

2
e [, o3
u= ar /), vE—shi=aCr-5
1
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Ah = Au+ A(Pv) =a (—— —) + P2v2 — P1vl
vl w2

gnﬁswbm#y'u;ugl )Lzégo)a1jh_4ynqw‘dbdohﬁ&5qd¢w| PJY}L#S_;_T‘ML?WG'JJYLII—JYQL’.# =

| Sy '_;:JL':Ji Sl g Jg 0 504 Sl B oS (g 80 YL Y ales 2

Lo Lesas LY Les ) nalS YO sles jo 0n S oSt oo 58 T g a0 (o8 8l Ol s ailoes zgoae Jlia

S (o0 dmlone g Lalpd o Ty 008 08T 0 (g e lgpaily Sl alslas S

27RT? 2 2 6
a= =27 +83.14° +304° / (64 + 73.8) = 3.65 =10
64P.
b RT. 83.14 42.8
— — Ed =
8P. " 8+738 '
T=250K and Pl=] bar = 26789 cm’/mol

T=250K and P2=50 bar = ,=4419 em’/mol

3

! )— 8123 bar. —— = —812.3 ] /mol
26789 4419/ Aol 3] /mo

A= 3.65 # 106(
cm?
Ah=—-8123+50+4419—1+ 26789 = —1218 bﬂr'm_o! =—121.8J/mol
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Fugacities in Gas Mixtures
a _ B
=4
bglxo o s3> Al oole
1 [®¢P RT .
|\ . ») s = jl (F-T)av—tnz | 2o sles S
ln‘p‘}ﬁ v [é"_:'ljrvg _T’- Wiz ti-1 sk Tre L
P=f(T,v)
1 ("¢ _RT > dslee S
1 P av RT !nmpure,i = ﬁ-’;} (vi _F) dP -
Ing; = pas -—|dP 2l po e
RT 0 a.'t, TP P
o v=f{(P.T)
"pl' - i pure,i:#
i
5.1 The Lewis Fugacity Rule
T =, @i = Ppure i fi = Yifpure i
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5.2 The Virial Equation of State

Py B C D
LA TR W~
RT v vt o
1 B C
P= RT(—+—2+
v v

z=&=1+B'P+CP2+uP3+...
RT

1
v= RT(E+ B'+ PC' +D'P* +-.)

N

JU g dlo alolae

(5-9)

(5-10)
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Figure 5-2 Reduction of P-V-T data for methane to yield second and third virial coef-
ficients (data from various sources).



CO,, T=400 K

P (bar) v(em3/mol) /v Po
U —=1
RT
10.8265 3599.42
20.633 1871.36
30.459 1255.10
.......... ul.uo KXy
water, T=400 K
P(b 3/mol 1/
(bar) v(cm3/mol) v "
v —-1
RT
5.62 20.842
7.57 20.839
10.6 20.833

5.3 Extension to Mixtures

m m
Buixt = 2, 2, %iY;Bj
i=1 ]:]

for a binary mixture

BITIIXI = vazBﬂ' +2y'nyU + }'?Bﬂ
22)5 okl 5 Jpard 5l 0l o0 Bij sl BT Sledllel (0500 29250 D j30 50

)

remliislal sle ool 5l salinal L Bij aulows agz

3B,
lim | —MXL ) =2(B; - B,
Brixt = Y7 B +2y1yByj + ¥7Bjj Y0 ; ) (Bjj — By)
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CO2-water mixture at T=400 K, mole fraction of water=0.02

P(b 3/mol 1/
(bar) viem3/mol) v PI} 1
RT
6.17 6340.79
19.52 1977.46
41.58 909.49

CO2-water mixture at T=400 K, mole fraction of water=0.03

P (bar) v(cm3/mol) Liv
v ﬂ~-1
(&)
8.69 4488.23
27.36 1399.73
57.79 643.80
b bolio Jb g pom s yd
m om m
Cruixt = 25 2. 2. %Y " Cie
i=1 j=1k=1

for a binary mixture
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5.4 Fugacities from the Virial Equation

fﬂ_ 1 4 —SXL Brmixt +&ﬁ_x.‘_
RT v v?

