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A modification of the computational technique for calculating bubble and dew points using
an equation of state has been proposed. The procedure consists in the Double Application of the
Newton-Raphson method (DAN) to the set of equilibrium conditions. The algorithm is very
effective as it provides both values of equilibrium variables and a very qualified first estimate of the
next equilibrium point. This enables to proceed along the phase envelope rather quickly and to
achieve convergence within a few iterations except in the close vicinity of the critical point.

Calculation of vapour-liquid equilibria (VLE) using an equation of state is very
effective as it uses the same thermodynamic model for both fluid phases. At elevated
pressures and especially in the vicinity of the critical point this method provides
practically the only possibility to determine the equilibrium quantities.

Several methods are employed to calculate VLE by an equation of state!~S,
The already existing methods may be divided into two groups. The procedures which
require only the evaluation of the fugacity of components belong to the first group
and are represented for example by the method developed by Prausnitz and Chueh?.
The second group comprises the methods which, except for the component fugacity,
require also the derivatives of fugacity with respect to composition, temperature and
pressure. The very elaborate procedure suggested by Michelsen® belongs to the latter
group.

The formal simplicity is the greatest advantage of the first group methaods. This is,
however, compensated by the higher number of iterations required to obtain con-
vergence of the problem. In some cases, the number of iterations may be as high as
several hundred. Very frequently these methods fail in the vicinity of the critical
point. In addition, the pressure is often considered to be an independent variable.
Then it is necessary to decide whether the density determined for the specified tem-
perature, pressure and estimated composition belongs to the liquid or to the vapour
phases® %,
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The method suggested in this work is a modification of the previously developed
procedure®. It adopts the Newton-Raphson method for calculating VLE and thus
belongs to the second group. Methods similar to that described here have been
published lately by Asselineau and coworkers'® and by Michelsen®. Contrary to the
above-mentioned papers, this work presents separately methods for calculating
bubble and dew points (this paper) and flash calculation procedures (the second
paper). Sets of equations for different special cases are explicitely given. In the present
approach density rather than pressure is considered as independent variable. Most
of the problems in finding densities of equilibrium phases are thus avoided.

This paper is devoted to the bubble point temperature and the dew point tempera-
ture and to the bubble point pressure and the dew point pressure calculations. Flash
calculations are dealt with in the second paper. In these cases a composition of equi-
librium phases for a given overall composition is usually sought. In addition, two
more quantities, for example temperature and pressure, must also be specified.

The application of the Newton-Raphson method to the set of Eqs (1) is per-
formed in two consecutive steps. First, to solve the equilibrium conditions to obtain
the equilibrium quantities. Second, to determine the first estimate of the next equi-
librium point. The method is thus called the DAN method to denote the Double
Application of the Newton-Raphson method. The Newton-Raphson method re-
quires that partial derivatives of pressure and fugacity with respect to temperature,
density and composition are available. These derivatives can easily be evaluated
using the dimensionless quantities'! given in Appendix B.

THEORETICAL

Calculation of vapour-liquid equilibria by an equation of state is based on solving
the following set of equilibrium conditions

p=p'=pTd"y)),
p =p" = p(T,d" x),
fi= fiv=fi(T, dv, y) = fil‘ = fi(T, dv, x), i=1,2,....,N, (1)

where p denotes the pressure, T is the temperature, f; is the fugacity of the i-th
component and d is the saturated density. The superscripts L and V indicate the
liquid and vapour phases, respectively. x and y are vectors of N — 1 independent
mole fractions in the liquid and the vapour phases, respectively [x = (x,, x,, ...,
veos Xn=1)s ¥ = (V15 Y25 --+» Yn—1)] In the N-component system this set of non-linear
equations gives N + 2 conditions for 2(N + 1) variables T, p, d¥, d%, x, y. There-
fore, N variables must be specified before the remaining N + 2 unknown ones are

calculated by solving the set of Egs (1).
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Computation of VLE in the one-component system (N = 1) is the simplest case
of solving the set of Eqgs (I ) From the equality of pressure and fugacities the boiling
point temperature or the saturation pressure is found for a given pressure or tempera-
ture. In multicomponent mixtures the set of Eqs () is usually solved for a given
composition of the liquid (bubble point) or the vapour (dew point) phases. In addi-
tion, the system pressure or temperature must also be specified.

