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Abstract—Simple andytical expressions are proposed for the calculation of the equilibrium pressure and the mole
fractions of both liquid and vapor phases of propane+hydrocarbon binary mixtures. The new proposed expressions
are based on a simple analytical expression for the vapor pressure of pure non-polar fluids, which, for a given tem-
peraure, only requires asinput the values of the Lennard-Jones molecular parameters and the acentric factor. A properly
modified Lorentz-Berthelot mixing rule is used, the interaction parameters being given as simple functions of the tem-
perature and concentration with eight constants for each binary mixture. A different mode is proposed to caculate
the vapor mole fraction in which four appropriate constants are needed for each mixture. Here, it is shown how the
models can reproduce accurately and straightforwardly the vapor liquid equilibrium properties (pressure, liquid mole
fraction, and vapor mole fraction) of binary mixtures containing propane.
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INTRODUCTION

Rdiable vgpor-liquid equilibrium (VLE) corrdation is congtantly
in demand for the design and simulation of separation processes.
Propane is contained in oil reservoir fluids and in naturd gases, 0
accurate means for corrdating and predicting the phase-equilibrium
variables are of secid importance. Also, predicting the behavior
of systems and processes & conditions for which experimentd data
are not avalable is common in indudtria gpplications, and there-
fore accurate rdiable corrdaions are needed. Equations of Sate
(E0S) are generaly considered the most gppropriate modesto cor-
relate and predict phase equilibrium in mixtures, one of their clear
advantages being that the required procedures have been widdy
udied and are wdl known.

When the properties of interest are those of VLE, the method of
EoS, dthough accurate in a greast number of cases, is neither Sm-
ple nor graightforward. Thus, a firg gep in the Sudy of a given
mixture isthe choice of an appropriate expresson for the EoS. How-
ever, asit iswdl etablished, no Sngle EoS currently exigs thet is
equaly suitable for the corrdation of vapor-liquid equilibrium of
al dases of binary systems, and over the whole range of tempera:
ture, pressure, concentration and molecular variety. Moreover, the
gpplication of an EoS to mixtures requires the use of mixing rules
to represent the dependency of the EoS on concentration and com-
bination rules to represent the interaction between the unlike com-
ponents in the mixture. Mixing and combination rules range from
the smple Lorentz-Berthdat or van der Wadls rules to density-de-
pendent or concentration dependent expressions [Huron and Vidd,
1979; Stryjeck and Vera, 1986; Wong and Sandler, 1992]. The ac-
curacy in correlaing VLE obtained by this method depends then
on the EoS used and on the mixing rule employed [Englezos et d.,
1990; Ashour and Aly, 1996]. Also, binary interaction parameters
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mug be introduced to obtain more accurate results Such interaction
parameters are obtained by fitting experimental phase eguilibrium
data a each temperature. These binary interaction parameters are
sengtive to many factors, induding the ranges of temperature, pres-
sure and concentration and the quidity of the experimentd data [Pal-
ishuk et d., 1999]. In many cases, multiple binary interaction param-
eters are found, so a good and efficient searching and optimization
agorithm mus be used [Vaderrama, 2003]. Some authors have
proposed empirica and semi-empirica corrdations for these interac-
tion parameters [Chueh and Prausnitz, 1967; Graboski and Daub-
ert, 1978; Arai and Nishiumi, 1987; Coutinho et d., 1994]. None
of these proposds, however, have proven to be of generd applica
bility, and at present there does not exist any accurate predictive or
correlaing way for evduating the interaction parameters. The avall-
able corrdaions and esimation methods are not dways suiteble
for extrgpolaion [Coutinho et d., 1994] and in many cases are only
gpplicable to particular mixtures [Gao et d., 1992]. Some of the
previous problems can be solved by usng EoS based on molecular
parameters[Cotterman & d., 1986; Cotterman and Prausnitz, 1986;
Kisdev et d., 1998; Blasand Veega, 1998; Fermegliaand Prid, 2001].
Although the results are in many cases more accurate when these
expressons are used, the proposed andytica forms of the molecu-
lar EoS are generdly difficult to handle.

