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ABSTRACT

The purpose of this work is to present an approach and its

limitations as applied to the Clausius equation of state to calculate

~ the volume and the heat of mixihg.

The investigation was begun to continue the research into
volume and heat of mixing, specifically through an evaluation of the
latest modification of the Clausius equation of state, simply by

considering the three parameters as temperature dependent.

The results of the evaluation indicate that the proposed
approach is good for predicting volumes of mixing but not entirely

adequate for“predicting heats of mixing.

Thus, an alternative approach has been investigated by
considering two of the parameters as temperature dependent which
appears more adequate and versatile for predicting these thermo-

dynamic properties.
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CHAPTER 1

INTRODUCTION

The heat of mixing is defined as the change in enthalpy per
mole of the mixture when the pure components are mixed at constant

temperature and pressure and is given by

AH = H-Z x H . (1)
i=1

The enthalpy of an ideal solution is given By
CH =¥ x u1" 2
B Z i (2)
Combining (1) and (2) gives

AH = z x, (H - H), -(H - B

where (H'P - I-I)T is the enthalpy departure from ideal behaviour
and could be obtained for the pure components and the mixture from

2
the thermodynamic relation(7’ 5):

% v 3P
(H -Hg, , = RT - PV +I [P-T (3'1“_) ] av  (3)
@ A
Similarily the volume change in mixing pure components at
constant temperature and pressure to form one mole of the solution

is given by:

AV = V—inVi | (4)
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A‘ccording to Euler's theorem
vV o= z x, V. . (5)
Combining (4) and (5) gives
av = Zx. (V. -V.)
. i1 i
where Vi is the partial molal volume and is given by(8)

_ (3P
<ani )T, V,n (i £))

Y
(av >T,nj (all j)

Both of these quantities, AH and AV céntinue to be of prirﬁa.ry
importance in the design calculations of petroleum and petrochemical
industries. The volume of mixing is of economic signiﬁcapce,

such as the shrinkage involved in the mixing of hydrocarbon. On
the study of distillation efficiency, densities of mixtures along

saturation curves are needed.

Also, heat of mixing data are of practical value. Tsao and

Smith(ss)

have pointed out that for solutions which deviate appreciably
from ideal behaviour, the heat of mixing may be of considerable
importance in comparison with the other heat effects accompanying

vaporization and condensation.

Commeon methods of obtaining these thermodynamic quantities

45)

are available in the Iiterature( These may involve calculating
these values using an adequate equation of state. This approach
places the prime focus of attention upon procuring accurate PVT
data. Any inadequacies in the functional form of the equation of

state arc magnified in the resulting expression for the enthalpy




- % )
departure, (H - H), partial molal volume and consequently for heat
of mixing and volume of mixing due to the differentiation and integra-

tion associated with Equation (8) and Equation (11).

In order to apply an equation of state to vapor -liquid equilibrium
for pure component, the equation of state must satisfy the following

three conditions-

VV, cale VV,exp

VL, calc VL, exp

fV, cale ~ fL, cale

So, the equatiéin must have at least three; adjustable parameters to
satisfy these conditions at equilibrium. An évaluation of thé frequéntl’)'r
used equations of‘state are given elsewhere(lo). Mixing rules for
combining the pure component parameters are required for extending
these equations to mixture.

The aim of this study centers on investigating the applicability

(20)

of the latest modification » considering the parameters of the
Clausius equa:tion of state to be temperature dependent, to calculate
the heats and the volumes of mixing. The data required to calculate
the adjustable parameters Qa, Qb, and QC are the vapor pressure,
the saturated liquid densities and the saturated vapor densities of the

pure components.

On the other hand, satisfaction of these three conditions at
equilibrium, coupled with the proper mixing rules does not necessitate
the suitability of an equation of state, with at least three parameters,
to calculate the heat of mixing. Hence, another approach may be

endeavoured with the intension of investigating the proper variations

e RARREIEER




of the parameters with temperature so as to modify the Clausius

equation of state which can be suitably applied-to calculate the heat

of mixing.

The different proposed approachs were evaluated and compared

. . ,3
with the modified Redlich-Kwong equation of state(8 9) for the

: ' 57
prediction of the compressibility of the pure liquids using oxygen( )

(18) _

and heptane as examples.




-5 -

CHAPTER 2

LITERATURE REVIEW

2.1 Equations of State

In view of the large number of equations of state which have
been proposed in the literature, it is natural to search for the motiva-

(34)

tion. There are two rather obvious reasons for the wide-spread
activities in this field over an extended period of time. The first is '
the fact that the problem of developing an equation of state is mathe~ -
matically fascinating and particularily tantalizing because it seems so
simple, at least at the start. The second reason concerns the excep-
tional power and utility of an equation of state. When combined with
appropriaté thermodynamic relation, a well behaved equation may
predict with high precision isothermal changes in heat capacities,
enthalpy departure from ideal gas behaviour, partial molal (volu.me, ‘
fugacity, vapor pressure, latent heat of vaporization and vapor liquid

equilibria in mixture.

Extensive reviews have been written by many prominent

(49)

workers, for instance, Shah and Thodes , Stewart and Timmerhaus

(34) (56)

(52)

, and Tsonopoulos and Prausnitz to compare the relative

Martin
merits and limitations of the most common equations of state. Despite
this prolific outpourin.g on the subject, some facts are either mis-
understood or not fully appreciated and these justify further research

in the field,

The degree of complexity of equations of state as indicated by
the number of constants, has been deliberately increased to better
represent the PVT behaviour of substances over wide ranges of

temperature and pressure. In this respect the equation of state

2




‘ 31
proposed by Martin and Hou( ) requires nine constants to predict
the PVT behaviour of the substance. Similarily, the Benedict-Webb-

(4)

Rubin equation requires eight constants' ', while the Beattie-Bridgeman

3
equation( ) uses five constants to predict the PVT behaviour of

substances for which the constants are calculated.

These equations have received considerable attention over
recommended ranges of temperature and pressure( ). Although
these equations are logically developed from the well-known thermo-
dynamic principles, their application is frequently limited by the
inaccessibility of the constants for the PVT conditions of interest.
Establishing these constantsis frequently a lengthy operation,
requiring a curve fitting and trial-and-error procedure. What
appears to be the limitation is the fact that some PVT data of the
substance ndust be available in order to begin establishing these

constants.

Although good accuracy is claimed by these equations, the
less complex equations of state, having two or three constants,
except the Redlich-Kwong equation of state, which proves to be
superior over all the equations examined by Thodes and Shah.(49),
have been overlooked largely because of their lack of sophistication.
This is consistent with the common notion that an equation of state

with more constants should produce results that are more consistent

with the experimen’cal' PVT behaviour of the substance.

2.2 Temperature Dependence of the Parameters of Equations of State

Recently, the literature has indicated a resurgence in the
popularity of treating the parameters of equations of state as tempera-.
ture dependent. However, Benedict and co-workers were primarily

interested in applying their equation to hydrocarbon mixture for
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calculation of K-values and enthalpies; mixing rules for eilght constants '

(5)

were proposed in 1942. To obtain eight meaningful constants,

extensive experimental data are required and even if such data are
at hand, the eight constants obtained from data reduction are probably

(56)

not unique Several sets of constants are not an important matter
as long as the attention is restricted to the properties of pure compon-
ents but it becomes extremely important when pure component

' . . . (22,23)
constants are used to predict mixture properties . Constants

for twelve pure hydrocarbons were given by Benedict, Webb, and

‘Rubin in 1951(6). BWR constants have been obtained for nitrogen(53.’ 29),
hydrogen(zg’ 37), carbon dioxide(zg’ 17), hydrogen-’sulphide(38),
(62) (47)

argon and.carbon monoxide

When fitting liquid saturation préssur’es, the importé.nt constant
in the BWR equation is Co. It was shown in 1951(6) that Co must be
adjusted when the saturation pressure is less than 1 atm, and in 1953(53)
Stotler and Benedict showed that for calculations at low temperature,.

it is necessary to allow Co to vary with temperature.

29,38, 6
This modification has won wide accepta.nce( 9,38 1). Barner

(2
and Schreiner( ) have pointed out the need for this modification for

accurate calculation of enthalpies,.

On the other hand, many variations on van der Waals' équation
have been prbposed but by far the most successful (using only two
constants) is that of Redlich and Kwong in 1949(44) which combines
simplicity with reasonable accuracy. Since it has only two constants;
its primary use is not for representing extensive experimental data
but for estimating volumetric and derived properties for non-polar
(or slightly polar) fluids and their mixtures from minimum experimental
information such as critigali temperature and pressure of the pure .

components. The superiority of the Redlich-Kwong equation over the
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van der Waals equation and its early variations (Bertheholt,
Dietirici), as a limiting case for the two constant equations has
been amply demonstrated by Shah and Thodes(49‘).

