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ABSTRACT

Two principal studies were conducted as part of this thesis:
evaluation of existing correlations for predicting densities of polar
and non-polar liquids and their mixtures and experimentally measuring
the densities of certain liquid systems.

Utilizing a modification of the simple picnometer experimental
method, data were obtained for both pure compounds and liquid mixtures.
Comparison of the pure compound data with available literature sources
established the reliability of the technique.

The results of the correlation comparison indicate that the Riedel
equation, is the most generally reliable for predicting the densities
of pure "normal" compounds. Lydersen, et al., prepared tables for the
solution of this equation, however, these have been found to be unreliable
for application to compounds with low critical compressibility factors.

By modifying the Riedel equation with the variable third parameter
of Joffe and Zudkevitch, its applicability is extended to some non-
normal compounds. It was also found to be reliable for many binary
systems when used in conjunction with Kay's mixing rule.

Attempts were made to fit the Riedel equation to the data for non-
normal compounds by least squares regression. Many of these were
successfully fitted indicating that only the choice éf constants prevents
their being predicted by that equation. Some of these compounds, however,
could not be made to conform to the Riedel form (e.g., water, ethanol,
and methanol).

Experimentation with different equation forms showed that a more
parabolic form was more successful in predicting the behavior of the

non-conforming non-normal compounds.
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1.

INTRODUCTION

Over the past two decades, the increase in the use.of digital
computers has made available to engineering designers the ability
to not only perform laborious design calculations but also to

simulate integrated chemical plant systems.

The development of sophisticated algorithims by chemical industry
technologists, however, has greatly out-stripped the production of
complete and reliable physical property data to form the input. As
a result, the existing mathematical systems suffer not only because
their otherwise excellent reliability is impaired, but also because
the justification for using the complicated correlations included in
them is wanting. Paradoxially, therefore, the situation perpetrates
that which it was origina11§ conceived to avoid: the use of con-
servative (hence, costly in plant constructions capital) short-cut

.and 'rule-of-thumb' design techniques.

As a remedy, generating the required quantities of physical
property data would be both costly and impractical. For this reason,
generalized equations of state seem the most promising and practical
solution., Ideally, such useful relationships would require minimal .
input data to generate a complete profile of the physical behavior of

a chemical system.

The theorem of corresponding states is one of the oldest and

simplest conceptual approaches to developing this ultimate predictive



tool. Originally proposed in the latter part of the nineteenth

century, it has undergone numerous attempts at refinement since then.

Employing this theorem, then, it is the object of the present
project to refine existing correlations for predicting one specific
physical property: 1liquid density, Consideration will be given to
not only pure compounds but also mixtﬁres of both normal and non-

normal liquids.

At the same time, in order to broaden the scope of available
data for testing, new experimental measurements were generated for
binary liquid mixtures in the low critical compressibility range.

This area has been somewhat neglected to date.



LITERATURE REVIEW

Correlation of Densities of Pure Compounds

The theofem of corresponding states as originally proposed by
van der Waals propounded that all pure gases'would manifest the same
compressibility féctor magnitude, z, at a given set of corresponding
Vcoﬁditions. The criterion of correspondence was equality of reduced
temperature and pressure between two or more compounds., In its two
parameter form the theorem is symbolically represented as:

Subscripts '"1'" and '"2'" denote each of the two arbitrary pure

compounds, the subscript '

'e" identifies the critical conditions of
the respective compounds, the subscript "r' indicates reduced conditions

and T and P represent absolute values of temperature and pressure,

respectively,

Since z, as defined (i.e., z = PV), represents the deviation of
: RT
the behavior of a real system from the predictions of ideality, the

theorem may be generalized thus:

Pure substances in corresponding states will experience
quantitatively identical deviations of their thermodynamic properties

from ideality.

Although Young extended the theorem to liquids, it was found
that even though the principle held more or less well for discreet

groups of compounds, it failed to prove true in general.



Much later Watson’9 proposed the liquid density relationship

//2'11 =//gi2 | , | W

which will be applied later. This set of ratios is ofter referred

to as the '"Watson proportionality'l,

This two parameter approach, however, failed to predict the
behavior of many liquids. As a result the need for a third parameter

which would characterize the compounds seemed to be indicated.

Riede138, 39 developed a criterion for distinguishing compounds
which lend themselves to the simple treatment requiring only reduced
temperature, pressure and a constant third parameter. 'Normal

compounds ", as these conforming substances are called, agree within

5% with the relationship:

G V02/3 =
TC

1.86 + 1.18G4 (2)

o
in which Cj’is the hypothetical surface tension of the liquid at Q@ K,
Vo is the hypothetical partial molal volume of the liquid at (J’K,
» ¢D is the Pitzer acentric factor to be discussed later and

T, is as previously defined.

Riedel defined the required third parameter as the slope of the

vapor pressure curve at the critical temperaturé, i.e.,
X =[d1n P 3)
He then proposed an equation for predicting the reduced density,

fr, of a saturated liquid:

ff =1+ 0.85 (1-T) + (0.53 + 0.2&)(1-T,)1/3 (4)



As a simpler alternative, Pitzer et al,34 proposed the acentric
factor, W , as a third parameter., This constant measures the
deviation of the intermolecular potential function from that of a

perfectly spherical molecule, It is defined as:
W - - log(Pr)o'y - 1.0 (5)

where (PAO 7 is the reduced vapor pressure at T, = 0.7. Although
published in a tabular form, the gaps between Pitzer's entries for
correlating the reduced densities of saturated liquids were too

large and too numerous to be deemed sufficient for general use,

The best known Qf the third parameters, however, is z,. Its
popﬁlarity rests largely on the extensive charts prepared by Lydersen
et a1.30 to facilitate evaluation of the then available correlations
for predicting individual property deviations from ideal gas behavior.
It should be noted that in preparing his tables and charts, Lydersen
employed the Riedel equation (equation'A) to obtain the reported
values, This was possible because the three proﬁosed third parameters

(A, €& and z.) assumed to be interrelated by:

1 1
3 = 6
¢ T 1238 G F 3.41 0.260 + 1.90 (6)

Francis12

noted that the plot of the liquid density of a
compound versus temperature (or reduced density versus reduced
temperature) adopted an increasingly parabolic shape as it approached
the critical temperature, However, recognizing that the curves are

steeper and more linear at lower values of T,, he adopted a two

region approach (i.e., one equation for the parabolic region and another



for the linear) whose equations were of the form: ‘
/03 = A - BT, - C/(E - Tg) for Tg > (T - 20°C ) (7a)
(/Q-/OS) = K(T¢ - Tg) for Tg L (T, - 50°C) | (7b)
in whic%/ag and Tgq ére the saturation density and temperature,
respectively,/foé and T, are the critical values of density and
teﬁperature, and n, K, A, B, C, and E are empirical constants

determined for each individual compound.

~Although the accuracy of predictions of liquid densities using
Francis formulas is reasonably good, the awkwardness of the two-region
approach is disadvantageous, Furthermore, most other equations enjoy
the advantage that either a smaller number of constants must be

determined for every compound or their constants are given in terms of

Ze (orC&}&J) or T..

Other investigators followed the familiar route of adding to
the number of terms and, hence, constants employed., This usually
has the effect of improving the fit of a given form of any equation

but at the sacrifice of simplicity and ease of calculation,

A few of the representatives of this approach are:
Martin3l proposed the relationship:

/0,= 1+ A(1-T) /3 + B(1-Tp)2/3 + c(1-Ty) + D(1-Tp)%/3 (8)

Yen and Woods’®l, in further development, determined that Lydersen's
tables could be represented by Equation 8 but that the fourth term,
D, could be eliminated and the remaining constants defined in terms of

2z, as follows:
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A = 17,4425 - 214.578 z¢ + 989.625 zc2 - 1522.06 z_°
3.28257 + 13.6377 z, + 107.4844 z 2 - 384.211 2.3
B= i1f ze < 0.26,

60.2091 - 402,063 z. + 501.0 z.°

3
+ 641.0 z_
if z, > 0.26,
D =0.93 - B
These authors reported an accuracy of I 2% for most pure compounds

but indications are that the equation yields less satisfactory pre-

dictions than the Riedel equation and some others especially for mixture

Stie142 proposed that a fourth parameter is required to improve
the applicability of the theorem of corresponding states to polar

compounds., He defined z , a parameter established in a manner similar

to Pitzer's &J at T, = 0.6.

Halm and Stiell%4 in further work on Stiel's concept produced a
complicated relationship composed of a six-member series whose terms

were lengthly functions of T,, & and -x. .

Rackett3> developed an equation which is claimed to include in
its realm of applicability non-normal liquids., Its form is:
log Vp = (1-7)2/7  1o0g z, ' (9
which was unusual in that it was solved for reduce'd spécific volume
instead of density. More important, except for the exponent, it

contained no arbitrary constants,

Spencer and Danner's investigat::‘um41 suggested that the Rackett

equation's accuracy could be improved, They therefore tested
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Rackett's suggestion that z. should be replaced by an empirical factor,
which is a modified critical compressibility factor, zyz. This

characteristic constant is evaluated by regression of experimental data.