By expanding pressure and fugacities of components in a Taylor series and cancel-
ling all but linear terms the set of Egs (1) can be modified into the following form:

N-—t
p = Pl + (6p[OT)s AT + (2p|od)s Ad" + 3. (9p/ox)s Ax;
&
p = py + (8p/dT)y AT + (dp/od)y AdY +

N-1
+ 2. (0p/0y,)5 Ay,
e

IYi= (f)s + (0£:/0T)g AT + (9fi/od)s AdY +
+ 3 @ffon)t Ay, =
= (f:)g + (8f,/0T)s AT + (8f;/0d)s Ad™ +
+l:_i: (of Jox)5 Ax;, i=1,2,..,N. @)

Here the subscript 0 denotes the quantity which corresponds to values of variables
T, dY, d*, x, y. The subscript 0 is in subsequent text omitted.

A detailed description on the application of the suggested procedure to the cal-
culation of the bubble point pressure is presented below. The other problems, i.e.
the calculation of the dew point pressure and the calculation of the bubble point
temperature and dew point temperature are presented only briefly.

Calculation of Bubble Point Pressure for Specified T and x

The set of Eqs (2) can be rearranged in this case as follows:

N-—

(opjod)” AdY + ~;’l(ap/ay,)v Ay, — (0pjod)" Adv =
= ps — py + [(9p[0T)" — (6p[6T)"] AT +

N-1
+ Y (dpox)) Ax;,
ji=1

Collection Czechostovak Chem. Commun. [Vol. 50] [1985] N



Novak, Ruzi¢ka, Malijevsky, Matous, Linek :

N-1

(afi/ad)" AdY + .; (5fi/a)’j)v Ay; — (5fi/ad)'" Ad- =

= (fiJs — (f)s + [(0f/0T)" ~(0£:/0T)"] AT +

+ ¥ (afifox;)-Ax;, i=1,2,..,N. 3

As the system pressure is not specified in this case, the first two equation of set (2)
are joined into one equation.

Scheme 1 shows the flow diagram of the computational procedure which includes
the following steps:

1) At the beginning a first estimate of the vapour and of the liquid phase densities
dY and d“ and of the vapour phase composition y must be supplied. This can be

achieved by using, for example, Raoult’s and Amagat’s laws. Details are given
in Appendix A.

2) Coefficients of the set of Eqs (3) are evaluated using values of dV, d“ and y
determined in the preceding step. The increments AT and Ax are equal to zero.
By solving the set of Egs (3) the increments Ad¥, Ad", Ay are obtained.

3) Quantity S is calculated by
N-1
S = (Ad'[dy)* + (AdY[dy.)* + 3 (Ay))*, )
=1

where dY, and d, are pseudocritical densities of the phases given by

N N
d;c = ‘;1Xi(dc)i * d:c = .glyi(dc)i . (5)

According to the size of S three different cases may occur:

3.1) If S is less than &, a computation of the bubble point pressure is finished.
Here ¢, is the chosen convergence tolerance. A value of g, of 1077 gives solutions
that in single precision do not change significantly upon further reduction of &,.

3.2) If S exceeds a maximum step & = 0-1 permitted in one iteration, values
of calculated increments are reduced by

(A‘//)red = Ay 81/8 > (6)
where i stands for d¥, d* and y. This step-limiting often avoids a divergence of itera-
tions. A value of ¢, of 0-1 is recommended. After reduction the calculation proceeds

to step 3.3.
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3.3) If the relation g, < S < él is fulfilled new values of variables are calculated
Vier = ¥; + AV, (7)

where ¥ is d¥, d~ and y. The calculation then continues to step 2.

4) 1f it is desired to proceed along the equilibrium curve, the solution for the given
T, x, i.e. the values of dY, d“and y are utilized to obtain the first estimate of the next
point characterized by Ty and x,;,. Differences between temperatures and composi-
tions yield the increments AT = T;; — Tand Ax = x;; — x. Using these increments
the right-hand sides of the set of Egs (3) are evaluated. The coefficients on the left-
-hand side are known from the last iteration step of the preceding point.

5) The solution of Egs (3) with the coefficients of the matrix obtained in step 4
gives new values of increments AdY, Ad" and Ay. Thus, a new value of S is deter-
mined. According to its size, two cases are considered:

5.1) If S is less or equal to a maximum allowed step along the equilibrium curve
g, = 01, values of y; given by

ll’n = ‘l/ + A‘/’ (8)

(y = dY, d", y) are used for the calculation of the equilibrium point specified by T}
and xy. The calculation now returns to step 2.

5.2) If S is greater than ¢,, the next equilibrium point is too far from the preceding
one. Then it is desirable to insert an intermediate step thus ensuring the calculation
not to fail. In this case the intermediate point is calculated with parameters

‘=Y + Ay ey)S, )

where  stands for T, d¥, d*, x, y. Here the calculation is also returned to step 2.