To better represent the PVT relation calculated by the
Redlich-Kwong equation of state, Wilson(57) proposed that the

parameter a be tempera.ture dependent according to the follow1ng

relation

L5 1 L5

2 /RT_"7 = 4 934[1+ k, (T - - 1)] Tpy b, (2.1)
Ri |

= 9.3, +(l-9)a. 2.2

aij i eiJ a'11 ( elJ) a_]_] ( )

Where TR‘ is the reduced temperature of i, K is a constant
characteristic of i and g, is a binary constant which must be
determined from some ex;)erimental data for the binary. ai’j is
a measure of the strength of attraction between a molecule i and
a molecule j. If i and j are the same chemical species, the a,

ij
is clearly the Redlich- -Kwong a for that substance.

Wilson has also applied his modification of the Redlich-
Kwong equation of state to the calculation of enthalpies(sg). In this

paper he introduced the acentric factor by letting

k: = L57+1 62y,
i i

The agreement is good for gaseous mixtures.

(60)

In a recent paper Wilson presents a complicated relation
which combines equations (2.1), (2.2) and further improves the.
calculation of mixture properties. A simplified form of this

2
modification has been used by Chang, Chappllear and Koba.yashi(l ).
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As pointed out by the authors, a further modification for the equation
of state would be the inclusion of the effect of the inter -molecular
forces acting between unlike molecules on the mixing rules which

relate the constants of a mixture to these of pure component.

Robbinson and Jacoby(45) assumed that both constants a and
b are linear functions of temperature. They also found that prediction
of properties for multicomponent mixtures was much improved when
Equation (2. 2) was used instead of the geometric mean for aij' Their
modification was applied to only restricted ranges of temperature

and pressure.

Barner, Pigford and Schreiner used the original Redlich-
Kwong mixin’g":rules, but they made the constant a temperatﬁre
dependent, in order to improve the prediction of the second virial

coefficient below the critical temperature. Thus,

a a g
= == + (2. 3)
2
a, Y could be related to critical temperature, critical pressure and
acentric factor. This modification provides a considerable improve-

ment in predicting the enthalpies of non-polar condensable vapor( ).

The modification of Barner, Pigford and Schreiner as well
as those of Wilson and Robinson and Jacoby, give a critical isotherm
which is the same as that of the original Redlich-Kwong equation
as they introduced temperature de pendence for one or both of the

adjustable parameters.

(21) combined Barner's modification

Gray, Rent and Zudkevitch
‘with the deviation function approach, in which a function of tempera-
ture, pressure and acentric factor is added to the compressibility

factor from the original equation to fit the compressibility and enthalpy
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data for Vapor mixture of light hydrocarbons and related non-polar
substances. Although the fit near the critical point is improved, the
modification has a limited range of applicability.

(12

Chueh and Prausnitz proposed that for. gas phase calculation

- the constant Qa"'Qb be adjusted to the properties of the saturated vapor; .
for liquid phase properties these constants should be adjusted to liquid
density data. In both cases Qa, Qb are considered to be temperature-
independent. The purpose of this adjustment is to facilitate the
calculation of fugacity coefficient in saturated vapor mixture, pai'tial
molar volumes in liquid mixtures, and critical properties of mixtures.
However, this method is restricted to the prediction of partial molal

volume at saturation pressure and at a temperature not lower than a

reduced pseudocritical temperature of 0. 56. -

Zudl\evi..ch and .]'offe(6 ) have followed the approach of Wllson( 8,59)
and extended it to the quantity Q They evaluated Qa and Qb of the
Redlich-Kwong equation separately for the saturated vapor phase and
the saturated liquid phase. In the establishment of the values of 0
32)

and Qb the generalized correlation of Lyckman, Eckert and Prausnitz(

for fugacity coefficient was employed

(0) (1)

logp = (logg) ' +w (log o)

Where (log cp)(O) and (log cp)(l) are functions of the reduced temperature
tabulated by Lyckman,. Eckert and Prausnitz. The values of Qa and o
Qb evaluated from the saturated liquid properties were utilized for

both phases due to the fact that for most compounds the values of Q

and Q for vapor phase ascend rapidly as TR decreases. In several
-cases the vapor values take an erratic course and become negative

after passing through a maximum. The parameters of pure component

were combined to give that of mixture in the form of the following relation:
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0.
2. = (1-C) (. a)%>
ij . iy’ il o3
Where cij represents the deviation of é,j frorh classical geometric
1 L e L
mean assumption. The establishment of cij was. found from the
experimental data. It should be noted that the temperature-dependent

parameters Qa. and Qb obtained with their method would not satisfy

the fundamentai condition .

@y = 01 This drawback is also there in

- 58,5
the method of Wils on( 9}

Joffe, Schroeder and Zudkevitch recognized the above mentioned
pitfalls; subsequently they proposed an alternate procedure for
establishing the pure component Qa and Qb parameters as a temperature

function in their very recent p'ublications(26). The procedure is

essentially similar to the method proposed by Chang and Lu in the
calculation of pa.rtial'molal volumes(S) and enthalpies of mixing(g)

6f liquid mixtures. Lyckman's correlated values of ch(32) were
avoided by facing the equalization of the fugacity coefficient in the
slaturate_d.vapor and saturated liquid. Therefore the following relatién

was derived.

In [(V, -B)/(V, -D)] - P(Vy -V, )/RT

Q =q , (2. 4)
2 b[ (’rc/rr)3/2 n [(V| +D)/V_ (V +D)] ]

Equation (2. 4) was solved simultaneously with the Redli ch-Kwong
equa;tion of state at each temperature below the critical point to yield
Qa and Qb. The solution involves a trial-and-error procedure. This
Equation (2. 4) becomes indeterminate at the critical point. It is

(61)

therefore necessary to use the previous method to establish Qa

a.ﬁd Qb at the critical point.
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The Redlich-Kwong equation of state has been successfully
applied by Chang and Lu to the prediction of partial molar volume(s)
(9)

and enthalpy of mixing of liquid mixtures by cons1der1ng both Q
and Q temperature-dependent and were obtained through a rlgorous
thermodynamlc approach, therefore, the fundamental condition of
equilibrium sta’ge @1, = Oy Was satisfied. The method has been
extended by Hsi.and Lu to evaluate Qa and Qb in the supercritical

(24)

region

The approach of Zudkevitch and Joffe, Chang and Lu recently
extended by Hsi and Lu, relies greatly on the capability of the equation
of state to represent the fluid properties for pure éomponents as well
as their mixtures. However, in their approach, despite the fact that
the fundamental condition at equilibrium.cpiv = @, is satisfied,

- another condition; minimum deviation between experimental and
calculated ZV’ is sacrificed. This would not affect the pred_lctmn
of partial molal volumes and heats of mixing of binary liquid mixtures.

This is expected since Redlich-Kwong equation has only two adjustable

parameters while we have three conditions to be satisfied at equilibrium.

Namely

7 ©XP _ 7 calc

v v =0 (1) -

exp cale .
L - ZL = 0 (ii)

and the fundamental c.ondition CPiV = CpiL (iii). So, we must have an
equation with at least three adjustable parameters to satisfy these
conditions at equilibrium.

Thodes and Carlson(7) proposed a simple van der Waals
type model based on an analogy between density and enthalpy departure
from ideal gas bechaviour for pure component, which contains three"

temperature-independent parameters. Their relation lacks more
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of Elshayal and Lu
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sophistication and more complex pressure-~dependent function of the
enthalpy departure would be ne cessary to describe the behaviour in
the liquid state. This was done to by-pass volume, which must be
first calculated from equation of state by iteration, altogefher by
establishing a relationship capable of defining enthalpy departure
directly in terms of temperature and pressure and replacing it in

an equation of state,

20
Recently Elshayal and Lu( ) successfully applied a modified
Clausius equation of state to calculate the fugac1ty coefficient, liquid
phase act1v1ty coefficient and PVT data. In the original equation,

(15, 40)

Clausius supplemented the van der Waals' equation by the
introduction of a third constant. Clausnzs postulated the cx1stence
of clusters of two or more molecules that are temporarily formed
by collision at lower temperatures and which break-up very readily
at higher temperatures. In such clusters the forces are much greater
than if the molecules were separate in the gas and hence the

van der Waals term a,/V2 is too small to account for this force at
lower temperatures. Further, Clausius considered corre.ction on
the cohesive pressure term, i.e., he replaced the term —5 by the
quantity _T—(a;:)T . This correction is equivalent to treating the
parameter a of the van der Waals equation of state as temperature

dependent and shifting the calculated critical is otherm.