Obviously, this approach would improve the fit of any equatidn
but the presupposition of the existence of sufficient data to perform
a curve fit eliminates the need for a predictive correlation. The value

of this contribution, therefore, must be regarded skeptically.

Gunn and Yamadal3 proposed a relationship which was also solved

for the specific volume and had the form:

¥ =v201.0 -0Vl (10
vsc

where V°r and Vrl are 1engtb1y equations explicit in T,,
V is the absolute specific volume,
G is as previously defined and

- Vge is the scaling volume defined as:

Vo.6 ,
V.. = .
8¢ 0.3862 - 0.0866 : (10b)

in which V5 g is the specific volume at T, = 0.6. While most of the

foregoing relationships require only the value of z_, to permit

c
evaluation, it is noteworthy that this last equation requires a data

point at Ty = 0.6 as does Halm and Stiel,

Correlation of Densities of Liquid Mixtures

“ Although all of the foregoing discussion has concerned ifself
with predicting the properties of pure substances, mixtures can be

treated in a similar manner. The adaptation requires the calculation



of 'pseudo-critical' properties; i.e., the mixture is treated as a

pure substance with unique physical constants.

Procedurally, a mixing rule such as that proposed by Kaylg,
Joffel® or some later modification27, is applied to produce the
pseudo-critical temperature. Kay's Rule, the simplest, is usually
satisfactory for temperature ca%;ulations and is represented thus:

Tem = 2= % Vi . (11)
in which Tep is the pseudo—criti;al temperature of the mixture,

Xy is the mole fraction of a given component i, and
Tei is the critical temperature of a given component i.

Similarly, simple mixing rules can also be applied to third parameters
(d,wofzc) with good reliability. Usually, however, Kay's Rule
will prove unsatisfactory for calculating pseudo-critical pressure
and some other method (such as those mentioned above) should be

- utilized for better accuracy.

One general word of caution remains to be offered when applying
any of the foregoing correlations., Hougen et al, in their widely-
used textl® pointed out that repofted values for the critical density
are often unreliable, Consequently, simply multiplying the calculated
reduced density by the critical will not necessarily yield an accurate
absolute value, The recommended procedure is to apply Waﬁson's
proportionality (Equation 1). This requires an absolute density
measurement (hopefully feasonably close to the area of interest),
use of the desired correlation from among the foregoing to calculate

the reduced density, and employment of the ratio of the two as a
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reference. Subsequently, when the reduced density for the desired
point is calculated, the magnitude of the absolute density may be .

more reliably obtained by multiplying it by the reference ratio.

This procedure is represented by the eqﬁation:

/01 "’ﬂ'l /%g—%z—f , (1é)

When this method is applied to mixtures, it becomes:

/&m= rm/%i:-:- | | ‘(13)

where /Oorm is the theoretical mixture reduced density at 0°K;

given by

/0”:1:; = 2,38 + 0.2 K m, (14)
and B

/Drm is the mixture reduced density at T, = T/T.,, Ppn = P/P.p, and

/0"m is calculated per the proposal of Hougen and Watsonl® (1st edition);
Om = Mn_

Vo,

(15)
where M, is the average molecular weight of the mixture,
o)
]
] VA
Vo = Z.x‘v‘ and (16)
'
vo; = M and, in turn
r
0, = o, ref ' ‘
/0 i /0 i rref ' (17
In proposing this procedure Hougen and Watson implied the

assumption of additivity of specific volumes at absolute zero,
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Definition of Non-Ndrmal Liquids

Since much has been made of the distinction between normal and
non-normal compounds with respect to the predictability of their
liquid densities, identification of each of these types of compounds

is in order.

"Non-normal" in this context is usually synonymous with "polar"
or-"hydrogen bonded". That is, most of these compounds contain a
lone hydrogen chemically bonded to a highly electronegative atom
éuch as oxygen, nitrogen or fluorine. In the liquid state such
compounds form non-chemical bonds between the hydrogen of one and

the electronegative atom of an adjacent similar molecule.

The resulting behavior of these compounds differs from that of
their chemical analogues containing less electronegative atoms by
exhibiting higher melting and boiling points and sharply differihg
entropies of vaporization. In short, a hydrogen bonded compound
behaves in a manner one Would associate with a higher molecular

weight, less volatile substance.

Examples of hydrogen bonded organics include alcohols and acids.
To a lesser extent ethers, nitriles and amines will also exhibit this
behavior. Hydrogen bonded inorganics include water and hydrogen

fluoride as well as ammonia to a lesser degree.
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PART T - COMPARISON OF AVAILABLE CORRELATIONS

PURE COMPOUND CORRELATIONS

Because a large number of the equations presented in the
Literature Review section proved too complicated and unwieldy for
'practical application, they were eliminated from consideration at
the outset of the project. Some others, such as the Spencer and
Danner modification of the Rackett equation, had no value as
predictive tools and were likewise rejected. Remaining, then, were
the Riedel equation, the Rackett equation and the variable third

parameter approach of Joffe and Zudkevitch.

Evaluation of the Riedel Equation

Riedel's correlation, as is true with most other proposed methods,
works very well for non-polar, non-associating compounds such as
hydrocarbons but exhibits appreciable inaccuracies when applied to
"non-normal" liquids. 1In light of Fhis fact, it seemed worthwhile
to explore the nature of the non-cunformance of some compounds to

the Riedel formula.

It was reasoned that if the constant and the exponent of the
third term were fitted by least squares regression instead of in the
normal manner, it would serve as a test as to whether or not the
Riedel form is a universally applicable equation (given proper constant

values) or has no value except for certain non-normal compounds.

The results of attempted curve fits on nine common normal and

non-normal substances showed that the data of several of the latter
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did indeed follow a trend which could be predicted by the Riedel

form. Examples of this group are acetic acid and acetonitrile.

However, density data of some other non-normal substances
described curves which were distinctly different from the Riedel
equation. Methanol, ethanol and water's reduced density vs. reduced
temperature plot formed a curve which more nearly resembled a

parabola rather than a Riedelian‘shape.

The obvious conclusion to be drawn is that the Riedel equation
form cannot be made universally applicable regardless of how the

constants and exponents are defined.

Table I contains the results of this study involving three
classes of compounds: "norﬁal" liquids (ethane, propane, pentane),
non-normal liquids which can be made to conform (acetonitrile,
n-propanol and acetic acid) and non—conforﬁing compounds (ethanol,
methanol, and water). The term "conforming compounds" is used to
designate ﬁhose substances whose average percent error and error
bias between actual data and the curve-fitted Riedel equation is

appreciably less than 1%.

Figures I, II and III each depict a typical and normal, non-
normal conforming, and non-conforming compound, respectively. Note
that the conventional Riedel curve is shown along with the experimental
data and the curves representing the least squares fit to the Riedel

equation.



TABLE I

REDUCED DENSITY DATA CURVE FIT TO THE RIEDEL EQUATION

91

RIEDEL ‘ RIEDEL
CONSTANT CONSTANT
MOL. RANGE OF NO. FOR PERCENT ERROR AND PERCENT ERROR DATA

COMPOUND WEIGHT Zo Ty DATA PTS, n = 0.3333... HIGH AVG, LOW EXPONENT HIGH AVG, LOW REFERENCE

Methanol 32,042 0.2202 0.5323 30 K= 2,1326 2.76 1,69 0.007 KX = 0.,7305 2,00 0.92 0,03 47
to 0,9971 n = 0.3118

Ethanol 46,069 0;2491 0.5291 28 K= 2,0596 2.62 1.49 0.16 X = 0.7051 2,32 1.01 .006 47
to 00,9988 - n = 0.3175

N-Propanol 60.096 0.2496 0.6578 20 K= 2,1741 6.25 1.01 0.015 K = 0.6956 3.45 1.01 .002 47
to 0.9996 n = 0.2900

Acetonitrile 41.053 0.1815 0.4986 21 K= 2.3302 4,12 2,33 0.04 K = 0,9317 1.95 0.49 0.027 47
to 0.9931 n = 0.3380

Acetic Acid 60.052 0.2005 0.4929 31 K= 1.9809 2.80 .46 .006 K = 0.6602 1.97 0.26 .01 47
to 0.9973 . n = 0.3155

Water 18.015 0.2294 0.4220 29 K= 2,2414 5.98 2.30 .18 K = 0.8197 6,70 2.04 0.14 7
to 0.9996 : n = 0.3339

Ethane 30.070 0.2793 0.8127 12 K= 1,7958 1.28 0.56 .14 K = 0.6334 ',56 0.25 .05 10
to 0.9997 n = 0.3519

Propane 44,097 0.2765 0.6249 26 K = 1.8353 1.03 0.45 .005 K = 0.6294 .61 0,17 .01 11
to 0.9991 n = 0,3445

N-Pentane 72.151 0.2685 0.6582 30 K= 1.9099 1.60 0.27 .016 KX 0.6582 1.11 0.37 ,003 28

[

to 0.9930 “ n 0.3393
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Although Riedel recognized the lack of validity of this correlation
for compounds which associate due to hydrogen bonding in his definition
of normality, Lydersen et al.30 apparently ignored this fact when
they employed the Riedel equation to generate their chart for saturated
1iqﬁid density. In this chart, the values presented for z = 0.23
'Qere those for water. The lack of validity of this choice can be
graphically demonstrated by plotting values for reduced density (generated
from the Riedel equaﬁion) vs, reduced temperature for various levels
of critical compressibility. If the actual data for water were plotted
on the same graph, it would be seen that, as stated before, a more
parabolic curve will result, This curve actually crosses the other
zc lines at low values of reduced temperature. It is for this reason
that Lydersen's charts should ﬁot be employed to calculate the saturated
liquid densities of compounds whose critical compressibilities are less

than 0.25.

