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Abstract--A compulational meti~r of an availability funclion, which is essential to thermodynamic 
efficiency analysis of separation processes, is provided. "/"he proposed subroulines of vapor-liquid equilibrium 
enlropy and subsequent availability function are incorpcrated to the general thermodynamic properties esti- 
marion dalabanks r Fredenslund el al. ill a~d Prausnilz el al. [2]. The improved databank ca~ be used to cal- 

culate availability function of mixtures i Jr up [o 20 compone1Hs made of any combination of 100 species of in- 
dustrial importance. To illustrate the applicability of the meH~r and the dalabank, the program is tested to 
calculate the nm~imum separation energy in adiabatic and isothermal equilibrium flash distillations for va- 
rious mixtures. Regardless of cl~Jse- and wide-boiling nli:,:tures, [tie availability departures from ideal state are 
usually significanl. Wilt]in lhe limits ,~f thermody~anfic flamew<~rks derived here, the calculated ideal availabi- 
lities and minimum sel)arati(m energies show large deviations from Ihe values with nonideality corrections. 

INTRODUCTION 

Most of available energy sources needed in chemi.. 
cal and related industries are consumed by such pro- 
cesses as distillation, absorption and extraction. Espe-. 
cially, since such processes are designed and operated 
with high level of empiricism due to their complex na- 
ture of process characteristics, these separation proces- 
ses consume large amount of extra uselu[ energy. 
Thus, it is highly possible that those processes can be 
operated more efficiently through systematic ther- 
modynamic analysis of existing separation processes. 

The systematic thermodynamic efficiency analysis 
in separation processes or energy conversion facilities 
can be used as a criteria for new energy-integrated 
design and improving existing processes. However, 
the primary step in thermodynamic efficiency analysis, 
of separation processes is the accurate calculation of 
minimum separation energy for nonideal vapor-liquid 
equilibrium mixtures. 

With the realistic thermodynamic efficiency analy- 
sis in mind, a program package to calculate ,availability 
for vapor and liquid mixtures at equilibrium is provid- 
ed in the present work. Even though proposed data- 
bank is basically the same as those general equilib- 
rium property databanks of Fredenslund et al.{1] and 
Prausnitz et al.[2], the subroutines of entropies of 
nonideal vapor-liquid mixture and availability func- 
tions are added to extend the conventional databank 
for the availability calculations. Therefore, the propos- 
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ed databank can be used for process efficiency analysis 
as well as for conventional process simulation. 

AVAILABILITY FUNCTION 
A MINIMUM SEPARATION ENERGY 

The separation of a fluid mixture into two or more 
products of different compositions at the same tem- 
perature and pressure necessarily requires a sort of 
process device which consumes useful energy. The to- 
tal energy demand is entirely dependent on the char- 
acteristics of equipment and its mode of heat and mass 
transfer, or internal mixing. However, to analyse the 
thermodynamic efficiency for an equipment or a sub- 
system, the minimum separation energy demand must 
be analysed first. The minimum work demand for a se- 
paration is found by postulating a hypothetical ideal 
process no matter what process is employed to accom- 
plish it. Then, the minimum work requirement is de- 
pendent upon the composition, temperature and pres- 
sure of the mixture to be separated and of the pro- 
ducts. The minimum work required to separate mix- 
tures is obtained by calculating the increase of avail- 
ability of products with respect to the feed. The avail- 
ability B, sometimes called the energy, is defined as 

b =  B = h - T o S  (1) 
m 

where To is the reference temperature, from or to 
which heat can be transferred on a free basis as discus- 
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sed by one of the authors[3,4] and by other[5]. The 
balance of availability change between products and 
feeds is a measure of the minimum separation energy 
required for separation 

AB = W'~ . . . . .  = Z' (mb)-  Z' (mb) (2) 
p r Od  uC t f e e d  

Therefore, the calculation of availability or minimum 
energy is reduced to the calculation of enthalpy anti 
entropy changes with respect to reference tempera- 
ture, To. The minimum separation energy represents 
only a lower bound on the energy that must be con- 
sumed by a separation processes. In most cases the 
energy requirement for a real process will be man,r 
times greater than this minimum. In the coming sec- 
tions we discussed in detail the thermodynamic frame- 
work for the accurate calculation of the availability 
function. 

