Available online at www.sciencedirect.com

SQIENCE<dDIHEOTG

FLULD PHASE
EQUILIBRIR

www.elsevier.com/locate/fluid

Fluid Phase Equilibria 240 (2006) 1-14

Sensitivity of azeotropic states to activity coefficient model
parameters and system variables

Naveed Aslam, Aydin K. Sunél

Department of Chemical Engineering, University of South Florida, 4202 E. Fowler Avenue, Tampa, FL 33620, USA

Received 23 December 2003; received in revised form 5 November 2005; accepted 7 November 2005
Available online 28 December 2005

Abstract

The activity coefficient models, when based on parameters obtained through binary phase equilibrium information result in multiple sets that n
either not be able to predictternary and higher order azeotropes, or computed values are significantly different from experimental datg giarticular
thermodynamic landmarks. Sensitivity of azeotropic states to model parameters and operating conditions is imbedded into a homotopy continue
formulation, providing a functionally sound basis for prediction of such states and their corresponding sensitivity. Furthermore, the validity
parameter set depends on the range of operating variables. The methodology allows systematic variation of model parameters and selecti
a parameter set that allows computation of thermodynamic landmarks, such as azeotropy. The systematic analysis of the effects of param
perturbation on the prediction of azeotropes and heteroazeotropes also provide useful insights into capabilities and limitations of phase equilib
models. The technique is also useful in developing the effect of system variables on azeotropy conditions. We demonstrated the utility of
approach through modeling benzene—cyclohexaipeepanol, ethyl acetate—ethanol-water and water—formic acid—acetic acid system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Reliability of residue curves, as a conceptual design tool,
depends on the accuracy of the model representing the phase
Recently, conceptual process design has become an impaquilibrium and algorithm used for prediction of thermody-
tant area of activity both for industry and academia. The basioamic landmarks, such as azeotropes. Tolsma and BaAadib]
purpose of conceptual process design is to conceive generatigscribed a homotopy continuation based approach to com-
compare and evaluate the different process alternatives at a vgpute all the possible azeotropes in multicomponent mixtures
early stage of design with minimum information available. Con-with mathematical guarantees. The mathematical treatment of
ceptual process design allows systematic elimination of larg&olsma and Barton'§14,15] approach is independent of the
number of available process alternatives and allows subsequergpresentation of system non-idealities. However, numerical
detailed analysis of substantially reduced set of alternatives. Atracking of homotopy branches and in turn computation of
effective conceptual design step requires efficient and reliablazeotropes is highly dependent on phase equilibrium model and
tools that require minimum information. One of the most widelyassociated parameters. Aslam and Sugpfurther enhanced
used conceptual tools is Residue Curve Maps (RCMs) that artheir approach by incorporating both vapor and liquid phase
used for conceptual design of non-ideal distillation separatiomon-idealities through equations of state, and thus computing
sequences. Residue curves is the most mature conceptual pezeotropes for entire pressure range. Tolsma and BH4oh5]
cess design tool and is a part of almost all the available designsed activity coefficient models to describe the liquid phase
packages. The methodology is well covered in a recent text MalRon-idealities with binary interaction parameters regressed from
one and Dohert{9]. binary phase equilibrium data. The activity coefficients, which
are based on parameters obtained from binary information, when
used in modeling the mixtures, with three or more components
* Corresponding author. Tel.: +1 813 974 3566; fax: +1 813 974 3651. may not provide a realistic description of phase non-idealities for
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the binary information to describe the phase non-idealities imnd
ternary or higher order mixtures. Furthermore, they may not ade- sat
i Real_ Vib;
quately represent thermodynamic landmarks, such as azeotrogy*¢® = ~——
Through homotopy continuation approach, all the azeotropes P
in multicomponent mixtures can be computed by solving for Tolsma and BartofiL4,15]further enhanced the Fidkowski et
necessary condition of azeotropy. When liquid phase activityal. [4] approach to isobaric conditions. They developed the fol-
coefficients for multicomponent mixtures are obtained throughowing formulation shown in system of E¢R.6) using activity
parameters based upon binary information, their use can leagbefficients to map the liquid phase non-idealities and assuming
to errors in prediction of azeotropy (Englezos and Kalogerakisdeal vapor phase.
[3]). For such a case, the predicted values can be significantly
: ) . . 1 — K%
different from experimental values, or provide the azeotropic 1 11
values, which are lying outside the physical composition space
where they are of little practical significance, or may not be
able to predict the azeotropy. A systematic method is therefore