Evaluation of the Rackett Equation

As a recent innovation, it was felt that the Rackett correlation
should justify its usefulness by proving itself a superior liquid density
model compared with its predecessors, This, of course, refers to the

Riedel equation, the only prior equation of appreciable merit.

These two equations were tested on experimental data of several
common compounds representing both normal and non-normal iiquids. The
results of this comparison are tabulated in Table II, The detailed

computer print-out is included in Appendix C.



COMPOUND
Hexadecane
Ethaﬁe
Propane
Acetic Acid
Methanol

Ethanol

Acetonitrile

Dodecane
n-Pentane
n-Propanol

Water

TABLE II

COMPARISON OF RIEDEL AND RACKETT EQUATIONS

RACKETT
NUMBER DATA REDUCED PERCENT ERROR

OF POINTS TEMPERATURE RANGE HIGH AVG, LOW
6 0.4081 to 0.5015 0.07  0.06 0.0l

13 0.8127 to 1.000 = 1.13  0.60 0.00"

26 0.6249 to 0.9991 1.68  0.64 0.00"

30 0.4929 to 0.9805 13.21 ‘5.61 0.00"

30 0.5323 to 0.9971 11.66  6.19 0.00%

28 0.5291 to 0.9988 5.90  3.48 0.00%

21 0.4986 to 0.9931 7.80  2.30 0.00%
7 0.4413 to 0.5514 0.25  0.12 0.06

30 0.6583 to 0.9930 1.64  0.29  0.00%

21 0.6578 to 0.9996 6.71  1.84 0.00T

23 0.4220 to 0.8923 11.13  6.64 0.00"

II.

* Experimental data measured in Part

RIEDEL

PERCENT ERROR DATA .
HIGH AVG. LOW REFERENCE
0.6 0.30 0.05 *
0.74 0.36 0.00% 10°
0.98 0.47 0.00% 11
7.15 2.16 0.00" 47
9.58 4.26 0.00" 47
5.4 2,96 0.00" 47
3.57 0.88 o0.00" 47
0.27 0.15 0.07 *
1.26 0.30 0.00" 28
7.51 1.50 o0.00" 47
8.23 5.38 o0.00" 7
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Of the eleven species tested, five (ethane, propane, n-pentane,’
dodecane and hexadecane) are normal liquids. As might be expected,
all of these were accurately predicted by’both equations, For the
Riedel correlation, all had average errors below 0.5% (all but one
were below 0.47) with maximum errors below 1l%. By comparison, the
kackett formula performed better for only one cémpound (hexadecane:
average error = 0,06%; méximum error = 0.7%) but was noticeable poorer
for two others (ethane and propane). In spite of these findings, it
cannot be disputed that either equation could be regarded as highly

feliable for normal compounds in this category.

It should be noted that the data for dodecane and hexadecane
were actual experimental measurements produced for Part II of the
present work, Except for tﬁese two, whose reduced temperature range
spanned only 0.1 (about 70°C), all of the data covered a 0.2 to 0.4

variation in reduced temperature and included the critical point,

Six non-normal compounds (acetic acid, methanol, ethanol,
acetonitrile, n-pentanol and water) were also tested with more
conclusive results. Although neither equation predicted the behavior
of this group of substances as well as it did the normals, the Riedel
showed a slight superiority to the Rackett (from the point of view
of average and maximum percent error) for five compounds (acetic
acid, acetonitrile, methanol, ethanol and water). At best, the Rackett

only matched the former's reliability on the sixth (n-propanol).
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Acetonitrile, it will be noted, conformed to the Riedel formula
exceedingly well with an a?erage error of only 0.88% and a maximum
of 3.577% for a reduced temperature data range of about 0.4. The
other four organics conformed to the Riedel with average errors
between 1.50 and 4,26% compared with 1.84 to 6,197 error using the

Rackett correlation.

In spite of the foregoing, one general qualification should be
made about the reéults of the non-normal compounds: simply comparing
the errors is quite misleading. Examination of the detailed results -
included in Appendix C reveals that for five of the compounds, the
error increases steadily with reduced temperature for both equations,
e.e,, a distinct, large bias exists. The conclusion to be drawn is
that any near-conformity of fhe'non-normals to either equation is
‘coincidental. Both correlations trace curves which are a pronouncedly

different shape from the trend of the data.

A word about acetonitrile's conformity should also be qffered.
It will be recalled that in the previous discussion concerning the
nature of non-normal compounds, hydrogen bonding was held responsible
for most non-normality. In the case of acetonitrile, since it has
no hydrogen bonded directly to the electfonegative nitrogen, this
effect is not possible although molecular polarity does exist. For
this reason, acetonitrile's behavior with respect to the Riedel and
Rackett formulas is more like that of a straight-chain hydrocarbon

than, say, an alcohol.
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Conclusion: Overall, a slight advantage may be assigned to the
Riedel equation for both normal and non-normal.compounds below

c = 0.25.

Joffe~-Zudkevitch Adaptation of the Riedel Equation

This new adaptation of the Riedel equation is being formally
described in this thesis as a hitherto virtually unpublished

innovation,52

Simply stated, the proponents of this method contend that no
simple coefficient derived frém a constant third parameter can
characterize a given compound over a broad range of reduced
temperature values., Accordingly, it was hypothesgized that the

third parameter should be a function of reduced temperature.

To test this supposition, the Riedel equation was rearranged

thus:

w - ﬂr -1 -0.85 (1-T,) - 1,692 (1-T,)1/3
0.985 (1-Tp)1/3

/Asz. Ty data were then introduced into the expression to generate

a plot of 9b vs, Ty,

Inspection showed that the loci of data for most compounds was
a straight line up to at least Ty = 0.8. However, beyond this
determination no generalization seemed possible. While most slopes
were relatively shallow (absolute value less than 1.0) both compounds

with positive and others with negative slopes existed among non-
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normal substances. Some of the tested liquids maintained a constant
trend up to the critical temperature while others showed a marked

tendency to level off or even pass through a maximum after T, = 0.8.

Naturally, normal compounds were very nearly horizontal in
slope --- a circumstance which validates the Riedel assumption of
a constant, temperature - independent third parameter for these

substances,

As a result of these determinations, two alternate procedures

. were evolved:

1. If a density data point is available, (It is rare that a
handbook value or good estimate of a compound's density at some
temperature is not available.) an empirical third parameter could
be obtained which would be more reliable than the parameter calculated
by the classical Riedel approach. (Note, However, that using this
single value over a broad range of T, implies acceptance of the
basic Riedelian assumption of a constant third parameter and could

still result in substantial error.)

2. If more than one data point is available, the slope of
the QD vs. T, function could be determined. In that case, the
behavior of the saturated liquid density over a broad range of I,

could be determined with considerable confidence,

For cases in which the trend of the QU vs., T, function changes

sharply after T, = 0.8, it was decide< that above this point the
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coefficient at T. = 0.8 would be used. This approach has been found to
be accurate both for compounds which maintain a constant slope up to
criticality and for those which do not, An example calculation employing

this method is included as Appendix D,

- Obviously, the varying third parameter correlation‘is most accurate
when used with compounds previously designated 'non-normal conforming"
in the discussion of the conventional Riedel equation. Note that the
Joffe-Zudkevitch procedure is similar in effect to the curve-fitting
analysis undertaken on the original correlation (see Evaluation of the

Riedel Equation).

However, this modification's major utility is‘not due so much to
its value as a predictive fool for puré compéund liquid densities as
to its utility for liquid mixture densities in which individual pure
component data are available. This will be further discussed in the

section devoted to mixtures.

Treatment of Non-Conforming Compounds

While the Joffe-Zudkevitch modification brings a number of non-
normal compounds within the Riedel equation's predictive ability,
many common compounds still elude correlation. Accordingly, attempts

" were made to define an applicable equation form,

Recognizing the parabolic properties of the data for water, ethanol,

- methanol, etc., an equation of that type was tested.

- Its form was:

Ve 1+ [4k (1-Tp)]"
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which resembles the rearranged general parabolic equation:

y = a+ EK (x+b)]1/2

Linear regression of the density data for non-conforming
compounds showed that this equation modeled compounds such as
methanol and ethanol almost as well as the Riedel predicted the
hydrocarbons. Unfortunately, as might have been expected, normal
and non-normal compounds which conformed to the Riedel equation fit

this expression rather poorly by comparison. (See Table III)

Ethénol, for instance, was one of the compounds which was
considered non-conforming even when curve fitted to the Riedel
equation (Table I). Examination of Figure III illustrates how the
experimental data fell Woll below the conventional Riedel curve and
crossed the curve of the fitted Riedel. However, it conformed
excellently to the shape of the pseudo-parabolic form. From an
" error profile of 2.32, 1.01 and 0.006 (the high, average and low
percent error, respectively) for the fitted Riedel, ethanol exhibited

a profile of 1.44, 0.56 and 0.03.

