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SUMMARY

A method for predicting high temperature vapor-liquid cquilibria using only
lower temperature heat of mixing data and pure component vapor pressure data is
presented. Ten binary hydrocarbon liquid mixtures were studied. The mathod consists
of evaluating the parameters of the LEMF cquation at different temperatures from
isothermal heat of mixing data of the binary pair at the respective temperatures. The
parameters obtained are extrapolated as a lincar function of temperature to the
tcmperature at which the YLE data arc 1o be calculated. The parameters arc used to
compute aclively coefficients which in turn are used together with pure componcent
vapor pressures (0 calculate VLE data. Results were also obtained when heats of
mixing data for a given system were available at only two temperatures.

For the systems studied, this method predicted the composition of the vapor
phasc with an average standard deviation of +-39Z for thosc systems where hecat of
mixing data is available at three or morc temperatures and of 10-12% for those
systems where only two sets of heat of mixing data are avajlable.

INTRODUCTION

Designers of scparation cquipment for the chemical process and petroleum
industries need accurate vapor-liquid cquilibrium (VLE) data, often at a variety of
conditions. Although large amounts of such data are available in the literature, one
frequently finds that data are not available for the conditions at which a design must
be made. In such a situation, the designer must either make new measurcments of
VLE data a1 appropriate conditions or cstimate the required data by means of some
data corrclation or model in which he has confidence. Because of the difficulties
associated with obtaining good VLE data cxperimentally, the designer often tumns to
cstimation methods to get his data, cspecially for preliminary design work.

Rcliable VLE data arc rclatively scarce for temperatures much in excess of
100°C and almost noncxistent for temperatures in excess of 200 °C. If one has available
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VLE data, may be derived) at the lcmpcr.uun: of interest by means of t
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where 55(T) represents the heat of mixing of the system as a function of temperature
and &5(T,) is the low tcmperature referance st of data.

In principle. ihis procedure is suilicient and thermodynamically sound. In
practice, however, it requires A5(7) daia covering the entire temperature range of
interest. These data may be difficult to obtain. Thus, the use of semi-theoretical models
10 fit the: existing VLE data and to cxtrapolate to other condijtions is common'- =,
Models of this type gencrally involve one or more adjustable parameters, the values
of which must be determined by curve fitting experimental data. The usual method?
for doing this is to curve fit cither the activity cocflicients or the g5(7,) data. Fre-
quently when this approach is used. the representation of A%(T) by a given model is
not very good?- * although good correlation of the VLE data may be obitained.

Amn altcrative approach? is to determine the parameters of a given modcl by
fiting the alecbric expaession for A%, derived from the 2F model by application of the
Gibbs-Helmholiz rciation
W - [2m] @
1o a set of experimental Ip’-E data. These parametcers are then used in the g model 1o
calculate activity coefficients and hence VLE data. This method has been shown®
to be valid for isothcrmal binary sysiems, isobaric binary systems®, and isothcrmal
and isobaric ternary systems”. In cach of these previous studics, the 4% and VLE data
used were fairly close 10 cach other in temperature. The purposc of the present paper
is 1o extend the carlier work to include the prediction of VLE data at temperatures
significantly removed from thase for which A* data arc available.

PREDICTION METHOD

Common to ncarly all derivations of A® expressions from £F models is the
assumplion of temperature independence of the paramcters. Although this is not
sancily iree, it docs simplify the resulting equations which otherwise become very
cumbersome®. In extending the Hanks t al. mcthod® to isobarnic systems, Tan ct al.
observed” that the parameters of Renon and Prausnitz” NRTL equation?, when it
w3s psod as 2 three-parameter modei, did not cxhibit any systenatic temperaiure
dependence. However, when the NRTL model was uscd as a two-parameter modcl



(z was set to a constant value of 0.3 as recommended by Renon and Prausnitz®) the
parameters exhibited a distinct temperature dependence. Hanks ct al.'® studied the
parametric behavior of several currently used ¢¥ models and found thatl the LEMF
model’ ! which is essentially the NRTL equation with x = — I behaved best under
extreme conditions. This model will be used here.

The LEMF model is described by the following equations®®- '*

E
9 = XpXa l - f;| -+ Gz- ] 3)

RT Xy F X2ty Xa + X T»
£ E " 2 . 2
_.h,, =.9_ + X;Xa [r_,:\'tlc} S T 1t'(.;_'_=_;] (&)
RT RT (x> + x35.)°  (x; ¥+ x,14)
Y J S, o
X» + 12X4) (X, + X,T,)

»

(~y

G 3 ¥ "'W;] (6)
+ X2My)” Ny = NyT)

where G, = (2,> — 2.:)/RT. G, = (2, — &, )/RT, 1, = cxp (—G,) and 1, = cxp
(—G>»). (2y2 — 22>2)and (2,> — 2,,) arc adjusted to fit the data.

