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ABSTRACT

In this investigation new and more efficient means for ob-
taining, processing and screening the urgently needed vapor-
liquid equilibrium data were proposed.

Experiméntal va.por-liqui'd equilibrium data for the binary
and ternary mixtures of the components nitrogen, methane and
ethane were obtained at -240°F by means of a modified forced-
recirculation apparatus. Liquid-liquid-vapor equilibrium data
of t.he ternary system were aléo obtained at the same tempera-
ture. -

Two methods were proposed for computing vapor phase
compositions from total pressure and liquid composition data. One

was. for low and medium preséure conditions, in which a hypo--
thetical component concept was employed and thus extend‘ed the
method for binary systems to ternary systems at isothermal con-
dition. The proposed method was successfully applied to the
ternary system nitrogen-argon-oxygen. The other was proposed
for high pressure systems in which an afdjusted activity coef-
ficient was introduced in conjunction with the appropriate symme-
tric and unsymmetric conventions. As a result, the indirect
method was generali‘zed and extended to the high pressure and
rr_miticomponent systems. Moreover a nonlinear regression
technique was introduced making possible the evaluation of the
adjustable parameters. Three binary systems were used to illus-
trate the proposed method with good results.

A general thermodynamic consistency test method which per-
mits a point-by-point evaluation of the vapor-liquid equilibriui’n'

data was proposed and the maximum experimental error bounds
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were also established analytically. Vapor-liquid equilibrium
data of one ternary and five binary systems were effectively
evaluated by the proposed method.

In addition, the total pressure method of Barker was
generalized, the composition resolution method of Van Ness
was extended .to the ternary éystems and a five-_j-unction
copper-constantan thermopile was built and its calibration

table was also prepared.
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= entropy
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CHAPTER 1

INTRODUCTION

THE OBJECTIVES OF THE STUDY

The ever growing petrochemical industry and space technology
demand cheaper 'and better stagewise separation techniques. The
concept of the stagewise separation is mainly dependent-on the
physical equilibria. .Therefore, practical necessities require more
and better prediétion methods as well as better expérimental
determinationsof vapor-liquid equilibrium data.

According to Scatchard (88) there are three schools of thought
among studenfs of the vapor-liquid equilibrium. The first examines
the temperature, pressure, liquid and vapor compositions; the
second considers the pressure measurement relatively inaccurate

- and therefore requires knowledge only of the other three; and the
third considers that the vapor composition is difficult to measure
and works with temperature, pressure and liquid composition.
The first two schools express the experimental data in terms of
excess free energy and relative volatility, a = ylxz/xlyz, respec-
tively. Meanwhile, the third .school faces more difficult problems.
which have not been satisfactorily solved, although they have received
considerable attention for many years. This statement is still
true even today if one likes to combine the K-values correlation
with relative volatility as a group.

To meet these needs, attempts were made in this study to
combine the advantages and to remove the. disadvantages of all

available methods by making full use of modern techniques, such -
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as gas chromatography and automatic computation, to
investigate:
i) some new means for obtaining the urgently needed data,
ii) more efficient methods for processing the experimental
data, '
iii) better methods of thermodynamic consistency test for
screeniﬁ/g the existing data. -

The prediction and correlation methods were also reviewed

briefly.




CHAPTER 2

LITERATURE REVIEW AND DISCUSSION

A complete literature survey up to October 1, 1959 was
reported by Flynn (35). It gaveg.a bibliography of the physical
equilibria and related properties of cryogenic fluids such as
hydrocarbon, helium, nitrogen, carbon dioxide, carbon mono-
xide, methane, ethane, and propane. Another bibliography of
vapor-liquid equilibria has been recently prepared by the British
Institute of Chemical Engineers (85). In this surve‘y,' which covers
the period up to 1966, low temperature vapof-liquid systems are
classified into eight categories, namely:

Atmospheric gases (26 refs) .

Systems containing carbon dioxide (16 refs.)
Systems containing hydrogen sulfide (8 refs.)
Systems containing hydrocarbons only (31 refs.)

Systems containing hydrogen and hydrocarbons (18 refs.)

[ L B N

Systems containing nitrogen and/or carbon monoxide with
hydrogen and/or hydrocarbons (22 refs.)

7. Systems containing helium and/or neon (18 refs.)

8. Miscellaneous (8 refs.),

Pressure and temperature ranges of each system are given in
this survey. Besides these bibliographies the book of Hala, Pick,
Fried and Vilim, entitled ""Vapor-Liquid Equilibrium (42)'" also
provides useful references. In the first part of this book theore-
tical principles and methods of calculation at equilibrium condi-
tions from various experimental data are discussed. In the second
part, elements of measuring technique and a systematic review

. of instruments for the direct determination of the equilibrium

compositions of the liquid and vapor phases of the system are

g e o

et
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presented. In the third part of this book a review of the litera-
ture up to July, 1965 is given.

In view of the faclt that the bibliographies available are
quite exhaustive and up to date, only a brief review of the
literature will be made in this thesis, covering only those points
which are of interest to this study, such as the experimental
methods, prediction methods, and correlation methods. In addi-

tion, current publications will be quoted accordingly. .

2.1 EXPERIMENTAL METHODS

In the literature, various methods have been proposed for
investigation of the vapor-liquid equilibrium. The acceptable
methods may be classified as follows:

FORCED-RECIRCULATION METHOD

The forced-recirculation method was first developed by
Dodge and Dunber (29 ) into a practical use. The vapor distilled
from the liquid was recirculated back through the liquid bf
means of a mercury pump. In this way the liquid was stirred
thoroughly and the equilibrium was achieved by continuously
bringing the vapor into contact with the liquid. These authors
used this apparatlJ;s in the study of the oxygen-nitrogen systems
with great success. It is probably the most accurate and reli&ble
one among all the existing methods and has been widely: adopted.
Aroyan and Katz (4 ) studied the methane-hyrogen system by
means of this method and modified the circulation process by
introducing an' electromagnetic pump. Further modification was
made by Harvey (43), Price and Kobayashi (77). They introduced

a transparent equilibrium cell and a bath liquid in the cryostat




in the study of the systems céntaining methane, ethane and
propane (77). A similar apparatus was also constructed by
Brandt, Straud, and Deaton (10),‘ and by Stein, Sterner and
Geist (92). In the present study, the forced-recirculation
method has also been chosen.

STATIC AND TOTAL PRESSURE (OR BUBBLE POINT
PRESSURE) ME;I’HODS

In the static and total pressure methods a mixture is
introduced into the equilibrium cell which is maintained at
constant temperature and is agitated, either by shaking the
container or using a magnetic stirrer. After a certain period
of time the mixture is assumed to be in equilibrium. The
operating conditions are then recorded. In a static method, (28)
portions of vapor and liquid samples are withdravs}n and their
compositions are analyzed experimentally; whereas in the
total pressure method, the vapor phase compositions are
calculated directly from the thermodynamic relationships based
on the liquid composition and total pressure data (45, 89 ).

Both the static and the total pressure methods are useful

for high or moderate pressure, high or low temperature systems.

Rigorously, these are the only methods which can reach the true
equilibrium state. However, in the present state of the static
method, there is no provision made for keeping the pressure
constant during the sampling procedure. A drop in the pressure
during the sampling, of course, disturbs the equilibrium. More-
over, in the total pressure method the existing means of calcu-
lation are far from perfect, especially under the high pressure

and low temperature conditions.
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In this study, new methods of calculation of the vapor phase
composition from total pressure and liquid composition data both

for low and high pressure are developed which enable us to re-

- move the barrier in obtaining data by means of the total pressure

method.
DEW-POINT AND BUBBLE-POINT METHOD .

This method consists of introducing a known aﬁount of gas
mixture into a stirred transparent or an opaque equilibrium cell
maintained at constant temperature. The contents of the cell are
brought through the gas-phase region to the dew-Jpoint and then

through the two-phase region to the bubble point,‘ by adding mea-

sured increments of gas to the cell, thereby increasing the pres-

sure. The dew-point and bubble-point pressures are determined
by direct observation (or detected by certain sensing devices if
an opaque cell is used) and from the plots of the pressure-mass
of gas data and the liquid volume-pressure data at constant tem-
perature. This procedure is repeated at different températures
to define the constant composition liquid-vapor phase boundary
or dew-point and bubble-point loop of the mixture for several
mixtures. The results are plotted and the equilibrium conditions
are then determined through 'éhe intersection of the dew-point
curve of one composition with the bubble-point curve of the other
composition.

This method has been developed for many years and has
frequently been employed. It was developed to a considerable
perfection by Sage and Lacey (87) who used it for mixtures of
light hydrocarbons chiefly above the room temperature. It was

also employed by the IGT group in the studies of the cryogenic
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vapor-liquid equilibrium (7-9, 30,32 ) for the systems of
nitrogen-methane (8), nitrogen-ethane (3A2), and methane-
ethane (32)..

‘The advantage of this method is that the mixtures may be
prepared with predetermined composition.‘ Therefore the phase
compositions need not be analyzed. However, it must be applied
with great care, since to detect the minute drop of liquid formed
or the disappearance of the last gas bubble demands a. highly
trained technique. Moreover, it cannot be used to study multi-
component systems. |

FLOW METHOD

In the flow method a gas mixture is passed steadily into
the equilibrium cell where it is cooled and partially liquified.
The vapor in equilibrium with the liquid formed from conden-

sation is separated and removed continuously to the storage

for analysis. A continuous analysis of the sample is also possible.

This method was employed by Steckel (91) for the carbon
monoxide-nitrogen system, | and frequently used by Ruhemann and
co-workers for systems such as methane-ethane (84 ), methane-
ethylene system (38). Later, it was also employed in the United
States by Stutzman and Brown (93) to study natural gas systems.

The advantages of this r_nethod are that large quantities of
samples of vapor and liquid can be obtained with a small expe-
rimental assembly and the intimate contact between the vapor and
the liquid during condensation provides a rapid approach to the
equilibrium. The drawback of the method is the difficulty in
controlling the pressure and temperature inside the cell while
rapid condensation takes place. Moreover, the separation of the

two phases becomes difficult in the critical region.
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DISTILLATION TOWER METHOD
In the development of the distillation tower method, Chu

et al. (2l) studied the system of acetone-water and showed
that the equilibrium condition could be attained on a distilla-
tion tray consisting of one bubble cap and operating under
the total reflux condition. Based on their idea, Wang (1A03
constructed a still of several number of sieve plates in which
the separation on each tray was expected to be equivalent to
the performance of one theoretical plate. Wang studied the
argon-oxygen system (102) by means of this apparé.tus, and
found that the reproducibility of the data was within £ 2% on
the logarithm of the relative volatility over the entiré compo-
sition range. The overall accuracy of this method was estimated
to be + 3%, prior to any correction.

Indeed, this is not an accurate method frorh the theoretical
standpoint; however, it does provide a quick investigation method
which should draw much more attention from a practical point of
view. Nevertheless, it may be used to study the vapor-liquid
equilibrium, either by modifying the tower or by taking the
tray efficiency into account to obtain the correct data, thus enables
one to speed up the accumulation of data and to shorten the gap
between the theoretical scientists and engineers. This would be

a good topic for future studies.

2.2 PREDICTION METHOD BASED ON AN EQUATION OF STATE

When two phases are in equilibrium and if y; and %\1 are the
chemical potential and the fugacity in two phases the condition for

equilibrium is
M © By

B L U,
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The fugacity coefficient (Di of component iin any phase of a

binary or a multicomponent system can be expressed as

. P ’ =
RT 1n 0, = [(% - 2Jap 22
0 i T,P,N,

or

- R—{f] dVv. - RT ln Z 2.2
\4 i T, V.N,

where V is the total volume of the fluid mixture, and Z is the
compressibility factor of the fluid mixture at T and P. Since

most equations of state are explicit in pressure, it is therefore
more convenient to use Eq. 2.2. In order to evaluate the fuga-
city coefficient from either Eq. 2.1 or Eq. 2.2, it requires an
equation of state which can be used to represent not only for

the pure componenté but also for their mixtures including com-

position as one of their independent variables, that is,
d)iL(xi, P, T) = d)iv(yi’ P, T) i=1, m 2.3

Equation 2.3 enables one to obtain yi's from a knowledge of

x.'s, or vice versa.
i

CRITERIA OF THE VALIDITY OF AN EQUATION OF STATE

FOR THE PREDICTION OF VAPOR-LIQUID EQUILIBRIA

In practice, none of the existing equations of state can be
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used to predict the vapor-liquid equilibria without any res-
triction. The necessary but not sufficient conditions for an
equation of state to predict the equilibrium properties of the

mixture are

PL = P v _ - - 2.4
and
fL = fV _ 2.5

The first condition, Eq. 2.4, can be easily satisfied. The
second condition can be satisfied by a.djusting‘ a pérameter in
an empirical equation of state (109), but in doing so, the first
condition is usually sacrified. As an alternative, the author
would like to call attention to one of the oldest relationships -
the Maxwell condi:;ion (63).
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Figure 2.1 Illustration of Maxwell Condition.
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Referring to figure 2.1, whicﬂ shows the continuity of a P-v
isotherm, one sees that at a given temperature the substance
can be brought from the liquid state to the gaseous state or
conversely through the path denoted by L'LMONVV'. The
Maxwell condition states that the two shaped surfaces LMO
and ONV are of equal area. The proof of this relationship is
straightforward. _

The eiffect of the pressure on the fugacity of a pure

component is given by

3n £ v :
2P ~ "RT . .26

Integrating this equation from the saturated gaseous state, V,

to the saturated liquid state, I, at constant temperature yields
o ° 1 J‘L
ln(fL/fV) = vdP 2.7

At equilibrium,

therefore,

7w = o 2.8
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2.3 PREDICTION METHOD BASED ON THE SOLUTION THEORY

Many solution models based on the microscopic considera-
tion have been proposed in the literature. The solution theory
may be considered as the only rigorous way to solve the problem:.
An extensive review of the literature in such a large field is beyond
the scope of this study. The present discussion will be restricted
to two simple models : one is a regular solution and the other

is an athermal mixing theory.

2.3.1 REGULAR SOLUTION THEORY : SCATCHARD-
HILDEBRAND'S EQUATION (46)

The felationship between the excess Gibbs free energy,

the excess enthalpy and the excess entropy is given By

AGE = AHE - T ASE ceteeaan 2'11‘

Hildebrand assumed that for a regular solution ASE =0 ,

AVE = 0. Therefore, for a binary solution

E E 2
AGE - aHE - AEE - 8, 6, V(6 - 6,) 2.12
where 8. = N, v, / z N, v, = ceeeve.. 2.13
i i'i PR
5 = (AH"aP - RT )1/2 ........
i 2.14

v,
1

Differentiating Eq. 2.11 with respect to Ni and combining with
Eq. 2.15,

(gll\].\IG > - RT lnYi ...... 2.15,
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gives

2 2 ‘
RT In v, = A} 62 (62 - 61)

2.16

Equation 2.16 is being used as a basis for many prediction methods.

2.3.2 ATHERMAL MIXING THEORY —— FLORY -
HUGGIN'S EQUATION (33, 34, 49 )

Flory and Huggins assumed a model of an athermal solution,

M

may then be represented by:

ASM = - RZ X, ln 9‘ ........
i i i

therefore

AGM = RT Z < 1n e --------

i 1
For an ideal solution,
(AS M) ideal = - Rz X. 1n e. ........
: ;i i i

hence

AG :RTZ x.1n (8. /x.)
: i i’

‘in which AHM =0, Av =0. Thus the Gibbs free energy of mixing

2.17

2.18

2.19

2.20

2.21

For the case when random mixing is predominant this model

is found to be useful and is applied to polymer solutions

frequently.

U
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2.3.3 APPLICATIONS OF REGULAR SOLUTION AND ATHERMATL
' MIXING THEORIES

CHAO AND SEADER METHOD (17

Chao and Seader rearranged Eq. 1.13 to correlate the

K-value through a combination of three factors:

= : = fo ........ .2
K= y/% = (§/P) (v) /() 2.22
Following the three-parame‘ter law of corresponding statesof
Pitzer (17), the liquid fugacity coefficient of pure component i

or (fiL/P)’ can be expressed as
log (£, /P) = log (£ /P) + wlog (fio/P)l ------ 2.23

The quantities (fi /P) and (fi /P)1 depend upon the reduced
temperatures and reduced pressures. Both of these quantities

have been fitted with the following empirical functions:

log (f; /P)° = (A, + Al/Tr + AT+ A3T: + A4Ti)
(A + AT + A7T5)Pr
+(Ag + A9Tr)P: - logP_ - 2.24
log (fio /P)1 = -4.23893 + 8.65806 T -1 22060/Tr
- 3.15224 Tf - 0.025(P_-0.06) - 2.25

The activity coefficient was calculated from the Scatchard-Hildebrand
equation with the regular solution assumption. Instead of calculating
the solubility parameter from heat of vaporization and liquid molar

volume, the necessary parameters of forty-three hydrocarbons
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and hydrogen, were determined from the expérimental vapor-liquid
data. The vapor phase fugacity coefficients (Di were calculated
from the Redlich-Kwong equation of state. The correlation could

be applied to hydrocarbons of various molecular types including
paraffins, olefins, aromatics and naphthlenes. Hydrogen in hydro-
carbon mixtures was also correlated. The correlation was success-
ful in predicting K-values of hydrocarbons at relatively high

temperaturesbut failed badly at low temperatures.

CHANG, CHAPPELLAR AND KOBAYASHI'S CORRELATION (1 3)

Chang, Chappellar and Kob~ayashi correlated K-values of
methane in paraffinic and aromatic solvents at low temperature
and high pressure. They expressed K-valuesby an equation similar
to the work of Chao and Seader, ’

K = Yi/xi = (fiL/P’ (Yi)/(q)i) -------- 2,26

where the (fioL/ P) term was taken from Chao and Seader-'s work (17),
The vapor phase fugacity coefficient was evaluated from the modified
form of Redlich-Kwong equation of state (104, 105), and the liquid
phase activity coefficient was taken as a sum of the athermal and
thermal effects. )

For the vapor phase fugacity the Redlich-Kwong equation was

rearranged as follows:

P b
_V_ = A - ( a 15) ) ...... 2.27
RT - v -b b RT™ b+v

This equation was modified by Wilson (104, 105) by as suming that

.5 ‘
a2/ (b RT! ) = F(Te/T,w) = D, + DZ/T ------- 2.28
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to yield the following relationships:
F(T/T_ w) = 4.934 [1 + (L. 45 + 1.62y)

| 0.12
(T /T - 1.0):]j (T_/T)

The constants for pure component were given as

1.5

")
1

w 9
F(Tci/T, )biRT
0.0867 RT /P

4 G

o
I

or
ZTZ. 5

>
ll

ai/R

bi/RT

B,
i

The constants for mixtures were given as

2
A =2 Yi%y
i

B =z x.B,
1 1
' i

The vapor phase fugacity was then evaluated through Eq. 2. 36

log & =0.4343 (Z - 1) (Bi/B) - log (Z - BA)

- (A%/B) iZAi/A - Bi/B)v log (1 + BP/Z)

where

) 2
z- (153) - 5 (153)
and

h = BP/Z

.29

.30 .
. 31
.32

.33

.34

.35

.36

.38
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The compressibility factor Z of the vapor mixture was calculated

by a trial a;nd error procedure utilizing Eq. 2.36 and Eq. 2. 37
The activity coefficient was written in the form
h
1n Yi = In yiat + 1ln yith . 2. 39

with the yiath given by Miller-Guggenheim (37, 66) as

In ylath = 1n [(1 - 62)/x1] - 2/2 1n[1 - (- 1/r) 2 ez/z]

........ 2. 40
with
92 = rlxz (x.l+ TyEy) el _ 2. 41
In Eq. 2.40 r is the molecular size ratio, z is the number of
the nearest neighbour. In Eq. 2. 39, the Yth- term was taken the
form similar to the Scatchard-Hildebrand equation,
th n '
=X B, i ' 2.
In Yl X e2 42
but instead of 2,n was taken to be 2. 6 and X was determined
experimentally through the equation
X=[m (K ci)).1n(>f°/p)-111\(2‘“‘_]e'n ..... 2.43
1- 1 1 3 72 : '

Chang, Chappelear and Kobayashi correlated K-values of methane
in hydrocarbon solvent‘based on the foregoing discussion in which
the liquid fugacity was taken from Chao and Seader's work (17),

the molecular size ratio was taken as the molar volume of liguid at

25°C and z, the number of the nearest neighbour was taken to be 12.
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The correlated results were in good agreement With.K-va'lues

of methane with a relative deviation of 5%, except in the vicinity
of the critical point. However, for the heavier components the
results were not so successful. The relative deviations involved
were in the range +20 to -200%. The failure of the correlation
was attributed to the unsuccessful description of the 'non-ideality
of the heavier component in the vapor phase by the approximate

Redlich-Kwong equation of state.

CORRELATION OF ORENTILICHER AND PRAUSNITZ FOR THE
SOLUBILITY OF HYDROGEN (67)

Based on the previous work of Prausnitz (71), the Krichevsky-
Kasarnovsky's equation was modified by Orentilicher and Prausnitz

(67). By defining,

Iim A : ' .
X = o~ 0 T, . 2,43
2
. A 2 ‘ ,
In Y * RT x, 2. 44
% A 2 ' o
1n Y, = RT (X1 -1 | 2, 45

and, when combining with,

A ’ “
f‘2 = x, \12 X ' 2. 46
gives - s
A 2 v, B-P,
Inf,/x, = m¥+ 2 x°.1 2.47
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Equation 2. 47 is similar to the Krichevsky-Kasarnovsky's equation
(54) except that the former equation takes into account the effects of
the deviations of composition and pressure. For a small value of
XZ’ Eq. 2.47 becomes
AL e 24 - pS
In'f,/x, =% +[v7 . —2&_ 7 (C-Fa ) 248
2" 72 L2 22/ s pS =

Thus a semilogarithfnic plot of the ratio /f\z/xz at constant tempera-
ture against total pressure - should give a’ . straight line
for small values of X5 which is justifiable from the solubility data
of hydrogen. The constant A and the Henry's Law constant in
Eq. 2.47 were evaluated for the following solvents; A, CO, NZ’
CH , C2H6’ C.H C3H6’ and C6Hl4' The partial molar

4 378
volume of hydrogen was approximated by the following relationship

-

e 2 -

& = b2 + R'1/¢51 | 2.49
' 3

where b is the van der Waals covolume,taken to be 26. 6 cm.

/g -mole for hydrogen.

CORRELATION OF VAN HORN AND KOBAYASHI FOR HYDRO -
CARBONS (97) . ‘

Extending the work of Orentlicher -Prausnitz (67), van Horn
and 'Kobayashi correlated liquid fugacity coefficientsby an equation

similar to Eq. 2.47 as follows: -
% /x, = In vy, % 1 P_P)

RT
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in which subscript 1 is assigned to the lighter component methane,
and P° is the reference pressure, taken to be 1 atm. By combining
Eq. 25 with the solubility parameter, they generalized the correla-

tion to the following form

1n (flL/xl) = (A + B, Tc,l/T) + (A, 4 B, Tcl/T) (8, - 8,)
‘ + (Cl + CZ/VZ) % Tcl/T -
+ (D, + D, T/622) (P - P°)/RT ..... 2.51
where constants A, B, C, D together with v ére given in the l
original paper (97). By combining Eq. 2. 51 with the vapor phase ‘
fugacity, evaluated from the Benedict-Webb-Rubin's equation of r
state, the K-value was found to be
A A .

K. = (fiL/xiP)/ (fiv/yiP) .......... 2.52

The liquici activity coefficients for ethane and Propane were calculated
by using the Scatchard-Hildebrand equation; however, they were
modified empirically by using infinite dilution data in the determina-
tion of the adjustable parameter.

Excellent aéreement of K-values was obtained in the correla-
tion. It should be mentioned, however, that for the intermediate
component, K-values at infinite dilution, required in the calculation,

are not always available.

2.4  CORRELATION METHODS
According to the phase rule,

P+F = n+2  ............ 2.53 |
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where F = number of degrees of freedom in the system,
n = number of components in the system,
P = number of phases present in the system.

