Chapter 4: Phase Equilibrium

Equation of state for a pure (single component) gas:

ldeal cpe: PV=RT V= _wolome  nV=tofalvoiome =V T
lag'e]lS)
oeAne CompFESSiDHH-LB foctor (2D ¥ =_Pv
RT
Deﬂs‘rhts exponNsion: Z= 1+ 6P+. .. where p=_1_
v
Preasure expansionN: Z= 1+ B P+...

The pressure expansion form, which tends to be the more convenient form, is often written in terms of the coefficient
for the density expansion (B) since the coefficient is easier to predict and is the one generally measured
experimentally. The following approximation is therefore often used:
=1+ 5P 5: density series coe feicient
RT P: pressore expansion

Prediction of B: Three parameter correlation of Pitzer and Curl

Parameters: R, 7Tz, O +He ocentric facha)
Note:w=90 fof inert spherical qqsefy e Aretfc

BB = BN+ W) Note: Tr=_T
RT. T
ElT)=0.083~Q.u22 2 MD= 0139 =072
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T T

Virial equation of state for a multi-component gas:

Ly = PNmix = ond  Ziy = 1+ DoixP
RT RT

where Bmix = Z JZ 4.9, By

2= pore cjos &)

Bz = vcross” coeffcient (Biz= Bz:)
Eif)or% mixtore (Bmix) = 92 Bu+ Ztﬂ(szalz -nﬂz’“ P22

Extension of Przer and Curl corrmEIahion to mMitOres:

By Py = B'(Tr )+, B’CTr,) where Trjs T
RTe; Teij

W, e, Pey Are qven by emnperical comeraions
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Define fugacifg (escaping tendency) for a pure gas:

d&G =RTdINE) ond im (_\C._) = £ =P for
P->0 o
P an idea) oos

Foguerty coeficientt (n+hermo s Wy: £ =@P

da = RTIN(F dG, =RrTdinf,

P_I)ign(i\>=l P_l)ign<_-é_=
g NN

+=gP € =D44P

where G, (partial molar” Giblos energqy) is:

G, ~(@na
N JTRn;

I ~
Relation between ¢ and (& cand £ and 5

e ~
< Sn mQ§ N = m¢i ANINE) =N _f:
C"DF\.l /T_,Fin_" 3ANi T RN X
So that In @.l is the partial molar property associated with In@ and In £, Is the partial molar property associated with
In f. N

Using these relations it can be shown that: m&j = _DR:
L
RT

However, the above result yields complex results for @ as a function of composition. To simplify we can often use
the "Lewis Fugacity Rule" which states that: -

DRy =B TGP, w1

so the dependence of ¢Lon composition is removed which leads to:
A
fyd.P where @ = exp (B,PIRT)

We will show later that this is equivalent to assuming an ideal mixture of non-ideal gases.

The equation of state approach is less useful for a liquid. Instead, for a liquid, use the concept of activity.
a. = _£
£, & Aqcty in s stondud Stafe - pore iquid at Tand P of mixture
For an “ideal mixtnre”: £ = xLF:‘

e activity coe@icient reiakes £ and F4: ¥ = £ =0 +rot F- EXF
L L Aid (" [
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Theories for liquid phase activity coefficients:

Regular solution theory:
2
e} (5\.L=M_@Q V.= molarvolome of pure |
RT SR Solubility poraMeter of pure |
= Solobi l'rt-r:,\ corametey of Hhe mistulre

>_,_>‘/ 2 onere = AHuwi -PAVA
= 2 §)\Vj% Not€ Hhat _NiXe = \olume Fraction of
- @

JZ i X compoNeNt L
2 NX;

Let's apply the idea of an activity coefficient to a gas mixture with the standard state being the pure real gas
component at the T and P of the mixture...

:’F\i.: 5, Y @i
‘ i

Now set ¥. =1 (ideal mixture) and you get (and again!) the Lewis Fugacity Rule. Lewis Fugacity Rule assumes that
we have an ideal mixture of non-ideal gases.

Additional relations often needed in phase equilibrium relations:

Watson Equation

Tz 0.375
IN(P*=")=A-_BPu Ay By, and Ciare the AHy AH-U'T L= L
L L s T
e, Antoine Constants I = -rc

Liquid Phase Heat Capacity

_Ce=-Cpt =256+0.430 (=T +w [z.oll+‘—£.28 G- T+ 0.290 Cl—‘l‘r)":l
R

The above result is the Lee-Kessler "heat capacity departure function." Cp® can be obtained from thermodynamic
handbooks.