On the other hand, n-propanol, a conforming non-normal substance,
experienced an unfavorable error profile change from 3.45, 1.0l and

0.002 for the fitted Riedel to 5.03, 2.19 and 0.14 (Figure II).

Still worse was propane, a normal compound, where an error

profile of 0.61, 0.17 and 0.01 deteriorated to 2.07, 0.77 and 0.05.



COMPOUND
Water
Ethanol
Methanol
Acetonitrile
n~-Pentane
Acetic Acid
n-Propanol

Propane

TABLE III

LIQUID DENSITY DATA CURVE FIT TO THE PSEUDO-PARABOLIC FORM

NUMBER

OF POINTS

28
28
30
20
30
31
20

26

DATA REDUCED

PERCENT ERROR

TEMPERATURE RANGE HIGH
0.4226 to 0.9996 3.04
0.5291 to 0.9988 1.44
0.5323 to 0.9971 1.04
0.5351 to 0.9931 1.64
0.6582 to 0.9930 ‘1.11
0.4929 to 0.9973 2.87
0.6578 to 0.9996 5.03
0.6249 to 0.9991 2,07

AVG.
0.67
0.57
0.26
0.97
0.34
1.21
2.19

0.77

LOW

0.03
0.03
0.03

0.31

0.02

0.02
0.14

0.05

DATA

REFERENCE

N
47
47
47
28
47
47

11

‘9z
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It is nevertheless interesting that the pseudo-parabolic
equation, which is little more than the classical Riedel correlation
with the center term deleted, can be made to fit hitherto unpredictable
data. One might conclude that if some coefficient were devised for
the second term of the Riedel expression which would greatly decrease
ité-contribution for certain non-normal compounds, that equation might
become universally applicable. Speculation suggests that this coefficient
might measure the absolute value of the slopé of Joffe and Zudkevitch's
4L/vs. T, line and decrease the coefficient's magnitude as the slope
increases. Obviously, a considerable amount of testing would be

required to determine the viability of this proposal.

LIQUID MIXTURE CORRELATIONS

The only widely-accredited appfoach to predicting the densities of
liquids is the pseudo-critical property method described in the Literature
Review section. Of the mixing rules available, Kay's19 is the simplest
and is found to be reasonably effective for critical properties other

than pressure.

Accordingly, Kay's Rule was used to calculate the third parameter
for the mixture from individual component parameters. The third parameter

of interest was, of course, the ?U’of the Joffe~Zudkevitch method.

Test data for this evaluation consisted of nine binary systems

whose individual component physical property data were well established
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by literature sources. Mixture density data included four systems
whose solution densities were measured experimentally as part of the
present project. The rest consisted of various aqueous binaries

obtained from the literature.
The results of this evaluation are presented in Table IV,

A major problem with available data on the density of liquid
mixtures is the relatively narrow temperature ranges covered. In
most cases, the range of reduced temperatures tabulated for a

particular system was ohly 0.1,

As might be‘expected, systems containing water, the compound
least correspondent with the Riedel equation, exhibited the poorest
accuracy. Still, except for the binary containing acetic acid, the
disagreement between predicted and experimental data for nearly all
systems was less than 2% over the range tested, The poor performance
of aqueous acetic acid might be ascribed to the unique tendency of
this compound to dimerize (due to hydrogen bonding) in both the
liquid and vapor phase. Also, the excursion from predicted values

increased steadily with increasing acid concentration.

The excellent results of the dodecane - hexadecane (normal-
normal) binary were as expected while the agreement of the methanol-
acetonitrile, the methanol - water and ethanol‘— water binaries was
encouraging. The magnitude of the errors observed is well within the
uncertainty acceptable for use in chemical engineering design

calculations, confirming the usefulness of this correlation.



SOLUTE

Acetic Acid

Ethyl Ether
Dodecane

Methanol

Ethanol

Isopropanol

Methanol

Hexadecane

Acetonitrile

TABLE IV

TEST OF DATA AGREEMENT WITH THE JOFFE-ZUDKEVITCH METHOD

SOLVENT

Water

Ethanol
Hexadecane

Acetonitrile

Water

Water

Water

Isopropanol

Isopropanol

* Experimental data from Part II

+ Personal Correspondence

SOLUTE
CONCENTRATIONS TEMPERATURE
(WEIGHT FRACTION) RANGE(9C)
0.10, 0.30, 0 to 30
0.50, 0.75
0.4858 50 to 210
0.361, 0.651 17.2 to 89.7
0.336, 0.650, 15.4 to 50.1
0.899 4
0.10, 0.25, 10.0 to 40.0
0.50, 0.75 n
1 0.10, 0.25, 0.0 to 30.0
0.50
0.10, 0.25, 0.0 to 20.0
0.50, 0.75
0.3040, 0.616 17.20 to 70.0
0.293, 0.493 17.20 to 70.0

PERCENT ERROR

HIGH

11.20

2,81
0.35

1.14

1.88

7.03

1.24

2.66

0.78

AVG,

6.38

1.40
0.21

0.44

0.41

2.10

0.89

2.19

0.48

LOW

0.64

0. 25
0.02

0.02

0.20

0.11

0.06

1.49

0.14

DATA

REFERENCE

5

‘6T
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Only the hexadecane - isopropanol mixture was inexplicably
non-conforming. One might have expected this combination of a
normal and a conforming non-normal substance to yield better agree-
ment than a mixture of two non-conformers such as the ethanol - water

system.

"~ Although not attempted as part of the present program, the
testing of other mixing rules might be undertaken to determine if
the correlational disagreements observed might be resolved without

resorting to other correlation methods.
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PART 11 -- EXPERIMENTAL MEASUREMENTS

INTRODUCTION

Although it wés originally planned to measure the saturated
liquid densities of representative systems for broad ranges of reduced
temperature, the cost of apparatus suitable for making these determin-
ations above the normal boiling point proved prohibitive. For reasons
of availability as well as economy, therefore, the liquid pycnometer
method was chosen. Since system pressure was atmospheric and
temperatures were below the normal boiling point in all cases, the
difference between the measured values and those expected under truly

saturated conditions would be negligible.

EXPERIMENTAL METHOD CRITIQUE

Two major attributes of the liquid pycnometer test method

impaired its qualifications for use in the present program.

1. Inherent in the underlying assumptions of this method is
the condition which requires that the bath, the laboratory and the
mass balance all be at the same temperature. This immediately
restricts the experiments to a temperature range relatively close to
ambient conditions. If these conditions are not maintained, errors
would result due to the insertion of a capillary top whose temperature
(and, hence, dimensions) were dissimilar to the vial. Aléo, generation
of convective air currents by a comparatively warm pycnometer in the

balance chamber might also prove a source of error.
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2, At certain pointsvin the testing procedure, the sample is
necessarily exposed to the surroundings allowing free evaporation for
gseveral minutes, Volatile liquids might escape at this time in
sufficiént quantities to either prevent filling the capillary when it
is replaced or alter the_composiﬁion of a mixture by selective
evaporation, Because of this possibility, testing at or very near
the boiling point of the sample or one of its components would be

inadvisable,

As a result of these considerations, a modified experimental

-procedure was evolved,

APPARATUS DESCRIPTION

Equipment employed in the pycnometer method of density measurement
consisted of three major systems depicted in the diagram of Figure IX
(Appendix A): |

1. Constant Temperatﬁre Bath =- This included a 4-liter Dewar
flask filled with white mineral oil, a cooling water coil of 3/8-inch
copper tubing, a thermocap-type automatic temperature controller and a

- slave electric heater.

2, Sample Vessels -- These consisted of two pairs of Pyrex’

glass pycnometers whose volume was known in each case.

3. Monitoring Apparatus -- This category included the thermometer
which recorded the bath temperature and the electronic balance by which

each sample's mass was determined,
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A detailed equipment specification list is included in

Appendix A,

EXPERIMENTAL PROCEDURE AND DATA TREATMENT
1. With the temperature controller adjusted to the desired

level, the pycnometers are filled to the brim with the sample solution,

(Note that the classical experimental procedure requires filling only
‘half way up fhe neck. This would not allow for evaporation and

leakage in subsequeni steps.)

2. After capping, the pycnometers are immersed in the bath ub
to their necks. Deeper immersion causes the o0il of the bath to wick

up the ground-glass joint and could cause contamination of the fluid.

3. In order to avoid the inaccuracies inherent in inserting a
capillary top whose temperature is dissimilar to that of the vial,
_the capillaries are placed in a large test tube filled with the test
liquid. The test tube is then likewise immersed in the bath and

allowed to equilibrate with the samples,

4, After equilibration, the removal sequence begins with the
removal of the pycnometer caps. These are hand dried with lintless
tissue and placed in a drying chamber (i.e., a large heating mantle

set at a high tempe rature) for a few minutes,

5. When the dry caps have cooled sufficiently to be easily
handled, the capillaries are extracted from the test tube one at a

time and placed on their respective pycnometers. This operation is
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carried out employing a pair of long tweezers. The dual advantage
of this instrument is that it prevents both finger-oil contamination
as well as capillary heating/cooling resulting from skin contact.