ENTROPIES OF VAPOR-LIQUID EQUILIBRIUM 
MIXTURES 

Vapor  Phase  
The entropy of a vapor mixture is first obtained 

from zero pressure heat capacities of the pure compo- 
nents and then is corrected for the effect of mixing and 
pressure. The heat capacity of an ideal vapor is a fun- 
ction of temperature. Among various proposed corre- 
lations, we used the following relation; 

C*p~=D,~ + D 2 , / T + D 3 , T  +D,~In  T (3) 

where the units of Cj,. and T are J/mole-K and Kelvin, 
respectively. 

We used the data of Prausnitz et al.[2] for the sets 
of constants D 0 for pure components Eq. 3 appears to 
be the best available for typical vapors over the tem- 
perature range 200-600K. Eq. 3 should not be extra: 
polated outside the range of fit to avoid the serious er- 
ror. The entropy of a pure ideal vapor at temperature 
T, relative to reference temperature To, is given by 

/ S~ a = C*m / T  dT (4) 
o 

For an ideal vapor mixture of m components, the 
entropy is then, 

:S ~a= . , ~ y ~ l S { a - R l n ( y ~ P / P o ) }  (5) 
t = !  

where yl is the mole fraction, Po the reference pres- 
sure, 

For a real vapor mixture, entropy can be calculated 
from an equation of state with the departure correction 
from ideal vapor mixture 

S ~= S '`~+AS . . . . . .  t (6) 

where AS ~~ is the molar entropy correction for the 

vapor mixture which is given by 

f ~  
AS  . . . . . . . . .  ( 3V ) p, ydP (7) 

a T  

where V is the vapor phase molar volume. To integrate 
Eq. 7 for nonassociating mixtures, the values of second 
virial coefficients are calculated based on the correla- 
tion of Hayden and O'Connell[6]. The virial coeffi- 
cients after second are truncated in the present work. 
The result is 

. . . . . . . . .  JP 2~.~ ycyj ( ~ )  (8) AS 
l J O l  

where J is the unit conversion factor (0.0988 J/cm 3- 
bar) 

For an associating vapor mixture, where strong di- 
merization occurs (i.e., either the association parame- 
ter r2r or G>4.5), the molar entropy based on 
one stoichiometric (apparent) mole of the vapor is 

S"  = 8 l"  + AS . . . . .  (9) a 8 8 o c  

where AS ass~ is the entropy correction per apparent 
mole of the vapor at the same T and P relative to the 
ideal vapor at the same T and composition. 

For such associating vapor mixtures, the chemical 
theory is used as done elsewhere[1,2,6]. The final deri- 
vation result based on Eq. 7 is 

AS . . . . .  = o S ~ ASche,, + .4 phy~ (10) 

where 

o _ n t  T ,gB;~, 
A S c h . . - - -  (n ; )R '~ ,  2~Z,~{(1-~,,~~ ( ~ :  ,' 

l nBg  ( 6 " . -  2) )I (11) 
RT 

.... - z z ,  bf, AS - -  ( )Pl  (~-- )  

, 'Z (OB[')I 
+ ~ ~ " "  a T "  (12) 

Here, nr is the ratio of the true number of moles to 
the apparent number of moles. Kronecker delta &,= 0 
when i =~ j and ] when i = j. The superscript D repre- 
sents the dimerization contribution, and F the free 
contribution to the real vapor entropy. 
Liquid Phase  

The entropy of a liquid mixture is given by 

m 

S L = S ' a +  T.. X, AS, (13) 

where S id is given by Eq. 5 with y's replaced by x's. 
Here Ags is the partial molar entropy of component i, at 
T,P and composition of liquid mixture relative to the 
molar entropy of pure ideal vapor i at the same tem- 
perature. The partial molar entropy for every compo- 
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nent i is found from an appropriate form of the Gibbs- 
Helmholtz equation 

~ -  ),,. ~= - RT ~ RT ~ RT ~ (14) 

where the fugacities of liquid for condensable compo- 
nent and for noncondensable component are given 
by 

f~,eo = po~ po, ~,P, V~ x , f~  exp ( ~ - )  (15) 

~TP f~='= YF:x, f~oL exp ( - - ~ )  (16) 

where the superscript (Po) represents pure liquid i 
at T corrected to zero pressure and (oL) represents the 
hypothetical state (the fugacity of pure liquid i at sys- 
tem temperature T) and denotes at infinite dilution. 