The technique was not fully appl'eciated(34) at that time,
possibly because Clausius offered a kinetic explanation that was
only partially justified rathér than a mathematical cxplanation based
on the trans formation of the independent variable. In the modification
(20) the parameters 2 Q and Q of the equat1on

were treated as temperature dependent and were obta1ned through a

rigorous thermodynamic approach, therefore, the three conditions
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for equilibrium state were satisfied. The applicability of treating
Qa, Qb and Qc as temperature dependent parameters for representa-

' 20
tion of vapor-liquid equilibria has been demonstrated( ).

Up to this point, the modified Clausius equation of Elshayal
and Lu appears promising to be followed up in calculating heat and
volume of mixing because its relative simplicity and wide range of

application.




- 15 -

CHAPTER 3

PREDICTION OF THE HEATS AND THE VO LUMES OF MIXING OF

BINARY LIQUID MIXTURES WITH THE
CLAUSIUS EQUATION OF STATE

A suitable equation of state when combined with appropriate
thermodynamic"relationships and mixing rules, may be successfully
employed for the prediction of the excess thermodynamic properties
and vapor.-liquid equilibria. In order to satisfy the three conditions
at equilibrium, there should be an equation of state which contains
three parameters. So, itis desirable to investigate the possibility

of utilizing the modified Clausius equation of state as a means of

calculating the heat and the volume of mixing of binary liquid mixture.

3.1 Clausius Equation of State

The working equation originally proposed by Clausius(l4) is

of the following form:

P o= VR-Tb B - 2 - (3.1)
T(V+ )
2
27 RZTC3 R Tc3
Where a = ) B =0 5 (3.2)
C (o4
'RTC .
= 1 - = -
b=1vV_(4 PV) Q, V_(4-5) (3. 3)
cC C
3RT_ -
c=3 V. (Fv - -8)=0a_V_(35-8 (3. 4)
cC C
1
_ 3.5
S = (3.5)
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or it could be rearranged as follows

2 o
1 A H
Z = —— (3. 6)
o love N
or 2
' 1 A h
Z = (3.7)
e () ()
Where
b BP ~
h =5 == (3-8)
c CP
H".v Sz (3-9)
A® - > : ' (3. 10).
RET
b
B = - | . (3.1.1)
C = — 3,12
T RT (3.12)

The values of Qa’ Qb and ) were obtained originally‘from
c
(3.1) by setting the first and second partial derivatives of pressure

with respect to volume equal to zero at the critical point. Namely,

(g—E)Tc=o and (Z;)T - 0.
Cc

In the liquid region equation (3. 1) failed to predict acceptable
values, although good agreement was found to exist in the gaseous
region. In many ways, the equation of Clausius embodies a certain

definite improvement over the van der Waals equation, which may be

(49)

attributed to the introduction of temperature and the quantity

(V+c). Thus the cohesive pressure term becomes __a.___E compared

T(V+c)
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in the van der Waals equation. Hence, a proper adjustment

to z
v
of such cohesive pressure term might produce an equatlon of state

applying better in the liquid and high pressure reglon

In this work two different approachs have beentinv.estigated.
The first approach centers on investigating the applicability of the
proposed modiﬁca.tion by Elshayal and Lu(zo), where Q 2’ Q, and Q
were treated as temperature dependent, to calculate the heat and the
volume of mixing. The parameters were evaluated, for each pure
component below its critical temperature, from the saturated liquid
density, saturated vapor density and vapor pres sure. The method

of the evaluation is presented in Section 3. 3,

When the Clausius equation of state is applied to a mixture

the following mixing rules are used

a =Z}:X.X.a.. : (3.13)
1] 1ij ‘ ‘
i j
b = Zx, b. ' (3. 14)
1 1
c = z x. c, (3. 15)
Where
2 3
a. =Q_ R T /P (3. 16)
ij a.. C.. C..
ij ij ij
0.5 )

T =(T T ) (1~ k..) (3.17)

C.. c. c, 1)

ij i 7]

Q_ =0.5(0. +q_ ) (3.18)

a., ., a.. a,.. .

1) 11 1

P =Z RT /V (3. 19)

C C C C

ij ij ij ij
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RS SN
Vc_ = % (Vc, + Vc. ) . : (3. 20)
1) 1 J
Z = 0.291-0.08y,, (3. 21)
C.. ij
1J ’
.. = 0.5 (w, +w.) (3.22)
1] ) 1 ]

It should be noted that the quantity k;; in Equation (3.17) is
th'e binary interaction constant, which is a constant characteristic
of the interaction of two dissimilar molecules, as a reasonable
approximation k _ _is assumed to be independent of temperature,

1] 3
density and composition ! ). Equation (3. 13) to (3. 22) are identical

- 20 4
to those employed by Elshayal and Lu( : ), Chueh and IE’ra.l;tf.sni'cz(l ).

An extensive comparison was carried out for the results of
the proposed approach which indicates that it is more suited for
calculating the volume of mixing than the heat of mixing. This appears
to stem from the fact that the equations are too sensitive to the |
temperature derivative of the parameters. Moreover, it appears
that c (given by Equation (3. 4)) changes rapidly with temperature
and does not have a special trend. Hence, it might be thought that
an equati-on of state, even with three parameters to satisfy the three
conditions at equilibrium, does not necessitate that it predicts
accurately the heat of mixing because the temperature dependence

of such an equation is inadequate.

So, another approach has been investigated aiming to simplify
the number of primary information needed and to study a proper
variation of the parameters with temperature, where Qa and Qb were
treated as temperature dependent while assigning to QC a constant

value given by the original equation of Clausius. This minimizes the
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number ‘oﬁf primary information necessary by one, but on the other
hand, one of the conditions at equilibrium should be sacrificed. As
far as it was of our interest to apply the Clauéiu‘s equation in the liquid
region, the condition of minium deviation between the experimental
and calculated Z_. has been sacrificed. The same mixing rules have

v
been used and ki' was assumed independent of temperature, pressure

and composition.

3.2.1 Calculation of Heat of Mixing

Heat of mixing is defined by

AH..—._. = Z x (B, - H)-(H - H) (3.24)

1

V3

where (H'p - H)T. is the enthalpy departure from ideal gas behaviour
and could be obtained from the thermodynamic relation:

v |
(H -Hy = RT-PV+[ [P-T@P/T)] av (3. 25)

T
Using the Clausius equation of state (3.1), Equations (3. 2) to

(3. 12) and the mixing rules previously mentioned, one can obtain

H = -H 2 v 2 aq

( 1RT 1>=l'z+(};3)[(1?}1)%5{2)(121{) (35"8):] d'rC
Vc h de H SZVCZ PcTc an
+<—1i_13‘)<1_-ﬁ)(4's) dT "<1+H>( c R% T2 ) aT

(3. 26)
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and o« 2 2_ dc,
(HRTH):l’ZJ’(% >[<12+hH >+(Rl]3)<lfH) )% dTI]

S - da,,
_ij
) ) (D% o) - () (L o
. ; 2
RB/\-h i Tat T+ H cRlT
(3.27)
where '
a(l- k. ) da aq .
da 1) 2 4 2) '
N . dT + 91 dT (3. 28)
dT ij l-k,, Q_.+Q .
‘ ij ai aj
dbiw: da,,
= V(-8 (3. 29)
de, 4a
T = V(35 - 8) — (3.30)

In this work, k'j was assumed to be independent of temperature,
i
composition’and pressure of the solution so Equation (3. 28) reduces o
to
d Qai d Qa,j

da.. +
1., [4T dT —' | (3. 31)
dT ij Q.+a.. |

} ai a)

A computer program for performing the calculation is given in Appendix B.

3.2.2 Calculation of Volume of Mixing

The volume of mixing is defined by

v

AV = z:{i v, -v) : (3. 32)




- 21 -

Where \_/'i is the partial molal volume at component i in mixture and

is defined by

'\?i = (33 ' . (3.33)
i P,T,nj(i;!j)

Since most equations of state are explicit in pressure, rather

than in volume, itis convenient to rewrite Equation (3. 25)

_ (3P
_ <ani)T,VT,n.(i;!j)
V. = ] _, (3. 34)
i o P
Gvo)

T ’I‘,ni (all i)

Combining Equation (3. 34) with the Clausius Equation and its mixing

rules (Equation (3.1), (3. 8),(3.9) and (3. 13) to (3. 22)) gives

2ac, t

2 —_1
RT (1+bi )_ ijaij Vtc
_ V-5b vV -b T (viol o ss
i RT 2a +35)
z - 3
(V -b) T (V +¢)

Where V is the liquid molar volume of the mixture. Using V,
Equations (3. 32) and (3. 35), one can readily calculate the volume
of mixing of liquid mixtures. A computer program for performing

the calculation is given in Appendix B.

3.3 Evaluation of the Adjustable Parameters

20
The method developed by Elshayal and Lu( ) for the evaluation
of the temperature-de pendent parameters, Qa, Qb and Qc of the

Clausius equation of state was used. The primary information required
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for the evaluation are the saturated liquid densities, saturated vapor

densities and vapor pressure of the pure components.