Calculation of Dew Point Pressure at Specified T and y

It can easily be seen that in this case the set of equilibrium conditions differs from
set (3) by designation of phases only. Therefore, for the determination of the dew
point pressure, the procedure for calculating the bubble point pressure described
above may be employed by interchanging densities and compositions of both phases
in Egs (3). The only difference is in determining the first approximation. Details
are given in Appendix A.
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Calculation of Bubble Point Temperature at Specified p and x

The set of Eqs (2) can be modified in this case into the form
~[0p/o(1/T)]* AQU/T) — (6p/od)- Ad" = p; — p +

N-1
+ Y (0p/ox;)* Ax;,
j=1

[90la(1/T)]" AQT) + (2plea)" Ad” +'3. (3pler)" Ay, =

=p—pg,
{[ofi/o(1/T)]Y — [0£i/o(1/T)]"} A(1/T) + (of;/od)Y Ad¥ +

N-1

+ Z (afi/ayj)v ij - (5]}/6(1)“ Ad* =

= () = ()% + z’ (@f fox)F Ax;, i=1,2,...N, (10)

where

AQUT) = (1/T;y) — (1/T). (11)

To enhance convergence it is more convenient to consider the dependence of pres-
sure and fugacities on the reciprocal temperature rather than on temperature. The
order of the magnitude of the increments for unknowns AT, Ad', AdY and Ay,
(j =1,2,...,N — 1)}is thus brought much closer.

The computational procedure is similar to that designed for calculating the bubble
point pressure. Quantity S is now defined by

N—-1
S = (AT|T,o)* + (AdY[d5L)* + (Ad“[dp)* + 3 (Ayy)*, (12)
j=1
where T, is the pseudocritical temperature given by
N
Tpc = Z XiTci . (13)
i=1

The procedure then proceeds in the same manner as described for calculating the
bubble point pressure.

—
SCHEME 1

Flow diagram for bubble point pressure calculation (figures above boxes indicate the steps as de-
scribed in text)
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The procedure developed for calculating the bubble point temperature can also be
applied for computing the dew point temperature after interchanging the densities
and compositions of phases.

DISCUSSION

Calculation of the phase envelope by the procedure suggested in this work is very
effective. This effectiveness is due to a qualified first estimate obtained on the basis
of calculation of the preceding equilibrium point. In spite of this fact it may happen
that the computation fails. Let us omit the failure due to a bad first estimate obtained
on the basis of Raoult’s and Amagat’s laws. When the computation starts from a real
equilibrium point, the reasons which may lead to failure of the calculation are
as follows: a) the value of ¢, is too high; b) a wrong alternative of the computation
of phase envelope is chosen; ¢) the thermodynamic instability in the two phase region.
Too high value of ¢,. A value of ¢, of 0-1 is recommended. If the temperature is con-
siderably lower than the critical temperatures of all components a higher value
of ¢, may be used. In the critical region it is necessary to choose &, < 0-1, especially
if it is desired to approach a vicinity of the critical point.

Wrong alternative. It is always possible to find a solution for a given problem,
if the temperature is lower than the critical temperatures of all components. In some
cases, however, such solutions may not exist or multiple solutions may occur.

Let us suppose that in a binary system depicted in Fig. 1 quantities corresponding
to point A (i.e. T, pa, y1, d*) and to point A’ (i.e. T, p,, x;, d~) are known. Let us
further assume that it is desired to calculate the equilibrium points B and B’ at an equal

FiG. 1

Phase envelope including the retrograde
region in a binary system

g i)y Mk

Collection Czechoslovak Chem. Commun. [Val. 50] [1985}



DAN Method for Calculation of Vapour-Liquid Equilibria 9

temperature, at the liquid and vapour phase compositions (x,)s- and (y,)p. If the
equilibrium curve is approximated by a straight line, points B; and B; are used as
a first estimate. Starting from point A the increment in the composition of the vapour
phase must not exceed the value (Ay;)z. This means that it is not possible to find
a dew point for a composition y; > (y,)z owing to the fact that for this composi-
tion the solution of the set of Eqs (3) does not exist.

Starting from equilibrium point A, only the part of the equilibrium curve which is
restricted by points RR’, i.e. the dew point curve given by M-A-B-E-R and the
bubble point curve given by points M—A’-B’-E’-R’, can be reached when the proce-
dure for calculation of the dew point pressure was applied. As a result of this proce-
dure, the total pressure and the liquid phase composition are obtained for the given
temperature and the vapour phase composition. Thus both equilibrium points lying
on the bubble and the dew point curve, e.g. E and E’, are determined simultaneously.
Starting from equilibrium point D, only the part of the equilibrium curve which is
given by points R'-D’-C-D-R can be calculated using the dew point pressure
procedure. This indicates that the dew point pressure procedure does not enable
to construct the whole phase envelope.