The mcthod used here consists of fitting cqn... (4) 10 a sct of experimental h®
data at a given temperature by a numerical corve fitting technique®. Two or more
scts of 4% data, cach at a different temperature, are fitted in this manner and the
valucs of (24> — £.») and (g,> — g,,) thus obtaincd arc cxtrapolated as a lincar
function of tcmperature to the temperature at which the VLE data are to be calculated.
The values of (2, — g1:)and (g,> — g,,) dcterminced by this extrapolation technique
arc uscd in eqns. (3) and (6) to compulte the activity cocflicients 7, and 7,. These in
turn arc used, together with pure component vapor pressures, Py and P,, to calculate
the VLE data from

by = é;!?i’_’i‘,, (7)

Y NiTaPa

¥ ]
which presumcs ideal gas behavior in the vapor phase. For the temperatures and-
pressures cncountered here, vapor phasc nonidceality corrections are minor®. In order
1o be strictly consistent thermodynamically with respect to egn. (2), onc should
include the temperature-dependent functions for (g4> — £2,) and (g;> — £,,) in the
expression for gF as done by Asselineau and Renon®. This, however, renders the
cquations for i® so complex as to be practically uscless. The present method is
thermodynamically correct for isothermal systems. In essence, what we are doing here
is observing that a number of scparate isothcrmal systems, cach of which is itsclf
thermodynamically consistent at its own temperature, can be empirically correlated
by the scheme used when a particular model (the LEMF model) is used. This observa-
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tion permits us 1o avoild the excessive complexity enforced by the more rigorous
nonisothermal approach® while retaining thermodynamic consistency between A5-gF
data at any given lemperature.

RESULTS AND DISCUSSION

The purpose of the present study was to sec il the above method of predicting
VLE dria could be used 1o estimate VLE data at temperatures rather substantially
removed from thosc for which A dala are available. A sunvey of VLE literature for
nonassociating nonclkectrolyte mixtures revealked some 73-80 binary systems with VLE
data in the 90-200°C range. However, unavailability of 4 data at more than onc
temperature reduced the number of svstems which could be studied to ten. Of these,
only five had A" data available at three or morce temperaturcs. These five systems were
(I) benaene (I)-cyclohexarne (2): (1) benzene (1)-s-heptanc (2): (111) benzene
(1)-toluene (2): (1V) methyicyclohexane (1)-n-heptane (2); and (V) cyclohexane
(1)>-m-heptane (2). The most extensive A% data were available for system L

The A* data for five different temperatures for system | were fitted with eqn. (4)
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Fig. 1. LEMF paramctcrs as a function of tcmperature for the system benzene (1)—<yclohexanc (2)-
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Fig. 2. Effect of temperature at which LEMF constants are cvaluated on prediction of VLE data at
119°C for system benzene (1)-<cyclohexane (2)-
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Fig. 3. Comparison of predicted (solid linc) with experimental data (data points) at 1$.3 atm for
system benzene (1)—cyclohexanc (2). (Data of Kumarkrishna Rao ct al.12.

and the respective parameters obtained are shown in Fig. 1 as a function of tempera-
ture It is apparent from Fig 1 that, for this system at least, both (g,, — g,,) and
(g2 — g22) arc lincar functions of temperature. Similar results were found for systems
1=V although the data for them are not so cxtensive as for system 1.

To examine for system I the influcnce of the temperature at which the 4F data
were obtained upon the accuracy of prediction of VLE data at higher temperatures,
the following procedure was used. The constants (g,- — g4,) and (2,2 — g12)
obtained at cach temperature for which AE data were available (sce Fig. 1) were used
to cstimate isothcrmal VLE data for system I at 119.3°C. These estimated reults were
then compared with the actual experimental data’?. For cach of these comparisons,
a statistical standard deviation, c,, was computed where 6, is the percent standard
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TABLE 1}

SINMAKY OF YLE PRIDICTIONS FROM AF DATA USING LEMF EQUATION FOR FIVE SYSTEMS HAVING AT DATA
AY THREF OF ANRF TEXNPERATURES
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(11} Isobarx:. | 3tm an 15
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(111 Isothermal 120°C 253 16 316330
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deviation of the fitted VLE data from the experimental values. The valucs of g, thus

ohizined ane shown In F'n 2 a< a function of the temperature of the A% data used for