The number of degrees of freedom of a two-phase system is equal
to the number of components.
The composition or a composition variable may be chosen

~ in addition to the T and P for describing the ternary system. The

composition variables employed in the literature may be summarized

as follows:

Pcv T CONVErgence PressSUTe  ...:i..o.oce.c.... 2,54
K, = yi/xi ............................. 2.55
n
MABP = z Z, (NBP).,  toeeeeee e, 2. 56
-=1 -
n
AM = z Z. M, e 2.57
. . 1 1
i=1l
n
P = z Z. PC, e 2.58
Pc iz ¢ 1
n .
T - = Z, TC, e 2.59
P iz1 **

where Ki is the equilibrium ratio or K-value, z, is the mole
fraction, x, is the mole fraction in the liquid pahse, v; is the
mole fraction in the vapor phase and M is the molecular weight

of component i. MABP is the molal average boiling point, AM

is the average molecular weight, Ppc is the pseudo critical pressure,

Tpc is the pseudo critical temperature, and n represents the total

number of components.
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The functional relationship for a pn -component system may

be generalized as follows:

@i(ei,P,T)= 0 .. 2. 60

‘where Bidenotes thg n -2) composition variables. When
Henry's law is applicable for the system concerned, one va-

riable may be deducted accordingly,

CONVERGENCE PRESSURE ME THOD

One of the most important composition variables - is
t he convergence pressure, which is defined as the pres-
sure at whicl?%-value appears to converge to unity on an iso-

thermal plot of log K vs log P as shown in Figure 2.2

Ki
x X
on (=]
g \ S \
0 \\l (0] \
I
: Ko i |
| l }
! 1
{ i !
t N |
) N !
0 P2 R P 0 Pev log P—
Binary system, T= Const- Complex system, T=Const-
Figure 2.2

The dotted lines in the plot for a binary system indicaté
the situation when Raoult’s law is obeyed. The solid lines
indicatethetypical behavior of hydrocarbons in which the K-
value approaches unity, when pressure approaches Pc or
Pcv. This phenomenon was first noted by Katz (51). For a

complex system,a similar behavior was also observed by the
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same author. The convergence pressure has been found to be a

function of composition and has been therefore suggested (103) as

a parameter to represent the effect of composition at higher

pressures when the ideal solution approximation is not valid.

Several schemes have been proposed (39, 55, 68, 86) for the

prediction of convergence pressure as a function of composition.

The most recent correlations based on the use of the

convergence pressure are the following:

1.

"The N. G.P.S. A, chart — This set of charts for twelve

hydrocarbons (and nitrogen) was published By the N. G. P. S. A.
(the Natural Gas Producers' Supplier Association of Tulsa,
Oklahoma) in its 1966 Engineering Data Book. It supersedes
the earlier set of diagrams in the 1957 N. G. S. M. A.
Engineering Data Book which, however, is still being widely
used. In this book new diagrams were derived from more
recent and more plentiful basic data, particularly for the

low temperaturé region. Therefore, they contain many
valuable improvements over the earlier works. The K-values
are presented as a function of temperature, pressure and
convergence pressure. The latter parameter which represents
the dependence of the K-values on liquid mixture composition
was introdu.ced by Hadden in 1953 (40).

The Hadden and Grayson nomographs - Hadden and Grayson
gave a new set of diagrams in 1961 (41) for more accurate
determination of convergence pressure. With the aid of

this convergence pressure, K-values can be read from a
nomograph. Two nomographs for different temperature

ranges are given. One of them goes down to - 260°F.
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LENOIR DIAGRAM

The Lenoir-diagrma was published by Canjander, Hipkin
and Lenoir in 1960 (11). This method also employs a set of
diagrams and a nomograph. The diagrams give K-values at a
pressure of 10 psia as a function of temperature only. The lowest
temperature givén is -220°F. The nomograph gives the pressure
correction which depends on an effective boiling point as the
composition dependent parameter.

Another set of diagrams also prepared by Lenoir (55) for
carbon-dioxide rich hydrocarbon systems, which is; consistent
with those mentioned above, describes the effect of the particular
non-ideality on the hydrocarbon K-values caused by. the presence
of carbon dioxide. A diagram for the carbon dioxide K-values
at 10 psia is also given. The temperature range covered is from

-60°F to 100°F.,

KELLOGG CHARTS

A set of 324 charts was published in 1950 by the M. W, Rellogg
Company, entitled "Liquid-Vapor Equilibria in Mixtures of Light
Hydrocarbons, MWK Equilibrium Constants, Polyco Data". These
charts were prepared based on the Benedict-Webb-Rubin equation
of state. The mola;r avel.'age boiling point (MABP) expressed in
degrees Fahrenheit was chosen as the composition dependent
parameter. It covers the temperature range from -100°F to 400° F,
a range of MABP from - 255°F to 180°F and lists values at 26
different pressures between 14. 7 and 3600 psia for twelve hydro-
carbons: methane, ethylene, ethane, propylene, propane, i-butane,

i-butylene, n-butane, i-pentane, n-pentane, n-hexane and n-heptane.
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CHAPTER 3

EXPERIMENTAL STUDY OF VAPOR-LIQUID EQUILIBRIA:
NITROGEN, METHANE, AND ETHANE SYSTEMS

3.1 EXPERIMENTAL DETAILS
3.1.1 APPARATUS

A forced-recirculation apparatus used in previous work (14)
was modified in the present study. The details of the design are
available (16). A brief des cription is given here. A schematic
diagram of the modified apparatus is shown in figure 3.1. Essentially,
it consists of a feed preparation and charging unit, a transparent
equilibrium cell, a cryostat and associated temperature control
system, an ele ctromagnetic pump, a recirculation loop, sampling
facilities, temperature and pressure measuring devices, anda

coolant supply system.

FEED PREPARATION AND CHARGING UNIT

Three gas tanks, installed with individual pressure regulators
were connected to the system for storing the pure gases. Additional
three gas tanks, one of 2-liter capacity and two of 300 -ml. capacity,
respectively, and a calibrated Pressure gauge were also connected in
parallel. These tanks together with the evacuation facilities

comprised the system for preparation of the gas feed mixtures.

EQUILIBRIUM CELL

A 100-ml. Jerguson transparent gauge with stainless steel
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body was used as an equilibrium cell. A schematic diagram of the )
cell and cryostat, into which the cell is immersed, is shown in
figure 3. 2. The top of the cell was fitted with a 1/2 - in. National
Pipe thread connector, into which the vapor outlet tube and two
1/16 - in. liquid sampling tubings were inserted. A 1/8 - in.
Autoclave joint was welded to the connector at the bottom of the
éell, which was connected to the cooling coil, the vapor inlet

pipe line.

CRYOSTAT AND TEMPERATURE CONTROL ASSEMBLY

A Dewar flask of 18-liter capacity was employed as the
cryostat into which the equilibrium cell was submerged, with
isopentane used as the bath liquid. The cryostat was equipped
with refrigeration coils, one for freon and the other for liquid
nitrogen, two stirrers, two heating elements, and a resistance
type temperature sensing element. In'the down stream line of
the liquid nitrogen refrigeration coil a buffer tank, a flow indicator
and a needle valve to keep the nitrogen flowrate constant were
situated. In addition to these elements, the cryostat was equipped
with a Bayley temperature controller, model 250. A complete

description of the temperature control problem is given later.

ELECTROMAGNETIC PUMP

The electromagnetic pump, designed and built in the course
of a previous study (14), was further modified to eliminate the noise
and sparking during operation. In the modification the mechanijcal

relays were eliminated from the circuit.
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The new circuit and a cross section of é. portion of the
pump are shown in figure 3.3. The major part of the circuit,
shown in the middle portion of the figure, is a symmetric Flip-
Flop circuit producing a square wave-output. On the left side
of the figure is'a power supply system which may be adjusted
through a variable resistence R to give a minimum of 1. 5 milli-

second and a maximum of 1 sec. per cycle.

VAPOR RECIRCULATION LOOP

The vapor recirculation loop, as depicted in figure 3.1,
consisted of an electromagnetic pump, a volume regulator, a

cooling coil, an equilibrium cell and a vapor sampling tube.

SAMPLING FACILITIES

The vapor sample was entrapped within either the vapor
sampling tube or the volume regulator. The liquid sample was
withdrawn from one of three liquid sampling tubings of 1/16 - in.
diameter, all of which passed through the outlet vapor chamber
and extended into the equilibrium cell at different levels. A
needle valve and a three-way valve were installed between the

liquid sampling bulb and the equilibrium cell.

TEMPERATURE AND PRESSURE MEASURING DEVICES

Two protected type copper -constantan thermocouples were
installed in the equilibrium cell at two different levels, one located
one -quarter of the height, and the other three-quarters of the
height of the cell, measured from the bottom of the cell. The system
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temperature measurements were made by means of a Leeds and
Northrup K-3 potentiometer and a Tinsley SRI galvanometer. In
addition, three calibrated "Test Gauges' with ranges of 0 to 200,
0 to 600 and 0 to 1500 psig and with 1, 2, and 5 psia subdivisions,
respectively, were also provided for measurement of the system
pressure. The uncertainties involved in the temperature and the
preéssure measurements are believed to be £ 0.1°F and 1 psi

respectively.

COOLANT SUPPLY SYSTEM

One freon refrigerator was provided to bring the unit a little

cooler than the room temperature. In addition, one liquid nitrogen

tank was stationed nearby to supply the needed coolant for the

system operated at lower temperature.

3.1.2 EXPERIMENTAL PROCEDURES

At room tempefature the system was first evacuated and
maintained under the vacuum of 0.1 mm. Hg. or less. The freon
refrigerator was turned on to cool down the cryostat and the
equilibrium cell. The Dewar flask was filled with isopentane
as the bath liquid. . During idling period, for safety precaution,
the freon refrigerator was always kept on to prevent the hazard
which might arise from the evaporation of the isopentane into the
air. After the starting period, the freon refrigerator was turned
off, both stirrers were turned on and the liquid nitrogen tank was
pressurized by compressed nitrogen gas to 10 psig or less. By

adjusting the needle valve after the buffer tank the evaporating

rate of liquid nitrogen was regulated. The approximate evaporating

rate could be Wé.tched from the flow indicator which consisted of
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a Venturi tube and a manometer. In the starting period, the
vaporiz_ation rate was preferably large, in order to reduce the
temperature rapidly to a point slightly below the‘desired level.
The temperature of the bath could be maintained near the desired
value by regulating the nitrogen evaporating rate through the
needle valve and simultaneously checking the systefn temperature.
For a binary system study, the heavier component was simply
introduced into the storage tank. However, for a tena;:y system
study, two heavier components were premixed at the desired
ratio in the feed preparation unit and kept overnight. The heavier
component of the system studied could then };e charged into the
equilibrium cell by opening the stop valve after isolating the vacuum
pump from the system. As the pressure reached the saturation
point, the liquid was formed. The charge was stopped until the
liquid level had risen to half of the cell capacity. The temperature
controller was then turned on and the temperature was vadjusted.
As the electromagnetic pPump was stafted, the vapor was withdrawn
from the cell. The vapor was warmed up when passed through
the vapor sampling tube, volume regulator, and to the electro-
magnetic pump. Then it was recirculated back through the cooling
coil. The vapor was thus cc.)oled down again and returned back
to the equilibrium cell by bubbling through the liquid phase. In
this manner frequent gas liquid contact was provided. From
continuous analyses of the vapor sample for one or more runs
the minimum time required to reach equilibrium was established.
In this study, the minimum time required was found to be less

than an hour. In practice, the vapor was recirculated for two
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hours. Then the vapor sample Wwas trapped as soon as the pump
was stopped, and the pressure and temperature were recorded.
Then the liquid sampling valve was opened, and the sample was
withdrawn, .However, when studying the liquid-liquid-vapor
equilibria, the samples were withdrawn only after one hour settling
period. The liquid sampling pipe line was thus puréed by the first

portion of sample through the needle valve and three-way valve

to the bottle filled with water. The sampling rate coul-d be regulated

by adjusting the needle valve in line and counting bubbles through
the bottle. After the éampling rate was approprié.tely adjusted,

the three-way valve was then switched to the liquid éaznpling bulb
which was pre-evacuated. Ten to twenty minutes were required

to collect 10-ml. of the sample at room temperature and at a
pressure of 20-psig. If the system pressure dropped while
sampling, the pressure of the system could be maintained constant
by adjusting the volume regulator. The analysis work was followed
and the first experimental point was obtained.

The procedure required to obtain the second point was much
simpler. After adjusting valves of the syétem the more volatile
component could be fed to the system by bubbling it through the
liquid and then passing to thé other part of the system. The char-
ging process should be kept as slow as possible. This could be
done by simply adjusting a needle valve between the tanks and
the system. Recirculation was resumed and the second point
was thus obtained. If the pressure was far below the critical
value, this process could be repeated two or three times without

affecting the constant ratio of the two heavy components in the
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liquid phase. In this manner three points could be collected for
each run. The time required for each run was about 15 hours
including analysis work. Then the pressure of the system was
relieved and vented to the air outside of the building. The system

was evacuated overnight and ready for the next run.

 3.1.3 TEMPERATURE CONTROL OF CRYOSTAT

Since temperature is one of the variables, its control there-
fore becomes an important step in this type of stﬁdy. A good
technique is required to build up a delicate b_ala.nlce.'between heat
removal from the evaporé.tion of liquid nitrogen and the heat
supply by the heating elements. A system for controlling the
temperature generally consists of a sensing element, a tempera-
ture controller, a cooling coil, heating elements and a liquid
bath. For securing good results it is necessary that all factors
are correct. .

In this study one proportional type temperature controller
of Bayley, Model 250 was used throughout. The instructions ©)
given by the company should be followed closely. In addition,
the information described in the following paragraphs was also
found to be very useful.

The system temperature was brought down by evaporating
liquid nitrogen through the coil inside the cryostat. The evapor-
ating rate was adjusted to bring the bath temperature slightly
lower than 'desired by making sure that the evaporation of liquid
nitrogen or the removal of heat was just sufficient so that the
bath temperature was tending to drop slowly. The temperature

controller was turned on for about 10 minutes to bring the unit
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to full senéitivity. The temperature controlier was set according
to the procedures given in the manual (6) to allow the controller
to increase the bath temperature.

The proportional band width adjustment of this type of control-
ler is used to match the sensitivity of the controller to the require -
ments of the >system, i.e., the degree of control accuracy needed,
the size of heaters employed, the type of circulation, and the size
of the controlled ba;th, etc. One major drawback of this type of
controller is that it produces proportional offset for a load change,
such as the change in room temperature, liquid nit.rogen evaporation
rate, vapor circulation rate, stirrer speed, etc. The band width
adjustment is used to reduce the sensitivity of the controller and
to prevent oscillation during the operation. The narrower the
proportional band width, the smaller is the offset produced. The
sensitivity of this controller at full band width is about 2°C and
at zero band width is approximately 0. 01°C., Therefore, the band
width setting is very critical for the temperature control. The
procedures for obtaining a best band width setting are available

in the manual (6).

3.1.4 MATERIALS

The materials used in this study were obtained from Matheson
of Canada Limited, Whitby, Ontario. Their minimum purities

were reported as follows:

Minimum Purity, mol %
Nitrogen 99.999
Methane 99.99
Ethane . 99.9
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These materials were used in this study without any further purifica-
tion. No impurity was found from the analysis by means of gas-

chromatography.

3.1.5 ANALYSIS

All compositions were analyzed gas-chromatbgraphically
through a type - J column, 6 feet long, along with a Fisher gas
partitioner of Model 25 and a Texas Instrument potenti—ore corder
of Model SERVO RITER II with one milivolt span. The gas par -
titioner was of dual columns and a double -detectér'design. In
this study the first column was left empty and only the second
6-ft. long column was packed with 28-30 mesh silica gel. This
was found to be extraordinarily stable throughout the study.
Helium was used as a carrier gas at a flowrate of 41 ml. /min.

A retention time of six to eight minutes was required for separ -
ating the three components at the temperé.‘cure 50°C. and the
pressure 11. 5 psig. The peaks were Very well spaced and com-
pletely separated in the sequence of nitrogen, methane and ethane.

The gas partitioner's responses were calibrated against
the known synthetic samples. The peak area and peak height
responses were compared a;—ld it was found that 'the peak height
response was simpler and more reliable. The results of the
calibrati‘on were plotted graphically as composition ratio versus
peak height ratio of first component to second component as well
as the reciprocal ratio in order to cover the whole range of the
concentration. The ratio plot was believed to be superior over
the absolute quantity plot since the former was relatively insen-

sitive to any change in detector current, temperature, colurn_n
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pressure, carrier gas flowrate, sample quahtity, recorder sensi-
tivity, etc. However, for extremely low concentration such as
nitrogen in the liquid phase and ethane in the vapor phase it was
found necessary to plot the absolute quantity instead of the relative
ratio for better results. o ot

The reproducibility of the analysis in general was good to
0. 003 mole fraction. The good accuracy was obtained by repeating
the analysis four to five times for each sample before the average
was taken. For samples of an extreme concentration region
extra care was taken in the analysis as well as in the calibration

so that reproducibility was improved to 0. 001 mole fraction.




3.2 EXPERIMENTAL RESULTS

Equilibrium measurements were made at -240°F as

follows:
For vapor-liquid equilibria
' .nitrogen - methane
nitrogen - ethane
methane - ethane -
nitrogen - methane - ethane
and For liquid-liquid- vapor equilibria

nitrogen-methané-ethane

Numerical values are presented in Tables 3.1 to 3. 4.

NITROGEN-ME THANE MIXTURES

For the binary system. of nitrogen-methane, the pressure com-
position data obtained in this investigation are compared with
literature data in figure 3. 4. Previousﬁ work (14} .is also in-
cluded. In the critical region of the -151.1°F isotherm the
Present data agrees well with the values reported by Bloomer
and Parent (8, 9) at -150°F, but not with the data reported by
Cines et .al. (26) at -150°F. The -240°F isotherm obtained in
this investigation also disagrees with that reported by Cines
et al. (26) at the same temperature. The present data gave

higher K -values for nitrogen.

NITROGEN-ETHANE MIXTURES

At -240°F., two liquid phases were observed in equilibrium

with the vapor phase for overall . nitrogen concentration between
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0.2945 and 0.9566 mole fraction in the liquid phase. The ethane

concentration was found to be richer in the bottom liquid layer
(BL) than in the top liquid layer (TL). The three-phase bubble
point pressure was in between the vapor pressure of two pure
components. The agreement between the present data and those
reported by Elington et al. (30,32 ) is very good at low pres-
sures as show.n in figure 3.5. However, discrepancy between

the two sets of data was found at high pressure.

METHANE-ETHANE MIXTURES

The pressure-composition ‘data obtained at -240°F are
shown in figure 3.6. The -151.1°F isotherm previously
obtained (14) is also included. The pressure-liquid composition
curves obtained at these two isotherms are almost linear in
a large nitrogen concentration region, indicating the near ideal

behavior of the systerm in the liquid phase.

NITROGEN-METHANE-ETHANE MIXTURES

Equilibrium vapor-liquid compositions for the ternary
mixtures were determined at -240°F. At this temperature
two liquid phases were observed in equilibrium with the vapor
phase when methane concentration was lower than 0.15 mole
fraction. The binodal curve is shown in figure 3. 7. Along the
ethane-rich portion of the curve, it was observed that the
pressure of the system decreases with increase of nitrogen
concentration in the liquid. At -240°F., an attempt was made

to determine the equilibrium compositions along constant xi/xj

lines. Experimental data were smoothed and interpolated to obtain
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equilibrium composition diagrams at three constant pressures,
They are shown in figures 3.8 to 3.10 for the pressures 100,

200, and 300 psia respectively. Furthermore, K-values for

the components in the ternary system were correlated as a
function of pressure and composition. The correlations are shown

in figures 3.11 with x + x used as the parame-

CH, (XCI-I4 C,H,)
ter. The partially miscible region is not, however, included
in the correlation.

The results suggest that at constant tempe:rature, K-values
of nitrogen always decrease with the increase of pressure,
and the K-values of methane and ethane decrease first with
the increase of pressure. As the total pressure approaches
the vapor pressure of nitrogen oi' the critical pressure, K-
values of methane and ethane increase with the increase of the
total pressure.

The separation of nitrogen from natural gases rich in ni-
trogen may be facilitated by taking advantage of the presence of
two liquid phases-at the lower temperature.A 1 iquefied natural
gas stream may be blended with a hydrocarbon-rich stream so
that the overall composition falls within the partially miscible
region. Hydrocarbons may be recovered from the hydrocarbon-
rich bottom liquid layer, a part of which may be recycled.

Further analysis of the experimental data are given in

Chapters5 and 6.
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CHAPTER 4

CALCULATION OF TERNARY EQUILIBRIUM VAPOR COMPOSI-
TIONS FROM TOTAL PRESSURE-LIQUID COMPOSITION DATA

Various methods have been proposed for the direct (40) and
indirect (5,12, 20, 47, 57, 64,75,76, 78, 82,94, 107 ) calculation of
equilibrium vaéor compositions from total pressure (or bubble-
point pressure) and liquid composition (p - x) measurements,

For the indirect method, an analytical expression for the activity

coefficient in terms of liquid composition is required in the cal-
culation. Usually some forms of the integrated Gibbs-Duhem i
equation are used for this purpose. The method offers a simple
and convenient way of calculation. Moreover, it demands fewer
experimental points than the direct method. The disadvantage
of this method is that there is no criterion in the selection of

. @ model to represent the activity coefficients. A wrong choice

of the model may overshadow the quality of the data. However,

this difficulty may be overcome by selecting a flexible type, i
integrated form of the Gibbs-Duhem equation. A modified ver-
sion of Barker's method (5) using the flexible Redlich-Kister
equation from one to five terms is suitable for this purpose and
is considered in this study. Details of this modified method are
given in Chapter 7. In the direct method the vapor compositions
are obtained by direct integration of the coexisting equation with-
out involving the selection of any physical model which is the
major advanfage of this method. However, in order to evaluate
the quantities dP/dx the total pressure data in general must be
correlated as a function of liquid composition. For a highly non- i

ideal system, many terms are needed for such a correlation.
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In addition the errors are aécumulated from the step-by-step
numerical integration procedure. In turn, it may diverge the
result of the calculation.

The purpose of this chapter is to formulate a method to
extend the existing calculation method for binary systems to
ternary systems. By introducing a new concept of Hypothetical
component in conjunction with a novel graphical technique of

interpolation makes this extension possible.

4.1 EQUATIONS FOR BINARY SYSTEMS

At moderate densities (low and medium pre'ssures),
the virial equation of state truncated to the second term
gives a good representation of the volumetric properties of vapor
mixtures (73). Under these conditions, the equation for the
direct evaluation of equilibrium vapor compositions for binary

systems at constant temperature is given as (60),

dy, Y- (1= 2y))y; - % )(8/RT)
——— p—tg 4.1
® (v, - =)/ - y)] - (- x)(2PS/RT)
in which | i
V.V,8 - v. + x B + x,B 1
- 172 L 1711 2f22 42
RT P
and E
5 = 4.3

2By, - i1 = By
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The usefulness of Eq.4.1 has been demonstrated in the
literature (60). Methods for evaluating second virial coefficients
ﬁii of the pure components and the cross coefficient [3J of the
mixtures are available in the literature (73).

Since the estimation of §, v and ;312 does not

r Bll
require high accuracy, two additional simplifications are made
;n this investigation (60 ): namely, vy = x) ViL + XZVZL nd

& = 0. However, these two simplifications should not_be corn -
sidered as restrictions of the method. They are introduced only

for the sake of convenience. The errors associated with these

assumptions are in general insensitive in the overall calculations.

Hence, Eq.4.1 is reduced to

dy Ny, -y
—__l = 1 1 4.4
dpP vy - X
which may be rearranged to give
dy, Ay (l-y) ap
= 4.5
dx1 (y1 - xl) dx1

The total vapor pressure-liquid composition values may be
correlated by means of the excess total vapor pressure as

follows:

E m-1 7
s s _ _ _
P = P - le'1 - XZPZ = ;cl(l xl) JE_O AJ_(le 1)

4.
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or simply by

J=o

The quantity (dP/dxl) of Eq. 4.5 may be obtained from these
equations and the choice of these two eQuations will be given in
a later section. These are the basic working equations emplo-

yed in this investigation. -

4.2 EXTENSION TO TERNARY SYSTEMS

In order to extend the above working equations to ternary
systems, one additional restriction must be made. In this
investigation, ternary mixtures along any constant liquid:mole
fraction ratio line are treated as binary mixtures, codsidering
the constant liquid mole fraction ratio mixture in the actual bi-
ﬁary as a hypothetical '"pure' component in the treatment. It
may be seenfromfigured.lathat if component A is considered
as the component 1 along the line A&, the binary mixture B-C
as représented by the point a is considered as the hypothetical
""pure' component 2. Equilibrium vapor compositions of A,or of
component 1, along the line Aa may be evaluated using Eq. 4.5,
The vapor pressure of a is given by the P-x measurements of
the binary B-C. In the integration of Eq. 4.5, the properties
of the hypothetical pure component may be approximated as

follows for the evaluation of the quantity ’L,, :

VaL = XB VBL + ,XC VCL = VZL ........ 4.8
B, = Vg Pon t 2V.V.Bo.t vyl B = Brs.. 4.9
a B BB B Yc PBC ¢ Pcc 22
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and .