Note that the dependence of Cp on pressure is given by the equation of state:
<_(“xp_ = —T(_Q,ﬁL
SP T aT?

For an ideal opis, ( >
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Vapor-Liquid Equilibrium (VLE)

o
@

I_iq:.)id

Statements of equilibrium:
M, T W wohere =G = chemical potential
or fi,v =-F"‘1n'
gubsttotng Y PP =X 8 £ — -+, = -foquaity OF pure i b Tand P of mixtore,
voyoor presemu’epoﬁ e Lot T

+° = Pi,sot ¢c,soi- exp g Nt dP
L k_ﬂ'\’}

=T
Foopeity of liquid R,sor

L onder 1= ownN) Do%rvﬁrq QoeECctionN
VOO pressone (uaouus ~1>

Finol ResOM: o PF, = X8 P sotPosar

Raoult's and Henry's Law

Select standard state for liquid so that x*_L =1 in the concentration range of interest

General equation: cjlpé\l =Xa&aﬂ°

Raoult's Law: & =, @;:'; £ = Py saxt
v Lvoyoor pressue of cu®e ¢ at T-

QiR \ =
Henry's Law: &L=[" 'Qﬁ =l ‘F:_':( % > L

L
lim x>0
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Some simple results:
K';: eq_o’:ritom'um r‘o:ﬁo:—ljf— K. = _&ﬁu&ed‘_gﬁai_

ideal mixture
Forideal gas and quuid’\, Ki is not a function of composition: Ki= B ot
A P

If we use the Lewis Fugacity Rule and an average value of ¥, for each component, we will again get Kiindependent
of composition. These are the assumptions used to produce a DePriester Chart.

Cs C=z

See vaNkoot
+extcook for
exampIlEs of thiS

lo l S
T dzo%mqm
! o-f
Relative Volatility
><v K. 5 7 3
Xy = L = i o= < _CZL,SQ:#_ngj-_Qﬂ_ = —
ST K3 85 Do P sw@ i
X; Xy
if ideau: oty = _Plueat ¢ fonction of Tonty
B oncr
for oo bmou‘aj nMixtore A+D):
3 "
Xap=_Xa A0, G+ Xe=dptYs = | which yeds: U= —Xam Xa
U +(tas — D Xa
Xe
for o MmOkt componEnt mMmixture :
-
oy=_ X% ord Z“j‘ =2 =1 wonieh geids: j 2Ol wCon selecH |
Ly L ZOCKj W ocoitrorily +
%3
for+wo liquid proses in confact
Xia K2
— ) oij= Xz = Sz ThiS AMes +~rom
2 i,j Xy Sia S XL.F\°=C§L2><¢2F°
X2 Ciz
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Phase equilibrium calculations for VLE
Consider the case where 5 components are present...

Gibbs phase rule:

DOF: 2+C—TT —~ 2+5-2=5 C = components
T =phoses

Need o spec’ufu_g 5 independent variobles in S s

Examples:

1. "Bubble T" problem

Determine boiling point temperature and composition of a vapor if pressure and liquid phase composition are
specified.

5@'@4: X, Xa, Xz, Xy, X5, P ... n—1 Xs are mndecendert

Determine A L.la, sz,, tﬁq,ujs,“l‘... fo(“ﬂmpﬁ@lﬂ,%@zﬁ- s 0 & oNKNoOWND

Eq)OiONS:

- XK Dt Bear =0 1D o= Xo82PrintBsat = 0 ()
% Pél E P@z

s~ XafaPseatBeat =0 () g- XaluCusarDyses (1)
% Pa)3 Lj Paﬁq
Ljs—.Xs.(S‘sé%mL&mt:o 4] (:g|+cjz+cj3+%u+tj5-f=o qT))]

2. "Dew P" problem

Determine the pressure and composition of liquid when a liquid is condensed from a vapor at a given temperature.
59601‘:5@1 94 Yz, Ys, cju,l-js,_r

etermine: X, Xg, Xa, Xy, X5, P ese fread tis oo 0 oNKNOwND

@LIIHO/‘\S:

X,= I DQ, =0 K= (mp,@ =0
0, Do+ R, = bAz@;sar P, aa

Ra— ( !apé% =0 Ry— ( !upéu =0
0 Dasct B,ear O Thyysc+ B, oo

X = (!=.D¢=. =0 X+ Xz+Xz3+Xy+Xs —[= 0O
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