The am of the present work is to propose a Smple expresson
based on a recently proposed molecular modd for the vapor pres-
sure of pure non-polar fluids [Falindez et d., 2000]. A smple mod-
ified vergon of the Lorentz-Berthelot combination rules, in which
the interaction parameters are given as functions of the temperature
and the liquid-phase concentration, are dso used. In addition, another
dmple expression is used to obtain the vapor mole fraction. Com+-
pared with methods that use EoS, the proposed modd alows one
to cdculate directly and straightforwardly the VLE properties for
smple binary mixtures by only knowing the Lennard-Jones (LJ)
parameters and the acentric factor of each subgtance [Falindez &
a., 2001].



1200 C.A.Falindez et d.

Frg, the molecular mode for the vapor pressure of non-polar
pure fluidsis described. Then, thismodd is extended to binary mix-
tures by using the modified new mixing rule, as explained by Falin-
dez et d. [2001]. Findly, results are presented for five binary mix-
tures containing propane, the results found are discussed, and their
meaning andyzed.

PURE FLUIDS

As afirdg gpproximetion, it is assumed thet non-polar molecules
interact according to the Lennard-Jones patentid (Eq. (1)), with suit-
able vaues for the molecular parameters € and o [Cuadros ¢ d.,
1996], which represent, respectively, the depth of the potentia well,
and the distance a which the vaue of the potential vanishes.

Un(r) :45[ E‘EBH —%T ©)

Any physicd property is then expressad in dimensionless form
by using these parameters. The pressure P, the dengity p, and the
temperature T, in real units are rdated to the reduced quantities P,
p and T" by the following expressions:

- (/KR
P=p NG (Pa)
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In these equitions, k is Baltzmann's condtart, N, is Avogadro's num+-
ber, and R theided gas condant. The parameters e/k and o are ex-
pressed in Kelvin and meters, respectively.

It has been shown that for a grest number of non-polar fluids,
the vapor pressure a a given temperaure, P« T'), can be ob-
tained from [Falindez et d., 2000]:

Py T) =P (T) +f(wT) ©)

Here, P-(T) isthe equilibrium pressure for the mixture formed by
Lennard-Jones fluids and f(cy T°) isauniversa function, in reduced
units.

It has been adso shown that the reduced equilibrium pressure in
binary mixtures of Lennard-Jones fluids can be expressed, to agood
goproximation, as a polynomid expresson, function of the reduced
temperaure T, asfollows[Cuadros et d., 2000; Falindez et d., 2000]:

R(T')=—0530064+2.422916T —4.074344T 2
+2.934668T - 0.7242252T"* o

Theuniversd functionf( T) is:

Table 1. Codfficients of Eqn. (5) obtained by using vapor pressure
data [DIPPR, 1996], for 42 pure non-polar fluids
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In this equation, wis the acentric factor [Reid et d., 1987] and the
universd coefficients g's have been obtained by fitting vapor pres-
ure data for 42 subgtances [Falindez & d., 2000]. These coeffi-
dentsareligedin Table 1.

Table 2 ligs the molecular parameter values used for the non-
polar fluids chasen for the present study. The second and third col-
umns give the LJ parameters [Cuadros et d., 1996] and the fourth
column gives the corresponding values of the acentric factor. The
fifth column gives the temperature interva covered for each sub-
gance, and the sixth column gives the mean absolute deviaion AR,
between literature va ues for the vapor pressure [DIPPR, 1996] and
those obtained from Eq. (3).