. 0.5
ﬁBC = (ﬁBB. ﬁcc) e 4.10

InEq. 4.9, Vg and Yo (=1 - yB) are the equilibrium vapor com-
positions corresponding to the liquid composition at point a.
Similarly, equilibrium vapor compositions of B may be evaluated
by means of Eq., 4.5 along the line Bb, and equilibrium vapor
compositions of C, along the line Cc. Therefore, at point I
in figure 4. la equilibrium vapor compositions for the three com-
ponents A, B and C i‘nay be evaiuated along the lines Aa, Bb, and
Cc respectively, " '

Numerical integration of Eq. 4.5 may proceed either from
X = 0 to X, = 1 or from X = 1 to X, = 0 for v, - In this investi-
gation, an approximation has been used for the initial step of the

integration

dy Ay
S T 4.11
dxl Axl
If the integration starts at X, = 0, then
Ay. = (y.) - {y;) = {y,) .. 4012
1 1 71 . 1
x1 = h x1 =0 : xl = h

and ‘h is the size of the integration step. With this approxima-

tion, the ¥y value at the end of the initial step can be solved

algebraically
., dP
X [ 1+ (—-)]'1-}/
bry) . - _ { 1 i Y 4.13
1 - - dP
1+ Xl ('d—x) ‘]4'
. _ 1 X. =h
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The subsequent points can be integrated conveniently by using

the Runge-Kutta method,

4.3 APPLICATION TO THE NITROGEN-ARGON- OXYGEN
TERNARY

Extensive vapor-liquid equilibriﬁm data for the ternary
system nitrdgen-argon- oxygen were experimentally determined
by Wilson, Silverberg, and Zellner (106). Smoothed experimental
results *,. . reported at constant temperatures in the order of
increasing liquid mole fraction ratio XA/(XA * %, ) , are
suitable for testing the applicability of the proposeg method.

The reported isothermal data of the ternary at 180° R were em-
Ployed for this purpose, and the following calculation procedure
was followed:

1. Along a constant xA/(xA+ xoz) line, P - XNZ data were

correlated by means of Eq. 4.6 or 4. 7.
2. 'Along the same line, equilibrium vapor composition of N2

was obtained by integrating Eq.4. 5 numerically from

X =0 to =1,
NZ xNZ

3. Steps 1 and 2 were repeated for other constant x /(x +x )
' ATYTA 02
lines. The evaluated y values together with the P - x
NZ NZ

values were employed for constructing the total vapor
pressure-composition diagram as shown in figure 4. 2, in

which the liquid mole fraction ratio xA/(xA + x0 ) was used
as the paremeter,. 2

No %

lines, total vapor pressure values at all intersection points

4. In order to calculate Ya along constant XN J(x. +x_ )
2
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of the selected lines of constant XA/(XA X ) and x__ /
(xN + X5 ) were evaluated ‘by interpolation. "%he lines %vere
selected at 0.1 intervals. The interpolated total vapor
pressure values were correlated and then employed for
evaluating the equilibrium vapor composition Va- In other
words, steps 1 and 2 were repeated for each constant liquid
mole fraction ;;atio XN /(xN + X5 ) line for the ev.aluation
of Va Total vapor pressure - Ya plot was then constructed

as shown in figure 4. 3, using the liquid mole fraction

x. /(x .+ x_ ) as the parameter.
N, YN, o, .

5. The total vapor pressure - composition VA lines'aglong the
constant ratio xA/(xAAi- X5 ) were constructed by drawing a
smooth curve through the points of intersection of the hori-
zontal lines (not shown in figure 4. 3) and the corresponding
total vapor pressure - composition VA line of constant ratio
XN /(xN + xo ) obtained from step 4. The horizontal lines |
represent the values of total vapor pressure which were obtained
from the points of interséction of the constant ratio lines of

X\ /(xN + Xq ) and )gA/(xA1- x5 ) , also from step 4.
2 2 2 2
6. Similarly, figure 4.4 was constructed for component OZ'

4.4 RESULTS OF CALCULATIONS

From figures 4.3 and 4.4, equilibrium vapor compositions

of A and o, were evaluated along constant xA/(xA+ x5 ) lines

and at 0.1 intervals of XN These values, together with the
equilibrium vapor composigion values of nitrogen obtained in
step 2, are compared with smoothed experimental values in Table

4.1 and 4.2. In Table 4.1, calculated results are compared




with the experimental values in details along the constant ratio
xA/(xA+ X, ) lines, and in Table 4.2, a summary’ of average
and maximum Ay values for the ternary at 180°R ‘i's presented.
Calculations were performed by means of an IBM 360 Model
40 digital computer with double precision. It was found that the
average absolute deviations obtained by using Eq. 4.6 for cor-
relating the total vapor pressure data were lower than those
using Eq. 4.7. On the other hand, the reverse was observed for
the maximum deviations. Since it was desirable to have low
maximum deviations for obtair;xing smooth interpolated total va-
por pressure values, Eq. 4.7 was favoured. The results repor-
ted in Tables 1 and 2 were those obtained by using Eq. 4. 7.
The average absolute deviations obtained werein general less
than 0.002 in y values indicating the usefulness of the proposed
method.

4.5 MINIMUM EXPERIMENTAL DETERMINATIONS

It appears that Eq., 4.7 is a useful tool for correlating
total vapor pressure-liquid composition data. If the validity of
a four-term Eq. 4.7 is accepted, as observed in this investiga-
tion for the ternary Systerﬁ nitrogen-argon-oxygen, measure-
ment of total vapor pressure for two ternary liquid mixtures,
along a constant liquid mole fraction line suffices for calculation
along one constant mole fraction ratio line. It may be seen from
figure 4.1b that for ternary systems over the complete con-
centration range, in addition to the properties of the pure com-
ponents and the three binaries, a minimum of three experimen-
tal points is required.

If the validity of a five-term Eq. 4.7 is accepted, a minimum
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of seven experimental points is required. This is shown in

figure 4. 1c.

4.6 SUMMARY

In conclusion, a simple and direct method has been proposed
for evaluating ternary vapor-liquid equilibrium compositions
from P - x measurements along constant liquid mole fraction
ratio lines. Based on the new concept of "hypothetical compo-
nent' and a new graphical technique, an extension of the method
for binary calculation to ternafy systems, has been made possi-
ble. The proposed method takes into account the ternary effect
in the liquid solution as no assumption is involved . Although
the procedures outlined are limited to low or medium-pressires,
the proposed method can be extended to high pressures when a
suitable equation of state or P-V-T data of the pure components
and their vapor mixtures are available. Rigorous equation for
the direct evaluation of equilibrium vapor compositions for bi-
nary systems is available (60), which can be extended to ternary
systems following a similar procedure as outlined in this inves-
tigation. Furthermore, although only direct method is demon-
strated in the foregoing discus sions, but with this new concept
and graphical technique (figure 4.3 or 4.4) any method for

binary calculation can be extended to ternary system.
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CHAPTER 5

DEVELOPMENT OF THE TOTAL PRESSURE METHOD FOR
SYSTEMS AT HIGH PRESSURES

At high pressures the effect of pressure on the activity

coefficient, _ .
(22%) Y 5.1
3 P x, T ~ RT
is not negligible hence the Gibbs-Duhem equation,
n
z x, dlny, = 0 | 5.2
i=1

should be used only under isobaric and isothermal conditions.
Therefore, it is necessary to devise an adjusted activity coefficient
to be used under such restrictions. If the system temperature

is above the critical temperature of any one constituent, the
traditional reference state for either the activity coefficient or

the fugacity is usually unattainable or hypothetical. This makes
the thermodynamic analysis difficult. In such a case an unsymmet-
ric convention of the activity coefficient, introduced for the

lighter component taking into account the deviation from Henry's
law rather than from Raoult's law, is more convenient.

Based on these considerations, a genefal and rigorous in-
direct method is developed for calculating vapor phase composi-
tions from total pressure and liquid composition data at high
pressures and isothermal conditions. Both the equations derived
and the method for evaluating adjustable parameters are formulated

for multicomponent systems in a general manner.




[

-64-

5.1 DERIVATION OF EQUATIONS

At system temperature T and reference pressure P°
the activity coefficient of component i in the liquid phase

can be conveniently defined as

N
v,(P°, T, x) = £

iL(P ,» T, X)/XifiL(P ,» T) 5.3

N
where fiL and x are the fugacity and composition of component
i in the liquid mixtures, and foiL is the reference fugacity of
component i at the reference pressure P°. The pressure

effect on the fugacity coefficient is

%
_ = — 5.4
2P RT

Combining Egs. 5.3 and 5.4, the definition of the adjusted
activity coefficient is then given as -

A : Pe v,
y.(P°,T,x) = f (P, T,x) / xf5_ (P°, T) exp 5 — dP 5.
i iLL i1iL P RT
This equation may be rewritten as
B P v
Y, T F expj dp 5.6
ii P RT

with the suBscript L omitted for the purpose of simplicity.
This result is similar to the definition given by Prausnitz
(71 ). The convention is chosen to normalize the activity

coefficient as Y;~ 1 when x.—1 for the subcritical

5
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compoﬁent ior as Yj - 1 when Xj - 0 for the supercritical
component j. Therefore for a subcritical component the reference
fugacity in is simply the liquid fugacity of the pure component i

at system temperature T and reference pressure Po. However,

for a supercritical component j the reference fugacity'is defined by

° o | ° li /f\ . dP

£ (P,T)=aa(P,T)=[ ™ _.L] exp - [ 9.5 6
. , ] ;

In this expression,3¢.(P°, T) is the constant - pressure Henry's
law coefficient for the supercritical component j in the solute-free
mixture and Pl\s/l is the bubble point pressure of the solute-free

mixture.

It can be easily shown that Eq. 5.6 satisfies the Gibbs-Duhem

~equation. Since the general form of the Gibbs-Duhem equation for

a system at isothermal condition is given by

z x, dp, = vap 5.7
i=1
where M is the chemical potential of the component i, and v is the
~Jnolar volume of the liquid mixture, the chemical potential at com-

position x and total pressure P is given by

o o ? (P, T, x)
B (P, T, x) = p, (P, T)+RTIn ————— +-v.n. 5.8
: ’ £, (P°, T)
iL ‘v
From Eq. 5.6
T £° i ki dp 5
XY e [ .59
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thus, Eq. 5.8 becomes
(-3 Q P ‘
L (P, T, x) = p (P",T)+RT]_ny,x.+J' v, dP -+ 5.10
i i i1 o i
P
The above equation can be expressed into the following differentail

form

: : P
dp, =RT dlny, + RTdlnx +3, dP +(f dP ) .d%. 5.11
1 1 1 1 PD

1

Substituting this equation into Eq. 5.7 gives

n P n '
Y x dmnvy + f ) [Z x.dw_r.] dP = 0 5.12
1 1 P 1 1 T, P :

i=1 i=1

The second term of Eq. 5.12 is equal to zero, thus the equation

reduces to Eq. 5. 2.

At equilibrium the fugacities of component i in both phases

should be identical namely:

A Vs
= £ e e s s s e s eee e 5. 3
fiL fiv 1
S5 7 o P ' 5. 14
ince v = 0 .
Eq. 5.6 thus becomes
Y, 0. P P v, dP N
v, = : exp J‘ ........ 5.15
ox ot P RT
i
ot Y, x, f. P ¥ 4P
PY. = 11 exp I . 1 ... 5. 16
* ¢, P RT
Summing up Eq. 5.16 for n components gives

n Y. X, f.o P v. dP
P = z L exp .rP° ----- 5.17
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where Y; standing for activity coefficient using either the symmetric
or the unsymmetric convention depends upon the system's condition.
A summary of the integrated forms of the Gibbs -Duhem equation is

available in the literature (42), In general, it can be expressed as

yi = Yl (X, P’ Bl’ B2 PR Bm) T ........ 5. 18
Substituting Eq. 5.18 back to the Eq. 5. 17 gives ‘
n ' e ° pra
Y; (x , P, Bl, BZ Bm)T x, fi P A dP
P= ) , . exp [ 2 5.19
i=1 ?; , P

Thus, the system pressure is related to the éomposiﬁons x , with
the exception that (Di is dependent on the vapor composition. From

Egs. 5.16 and 5.19 vapor compositions can then be related to the P

and x as _
Yi (X » P: Bl.l BZ’ e Bm) T Xi fi P Vi dpP
Y., = exp f , — /
’ o, p° RT
n b =
z Yi (X ’ P: B1: BZ: et Bm)T Xi fi Vi dp
| exp [ |
i=1 . P RT

i
............. 5.20

Equations 5.19 and 5. 20 are the general and basic equations
for computing vapor compositions from total pressure P and liquid
composition data at isothermal conditions. Methods for evaluating
the supporting properties such as (Di and \_ri are available (23, 25 ),
The rest of the problem is to develop a practical method to evaluate

the adjustable parameters Bj 's from experimental data.
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5.2 EVALUATION OF THE ADJUSTABLE PARAMETER Bj's

Assuming that (Di's are a set of known quantities then Eq.

5.19 can be written in a simple form

P. = P, (X,B,"'B,,"'B ) ceasenas 5.21
icomp icomp 1 i m

The sum of the deviation squares is defined as

nobs _ 2
s=y W, [P, - P, (x, B, -+ B,, <++ B )] 5. 22
. i iobs icomp 1 j Tm

where thesubscript 'comp' is referred to as a computed and 'obs!
aobserved value ; and Wi denotes the weights associated with the

experimental data. Heavier weight may be given to the experi-

2
- mental point of higher accuracy. For instance, if Wi = (1/P, ),

iobs
Eq. 5. 22 thus becomes a sum of the percentage deviation squares

rather than a sum of the absolute deviation squares.

The sum of the deviation squares may be minimized by setting

-— = 0, (j_—_l’ M) cceeereccessan. 5.23

This gives a set of m simultaneous equations from which m number
of unknowns B.'s, in principle, can be solved. However, since
these equations Ja,re nonlinear in Bj thus making the solution impos -
sible. To overcome this difficulty, the function Pi may be linearized

first by expanding it into a Taylor series about the point o, that is,
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P, =P ( x B,,**, B, ... B )
io i o lo jo mo

where Bj o's are the estimated values corresponding to Bj's at
the first interation, such that the function f;icom is linear in

AB,, or
J

,:Eicomp= io + ( aPic; > AB1 + <aP10. ) AB_ +
aB1 d B2 s
+ ( io ) AB_ el 5.24
d Bm
where AB, = B - B, andg_ is the approximated value
j j jo icomp o
. . The S in Eq. 5.22 is then replaced by S or
icomp
nobs
/s’ = Z W. (P. - /ﬁ )2 ........ ) 5. 25
2 i iobs icomp
1=

Differentiating S with respect to each ABj and setting the de-

rivatives equal to zero gives a set of m equations,

nzobs " (aPio> (apio>- AB, +  eeeeeiall

i BBJ. aBl

i=1

b
+ rf ) Wi< aPi°> <aPi° ) AB

9 B 3B m
. 1 m
i=1
nobs ( y P, )
- - —1 ...,
'Z Wi (Piobs Pio) 3B, 5.26

i=1 J
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which are linear in AB, and can be solved simultaneously for
A\st . The new value:f]s of Bj's can be calculated by Bj = Bjo +
AB.. These new values are then used as the starting values for
theJnext interation. Repeat these procedures until AB.'s become
less than the specified tolerance, then the next nest ofJiteration
'is followed to calculate the correct values of (Di. As soon as

Bj's are established, yi's can be calculated directly from Egq.

5. 20,

5.3 BINARY SYSTEM CONTAINING SUB CRITICAL COMPONENTS

For a binary system containing subcritical component
Eq. 5.19 may be reduced to
Yl x1 f1 P ] dP Y, X f P deP

SELLE 2% oy [,
P° RT (pz P

.

5 RT

It is most convenient and attainable to choose the saturated pressure
of more volatile component as a reference pressure, thus avoiding
a hypothetical reference state. If the Redlich-Kister equation is

used to express the activity coefficients, one obtains

2 .
lnyl-x2 l'_Bl+B2 (4x1-1) +B3 (6x1 - 1) (le -1)+B4 (8x1 -1

5 1 1

> 3
(le_]_) + B. (10x. -1) (2x, -1)7 + ] 5.28

2
Iny, = x [B +B, (4% -3) + By (bx) -5) (2x -1 + B

1 4

2 3
(8x, - 7) (2x - 1" + By (10x) - 9) (2%, -1 + -- ] 5,29




= e

Differentiate Eq. 5, 27 partially with respect to Bj to give

P -
v. dP
o Y
2P (xf1 expj 1 /(’)1)—1—
BB. : o RT aB
J P J
P v, dP :
° aY _
+(x, £ exp f 2 /P, ) 2 5.30
22 ‘ : RT 2 3B
P j
Y ~3Y2
where and — can be obtained from Eq. 5. 28 and
9 B, 9B,
J J
from Eq. 5.29 respectively.
Thus
3y, 2
— = Y X
172
3 Bl ‘
Y, 2
a;—- = Yl x, (4xl- 1)
2
2 ¥ 2
a_— = v X, (6};1- 1) (le- 1)
B
3
3Y ~
1 = vy, X 2 (8xl- 1) (2%, - 1)2
3B 172 1
4
3 Y 2 3
_ = Yl x, (10x1- 1) (le' 1)
3 B5 :

........... ' 5.31A
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and

2
T vy (6x - 5)(2x) - 1)

1
2 2
T Y, (8xl - 7)(2.xl - 1)

2 3
Y, X (10x1 - 9)(2x1 - 1)

.............. o 5.313
Substituting Eqs. 5.28 to 5.3] into Eq. 5.26 gives m equations
which can be solved simultaneously for BJ.’S according to the
method described in Section 5.2. Details of the computing

technique and computer program are 'given in Appendix VI.

5.4 BINARY SYSTEM CONTAINING ONE SUPERCRITIGAL
- COMPONENT

For a binary system containing one supercritical component,

Eq. 5.19 is reduced to

v, x, £ (P P v v.© % 38 (P°) P v
P = il expj- ! dP + 2 2 exp_f —z—dP
b, P° RT ¢, P° RT

......... 5.32
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in which liquid activity coefficients are defined by the following

conventions
Y, = 1 at X = L i, 5.33
and
sk
Y, = 1 at X, = 0 . 5.34
where . Ps v -
f(P):f(P)exp-j — dB ... 5.35
1 1 o RT
S
N
s lim f o
HEe, ) = o T 5.36
1 x.” 0 %
2
and s
. Vg’dp
REP) =2 (P°) exp -| <= ... 5.37
1 . .
o RT

The subscript 2 is referred to the supercritical component;
the supercript * is referred to the unsymmetric convention,
For component 1 Eq. 5.28 can be used to represent the acti-
vity coefficient. -I—Iowever, for the unsymmetric convention
the activity coefficient of the component 2 can be derived as
follows:

At reference pressure P° and system temperature T the

Gibbs-Duhem equation takes the form
x) dlny1 + (1 -xl)dln\(2 = 0

which can be rearranged and integrated to give

X =X " X = X% %)
J dlny‘2 = f - dlnyl.. 5.38
et B

1 l-x1

n
—

- EETTINN




-74-

Substituting Eq. 5. 28 into Eq. 5.38 and combining with the

limiting condition,
vy =1 at x, =0 5.39

it can be shown that

* 2 2 2
In Y, = Bl- (x1 - 1)+ BZ (}sl (4x1 -3)-1)+ B3 (xl (6x1 - 5)

2 2 2
(2x, - 1) - 1)+ B, (x " (8x, = 7) (2 -1)7 -1) 4 By (x,
(10x) - 9) (2% - A WU 5.40

This is a new equation of the Redlich-Kister type which can be
used to represent activity coefficient of unsymmetric conven-
tion. Differentiating Eq. 5. 32 with respect to Bj gives

dpP
AP o Y1 CAST
- = (xl fl expr / (Dl ) _— ~

3B, r RT 9B,
Jj P . J
72 dp Y,
+ (x2 X exp / (DZ ) —— L. 5.41
T RT 9B,
P J
3Y; L |
where —— . may be.calcuiated from Eq. 5.31A,
0B,
b J
‘and —— can be obtained from Eq. 5.40
9B, ’
J
Hence
BY*
2 2
- = Yz (Xl - 1)
OB
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—_— = YZ(XIZ (4x1 -3)-1)

_ Y 2
—=", (x1 (6x1-5) (2x1-1)-1?

2 2
—_— = YZ (xl (8X1 -_7) (le -1)" -1)

2 ' 3.
— =, (x1 (10xl -9 (2x1 -1y -1

oo 5.42
The equations resulted by substituting Egs. 5.31A, 5.42
and 5.4l into Eq. 5.32 can be solved simultaneously for
B'S . The Henry's constant 32 which is a reference fugacity
arid is different from the symmetric convention and must be

determined by the trial-and-error procedure.

5.5 SAMPLE CALCULATIONS AND DISCUSSIONS

Sample calculations for testing the proposed method were
carried out for four binary systems. Summary of the test’
results of each system is presented in a table as well as in a
graph. .

Methane-Ethane at -151. 1°F (14)

A summary of the test results is shown in Figure 5.1 and
Table 5.1. The calculated vapor phase compositions agree
well with the experimental data (14). The average deviation in

vapor phase composition is only 0. 5%.
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Nitrogen-Methane at -240°F

Experimental data obtained in this study together with that
reported by Cines et al. (26) were tested. The results of

the calculation are compared in Figure 5.2 and are alsoshown

in Tables 5.2 and 5.3. The percentage deviations obtained

are summarized as follows

This work Cines-et al, (26)
Average % Dev. in
Pressure _ 0.5 1.6
Average Dev. in . B
y, mol. fr. 0.0112 0.159

It is seen that the experimental data of this study are more
self-consistent thanthosereported by Cines et al. (26).

Argon-Methane at 123.53°K

A smoothed set of data obtained in this laboratory by -
Gravelle (36) was also tested. A summary of the test re-.
sults is presented in Figure 5.3 and Table 5.4. A good
agreement is obtained by comparing with the experimental
data as indicated by an average % deviation in pressure of
0.5% and average deviation in vapor phase composition of
0.01 mole fraction.

Details of the sample calculations as presented in Tables
5.5to0 5.8 are available in the appendix for the four
systems tested. Each table consists of six parts. In part
A of each table, the data tested are given in the first three
columns; the supporting data used in the calculation are given
in the columns 4 and 5 (partial molar volumes) and columns

10 and 11 (fugacity coefficients); the pressure effects on the
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activity coefficient or the values of the exponential term in
Eq. 5.15 are given in the 6th and 7th columns; the adjusted
activity coefficients according to Eq. 5.15 are given in the
8th and 9th columns. The remaining parts (B to F) of each
table show the test results of each system concerned. The
observed pressufe, the computed pressure, and their diffe-
rences are given in the first three columns, the liquid com-
position is given in the 4th column, the vapor phase compo-
sitions of observed and computed in the 5th and 6th columns,
the logarithm of the adjusted activity coefficients in the 7th
and 8th columns, and pressure effects on the activity coeffi-
cient in the last two columns. Parts B to F‘ show the diffe-
renﬁes between the correlations using different number of
adjustable constants in the Redlich-Kister equation,

All data tested were obtained from the forced-recirculation

. method. Their composition analyses were carried out either by

means of the gas chromatography or by the density measurement
(26 ). Their measuring errors in the compositions were of the
range 0.003 to 0.005 mole fraction. The pressure measuring
errors are 1 psi.