At equilibrium e

Uiy T ¥, (B.

The quantity @y and 1, for pure component, i, were obtained from

the following equations

h 2+ H

R I L T
Ing = 1_hL.mz -ln(l-h ) - (A 2 /) hLl:(l-l-H) e

~hV 2+HV

lncpivz.—t—_r-v—lnzv-ln(l-h)—(A/B)hVL (B.

(1+HV') -

Combining Equations (B. 3), (B.1) and the Clausw.s equation
(Equations (3.7) and (3. 8) to (3. 11)) one obtains '

h ‘

L 1
1 - - l-——-——_ l =
ncinZ TTh )+1n(l h_ )+ T Z (2+H_) =0 (B.

1)

2)

3)

4)

These equations were used to evaluate Q , . and Qc. The calculation
a

b
Procedure contains two iteration loops and is outlined as follows:

1. Assume initial values of Qa’ Qb and QC (e. g., the values
at the crifical point, 0.422, 0.250 and 0. 125, respectively
which are given by Equations (3. 2) to (3. 4)).

2. For a given value of ZL (experimental) and assumed value
of Py calculate hL by means of Equation (B. 4).

3. Calculate A from Equation (3. 8) and B from (3. 7).

4. Substitute the new values of A and B into Equation (3. 7) .
and (3. 8) and solve simultaneous ly for another set of

roots ZV and hV.
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5. Calculate Py from Equation (B. 3) using the new set of
ZV and hv. |
6. Obtain new value for hL from Equation (B. 4) and compare
it with that of step 2. 1If they disagree, repeat the calculation
starting from step 2. An iteration loop is thus built until
the changed hL value is less than the specified tolerance.
The tolerance used in this investigation is 0, 0005.
7.  The second loop starts by comparing value of ZV from
step 4, with the experimental one. If they disagree,
start from the beginning with a new valué of Q. i.e.,

= Qc, old ~ A and the calculated Qa. and Qb from

c, new
the last step 6.

8. The second iteration loop is completed when value of ZV

calculated agree with Z experimental.

v

The flow diagram for finding Qa, Qb and Qc is shown in Figure 3.1

The computer program is given in Appendix B-Ll.

It should be mentioned that the Newton-Raphson method was
used to locate the roots. This method is quadratically convergent,
except in the vicinities of the triple point and the critical pbint. It
failed to converge and satisfy the condition of zero deviation between
the experimental and calculated ZV. Thus, the Va..lues of the para-

meters which give a minimum deviation in ZV were used in this work,

The parameters were determined for most of the substances
used in this investigation over the temperature range from the triple
point up to the critical point (Table A-1-1). The values of the para-
meters were correlated as a function of temperature using a polyno-
mial least-square curve fit for the temperature ra.ngeA from the’

vicinity of the triple point up to the critical point. An improvement




- 24 -

/PC )VC )TC)w : hL eqn. 8_4
PV, ,T

y

Assume:Stq , Sy,
and S

¢‘i’=l-0

1

h, eqn. B-4
B eqn. 3-8
A eqgn. 3_7

h, eqn.
v
2, eqn.S-—? 8" 3-8

¢ eqn. B-3

Fig.3. 1. 1 Schematic diagram for calculation of the parameters
of the Clausius equation.
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has been achieved by correlating the parameters over a limited

range of temperature (0.5 < T_ <.6). This range was chosen where

R .
the values of the parameters oscillated and did not have the same
trend pertinent to the whole range (triple point up to critical point).
Unfortunately, most of the data available in the literature for

binary liquid mixtures are within that range.

In view of the oscillation of the parameters of the i)ure
component, an alternative procedure for establishing values of Qa,
Qy and Qc has been proposed. Itinvolves the utilization of average
constant values for the parameters specific for each substance. |
The values were calculated by averaging the para.;rneters over a

limited range: for each compound and are given in Table A. L. 2.

' However, the Clausius equation is a three parameter equation
with three conditions to satisfy at equilibrium. It should be expected
that the parameters obtained by this method were unique whether
the iteration loop was started for the parameters A and B or for A
and C. Certain difficulties have been encountered in ob'té.ining an
initial guess for the value of the parameters when the first iteration
loop was deéigned using A and C. This has not been encountered when
the first iteration loop was designed using A and B because a fairly
good initial guess for the values of the parameters could be made

using the values assigned by Equations (3. 2) to (3. 4).

As far as the critical point is concerned, where ZL = ZV’ the
second iteration loop was omitted. This means that only two parameters
have been considered as temperature-dependent, i.e., the parameters

are not unique, depends whether A and B or A and C were adjusted.

In the second proposed approach where two of the parameters
have been considered temperaturc dependent, the second iteration loop

for ZV was omitted. This approach was used with the expectation that
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Fig. 3.1.2 Temperature depéndent characteristics of
Q.. Qb and QC of heptanc.
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the parameters would be stable and would not oscillate around a
certain value. The variation of Q and Q with temperature would
have a specific trend and the derlvatlves would ‘not change rapidly
with temperature and were not difficult to establish. The calculated
values of the parameters are given in Table A.1.1. The temperature

dependent characteristics of heptane are shown in Fig. 3.1.2.

3.4.1 Comparison of Heats of Mixing Values with Literature Data

The calculated results obtained in this investigation were
compared with literature values. Nine systems were arbitrarily
chosen in this comparison. A summary of the percentage deviation
is listed in Table 3.1 In this comparison, approach I refers to
treating the three parameters of the Clausius equation of state as
temperature dependent while approach II refers to treating two of

the parameters as temperature dependent.

(28},

Oxygen-Nitrogen at 77°K Fairly good agreement between the

calculated and the experimental values was observed for approach I
while good results were obtained using approach II. The average
absolute deviations are 1.2 and 0. 7 cal/gm mole which are 14: 6 and
8% for approach I and II respectively. The results were adversely-
affected when a higher than the second order polynomial curve fit
was used to represent the variations of the parameters with tempera-
ture. The average absolute deviation is 174%. Moreover, the

shape of the calculated curve has been changed. The results are

given.in Table A-3-1 and shown in Figure 3. 2. 1.

(41),

A:'rgon—Nitrogen at 84°K When the unsmoothed values of the

parameters were used, no minimum of the sum of the absolute, '
differences between the experimental and the calculated values of .

heats of mixing, or even a reasonable and acceptable value, have
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been obtained even at higher values of kij using approachI. An
improvement has been achieved by using the smoothed values of
the paranneters.. The average absolute deviation is 1. 8 which is
-21.3%. When the calculated values of the paraz;neters, using
approvach'l, were used and the values of the derivatives were
computed from the smoothed relations of the parameter with
temperature, ‘the average absolute deviation is 3 cal/gm mole
which is 31.4%. For approach II, the average absolute deviation
is 1.2 cal/gm mole and the percentage deviation is 9. 9%. The
calculated results are less scatte:;ed. The comparison is made

in Figure 3.2.2 and Table A. 3. 2.

(41)

Oxygen-Argon at 84°K An improvement has been achieved by

using the smoothed values of the parameters. The results are very
sensitive to the calculated values of the derivatives of Qa, Qb and
Qc with temperature, based on different polynomial curve fit.

The average :absolute deviation is 1. 8 cal/gm mole which is 15. 8%,
for a smoothed linear relation of the parameters with femperature..
Very good results have been obtained for the two parameter
temperatur;e dependent approach. The average absolute deviation is
0.5 cal/gm mole which is 3. 9%. The comparison is made in

Figure 3.2.3 and Table A. 3. 3,

(28).

Oxygen-Argon at 86°K The average absolute deviations are

1. 9 and 5. 7 cal/gm mole dependiné on whether nothing but a linear

or a linear and second order fit were used to represent the variations’
qf~Qa, Qb and Qc with temperature. Thus, the percentage deviations
are 19. 7 and 60. 2 respectively. The results are given in Table A. 3.4

and are shown in Figure 3. 3. 4,
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Fig. 3.2.1 Comparison of calculated and literature values of
heat of mixing for oxygen-nitrogen at 77°K.
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Benzene-Hexane at 25°C(27_): Excellent results have been obtained’

by both approaches as seen from Figure 3.2.5 and Table A. 3. 5.
The average absolute deviation is 2 cal/gm mole which is less than

2%.

(35),

Benzene -Hexane at 20°C As shown in Figure 3.2.6 and Table

A. 3.6, approa;ch Il proved to be better than approach I. The average
absolute deviation is 43 J/gm mole which is 6. 7%, for approach I,
while it is 10 J/gm mole whi.ch is 1. 6% for approach II., When the
average constant values of the parameters for both hexane and
benzene were used the percentage deviation is 1..9%. _4The unmodified

original equation of Clausius gives a deviation of 1. 8%.