BINARY MIXTURES

The modd for the vapor pressure of pure fluids presented in the
previous section has been used to model the VLE properties of bi-
nary mixtures formed by non-polar components. To this end, it is
assumed that the vapor pressure of a given mixture obeys the fol-
lowing modd [Falindez et d., 2001]:

P, X)=X4Po(@, T)+X Py, T)+XXPip(co, T) ©)

In this equation, Py(cv, T) and Py(cu, T) are the vapor pressures of
the pure components, «w and c, are the acentric factors of compo-
nents 1 and 2, P(c,, T) is the contribution to the mixture vapor

Table 2. Pure component properties used in the present gudy, temperature range covered, and percentage mean absolute deviation AP,
between vapor pressure values[DIPPR, 1996] and those obtained from Eq. (3)

Substance &k (K) o(A) w Temperature range (K) APV (%)
Propane 255.18 5.471 0.1530 204.1-331.7 20
n-Butane 287.20 6.081 0.2010 236.9-3734 21
Benzene 377.46 6.174 0.2090 311.4-490.7 2.8
n-Pentane 309.75 6.709 0.2510 263.3-402.7 23
n-Hexane 327.47 7.319 0.2940 286.5-425.7 43
n-Heptane 340.97 7.902 0.3500 298.4-443.3 31
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Table 3. Valuesfor the 7, coefficients of Egs. (7), (8) for the propane+hydrocarbon sysemsstudied in this paper. Each set of 7, valuesis
obtained by comparison of experimental VLE data and values calculated by using Eqg. (6)

T Propane+n-Butane Propane+Benzene Propane+n-Pentane Propane+n-Hexane Propane+n-Heptane
T, (K) 2471x10% 3.169x 10" 5.583x 10" 1.164x10" -8.054x 10"

T, -1.187x10" -2.110x10% -1.981x10" -6.070x10" 2.959% 10°

73 (K™ 1.423x10° 3.311x10° 3.068x10° 7.488x 10 -3.614x10°

1, (K) 6.270x10" 2.468x10" -8.911x10% -3.065%x10" 1.962x10"

Ts -9.301x10" -3.215x10" -5.049x10" 3.966x 10° -1.778x10°

T, (K™) 4.4993x10° 1.756%10° 2.080%10° -3.627x10 5.632x10°

7, (K3 -5437x10° -2.611x10° -2.327x10° 5.643x 10 -5.635x10°

Tg -1.392x10° 1.418x10" 2.487x10" 1.054x10° 0.440x 10"

pressure due to the cross-interactions between unlike molecules,
and x, and x, are the male fractions of the two componentsin the
liquid phase. The andyticd expression (6), in which dl the quanti-
tiesare expressed in red units dlows one to obtain the vapor pres-
aure for ether of the purefluidswhen x,=1 or x,=1. The three func-
tionsP(w, T), P, T), and P(c,, T), are cdculated from Egn.
(3), i.e, udng the same analyticd expresson proposed for the va
por pressure of pure fluids. Since Eq. (3) is given in terms of re-
duced units, molecular parameters for the first component (g, o,
) must be used to obtain the red vaues of Py(ca, T). Smilarly,
molecular parameters for the second component (&, 0., @) must
be used to obtain red vaues of P(w, T). Vduesfor P(wy,, T) ae
obtained by usng combination rulesfor &,, g, and w, in terms of
the molecular parameters of the pure components.

The following combingtion rules have been previoudy used and
good results were found for smple mixtures [Falindez et d., 2001]:

T

vz
& =(&&

12 ( 1 2) (T1+T2T n T3T2 +T4X1) (7)
+

0= 012 GZ(TS 1T +1,T° +T5x)) ®

W=+, ©)

Inthese equations, the 7, parameters adopt different valuesfor each
particular mixture, but are independent of temperature, pressure and
concertration. Thus, to obtain the vgpor pressure of amixture a a
given temperature and mole fraction, one only needs as input the
parameters g/k, g, and wfor both purefluids, and the 7; coefficients
for the mixture.

VAPOR PHASE CONCENTRATION

For a given pressure and temperature the liquid phase mole frac-
tioniscaculated by usng Eq. (6).