In general, the test results show that the maximum
deviation is usually associated with data at low pressure region,
which is not purprising. It is known that at low pressure the
propagation of the measuring error in préessure on the compo-
sition of the vapor phase is larger than that in the liquid phase.
The reverse is also true. Therefore, the same accuracy of
pressure correlation will give different results in different
regions. However, this problem is not difficult to overcome,

If data were taken from total pressure measurements Of which
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the composition analyses could be avoided, it would give more
precise data in composition than those obtained from other

methods.

In conclusion, a method was proposed to calculate vapor

phase compositions at high pressure for multicomponent systems.

The method was tested only for one limiting case of a few
systems due to the lack of suitable experimental data. The
.test results were consistent with those derived from rigorous
considerations. Such good results were really surprising ‘since
the quality of the data tested as mentioned above was not
ideally suited for this purpose and the supporting properties
used in the calculation were evaluated by means of the two-

constant Redlich-Kwong equation of state (23, 25).
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ETHANE- METHANE
At -I1SI-1°F

O Obs-{14)
— Computed

S e me e e —

320

300
-280
-260
-240

220

200

180

160

140

120

100

80

60

40

20

Figure 5.1 Pressure- Composition Diagram

of Ethane-Methane System at -151, 1°F.




- 80 -

. q . .
(*s3suod arqejsnfpe jo *ON - °*sqo jo °ON) \NA HoRh sy 2 \ = 'AdQ IS

o ots

L

‘330 A1sSho1AqO 9I9M YIIyM IS pue Y36 sjutod Tejuswrzadxs Surpnoxm
5

¥l $1°9 6°¢ LL66 " 289% * - $620° 0Z91" GGLS "

§600°
8%00° 1°¢ 6°9 6V €89% - . 6292 ° 0¥82 * 06L% "
9600° €2 9°'g €°v 8697 ° Leee” S91v°
900" A3 29 8% . 09€Z * L20%"
0L00° €°g §°'91 L 01 : 800% °
. 1sd 1sd
*xJ ‘roukh ut ‘AT Y Ay ‘AR XBIN .:...>0Q ‘PIS a a1 a D q
A9 AV . .
* uoye[eIIO)) dINSSsIIJg §3URISUOD) I93STI] - YOI[PaY

1

(F1) Jo1°151- 32 woyshg mc.mﬁmlwamﬁmz JO s3[ns9y | -1s9J 9y} yo Arrwwing

1's TIIVL > .

U . o L -




d.092- 18 walshg osuepaN-usforliN jo wexSerq coﬁmmomEoU\uohzmmmunﬁ 7 °G axndi g
o o o o o o o O o - O o o O o
<

%%%%20 0w < o Q (@)

o) © N 0

T ®m M m @ ¥y o @
N

1-0

] L)

NS

i [+)
=100
B
“10
z
[} E — —
5 z X 0 5
<L S -
_ T S o
- - Y
EF-'d)d o N
=0 £ 0,0 <
ro 585 -
¢ . aT Q 49 ]
Wwon wE€w E )
£1 8383
O —
c< oy o
- |
Z © | O, ~
l i 1 i i ! | I ! I ] ] 1 o

|
ViSd ‘ainssauy




\

LOT0" I 9°1 €°1 2020 " 16%0 *- 0890 ° LE9T - oLL

F110° €0 2°¢ 1°2 : 2180 " 9187 * $G27 - LSLL"

_ Z110° G0 p°2 6°1 €90z €861 - $69L
N L210° s'1 9°g vy 1661 °- P26L
' 1110° rAA 0°21 oL 856L °

1sd 1sd ‘
"ay ‘our £ ut 'ADQ Y AV AdQ ‘XN ‘A9 PIS a q a o) g
‘A Ay
UO1JR[9II0D 9INSSOIJ SJUBISUOD I9)STH-Yd1[poy

(trom sWL) T.0%7- 3® wayshg sueyla]N uaSoIlIN JO SI[NSaY. +389 1, ay3 Jo Arrwiuing

¢°'S dTdVL

pe

[y | - I A e A T A AT T L 4T T I R e KR ITN S T8 -~ ELA 8 et e < e e ot < 1ot B — - e




- 83 -

$G10° L1 it L2 89%0° 09€0° L0Z0"- L150°- 8% 1L "

S510° 9°1 8% 52 1€50° %000 * L850 "~ 8z 1L"

6510" 91 09 9°2 L£20° 5850 ° - 880L

1910° 9°1 R ST S0%0 "~ 0T1L"

8510° L1 L9 82 8869 *
1sd 1sd

‘A8 % AV ‘A9 'XBN ‘A9 °PIS q a a 0] g

"Iy cTowx 4 ul

‘A CAY

UOT}B[9IIO) 9INSSIIJ

SJUBRISUOD I93ST-YI1[pPaY

(92) J.0%2- 3e wolshg SuBYId N -ud2J0I3IN JO SI[NS9Y . 3§09, 2Y3 JO A rewrwung

€' ATIV.L




- 84 -

I | | I | l I I 1
240

[ ARGON- METHANE -
At 123.53 °K |
220 : -
O (36)
200/ Computed E

Pressure, PSIA

°© 1 2 3 4 5 6 7 8 9 Jo
. Xp OrY,

Figure 5.3

Pressure- Composition Diagram of Argon-Methane System at 123.53°K
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CHAPTER 6

THERMODYNAMIC CONSISTENCY TEST OF VAPOR -LIQUID
EQUILIBRIUM DATA

6.1 = BACKGROUND OF THE TESTING METHOD

When the number of the measuring variables is greater than
the number of the independent variables which are needed to define
a vapor-liquid equilibrium system, in principle, such data can
always be tested for internal consistency provided that the supporting
physical properties are available., All methods published in the
literature are based on either the integrated or the differential
form of the Gibbs -Duhem equation. Experimental data are said
to be consistent if this equation is satisfied. Good reviews on the

testing methods are available (31, 99).

Tao (95) proposed a method which is suitable for testing the
local and over-all consistency of linear paths in binary and multi-
component systems. It is restricted, however, to the situation when
the system temperature is below the critical temperature of the pure

components,

Adler, Friend, Pigfofd and Rosselli (2) developed a method
for testing binary vapour-liquid equilibrium data when the system
temperature is above the critical temperature of the more volatile
component. This method was subsequently extended to rhulticompon—
ent systems by Robinson (83). These authors employed the Lewis -
Randall rule to overcome the difficulty encountered in the evaluation
of vapour -phase fugacity coefficients. However, errors introduced
by this approximation are often vary large. According to Ibl and
Dodge (50) and Hougen and Watson (48), this rule can only serve as a

first approximation up to the reduced pseudocritical pressure of 0. 8,




g
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The method of Adler 'et al. (2) was further modified by Thompson
and Edmister (96). They avoided the Lewis-Randall rule and developed
a rigorous equation for testing isothermal binary data. Chueh,
Muirbrook and Prausnitz (24) extended the area test method of Redlich
and Kister (81) and of Herington (44) to isothermal high-pressure data.
This extension is suitable for testing binary and muiticomponent data

along linear paths.

The object of this work is to unif&r some of the available
concepts and to present a practical test method which is general and
rigorous. In the development of the proposed mefhod, both symmet-
ric and unsymmetric conventions of the liquid acfivity coefficient, v,
were employed. All the y values were adjusted to the state of
isothermal and isobaric conditions. The quantity y, however, does
not appear in the two final expressions in the chapter , one of which

is for isothermal data and the other for isobaric data.

The proposed method permits é point-by-point evaluation of
the data along any arbitrary path. It is suitable for binary and multi-
component systems and is applicable to all conditions including the
situation when the system temperature is above the critical tempera-
ture of the more volatile component. The only limitation placed on the

proposed method is that experimental points should not be widely

separated.

6.2 DEVELOPMENT OF BASIC EQUATIONS
ISOTHERMAL CASE

At constant temperature and pressure, the Gibbs - Duhem
equation is:

x. din Y, = 0 ‘6.1

i=1

Kinel-
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Integrating Eq. 6.1 from point a to its adjacent point b by the trapezoi-

dal rule gives:
n

iZ__ . (x;, + ¥p) (B Yy - Iny.) =0 6.2
The assumption involved here is that all the lny vs. x c1lrves can be
approximated by segments of straight lines connecting the points.
This approach is identical to that employed by Li and Lu (59) and by
McDermott and Ellis' (65).

In the following development, liquid activity coefficients are
adjusted to a constant reference pressure, P°, so that the conditions
of Eq. 6.1 are exactly followed. The constant-pressure liquid

activity coefficient of component i in the mixture is defined by

A P° —
‘ £ (P T,x) VL
Y, (P°, T, x) = 22— efoP == gP 6.3
x, £, (P°,T) RT ' ’
1 il

In Eq. 6.3, fiL (P, T, x) represents the fugacity of component i in the
liquid mixture at the system temperature T and the pressure P, and
fiL° (P°, T) represents the standard-state fugacity of component i.

The exponential term represents the pressure adjustment.

For a subcritical component i (the critical temperature of the

component is well above the system temperature).

yi—-las xi—vl

and the fugaéity of pure component i in the liquid state at the system
temperature T and at the reference pressure P’ is chosen as the

standard-state fugacity.

For a supercritical component j (the critical temperature of

the component is near or below the system temperature),




E@wmm

Y. - 1 as x_ - 0

£ (P, T) = 22 (P°, T)
iL j .
Lim’ £ Tx 7 P \7.; dp 6 4
I Pl = s
J j M -

In this expression,f\ij(Po, T) is the constant-pressure Henry's law

coefficient for the supér critical éomponent j in the solute-free mix-

ture and PMs is the bubble point pressure of the solute -free mixture.

At equilibrium,

fiL (P, T, x) = fiV (P, T, %) .5
and in the vapour phase,

| ) b, P 6. 6
iv T Y3 = s

Hence, Yi o. P : p° V-L
Y. (Pos T, x) = L " exp J‘ = dp 6.7

! x, f. P RT

i iLL

The quantity d)i is the fugacity coefficient of component i in the

vapour mixture. Substituting Eq. 6. 7 into Eq. 6.2 gives:

n K, 1. . P
z (x.. + x. ) 1In —=2 - Z (x,, + x. ) In 22 a +
. ib ia K, ib ia .. P
i=1 ia i=1 ib T b
n P,
: b V
Y ey +x ) [ i, 9F 6.8
ib ia —_—
i=1 P, RT

in which Ki = yi/xi. The left-hand side of this equation contains

only the experimental equilibrium composition data. The quantities
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(])i and viL of the right-hand side of this equation may be evaluated
from a suitable equation of state or obtained from experimental mea-
surements. Equation 6. 8 is the basic equation for testing isothermal

data.

ISOBARIC CASE

The temperature dependence of the liquid activity coefficient

is given by:

3lny, h - H,
___l = _L__._}. /6 9
o T rT?
for the case Y, ° 1 as X, - 1, or *
dln v, H.® . H,
i i i ' - 6. 10.
3 T 2 ’ o
RT

for the case v, ~ 1l as x, - 0. In these expressions, hi répresents
the molal enthalpy of pure component i in the liquid state; Hi_°° and
Hi represent the partial molal enthalpy of component i at infinite
dilution and in the solution respectively. In the following development,

liquid activity coefficients are adjusted to a constant reference tem -

perature so that the constant temperature condition of the Gibbs-Duhem

equation is satisfied. For the isobaric case, the quantity y is defined by

7\
3 ’ = ’ H fo ’ . . '
Y (P, T, x) fiL(P T, x) /xi - (P, T) 6.11
Therefore, at the reference temperature To,
T @ T ) T° AH
- ’ !x -
v, (P, T",x) = iL exp - -—12& dT 6. 12

x fiL (P, T) T RT
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In Eq. 6.12, .

A = - - H ' ]
. HiL (hiL HiL) 6.13

_for the case y, = 1 as x, - 1, and

| >
i
1

= o —
iL S (HiL - HiL) 6.14
for the case y. - 1 as X, - 0. Substituting Eqs. 6.5, 6.6 and
6.12 into Eq. 6. 2 gives: ‘

n (D P -
- ib ia " a
Gipt %o R ) Gyt ) [ [

Al

i=1 12 i=z1
£, (T, P) Ty, AE,L Ta AH,
+ In ff T -f : dT+f -——l—z—dT] 6.15
iL, ‘T a’ T RT T° RT
However,
o lnf . hy - By
= > 6.16
3T RT

for the case v, ° 1 as x - 1. The quantity hiV - hiL is the

ideal heat of vaporization. For the case Y, - 1l as x - 0,

° * -— o
o lInf, hv - Hip
= 3 6.17
3T RT

L
reference temperature T° by means of Eqgs. 6.16 and 6. 17, substi-

Evaluating the quantities fi (Ta’ P) and fiL (Tb, P) from the

tuting the results into Eq. 6.15 and rearranging gives

n , K'b n o,
1 l1a a
Z g ¥ %) Mg =), Bt ox) [:ln o. P
i =1 1a i=1 1b b
T
b % -
h.” - H,
+ _[T iv 5 iL gT ] 6.18
a RT

This is the basic equation for testing isobaric data.
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6.3 ESTABLISHMENT OF ERROR BOUNDS

In order to make a test conclusive, maximum experimental
error bounds must be established. As all measured results have
experimental errors, it is necessary to determine whether or not
the data are consistent within the error bounds, and it is also useful

to determine the conditions under which the data are consistent.

For isothermal data, the overall deviation resul_ting from experi-

mental errors of the tested pair may be obtained by rearranging

Eq. 6.8 as follows:

n K ¢. P
R . . b -
AN = 2 (xib + Xia) (1n Klb - In Kla—ﬁi - f EITL dP) 6.19
i=1 ia ib " b Pa

Considering that all the supporting quantities, _v-iL’ (Di and fiLo are

. free from error, the total differential of A is given by

n P P 3

K. . b V.
A = b, Tia"a f iL
d & = 2 (dx,, + dx ) (In R In 3, T, _ Er dP)
i=1 a
n
Y1b dxlb dxia. dyla
+z(x1b+xa){( - X + x - )
i=1 * yib ib ia yla
dp ap P, ¥
a b o) il,
+<’Pa * P, 3P [f RT dp]dp
a
Py
e [f ‘L ogp ) }
3P
D RT
a

In the above expression, * dP, * dT and % dx are replaced by the
measuring errors, E(P), E(T) and E(x), respectively, for obtaining

the maximum experimental error bounds. This approach follows
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that of Tao (95). Hence
1
I D 'max - (x1b Xla.) [( * : * x1 * x1 )
i=1 Yib Yia ib ia
Pb V. )
N 2, (In K1b - In q)m. a _ J’ Rl'IP dp) ,] E(x)
ia ib " b
a -
n | P, V. ap
1 1 d b L
+2(X1b+xla)(P i | RT ) EE®)
i=1 a Pa
n 3 Pb _iL dP |
Ym0 [T em e
i=1 P,
where
E (x) = error in composition x or y measurement
E (P) =  error in pressure measurement
E(T) = error in temperature measurement

Similarly, the overall deviation for the isobaric case may be

expressed by:

: T
n . - —
5 = Z (x., + x, ) | In “ib + In ——Cbb b - j ° by - 5o 6. 21
S ib T Fa [ K o P, 1 dP] :
iz1 1 T, RT
the total differential of .» is given by
o K, o, P T, nY - &
d £ = z (dx, + dx, ) (In Klb + 1n—q7b—P—b— - f _3_‘/'_2_1L~_dT)
i=1 ia a a T RT
a
n
Yip Wi, b =
+ Z (x, + x, ) [( - - + )
ib ia Y. Y X x

i=1 ib ia ib ia
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dP. dP

A Pb' 1=>a * aT U dT]dT):]

and the maximum experimental error bounds for isobaric data may

be represented by:

| D | ':(xi +x ) L xl g +x1 )
ib ib yia. ia
T ) —
K o. b h* -
+2|(1nKb-1ncpla-f L IE dT)I]E
ia ib T RT
a
n
£y gy txy) (=) EP
*ib T Fia P (
iz 1
- ' d b hi\; E'L
- 1
vy ) (555 ] 2 aT) | B(T)  6.22
i=1 Ta RT . _

Experimental data can be arranged along any arbitrary path,
and tested in pairs by means of Egs. 6.19 - 6. 20 or Eqs. 6.21 - 6.22
for isothermal and isobaric data respectively. The only restriction
is that the experimental points should not be widely separated. In
the test, each experimental point appears twice, except the first and
the last points of the chosen path. An experimental point is considered
inconsistent if the values of the quantity _°\ consisting this point are
greater than the experimental error bounds, represented by l D |

max.
In so doing, a point-by-point evaluation of the data is achieved.
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PROCEDURE

The procedure employed in this investigation may be briefly

outlined as follows:

1.

Group experimental points along an arbitrary path in such a
manner that the liquid composition of an experimental point

is not too far away from its adjacent points.

Evaluate the necessary supporting data. The computer prog-
rams of Prausnitz and Chueh (72) were employed in this study

. jgeng 3 o©-
for evaluating the values of (bi, ViL and ViL -
rams were written basing on a modified Redlich-Kwong

These prog-

equation of state (79). The quantity (hl.\;. - H,

112 was approxi-

mated as follows:

b

N _ - ! - - _ _ - 2
hv HiL (B B) [ (R, HiL):, 6. 23

* AH. V3P | AT, 6.24
. 1 ilL

For a supercritical component, ﬁﬂ‘:" should be used instead of
hiL in Eq. 6.24. The quantity AHi vap may be evaluated from
the correlation of Chen (19) and the quantity AHiL may be esti-
mated by means of the Scatchard-Hildebrand equation (46). If
more than one sef of isobaric data is available, the quantity

e —

%* . ~
hiV - HiL may be obtained from a In fiL vs. 1/T plot accord-

ing to the expression
: A ) :
f h * -
Slnfip iV iL 6 25
3T )P,x :
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Calculate the quantity .3, by means of Eqs. 6.19 or 6.21. In

the evaluation, the integral terms are approximated as follows:

P _ _

f ViL [(ViL)a * (ViL)b] Py - P))

p wrr °F ° |

a , 2 RT {

Ty n* . ® (¥ - H. ), + (k¥ -H §

f iv. T ML aT - ( iV~ TiL'b iv " iL)a)( 1 1 )5
2 - - !

T RT 2R T. T |
a

Evaluate the quantity I D | max, by means of Eqs. 6.20 or 6.22. 1

Screen the data.

EXAMPLES

Five examples are given to illustrate the proposed method, four

chosen for the test contain components of air and natural gas which ‘;

are related to the current interests of this study.

Isothermal Data: Experimental results for one ternary and three

binary systems were tested. Namely,

The measuring errors in the calculation were arbitrarily set as follows:

As measuring errors usually occur in the compositions even for well

designed apparatus, three levels of E (x) were selected.

System Methane - Propane 4 |
System Nitrogen - Methane ' !
System Methane - Ethane

System Carbon Dioxide - Oxygen - Nitrogen -

E(P) + £ 1psi
E(T) = % o0.2°F
E(x) = £ 0.0005; X 0.0010; * 0.0020 mole fraction
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Results of the test are presented in figures 6.1 to 6. 6 and
Tables 6.1to 6. Each experimental point appears twice in the pair-
test with the exception of the first and the last points. Experimental
deviations, .\, , are représented by the circles in these figures.

Maximum experimental error bounds are represented by the solid

lines for the three levels of E(x). An experimental point is considered

inconsistent if the two pairs containing this point are located outside
the selected maximum experimental error bounds.

System Methane -Propane: Isothermal data for this system reported

by Reamer etal. (80) at 160°F are used to show the systematic trend
of the distribution of experimental devia’cions,k reflecfihg the fact that
the .a.uthors have smoothed the data (80). In figure 6.1, the pair
average pressure. the absissa, is the average system pressure of
the two adjacent experimental points. The test results indicate that
the quality of the data is excellent. The data are consistent within
the bounds indicated by E(x) = 0.0005 as shown in figure 6.1. For
the purpose of identification, experimeﬁtal data and numerical test
results are summarized in Table 6. 1.

System Nitrogen-Methane: Two sets of isothermal data of this

system, one taken from this \york, another reported by Cines et al.
(17), both at - 240°F are used to show the random distribution of
experimental deviations. The results of the first set, presented in
figure 6.2, show that all experimental points are consistant within
error bounds indicated by E(x) = 0.002 except point 2. The results
of the second set, shown in figure 6.3, indicate that majority of the
experimental points is consistent within the bounds indicated by

E(x) = 0.0005. The experimental points 9, 15, 16, 19, 22 and 27
are inconsistent. ‘If the maximum error bounds indicated by E(x) =

0. 0020 are used as the criterion, only points 9, 16 and 22 are incon-
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sistent. Experimental data and numerical test results of first and
second sets are summarized in Tables 6.2 and 6. 3 respectively,

Methane-Ethane System: Experimental data of this system taken

from earlier work (14) were tested. As shown in figure 6.4 and
Table 6.4, there are four pairs located outside error bounds of

E(x) = 0.001 mole fraction. The common experimental points

3 and 9 of these four pairs are therefore considered to be inconsistent.

Nevertheless, for the pair such as 10-11, containing the end point,
the criterion established earlier can not by itself givea conclusive
judgement either on point 10 or on point 11. In this case other
information may help in the screening process. By referring to the
P-x-y data as shown in figure 5.1, it shows that point 11 is obviously
off and therefore is inconsistent.

System Carbon Dioxide-Nitrogen-Oxygen: Isothermal data for this

system reported by Zenner and Dana (108) at 40. 2°C and 51 atm. are
used to show the application of the proposed method to a multicom-
ponent system. In figure 6.5 experimental deviations of the pairs
tested are plotted against the average mole ratios of Xy /(x0 + xN2
All experimental points may be considered consistent with the bounds
established by E(x) = 0.0005. Numerical results are presented in
Table 6. 5. |

Isobaric Data: Experimental data reported by Cockett (27) for the

nitrogen-oxygen system at 1. 3158 atm. were tested. The measuring

errors in the calculation were set as follows:

E(P) = 1 1mm. Hg.
E(T) =  0.1°K
E(x) = % 0.0005, % 0.0010, * 0.0020 mole fraction.

The solubility parameter values for nitrogen and oxygen were taken

as 5.96 and 7.14 (cal. /mole)o' 5, respectively. These values which

).
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agree well with those given by Hildebrand and Scott (46) were used

in the evaluation of AH values by means of the Scatchard-Hildebrand

equation,

AH= 8. 9 (& 5)2 v

-1 Y2 1 - 2 L

in which
4 Vv = XV + x, V

L Ll 2 L2 -
and

8, = ¥ VLl/VL

The quantity VL;. was evaluated from Lyckman's generalization (62).
The good agreement between the calculated AH values and the experi-
mental values reported by Knobler etal. (52) at 77°K is Ashown in

figure 6. 7. The calculated experimental deviations are compared

~ with the maximum error bounds in figure 6. 6, in which the absissa

is the average system temperature of the two adjacent experimental

points. It is seen that the quantity of the experimental data is excellent.

There is only one inconsistent point (No. 10) which is outside of the

maximum error bounds indicated by E(x) = 0.0010.

In conclusion, a rigorous and general consistency test is
proposed. It is independent of the reference state chosen for the
calculations. The equations developed involve no activity coefficient
terms. Any errors inherited from the assumptions made in the
calculation appear both in the _\ and [ D Imax terms, hence there
is a mutual cancellation effect. The proposed method is sensitive -
to errors in the composition measurements. It is also useful in

determining the conditions under which the data are consistent.
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‘Figure 6.7 Heat of Mixing of the System Nitrogen-Oxygen at

Bubble-Point Temperatures and 1. 3158 atm.
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CHAPTER 7
MISCELLANEOUS WORKS

7.1 GENERALIZED BARKER'S METHOD FOR CALCULATING
VAPOR COMPOSITIONS FROM TOTAL PRESSURE
MEASUREMENTS AND LIQUID COMPOSITION DATA

FORMULATION AND TESTING OF THE METHOD )

For a system at low pressure the activity coefficients,
in general, can be calculated by the equation,
P ( v.. )P - P°)
Vi P ViL i

1
+ + In v, 7.
xiPiS RT v

" 1n Y = In

The details of the derivation of this equation is available (100).