(2.5)

needed to establish the effect of parametric perturbation on thé(x’ )= ’ (2.6)
prediction of azeotropes. Since activity coefficient model param- Xn — Krcz)xﬂ
eters can have multiple solutions (Rabinov[d®] and Walas n
[16]), a global solver such as homotopy continuation is needed in -1
i=1

to establish the sensitivity of model parameters on azeotropy. We

are using a homotopy continuation based approach to devel%hereKQ is the pseudo equilibrium constant and is given as
1

the sensitivity of model parameters and system variables ORllows:
azeotropic states. Our approach is based on exploiting the nec- '
essary and sufficiency condition of azeotropy and imbedding thg? = {A KRea L (1) K}dea'} (2.7)

sensitivity analysis with respect to model parameters or system

variables. The resulting over determined system of equations is As we set(x, 7, 1) = 0, we have defined a solution space,in
solved by pseudo arc length continuation algorithm as detailed, A for a fixed pressure. The mapped solution of above function
by Allgower and Geordg1] and Speighf11l]. We analyzed is called the homogeneous homotopy path and is usually repre-
benzene-cyclohexanepropanol, ethylacetete—ethanol-water sented on a temperature and composition bifurcation diagram.
and water—formic acid—acetic acid system. We also demorfig. 1 depicts a bifurcation diagram for a hypothetical system
strated that if azeotropy is not predicted under the given set qfABC). As can be seen iRig. 1, that two main characteristic
activity model parameters, it could be obtained through selectingoints on this bifurcation diagram are bifurcation point appear-

another set of parameters. ing on pure component branches, bifurcation points appearing on
binary and higher order branches and solution points=t.0.
2. Theory Importance of these characteristic points on a systematic sen-

sitivity analysis of model parameters is described in following

Fidkowski et al.[4] solved the necessary conditions of Section.
azeotropy£; =y;) using homotopy continuation. The homotopy
map is given as follows: 3. Sensitivity analysis of azeotropic states

hi(x, 1) = A(x; — YR + (1 — 2)(x; — yjoe2 (2.1) The homogeneous bifurcation diagram has two types of char-

. . . cteristic points as shown Fig. 1
wherel is the homotopy parameter, which varies from 0to 1 anda P 9

x; is the liquid composition. The!9¢@ is the vapor composition

4

for an ideal gas and ideal solution agféf?'is for areal gasand  * Bifurcation points (appearing) omth order homotopy
non-ideal solution. Fok =0, thex; — yl9eal and for =1, the branches{ =1, pure component; =2, binary branches and
. ) 1 )

Real n=3, ternary branches, etc.).

Y= e Solution points.
y}deaI: K}deal)ci (2_2)
Homogeneous homotopy path can be obtained by setting
y,R eal — KIR el (2.3)  Eq.(2.6)equal to zero. However, if the model parameters are
) . . . _incorporated in Eg(2.6), the homogeneous homotopy map will
The k!9 is the ideal solution equilibrium constant and is pecome

derived from Raoult's law whil& R¢2lis a non-ideal equilibrium
constantwhich maps the liquid phase non-idealities with activityF (x, 7, P, &, {Api},_;
coefficients. The vapor phase is assumed ideal.

-0 (3.1)

. In Eq. (3.1), Ay are the model parameters used in activ-
Kdeal _ Pia 2.4) ity coefficient expression to describe the liquid phase non-
! P ' idealtes. For a homogeneous system, wengell equations
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