Benzene—Hé:iotane at 50°C(31):

For approach II, the average absolute
deviation is 6.1 J/gm mole which is less than 1%. Approahch I gives
very poor resuits when thé unsmoothed values of the parametérs were
used. Better results have been obtained by smoothing the values of
the parameters up to the critical point or over a limited range of
temperature (0. 5 < TR < 0.6). The average absolute deviations are
13. 2 and 12. 5 J/gm mole which are 1. 73 and 1. 74% respectively.
When the average values of the parameters were used, the average
absolute deviation is 24. 7 J/gm mole which is 4%. Itis interesting
to report that the percentage deviation is 1. 1% when the modified
Clausius equation of state was used. The results are shown in

Figure 3.2.7 and Table A, 3. 7.
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Fig. 3.2.5 Comparison of calculated and literature values of
heat of mixing for benzene-hexane at 25°C.
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TABLE 3.1

Comparison of the Calculated and Literature

Values of Heat of Mixing

% Average Absolute Deviation

System Three Two Constant Original
Parameter Parameter Values of Equation
Approach Approach the
Parameters
Oxygen-Nitrogen 14. 6 8. - -
¢ 77°K(28) *174
Argon-Nitr o':éen 21.3 9.9 - -
at 8L}QK(LM) A3l. 4
Oxygen-Argon 15. 8 3.9 - -
41
at 84°K( )
Oxygen-Argon 19. 7 -
2 %
at 86°K( 8) 60. 2
Benzene-Hexane 1. 7 1.8 .
(27)
at 25°C
Benzene -Hexane 6.7 1.6 1.9 1. 8
(35)
at 20°C
Benzene-Heptane l. 73 0.85 4 1.1
31 o '
at 50°C( ) L4
Benzene-Heptane © 17. 8 27.3 17.0 27.1
at 25°C(48) 21.5
Heptane-Hexane 13. 4 21.5 57.3 35.6
(35) 0 45.6

at 20°
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«(TABLE 3.1)...continued. ..

* Higher order of the polynomial curve fit was used.

A Unsmoothed values of the parameters with the values of the
derivatives computed from a first order relation of the parameters
with temperature.

o Limited range curve fit for heptane.




BTU /gm mole

AH

400

300

00

=TTOYyTe

i l T ( | | | ]
o
9&.
. _ o -
@/ NG
N
— / —
/! \
i &/ e \ -
g A\ ¥
/ 9) \
‘/ m \
7 O \
/
! D\
0
/ \
2 R\
R \ i
\
/ : \
_ ) \\ _
/
/ © \
! \
T \
I \
/ \\ O -
— / . : —
21[ (48) \\

- b o Experimental” ~ . . ’\\. _
B ,l - pApproack I *\ _
IO Lo ) i - D\ l

. AApproach¥l | - ALO
. oo : - \
_g;j @ Original Clausius eqn. ‘\ |
I b
P ' ,
“:’ % Avg. values ;53\_
l 3 \
_I[ ! \l
i \

II | ] ] ] ] ] ! ‘l
OCO 0'5 I'O
XHEPTANE
Fig. 3.2.8 Comparison of calculated and literature values of

heat of mixing for benzene-heptane at 25°C.




j /gm mole

AH

28

20

@

- 40 -

Experimenfal(SS)

Approach 1
Approach IT
Original Clausius eqn.
Avg. values

| l | I I

0.5

X HEXANE

Fig. 3.2.9 Comparison of calculated and literature values of

heat of mixing for hexane-heptane at 20°C.




- 4] -

(48)

‘Benzene-Heptane at 25°C Very poor results were obtained for

approach I. Animprovement was achieved by using smoothed
values of the parameters. The average absolute deviations are 37. 6
and 40. 6 Btu/gm mole depending on whether the parameters are
smoothed over a limited range, as mentioned before, or over the
whole range up_‘to the critical point. The percentage deviations

are 17. 8 and 21. 5 respectively. When the original unmodified
equation of Clausius was used the average absolute deviation was
50. 2 Btu/gm mole which is comparable to 51. 6 Btu/gm mole for
aiaproach II. The percentage deviations are 27.1 and 27. 3 respectively.
However, when an average constant value for the parameters was
used, the average absolute deviation was 30. 4 Btu/gm mole which

is 17%. Th'e.comparison is made in Figure 3. 2.8 and Table A. 3. 8.

(35)

Heptane-Hexane at 20°C The average absolute deviation when

the unmodified equation of Clausius, the average constant values of
the parameters and approach II are 3.8, 5.5 and 4. 2 J/gm mole
respectively, the percentage deviations are 35.6, 57.3 and 21.5
respectively. The average absolute deviation for approach I depends
upon the.raﬁge over which the'parameters were fitted. For the
whole range, from neaf the triple point up to the critical point, and

over a limited temperature range (0. 5< T_ < 0.6). The average

R
absolute deviations were 2.5 and 4. 5 J/gm mole. The percentage
deviations are 13. 4 and 45. 6% respectively. The comparison is

shown in Figure 3. 2.9 and Table A. 3.9.

3.4.2 Discussion

The binary interaction constant has been assumed to be
independent of temperature, pressure and composition. It was
" determined in a manner such as that the sum of the absolute differences

between the experimental and calculated values is minimum.
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Different values for the parameters of the Clausius evquation
of state have been used (as shown in Tables A. 1.1 and A. 1. 2). As has
been shown in the present work, the approach of treating two of the
parameters as temperature depqndent yields.be‘tter result-s than that
of treating the three parameters as ternpefaturc dependent. The
reported kij's -"values differ from the values reported in literature(& 62)
and varies with temperature. Itis difficult, at.this stage, to draw a
conclusion with certainty because the change with temperature in the

value of kij may be due to the unreliability of data of systems studied.

aqQ . de. da
The derivatives, 2 s L and 1, are obtained by
(36) dt dt dt
numerical or graphical differentiation of the Qai’ Qbi and Qci with

o

temperature for each pure component. . The two temperature dependent
parameters approach gives better results than the three parameters
vapproach. This can be explained by the fact that Qc does change
rapidly with temperature compared to Qa and Qb. Hence, ‘when the
value of QC was fixed, the sensitivity of the equations (3.26 and 3. 27)
to calculate the heat of mixing is decreased and it was possible to
establish both the variations of Qa and Qb with témper ature. The
necessity for a smoothed value of the parameters has been demon-
strated by the improvement which has been obtained by using smoothed
values of the parameters. The cquations do not seem sensitive to

the values of the parameters used. Itis rather more sensitive to

the derivatives of the parameters with temperature. A linear variation
of the parameters with temperature appears to be adequate over the
whole range up to the critical point for nitrogen, argon and oxygen

or over a limited range for heptane (0.5 < T < 0.6). Itmightbe

R
advantageous to use smoothed PVT data rather than smoothed values
of the -parameters. A comparison of the calculated PVT using the
smoothed values of the parameters with the experimental one is given

in Tables A. 5.1 and A, 5. 2.
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The suitability of the two parameter temperature dependent
approach and its superiority over the three parameter temperature
dependent may suggest thalt an equation of state could be used
satisfactorily to predict heat of mixing of binary liquid mixtures
even without satisfying the condition of minimum deviation between
the calculated a:];ld the experimental value of the vapor compressibility
factor of the pure component at equilibrium. It may be feasible to
satisfy the condition of (H* - H)L_ (H:: - H)V = L where L is the
latent heat of vaporization and in this case the temperature term

in the original equation of Clausius should be adjusted.

Finally, when the modified Clausius equation of state yields
poor prediction of heat of mixing than the original unmodified
equation, this may be due to erroneous derivatives of the parameters

with temperature.

3.4.3 Comparison of Volume of Mixing with Literature Data

Volumes of mixing were calculated for the following systems

(41)

2) Oxygen-Nitrogen at 83. 82°K(41) . L
2
3) Argon-Nitrogen at 83.78 "K(4 )

1) Oxygen-Argon at 83. 82°K

Using both of the proposed approaches. The results are shown in

Figures (3.3.1) to (3.3.3) and Tables A. 4.1 to A. 4. 3.

Excellent agreement between the experimental and calculated
values was observed. The results are comparable for both approaches.
The average deviation is less than 2%. For the system argon-nitrogen,
the vapor pressure data of Prausnitz and Sprow(5o) were used which
were smooth and easy to interpolate. Moreover, whenever there is a

difference in the reported values for the molal volume of the pure compon-

ents, the val ue given in connection with the system under study were used.
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In the same way as in the heat of mixing calculations, the
kij was assumed to be independent of temperature, pressure and
composition. It was determined, in the same way, such that the
sum of the absolute differences between the experimentalland
calculated values are minimum. The reported kij's differ from th'e.
values reported in the literature and differ from those derived

from the heat of mixing calculation.