It can be rearranged to give

s S, =
Y Py | (B~ v )P - Py
Pyi Z e————— exp|- 7.
Yiv - RT
Summing up this equation for n-components gives
s ]
N *YiLFy By~ vy )® - Py
po S L ) 2.
i=1 RT

Yiy

The last two equations are the basic and general relationships
for calculating vapor compositions from total pressure mea-
surements and liquid composition data. Similar to the method
described in Chapter 5, an integrated Gibbs-Duhem equation

is needed in the calculation. For a limiting case of a binary

1
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system using’ a three-term Redlich-Kister equation, the

method is reduced to Barke;"s case (5). In this study, one
binary system, acetone-methanol (90), was chosen to demonstrate
tﬁg proposed method in which the flexible-type Redlich-Kister
equation of one to five terms was used. The method used for
evaluating adjustable parameters was similar to that described
in Chapter 5. The computer program written in FORTRAN IV

is éresented in Appendix VI, In the calculation, the vapor phase

activity coefficients were approximated as

_ , '
In Yy = P612y2 /RT _ 7.4

2
and In Yoy = P612y1 / RT , 7.5

This approximation was originally proposed by Van Ness (100).
- The second virial coefficients were evaluated by the method |
of Pitzer and Curl (70) and their cross coefficient 6i2 was
evaluated based on the work of Prausnitz and O'Connell (74).
The computed results of the highly non-ideal system acetone-
methanol at 50°C are shown in figure 7.1 and Table 7.1.

The calculated vapor phase compositions agreed well with

those obtained from the recirculation method (90).

APPLICATION

Vapor pressures of mixtures of benzene-n-octane system
obtained in this laboratory by Cheh (18) were processed by
the proposed method. The summary of the computation is
given in Table 7.2 and figure 7.2. The four-term Redlich-

Kister equation was employed in the calculation. The results
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are shown in Ta‘r:;les 7.3 to 7.7 for isotherms of 25, 35,
45, 55, and 65°C, respect;vely.

It is usually difficult to obtain vapor-liquid equilibrium
data of the system containing one more volatile component
such as benzene in n-octane by using a recirculation still.
However, there is no limitation in using the total pressure
method for such study. Therefore the total pressure method

is shown to be a good alternative for obtaining vapor-liquid

equilibrium data.
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Pressure- Composition Diagram of the System Acetone-Methanol at 50° C.
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7.2 ON THE THERMODYNAMIC CONSISTENCY TEST OF
TERNARY VAPOR-LIQUID EQUILIBRIUM DATA

When experimental data for a ternary system are avai-
lable along linear paths, point-by-poiﬁt evaluation of such data
may be made by the '"composition-resolution'" test which was
originally prdposed by Van Ness (98) for testing binary vapor-

liquid equilibrium data.

Extension of Van Ness Method  to test the - - ternary
data along a linear path is straightforward. As it has appa-

rently not been discussed before, a brief presentation is given

as follows.
Along a linear path of constant mole ratio of xz/(xz + x3)

= ki, the quantities, (AGE - {1 - xl) AGE23) /RT, may be

plotted against xl as shown in figure 8.3, in which AGE

has a constant value,i.e., the excess Gihbs free energy 053
mixing per mole of the binary solution 2-3 of the concentration
at the constant mole ratio .of xz/(x‘2 + x,) = k. The quantity
AGE is the excess ternary Gibbs free energy of mixing per
mole of the mixture. At X = X a0 the composgion at which
an experimental point | is " measured, (AG - (1 - Xl)
AGE23) /RT = A. Draw a tangent to the curve at A. The

tangent is shown intersecting the ordinates at X = 0 and

x1 = 1l at points labelled I0 and Il respectively. From the

e BETETERER
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following relationships:
AGE/RT = x ln + x, In + 1 6
= X Y, 2 Y, Xz 1n Y3 ceeee..n 7.
AGE Av AH 7
a( - dP - ==, dT+ 3 lay ax, 0 T
RT RT RT { i
and -
dx3/d x = - x3/(1 =X)L 7.8

and from the geometry, it may be readily shown that the

slope of the tangent is equal to:

=K E E
E + (Ac:-1 -AG)/(l-x1)+AG23 /JRT ...... 7.9
and the intercept Il = 1ln Y + (1 - Xl) E o enerertnennens . 7.10
where g = (H— (d—P ) for isothermal data ........ 7.11
RT dxl
and g = - (éﬁé (d—T ) for isobaric data ........ 7.12
RT iixl

If the lny1 values obtained in this manner agree with the values

directly calculated from the experimental data then these y
values are consistent,

The intercept I0 involves both lny2 and ln\(3 terms and
cannot be used explicitly for testing lny2 and lny3 values. In
order to test lny2 values in the above described manner, linear

paths must be chosen so that xl/x3 or xl/ (xl + x3) = k!,




Similarly, lny, values must be tested along x'l/x2 or xl/

(x1 + xz) = k"paths. Cross-plotting and interpolation of

Iny values along these linear paths may be carried out by
following a procedure outlined elsewhere for a similar situa-
tion (15). It should be mentioned that the method of Van Ness

and Mrazek (101) may be used for obtaining the intercepts.

This method of testing is particularly useful when the
distance between '~ points along the linear paths is relatively
large. It is most convenient for testing isothermal data as it

is generally satisfactory to take £ as zero.

It may also be mentioned that when AP (for isothermal
data) or AT (for isobaric data) is small, the minimum number
of precisely measured experimental points required for a

ternary system is only four (61).
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7.3 COPPER-CONSTANTAN THERMOPILE

A five -junction copper-constantan thermopile was built.
Thermocouple wires of Type-T, 30 B. S. Gauge, catalogue
no. 9B1C5 with varnished fiber glass insulation used in the
construction were purchased from Honeywell Company, Phila-
delphia, Pa. |

The calibration of the thermocouple was carried out by

measuring the 'vapor pressure of water from 44 to 100°C. The

temperature conversion is based on the available steam table (69).

In the correlation, an equation of Adam's type (1) was
chosen in the form of
€ = At+ B(l - exp(-Ct))
where ¢ = e.m.f. in microvolt,
t = temperature in °C.,
A,B and C = adjustable. constants,
The standard deviation of the correlation, which was
defined as the square root of the sum of the deviation squares
over the degrees of the freedom or

nobs

St. Dev. = Z J(€~(comp) - £(obs))*/(nobs - 3)
| i

was found to be 3.2 microvolts and the average percentage
deviation was 0.018%. The .adjustable constants were determined
to be A = 385.570, B = -80815.2, and C = ,00237785. Details
of the corfelations are presented in Table 7.8. The calibra-
tion table for the five-junction copper constantan thermopile
with reference junction of 0°C was also prepared in the tem-
perature range of 0 to 100°C and at the interval of 0.1°C.

The complete table is presented in Table 7.9. The reliability
of the table prepé.red is within + 0.03°C.

B
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CHAPTER 8

SUMMARY AND CONCLUSIONS

Attempts were made in this study to investigate some new
means and more efficient methods to obtain and to process the
experimental data and to screen the existing data as well. A

summary and conclusions of the results are as follow: i

EXPERIMEN TAL WORK

A forced-recirculation apparatus was redesi'gried and
constructed for the experimental study of the vapor-liquid
equilibrium problem at low temperature and high pressure con-
ditions. Provisions were made to study the liquid-liquid-vapor
equilibria.

Experimental vapor-liquid equilibrium data for the bina.r'y
and ternary mixtures of the components nitrogen, methane and
ethane were obtained at -240° F by means of the modified appa-
ratus. .

Partially miscible liquid phases were found and liquid-1li-
quid-vapor equilibrium da‘éa of the ternary inixtures of nitro-
gen-methane-ethane were also obtained at -240°F. The partially
miscible phenomenon of this system could lead to a new liquid
phase separation technique for nitrogen. In addition to the
work mentioned above the experimental data of the same
systems were obtained at -151°F and reported earlier (14),

From the nature of the present experimental work it may
be concluded that the forced-recirculation apparatus with the

modification made in this study is the most suitable one for
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obtaining multicomponent liquid-liquid-vapor equilibrium data.

It should also be mentioned that the accuracy of the data obtained
by this method is limited to the accuracy of the analysis. If

the method of the gas chromatography is employed and the
analysis of each sample is repeated for four to five times then the
reproducibility is + 0.001 mole fraction. Under isothermal
condition, when the difference of the vapor pPressure between

the pure components is too large or at conditions when the pre-
sence of the heavier component in the vapor phase is extremely
low the existing method of the analysis should be replaced by

a better one, for example, mass spectrometry.

CALCULATION OF VAPOR COMPOSITIONS FROM TOTAL
PRESSURE-LIQUID COMPOSITION DATA

A new hypothetical component concept has been i_nf.rodu“ced
in conjunction with a new graphical interpolation technique
from which a simple and direct method has been proposed for
evaluating ternary vapor-liquid equilibrium composition from
measurements of the total vapor pressure exerted by the liquid
phase along lines of constant liquid mole ratio. The proposed
method accounts for ternary effect in the liquid solution because
no assumption is involved. Although the proéedures used in
this work are limited to low or medium pressures, the proposed
method can be extended to high pressures when a suitable
equation 6f state or P-V-T data of pure components and their

vapor mixtures are available. An application has been success-

fully made to the ternary System, nitrogen-argon-oxygen at

180°R.
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DEVELOPMENT OF TOTAL PRESSURE METHOD FOR THE
SYSTEMS AT HIGH PRESSURES

At high pressure the effect of the pressure on the activity
coefficient is not negligible and the original form of the Gibbs-
Duhem equation should be used only under isobaric and iso-
thermal coqditions. To meet these restrictions an adjusted
activity coefficient was introduced in conjunction with the
appropriate symmetric and unsymmetric conventions-. As a
consequence, a general and rigorous indirect method has been
proposed for calculéting the vapor compositions from total
pressure and liquid composition data at high préséure and iso-
thermal conditions. The derived equations and the method for
evaluating adjustable parameters are general and suitablé for
.multicomponent systems. Owing to the the lack of adequate
experimental data, examples were given only for binary systems

The total pressure method available in the literature is ina-
dequate for proces sing data of multicomponent systems or at the
conditions of the high pressure. This major drawback has now
been overcome by the proposed method.

Data of three simple Systems: methane-ethane, nitrogen-
ethane, and argon- methane have been succes sfully used in
testing the proposed method. Y-values were obtained in the
evaluation indicating that none of the systems obeys the regular
solution theory. Failures of some prediction methods as -
reviewed in this study probably are due to the wrong choice of

the physical model such as the Scatchard-Hildebrand's equation.
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THERMODYNAMIC CONSISTENCY TEST OF VAPOR-LIQUID
EQUILIBRIUM DATA

If the number of the measuring variables is greater than the
independent variables for defining a vapor- liquid equ111br1um system,
in principle such data can always be tested for internal consistency
provided that the supporting physical properties are available.

Based on the adjusted activity coefficient and the original form of

the Gibbs-Duhem equation a rigorous and general method of the
thermodynamic consistency test has been developed for examining
experimental binary and multi component vapor 11qu1d equilibrium
data. However, the equations developed involve no activity coefficient
terms and are applicable to all conditions including the situation

when the more volatile component(s) is (are) above its (their) critical

. temperature. The proposed method permits a point-by- -point

evaluation of data provided that the tested data are fa1r1y well spaced.
In order to establish the consistency of the data within the tolerable
experimental error, error bounds have been established analytically.
Sample calculations for four isothermal and one isobaric systems
were presented. Data tested have been taken from this work and

from the literature.

It may be suggested that in order to improve the quality of
data the experimental results should be tested and screened as soon
as they are obtained. Furthermore, the experiment should be well
designed for obtaining data at well spaced distance to take advantage

of the proposed testing method.
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COMPUTER PROGRAMS

A number of numerical techniques have been developed for
supporting the research work mentioned above. More than a
dozen computer programs have been written using the FORTRAN
language. Details of three most important programs are

included.

It may be mentioned that without extensive use of the mo-

dern computing technique it would not be possible to have this

work completed.
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APPENDIX III

TABLES 5.5 TO 5.8 FOR CHAPTER 5
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APPENDIX IV

TABLES 6.1 TO 6. 6 FOR CHAPTER 6
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. APPENDIX

TABLES 7.1 TO 7.9 FOR CHAPTER 7




Table 7 1 A Test

U51ng Two- Term Redlich- K1ster Equat1on ;
AT '50C "~

202 -

Results of Acetone-Methanol System at 50 C by

AC ETCNE(1)-METHANCL(3)

-

POBS PCOMP DP . Y, Y,0BS GAMMALl GAMNA?Z
mm. Hg, M.m.Hg. - Hg Anl, 2y
__.421.0C 420.19 0.8l "0.003 q@go 0.0086 0.6092 0,0000
424,00 423.11  C.89 0.CC7 0.019 0.0203 (C.6C40 C.0C00
43C.0C 429.19 0.81 0.016 0.041 0.0452 0.5931 0.0002
434,00 433.13  C.87 0,022 0.056 0.0603 0.5858 0.0003
442.00 440.78 1.22 C.C34 0.083 0.0910 0.5716 0.0007
465.CC 463,05 1.95 C.071 0.158B 0.169C 0.5279 0.0031
___471.0C 468,53 2,47 0.081 0.175  0.1890 -0,5167 0.0041
489.0C 483.40 -C.40 0.121 0.241 0.256C 0.4717 0.0091
459,00 496.54 2.46 Ce136 0.263 0.2660 0.4555 0.0115
..510.C0 510.30 =0.30 C.167 0,304 0,3150 0.4229 0.0173
524.CC 525.89 -1.89 C.206 0.350 0.3520 0.3837 0.0263
544.00 543,73 0.27 0.257 0.403 0.3900 0.3354 0.0408
_542.CC 544,70 -2,7C 0.260  0.406 0.,4000 0.3327 0.0418
560.C0 561.31 -1.31 0.316 0.456 0.4550 0.2837 0.0616
569.C0 567.13 1.87 C.338 0475 0.4790 0.2655 0.0704
57C.CQ0 571.87 -1.87 C.357  C.49C 0,499C 0.2503 0.0785
580.0C 580.81 -0.81 C.395% 0.519 0.5330 0.2206 0.0965
581.0C 582.73 ~1.73 C.405 0.526 0.5380 0.2140 0.1009
_..>83.CC 584,2C -l.20 0,412 C.531 9.5430 0.2089 0.1044
. 563.06C 591.99 "1.0L  0.452 0.559 045740 0.1812 0.1255
6C2.00 600.48 1.52 0.502 C.594 0.570C 0.1l494 0.1545
613.0C 61C.S7 2.03 0.578 0.644 0.658C 0.1070 0.2043
621.0C 616.37 1.63 Ce662 0.701 0.7000 0.0684 0.2672
615.00 62C.30 -5,30 0.674 0.709 0.7280 0.0636 0.2768
__623.0C 62C.52  2.48  C.6T77 0.711 0.7110 0.0625 0.2793
624.0C 621.49 2.51 6.691 0.72L 0.718070.0571 7 C.2908"
623.00 621.81 1.15 0.696 0.724 0.728C 0.0553 0.2950
624.,0C 623.24 C.76 C.721 0.742 0.7460 0.0465 0.3163
€21.2C 623,54 -2.54  0.736  0.753 0.7540 0.0416 0.3294
625.0C 625.01 -0.C 0.7567 0.776 0.7820 0.0324 0.3573
624.00 625.54 -1.54 C.798 C.807 0.8160 0.0243 0.3864
626,00 625.59 T 0.417 70812 0812770081007 0.0211770.39987
£625.0C 623.63 1.07 0.881 0.872 0.8710 0.0084 0.4695
623.0C0 621.11 1.89 0.S24 0.914 0.917C 0.0034 0.5157
- 616.00 618.73 0.27 C.949 0.940 0.S410 0.0015 0.5435
B=  C.60776 C= -0.00534 D=
NO.OF OBSERVATIONS = 35 o

“NG.CF CONSTANTS™

SYSTEM TEMPERATURE AT

ST.CEV.

OF CORRELATICN IS
~AV.%Z LEV OF CORRELATION IS

2

323.16DEG K

1.86MM.HG.
0.27
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Table 7.1 B Test Results of Acetone~ Methanol System at 50° C
bY Using Three- Term Redlich- Kister Equa.twn

—— s

ACETC'\lt(l) VETh/\NOL(.‘l) AT SCC

PGBS PCOMP DpP X Y

) ; Y,08S GAMMAL GAMMA?Z
. m.m.Hs’ Mr.Hs. mm.Hj. ’ ;Qh U. QV\ rz
__421.0C_ 420,28 0,72 0.003 0.0C8 0.0086 0.6350 0,0000
424,00 423,32 0.68 0.C07 C.020 0.0203 0.6287 0.0000
43C.0C 429.¢1 Ce39 0.016 0.042 0.0452 0.6153 0.0002
. 4324.CC 433,67 (.33 0.022 0.057 0.0603 0.6C66 0.0004
442.,0C 441.51 0.49 0.034 0.084 0.0910 0.5835 0.0C009
465.0C 464,04 .96 0.C71 0.159 0.169C 0.5383 0.0G37
___471.0C 469.53.  1.47 ' 0.081 0.177 0.189C 0.5254 0.0C48
485.0C 49C.25 ~1.25 0.121 0.241 0.2560 0.47456 0.010&
465,00 497.29 1.71- 0.135 0.263 0.266C 0.4566 0.0131
510.CC 510.79 -0.79 0.167  0.303 0.3150 0.4212 0.019%
524.CC 526.C4 -2.04 0.206 0.349 0.3520° 0.3796 0.0289
544,0C 543.48 0.52 0.257 0.401L 0.3900 GC.3297 0.0440
_542.CC 544.43 =2, 43  0.260 0.404 0.4000 0.3269 0.0449
56C.0C 560.75 -0.75 0.3156 0.454 0.4550 0.2777 0.0648
569,00 566,50 2.5C 0.338 0.472 C.4790 0.2598 (.0735
570.CC 571.2C —-1.20 0.357 C.488 0.4990 0.2450 C.0814
58C.0C 580.11 -0.11 0.396 0.518 0.5330 0.2162 0.0588
581.0C 582.04 —-1.04 0.405 0.524 0.,5380 0.2098 0.1030
.. 583,0C 583, so__m;giﬁow“mg:g;;_m“qisqo““QLQﬁqoN*o.zoso‘ 0.1064
563,CC 591.35 1.65 Ce452 Ce555 0.5740 0.1785 0.1265
6C2.C0 595.97 2.03 C.502 C.593 0.57270 0.1432 0.1541
. 613.0C 61C.72 2.28  C.578  0.645 0.6580 0.1079 C,2015
621.00 619.45 1.55 0.662 0.702 0.7000 0.0708 0.2621
615.0C 620.43 —5.43 C.674 0.710 0.728C 0.0661 G.2715
_ 623,00  620.66  2.34  C,677 ~ 0.713 0.7110 0.0650 0.273S
T 624.00 621.69 2.31 0.691 0.722 0.7180 0.0597 (0.2852"
623.0C 622.03 0.97 C.696 0.726 0.728C 0.0579 0.2893
624.0C 623.56 0.44 Ce721  0.744 0.7460 0.0492 0.3105
621.00 624.32 -3.32 C.7356 0.755 0.7540 0.0443 0.3236
625.C0C 625.51 -0.51 C.767 0.778 0.7820 0.0349 0.3520
624,00 626.14 —2.14 0.798 £.801 0.8160 0.0266 0.3820
626.0C  626.24 —0.24 7 0.8I27T 0,813 708100 0.023270.3961
625.0C 624.72 0.28 0.881 0.872 0.8710 0.0296 0Q.4711
623.0C 621.84 1.16 0.924 0.913 0.9172 0.0040 0.5230
615.0C" 619.34 -Ce34  C.949 C.940 0.9410 ¢C.,001l8 0.5551
B= C.6C47C C= -0.0C721 D= C.02785 E=
NO.OF OBSERVATIONS = 35 ‘
" NG.CF CCNSTANTS = 3 :
SYSTEM TEMPERATURE AT 323.160DEG K
ST.CEV. OF CORRELATICN IS 1.79MM.HG.,

- AV.% CEV OF CORRELATION IS 0.24
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Table 7. 1 C Test. Results of Acetone-Methanol System at 50 C by
1Usmg Four- Term Redhch Kister Equatlon

ACETCNE(1)-METHANOL (3) AT 5GC

PCOMP

. NO.OF OBSERVATIONS =

“NO.OF CONSTANTS

35

PQOBS OP X, Y, Y0BS GAMMAT  GAMMAZ
mm, Ha. me Hg. ng-.Hﬁ. An Y AnYs
___421.0C_ 420.35  0.61 0.C03 0.009 0.0086 0.6658 0.0000
424,00 423.57 0.43 0.007 0.C20 0.0203.70.6572 0.0001
430.0C 430.C9 -0.06 0.016 0.043 0.0452 0.6393 0.0003
_434.,C0 434,25 -0.25 0.022 O, C58 0.0603 0,6278 0.0005
442,00 442.23 -0.23 0.034 0.085 0.091C '0.6056 0.00L1
465.00 464,71 0.26 C.CT1 0.159 0.1690 0.5424 0.0046
__471.06 470.11 0.89 C.081 0.177 0.1890 0.5271 0.0059
T 485.0C 490,37 TE1.37 g.121 0.240 0.2560 0.4698 0.0123
4G69,0C 497.23 1.77 0.1356 0.261 0.2660 0.4505 0.0151
.510.CC  51GC.42 -0.42 C.167 C.30L 0.3150 0.4136 0.0217
524.CC 525.42 —-1.42 0.206 0.347 0.352C 0.3720 0.0312
544.0C 542.81 1.19 0.257 0.399 0.3900 0.3242 0.0456
542.CC_ 543,77  -1.77 C.260 0.4C2 0.4000 0.3216 0.0465
560.0C 560.31 =-0.31 0.316 0.454 0.455C 0.2758 0.0650
565.CC 566,20 2.80 C.338 0.472 0.479C 0.2592 0.0731
_____ 870.CC 571.C2 -1.02 0.357 0.488 0.4990 0.2454 0.0804
580.0C 58C0.1% -0.19 0.395 0.519 0.5330 0.2183 0.0968
581.CC 582.17 ~-1.17 0.405 0.526 0.5380 0.2123 0.1008
...283.0C 583,68 -0.68 0.412  0.531 0.5430 0.2076 0.1040
'563.CC 591.74 1.26 0.452 0.560 0.5740 0©.1820 0.1235
6C2.0C 600.53 1.47 C.502 0.595 0.5700 0.1520 0.1509
_613.0C 611434 1.66  0.578 0:646 0.6580 0.1103 0.1999
621.0C 615,8¢ l.14 0.662 0.702 0.7000 0.0705 0.2649
615.0C 620.7% -5.79 0674 0.710 00,7280 0.0654 0.2751
.. 623.0C 621.01 1.99 0.677 0712 0.7L10 0.0642 0.2777
624,00 621.98 2.02 0,691 C.721 0.7180770.0585 10.2900 "
623.00 622.3C 0.70 0. 696 0.725 0.728C 0.0565 0.2%44
624.00 623,7C 0.30 C.721 0.742 0.7460 0.0472 0C.3171
621.00 624.39 =3.39 0,736 0.753 Q.7540 '0.0420 0.3312
625.00 625.40 ~0.40 0.767 0.776 0.7820 0.0321 0.3610
624.00 625.84 —1.84 C.798 0.799 0.8160 0.0236 0.3917
T 626,00 625.84 T 0.16 TG ELZTUOVBIL TTC.8100770L0202 T0.4058
625.0C 623.89 l.11 0.881 0.87L 0.871C 0.0074 0.4758
623.00 62C.89 2.11 C.S24 0.3l4 00,9170 0.0028 0.5184
T 619.00 613.47 " 0.53  C.949 0.940 0.9410 0.0012 0.5421
B= C.&6C577 C= 0.00678 D= 0.02336 E= -0.04997 F=

SYSTEM TEMPERATURE AT

ST.CEV.