N T - P —— L2 1 1 s= SEIT-RANARS RO% SIS RSN EmNeR S S5 RS- 48 1)

the determination of lhc LEMF parameters. Also shown is a value of 6, = 947
obtained with LEMF parameters extranpolated 1o 119°C from F'gA IR

Two obscrvations may be made concerning the results in Fig. 2. First, it is
evident that much better estimates of the VLE data (lower G, values) are obtained

when the LEMF parameters are abtained from A® data at temperatures closer to the
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temperature of the VLE data. Szcond. it appears that the linear extrapolation of the
LEMF paramcters to the higher temperature where no /4% data arc available is
fcasible and produces the best estimates (lowcsl 6, value) of the VLE data.

As a further test of the extrapolation mcthod for system I, the isobaric data of
Kumarkrishna Raoet al.'* at 18.3 atm (215.7~219.5°C) were predicted and a value of
6, = 3.4% was obtained. The results of this calculation are shown in Fig. 3. These
results show that the extrapolation method can produce acceptable VLE data for
isobaric as well as isothermal systems.

Table I contains a complete summary of the results obtained by the extra-
polation mcthod for all five systems. The VLE data were cvaluated at tempceratures
ranging from 20°C to as much as 245°C higher than the highcest temperature at which
the A* data were measured.

With the exception of the two scis of benzene (1)-toluene (2) data (system [HI)
above 200°C, all predictions are quite acceptable. The larger 6, values for the 200°C
and 280 °C data for systcm I1I are probably duc to the extreme range of temperature
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Fig. 4. Comparison of predicied values (——) with the isothermal data of Rosanoff et al.}13a1 79.7°C
(O). the isobaric data of Heertjes'® at | atm (81.2-108.8°C) (A), and the isothcrmal data of Griswold
et al 1% a1 120°C (@) for the system benzene (1)-toluene (2).
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extrapolation of the (g,> — £,,) and (g,: — £:3) values. Lower o, values would
probably be ebtained if higher temperature A% data were available. Figure 4 shows the
results for ithe three lower temperatures seis of data for this system.

Five other binary systems haxing only two scts of 4% data were also identificd
in the litcrature scarch. The five systems were (V1) benzene (1)-7#-hexane (2); (V)
cycdlohexane (I1)-tolucne (2); (Vi) benzene (1)-2.2.4-tnmcthylpentance (2); (1X)
toluene (1)-n-heptane (2); and (X) octanc (1)-2.2.48-tnmcthylpentane (2). These
systems were subjected to the same analysis as the oncs above using a lincar extra-
polation of the LEMF paramcters bascd on two temperatures. The results of these
calculations are summarized in Tabke 2. The VLE data were cvaluated at tempera-
turcs ranging from 43°C to as much as 143°C higher than the highest temperatures
at which the 4* data were measured.

Examination of the g, values listed in Table 2 shows them to be somewhat
highcr on average than those of Table 1 (9-10%; compared with 4.792). This is to be
expected because only two temperature points werz used in the extrapolation of the
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LEMF parameters for systcms VI-X whercas threc or more were used for systems
I-V. From Fig. 1. it can be scen that if only the 15°C and 25 °C points had been used
to make the extrapolation of (g, — 2,;) and (2,2 — Z.;) for system I, considcrable
crror in the higher temperature predictions would have occurred. The very low 6,
value listed for system V]I in Table 2 is thercfore quite probably fortuitous.

Because of the requirement that 4% data be available at two or more tcmper-
aturcs, only tcn binary systcms werc studicd. Many of these systems were nearly idcal
as indicated by the fact that for ncarly half the systcms Raoult’s low gave a g, valuc
which was cqual to or Icss than the 6, value reported in Tables 1 and 2. Work is now
in progress 10 measure 4% data as a function of temperature to extend the method to
systems that show large deviations from ideal solution behavior.

COXNCLUZIONS

The results of this study suggest that if #F data are available at three or more
tcmperatures, onc may rcascnably cxpect to predict VLE data at higher temperatures

&
4

to within 4-57; using the LEMF model and extrapolating its parameters lincarly with
temperature. If two sets of 4% data are available, one may rcasonably expect 10-127
accuracy in predicting VLE data at higher temperatures. All these estimates apply to
temperature extrapolation of the order from 20 to 150°C. Further /' data is nceded
as a function of temperature to extend the method to more non-ideal mixtures.
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