For the vapor phase concentration asmple andyticd expression,
function of the temperature and the cadculated mole fraction in the
liquid phase, is used:

YT, %)= OT) X T T (10
The basics of this equation is derived from different mode sfor the
equilibrium ratio Ki=x/y; presented in the literature [Walas, 1985].
From thase modds it can be easily seen that v is a complex func-
tion of T and x; y=f(T, X). After searching different functions we

found thet series of thetype y =ZCixaTb‘ could modd the data. Of
the different series of this type explored in thiswork, the one shown
in Eq. (10) gave the lowest deviations between experimental and
caculated vaues of y,, as shown in thereaults,

The procedure then is straightforward: 1) for agiven Pand T,
the liquid mole fraction x, is caculated by usng Eq. (6); 2) the var
por mole fraction 'y, is caculated by using Eq. (10), completing the
<t of vgpor-equilibrium properties of intered.

As can be seen, four gppropriate congtants must be cdculaed
for each binary mixture. In the following section, the results obtained
when the proposed modd is used to predict the vapor pressure and
the concentration in binary mixtures of propane+hydrocarbon mix-
tures, are presented.

RESULTS

Table 3 ligs the values for the codfficients 7, (i=1, 2, ... 8) in Egs
(7) and (8) for the five sysems studied in this work. These vaues
were obtained by minimizing the deviations between predicted and
experimentd data for the pressure (Eq. (6)), for each sysem. Table
4 ligsthe vauesfor the coeffidients g (i=0, 1, ... 3) in Eq. (20) for
the five sysems These vaues were obtained by minimizing the
deviations between predicted and experimentd data for the mole
fraction of propanein the vapor phase, for each system.

Table5 givesthe VLE data used in this sudy and the results ob-
tained for P,, X, and y, using Eq. (6). Thefirg column ligtsthe sys-
tern and the second column indicates the number of data points (N)
used in the data fitting. The third, fourth, and fifth columns give
the temperature, the pressure range, and the experimental mole frac-
tion range, respectively. The sxth, seventh and eight columns give

Table 4. Vauesfor the ¢ coefficdents of Eg. (10) for the propane+
hydrocarbon systems studied in this paper. Each set of
¢ valuesis obtained by comparison of experimental va-
por molefraction data and values calculated by using Eq.
(10)

System G G G G

Propane+n-Butane 1.058 -0.073 0.912 -8.889x107°
Propane+Benzene 2519 1.984 -4.609 -1.434x10°
Propane+n-Pentane 0412 1493 -2.861 -1.556x10°
Propane+n-Hexane 2130 3.146 -6.933 -2.130x10°
Propane+n-Heptane 2.783 2.607 -6.042 -1.563x10°

Korean J. Chem. Eng.(Val. 21, No. 6)
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Table5. Corrdation of VLE data for propane+hydrocarbon sysems using Eq. (6) and (10): number of data points (N), conditions and
source of experimental data (rangeof T, P and x), the per centage absolute deviation for the pressure AP,(%), for theliquid mole
fraction, (Ax,) and the vapor mole fraction, (Ay,) for each set of data are presented