However, employing the bubble point pressure procedure we can proceed along
the whole bubble point curve starting from equilibrium point A’. As this procedure
yields also the vapour phase composition, the whole phase envelope may thus be
constructed.

It is worth mentioning here that the procedure suggested in this work cannot be
used if the critical point is desired. Choosing sufficiently small increments in mole
fractions when proceeding along the equilibrium curve, i.e. choosing a small value
of ¢,, it is possible to reach the close vicinity of the critical point. Therefore, the critical
point can be found from the equilibrium curve calculation by extrapolation.

Thermodynamic instability in the two phase region is illustrated on the example
of calculation of the bubble point pressure in a binary system. All relations derived
here can be extended to multicomponent systems, too. The same conclusions are
also valid for the bubble point temperature, the dew point temperature and the dew
point pressure calculations.

The determinant of the set of Eqs (3) is given by

(opfod)Y  (aploy,)Y  —(oplod)-
(0f1fod)Y (afsfoyy)Y  —(efifod)" . (14)
(0f2f0d)" (2f2f0y,)"  —(8fa[0d)"

To rearrange Eq. (14) the following relations are utilized

—(0p/od)¥|(RT) +é yi(efifod)Y d¥[fY =0, (15)
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. z B
~(0p[oy;)"[(RT) + 3. y01:/0y,)* d¥[fi" = 0. (16)
For determinant (14) then follows

| (pfod)”  (op|oy.)  —(dpjod)" !

, A8 .(a In f,)" (a In fl)v _ (@f,Jod)

, (17)

_ |
" vd' \ od dy; (fl)" |
0 0 I
where
2
= (2p/0d)"/(RT) — d* 1, yi(0fi/od)' |1 (19)
Eq. (17) can be modified to obtain
V £V
p, = 11f2 pve, (19)

where
o _ | @loay  @plon)
(01n f,fod)Y (01n fl/ayl)v

(20)

We call D) the determinant of stability in the vapour phase. It follows from the
existing conditions of thermodynamic stability'?~° in the vapour phase that DY
must be positive in homogeneous and metastable regions. On the spinodal curve
which represents the boundary between the metastable and the unstable region
determinant D) equals zero. The same is valid for the liquid phase.

It is obvious that points lying on the spinodal curve cannot be utilized while solving
the set of Eqs (3). Crossing the spinodal curve the sign of determinant DY changes
and so does the sign of determinant D, as the value of quantity C is positive. This
causes the change of the sign of increments AdY, Ad" and Ay,. It may happen that
after crossing the spinodal curve a trivial solution x = y, d* = d" is found. This
difficulty may be overcome by checking the thermodynamic stability in both phases.
The thermodynamic stability also guarantees that the equilibrium quantities, viz.
compositions and densities will remain in proper phases in all iteration steps.

The reasons that may lead to thermodynamic instability are as follows: 1) inac-
curate first estimate of equilibrium quantities especially of the liquid phase density;
2) too high value of step ¢, along the equilibrium curve especially in the presence
of concave regions on the equilibrium curve; 3) the vicinity of the critical point;
4) the originally two phase system consisting of the liquid and the vapour phases
splits into two or more liquid phases at conditions specified.

Coliection Czechoslovak Chem. Commun. [Vol. 50] [1985]
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Complete check of thermodynamic stability in both phases in all iteration steps
would result in mainly multicomponent systems in a considerable increase of com-
puter time requirements. We have observed that in many cases it is sufficient to per-
form the complete check, which entails the calculation of determinants D) and DE,
only at the end of the calculation when the convergence was achieved.

To illustrate the application of the DAN method several examples are here pre-
sented. They include the construction of the phase envelope in binary two phase
systems consisting of the liquid and the vapour phases. Multicomponent systems
and systems which split into two liquid phases will be dealt with in a separate paper.

The discussion is devoted to the following cases: I) retrograde region; 2) vicinity
of the mixture critical point; 3) azeotropic mixtures. In all cases the Soave-Redlich—
—-Kwong!® equation of state was adopted. A value of the convergence tolerance
go = 1.107 1% was employed and computations were performed in double precision.