3.4.4 Comparison of the Calculated Compressibility Factor Values

For Pure Liquids With Literature Data

Comparison of the different proposed methods was obtained

(57) (19)

by using oxygen and heptane . Satisfactory compressibility

factors for pure liquids were obtained and are shown in Tables A, 5.1,

A. 5.2 and A. 5. 3,

The results, thus far, indicated the superiority of f:'he Redlich-
Kwong equation of state over all the proposed methods. However, |
when the three parameters of the Clausius equation are treated as
temperature dependent it was capable of predicting acceptable
results although it was unable to do as well as the Redlich-Kwong

equation.

The Clausius equation with two temperature dependent
parameters produced results that could be compared to the three
temperature dependent parameter approach only at low pressure.

The resuits obtained are generally lower than the e;cperimental ones,

In fact, presuming the applicability of the three parameter

approach to calculate the compressibility factors, a further modifica-

tion would be by adjusting the cohesive pressure term > .
T (V4c)
In other words, a search for the right power to which the temperature

should be raised might involve satisfying another condition which is

(H*- H)L- (Hﬂc-I‘I)V = L where L is the latent heat of vaporization.
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CHAPTER 4

DISCUSSIONS AND CONCILUSION

The objectives of this work were (i) to investigalte the applic-
ability of the latest modification of the Clausius equation of state,
by considering the three parameters temperature dependent, to the
calculation of the heat and the volume of mixing, and (ii) to investigate
a proper variation of the parameters with temperature in the liquid
region'. |

Perhaps the most important conclusions fforn this study are:
(1) Alth011gh':1'several theoretical and practical considerations led to
the development of the Clausius equation of state, the reas.oning is

circumstantial and by no means rigorous.

When the kij values for a giveh binary system varies with
the properties it derives from, this may be attributed to certain
potential function which could be derived but which would not be
completely sé.tisfa.ctory to describe the intermolecular forces.
Such a conclusion could only be reached if the data are of unusually
high accuracy and were measured over a wide range of temperatures.
Therefore, it may not be feasible to use kij values obtained from one
property of mixing for the prediction of other properties of mixing.
It should be noted th;it for a better prediction of thermodynamic
properties of mixing kij values may be treated as temperature and
composition dependent. Hence, itis necessary to have enough
e#perimentally determined data points to correlate kij with tempera-

ture and composition,

(2) The proposed method is very sensitive to the values of the

derivatives of Qai' Qbi and Qci with temperature. Such phenomena
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dq not take place in vapor-liquid equilibrium calculations or volume

of mixing which do not involve' the derivatives of Qa, Qb and QC.
Enthalpy calculations may be adversely affected. However, study

is réquired for establishing a reiliable and rapid technique to determine

the derivatives of Qai’ Q and Q ; for accurate results.
c

bi
In brie_f"_, while the Clausius equation is attractive because of

its simplicity and satisfies the three necessary conditions at

equilibrium, the form of Equation (3. 24) has a serious dis advantage

for performing accurate calculations of heat of mixing, the two

terms on the right hand side of this Equation are.large and near-

ly equal, a small error in either term canlead to a large error

in the ca1C'ulg.ted heat of mixing. The main sources of error could

be improper mixing rules for the mixture properties and erroncous

derivatives of the parameters with temperature.

In the second proposed approach, Qa and Qb are tréa(:ed as
temperature dependent while QC is constant with the expectation that
the derivative of Qa. and Qb with temperature will be easy and accurate
to perform. For the systems examined., the variations of Qa and Qb
with temperature have a specific trend. The derivatives do not
change rapidly with temperature and are not difficult to establish.

(49)

equation (P + ~2

2
TV

introduction of temperature in the cohesive pressure term offers

(3) In the Berthelot )(V -b) = RT, the

no advantage over the van der Waals equation of state, while the
Clausius equation embodies a certain definite improvement. which
may be attributed largely to the introduction of the quantity (V 4 c)

in the cohesive pressure term. The modified van der Waals equation,
i.e., Clausius equation, responds properly to the ¢ pa.ramcter'

effect rather than T. So, in Clausius equation if we fix ¢, which
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takes care of the linear shift necessary for the critical isotherm to
a value assigned by the original equation of Cla'gsius and proper

adjustment of the other two parameters might produce an improved
equation of state applying better in the liquid region and specifically

in the calculation of heat of mixing.

Moreover, in the Berthelot equation, which is a modlfled
form of van der Waals equation, the parameter’ 'a 'was treated as
temperature dependent but it does not improve its predictive ability.
This suggested that the temperature dependency of the cohesive
pressure term of the Clausius equation of state (é./T (V +c)2) still

is in much greater need of modification.

(4) Itis suggested that the modified Clausius equation of state gives
a feasonably accurate enthalpy of mixing when the parameters Qa
and Qb are treated as tempera‘cur¢ dependent and ¢ is assigned a
positive value to adjust the cohesive pressure term. Hence, when
fitting PVT data at saturation to the Clausius equation, if a negative'
value of c is obtained, one may conclude that the data fnay not be

reliable or the model still is in greater need for modification.

(5) It should be noted that a logical goal in equation of state develop-
ment is to define adequately the temperature density and composition
dependence of the Helmholtz free energy(lé’ 21, 39) for use as the

generating function for the various other thermodynamic properties.

Since the pressure is'directly related to the density derivatives of

A P
the Helmholtz free energy, i.e. (—g—;—) = "> PVT data provide more

information concerning the density dependence of the Holmholtz free
ehergy than its temperature dependence. On the other hand, enthalpy

is related to the temperature derivative of the Holmholtz free energy,

i.e.,
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or it may be written in the well known form of the Gibb's - Helmholtz

equation
ag? - - T ( CES )

where M designates the property of mixing.. So, the enthalpy data
should provide the information concerning the temperature dependence
of the Holmholtz free energy. When an equation of state déVeloped
from PVT data, e.g., Clausius equatlon of state,yields ‘poor pred1c-.
tions of enthalpy departure (H- H ) and consequently heat of mixing
while predicting accurate densities, one has implicit proof that the

temperature dependence of the Holmholtz free energy is inadequate.

The fact that the enthalpy departure from ideal behaviour

(H- H*) was predicted much less accurately than densities when the
three parameters of the Clausius equation of state were considered
temperature dependenf implies that the temperature dependence of
the equation is in much greater need of modification than its density
dependence. Because of the sensitivity of enthalpy to temperature
dépendence, enthalpy data could be used initially in seeking a
modification to the temperature dependence of the Clausius equation

of state.
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TABLE A.1l.1

. Calculated Values of Qa, Qb and QC of the Clausius Equation

Two Parameters are
' Considered Tempera-
ture Dependent

All Parameters are Considered
Temperature Dependent

Component  T°K
: Q, Q. Q Q, Qb
. (18)

Nitrogen 63.15  0.020218 0.624940 -0.1452 0.358479 0. 480205
65. 89 0.024169 0.633595 .0.1458 0.367198 0.477779
68. 41 0.108932 0.615400 -0.094l1  0.374735 0.47521]
71.91 0.267517 0.545015 0.0224 0.383655 0. 468347
74.45  0.320832 0.514556 0.06245°  0.389933 0. 463588
76. 00 0.331618 0.508809 0.06852 0.393545 0. 46068
77.00“ 0.333521 0. 508661 0.06800 0.395821 0. 458774
77.35  0.333466 0.509165  0.C67L.8 0.396610 0. 458102
78. 00 0.332923 0.510458 0.06527 0.398062 0. 456832
83. 80 0.368482 0. 486082 0.08532 0.410039 0.444127
84. 00 0.371510 0. 48326 0.08776 0.410404 0, 443634
88.04  0.362823 0.494589 0.07243 0.416516  0.432760
94.09  0.333147 0.536810 0.03358 0.423870 0. 413843
98. 60 0.336236 0.546058 0.02724 0.428607 0.398951
103. 88 0.348174 0.543743 0.02866 - -
110.57 - 0.377842 0.499872 0.05027 - -
115. 80 0.393259 0.45922] 0.06437 - -
120.13 0.402919 0.413063 " 0.07762 - -
126. 2%  0,372942 0.106298 0.125 0.372942 0.106298

.Argon“g) 83. 78 0.231370 0.557711 0.0005 0.367232 0.467514
84. 00 0.226771  0.560974 -0.0039 0.367774 0.467331
85. 00 0.221321 0.566772 -0.0106 0.370223 0. 466399
86. 00 0.226679 0.566178 -0.0081 0.372603 0.465336
87.00 0.237279 0.562116 -0.0011 0.374907 0.464108
87.29 0.240325 0.560890 0.00092 0.375562 0, 463736
94. 43 0.271295 0.552972 0.01413 0.389848 0.451003
99. 20 0.294476  0.541368 0.62615 0.397726 0. 440063
105. 97 0.327487 0.521664 0.04408 0.407991  0.424865
110.98  0.343103 0.513511 0.04985 0.414798 0, 413166
116. 81 0.364609 0. 488641 0.06295 - : -
124. 22 0.380482 0.468711 0.06934 - . -
130. 03 0.395673 0. 437145 0.08659 - -
134. 86 0.403061  0.422495 0.08389 - -
139. 06 0.407610 0.410802 0.085423 - -
150.72%  0.368896 0.094709 0.125 0.368896 0.094709
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TABLE A. 1.1 (...cont...)