Binary mixture N T (K) P range (MPa) X, range AP, (%) Ax, (%) Ay, (%) References
Propane+n-Butane 27  353.15 2.07-2.76 0.552-0.858 1.0 17 25 Kay [1970]
363.15 2.07-3.45 0.382-0.905 0.3 04 3.0
373.15 2.07-4.07 0.226-0.898 0.3 05 34
383.15 2.07-4.07 0.331-0.731 04 0.8 21
393.15 2.76-4.07 0.179-0.564 04 09 0.7
403.15 2.76-4.07 0.238-0.410 04 12 32
413.15 3.44-4.07 0.182-0.211 0.3 13 12
04 0.9 22
Propane+Benzene 56  310.93 0.28-1.03 0.106-0.792 36 5.6 4.7 Glanville et a. [1950]
344.26 0.55-2.41 0.129-0.929 18 23 23
377.59 1.03-4.14 0.166-0.928 32 38 0.3
410.93 1.38-5.17 0.132-0.813 18 23 15
444.26 2.06-5.86 0.132-0.636 17 24 35
477.59 2.75-5.86 0.109-0.436 13 21 6.3
21 29 3.0
Propane+n-Pentane 54  344.26 0.41-2.41 0.124-0.925 15 23 45 Sage and Lacey [1940]
360.93 0.55-3.45 0.150-0.962 11 18 26
377.59 0.69-4.14 0.113-0.888 11 17 24
394.26 1.03-4.48 0.112-0.776 10 18 34
410.93 1.38-4.48 0.161-0.639 19 34 39
427.59 1.72-4.14 0.125-0.433 13 32 20
444.26 241-4.14 0.135-0.304 0.6 13 54
12 22 31
Propane+n-hexane 32  333.15 1.72-2.06 0.852-0.985 0.7 0.6 0.8 Kay [1948]
353.15 1.72-2.76 0.627-0.919 10 09 0.9
373.15 1.72-4.14 0.444-0.961 10 1.0 16
393.15 1.72-4.14 0.324-0.802 20 21 12
413.15 1.72-4.83 0.242-0.757 17 17 15
433.15 1.72-4.83 0.162-0.646 27 38 45
453.15 2.07-4.14 0.127-0.435 19 3.6 5.7
473.15 2.76-3.45 0.131-0.241 15 4.2 41
17 23 25
Propane+n-heptane 35  353.15 2.07-2.76 0.739-0.921 8.6 6.0 0.3 Kay [1971]
373.15 2.07-4.14 0.568-0.962 41 32 0.7
393.15 2.07-4.83 0.444-0.955 22 19 0.9
413.15 2.07-4.83 0.352-0.769 21 0.9 0.5
433.15 2.07-4.83 0.277-0.662 4.0 4.4 0.6
453.15 2.07-4.83 0.211-0.570 5.6 53 11
473.15 2.07-4.83 0.146-0.505 7.3 9.8 20
493.15 2.76-4.14 0.170-0.356 82 12.3 14
4.7 5.0 10
the absolute relative deviation between experimental and calculated Dy(%) =(100/N) Y [(Yeaic ~Yep) Ve (11)

vapor pressure, AR, liquid mole fraction Ax,, and the vapor mole
fraction, Ay,, for each isotherma st of deta. The mean deviations
of dl isotherms for each of the systems studied are given (in bold
face). Thelast column gives the source of deta

The absolute deviation AR, (%), Ax (%) and Ay, (%) for the N
data pointsindicated in Table 5 are defined asfollows

AP, (%) =(100/N) z |(Pearc = Pexp)/Pexp‘i
AX(%) =(100/N) Z ‘ (Xcare _Xexp)/xexp‘i

November, 2004

As sen in Table 5, the proposed molecular modd, Eq. (6), re-
produces mogt of the saturation pressures of these binary mixtures
with mean absolute deviations less than 4% for any temperature.
Few data for the propane+n-heptane system give deviations of the
order of 8%. The concentration in both phases dso shows some
higher deviation in afew cases. These few higher deviations do not
diminish the goodness of the correlation, which can predict phase
equilibrium properties from universal, generdized corrdations.
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Fig. 1. Experimental data points [Kay, 1948] and theoretical val-
ues (lines) obtained from our modds (Egs (6) and (10)) for
the molefractions of the propane+n-hexane sysem at two
temperatures (@ T=373.15K and a T=413.15K).

As seen in Table5, the molecular model dlows one to obtain
the liquid mole fraction in these binary mixtures with mesn ebsolute
deviation less than 12.5% for each isothermd data set studied. For
each sysem, mean absolute deviations ranging from 0.9% to 5.0%
are found. The vgpor male fraction “y” is predicted with mean abso-
lute deviationslessthen 7% for each isothermd dataset gudied. Val-
ues of themean devidionsfor each system rangefrom 1.0%to 3.1%.