1 Buix , Cmi
P=RT(—+ oo ";"‘)
v v v

Ing; =-2>’130 ey Z Zy,ka,k =102

2 31
Ingy = ;()'1311 + Y2312)+'2-fv—2()’12Cm +2y172C112 + ¥3C122) = In Zppine

Ing; = Zy_, i = 1N Zpixt
j"l
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3
By, = (B + B}®) = —79.96 cm¥/mol

Bml'x = }'1231 + 2}"1}"2812 + _}r;sz = —H2.39 cm‘gf’mol

Pv — Bmir 2 RT RTBmix — 3 PBmix _
ﬁ_1+ y 7 i P =0—-Z"—-2Z RT =0
7=0.8535 , 0.1465 W\

0.8535 is the real Z
v=ZRT/P=425.737 cm’/mol

2
@ = exp (; (y1By + y2B13) — .‘.'HZ) =0.775

2
P, = exp (; {J’sz + }"1312) - EHZ) = 0.901
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5.5 Calculation of Virial Coefficients from Potential Functions

- =]
By = ZTINAL [1 —e-r*'-"(r]'fw]rzdr

Na: Avogadro’s constant, &: Boltzmann constant, I'; potential function, r: interfsolecular distance
o fls (Ko JaSlpe fo olmg o 4 il 2
e Cp slag o gl
1- Electrostatic forces
2- Induced forces
3- Force of attraction and repulsion between nonpolar molecules

4- Specific chemical forces: hydrogen bond
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ij = ZRNA -‘l[) [l —e_hrij[r:"fkr}rzdf

%

) Ly 2
B= ZnNﬁf [1=e"] rzdr+21'rNﬁj [1—e™]rédr =§T[NA(T3
0 i)

o for r=ao r
I'= _K ey
r_ﬁ for r>o 0

- — q

SUTHERLAND

Sutherland potential -%

[

(Soft sphere potentialy » ;2 & Jas L Lennard-Jones potential  -¥

12 [
S CAC I
r r
0 o
!
€
& iV g

a (&) ek (K)
Ar 3,499 118.13
Kr 3846 162.74
Xe 4,100 222,32
CH, 4,010 142,87
N, 3,694 96,26
CH, 4.433 202.52
GHg 5220 194.14
C3H, 5911 233.2%
C(CH,), 7.420 233.66
n-CeHyy 7.152 22374
CeHg B443 247,50
Co, 4416 192,25
nCyHy, 8.540 217.69
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sigma = 4416+ 10" % cm

sigma=4.416¢e-8;

r=sigma/1000:s1gma/1000:30*s1gma;
f=(1-exp(-4*192.25/400%((sigma./r)." 12-(sigma./r)."6))). *r." 2;
B=2*p1*6.022e23*trapz(r,1)

B=-61.3 cm*/mol

W [o for r<c
I'=<-¢g for o<r<Ro
0 for r>Ro

R3I-1 e
B=hyR?| 1- -
by [ 2 mpkr)

2a

a* = 2af(o - 2a)

'Y

iSquare-well potential ) e e ols Lol -4

SOUARE-WELL

The Kihara potential -7

KIHARA
{Spherical Core)

€
& J..afl ¥ Jgis

a* a (&) ek (K)
Ar 0.121 3317 146.52
Kr 0.144 3.533 213.73
Xe 0.173 3.880 298,15
CH, 0.283 3.565 227.13
N, | 0.250 3.526 139.21
0y 0.308 3109 194,34
CH, 0.359 1.504 496.69
CyHy 0.470 4.611 501.89
CF, 0.500 4319 289.7¢
CICH,), 0.551 5.762 551.75
nCHg 0.661 4717 70115
CH, 0.750 5.335 g3z.0f
co, 0.615 3.760 424.16
r-CgH, 0818 5.029 B37.82




5.7 Virial Coefficients from Corresponding-States Correlations
McGlashan and Potter for methane, argon, krypton, and xenon

For example, McGlashan and Potter (1962) plotted on reduced coordinates ex-
perimentally determined second virial coefficients for methane, argon, krypton, and
xenon; the data for these four gases were well correlated by the empirical equation