. When inserting the capillaries, it is important to ram them home
fairly briskly. This forces the excess liquid up the tube rather

than out the neck of the vial around the capillary cap.

6. Wiping the excess liquid from the exterior of the capillary
and cap seat is accomplished as quickly as possible using a lintless
tissue, The cap is then set in place to prevent evaporation of the

liquid from the tip of the capillary.

7. The pycnometer must be allowed to cool/warm to room
temperature to prevent convective air currents during weighing, Giving
the cap a slight twist when it is placed on the vial makes a reliably

air-tight seal to prevent the escape of vapors,

8. The exterior of the entire pycnometer is wiped several

timegs to remove both o0il and debris before weighing.

Note that when the cap is removed for drying, the pycnometer
is standing open for at least 5 minutes under the best of conditions.
This can be a source of error, not only because of evaporation losses
per se, but because the sample mixture has established an.equilibrium
vapor phase in the void space of the cap. This single stage evapor-
ation could alter the composition of the liquid gradually over several

measurements when the sample is recovered for reuse,
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Practical maximum temperature for any system is 10°C below
the boiling point of the more volatile component. Practical minimum
for this study was about 159C absolute =-=- set by the available

. cooling water temperature,

Speed and dexterity are of the utmost importance in obtaining

reliable and consistant results.

For each test, two pycnometers are run at a time (both filled
with the identical solution). If the results are suitably consistent
(+0.001 g/cc combined uncertainty) the point is taken as reliable;

otherwise it is rerun.

Data analysis was a simple matter of dividing the sample mass
obtained from the procedure described above by the volume‘of the
pycnometerlat the testing temperature. This latter value was
. obtained by prior calibration of the vial with distilled water (see

Error Analysis section).

EXPERIMENTAL DATA PRESENTATION AND DISCUSSION

Five types of liquid systems were identified within the critical
compressibility range of interest (i.e., 3¢ 0.25):
Group 1. pure non-associating compounds (e.g., normal hydrocarbons),
Group 2. pure associating (i.e., hydrogen bonding) compoﬁnds (e.g.,
methanol; ethanol and acetic acid),
Group 3. mixtures of associating compounds,
Group 4. mixtures of non-associating compounds and

Group 5. mixtures of associating with non-associating compounds,
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fwo requirements dominated the choice of the actual compbunds
used in these determinations. One was the desirability of a
sufficiently high boiling point.(at least 80°C) to insure a broad
. température range for investigation (see Eiperimental Procedure
section). Also, the compound of choice should be readily and
economically available in a suitably pure form (at least 99 weight

percent) .

The data obtained during this investigation arepresented below

according to category.

Group 1, Data obtained for pure dodecane (Cj2) and for pure hexadecane
(C14) are presented in Table V and represented in Figure IV, The

high boiling points of these two hydrocarbons (215.3°b and 287°C,
respectively) made it possible to measure densities up to 90°C

(the practical maximum set by handliﬁg considerations) with relatively
" small uncertainties. Noté that the measured values of 0.7479 gm/cc

for dodecane and 0.7715 gm/cc for hexadecane, both at 22.0°C, are
suitably consistent with literaturel values of 0.7487 and 0.77331,
respectively, at 20°C. These latter points are also included on the

graph.

It will be noted that one point, that of dodecane at'17.1°C,
is noticeably at variance with the trend of the other data points.
Examination of‘the data measured during the entire program shows that
Svout of 11 points measured at temperatures less than 20°C exhibited

unaccountably high experimental errors. Apparently, a large potential
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for experimental error exists at éub-room levels which is not as
intuitively discernible as that encountered at elevated temperatures.
It could be concluded that although potential error increases with
temperature both above and below the 20;25°C‘room level, the condition

worsens more rapidly with decreased temperature.

This source of error, however, apparently diminished with practice.
Of the five erroneous points, three were generated in the first
(chronologically) seriesAof experiments (water - dimethoxyethane systems),
one in the second group (methanol-acetonitrile mixtures) and one in the
third (pure ﬁydrocarbons). No spuriou; data points were generated in

any of the four systems measured subsequently.

Group 2.. Measurement of the properties of compouﬁds in this category

- was considered largely unneceséary because of the mass of literature-
data available for substances such aé the primary alcohols, acetonitrile,

acetic acid, etc, One commercial compound, however, has received

recent attention in the 1iterature22

insofar as measurement of its
critical properties but virtually no attempt has been made to measure
the liquid density. Dimethoxyethane density data was, therefore,

measured. Results are tabulated in Table VIII and plotted on Figure VI, -

As noted before, the sub-room temperature measurement suffered.
a slight failure to conform but the 19,9°C data pbint's 0.8679
value compared reasonably well with a literature valuel5 of 0.8665

at 20°cC,
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This latter result, taken with the good conformity of the dodecane
and hexadecane measurements to the literature, gives confidence in

the inherent reliability of this experimental method.

It will be noted that, unlike the rest of the experimental measure-
ments, the data collected for pure dimethoxyethane and for its
aqueous mixtures are not utilized in Part I of this thesis. This
was due to the fact that the repérted critical properties for this

compound were found to be inconsistent with the density data.

1.22 reported critical properties for DME which resulted

Kobe, et a
in a critical compressibility of 0.2345., When, however, the reduced
densities derived from experimental and literature data are plotted

against the reduced temperature, the loci of the points corresponded

to the Riedel curve for a compound in which z. >» 0.29,

Since the data of even the most non-normal compounds lie at
least partially along the proper Riedel z, curve, one might conclude

that this eccentric behavior is due to erroneous critical constants,

Group 3., Methanol - acetonitrile, dimethoxyethane - water and
isopropanol - acetonitrile solutions of various concentrations were
measured. Results are tabulated in Tables VII, VIII & IX and
represented in Figures V, VI & VIII, respectively. The methanol-
acetonitrile series was-'naturally limited by the low boil@ng point

of methanol (64.96°C) to temperatures below 55°C (see the Experimental
Procedure section). Note that the uncertainties of this system and

for the dimethoxyethane - water mixtures are comparatively greater
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than for any other system investigated, (This is particularly true
in the latter systems where sub-room temperature measurements were

particularly unreliable.)

This fact points up the generally observed trend of worsening
‘data scatter with increased temperature, with more volatile components
and with increased concentration of the more volatile compound in a
mixture. The fact that the third system of this group ( which was
measured chronologically later iﬁ the program) exhibited this
behavior to a markedly lesser degree is brobably attributable to the

improvement in experimental technique more than any other factor,

Group 4. For the sake of comparison, various dodecane - hexadecane
mixtures were measured and are presented in Table V and Figure IV.
This provided a test system of two compounds whose pure state density

behavior followed the Riedel - Lydersen predictions faithfully.

Due to the low volatility of these hydrocarbons, uncertainties
were quite low. Also, the data points indicated a consistent trend
both along each of the constant composition curves and among the

curves themselves forming a uniform family.

Group 5. When a polar associating compound is mixed with a non-polar,
the question becomes which is the dominant effect: will the associator
induce a non-normalizing effect or will the non-associator dampen

molecular interaction?
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To answer this question, a system composed df hexadecane and
isopropanol was offered as representative of this group. Results are
found in Table X and Figure VIII, It will be noted that uncertainties
for this body of data are the lowest of all systems tested, even
though it does not contain the two least volatile compounds. (Note
that the dodecane - hexadecane system, which was run simultaneously
with this set of mixtures, possesses larger uncertainties.) This
anomaly, although possibly coincidental, may indicate a strong
surpression effect by the hexadecane oﬁ the isopropanol's volatility

providing a closer agreement of experimental results.

With respect to an answer to the question posed above, there is
evidence of unusual molecular interaction in the hexadecane -
isopropanol system as already suggested by the fact that these data
could not be predicted rgliably by the Joffe-Zudkevitch method of

Part I.