As an example, Fig. 1 shows the presaure versus concentration
diagram for the propanetn-hexane system at two temperatures (@
T=37315K and a T=413.15K). It can be seen that there is good
agreement between modd estimates and experimental data

Fig. 2 shows atemperature versus concentration diagram for the
propane+n-heptane sysem a pressure of 2.76 MPa. Good agree-
ment between the modd results and the experimenta data is ob-
served. The modd for x, Eq. (5), gives areesonable estimate of the
experimenta deta. The only exception is the high deviation (17%)
obtained & T=493.15K, i.e, for the highest temperature conddered.
Fory, the deviaionsfound, for this pressure, are less than 2.1%.

Reauits obtained by using the propassd modds, Egs (6) and (10),

525

475 .

T(K)

375

325

X,y

Fig. 2. Experimental data points [Kay, 1971] and theoretical val-
ues (lines) obtained from our modds (Egs (6) and (10)) for
the mole fractions of the propane+n-heptane sysem at P=
2.76 M Pa.

Table 6. Comparison between resultsobtained by using the pro-
posed modds (Egs (6) and (10)) and those obtained from
the Peng-Robinson equation, asgiven Gao et al. [1992]

. . Gao et al. [1992] Thiswork
Binary mixture
%AP %Ay, %AP %Ay,

Propane+n-Butane 04 18 04 22
Propane+Benzene 44 22 21 3.0
Propane+n-Pentane 3.0 2.7 12 31
Propane+n-hexane 11 13 17 25
Propane+n-heptane 16 36 4.7 1.0

are comparable with those obtained through traditiond methods.
For example, Gao et d. [1992] have used a correlaion to evauate
binary interaction parameters in the Peng-Robinson EoS [Peng and
Robinson, 1976] for light hydrocarbon mixtures. In Table 6, the de-
vidtions obtained with the proposed modds are compared with those
given by Geo et d. [1992] for five mixtures, a the same or Smilar
temperature, pressure and mole fraction ranges. As seen, the satu-
ration pressures and the vgpor phase concentration are obtained with
the propased modds with deviations less than or Smilar to those
obtained by Gao et d. [1992] using an EoS.

CONCLUSIONS

An andytica expresson relating the pressure, temperature, and
concentration for the vapor-liquid equilibrium of non-polar binary
mixtures was proposed. The modd is based on asmple andytical
expresson for the vapor pressure of pure fluids The eguilibrium
pressure for the mixture was then expressed in terms of the vapor
pressure of each component and a mixture contribution. The mole-
cular parameters for the mixture contribution were obtained from
modified Lorentz-Berthelot mixing rules, in which the interaction
parameters are given as smple functions of the temperature and
concentration, with eight adjustable parameters for each system thet
were obtained from experimentd data Since the mixing rules are
defined by these condgants, their find expressons have the same ana:
Iyticd form for any mixture. An additional expression is proposed
to obtain the vapor mole fraction as a function of the temperature
and of the liquid maole fraction, with five appropriate congants for
eech mixture. The modd is easy to use and the results are in good
agreement with published experimentd data
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NOMENCLATURE

a :coefficientsof Eq. (5)
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: coefficients of Eq. (10)

: Boltzmann's congtant

: Lennard-Jones

: Avogadro’s number

: vapor pressurein MPa

: vapor pressure in reduced L ennard-Jones units
: equilibrium pressure of the mixture

: intermolecular distance

. ideal gas congtant

: temperaturein Kelvin

: temperature in reduced L ennard-Jones units
- liquid mole fraction

: vapor mole fraction

EW_O
o]

3

<X441~"10VUWUZ

Greek Letters

& :wedl-depth of the Lennard-Jones potential

p  :denstyinmol m®

P :dendty inreduced Lennard-Jones units

o :intermolecular distance for zero LJ potentia
T : coefficients of Egs. (7) and (8)
w  :acentric factor
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