Two Parameters are
Considered Tempera-
ture Dependent”

All Parameters are Consideréd'
Temperature Dependent

Component T°K

Q, Q Q. Q, Q,
(57) : ‘
Oxygen 66 0.219392 0. 581846 0.0282 0.326089 0.531155
70 0.264742  0.566221  0.0588 0.338291 0.527658
72 0.372613 0.509568 0.1511 0.344222 0.52595]
j 74 0.325148 0.538167 0.1028 0.349756 0.523741
; 76 0.325145 0.540125 ' 0.09800 0.355234 0.52]1754
; 77 0.274521 0.570849 0.0516 0.357864 0.520539
; 78 0.337939 0.533748 0.1048 0.360460 0.619310
i 80 0.340261 0,533734 0.1024 0.365519 0.516824
; 82 0.340520 0.535177 0.0983 0.370424 0.514285
| 84 0.344559 0.533833  0.0977 0.375130 0.511476
; 86 0.347361 0.533258 0.0962 0.379685 0.508592
; 88 0.349734 0.532893 0.0943 0.384029 0.505410
‘ 92 0.354061 0.532326 0.0906 0.392254 0.498713
96 0.358927 0.530903 0.0878 0.399797  0.491263
100 0.363485 0.529159 0.08516 0.466633 0.482917
104 0.368251 0.526645 0.0831 0.412779 0,47370]
, 108 0.372672 0.523924 0.08111 0.418232 0.463594
i 116 0.381035 0.516610 0.07791 0.426919 0. 440085
124 0.38817 0.505747 0.07597 - -
132 0.395961 0.489919 0.07551 - -
! 140 0.402634 0. 464522 0.077617 - -
; 144 0.405921 0. 44495] 0.08044 - -
148 0.409483 0.414552 0.086037 - -
152 0.414678 0.356968 0.09872 - -
154 0.417832 0.296487 0.1127 - -
154. 576% 0.365781 0.067209 0.125 0.365781  0.067209
,Benzene(54) 273.16 0.182038 1.248785 -0.019279  0.439895 1, 035789
283.16 - 0.187539 1.257176 -0.01931 0. 446348 1.029428
293.16 1.111731  0.158946 0.5598 0.452249 1.022127
298.16 1. 0837 0.165788 0.54008 0.455266 1.018314
303.16 1. 063037 0.156606 0.5272 0.457462  1.013759
313.16 1.023791  0.142286 0.501905  0.462206 1.00491
- 323.16 0.981878 0.136072 0.4750 0.466441 '0.995111
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All Parameters are Considered

Temperatore Dependent

Two Parameters are
Considered Tempera-
tare Dependent |

* Critical temperature
= 0.125

S Q
C

Component T°K
L Qa Qb Qc Qa Qb
(54) ‘ 5
Heptane 273,16 1. 325451  0.130774 0.59498 0.48534 1. 556948
283.16 " 0.217521 2.085443 0.01048 0.506158 1. 702384
293.16 1.294768 0.131754 0.5612 0.510322 1. 687618
298.16 1. 25829 1. 339 0.5420 0.51222 1.677183
303.16 0.227515 2,111687 0.0106 0.51433 1. 676565
313.16 1.16190 0.137723 0.49151. 0.51801 1. 652746
323,16 0.237618 2.138622 0.010819 0.52068 1. 632181
333.16 1.051143 0.121302 0.4359 0.522867 1. 609913
343.16., 0.541678 1. 540835 0.13445 0.524115 1. 584694
353.16" 0. 418658 1.827833  0.06886 0.524787 1. 557248
363.1 0. 405045 1. 858446 0.06064 0.524802 1. 527090
373.16 0.425978 1.796923 0.0705 0.524312 1. 493871
383.16 0.475303 1. 631319 0.0967 0.524145 1. 459753
393.16 0.468454 1.629567 0.09285 0. 522397 1. 420509
403.16 0. 482291 1. 54558 0.10130 0. 520465 1. 379050
413.16 0. 463781 1. 588562  0.09083 0.517193 1. 33210
423.16 0. 465022 1. 546953 0.09227 0.514677 1. 2826561
433.16 0. 453073 1. 566687 0.08567 0.509734 1.226688
443.16 = 0. 446033 1. 567628 - 0.08184 0.505522 1.167985
453.16 0. 438063 1. 576881 0.07729 0.560768 1.104089 .
463.16 0. 434601 1. 576724 0.075103 0. 496560 1.04597"
473.16 0. 436415 1. 483092 0.07934 0.489318 0.959582
483.16 0.432974 1, 441424 0.07923 - ' -
493.16 0.432757 1.351652 0.08264 - -
583.16 0.431019 1. 25722 0. 08566 - -
513.16 0.425611 1.175936 0.086815 - -
, beane(54) 293.16 1.096981  0.137482 0.485198 0.499524  1.434)58
298.16 1. 067131  0.138861 0.468667 0.501254 1. 424705
303.16 1.038129 0.141052 0. 45266 0.502837 1. 41 4949
313.16 1. 024683 0.015573 0. 451 0.505634 1.394288
323.16 0.681028 0.932882 0.2281 0.507824 1. 371435
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TABLE A.1,2

Constant Values of Qak’ Qb and QC of the Clausius Equation-

Component Qa ‘ Qb QC Range °K

Benzene 1. 8'.45109 0.148491 0.515976 293,16 - 323.16
Hexane 1.. 0674 0.139132 0.468242 293.16 - 323.16
Heptane 0.765277 1. 22651 0. 2691 33 273,16 ~ 323.16
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TABLE A.1. 3

Values of Qa and Qb of the Redlich~-Kwong Equation of State

Component T°K Qa
Heptane 283.16 0.446856
“303.16 0. 446456
323.16 0.445634
373.16 0.438349
423.16 0.426966
473.16 0.411183
Oxygen 76 0.396972
84 0.404208

Q,

[eNe ol olNol e

o

. 075626
. 075946
. 076201
. 076424
. 076165
. 075206

. 08667
. 086614
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TABLE A.3,1

Comparison of the Calculated and Literature Values( 8) of Heat of

Mixing for the System Oxygen-Nitrogen at 77°K (cal/gm mole)

Approach I Approach II
k,. =0.005 k.. =0.01 k.., =0.0018
. 13 1] 1)
x H tH O H-
N‘2 exp calc calc calc

0. 86 5.4 5.9 6.4 5.3

0. 86 5.5 5.9 6.4 5.3

0. 62 10.0 11. 4 11.9 11.0

0.62 9.3 l11. 4 11.9 11.0

0. 51 10:0 12. 12. 4 12.1

0. 35 10.9 10. 7 10.9 1. 4

0.26 10.2 - 8.9 9.1 9.9

0.26 10.0 8.9 9.1 9.9

0.26 9.9 8.9 9.1 9.9

0.08 4.7 3.3 3.4 4.

0.08 4.4 3.3 3.4 4.

+ The unsmoothed values of the parameters were used with the
smoothed values of the derivatives computed from the polynomial
curve fit '

++ The smoothed values of the parameters were used with the

smoothed values of the derivatives computed from the polynomial
curve fit
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TABLE A, 3.2

: o 4
Comparison of the Calculated and Literature Values( b of Heat of

CoOoOoococoooo

AL
Ky

Mixing for the System Argon-Nitrogen at 84°K*

‘(cal/gm mole)

. 794
. 677
. 595
. 514
. 508
. 484
. 394
. 304
.181

See Footnote on page 62

Approach I Approach II
- ++ k.. =-0.0136 +k. . = -0.0114 ‘k,, =0.0048
E ij ij ij
Hexp E E HE
calc calc calc
10. 0 5.9 4.5 6.9
12.1 8.8 7.4 9.6
1.7 10. 4 9.5 10. 8
B I Wy 11.5 11,3 11.5
I'L 6 11. 6 11 4 11. 5
10. 6 11. 8 1.9 1.6
1. 3. 12. 2 13.3 11.4 .
10. 5 1. 6 13.9 10. 4
5.9 9.0 12. ‘7.5 .
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TABLE A.3.3

Comparison of the Calculated and Literature Valueé(41) of Heat of

Mixing for the System Oxygen-Argon at 84°K™ (cal/gm mole)