For condensable components, the pure liquid fuga- 
city at zero-pressure is given by 

In f,r = C ~ ~ + C~ ~ /T+C3 ~T+C,  ~ln "[ + C  s ~ T '  

(17) 

where the C's are constants for liquid i. These con- 
stants can he determined primarily from vapor pres- 
sure data and secondarily from vapor phase and li- 
quid-phase volumetric data. However, in the present 
work, the values of constants are taken from the works 
of previous investigators{I,2]. 

For noncondensable components, the fugacity at 
hypothetical state is an essentially arbitrary function of 
temperature and we used the correlation in the origi- 
nal databank{2] 

1n(~)=7 .224-7 .534(~- - - -~)  ~ - 2 . 5 9 8 1 n ( T ~  ~) 

(18) 

where P~, and Tr are the critical pressure and tem- 
perature, respectively. 

With appropriate integrations of Eq. 14-16, the foll- 
owing equations are derived and programmed into the 
databank. First, for condensable liquid mixtures, the 
total entropy is given by 

where h~ is the partial molar enthalpy which is relati- 
vely well defined in the literatures[I,2] and we used 
those same equations in the present databank. Also, 
for liquid mixtures containing both condensable and 
noncondensable components, the partial molar en- 
thalpy equation is used 

,3hL =h~ x -  D,~2 ~d In f~eo:, 
, ,~  ~ d~l ~ ) , , , , ~  

all condensable 

I a In 7'F' .din fOL 
- RT 2 ~ - - ) , , ~  - R T '  I - d ~ - )  . . . .  

\ _ { 
all noncondensable 

(20) 

OTHER EQUILIBRIUM PROPERTIES AND 
DATABANK STRUCTURE 

In order to calculate accurately the availability fun- 
ctions for vapor and liquid phases, enthalpies are re- 
quired in addition to entropies. Also, for an acc.urate 
calculation of enthalpy and entropy, the other proper- 
ties such as activity coefficient and fugacity coefficient 
are required. However, all those additional properties 
calculations are well defined in the original databanks 
which are improved in the present work. Thus, a de- 
tailed discussion of such properties is inappropriate 
here. Interested readers are referred to ,the works of 
Fredenslund et all1] and Prausnitz et al.[2]. The sub- 
routine of availability for vapor and liquid mixture sys- 
tem of up to 20 components at specified T, P and com- 
position is programmed by FORTRAN 77 for IBM-PC- 
XT. 

EXAMPLE CALCULATIONS OF EQUILIBRIUM 
SEPARATIONS IN MULTICOMPONENT SYSTEM 

Effects of Nonideality Correct ions for Equilib- 
rium Mixtures 

To test the applicability of the method for calcula- 
ring availabilities, the vapor-phase and liquid-phase 
enthalpies and entropies for ideal state and nonideality 
corrections results for various equilibrium mixtures 
are compared in Table 1. The deviations of ideality 
and nonideality corrections of the calculated enthal- 
pies and entropies in the vapor-phase are usually 
smalh 

However, the deviations of calculated values in li- 
quid phase are large, especially, when a liquid mixture 
forms an association between molecules. 
Equilibrimn Separation Availability Calcullation 

The improved databank presented here can be in- 
corporated into many of the well documented calcula- 
tional procedures or process simulators for the purpose 
of solving conventional design problems or analyses of 
separation energy audit in distillation columns and ab- 
sorbers-strippers. The flash calculations are the most 
appropriate application of the phase-equilibria since 
multistage separations are usually arranged with coun- 
tercurrent flow of the equilibrium phases between the 
stages. In this section, by adopting the step-limiting 
Newton's method[2,7], the databank is implemented 
for adiabatic and isothermal equilibrium flash calcula- 
tions for six mixture cases as shown in Table 2. For 
mixtures that are not extremely wide-boiling, conver- 
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Table I. Significance of nonidealities corrections in enthalpy and entropy for various vapor-liquid equilibrium 
mixtures. 