This non-normality is underscored when pure isopropanol data
from the literature and hexaaecane data from Table V is plotted on
Figure VIII., Although pure isopropanol data appear consistent with
the mixture curves, hexadecane's trend actually crosses these curves.
The internal consistency of the hydrocarbon curves of Tables V & VI
and their agreement with literature data, however, diminishes the
possibility that the hexadecane data is erroneous., Assuming the
presence of some unexpected interaction between hexédecane and

isopropanol, therefore, seems to be the only viable conclusion.
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TABLE V

MEASURED LIQUID DENSITIES OF PURE HYDROCARBONS

Temperature gm/cc

oC Dodecane Hexadecane
17.1 ’ 0.7489 + 0.0008

21.3 ‘ 0.7729 + 0.0004
22.0 ' 0.7479 + 0.0003 0.7715 + 0.0017
40.5 0.73435 + 0.00025 0.75965 + 0.00015
59.7 0.72075 ¥ 0.00015 0.74635 ¥ 0.00045

0.72045 + 0.00025
75.0 0.7089 * 0.0004 0.73545 + 0.00055
89.5 0.69815 + 0.00075 0.7255 + 0.0006
TABLE VI

MEASURED LIQUID DENSITIES OF HYDROCARBON MIXTURES

gm/cc
Temperature Percent Dodecane in Hexadecane
o¢ 36.09 65.13
17.2 0.76605 + 0,00015 0.7595 + 0.0003
31.2 0.7576 + 0,0004 0.74935 + 0.00015
49,7 0.7437 + 0.0002 0.7361 + 0.0004
70.0 0.7288 + 0.0010 0.7214 + 0.0004
89.7 0.71565 + 0.00055 0.7080 + 0.0005
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MEASURED LIQUID DENSITIES OF METHANOL - ACETONITRILE SOLUTIONS

gm/cc
‘Temperature Percent Methanol
oc 33.63 65.02 89,93
15.4 0.79095 + 0.00065 0.79525 + 0.00045 0.79595 + 0.00085
25.0 0.7826 + 0.0014 0.7851 + 0.0018 0.7853 + 0.0014
0.7826 + 0.0004 0.7856 + 0.00055
40.3 0.76885 + 0.00085 0.7724 + 0.0006 0.7749 + 0.0003
50.1 0.7590 + 0,0008 0.7615 + 0.0003 0.7659 + 0.0008
< TABLE VIIT
MEASURED LIQUID DENSITIES OF DIMETHOXYETHANE - WATER SOLUTIONS
gm/cc
Temperature Percent DME
oc 19.37 49,18 100.0
15.4 0.99395 + 0.00025 0.98255 + 0.00065 0.8685 + 0.0009
19.9 0.8679 + 0.0002
35.2 0.9858 + 0.0005 0.9623 + 0.0007 0.8513 + 0.0002
55.0 0.9748 + 0.0006 0.9479 + 0,0019 0.83025 + 0.00025
70.5 0.9660 + 0.0013 0.9374 + 0.0011 0.8129 + 0.0005
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TABLE IX

MEASURED LIOQUID DENSITIES OF ACETONITRILE - ISOPROPANOL SOLUTION

, gm/cc

Temperature Percent Acetonitrile
o¢ 29.32 49,27
17.2 0.7861 + 0.0003 0.7851 + 0.0006
31.2 0.77335 + 0.00035 0.7716 + 0,0002
49.7 0.7550 + 0.0003 0.7526 + 0.0004
70.0 . 0.73415 + 0.00085 0.73125 + 0.00095

TABLE X

MEASURED LIQUID DENSITIES OF HEXADECANE - ISOPROPANOL SOLUTION

gm/ce
Temperature Percent Hexadecane
oc 34,04 61.60
17.2 0.78095 + 0.00025 0.7774 + 0.0002
31.2 0.77025 + 0.00035 0.76645 + 0.00015
49,7 0.7538 + 0.0003 0.75155 + 0.00025
70.0 0.73515 + 0.00035 0.73385 + 0.00025
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ERROR ANALYSIS

Sour ces of Uncertainties

1. Temperature - The mercury-in-glass thermometer employed
could be read to an uncertainty of about + 0.2°C, It was graduated

in 1°C increments.

Because the ﬁinimum required thermometer immersion was 3 inches
while the pycnometer could be immersed only up to its cap (less than
2 inches), the possibility of error due to a temperature gradient
with bath depth existed, It was therefore necessary to keep‘the
agitator motor controller running at least 60% of its full scale speed.
With this precaution taken, measurements indicated that the temperature
of the bath was uniform and independent of -depth., The uncertainty
was, therefore, only as gre;t as that of the thermometer reading

itself.

The thermometer was calibrated in the standard manner, noting
its actual readings when immersed in a distilled water ice bath and
boiling distilled water, Because of the relatively small scale of
the thermometer, no more elaborate calibration method was deemed

necessary.

2, Pycnometer Volume - As previously mentioned, the sample
vials were calibrated using distilled water‘employing the same
methods described in thé Experimental Procedure section. By dividing
the resulting sample mass by the density of the water obtained from

some standard literature sourcels, the actual volume of the nominal
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10 ml pycnometer as a function of temperature was determined. This
test was run at least three times for a given vial at a given

temperature and the standard deviation of the data points calculated

n z
by the formula: ~
i S = i
_ n

where S

= the standard deviation,
n = the number of data points,
X{ = an individual data point and
;i = the arithemetic mean of all the data points.

As might be deduced from previous discussion, the calibration
point scatter and, hence, the standard deviation increased markedly
with temperature. As a result, the plotted calibration curve for a
single vial formed two straight lines of positive slo?e whose relative

vertical (ordinate) displacement increased steadily with temperature.

This temperature effect is quantified in the table below:

Pycnometer % Uncertainty
No. @ 20°C @ 80°c
1 0.026 0.040
2 0.008 0,031
3 0.016 0.046
4 0.012 0.024

Note that the relative uncertainty increased by a factor of 1.5 to

4,0 over a range of 60°C,

3. Sample Mass Uncertainty - Least consequential of the sources

of experimental error was the mass of the sample.
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A recently~-calibrated electronic balance was employed whose
scalar uncertainty was 0.0001 gm. Since two mass readings are
required per sample (tar and final), the total sample mass uncertainty

is 0.0002 gm.

Considering that nearly all samples were 7 to 8 gms, the uncertainty
due to this source of error is 0.0025 to 0.0029% a factor of only

0.05 to 0.3 of the potential error due to pycnometer calibration.

Experimental Error

As noted previously, each data point was the average of two
pycnometer tests run simultaneously. The uncertainties shown in
Tables IV through IX represent the sum of the density uncertainty due
to the volumetric error. For example, if two results were 0.7596
0.0002 gm/cc and 0.7583 E 0.0001 gm/cc, the reported result would be
the mean between the lowest possible result (i.e., 0.7583 - 0.0001 =
0.7582) and the highest (i.e., 0.7596 + 0.0002 = 0.7598) ér 0.7590.
The uncertainty would then be half the range between the two extremes

or + 0.0008.

Note that the weighing error has been ignored in this calculation
since its effect is negligible in the number of significant figures

carried.

The total error, then, for each data point would be given by:

AET = \/ (Ax)‘lv + LAY)Z K
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where AY is the uncertainty in the ordinate direction (density),
AXis the uncertainty in the abcissa direction (temperature), and

AETis the resulting total error for each mixture.

Note that AX is fixed for all data (the temperature reading is
uncertain in the same amount for each point) but Ay varies from data
point to data point but should generally increase with temperature

(given that the same pycnometer is employed throughout).
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CONCLUSIONS AND RECOMMENDATIONS

As a result of the foregoing work, several conclusions have been
reached with regard to available correlations, data sources and

experimental findings. These were as follows:

1. The simple picnometer density measurement technique can be
adapted to temperature ranges significantly above and below room
temperature with excellent results.

2. Cerﬁain associating compounds such as water, ethanol and
methanol cannot be made to conform to the Riedel equation no matter
how the constants are’defined.

3. The Rackett equation is inferior to the Riedel correlation
in accuracy and breath of application to chemical systems.

4. The Joffe-Zudkevitch modification of the Riedel equation
increases that correlation's ability to predict the behavior of some
non-normal liquids.

5. The Joffe-Zudkevitch method is reasonably reliable (maximum
error £_ 3% for most systems) for predicting binary liquid mixture
densities for all systems tested except aqueous acetic acid.

6. The Lydersen generalized physical property charts are erroneous
and should not be used to calculate saturated liquid densities for
compounds whose critical compressibility is below 0.25.

7. Eliminating the third term and redefining the coefficient
and exponent of the Riedel equation shows promise as a correlation for

non-normal compounds.
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8. The critical properties reported by Kobe, et al.22 for
dimethoxyethane appear inconsistent with the density data obtained
both from other literature sources!’® and from the data measured in

this work.

From these and other observations, the following suggestions are

offered to further the investigations undertaken in this thesis:

1. Attempts should be made to find a mathematical device to
diminish the effect of the second term of the Riedel equation with
a view of making that equation universally applicable.

2. Other pseudo-critical property mixing rules besides Kay's
Rule should be tested for predicting liquid mixture densities,

3. Attempts should be made to experimentally generate more
binary liQUid mixture data for compounds whose critical compressibility
1s below 0.25. Equipment capable'of measuring saturated liquid densities
at elevated pressures will be required to permit study of a sufficiently
broad temperature range.

4., Saturated liquid density data should be generated for 1, 2 -
dimethoxyethane with a view to resolving the contradiction between

presently available critical property and liquid density data.



10.

11.

12,

13.

14.

55.

REFERENCES

Ambrose, D., and Sparks, C. H. S., 'Thermodynamic Properties of
Organic Oxygen Compounds,' Part XXVII, Jour. Am. Chem, Soc., 9,
(1971).

Ambrose, D., and Townsend, R., "Thermodynamic Properties of Organic

. Oxygen Compounds,'" Part IX, The Critical Properties and Vapor

Pressures, Above Find Atmospheres of Six Aliphatic Alcohols, Jour.
Chem. Soc., 3614, (July, 1963).

Brydon, J. W., Walen, N., Canjar, L. N., '"Thermodynamic Properties
of n-Pentane", Applied Thermodynamics, Symposium Series No. 7,
49, 151,

Castellan, G, W., Physical Chemistry, p. 484-486, Addison-Wesley
Publishing Co., Reading, Mass. (1964).

Chemical Engineers Handbook, 4th Edition, p. 3-100, McGraw Hill
Book Company (1963)..