A

323.16DEG K

OF CURRELATICN IS
. AV.% DEV OF CORPRELATION IS

1.75MM.HG,
C.21
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AC ETC\IE( 1)-METHANGCL(3) AT S5CC

/7

! Usmg Five- Term Redhch Klster Equatwn

Table 7.1 D Test Results of Acetone-Methanol System at 50 Chby

~ PGBRS PCOMP oP Xy Y, ~Y,0BS GAMMA1 GAMMA2
m.m.Hg- ""‘Hj '”"Hi’ Ln?, Andy
421.0C  420.4S C.51 0.003 0.009 0.0086 0.6933 0.0000
424,00 423,79 - 0.21 0.C07 0.021 0.0203 0.6818 0.0001
420,0C 430.48 —0.48 0.Cl6 0.044 0.,0452 0.6585 (€.0003
_ 434,0C 434,72 -0.72 0.022 0.059 0.0603 0.6438 ~0.0006
442.0C 442.76 -0.76 0.034% 0.086 0.0910_ 0.6160 0C,0014
465.0C 464,58 0.02 0.071 0.159 0.1690 0.5412 0.0055
471.00 470.27 0,73 0.C81 0.176 0.1890 0.5241 10,0069
485.,0C 490.12 -1.12 C.121 0.239 0.2560 0.4631 0.0137
4$9,0C 495.87 2.13 0.136 0.260 0.2660 0.4435 0.0166
51C.CC 509.95  0.05 0,167 0.300 0.3150 0.4074 0.0230
524.,CC 524.98 -0.98 C.206 0.345 0.352C 0.3681 0.032¢C
544,00 542.62 1.38 0.257 0.399 N.3900 0.3236 0.0454
542,0C 543.56 ~1.59 0.260 0.402 0.,4000 0.3212 0.0463
560.00 560.45 —0.45 0.316 0.454 0.455C 0.2778 0.06383
565.0C 566.43 2.57 C.338 0.473 0.4790 0.2616 0.0717
- 570.CC 571.31 =1.31 0.357 0.489 0.4990 0.2430 0.0789
580.,CC 580.54 -0.54 0.396 0.520 0.5330 (0.2207 0.0954
581.0C 582.52 -1.52 0.405 0.526 0.5380 0.2146 0.0995
_583.0C_ 584,C3 —1.03 0.412 . 0.532 0.5430 0.2C93 0.1028
563.CGC 592.03 0.97 0.452 0.561 0.574C . 0.1833 0.12390
602.0C 600.67 1.33 0.50C2 0.595 0.,5700 0.1518 G.1517
. 613.00 611.22  1.78 C.578 0.645 0.6580 0.1086 0.2024
621.00 619.60 1.40 Ne 662 0.701 0.7000 0.0690 0.2670
615.0C 620.52 -5.52 0.674 0.709 C.7280 0.0641 C.2769
_..623.0C 620.74 __  2.26 0.677 0.711 0.7110 0.0629 0.279%4
624,00 621.71 2.25 0.691 0.721 0.7180 0.0575 0.2910
623.0C 622.04 0.56 0.696 0.724 0.,7280 0.0557 0.2952
624,00 623.46 C.54 0.721 0.742 0.746C 0.0469 0.3166
621.00 624,17 =3,17 ~C.736 0.753 0.7540 0.0420 0.3296
625.0C 625.25 -0.25 C.767 0.776 0.7820 0.0329 0.3572
624,00 625.79  —1.79 0.798 0.801 0.8160 0.0250 0.3857
T 626.0C 625.85  0.15 0.812 0.812 0.8100 0.0218B70.3988"
625.0C 624.25 0.71 0.381 0.872 0.8710 0.0093 0.4681
1 623.00 621.51 1.49 0.S24 0.914 0.9170C 0.0040 0.5168
615.0C 619.12 =0.12 C.%49 0.949  0.9410 0.0019 0.5482
B= C.60701 C= 0.00516 D= =-0.00259 E= -0.04479 F=
NO.OF OBSERVATIONS = 35 0.05793
“NO.CF CONSTANTS = 5 , '
SYSTEM TEMPERATURE AT 323.160EG K-
ST.CEV. OF CORKRELATICN IS 175MMeHG.

AVv.%Z DEV OF CORRELATION IS

0.21
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APPENDIX VI

COMPUTER PROGRAMS

VI.1' FITTING BINARY ISOTHERMAL TOTAL PRESSURE AND

LIQUID COMPOSITION DATA AT HIGH PRESSURES TO
THE SYMMETRIC ONE TO FIVE- TERM REDLICH-
KISTER EQUATION '

VI.1.1' GENERAL INFORMATION

PURPOSE - Calculating vapor phase composition from total
pressure measurement and liquid composition data for the Sys-

tems at high pressure and isothermal condition,

LANGUAGE - FORTRAN 1V in G level. -

SUBROUTINES REQUIRED - VOLPAR (Refs. 22, 23)

PHIMIX (Refs. 22, 25), CUBEQN (Ref. 22) and SOLVEJ ..

INPUT AND OUTPUT COMMANDS:

Input - READ (1, FORMAT's statement number)

Print - WRITE (3, FORMAT!s statement number)

Card output - WRITE (2, FORMAT's statement number)
Printing control:

Single space - blank in first column

Double space - 0 in first column

Starting a new page - 1 in first column
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VI.1.2 INPUT and OUTPUT
INPUT:

Card 1 : The title of the problem can be entered into the

" card from columns 1 to 80.

Card 2 : It bears the control variables which are distributed

as follows:

Column A _

1 -~ 5 N DATA, the number of observations_

6 - 10 NZ, the minimum number of terms desired in
the Redlich-Kister equation

11 - 15 MAX, the maximum number of terms desired
in the Redlich-Kister equafion‘ |

16 - 20 weight option if 0, WT 1

1, WT = 1/P

2
obs

Cards 3 and 4 : They bear the pure component properties which

are required in the evaluation of the supporting quantities, one
card per each component. Their distributions are:
Column ‘
1 -8 P., psia
.9 - 16 Vc’ cu. ft. per pound mole
17 - 24 T, °R
c

25 - 30 Acentric factor, dimensionless,

Card 5 : It bears the information of the system temperature,

and saturation pressures of pure components, and also the

gas constant.

Column
1 - 10 T, system temperature, °R

11 - 20 Pls, vapor pressure of the first component, psia

ez
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21 - 30 st, vapor pressure of the second compoent, psia

2
31 - 40 Gas constant, 10.73 (ft3)(1b)/(in )(Ib-mole)(° R)

Card 6 : It bears the initial estimation of the adjustable
parameters in Redlich-Kister equation, in F-FORMAT,

10 columns per field.

Cards 7 to (nobs + 6) : They bear the experimental data in
F-FORMAT; one card per point.

Column
1 -10 Pressure, psia
11 - 20 x

2
21 - 30 Yy (option)

OUTPUT : see flow diagram

VI.1.3 FLOW DIAGRAM (see figure VI. 1)
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- Figure yy 1 S-222-

Flow Diagram of the Program ''Fitting Binary Isothermal Total
Pressure and Liquid Composition Data at High Pressure to the Syzn-
metric One- to Five-Term Redlich- Kister Equation -

INPUT
( See Sec. 7.1.2)

. cuBeQnN I

9 Xz ) Y=l
PHIMIX CALL VOLPAR VOLPAR
L CALL PHIMIX Vie
| $°= ¢ B exp(( P™= B3 )i [AT)
cuBean | 1 -
1 : &-‘-’ l ) Yz=l »
pHIMIX CALL VOLPAR VOLPAR
| 3 4’; CALL PHIMX . : [
4) - : y n ' | V—I
42 £, = 4"3 P Xp(( P"-PA )VJI./RT) 7}
- READ R‘ ] x;z 7 x’l
= I, NDATA
x[=‘— XZ . y,:l—')’:_
TMI‘ =‘ TMJ‘ - l
TMIiz = 4x,-1 TMJ 3 = 4x-3
TMIiz = Cbxi=1)(2X,-1) TM)3 = Bx~5)(2%;-1)
TMi4= (8’.\’,--1)(2«\',-1)z TM), = (£%,~7 )25 - 1)°
TMI5 = (jo%-7)(2%-1] TM)5 = (105-9)(z2x~1)°
CALL PHIMIX CALL VOLPAR
Z,=exp ((P-PYIVi[8T) 2, = exp(P-7")VilRT)
R ATICA AR i = dutoP/ (X £.°2, )
| Pﬂ/NT P;Xz,}’zl i;/. lezl.J ZZ )
: [T A T '
—1 =+l fno ¢ ZNPATA

yes
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Figure vI.1 (continued)

®

NZz=N2+)

KK=o0

M=o

KK=KK+1

Viz exp (X (8, + 8, (4% ~1)+)
Vo =exp (X*(Bi+ 8. (4x-3)+))

y€s

KK=1

ne

CALL

PHIMIX

WBeEAaN

v

MEZEN -

PHIMI X

Fi=x.7, -f.°2: /¢,
Fz =Xx,7, ‘f;aza/4z
Pcan‘n = F £,

)’,.mp T F, /P

=

Evalugle OP /JBJ'

) ¢

Ramp
h tamf

)y X2, Vs
4 y‘- ‘ONP

D

y

J3JjH! »

Jsi.n2

EQ: 530

yes

PP = Pobs - P«cmp

wr=1/P

>
obs

Vi wzs = DP;

no

Wr=1tlo




Sswws e

- 2247,

Figure VI. 1(continued)

no

[ 1™
1]
-,
+
-

-

NOAMALIZATION
EQ- 5'26
PRINT S (=l VZ

R R YN 2 4
(ELEMENTS oF MATRIX )

y

CALL SOLvET I3 SOLVES

ABJ-

8/ =8; +asBy

[ .
QRNV, Bl',J'SI;NZj
p

M=M+|

no

AB s TL

yes
PRINT B;,jzl, Nz )

PRINT Robs, Feomp , 0P

Yo, Yaps Yicomp, 4 comp
31, NIATA

(©—2e or 2 2

yes
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Figure yi.} (continued)

?

S§=0, SpPs=0

¢ =1, NoATA
CALCULATE Pn Y, , 4un ),

3= 53+ AR
5P3 = 3P3 4 [aP! [Picomp |

PRINT Pobs, Peomp,ap

Xa 1 Ya 4 Yacomp,
—Qn r[‘ fn rz

no

PRINT 8, ,
J' =), I'VZ

ST. PevV. =/ ZaP*/Woara-wn2)
Do PEY. = 100 % 5P /NDATA

PRINT NOATA, ~Z
3T.DeV. ,Z DEV.
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VIl 4 COhﬂ?UTEJ{PTUDGRAAd

1

3D CHANG(CHEM.ENG. ).

"FITTING BINARY TOTAL PRESSURE ANC LIGQUID COMPOSITION DATA TO
SYMMETRIC REOLICH-KISTER'S EQUATION OF ONE TO FIVE TERMS.

“ NEEDS SUBROUTINES PHIMIX,VCLPAR,CUBEQN AND SOLVEJ.

DIMENSTON PHI(IO),X(IO)yF(lO)yGANMA(10),FREFER(10),PVOL(10),Y(10),'
1PC(10),VC{10),TC(L0) o¥ (10),ClRKV(lO),CZRKV(IO),ClRKL(lO),CZRKL(10)
_.29AMOLWT(10),COMPALL0) ,COMPRI1C)4CORRV(10,10),CORRLI10,10),
3ALFA(10,10),TS(lO,lO),VOLFR(IO)yGANALN(lO)yA(4),Z(3)yZCIJ(10,10)
4¢WIJ(1C,10) yVCIJIL10,10) ,TITLE(20),ESTARCLO), HENRY (10,10},
5GAMSLN(10) yDTR{10410),0VR{10,101,CLFREF(10), o
6X1130) 1X2(30) ,Y1(30) ,¥2(30),Q(301,UJ(30),U(3C) y¥Y(36),

7 GI(30),GJ(30),THI{30,5),TMI(30,5),V(3046)yPMI5)sS(646),
8 21(30).111(30),PT(30),GAMA1(30),uAMAgg§O) 1 DP(3C),WT(3C)

‘COMMON P yNCCMP yPHI s T¢X4RT, TOLC, TITLE, Fy GAMMA, FREFER, PVOL , SUMY Y

LVL yNSOLV 4PCoVCyTCy Wy CLRKV yC2RKV y CLRKL ;C2RKLy AMOLWT,COMPA,COMPB,

_2CORRV,yCORRL yALFA, TSy VCLFRyGAMALNyAyMTYPELZyZCIJsWIJ,VCIJyVCX,

3ESTARYHENRY yGAMSLN,BDTRyOVR ¢ TRV, TRTRU, TRMIX
EQUIVALENCE (UJsX2), {UyX1)
__EQUIVALENCE (UJsX2)ylYY,Y2)4(U,X1)
EXTERNAL CUBEGN
READ(145C1,END=800)(TITLE(I),I=1, 20)
_WRITE(34505)(TITLE(I)+1=1,20)
READ(1,5L0)NDATAINZyMAXNWT

- NCOMP=2

DO_1C _I=1, NCCMP ‘

10 READ(I,SZ“)PC(I)yVC(I),TC(I),W(I),CIRKV(I) CZRKV(I) CLRKLI( 1),

LC2RKL(L) yAMOLWT(T),COMPA(I),COMPBI(I)

_Vel=ve (1) e
VC2=VC(2)
DO 20 I=1,NCOMP
_ CORRV{I,1)=0,0_
~ CORRL{TI,I)=0.0"
DTR(I[,1)=0.C

20 DVR(1,11=0.0

READ(1y530)CCRRV(112)vCURRL(l 2)sCTR(Ly2Y,DVR(1y2)
wRITE(31531)CORRV(1,Z),CORRL(I:Z),DTR(lyZ),DVR(l 2)
___CORRV(2,1)=CORRV{1,2)
CORRL{Z,1)=CCRRL{T,2)
DTR({2,1)=DTR(L,2)
DVR(211)=D\_/R(112).
READ(1,+530)T7T,PS14PS2,4R
READ(1,1CL)Y(PM(T),1=1,5)
T=T%*1.8
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PS1=PS1%14.7

PS2=PS2*14.71
PS0O=pPS2
X{1l)=1.0_

X{2)=0.0
Y(1)=1.0
Y¥(2)=0.0

P=PS1
RT=R*T
VvCX=VCl

VOLFR{1)=1.C
{ VOLFR(2)=0C.C
CALL VCLPAR

CALL PHIMIX(CUBEGN)
IF(PSO- P51130,35,40
30 FREF1= PHI(I)*PSI/EXP((PSL PSC)I*VL/RT)
GO TO 45
35 FREF1=PHI(1)%PS1
40 FREF1=PHI(1)*PS1=EXP({(PSO—-PS1)=*=VL/RT)
45 x(2)=1.0
oxtn=c.0
Y(2)=1.0
Y(l)-O 0

VCX=VC?2
VOLFR(2)=1.0
VOLFR(1)=0.0

CALL VCLPAR

CALL PHIMIX(CUBEGN)
[F(PSO-PS2)50,55,60

: 50 FREFZ2=PHI(2)*PS2/EXP{(PS2=PSO)*VL/RT)
j GO TO 65

. 55 FREF2=PHI(2)%PS2

; GO TO 65 .

‘ 60 FREF2=PHI(2)*PS2*EXP({PSC—PS2)*VL/RT)
65 WRITE(3,535)T,PS1,FREF1,PS2,FREF2,PSO

WRITE(3,540)
TL=C.00001
 FACT=1.0E0 o
: DO 298 I=1,ANDATA
- C READ(L,10L)G(I),UJ(])
READ(L,10L)GQ(1),yUJII),YYI(T)

AR
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LO-UJ(I)
C*L(I)-1.0
v 1)=1.CEO

T TMI(I42)=4.0%xU(1)-1.0
TMI(T43)=(6.0%U{1)=1.0)%XX
o TMIUL,4)=(8,0%ULT) ~1,0) *XXH#%2

TMI(I ,5)={10.,0%U{I)-1,0)*XX%%3
TMJI{I+1)=1.0E0
__ TMJLI492)=THMI(I,2)=2.0

TMJI(I93)=TMI(I43)-4.0%XX
TMI{T 94)=TVI{I 44) =5 0%XXH*%2

_ TMJUI,5)=TMI{L,5)=8, 0%¥XX*%%3
Y2(1)=YY{I) | ~
YL{I)})=1.0-YY(I])
X = uen) o
X(2)y=uJily
P=Q(1)
Y(L)=y1(i)
Y(2)=Y2(1)
VCX=X{1)*VCLl+X(2)*Vv(C2
_VOLFR(L)=x{l)%vCLl/VCX
VOLFR(2)=1.C-VCLFR{1)
CALL VCLPAR
_CALL PHIMIX(CUBEGN)
POYNTL=(G(I)-PSO)*PVCL{1)/RT
" POYNT2=(Q(I)—-PSO)%*PVGL(2)/RT
. ZI(I1)=PCYNTI
LIT(I)=PCYNT2
IF(ZI(1))Y3C4,3C5,30C6
304 ZI(1)1=1.00/ EXP(-Z1(1))

GO TO 307
305 ZI(1)=1.00
60 TO 307 -
306 ZI(I)= EXP(ZI(I))
307 [F(ZIL(I))3C09,31C,311

_ 309 ZI1(1)=1.00/ EXP{-ZII(I))
' GO 70 312 o
310 2ZI1(1)=1.00
60 TO 312
311 ZIIT(IY= EXP{ZII(I))
312 CONTINUE
__POYNTL=ZI(I) _
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POYNT2=ZIL(I)

WRITE(3,4550)C(I),X2(1),Y2(1),

298 CONTINUE
WRITE(3,505)(TITLE(I),1=1,20)

*POYNT2)
_PVOL(1),PVOL(2),POYNTL,
LPOYNT2, bAMAl(I).GAMAZ(I),PHI(I),PHI(Z) T

GAMALII)=PRI(1)*Y1(I)* C(I)/(Xl(l)*FREFl POYNT 1) :
GAMA2(I)=PHI(2)*Y2(1)* Q(I)/(X2(I)*FREF2

DO 6 I=1,5
6 PMII)=0.0 |
_WRITE(3,102)TL,(PFNM(T),1=1,5)
T297 Nz=NZ+1 '
NZ1=NZ+1
KK=0

299 KK=KK+1
M=0
___ 300 DO 410 I=1,NDATA
X1([)=1.0-X2(I)
YI(I)=1.0-Y2{1)
__ X(1)=X1(1)
X(2)=X2(1)

! Y(1)=YL(I)

o Yte2y=vya(iy ) )
R e e
VCX=X({1)*VC1+X{2)*VC2
VOLFR(1)=X{1)*VCl/VCX

VOLFR(2)=1.0-VCLFR(1)"

DO 320 J=1,NZ
GI(I)=GIIL)I+PMIJI*TNI(I,d)

320 GJUII=GJ(II+PMLJ)RTMI(T,4)

GI(I)—EXP(LJ(I)'UJ(I)*CI(I))
GJ{I)= EXPLUCI}*ULT)*GJ(1))

CIF(KK-1)301,302,301
3C2 Y(2)=YY(1)
Y{1)=1.0-YY(I)

C 302 PHItLY=1.0" "~
o PHI(2)=1.0
c GO TG 303
"3C1 Y(L)=YL(I)"
Y(2)=Y2(1)

CALL PHIMIX{CUBEGN)

GG -




__303_FI=X(1)*GI(I)*FREF1%*Z

—

FJd=X{2)*GJ( 1) *FREF2%Z
PT{I)=FI+FJ
YI{I)=FI/PT(I)
Y2{I)=1.0-Y1(I)
WRITE(395503PT(I)yX2(1),Y2(L)yGIL{IN,GI(1), PHI(I):PHI(Z)
DO 400 _J=1,N2Z

402 vil,NZL)= DPIUI)

C

_ 4C0 CONTINUE

V(I,J)—FI*(l 0-UlIN)*({1.0- U(I))*TMI(I'J)
1 +FIFUCT) XUTT)*THI(T,J)

DP(I)=Q(I)-PT(I) T ’ -
IF(NKT.GT.0)GO TG 4Gl
WTLI)=1.0 '

GO TO 402
401 WT(I)=1.0/200)/Q(I)

41C CONTINUE
5C0 DO 508 [=1,NZ1
DO 508 J=1,NZ1
SUM=C.C
DO 505 K=1,NDATA
509 SUM:SUM+V(K,I)*VlK,Jl”§WT1K}__
S(I,J)=SUM
S(Jsy1)=S(I,4).
__ 508 CONTINUE . -
DO 511 I=1,NZ :
511 WRITE(3,102)(S(IsJ)yJ=1,NZ1)
CALL SOLVEJ{NZ,S,INCIC)

DO 600 I=1,NZ
600 PM(I)=PM(L)+S(T,NZ1)*FACT

WRITE(3,102)(S(1,NZ1Y,I=1,NZ])
M=M+1
DO 612 I=1,NZ S
IF(_ABS{S{I,NZ1))-TL) 612,612,616

616 [F(M-11)622,622,632

_ 622 GO _TC 3CC

612 CONTINUE
632 WRITE(3,104)M,(PV(T),1=1,NZ)
DO 633 I=1,NDATA - -

633 WRITE(3,102)Q(1),PT(I), DP(I) LUJ(I),Y2(1),GI(1),GJ(I),2I(1),
1 ZInn




.

000

922 FORMAT(1H ,2HB=,F10. 5393X42HC=,F10.5, 3X,2hD—,FlC 543X+ 2HE=,F10.5, 3X§.

© 902 FORMAT(1H ,3F8.2,3F8.3,2F8.%,2F8.3)

. 907 FORMAT(21H NO.OF OBSERVATIUNS =,110/

104 FORMAT(//L1545E15.7/)-

7C0 WRITE(3,105) 777

51C FORMAT(415)

T——
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[F{KK=2)299,700,700

EVALLATICN

WRITE(3,505) (TITLE(I),1=1,20)
___WRITE(3,506) -
906 FORMAT(1H +4X,4HP0BS 4%, SHPCCMP, 3Ky 2E0P 6K, TRK. 7Y, 5HYCOMP, 3X, IHY7X
1, 6H 22 X »6H 12X92HZ +6X93HZ  //1/)
FI=0.0

FJ4=0.0" -
DO 750 I=1,NDATA
_GI(I)=ALCGIGI(I))
GJUI)=ALOG(GJI(I))
FI=FI+DP(I1)%DP(1])
_FJ=FU+ABS(V(I,NZL)/PT(I)) ‘ -
MRITE(3,902)G(1),PT(I)y  DPUI),UJ(I),¥Y2(I)sYY(I),GJ(I1),GI(I),
1 ZINLDY,ZI(1)
750 CONTINUE
WRITE(3,105)
WRITE(3,922) (PMIL),1=14NZ)

142HF=,F10.5/)
FI={FI/{NDATA=-NZ))**Q,5
FJ=FJ/NDATA*100. ’ -

MRITE(3,907)NDATA,AZ,TqFI.FJ
1 18H NG.CF CCNSTANTS =,110/

2 22H SYSTEM TEMPERATURE AT,Fl0.2,5HDEG /
3 _26H ST.DEV. OF CORRELATICN IS+F10.246HPSIA /

T4 27H AV.% DEV CF CORRELATION IS,FLI0-27 ")
WRITE(3,505)(TITLE(I),I=1,20)
IF(NZ-MAX)2S7,76C,76C

101 FORMAT (8F10.0)
102 FORMAT(1H ,SEl4.6)

105 FORMAT (/7Y
501 FORMAT{204A4)
505 FORMAT(1H1,2044// )

520 FORMAT(SF8.4,2A4)
23C FORMAT(8FLO0.4)
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L4HDVR=,FT7e4// )
535 FORMAT(IH ,S5HTEMP=,F9.2/1k ,4HPS1=,F9.3,7X, LOHFREFER(1)=9F9.3/1H ,:
.. 14HPS2=4F9.3,7X,10HFREFER(2)=yF9.3/1H ,4HPSO=, F9.3//) S
540 FORMAT(1IH ,4X91HPy 6X92HX246Xy2HY 244X, SHPVOL 1y 3X, SHPVOL 2,

1 3Xy6HPOYNTL142Xy6HPCYNT2,2X95HGAMALy 3Xy SHGAMA2 93Xy 4HPHI 194X,y 4HPHI2

—-231 FORMAT(LH ,7HK12(V)=,F643,3Xy7THK12(L)=,F6.3,3Xs4HDTR=,F7.4,3X,

S XV N , e -
550 FORMAT(LH ,F8.2,2F8.448F8.4) T
760 GO TO 1 '

800 RETURN . I R
END . -
s N . B -

.:'F.":!m*
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SUBROUTINE SOLVEJ(NA,A,INDIC)

DIMENSION A{6,6)
NAl=NA+1
DO 205 I=1,NA

IF(A{1,111200,206,200
200 P=1./A(L,I)
DO_201_J=I,NAL : B

301 DO 302 J=IsNA1l

304 WRITE(3,207)1

201 A(T,Jd)=P*A(I,d)

DO 202 K=1,AA

IF (I-K) 203,202,203_ _
1203 Q=A(K,I) -

DO 204 J=I,NAl ,
204 A(KyJ)=A(K, Ji=G*A(I,J)