Componer~ts Mole  fraction Press Tem]~, Vapor-phase Liquid-Phase 

ideal only corrected ideal only 

vapor Liquid (bars) (K) H S H S h s 

corrected mixing 

h s 

Benzene 0.268 0.243 

Cyclohexane 0.249 0.250 

Melhylcyclo- 0.155 0.286 
hexane 

n-Hexane 0.328 0.220 

Carbon tetra- 0.200 0.200 
chloride 

Elhanol 0.379 0.164 

n-Propanol 0.086 0.103 

Cyclohexane 0.214 0.197 

Toluene 0.121 0.336 

Acetic acid 0.003 0.021 

Ethav:ol 0.243 0.089 

Ethyl acetate 0.315 0.061 

Wate~ 0.440 0.829 

Carbc, n lelra- 0.083 0.104 
chloride 

Ethanol 0.135 0.092 

n-Propanol 0.055 0.111 

Cyclohexane 0.094 0.101 

Toluene 0.129 0.217 

Acelone 0.122 0.095 

Methanol 0.185 0.080 

Water 0.196 0.201 

1.0 353.6 6.306 0.032 6.473 0.03 l -23.69 -0.043 -23.82 -0.043 

1.0 346.4 3.709 0.025 3.834 0.025 -30.63 -0.065 -30.65 -0.065 

1.0 353.9 3.738 0 .021  3.324 0.022 -38.76 -0.101 -38.81 .-0.101 

1.0 344.6 2 .941  0.027 2.847 0.026 -33.15 -0.066 -33.03 --0.066 

gence is usually achieved in three or four iterations. 
Case 1 through case 4 in Table 2 are typical of relative- 
ly close boiling mixtures, the latter case 3 exhibit sig- 
nificant liquid-phase nonidealities. Case 3 and 4 
shown in Table 2 show strong vapor-phase nonideali- 
ties as well. In all of the cases the results of availability 
departure from ideal state are not negligible. Especial- 
ly, when a mixture forms association species (Case 3 & 
4), the ideality assumptions overestimate minimum 
separation energy more than several times with res- 
pect to the values calculated with nonideality corre- 
ction. Within the limits of thermodynamic frameworks 
derived here for phase-equilibrium entropies, it is ob- 
vious that the nonidealities in vapor-liquid equilibrium 
mixtures must be corrected when an accurate availabi- 

lity analysis is needed. 

CONCLUSION AND PROGRAM PACKAGE 

Toward the realistic efficiency analysis, a reliable 
method to calculate availability is proposed. With ther- 
modynamically consistent equations for calculating 
the vapor- and liquid-phase entropies, the existing 
conventional databanks are improved to be applicable 
for both conventional process design simulators and 
for purposes of analysing thermodynamic efficiency of 
energy audit in separation processes. 

The program listing can be obtained from the au- 
thors upon requesl for further interested readers. 

March, 1988 



Calculation of Vapor-Liquid Equilibrium Availability Function for Multicomponent Mixtures 45 

0 "r, 

~  

t -  

0 ~  

~ r.,..) 

e,i 

~'~ .2-1 

L'~ ~ 

> ~ ~ 

I 

W T 

- -  i 

W 

~. ~ ~ 

~ b ~ -d 

.&_ . ~  

p_ 

, ~ ~ 

i ~ I t 

o ~ e,i 
1 i I I 

i I [ I 

m m ~ 

~ .~ < ~ ~ ~ ~ . ;  ~ ~ 

- ~ ~ ~ ~ 

Korean J. Ch. E. (Vol. 5, No. 1) 



46 K.D. Choi et al. 

ACKNOWLEDGEMENT 

The authors are grateful to the Korean Science and 
Engineering Foundation for the financial support. 

NOMENCLATURE 

B : total availability function, J 
b : molar availability function, JJmol 
B,j : second virial coefficients 
C~j : coefficients in the correlation of pure liquid 

state fugacity 
Di/ : coefficients in zero-pressure heat capacity 

equation 
C,~ : heat capacity, J/g-mol-K 
h : molar enthalpy, J/mol 
J : unit conversion factor, 0.0988 J/cm3-bar 
m : number of component mass 
n : number of moles, mol 
P : pressure, bar 
R : gas constant 
s : molar entropy, J/mol-K 
T : absolute temperature, K 
W : separation energy 
x : liquid-phase mole fraction 
y : vapor-phase mole fraction 

Greek Letters 
: Kronecker delta 
: association parameter 

~' : activity coefficient 

Superscripts 
oL : hypothetical state pure liquid 
Po : zero pressure pure liquid 

id : i d e a l  
V : vapor 
L : l i q u i d  
D : dimerization contribution 
E : Excess property 
F : free contribution 

: partial molar quantity 

Subscripts 
assoc : association of vapor-phase 
rain : minimum separation energy 
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