Chiu, C. H., Hsi, J. A,, Ruether and Lu, B. C, Y., "A Generalized
Correlation for Predicting Saturated Liquid Densities of Mixtures',
The Canadian Jour. of Chem. Eng., 51, 751 (December, 1973).

Combustion Engineering Steam Tables, Engineering, Inc. (1967).

Danijels, F,, Williams, J. W., Bender, P., Alberty, R, A, and
Cornwell, C., D., Experimental Physical Chemistry, 6th Edition,
p. 90-91, 452-453, McGraw Hill Book Company (1962).

Danner, R. P. Personal Communication with D. Zudkevitch (March, 1968).

Douslin, D. R., Harrison, R. H., 'Pressure-Volume-Temperature
Relations of Ethane', Journal of Chemical Thermodynamics, (preprint).

Eubank, P. T., Das, T. R., Reed, C., O., 'Thermodynamic Properties
of Propane Parts I and II", API 44 Research Report, Texas A&M
University (1971).

Francis, A. W., "Pressure - Temperature - Liquid Density Relations
of Pure Hydrocarbons', Industrial and Engineering Chemistry, 49,
10, p. 1779-1786 (1957).

Gunn, R, D., and Yamada, T., "A Corresponding States Correlation of
Saturated Liquid Volumes', A.I.Ch.E. Jour., 17, 1341, (1971).

Halm, R. L., and Stiel, L. I., "Saturated Liquid and Vapor Densities
for Polar Fluids", A.I,Ch.E, Jour., 16, 3, (1970).




15.

16.

17.

18,

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

56.

Handbook of Chemistry and Physics, 53rd Edition, p. F-5, Chemical
Rubber Company (1973).

Hougen, O. A,, Watson, K, M., and Ragatz, R. A,, Chemical Process
Principles, Part II, Page 577, 586, John Wiley, N, Y. (1959).

‘International Critical Tables, Vol. III, McGraw Hill, N. Y., (1928).

Joffe, J., Industrial and Engineering Chemistry, 39, 837 (1947).

Kay, W. B., Industrial and Engineering Chemistry, 28, 1014 (1936).

Kobe, K. A,, Crawford, H. R., Stephenson, R, W., 'Critical Properties
and Vapor Pressures of Some Ketones', Ind. Eng. Chem., 47, 1767, (1955).

Kobe, K. A., and Lynn, R, E,, Chem. Rev., 52, 117, (1953).

Kobe, K. A,, Ravicz, A, E., and Vohra, S. P., Jour, of Chem. Eng.
Data, 1, 59 (1956).

Kobe, K. A,, Matthews, J. F., 'Critical Properties and Vapor Pressures
of Some Organic Nitrogen and Oxygen Compounds', Journal of Chemical
and Engineering Data, 15, 1 (1970).

Kudchaker, A. P., Alan, G. H., Kwolinski, B. J., "The Critical
Constants of Organic Substances', Thermodynamic Research Center,

Department of Chemistry, Texas A&M University, College Station,

Texas (1968).

Lange, N, A., Handbook of Chemistry, 10th Edition, Revised, McGraw
Hill, New York (1967).

Leland, T. W., '"Note on the Use of Zc as a Third Parameter With the
Corresponding States Principle’, Ind. A.I.Ch.E. Jour., 12, 1227
(1966).

Leland, T. W. and Mueller, W. H. "Application to the Theory of
Corresponding States to Multi-Component Systems', Transactions of
A, I,Ch.E, Meeting, Atlantic City (March, 1959).

Li. K., Canjar, L. N., '"Volumetric Behavior of n-Pentane', Applied
Thermodynamics, Symposium Series No. 7, 49, 147.

Lu, B. C. Y., Ruether, J. A,., Hsi, C., and Chiu, C. H., 'Generalized
Correlation of Saturated Liquid Densities", Jour. Chem. Eng. Data,
(July, 1973).

‘Lydersen, A, L., Greenkorn, R. A.,, and Hougen, O, A,, 'Generalized

Thermodynamic Properties of Pure Fluids", University of Wisconsin,
Eng. Exp. Sta. Rept. No, 4, (October, 1955).



31.

32,

33.

34,

35.

36.

37.
38,

39.

40.
41,
42,

43,
44,

45,

57.

Martin, J. J., Thermodynamic Transport Properties of Gases,
Liquids and Solids, p. 110, American Society of Mechanical
Engineers and McGraw Hill Book Co., New York (1959).

Othmer, D. F., and Sze, A,, '"Liquid Densities at Saturation-
Correlation and Prediction' - A paper presented at the Detroit

Meeting of the A.I.Ch.E., (June, 1973).

Pagsut, C. A., and Danner, R. P,, '"Acentric Factor, A Valuable
Correlating Parameter for the Properties of Hydrocarbons'", Ind.

Eng. Chem. Process Des. Div., (July, 1973).

Pitzer, K. S., Lippmannm, D. Z., Curl, R. F., Jr., Huggins, C. M.,
Petersen, D. E;, Jour. Amer, Chem. Soc., 77, 3433, (1955).

Rackett, H. G., "Equation of State for Saturated Liquids", Jour.
Chem. Eng. Data, 15, 514, (1970). '

Rackett, H. G., Journal of Chemical Engineering Data, 16, 308
(1971).

Reid, R. C., and Sherwood, T. K., The Properties of Gases and
Liquids, Second Edition, P, 89, McGraw Hill, N, Y. (1966).

Riedel, L., 'Die Flussigkeitsdichte in Sattigungszustand', Chem.
Eng. Tech., 26, 259, (1954).

Riedel, L., "Eine Neue Universselle Dampfdruckformel-Untersuchungen
uber eine Erweiterung des Theorems der Ubereinstimmenden Zustande',
Chem. Ing. Techn., 26, 83 (1954). '

" Schnaible, H, W., and Smith, J. M., "Thermodynamic Properties of

Ethyl Ether", Chem. Eng. Progr. Sym., Ser., 49, No. 7, 159, (1953).

Spencer, C. F., and Danner, R, P., "Improved Equation for Prediction
of Saturated Liquid Density', Jour. Chem. Eng. Data, 17, 236, (1972),.

Stiel, L. I., "Extensions of the Theorem of Corresponding States',
Ind. Eng. Chem., 60, (5), 50, (1968).

Stiel, L. I., "A Generalized Theorem of Corresponding States for
Thermodynamic Properties of Nonpolar Fluids', Chemical Engineering
Science, 27, 2109, (1972). ‘

Stipp, G. K., Keller, R. M., Jr., and Stiel, L. I,, "The Compressibility
Factor of Polar Fluids in the Gaseous and Liquid Regions'", Paper 31-B
A,I.Ch,E, Meeting, N, Y., (Nov. 26-30, 1972).

Thompson, W. J., and Braun, W. G., "A Molecular Association Factor
for Use in the Extended Theorem of the Corresponding States',
Proc. Div, of Ref. Am. Pet, Inst., 48, 477, (1968).




46.
47.

48,

49,

50.

51.

52.

58.
Tang, W. K., M. S. Thesis, University of Wisconsin (1956).

Timmermans, J., Physico Chemical Constants of Pure Organic
Compounds, Elsevier Pub, Co., N. Y. (1965).

Timmermans, J., The Physico Chemical Constants of Binary Systems
in Concentrated Solutions, Vol. 2, Interscience, N. Y., (1966).

Watson, K. M., Ind. Eng. Chem., 35, 398, (1943).

Yamada, T., and Gunn, R. D., "Saturated Liquid Molar Volumes,
The Rackett Equation', Jour. Chem. Eng. Data, 18, No. 2, 234,
(1973).

Yen, L. C., and Wood, S. S., A,I.Ch.E. Jour., 12, 95, (1966).

Zudkevitch, D, and Joffe, J., 'Correlation of Liquid Densities
of Polar and Non-Polar Compounds and Their Mixtures', AIChE
Symposium Series, (1974) not yet published.




APPENDIX

EXPERIMENTAL EQUIPMENT

59.



60.

EIGURE IX
WIPEIT DIAGR!
—]
TEMPERATURE
? R — CONTROLLER
AGITATOR
ELECTRIC
HEATER
COOLING
| COOLING
HATERIIL, L?\‘ /;::-———’-—— WATER OUT
’-j
N N
N N
COOLING COIL NN \
N N
N N
TE!;PRggéTURE 3 R R E
N E PICN
N RN
N NS
X N
N | |
N AN < DEVIAR FLASK
%




61.