202 CONTINUE

205 CONTINUE

_.Inoic=o0
“RETURN

205 IF{NA-1) 30C,304,30C

. 3C0 I1 = I+1
DO 303 L= =11 ,NA
IF(A{L,1)) 301,3C3,301

HOLD=A(T1,J)
A{I,J)=A(L4J) ,
_ 302 A({L,J)=HCLD -
GO TO 200
303 CONTINUE
INDIC=1

207 FORMAT(//25H DTAGONAL ELEMENT IN EQN ,I14,40H IS ZERD TRANSPOSE
1 WITH PREVICUS CNE//)

EQN

RETURN
END




P
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_SUBROUTINE PHIMIX(CUBEQN)

C CALCULATE VAPCR-PHASE FUGACITY COEFFICIENTS USING REVISEC REDLICH ——~

c AND KWONG EQUATICN

~ -~ DIMENSION PHI(10),X(10),F{10),GAMMALLO0),FREFER(10),PVOL(1C),Y(10),
1PC(10),VCI1C)yTCI10)+h(10),CLRKV(10),C2RKV(10),C1RKL{10),C2RKL(1C)

ZyAMOLwT(IO),COMPA(IO)yCGMPB(10),CURRV(10110);CORRL(10910);

—3ALFALLC,10),TS(10,10)VOLFR(10)4GANALN(10),A44),2(3),2C1J(1C,10)

4,wa(io.lo);VCTJ(IO;IOf?rifEETéd{7E§fKﬁYIG)TﬁENRVrIo.101?”"
5GAMSLN(10),DTR(10,10),0VR(10,10),CIFREF(1C),C2FREF(10),C3FREF
M>6C4FREF(10l,'CSFREF(IO)1C6FREF(10),C1HNRY(10y10),C2HNRY(10;10)

7C3HNRY(10,1C),C4HNRY(10;10).CSHNRY(10;10).C6HNRY(1O,10),’
BCLALFA(1C,10),C2ALFA(10,10)¢C3ALFA(L0,10),C4ALFA(L1C,10),
__9C5ALFA(10,41C),C6ALFALLO0,10),

(10),

9 ARKV(10,10),BRKV(10)  ,ATRKVI1E);PRILN(LG)
COMMON PyNCCMPPHI s T9XyRT yTOLDyTITLE,FyGAMMA , FREFER » PVOL 5 SUMY

LVL4NSCLV,PC,VC,TCy Wy CLRKY yC2RKV y CLRKL y C2RKL . AMCLWT y COMPA , COMPB,

ZCORRV,CORRL1ALFApTS,VGLFR:GAMALN:A:MTYPE.ZyZCIJyWIJ,VCIJ,VCXy

BESTARyHENRY sGAMSLNyDTR,DVR, TRV, TRTRU, TRMIX yC LFREF, C2FKEF,C 3FREF,
4C4FREE,CSFREF, C6FREF,CLHNRY y C2HNRY, C3HNRY y C4HNRY , C5HNRY 5 C6HNRY, L

“‘EC1ALFA,CZALFA,c3ALFA,C4ALFA7CSALFA,csALFA,IPRINT

DO 100 I=1,ACCMP R

C ARKVEI,1)=CIRKVIT)*115,132S%(TC{I)%%2,5)/PC(1)
BREKVII)=C2RKV{I)*1C.73%TC(I)/PC(1)
IF{I.EQ.NCCMP) GC TG 110

Al=t+vx
DO 100 J=I1,NCCMP
ARKVI{I  J)=

¢

1 (ClRKV(Il+ClRKV(J))*5.3&5*(TC(I)*TC(J)*(I.-CORRV(IuJ))*#

1 2.00%%0.75%VCIJ(1,J)/2CIJ(1,4)
ARKVI{JyI)=ARKVI(I,J)
100 CGNTINUE

1Y’

110 CONTINUE
AMRKV=0.0
BMRKV=G.0

DO 120 I=1,hCCMP e e L el

AIRRV(I)=0.0
BMRKV=BMRKV%Y{I)*EEKV(I)

DO 120 J=L,NCoMP ~~ T
AIRKVII)=ATRKV(I)+Y(J)*ARKV(I,J)
120 AMRKV=AMRKV+Y(1)*Y (J)*ARKV (I,J)
All)=1.C
A{2)=-1.C
PBRT=P*BMRKV/RT




ABRT=AMRKV/ (BMRKV*10.73%T%%],5)
A(3)=P8RT*(ABRT-1.0-PBRT)
A(4)=—ABRT#(PBRT#%2.0)
__CALL CUBEGN -
IF(MTYPE)L3C,14C,14C
13C ZV=AMAXL(Z(1),2{2),2(3))
GO _T0 150 : .
140 Zv=7(1) - ’
150 VV=ZV*RT/P
_.QVVB=ALOG(VV/(VV-BMRKV)) )
QLVB=1.0/{VV=BNRKV) -
Q2RTB=2.0/(10.73%T#%1.5%BMRKV)
_____QVBVSALOGU(VV+BMRKVI/VV)
QARTB=AMPKV/ (10, 73%T#%1 5% BMRKV%%2.0)
QBVB=BMRKV/ (VV+BMRKV)
_..bO 160 I=1,nCCMP ‘ . : '
PHILN(I)=QVVB+BRKV(I)*C1VB=AIRKV(L)*Q2RTB%QVBV+BRKV(I)*UARTB*(QVBY
1 —QBV8)=ALOG(ZV) :
160 PHI{I)=EXP(PHILN(I))

RETURN
END
~
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c

12 TRMIX=TRvV

13 VC23X=C.0

__SUBROUTINE _VGLPAR_

— OCLALFA,C2ALEA,C3ALFA,C4ALFA,CSALFA,COALFA, IPRINT -

oL VEX=VOX+X{TI®=VCLTD)

_ A1 WMIX=WMIXEVCLER(I)*h (1)

15 AFR(I)=X{I)*VC{I)%%(2.0/3.0)/VC23X "

CALCULATE PARTIAL MCLAR VOLUMES IN A MULTICOMPONENT LIQUID MIXTURE
DIMENSION PHI(10),X(10),F(10),GAMMA{10),FREFER(L10),PVOL(10),Y(10),
‘,ng(IQ}yVC(IOJyTC(lO),W(lO)yClRKV(lO),CZRKV(LC)pClRKL(LO),CZRKL(10)
2y AMOLHT(10) ,COMPA(10) ,CCMPB(10) 4 CORRV(10,10),CORRL(1C, 10}, a
3ALFA(10,10),TS(10.10).VDLFR(lo),GAMALN(lo).A(4),Z(3),zc:Jtlo.lo)
ﬁ;ﬂliﬁkOa@QlvVQLA(LQalQ);III;EJZQljﬁﬁléﬁiiglxﬂENRX{l0¢}9)1““_uw-mm”m
5GAMSLN(10),DTR(10,10),DVR{10,10),C1FREF(10),C2FREF(10),C3FREF( 10},
6C4FREF{10), C5FREF(10),C6FREF(10)5CLHNRY(10y10)yC2HNRY{1G,10),
_JC3HNRY{1C,10),C4HNRY(10,10),C5HNRY (10,10} ,C6HNRY{10,10),

‘8C1ALFA(10,10),CZALFA(LO,lo),caALFA(lo,io).C4ALFA(10,10),“’”m o

9C5ALFA(10,10),C6ALFA({10,410),
FAFRL10),ARKL(10,10)4BRKL(10)

COMMON P,NCCMP,PHI;r?%iRTTTbIE}TIrLE{F,54MMA.FRE?ER,PVGL.SUMVIYT'"”
LVLyNSCLVyPC4VCyTCy Wy CLRKYV yC2RKV yCLRKL y C2RKLy AMCLWT y COMPA,COMPB ,

o ZCORRV,CDRRLyALFA,TS,VOLFR,GAMALN:A;MTYPErZyZCIJ:NIJ:VCIJyVCXv

3ESTAR,HENRY,GAMSLN,DTR,DVR,TRV,TRTRU,TRMIX,ClFREF,CZFREF,CBFREF,”
4C4FREFVCSFREF’C6FREFyClHNRYyCZHNRY,CBHNRY)C4HNRY'C5HNRY1C6HNRY1

VCX=0.0

DO 1 I=1,NCCMP

DG 2 I=1,NCCMP

2 VOLFR{I)=X(I1)%VC{I)/VCX

__TCVv=0.0 -
DC 10 I1=1,NCOMP
DO 10 J=1,NCCMP

.10 TCV=TCV+VCLFR{I)*VOLFRIJ)#(TCIIIFTC({J) )% %0 .5%( 1.0-CORRL( L,d))

WMIX=0.0
DO 11 I=14NCCMP

TRV=T/TCV
IF(TRV-0.91)12,13,13

VCMIX=VCX
GO 7O 8¢

DO 14 I=1,NCCNMP

14 VC23X=VC23X+X{I)*VC(1)**(2.0/3.0)

DO 15 I=1,NCCMP

VCAFR=0.0
TCAFR=0.0
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DO _16_I=1,NCCMP.

VCAFR= VCAFR+AFR(1)*VC(I)

16 TCAFR=TCAFR+AFR ()= *TC{I)

_DVCAFR=0.0
DTCAFR=C.0

DO 17 I=1,NCCNMP

DO_17 J=1,NCONMP

DVCAFR=DVCAFR+AFRTI) *AFR(JI*DVRI T, JI5(VE I FVETIT V% 57TE
DTCAFR= DTCAFR+AFR(I)*AFR(J)*DTP(I,J) B(TC(I)+TCLJ))*0,.5

.17 CONTINUE e — _
VCTRU=VCAFR+DVCAFR ) -
TCTRU=TCAFR+DTCAFR

——_TRTRU=T/TCTRU )
IF(TRTRU-1.0)20,18,18"
18 VRMIX=1.0
~ TRMIX=1l.0 o
VCMIX=VCTRU
GO TO 90
.20 CONTINUE
TRMO=1.0 T
TRM1=0.9
FTRMO=(TRV—-1.9)-(TRV/TRTRU-1.0)
FTRML=(TRV/0.9-1,0)~(TRV/TRTRU=1.0)/EXP(&.01S)
25 TRM2=(TRMO*FTRMLI-TRN1I%FTRMO)/ (FTRM1-FTRM0}
_IF{ABS(TRM2-TRM1).LT.0.0001) GO TO 4C
: CFTRM2=(TRV/TRMZ=1.0)=(TRV/TRTRU-1.0)/EXP({1.0- TRMZ)*(2901 01
i I=5738.921%TRM2+2849.854%TRM2%%2+41,.741266/(1.01-TRM2)))
SIGN=FTRM2%*FTRNC
IF(SIGN)35,40,30
3C TRMO=TRM1
FTIRMO=FTRM1

35 TRMLI=TRM2
; FTRM1I=FTRM2
? GO TC 25
. 40 CONTINUE
, TRMIX=TRM2

VCMIX=VCX+ (VCTRU- VCX)/EXP((I O-TRMIX)%(2901.01-5738.92 1% TRMIX

142849854 TRMT X%%2¥1.741266/ (12 0ISTRMIX)))

60 IF(TRMIX-0.5S5)8C,7C,70C

70 VR995=0,792C2-wMIX*C 21798 +WMIX%%2,0%0.36129
VR9IC=C. 7327 WNIX* 0. L604+WMIX%%2.,0%0.2032
COFCVR=20000.0%(1.0+VR9I90=2.0%VR995)
COFBVR=2C0.0%(1.0-VRk995)-1.995%CCFCVR

[T




__ COFAVR=1.0-CGFBVR=CGFCVR
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VRMIX=(CCFAVR+CCFBVR*TRMIX+CCFCVR*TRMIX**Z)*(0.978+4159.0*(T§MIX

1-0.9977) %%2)
60 10 9¢C
80 QLNLTR=ALCG(L.O0-TRMIX)

VROF=0.11917+0.009513%TRMIX+0, 2lﬁ9l*TKNIX**Z.—0.06922#TRMIX**3.0+

10,0748/TRMIX=0.084476%CLN1TR

_90 VL=VRMIX*VCMIX

VR1F=0.98465-1.60378*TRMIX+1.82484%T RMIX%*%2.0-0.6143 25 TRM X436

1-0.34546/TRMIX+0,087037%QLNLTR

1+.46795/TRMI X—0. 239938%*GLN1TR
LF(TRMIX-0.9925)8%,85,81

—81 VRMIX=(VROF+UMIX*VRLE£WMIX*¥25VR2F)% (1,0+ (TRMIX=0,9925)%2.4)

GO TO 90
85 VRMIX=VROF+KMIX%*VRLF+WMIX%%2.0%VR2F

DO 100 I=1,NCONF T
ARKL(IyI)"ClRKL([)rllS 1325%(TC(I)%*%2, 5)/PC(I)
BRKL (1) =C2RKL(I)%19.73*TC(I)/PC(1) :

100 CONTINUE

125 QEL=QEL+X(J)%ARKL(T., )~

IFII.EC.NCC¥F) GC TC 110
11=I+1
DO 100 J=I1,NCCNMF o
WEJ(T,d)=(H(L) 45 (g))%0.5"
ZCIJ(I4J)=0.291-0,08%WIJ([,J)
_VCIJ(T143)=(VCII)+VC(J)}*0,5 .
ARKL(T,J)=(CLRKL(I)+CLRKLTJ) T#5.365% (TC(I)#TC(J)*(1.0-CORRLI( ]
1%2,C)#%Ca75#VCIJ(1,d)/2ZCTIJ( 1,7
ARKL(JyT)=ARKL(I,d)

110 CONTINUE
_AMRKL=0,0

VR2F=-0.55314~0, 157S3*TRMIX~1, O1601*%TRMIX*%2, 0+O »34095%TRMI X*%3,0

)

BMRKL=0.0
DO 120 I=1,NCONMP
_ BMRKL=BMRKL+X(I)*BRKL(I)
DO 120 J=1,NCOMP
120 AMRKL= AMRKL+X(I)*X(J)*ARKL(I,J)
OD=(T*%0,5)#VL* (VL+EMRKL)

T QHE(AMRKL/ (T#%0.5) )%
1 ((2.0%VL+3MRKL)/(VL* %2, 0% {VL+BMRKL) ¥%2,0) )
_@K=RT/({VL-BMRKL) %%2,0)
DO 139 I=L,NCOVP
QE1=C.0

DO 125 J=1,NCOMP

QE=2.0%QSLl~-AMRKL¥RRKL(I)/{VL¥BMRKL]™

QG={RT/(VL=BMRKL) )} #(1.0+BRKL(I)/(VL=BMRKL) )
L30 PVOL(I)=({QE/QD)I-QG)/(CH-CK)
300 RETURN

END
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—____SUBROUTINE CUBEGN _ . e
C SOLVES CUBIC EQUATIGN CF REDLICH-KWONG ECUATIUN FOR CUMPRESSESSIBILIT
o FACTORS
_ DIMENSION PHI(lO)yX(lO)pF(lO),GAMMA(lO)yFREFER(IO)yPVOL(10)'Y(lO)v i
lPC(10)yVC(IO),TC(lﬁ)yn(lO),ClRKV(IO).CZRKV(IC),CIRKL(lO),CZRKL(lo) '
2 yAMOLWT (10} ,COMPA{10),COMPB{10),CORRV(10,10),CORRLI{10,10), !
3ALFA(10,10),TS(10, 10)yVCLFRLLQ),CANALN(IO),A(4)9Z(3)yZCIJ(10 10) %
49 HIJIL0,10),VCIJ(10,10),TITLE(20) 4 ESTARTLO Y, HENRY (10,100, T
SGAMSLN(10),CTR(10, 10),DVR(10110)'CIFREF(10),C2F&EF(10),C3FREF(10):
(6C4FREF(1C), CS5FREF(10),C6FREF(10),CLHNRY(10,10),C2HNRY (10, 10),
7C3HNRY(1C:LC),C4HNRY(10'10)1C5HNRY(10,10),C6HNRY(1 »10), -
8CLlALFA{10,1C),C2ALFA(10,10),C3ALFA(LD 10).C4ALFA(1C.10),
SC5ALFA(1G,10),CH6ALFA(10,10), B(10)
COMMON PyNCCMP,PHI T4 X RT,TCLC, TITLE,F, GAMMA, FREFER, PVOL Y SUMYS ¥
LVLyNSGLY¢PCyVCyTCyVisCLRKV yC2RKV yCLRKLy C2RKLy AMCLWT 3 COMPA , COMPB 4
_2CCRRV,CORRLyALFATS ) VOLFRyGAMALN AsMTYPE 243 ZCIJsWTdyVCIJ,VCX,
BESTARYHENRY yGAMSIN,CTRyDVR TRV, TRTRU, TRMIX,CL1FREF,C2FREF,C3FREF,
: 4C4FREF,C5FREF, CéFREF,ClHNRY,CZHNRY C3HNRY, C4HNRY,CSHNRYy CEHNRY 4
3. 6CLALFA,C2ALFA,C3ALFA,C4ALFA,C5ALFA,C6ALFA, IPRINT _
Bl1Y=A(2)/A(Y)y 77 . ‘““
. B1OV3=B(1)/3.0
' . B(2)=A(3)/A(1)
B(3)=A(4)/A(1)
ALF=B{2)-B(1)%*B1CV3
. BET=2.0%BlOV3*x%3 —E(Z)*BICVJ+B(3) o '
BETOV2=BET/2.0 _ -
ALFOV3=ALF/3.0
‘o CUACV3=ALFOV3%%3
. SQBOV2=BETOV2#%%2’
DEL=SQBCV2+CUAQV3
—_ IF(DEL)4C,y2C,30
. "20 MTYPE=C.O0
i GAM=SQRT{—-ALFQOV3)
4 IF(BET)22,22,21 A
21 Z(1=-2.C%GAM-BICV3
Z(2)=GAM-B1(V3
L I3)=2(2)
GG 1O 50 _
22 211)=2.0%GAN=-B1CV3
2(2)=—GAM~B10OV3
C2{(3)=2(2)
GG TU 5¢C
30 MIYPE=1




L EPS=SQRT(DEL)

_ SCU=TAU-EPS
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TAU=-BETCV2
RCU=TAU+EPS

SIR=1.0
S[S=100
IF(RCU)31,22,32

31
32

34

40

i 43

50

.33,

__ROQT=SQRT(-CUCT)

SIR=-1,0
IF(SCU)33,34,34
SIS=-1.0

R=SIR*{ SIR¥RCU) *%0,33333333

S=SIS*(SIS*SCU)*%0.33333333
_Z{1}=R+S-B1CV3

1

Z(2)=~-(R+S)/2.0-8B1CV3 "
Z(31=0.86602540%(R-S)
GO TC ¢
MTYPE=-1
QUOT=SQBOV2/CUAOV3

IF(3ET)42,41,41
GO TC 43

FACT=2.0%SQRT(~ALROV3)
_Z{1)=FACT*CCS(PEI)-BLOV3 _
PEI2=PEI+2,(943951
Z(2)=FACT* COS(PEIL2)

 PEI4=PEI+4.1887902

Z({3)=FACT* CGCS(PEIL4)
RETURN
END

42 PEI=ATAN(SQRT(1.0- RCCT**Z)/RGOT)/J.O

-BlovV3

~~B1l0OV3

41 PEI={1. 5707563+ATAN{RCOT/SQRT(1.0~-R0O0T*%2)))/3.0
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Vi.2° GENERAL THERMODYNAMIC CONSISTENCY TEST

VI.2.1 GENERAL INFORMATION

PURPOSE - Testing thermodynamic consistency point-by-point

of the multicomponent vapor-liquid equilibrium data at iso-

§ v A e g e = Ao

thermal condition.

LANGUAGE - FCRTRAN IV in G level

SUBROUTINES REQUIRED - VOLPAR (Refs. 22, 23)

PHIMIX (Refs. 22, 25), and CUBEQN (Ref. 22)

INPUT AND OUTPUT COMMANDS:

: Input - READ (1, FORMAT's statement number)
‘ ‘Print - WRITE (3, FORMAT's statement number)
Card output - WRITE (2, FORMAT's statement number)

Printing Control:

: Single space - blank in first column
‘ Double space - 0 in first column
Starting a new page - 1 in the first column

VIi.2. 2 INPUT and OUTPUT

INPUT:

Card 1 The title of the problem can be entered into the

card from columns 1 to 80.

| Card 2 It contains 'NCOME NOBS




Column

1 -5

6 - 10
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NCOMP, number of components present in
the system, in F-FORMAT
NOBS, number of observations, in F- FORMAT

Cards 3 to (2 + NCOMP): They bear the basic properties

which are required for evaluating the supporting data such

as fugacity and partial molar volume by using the modified

Redlich-Kwong equation of state (Ref. 23, 25). One card is

required for each component.

Column
1 - 8

9 - 16
17 - 24
25 - 32
33 - 40
41 - 48
49 - 56
57 - 64
65 - 72
72 - 80

Pc’ psia

Vc’ cu. ft. per lb-mole
T, °R

c

{J » acentric factor, dimensionless A
CIRKYV, the first constant of R-K equation of
state in vapor phase .

C2RKYV, the second constant of R-K equation of
state in vapor phase

CIRKL, the first constant of R-K equation of
state in liquid phase .
C2RKL, the.second constant of R-K equation of
state in liquid phase
AMLWT, molecular weight

The name of the component

Cards (3 + NCOMP) to (3 + 2 NCOMP) : They bear the cross

constants for mixtures of the modified R-K equation of state.

e e
—— L&T...._...;‘:
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Column

1 - 10 CORRV (or kl2 of Ref. 25) in vapor phase
11 - 20 CORRL (or k of Ref. 23) in liquid phase

21 - 30 Critical regiotuz correction factor (Ref. 23) for
temperature
31 - 40 . Critical region correction factor (Ref. 23) for
| volume

Card (4 + 2 NCOMP) : It bears the system temperature and

saturation pressure (if any) of each component in F-FORMAT

10 columns per field.

Card (5 + 2 NCOMP) : It bears the measuring errors

)

Column

1 -10 E(x), the measuring error of the composition
11 - 20 E(P), the measuring error of the pressure
21 - 30 E(T), the measuring ;arror of the temperature

Cards (6 + 2 NCOMP) to (6 + 2 NCOMP + NOBS) : They

bear the data to be tested in F-FORMAT, 10 columns per

field. Data are read in the order of T, P, (x

and (y, j = 1, NCOMP).

- OUTPUT : see flow diagram

VI.2.3 FLOW DIAGRAM (see figure VI. 2)

22

j=

1,

NCOMP)




_22}_4_

Figure\VI.’Z Flow Diagram of the Program '"General Thermo-
dynamic Consistency Test!'. '

( INPUT
see SQCO 711'2

PRINT OUT
PATA

3=jt!
4

¢ ), NOBS
j l, Ncomp

Kc'-i = )’.:7' /Xc'j

no

CUBEQN

P |

PHIMIX

=1, Ncomp

CALL VOLFPAR
CALL pH)MIX

q:j‘\‘l

$i5 = qu P
vP:j £ (P-PTIV; [RT
VORT:; = Vy [RT

no

v=3+1

no

VOLPAR
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Figure VI. 2(continued)

_ ¢

KK = KK+

ye
”_ Kiks |

no

EtX)=E(K)#2

——(___PRINT E£(x), ECP), £(1) )

¢ = hL Wogs

Jz:Ol
dx=0 , DP=0o
PTEMP =0, TERMI=0
TERMT 50, TERMNK =0

J =1, Ncomp

Xap = xc:,' + Xosa 1j

TERMI = TERMZ + Xap ln ( Kevisj [Ki,j )

TERMT = TERMT + Xap In (Fif [Fiu,j )

TERMK =TERMK 1 Xap [n (VPiu,j —VP; )

DZ=Dpz% Xab (1 Yij + Wy, j + fxip + 1/ Y,
) E(x) ~
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Figure VI. 2( continued)

Px=Dx+ [ Xap (/Y + Y Aenj + fuep + 1/ %0,j)
20,(1» (ku«l,J /41., Y- tn (-ﬂ:,'/-ﬂ'ﬂ,j).