Two isotherms in the system methane—propane which include the retrograde region
are shown in Fig. 2. In isothermal calculations with the step along the equilibrium
curve |Ax,| = 0-05 the number of iterations was 4 in the whole concentration region
except in the vicinity of the critical point. Changing the temperature from 275 K
to 300 K required S iterations.

In the system methane-propane and in similar systems with one of the components
being at a supercritical temperature, some difficulties may arise in obtaining the
first estimate of equilibrium quantities. Two possibilities are outlined which guarantee
a qualified initial guess and thus lead to convergence of the iteration procedure.
First, it is possible to start from a temperature below the critical temperature of all
components in the mixture. Once the solution is found the temperature can be raised

P MPq |

Fi1G. 2
Phase envelopes in the system methane(1) -+
-+ propane(2). Up to 4 iterations required 0
to construct the equilibrium points
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stepwise gradually up to the desired value. Second, we can start at the given tempera-
ture from the mixture rich in a component that is at a subcritical temperature and
which, in multicomponent systems, predominates. Saturated liquid and vapour
phase densities of the pure component may be employed as a first estimate. These
can be determined from Table 1.

The behaviour in the vicinity of the critical point of the mixture is shown in Fig. 3.
In this case the algorithm was slightly modified. At the beginning of the calculation
the increment in the composition is firmly chosen, e.g. Ax; = 0-05. Approaching
the vicinity of the critical point this step becomes too high. This may result in the
substantial increase of the number of iterations or may lead to the failure of the
calculation. As the number of iterations exceeds a chosen value, e.g. 10 or 15, the
step along the equilibrium curve Ax, is decreased five to ten times. Following the
procedure repeatedly enables to approach a close proximity of the critical point.

In Fig. 3 the critical region of the system carbon dioxide—propane is shown. The
critical point is located by the bubble and the dew points. The difference in the liquid
and the vapour phase mole fractions is 0-0008, densities in both phases differ by 0-5%;.
The number of iterations in the last step was 15.

An example of an azeotropic mixture is given in Fig. 4, In the system ethane-carbon
dioxide, the number of iterations did not increase even in a close proximity of the

588 T T T T 7
4x = 00002
P T Ax, =0-002
MPa %\‘
- ]
5-84 -
!
) |
B A
580 1 1 1 ! ! <{
0315 X0\ ¥, 0335

F1G. 3
Critical region of the phase envelope in the system carbon dioxide(1l) + propane(2) at tempera-
ture 350 K. Critical point location: x; = 0-326400, y; = 0-327206, d- = 5-2697 . 102 mol/em?,
dV = 5-2455 . 107 3mol/cm>. Interaction parameters k, = 0-16, k, = 0-03 taken from Eveleine
and Moore!”
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14 Novdk, Rtzicka, Malijevsky, Matous, Linek ¢

azeotropic point and was within 2 to 3 for increment Ax, = 0-05. It should be noted,
however, that the coordinates of the azeotropic point cannot be determined using
the algorithm here suggested. As the tracing of the phase envelope requires preliminary
specification of the composition of one of the phases, the azeotropic point is usually
crossed. Applying the modification as described above for the critical point location,
the azeotropic point may also be found by extrapolation.

The procedure developed is most efficient in successive calculations, e.g. where
a tracing of the phase envelope is desired. The effectiveness is mainly due to the fact
that the results of the calculation of the preceding equilibrium point are completely
utilized in obtaining the estimate of the next equilibrium point. The tracing technique
consists in the linear approximation of the equilibrium curve. It is, therefore, especial-
ly convenient for multicomponent mixtures where it leads to a set of linear equations.

The problems arising from poor initial estimates which may result in trivial solu-
tions are avoided. At conditions where an initial estimate obtained, for example,
by Raoult’s and Amagat’s laws does not guarantec a convergency even with step-
-limiting, the calculation may be started at more favourable conditions. Once a solu-
tion of an equilibrium point is found it is possible to proceed along the equilibrium
curve rather quickly.

The algorithm is developed for use with a single equation of state. The partial
derivatives needed in the application of the Newton-Raphson method may be
evaluated analytically employing dimensionless quantities. At the same time dimen-
sionless quantities can also be used to calculate all thermodynamic properties.