* See Footnote on page 62

ApproachI Approach II
Best fit for the First Order fit
Polynomial
++k, . = +k,.. = ++ k., = +k .= k.. =0.0076
. ij ij ij ij ij
< HE 0.0696 0.0664 0.0104 0.0146
Oz exp ' calc

calc calc calc calc
0.74 10. 7 2 13. 4 14, 1 15. 2 16. 4 1L 3
0.673 1.4 "14. 3 15. 1 15. 9 16. 8 12. 8
0.529 12. 5 14. 6 15. 3 15. 8. 16. 5 13. 6
0.578 13.9  14.5 15. 3 15. 4 15. 8 14. 2
0. 533 14.1 14. 2 15. 26 14. 8 15. 14, 4
0.532 13. 6 14. 2 14. 95 14, 8 14. 9 4. 4
0. 505 14. 6 13.9 14, 7 14. 3 14. 3 14. 5
0. 501 14. 6 13. 86 14. 6 14. 2 14. 2 14. 5
0. 496 14. 2 13. 8 14. 5 14.1 14.1 14. 5
0.475 14. 5 13.5 14, 2 13. 7 13.6 14. 4
0. 460 14. 7 13. 3 14.0 13.°4 13. 2 14. 35
0. 438 14. 6 12.9 13. 6 12. 9 12. 6 14. 2 s
0.384 13. 9 1L 8 12. 5 1.5 1L 13.6
0. 321 12. 8 10. 3 10. 9 9.7 9.1 12. 5

4
{
(
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TABLE A. 3.4

28)

of Heat of

Mixing for the System Oxygen-Argon at 86°K (cal/gm mole)

Approach I
Best fit for the First Order fit
Polynomial :
k,.=0.046 k,.=0.0072
E ij ij
x H E

NZ exp calc calc
0.73 7.6 19.0 12. 8
0.63 1.0 15. 9 13.3
0. 56 12,4 12. 7 12. 8
0. 56 12,6 12. 7 12. 8
0. 49 13. 6 9.1 11.5
0.42 13.0 5.6 10. 5
0. 34 10. 5 2.1 8.8
0.24 7.5 - 1.1 6.3

i
i
;
1
N
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TABLE A.3.5

Comparis on of the Calculated and Literature Values(27) of Heat of

Mixing for the System Benzene-Hexane at 25°C (cal/gm mole)

ApproachI Approach II
. k.. =0.0062 k. ., =0.0038
. E 1) 1}
x}kuc I_Iexp ) Pﬂz Pﬂz
calc calc
0. 8481 102, 9 96. 38 95. 52
0. 7864 129. 8 128. 7 127. 7
0. 6425 185. 5 185. 8 184. 5
0.5322 209.7 210.1 208.9
0.4758 213.5 215.1 214.0
0. 3573 207.5 207. 6 207.0
0. 3505 205, 2 206. 3 205, 8
0. 3043 196.1 195. 6 195. 2
0.2789 189. 3 187. 8 187. 5
0.1925 155.3 150. 4 150. 5
0.0843 82.8 78.05 78. 4
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TABLE A.4.1

(41
Comparison of the Calculated and Literature Values( )

of Volume of

Mixing for the System Oxygen-Argon at 83. 82°K (ml/gm mole)

Approach II

Approach
k,, =0.0144 k . =0.0158
E : ij ij
x A\ . E E
Ar eXp calc calc

0.1673 0.0748 0.0897 0. 0359
0.2701 0.1102 0.1134 0.0824
0. 4438 0.1314 0.1395 0.1301
0.4779 0.1365 0.1450 0.1345
0. 6493 0.1230 0.1236 0.1306
0. 6620 0.1203 0.1230 0.1285
0. 7838 0.0959 0. 0924 0.0958
0.8614 0.0633 0. 0631 0. 0626
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TABLE A .4, 2

Comparison of the Calculated and Literature Yalues‘(41) of Volume of

Mixing for the System Oxygen-Nitrbgen at 83. 82°K (ml/gm mole)

Approach I . - Approach II

. k.. =0.005 k.. =0,0135 |

E ij 1 I

x \'4 - E E |

NZ exXPp. calc Vca.lc : E
0. 7381 -0. 2460 -0.2536 -0. 2331
0. 6960 -0.2733 -0.2728 -0.2572
0. 6037 -0.3082 ~ -0.3063 ' -0. 2961
0.5024 -0.3132 -0.3136 : -0.3164
0. 4567 -0.3100 -0.3098 , -0.3178
0.3308 -0. 2756 -0.2743 -0.2963
0.2513 -0.2269 -0.2327 ' -0. 2635




| I
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TABLE A.4.3

Comparison of the Calculated and Literature Values(

42)

of Volume of

Mixing for the System Argon-Nitrogen at 83. 78°K (ml/gm mole

Approach I

Approach II

_ k.. =0.027 k.. =0.168
X VE N E Y E
NZ °xXp. Vcalc Vca.lc
0.888 -0.0713 -0.0977 -0.1111
0.7919 -0.1187 -0.1177 -0.1351
0.6782 -0.1571 -0.143 -0.1579
0.5894 -0.1741 -0.1606 -0.1698
0.4779 -0.1794 -0.1747 -0.1747
0.3791 -0. 1691 -0.1747 -0.1671
0.2938 -0.1490 -0.1624 ~-0:1515
0.1844 ~0.1079 -0.1243 -0.1163
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TABLE A. 5.3

Comparison of the Calculated Compressibility Factors and the

Experimental of Pure Heptane Using Different Methods

'The mod.
T°K Pbars zéxp Approach I Approach II Redlich.-Kwong
. Equation
303.16 50 0.29213 0.29085 0.28697 0.29178
100 0.58032 0.57966 0.56067 0.57904
200 1. 1465 1.15211 1.0815 1.14296
300 1. 70116 1. 71888 1. 5792 1. 69612
500 2.7826 2.83942 2.53287 2.78
1000 5.36767 5.59148 4.7999 5.41436
2000 10. 2171 10. 9892 9.158t2 ° 10. 54256
3000 14. 7975 16.3222 13, 438 15. 59678
5000 23. 4543 26.9086 21.92816 25.62304
323.16 50 0.2807 0.2821 0.2734 0.2790
100 0.5570 0.5620 0.53159 0.55288
200 1.09844 1.11612 1.01868 1. 08865
300 1. 62305 1.66410 1. 48080 1. 61262
500 2.65642 2.74625 2.36172 2. 63657
1000 5.1078 5.4001 4 4. 4447 5.11772
2000 9.69216 10. 5989 8.4507 9.9371
3000 14, 01255 15.73233 12. 34778 14. 58215
5000 22.16677 25.9196 20.10572 24.09182
373.16 50 0.25996 0.25512 . 0.24773 0.25866
100 0.51366 0.49708 0.47310 0. 509137
200 1.00654 0.95609 0.88646 0.99319
300 l. 4844 1.3938 1.27056 1. 46179
500 2.4070 2.23196 1. 99157 2.36997
1000 4.5861 4 4.22171 3.671 4.5522
2000 8.62856 8.0371 6.8566 8. 76854
3000 12. 4207 11.7776 9.9676 12. 9088
5000 19. 5518 19.1852 16.12629 21.11479
423.16 = 50 0.24868 0.25613 0.22769 0.24592
100 0.48734 0.37741 0.42193 0.47865 .
200 0.94011 0.87386 0.76448 0.92063
300 1. 38351 1. 23799 1.07443 1. 34319
500 2.22371 1.91772 1. 64509 2.15488
1000 4.18946 3.4958 2.9487 4.08924
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TABLE A.5.3(...cont...)
i _ The mod.
. T°K edlich-
Pbars Zexp Approach I App;oach II Redlich K\ng;qg
_ Equation
423.16 2000  7.80662 6. 48545 5.38731 7.80942
3000 11.18376 9.40422 7.7554 11. 45178
5000 17.5121 15.1808 12. 43027 18. 66873
473.16 50 0.24746 0.22847 0.2096 0.24173
100 0.47635 0. 42046 0.36798 0.46042
200 0. 90641 0.76168 0.63288 0.86598
300 1. 31393 1.07373 0. 86409 1. 24831
500 2.08726 1. 65403 1.27787 1.97627
1000 3. 88068 2.9939 2.19365 3.698
2000 7.15634 5. 55382 3. 86386 6.9916
3000  10.20212 7.96635 5. 46622 10. 21537
5000  15. 8945 12. 80479 .8.61189 16. 5932
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APPENDIX B

COMPUTER PROGRAMS

Evaluation of Qa’ Qb, Qc of the Clausius equation of state
Calculation of volumes and heats of mixing of mixtures

Evaluation of the supporting properties (Subroutine Supt)
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B-2 Calculation of volumes and heats of mixing for mixtures
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B-3 Evaluation of the supporting properties (Subroutine Supt) -
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