—(VPeu,j [vPij) p | ] Ecx)
DP=DP+ Xap (1/P:+1/Prey + | VORT 4, |

+ 1| VorTy; | ) ECp)

DTEMP = DTEMP *+Xab (/ VPu,.,/—rl +/ VP.J/-r 1) e

‘ J 3 no J BNcom

yes

D=TERMZ = TERMT — TERMK
1D ]pmay = 2 + 2P +DTEMP
Pav. = (Peniy Pr)/2

PRINT ¢, L."', Pay, TERMX, TERM] ,
TERMAK, DTERMS, DMAX, DX, PP, DTEMP
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VI.2.4 COMPUTER PROGRAM

C___TESTING_THERMODYNAMIC CONSISTENGY OF THE HIGH PRFSSURE MULTI-
c COMPONENT VAPOR-LIQUID EQUILIBRIUM DATA AT ISOTHERMAL CONDITION.
o NEEDS SUBROUTINES VOLPAR,PHTMIX AND CUBEON.
C . CHANG,S.-D. AND BENJAMIN Coe—Y. LU,JULY 2,1968
o MODIFIED VFRSION SEPT.3,1968,BY CHANG : :
DIMFNSION PHI(lO)pX(lO),F(IO),GAMMA(10).FREFER(IO),PVDL(IO).Y(IG)y
,JBLJJQJLygjigljIgjlgliyLLQL,CIRKV(10),CZRKV(lo)tQ}RKL(IO),CZRKL(IG)
z,AManTtlox,chPA(lo).chPB(1C),CORthlo,lo),CDRRfoc,10),
.3ALFA(10,10),TS(IO,IC),VOLFR(IO),GAMALN(lO),A(4)'Z(3),ZCIJ(10,10),
_m;_*_ﬁWIJ(lO,lO);TITLE(ZO)vESTABJlO);HENRXLlQJlQJJGAMSLN(10),
SDTR(10910)vDVQ(10110)9VCIJ(10!10)9 - _ '
6 PP 50, XX{ 5043}),YY( 504+3),Ct S5C4+3),FP( 5C+3),VP( 59,3),TT{ 50)
— T __»PVOLR{4),DTM(5C) ,VORT(50,3) : o
COMMON PyNCOMPy PHI 4 T4 X4RT, TOLD, TITLE,F,GAMMA, FREFER, PVOL, SUNY, Y,
1VLoNSOLV,PC,VC,TC,H.CIRKV,CZRKV,CIRKL,CZRKL,AMOLHT,CDMDA,COMDB,
;MWZCQRRV,CDRRL,ALFA,TS,VOLFR,QAMALNpA,MTYPE,Z,ZCIJ,WIJ.VCIJyVCX,
3ESTAR 4HENRY,GAMSLN,DTR,DVR, TRV, TRTRU , TRMIX
EXTERMAL CUREQN A -
—-608 READ(1,500,END=R0Q) (TLTLF(I) 4T =1,20)
WRITE(3,540)(TITLE(I),1=1,20)
READ(1,590)NCO4P,NOBS
_NCOMP1=NCOMP-1
DD 1C I=1,NCOMP : ‘
10 RFAD(lySZO)PC(I),VC(I),TC(I).H(P),CIQKV(I),CZRKV(I),CIRKL(I),
_ 1L_C2RKLUT),AMOLWT (1) yCOMPA(T) ,COMPB(T) )
" CORRVI{NCOMP,NCOMP)=0.0 A
CORRLINCOMP,NCOMP)=C,0
. DTRINCOMP,NCOMP) =0, 0
DVR(NCOMP,NCOMP)=0,0
DC 2C I=1,NCOMPY
CORRVII,1)=0.0
CORRLI{T,1I .0
DTR(I!I)=
DVR{I,I)=
I11=1+1
N0 20 J=11,NCQMP
— READU1,530)CORRVIL, J) ,CORRL(T,J) 4DTR{T,J) ,DVR (T, J)
WRITE(3,510)1,dyCORRVIT, J) yCORRLIT,J) 2OTR(1,0),DVRIT, )
WRITE(3,549)
CORRVIJWyI)=CORRVI(T,J)
CORRL(JyI)=CORRL(I,J)
DTR{JyI)=RTR(1,J)
DVR(J»1)=DVR{1,J)

)=0
C.0
S Q.0




F———

— 20

700

S540

549

541

30

.542

543

FORMAT( 1H ,2X,2HIU,3X,1HP TXy oo 1HX, 7X AHX 37X /7))
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CONTINUF
READ(1,530)T,PS1,PS2,P53,PS4,PS5

READ{1,55C)EXsEPHWETHyETHIT,,EV
_ . PS0o=pP5S1

FORMAT(1H1,7//7// S5X,15HTESTED DATA OF ,20A44//7)
WRITE(3,550)T,PS0,PS1l,PS2,PS3, PS4 PS5
__WRITE(3,549)

FORMAT( /7).
WRITE(3,541)

DD 30 I=1,NNBS
READ(1y550)TT(I).PP(I),(XX(I’J)oJ 1, NCOMP)y(YY(IvJ) J=1,NCOMP)

CWRITF(3,570)1,PP{1), (XX(fyJd)syJ=1,NCOMP), {YY(I,J]),J=1,NCOMP)

CONTINUE
WRITE(3,4542)(TITLE{I),1=1, 20)

FORMAT(1H1l,//// 5X,28HSUPPORTING DATA FOR TESTING ,2044//7/)
WRITE(3,543)

FORMAT(1H ,2X42HID 43 X,41HP, 7X,5HTPN[X 3X 2HVL ,6X/ /)

NO_35 1=1,NOBS

22

25

26

T=TT(1) +460.
RT=10,73%T
P=PP(I) )
DO 25 J=1,NCNMP _
CUTL I =(YYIT ) /XX(T,J)) ,
X{J¥=XX{14J)
Y(II=YY(T,J)

CONTINUE

CALL VOLPAR

CALL PHIMIX[{CUBEON)

DO 26 J=1,NCOMP

__FPUI,J)=PHI{J)*P_

VPLUT,J)=(P=PSO)*PVOL (J) /RT

VORT(1,J)=PVOLLJ)/RT

CONTINUE

KRITE (355700 T 4P TRMI X, VL5 (PHT (13 51 NCOMPY 5 (PVOL (415 =15 NCoMP )

"35 CONTINUE
KK=0
36 KK=KK+1
WRITE(3,545)(TITLE(I),I=1,20)
545 FORMAT{1H1,///5X, 18HTESTED RESULTS OF 2CA4///)

37

IF(KK.LE.1)GD TO 37
EX=EX*2.0
WRITE(3,551)EX,EP,ET
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251 FORMAY(5Xy5H _EX=9F8.445H EP=,F8.4,5H ET=,F8.4//)

WP ITE(3,546)
546 FORMAT(2X,7HPAIR NO#3XylHP 97Xy 1HT 7X y2HIT 46X 433HIIT,5X, LHD, 7X,
ol GHDMAX y 4%y 2HD Xy 6X 4 24DP 46X 42HDT B /7))

DO 160 I=1,NOBS . o '

. T=46C.+TT(1) ‘

RTI=1C,73*T

DZ=0.0

DX=0.0 '

e PP=0.0_

DTEMP=0.0 : -

DTHI=C.0 : '

DPVOL=0.0

TERMI=C.0

TERMJ=C.0

... JERMK=0.0 L

40 DC 110 J=1,NCOMP

XAB=XX{1,J)+XX{T+1,J)

— e JERMI=TERMI+XAB*ALOG(C(I+1,4J)/C(1,J))
TERMI=TERMJ+XLB*ALOG(FPITJ) /FP(I+1,J))
TERMK=TERMK+XAB*(VP(I+1,J)-VP(I,J)) ,

e e DZEDIAUXARZ L 00/ YY LT ) 10 0/YYLT+1,0) #1200 /XX (T, d ) +1.0/XX (1 +1,J1)

1 ) %F X : ‘ _
DX=DX+{XAB(1a0/YYLT y )+ 10 0/YYIT4L 3 JV 410 /XX LT, J)+1.C/XX(T+1,00]) ¢
___;_“L__ztoanBS(ALQG(CJLtlJJljﬁilidll-ALDG(FP(I,J)/FP(I+11J))
2 =VPUT+1,J)+VYP(T,J)))*EX
DP=DP +XAB%(1./PP(1)+1./PP(I+1)+ABS(VORT(I+1,J))
L +ABS(VORT(I,J)))*EP
DTEMP=DTEMP+XAB%( ABS(VP(I+1,J)/T)+ ABS(VP{I,J)/T))*ET

- DTHI=DTHI+XAB*2, O%E THT

_ DPVOL=NPVOL+XABX*( ABS{VP(I+1,J) - VP{I1,J)))%EV

o DPVOL=DPVOL+XAB( ARS(VP(I+1,J))1+ ABS(VP{I,J)))%¥EV

110 CONTINUE ,

__DTERMS=TERMI-TERMJ-TERMK

C DMAX=DX+DP+DTEMP+NTHI+NP VAL ’ B T
DMAX=NDX+DP+DTE4P
T11=1+1 A o
P=(PP{I+1)+PP(1))/2.0 : A
WRITE(B,SBO)I.T],P,TERMItTERMJ,TERMK,DTERMS,DMAX,DX,DP,DTEMP.DTHI,
w1 DPVOL,NZ e
C 580 FORMAT(IS,1H-,12,2%,F8.1,11F8.%)
580 FORMAT(I15,1H-,12,2X,~8.1,8F8,4,24X,3F8.4)
~IE(I.GE.NNBS-11G0 TO 41




«

100 _CONTINUE

- 250 -

41 GO TO (36,36,60C),KK .
800 STOP ,
500 FORMATI( 20A4) B

510 FGRMAT(1H ,6X,212,2F10.2,2F10.4)
520 FORMATI{9FS8,.4,2A4)

530 FORMAT(2F10.4,4F10.345F10.4) .
532 FORMAT(1H1,2044)
550 FORMAT(RF10.4)

_____ 560 FORMATI1HO,F10.3,F12.3,F12.4,6X,2F10.4,F10.3,6F10.4) .
570 FORMAT(I5,F8.1,4F8.4, BES.4) -
590 FORMAT(215)

o ____END .
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Vvi.3 MODIFIED BARKER'S ME THOD

V1,31 GENERAL INFORMA TION

PURPOSE - Calculation of the vapor phase compositions by fitting
the binary isothermal and liquid composition data of low pressure

systems to Redlich-Kister's equation of one to five terms.

LANGUAGE - FORTRAN IV in E level

SUBROUTINE REQUIRED - SOLVEJ

INPUT AND OUTPUT COMMANDS:

Input - READ (1, FORMAT!s statement number)
Print - WRITE (3, FORMAT's statement number)
Card output - WRITE (2, FORMAT's statement number)

Printing Control:

Single space - blank in the first column
Double space - 0 in the first column
Starting a new page - 1 in the first column

VI.3.2 INPUT and OUTPUT

OUTPUT:

Card 1 It contains the initial estimation of adjustable
parameters in F - FORMAT 10 column per field.

Card 2 The title of the problem can be entered into the card

from columns 1 to 8

Card 3 It contains the control variables in 'I - FORMAT.
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Column
1 -5 N, number of observations
.6 - 10 NZ, the minimum nufnber of terms in the
Redlich-Kister equation desired
11 - 15 MAX, the maximum number of terms in the

Redlich-Kister equation desired

Cards 4 and 5: They bear the critical properties, one card

for each component in F-FORMAT.

Column

1 - 10 Pc’ critical pressure

11 - 20 Vc, critical volume

21 - 30 Tc’ critical temperature

31 - 40 R, the gas constant of which the unit used
should be consistent with the critical properties
entered. ' |

41 - 50 ¢S, acentric factor

Card 6 : It bears the properties of the pure components

in F-FORMAT.

Column
1 - 10 Pls
: s
11 - 20 PZ
21 - 30 vlL
31 -~ 40 | VZL
41 - 50 ;311 or blank
51 - 60 p,, or blank
61 - 70 T

Cards 7 to (N + 6) : They bear the experimental data, one .
point per card in F-FORMAT.
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Column
- 10
1 1 x1
11 - 20 P

OUTPUT : see flow diagram

! VI!3.3 FLOW DIAGRAM : (see figure VI. 3)




- 254 - -
Figure VI3 Flow Diagram of the Program '"Modified Barker's Method"

( INPUT
(See sec. 7:3.2)

EVALUATE 6::'61.3., Gu -
Refs ( 66) and (69)

==z @:z"‘@u'tgza

CP/?/NT Bu Baz Biaand a

T =4, N

@EAD P X, 0

Cpant P, %,y )

TMI, =1 TMT, =1
TMIla = 4x%~1 TMJ'; = 4X,~3
TMiz = (6x,-1)(2%;=1) 7':\4:;'_'i =(6%=5)C2x/—1)

TMiy = (8X-1)(2%,-1)* TMTa =(8%~7) (2x -1 )°
TMIs = (r0¥,-1)(ax,~1)3 TMa';:(/ox,-ﬂ)(zA/-l)"

no

. lyes
(PRINT 8} , iz 5 )

@= NZ = NZ+ |, krzo
O

KKk =k+l, M=o

!

0.=ioN

E———— Vizexp(x (B, + Bs (4x=1)4)

Yaz exp (X2 (8i+ 82 (4% =3) ¢+))

©

e N
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FigureVI. 3 (continued)

yes

Z,=23=l

Z,= xp ((Bu-va XP-P3) JRT + PIY /o7
Z; = €XP ((Baz—Vae (P -R3)/RT + PLy* [RT

1

S=XP*¥Z, T=XaiPVZa -
Peomp = 5+ T

Y = s/ vcamp

%) ‘ EVALUATE (9F/28; ), j=1,n2
=z O L (EN
yes
NORMALIZATION

y

CFRINT our elements of fﬂm‘ria

y

CALL SoLVET = soLvEy

>
Q@
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Figure VI. 3(continued)
C=2hw

PRINT Pobs , Pcomp, AP, X, , Yicomp
1 9] ) rg ) &, zl

™ &
| yes
T=0 , $20

4
S=s+ ap?
T=T+|aP/peomp|

!

P_Rmr Pobs , Peomp , &P, X,, y,@
)’-Obs. pnb'r, ‘Qnr;:, L, 22

PR + ¢ ZN
yes -

(Paint 67, /21,72 )

st oev.z /s /cn-nz,
To DEV, = 100 %7 /[ v

(PRINT N,N2, 71, 3708, To DEV.)

no
@‘ - W22 MAX

yes
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VI.3.4 COMPUTER PROGRAM

C S.D.CHANG(CHEM.ENG.)

DIMENSTON Q()D)yX(SO)’GI(SC)yGJ(SO)pTMI(SOvSJ1T4J(50,5)9
1 VI50,6) 4PM(5),2(6,6)
DIMENSION ZI(SC),ZII(BO):YY(SO):PT(SO)yY(SO)

DO 6 I=1,5
6 PM{I)=C.C

- DIMENSION TITLE(40) T

JRSU—— .

TREAD(LLLICLY(PMITI S I=1,5)
TL=0.C0CCL '
~ FACT=1.CEO -
‘1 READ(L,1CCO)(TITLE(I),I=1,40)
1000 FORMAT(42A2) )
WRITE(3,200C)(TITLE(I),I=1,40)

TT2000 FORMAT(/1HLy40a8277)
READ(1,100)NyNZyMAX
~ IF(N)20,21,20
20 READ(1,101)PCI,VCI TCIsRy W1
READ(14101)PCIIoVCIIsTCLI4R,ywII
REAUG(1,101)PI,PIT, VLI,VLII,BJ5BII,TT
K=1
2C0 GO TC(2C1,2C2,203,208),K
201 TR=TT/7CI
U=wI .
GC TG 2C4 . .
202 TR=TT/TCI1
TTTTTUERIT
GO TC 204
© 203 TCIII=(TCI#TCII)#*%.5
CWIII=(WI+WI1)/2.0
PCITI=4,CO*TCIII*{PCI*VCI/TCI+PCII*VCII/TCII)/
1 (VCI%%(1./3.)+VCII*x(1. /3.1)%%3

TR=TT/TCIIT
U=WITI
204 BITI=(C. 144500 0.3300/TR-0.1385/TR*%2-0,0121/TR**3)+

1 U*(C.073+0.4600/TR=0.500/TR*%2-0,097/TR*%3-0,0073C0/TR*%8)

GO TC {205,2C6,2074208),K
205 BJ=R*TCIi*B11I/PCI

TK=KFLD
GC TO 200

206 8li= P*TCII*EIII/PCII

B Kekel . ; e
GO TG 2CcC

207 BIII R TCIII*BIII/PCIII




T
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K= K+l

60 TO 200
208 DIII=2.C0%*8111-BJ~8I1
_..MRITE(3,102)8J,B11,8111,D011 _

LOI=(BJ-VLI)/R/TT
o LOI=ABII-VLLIII/R/TT

DO 298 I=1,N
READ(1,101)GI(I
{

I),Y I)
WRITE(3,102)¢ (I

(
X{1),vy(ny

)¢ X
1)y
XX=2.0*X(I)—1.0
TMI(1,1)=1.0EC

TMI(I42)=4.C%X(1)-1.0

TMI(T33)=(6.0%X(I)=1.0V%XX
TMI(I $4)=(8.0%X{I)~1.0)%XX%%2
CTMI(I45) =(1C.0%X(I)=1.0)%XX*%3
TMJ(I,1)=1.CEOQ
TMI(T92)=TNMI(I,2)=2.C
TMJI{L93)=TMI(T43)=4.C0%XX
TMI(I94)=THMI(T,4)=6,0%XX%%2
THJ{I145)=TMI(1,5)=-8,0% xx**3
293 CONTINUE
WRITE(3, 102) TLy(PM(I), 1= 1,5)7
297 NZ=NZ+1
 NZ1=NZ+1
KK=0
299 KK=KK+1
- M=0
300 DO 4

LN T

o
rnm(.‘:-«:_'. )

(1) £PMOJ)FTMI(CT L)

O

o]
: w
wwv—nu.—[\)‘vvp—l

N~

C
Q0
(I)+PN(J)*TNI(11J)
J
X
X

PEX{I)I*X{I)*GJ (1))

POLL.O=-X{I) )% (l.0=X(L))xGI(L))Yy ~~~~~—77r

'T?§b2.301

301 ZI(@)= (ZCI#(PT(I)-PI)
Lo #PTCLIADIII*{1.CO-YYII))*(1.00-YY([))/R/TT)




2N

g s

T 4PT(IYEDIIIHIYY (I RYY(I))/R/TT)

304 21(1)=1.06/ EXP{-ZI({))

306 ZII(1)=1.00/ EXP(=ZII(I))

" "508 CONTINUE

TBIT ZII(D)= EXP(ZITIIY)
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ZTI(I)= (ZOLI={PT(I)-PIIL)

IF(ZI(I))JO4'305 306

GO TO 307
3C5 Z1(1)=1.00
GG TC 307

T3C6 ZI(Iy= EXP(ZI(IN) : ;

3G7 IF(ZI1(1))3C9,31C,311

GO TO 312
310 Zil(I)=1.09
GO TC 312

312 CONTINUE"
2I(I)=1.00/21(1)
ZII(I)=1.00/211(1)
303 S=X{I)%PI#GI(I)*ZI(1)
 T=(1.0-X(I) ) *PII*GJ(I)*ZII (1}
TPTUT)=S+T ) T T
YY{I)=S/PT(I)
_ DO 400 J=1,NZ |
VI 3d)=S%[1.0=X{I))*{1aD=X{L))*TMI{L,J)
1 FTHXAT) =X{I)*TMI(T,J) - ,
400 CONTINUE
VII,NZIY=(QUIY=PT(T) ) %FACT o
410 CONTINUE
500 DO 508 I=1,NZ1
DO 5¢C8 J 1,NZ1
SUM=C. .
DO 509 K=1,h

505 SUM=SUMVIK,I)*V(K,J)
Z{I,J)=SuM
Z(J21)=Z(1,J)

DO 510 I=14NZ
510 WRITE(3,102)(Z(1,J4),J=1,NZ1)

c

‘CALL SCLVEJ(NZ,Z,INCIC)

DO 6CC I=14NZ

600 PMIT)=PMIL)+Z(I,NZ1)
WRITE(341021 (201 4NZ1)y1=14NZ)
M=M+1
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DO 612 I=1,NZ
IF( ABS(ZII,NZ1)I-TL) 612,612,616 ;
616 IF(M-11)622,622,632 x , S
...622.60 TG 3CO o
612 CONTINUE T

632 WRITE(3,104) N (PM{I),I=1,N2)

DO 633 I=1,N . ‘ ot
V(I NZ1)=V(I,NZ1)/FACT
633 RITE(B,IOZ)C(I),PT(I),V(I NZl)yX(I)yYY(I),GI(I),GJ(I)yZI(I)y
1 ZI11(1) o
IF(KK=3)2S9,70C,700 -
C  EVALUATION .
700 WRITE(3,105)
WRITE(3,200C){TITLE(I),I=1440)
 WRITE(3,906) 7 S . i
WRITE(24506) g
906 FORMAT(LH 52X s4HPGSS+4X,5HPCOMP, 3X.2HDP 6Xy 1HX 97Xy LHY, 7X44HYOBS y 4 X
1, 6HuA1gA1,zx,eHGAMWA2 2x.2Hzx,6x.3h211////) ~
S=0.0 S
T= 0 0
DO 750 I=1,N
GI{I)=ALCG(GI(I})
GJUI)Y=ALCG(GJ(I))
_S=SH+VIIZNZL)*VII,NZ1) o B
TTET+ ABSIVIILNZLY/PTOOYY -
WRITE(3,SC2)QUI)yPTULI) 3 VII4NZL)Y 9 X(I)sYY(T)y Y(I),GI(TI),GJlI),

1 ZI(1),211(1) , o
WRITE(29902)C (1) 4PTAIY 4V(I,NZL)oX (I}, YYLI)y YLI)sGICI),GJ(1),
1 ZI(1),211(1) A

__._%9¢c2 FORMAT(1dm,3F8.ngF8.3{§E§i1,2F7.3)

750 CONTINUE - Ty T
WRITE(3,105)
WRITE(3,522)(PM{I),I=1¢NZ)
WRITE(2,922)(PMIT),I=1,NZ) ~ = = W77 mmmmmmmIm s s s e

922 FORMAT(IH ,2HB=,F10. 593X42HC=4F1C. S,3x 2HD=,F10.5:3Xy2KHE=4F10,5,3X
_192HF=yF1C.5 )

S=({S/{N-NZ))Y*%0.5 o T

T=T/N*102
HRITE(37907)N1NZvTTySyT

907 FORMAT(21H NO.CF OBSERVATIONS =,110/ :
1 181 NG.CF CONSTANTS =,110/ |




CIFINZ=MAX)2GT,760, 760'

1 youi
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_2.22H SYSTEM TEMPERATURE AT,Fl0.2:5HDEG K/

T3 26H ST.DEV. OF CORRELATICN IbyFlO 2y OHMM . HG ./
4 27H AV.% DEV COF CORRELATION IS,fl0.2/ )
WRITE(3,20CCH{(TITLE(I),1=1,40)

100 FORMAT(3I5)
101 FORMAT (8F10.0)
T 102 FORMAT(IH ,SEL14.6)
104 FORMAT(//1545E15.7/)
105 FORMAT(////7Y
760 GU TO 1 T - = T -
21 RETURN ) .
e END




DIMENSION A(6,6)
S NAL=NA+1
DO 205 I=1,NA

—SUBRCUTINE SOLVEJ(NA,A,INDIC)

- 262 -

e

IF(A(T,1))2C0,206,2C0" ”“ T
200 P=1./A(I,1)
.00 201 J=I,NAL “
01 AM{I,0)V=P*A(1, )
DG 2C2 K=1,NA
. IF (I-K) 2C3,2C2,203
203 Q=AlK,I) T - T
DO 2C4 J=1,NAl
204 AlKyJ)=ALK,J)-C¥A(L,4J)
202 CONTINUE ) ' T
205 CUNTINUE
~ INDIC=0
RETURN o
206 IF{NA=1) 30C,3C4,300
300 I1 = I+1 -
DO 303 L=Il,NA —— T -
IF(A(L,I)) 201,303,301
301 DO 302 J=I,NAl
HOLD=A(1,4)
AlT2J)=A{L,J) ‘
302 A(L,J)=HCLD .
T — —
303 CONTINUE
INDIC=1
7304 WRITE(3,207)1 o
207 FORMAT(//25H DIAGONAL ELEMENT IN EQN »,14,40H IS ZERO TRANSPOSE EON
1 WITH PREVICUS CNE//) :
X RETURK =t - _ —
END