T T T T i
240._ —
P T=243
MPa [ |
14 4
i J Fic. 4
,,V o Phase envelopes in the system ethane(l) 4+
! + carbon dioxide(2). Up to 3 iterations re-
10k 8 quired to construct the equilibrium points
! m 222 including a close proximity of the azeotropic
| point. Interaction parameters k, = 019,
0~8l—-—0{2——L——LV—J-—1-—*—1—~'——11‘b— ky, = 0 taken from Eveleine and Moore!”
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APPENDIX A

Determination of Estimate of Equilibrium Quantities

The estimate of equilibrium quantities, i.e. temperature or pressure, liquid and vapour phase
densities and composition of liquid or vapour phase, is determined assuming the ideal solution
(Raoult’s law) and the ideal behaviour of the vapour phase (Dalton’s law)

pyri=xp?, i=1,2.,N. (41)

The pure component vapour pressure p? is calculated from the Lee and Kesler!® generalized
corresponding states equation

In(pY/p;) = A + B|T,, + Cln(T;)) + DT +
+coi(E+F/T,i+Gln(T,i)+HT:; , (AZ)
where T,; is the reduced temperature, T/T;, and w; is the acentric factor. The values of the

generalized constants are: 4 = 5-92714, B = — 609648, C = —1:28862, D == 0169347, F —=
— 15:2518, F= — 156875, G = — 134721, H = 0-43577.

The vapour phase density is determined from the ideal gas equation of state

d¥ = p|(RT). (43)
The liquid phase density is estimated by generalized Amagat’s law!®
N
Hd" = Vi =3 xVoi, (44)
i=1
where V. is the molar volume of component 7 calculated by the Rackett equation®®
Vi = V2l ST (AS)

where V; is the critical molar volume and z ; the critical compressibility factor of component 7.
The molar volumes V,,; of all components are evaluated at the same pseudoreduced temperature
of mixture T, = T/’I'pc with pseudocritical temperature calculated by the Kay rule

N
Toe = 3 xiTei - (496)

i=1

In some cases the density of the liquid phase determined by Eq. (44) and used in an equation
of state may lead to serious errors in calculated pressure. Therefore, if it is desirable to improve
the estimate of the liquid phase density, this can be done by solving the equation of state for
a given pressure to calculate the liquid density.

The following procedures are adopted for particular cases discussed in the paper:

1y Calculation of bubble point pressure (specified variables T, x)
The system pressure is estimated using Raoult’s law

p=3 xpb. (47)

1=1
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16 Novik, Razitka, Malijevsky, Matous, Linek :

The vapour phase composition is calculated from Eq. (417).

2) Calculation of dew point pressure (specified variables T, y)
The system pressure is estimated by

p = (3 0l (48)

i=1

The liquid phase composition is obtained from Eq. (41).

3) Calculation of bubble point temperature (specified variables p, x)

The temperature is determined by solving Eq. (47). Applying the Newton—-Raphson method the
(/- 1)-th approximation of temperature is given by

Inp=1Inp;+ [0In ple(1]T)}ror, (1/T541 — 1/Ty) =
= Inp; — (T7/p;) (@p|0T)rov, (1 Tyss = 1/T), (49)

where p; is the pressure calculated by Eq. (47) using the pure component vapour pressures
determined at the temperature T;. Employing the vapour pressure Eq. (42) the derivative (¢p/¢T)
is given by

N
(ap/aT)T=Tj :.;1xip?(0 In P?/OT)T=T, =

N xp°T B F
_y upl B C o pri (- D S henTs)|. (410
it T, T2 T? .

ri ri ri

For T; ., then follows

1 1  pjln (ps/p)

- N
Tivr T Y xp[—(B + 0,F) T; + (C + ,G) T+ 6(D + wH) T. Ty,
i=1

J

(411)

The first estimate of temperature needed for solving Eq. (4117) is determined from the equation
Inp=Inp, + 691 — T,/T), (412)

where p and T are the pseudocritical pressure and temperature calculated by the Kay rule

(Eq. (A46)) using the liquid phase mole fraction x.

4y Calculation of dew point temperature (specified variables p, y)
In this case the temperature is estimated by solving the Eq. (48). Derivative (¢p/¢T) is given
by

(@ploTror, = [(3, 5007 - X 3500 0 BEJe D)}, =

N

2 Fi B C 5 F G 5

=py o2 Y DT+ | — =+ — +6HT3)|. (413
pJ igl p?TCI[ Tl’zl i < TZ ( )

i ri ri
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For T;, then follows

1

Ty

M-

+o— B In (p;/p) . (414)
P2 ylp[—(B + oF) T + (C + 0,G) T+ 6(D + o;H) T. T )r-r,
i=1

The next steps are analogous to those described above for the bubble point temperature. Pseudo-
critical temperature and pressure are calculated using the vapour phase mole fraction y.