Ye

<1 -2
i =0430~ 0.886(1J - 0.694[—) (5-52)

m m
Brixt =2, . Y:YBij
i=1j=1

For calculation of B;;

3
L
q! 8 G ¢;

TC,)- = (Tc,- 7;:,. )1/2

MeGlashan et al. for alkanes and alpha olefins

wasmrmmp m g s -

For example, McGlashan et al. (1962, 1964) measured second virial coefficients fqr
normal alkanes and a-olefins containing up to eight carbon atoms; to represent their
own data, as well as those of others, they used an amended form of Eq. (5-52), i.e.,

W

-1 -2 -45
B T T T )
£ _ - —| -0694 —| -00375(n-1)| — (5-58)
0.430 n.saﬁ(T ] 0.69 { T ] ( [T

Ue c c e

v (cm® mol™!) = 2507 + 50.38n + 0.479n2 (5-59)

=PI - "-."1'_"". -4 ,u:-ﬂ'-!
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m m
Bunix = 2. 2. ¥iY;B;
i=1 j:]

For calculation of Bj;

1 3
v, = -—(v”?’ +v”3J
i, ] [}

G

i T g

J
lT - 1/2
Cﬁ - (TC‘ ch }

1
ma = -i-(nl +n2]

Schreiber and Pitzer

(5-60)

Schreiber and Pitzer (l%‘ﬁ‘ave proposed a correlation of the form indicated by

Eq. (5-65). They write

1 ;
BU’ = E(Bi«lfg + B;‘H)g

m m
Brixe = 2 2 %i¥;B;
i=1 j=1

BP, S -
RTc:c =0 +c'2TRl +f;31’],32 +c4TEG (5-66)
C;i =CjptOC) (5-67)
Table 5-8 Coefficients for Eq. (5-67).
i Cio Ci1
1 0.442259 0.725650
2 -0.980970 0.218714
3 -0.611142 -1.249760
4 -0.00515624 -0.189187




Tsonopoulos: the second Virial coefficient

Tsonopoulos (1974, 1975, 1978) gave another correlation for second virial coef-
ficients in the form

BF _po| L +mF':”[I-] (5-68)
RT, T, T,
where
F"°) l 01445 0.330 B 0.13235 B 0.01321 _ 0.0003607 (5-69)
< ' TR Ty Tg TF
y 008

e T) - 006374 2331 0433 B ong (5-70)

T, T2 TR Ty

1
By =5(B +B87)’

m m
Bumixt = Z 2. %iY;By
i=1 =]

Tsonopoulos: the third Virial coefficient

CP} _ M
Cg = T )2 =FY"(Tp)+oF " (Tg) (5-76)
c
FO(Tp) =001407 + 0':_22'_1332 - 0':?3513 - (5-78)

R

001770 0.040 0003 000228

FO(Tp) = -0.02676+ + -
R T}%-“ T,%“ T;?'“ Téo.s

(5-79)

m m m
Crixt = 2, 2. 2. Y0¥ i¥Ciie

i=1 j=1k=1

for a binary mixture

Cmui = }'1 il i + "}’; J"J (1] +3)’;}'IC¢ +}'j

113
[k = (CiC i Ci)



& ¢

1 3
v, =_(vlr3 +U1{3]

Tq} = (Tq?';‘j]lfl
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Ci12 = (f::l"[:'122)1";:z and Cypp = (626122)133

5.8 The “Chemical” Interpretation of Deviations from
Gas-Phase Ideality
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ZnRT  0.75%1%83.14 % 300
— — = 18706.5 cm?

P 1
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5.9 Strong Dimerization: Carboxylic Acids
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Dimerization equilibrium constants for acetic acid and propionic acid.

5.10 Weak Dimerizations and Second Virial Coefficients
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B= Bnonpolar + Bpolu

Lambert has shown that Bpom is directly proportional to the dimerization equilib-
rium constant:

Bpojar = =RTK / PO (5-107)

where PO is the standard-state pressure (1 bar).
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5.11 Fugacities at High Densities
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5.12 Solubilities of Solids and Liquids in Compressed Gases
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Gas phase (1+ 2)

Pure solid (2)

7=p (5-121)

& = PIgS exp r Y2 gp (-122)
272 %‘ RT
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