APPENDIX B

Dimensionless Quantities

Basic relations

Equation of state:

z = pV/(nRT) = 2(T, d, x)

‘a) Defined dimensionless quantities

Qs =z+ d(@z/@d)-r.x

or =z + T((’}z/aT)d,x

) :Jd(z—l)dlnd
)

QU = T(aQF/aT)d.x

QC = TZ(aZQF/aTZ)d,x

N—-1

z+ (az/axi)'r,d,xkﬂ - Z xj(az/axj)T,d.,xxﬂ
J

=1

[t}

Ors = F(zi ~1)dInd =

0
N-1

Qr + (9Q¢/0X: )1 dxicsy — Z X(OQe/0X ) r.d,xcx

i=1

Qu; = T(9Q¢ /0T )y,
Oc.i T*(0%Qp i/0T? )y,
Ori,; = (00r,i0%))r.d,m0 0
i=1,2,..,N; j=12..,N-1
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b) Dependence of equation of state parameters on composition

Ji

N N

B =) Y xx;B;, B;;=B8B
i=1j=1

_ N-1

B; = B + (0B[0x;)x,,, — X X(0B[0x;),,,, =

i=1

N
=~ -B+2YxB;, i=12,..,N
i=1

jo

=B, —By, j=12.,N—1
= By — B; + 2(B;; — By),

(9B0x;)s.,
(61§i/ ‘7xj)xk )
i=1,2.,N; j=12..,N-1

¢) Calculation of thermodynamic functions using dimensionless quantities

U =U°-RTQy

H =H®°-RT(Quy+1-2z)

S =S8°—R[ln(p/p,) —Inz + Qs + Q]
A = A°+ RT[In(p/py) — Inz + Q]

G =G°+ RT[In(p/p,) — Inz + Qp + z — 1]
Iny=In(f[p)= -Inz+ Q¢+ 2z — 1

C, = C? - R(zQU + QC)

C, =C°—R(l +2Qy + Qc — 0%/Q4)
W = (QT - Qd)/(Cded)

waa = (RTM)(C,/C.) Qa

Ta, = (@InV[oInT),, = Q7/Qq

pbr “(0 In V/@ In p)T,x = Z/Qd

Partial molar quantities(/ = 1,2, ..., N)

Vi =[l+ (- 2)Q]/d

U, = U} = RT[Qu,; — (Qr — 2) (& — 2)/Qd]

H =H'+RT[-Qu;+z—1+ (& — 2) 0:/Q4]

5, =587 - R[In (x;RTd/pst) = Qu; + O, + (Z - Ei) QT/Qd]
A, = A} + RT[In (x,RTd[p,) + Qr; — 2(% — 2)/Q4]

G, = G° + RT[In (x,RTd[p,) + Qp. + z — 1]
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Invi=In[fif(px;))] = ~Inz + Q¢; +z — 1
C,; = C?,i + R[-2Qy,; — Qc, + T(aQT/aT)d.x (z - Z)/Qd]

d) Calculation of pressure, fugacity and their derivatives with respect to temperature, density
and composition

p = zRTd
(0p|0T)g x = RAQy
(‘7P/ad)r,x = RTQ,4
((’5p/6xj)T'd,,“”eJ = RTd(Z; — Zx)
f=RTdexp(Qr + z — 1) (pure component)
(0f[oT)gx = f(1 — z + Qr + Qu)/T (pure component)
(0f[od)rx = fQqld (pure component)
fi=xRTdexp (Qp; + z — 1)
(0fifod)yr x = fi(E; — z + Qy)/d
(@fi/0T)s = fil — 2z + Qr + Qu,)T
(afi/axj)'r,d,xk;ej = filzi — 2 + (5ij - on)[x; + QF,i,j]
i=1,2..,N; j=1,2 .., N~-1
(05=1 for i=j, 6;=0 for iz j)

Calculation of Dimensionless Quantities using the Soave-Redlich-Kwong equation of state

h N
[

z  =1J(1 — bd) — ad/[RT(1 + bd)]
N N
b = Z Z x,be,J , by = 0'08644RTci/pci
i=1j=1
by = (1 = kuy) (b + by)f2 ksy = Ky
a =A— BTY? + CT
N
;

Xy, B=Y Zxiju

i=1 j=1

"Mz EMZ

><
O

a
Il
M=z

-

a; = 042747R2T2/pc, , m; = 0480 + 1-574w; — 0-176w}
s = (1 = kay) (8ua5)' % kayy = kay;

Ay o= s;(L + m)(1 + my)

Bi.i = x.i[(l + my ) m} cj 12 + (1 + mj) m; c]l/Z]
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a0
o

<

:gmc}\g&

Cy = symm(T,T;)™"?

a =A4,—-BT1T'"*+CT

a; = A;— B;T'? + C;T

Q4 = 1)(1 — bd)* — ad(2 + bd)/[RT(1 + bd)*]

Qr = 1/(1 — bd) — d[CT — 0-5BT"2]/[RT(1 + bd)]

Qr = —In(l — bd) — [a/(RTH)]In (1 + bd)

Qu = [A — 0-5BT'/2){(RTb)]In (1 + bd)

0c = —[(24 — 0-7SBT'2)(RTb)]In (1 + bd)

5 =[1+d(5 — 2b)]/(1 — bd)* — ad|[RT(1 + bd)] +
+ d?a(b; — b)[RT(1 + bd)*]

Qe = —In(1 — bd) + (5, — b)df(1 — bd) —

— [a/(RTB)]In (1 + bd) + [a(B; — b)(RTE?)].
[In(1 + bd) — bd/(1 + bd)]
Qu. = (BRT)™* {(4, — 0-5B,T"/*)In (1 + bd) +
+ (Bfb — 1) (0-SBT"2 — A)[In (1 + bd) — bd/(1 + bd)]}
Qr,iy = [d/(1 — bd)] {2(b;; - bin) —
= (6; = by [L ~ (b, — b)d[(1 — bd)]} +
+ (RTH?)"* {(b, — by) (@b — 2ab;) + bbi(a; — an) +
+ 2b[a(b;; — bin) — bla;; — aw)]} In (1 + bd) +
+ d{(b; — bx) (2ab; — a;b) —
~ b(b; ~ b) (@; — ax) — 2ab(b;; — bi) +
+ a(b; — b) bd(b; — by)[(1 + bd)}/[RTb*(1 + bd)]

LIST OF SYMBOLS

Helmbholtz energy

molar heat capacity at constant pressure
molar heat capacity at constant volume
molar density, d = n/V

determinant

fugacity

molar Gibbs energy

molar enthalpy

molar mass

number of moles
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DAN Method for Calculation of Vapour-Liquid Equilibria 21

N number of components

p pressure

p°  pure component vapour pressure
p,; standard pressure

R gas constant

S molar entropy

S quantity defined by Eq. (4) or (/2)
T temperature

U  molar internal energy

V' volume

V., molar volume

w,q adiabatic velocity of sound

vector of liquid phase mole fractions

vector of vapour phase mole fractions
compressibility factor

thermal expansion

isothermal compressibility

Kronecker delta

convergence tolerance

maximum step permitted in one iteration
maximum allowed step along the equilibrium curve

#yr  Joule-Thompson coefficient

w

c

i
pc
r

<]

3%

~N N B W

Col

fugacity coefficient
acentric factor

Subscripts

critical property

i-th component in the N component system
pseudocritical property

reduced property

Superscripts

liquid phase

molar thermodynamic quantity in the ideal gas state at temperature 7 and standard pres-
sure pg,

vapour phase
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Complete check of thermodynamic stability in both phases in all iteration steps
would result in mainly multicomponent systems in a considerable increase of com-
puter time requirements. We have observed that in many cases it is sufficient to per-
form the complete check, which entails the calculation of determinants D) and DE,
only at the end of the calculation when the convergence was achieved.

To illustrate the application of the DAN method several examples are here pre-
sented. They include the construction of the phase envelope in binary two phase
systems consisting of the liquid and the vapour phases. Multicomponent systems
and systems which split into two liquid phases will be dealt with in a separate paper.

The discussion is devoted to the following cases: I) retrograde region; 2) vicinity
of the mixture critical point; 3) azeotropic mixtures. In all cases the Soave-Redlich—
—-Kwong!® equation of state was adopted. A value of the convergence tolerance
go = 1.107 1% was employed and computations were performed in double precision.

Two isotherms in the system methane—propane which include the retrograde region
are shown in Fig. 2. In isothermal calculations with the step along the equilibrium
curve |Ax,| = 0-05 the number of iterations was 4 in the whole concentration region
except in the vicinity of the critical point. Changing the temperature from 275 K
to 300 K required S iterations.

In the system methane-propane and in similar systems with one of the components
being at a supercritical temperature, some difficulties may arise in obtaining the
first estimate of equilibrium quantities. Two possibilities are outlined which guarantee
a qualified initial guess and thus lead to convergence of the iteration procedure.
First, it is possible to start from a temperature below the critical temperature of all
components in the mixture. Once the solution is found the temperature can be raised

P MPq |

Fi1G. 2
Phase envelopes in the system methane(1) -+
-+ propane(2). Up to 4 iterations required 0
to construct the equilibrium points
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