APPARATUS SPECIFICATIONS

"Electronic Relay' Temperature Controller

Manufacturer: Precision Scientific Company,
Chicago, Illinois

Catalogue Number: 62690

Serial Number: 10-5-8
Maximum Load:. 1650 watts
Agitator
Type: 3-inch diameter stainless steel propeller

Agitator Motor

Manufacturer: Gerald K, Heller Company, Baltimore,
Maryland ;

Model Number: 2760 variable speed motor

Type: NSH-12R

Serial Number: 1606974

Maximum Torque: 5.4 in-1bs

Motor Controller

Manufacturer: Gerald K. Heller Company, Baltimore,
Maryland

Model Number: 2T60

Type: Reversible, chromatic (vacuum tube)

"Powerstat' Variable Automatic Transformer

Manufacturer: ' Superior Electric Company, Bristol,
Connecticut

Type: "Powerstat "

Model Number: 3PN116B

0~140 V output, 50-60 Hz single phase
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Pyrex Dewar Flask (approximately 1 pallon)

Thermometer (Mercury-in-Glass)

Manufacturer:

Immersion:
Range:
Graduation:

Electronic Balanbe

Manufacturer:

’Serial Number:

TIype:

Capacity:
Pycnometers

Manufacturer:

Size:

Catalogue Number:

Iype:

Walter H. Kessler Company, Inc.
3 inches
10 to 150°C

1°C

Mettler Instrument Corp., Hightstown,
New Jersey

172242
H15

160 gm

Scientific Glass Apparatus Company,
Bloomfield, New Jersey

- 10 ml nominal

JB2530

Pyrex glass with cap
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=55
=70
., 69
=, 72

TEM RED

L6249
L6490
L6760
7030
(7301
L7571
.7842
8112
.8382
.8653
.8923
L9194
9464
,9599
9734
9762
L9789
L9816
L9843
.9870
.9897
.9924
,9951

.9964.

,9978
,9991

*99



N=PENTANE DENSITY DATA FRUM LITERATURE**%

TEMP

36,08
37,79
43,34
48,90
54,45
60,01
65,56
71,12
T6.68
82,23
87,79
93,3y
58,90
104446
110,01
115,57
121,12
126468
132425
137.79
143,34
148,99
154,46
160,01
165,57
171,12
176,68
182,23
187,79
193,34

EXP DEN

26095
6072
26008
25944
15876
5814
«R753
2156814
25624
15596

' 5495

vHd2y
25351
15280
15208
5128
5047
24969
«UBBS
W 480Y
24709
vlloll
24507
w4396
sl267
4113
e 3956
23765
3516
03131

RACKRETT

+6UBH
W 6UBT
«6U0B
05948
5887
05125
25762
v5698
05632
5566
« 5497
w5427
« 5355
5281
25205
5126
05045
24961
4”73
24782
w086
e 4585
4477
462
4237
W 4u99
» 3943
13761
03531
03182

ERROR

.17
09
20U
=, 07
.019
-,20
-, 16
-.25
"015
‘.17
-.014
=, 09
w07
-, 02
.06
204
204
o 16
24
48
249
W57
.60
.,8
o7
0 34
.33
W 11
LEIL R
1,64

RIEDEL

,6086
(6068
,6008
.5947
,5886
,5823
,5760
5695
5628
,5561
,5422
5349
5275
.5199
5121
,5040
L4956
L4868
J4777
L4682
4581

JH4TY

L4359
JH4234
L4097
03941
3758
03526
3171

ERROR

2 15
07
200
06
17
16
,11
19
'08
209
04
«03
09
17
.lﬂ
15
27
‘58
058
266
o 74
» 84
.77
qu
38
W18
w28

28 13 121

TEM RED

6583
6619
(6737
, 6855
L6973
.7092
.7210
.7528
T4
L7565
,7683
.7801
,7920
.8038
.8156
,B275
,8393
,8511
.8629
.B747
L8866
.8984
,9102
,9220
,9339
L9457
.9575
L9693
.9812
.9930

*L9



DODECANE EXPERIMENTAL DATA%x%»

TEMP EXP DEN

17.10
22,00
40,590
59,70
59,70
75:00
89,50

L7489
27479
o 7344
27207
2+ 7204
v 7089
06982

RACKETT

7508
27473
07339
» 71948
2 7198
07083
06972

ERRUR

-.35
U8
106
209
2«08
13

RIEDEL

7506
L7474
L7348
7214
L7214
£ 7105
27000

ERROR

",23

W07
o} 05
-, 09
=o13
me23
w, 27

TEM RED

La413
L4488
L4769
L5061
5061
.5293
5514

*89



HEXADECANE EXPERIMENTAL DATAA%x*

TEMP

22,00
21,30
40,50
59,70
75,00
89,50

EXP DEN

W 7715
27729
+ 7596
17463
o 7354
27255

RACRETT

07720
27724
7596
» 7466
2« 71360
+ 7258

ERROR

.'06
2«06
U1

-.05

"07

=, 09

RIEDEL

7721
J7725
. 7609
L7490
7394
L7301

ERRUR

=, 08

» 05
=, 16
’.35
63

TEM RED

4081
4072
4337
L4603
L4814
2015

*69



METHANOL DATA FROM LITERATURE &%

TEMP

200
10,00
20,00
30,00
40,00
50,00
60,00
70,00
B0400
90,00

100,00
110,00
120,00
130,00
140400
150,00
160400
170,00
180,00
190,00
200,00
210,00
220,00
225,00
230,00
232,00
234,00
236,00
238,00
238,50

EXP DEN

8100
»8008
e 7915
27825
« 7740
7650
2 7555
27460
27355
07250
e 7140
27020
«eb6900
26770
e 66490
16495
06340
16140
25980
08770
«5530
5255
(4900
YA
s4410
20295
4145
2 395%
03705
03635

RACRETT

+ 8155
«8U36
«e7792
s 1064
» 7539
w 1408
07275
+7138
.6998
, 6454
26706
6553
6394
6229
26156
$ D874
25682
22476
205753
« D007
w4727
e 4391
« 4189
0 3944
2326
+ 3689
03522
3291
5211

ERRUR

=, 68
-, 35

2«00

W42

299
1,46
1,94
.48
295
IH47
4,00
ded7
5203
S«55
6,19
6,76
7,34
Te76
8,42
8,96
9,46
10,06
10,38
10,490
10,58
10,95
11,00
10,95
11,19
11,66

RIEDEL

08131
8024
7915
. 7804
27690
W 71574
7456
o 7334
» 7209
s 7081
6948
,6811
5669
6521
06366
6203
26030
846
5648
05431
«5188
4908
L4567
L4356
4096
3970
03821
0 3637

03377

,3287

ERROR

-, 38
-, 20

» 00

27

164

299
1,31
1,69
1,98
2.34
2,69
2,98
3,35
3.69
U.l5
4,50
4,88
5,09
555
5,88
6,18
6460
6,80
6,82
T.11
T.517
7,81
8,04
8,84
9,58

TEM RED

5323
.5518
5713
,5908
.6103
L6297
L6492
L6687
,6882
7077
JT7272
ATy
JT662
.7856
,8051
L8246
LBuu1
8636
R831
,9026
L9221
L9415
L9610
.9708
,9805
L9844
.9883
.9922
9961
.9971

*0L



ETHANOL DATA FROM LITERATURE®A*

TEMP EXP DEN

200
10,00
20,00
30,00
40400
50,00
60,00
70,00
B0,00
90,00

100,00

110,00

120,00

130,00

140,00

150,00

160,00

170,00

180,00

190,00

200,00

210,00

220400

230,00

240,00

241,00

242,00

242,50

+8062
e 7979
27894
7810
w7722
27633
e 7541
7436
«73548
07251
w7157
27057
26925
e 6789
66031
06489
6329
16165
5984
15782
05568
05291
24958
s 4550
03825
23708
s 3546
3419

RACKETY

WB111
£ 8004
2 7594
o7782
2 15969
e 7553
0 7434
07513
27189
s 7ub1
+ 6930
26794
6054
06509
2« 6358
«h200
:6(_)53
5857
e Sh6H
a5u6d
257240
24986
W H4hBE
4502
23051
05529
03561
23236

FRROR

=61
-, 31

« 00

0 35

069
1,05
1,42
1,66
2.17
2.62
3,18
3,72
3,91
4,12
4,12
4,46
Uab7
5,00
5.28
5.50
590
5477
5,48
5245
4,56
4,76
5.21
533(’

RIEDEL

.8105
8001
,7894
7786
V7675
L7562
LTU4T
.7329
L7208
L7084
, 6956
,6825
,6688
L6547
L6400
L6245
L6083
,5910
5725
5524
5302
+5050
LH750
L4359
,3679
e 3549
23369
3233

ERROR

-,53
27

TEM RED

5291
L5UBS
5678
,5872
W6066
L6260
L6453
L6647
L6841
L7034
7228
LT422
L7615
.7809
.8003
8197
L8390
L8584

8778 .

.8971
,9165
L9359
9553
L9746
,9940
,9959
.9979
,9988

"TL



ACETONITRILE DATA FRUY LITERATURE®**

TEMP

212434
213,46
218,83
223,15
227472
232,61
236,52
240,50
243,04
24577
249,02
252,01
262,00
2ouely
266,61
269,00
269,98
270,92
20,00
25,00
200

EXP OEN

25340
»5301
05147
5066
24983
214863
W 4756
U637
2 4594
04527
g 4403
04291
23942
+379%
23654
e 3502
03425
23355
2 7856
27770
» 8035

RACKETT

29340
«5315
05191
W SUBT
24973
s 4tidd
v4736
et
4544
o 4usT
4549
#4243
2 3820
e 3706
e 3560
+ 3591
033140
05222
« 84907
« 8342
« 8662

ERRUR

W00
".26
», 85
o 41

w21

« 38

W 41

35
1,09
1.5“
1.23
113
2485
2,38
2,56
3,17
3.37
3,97

"7.01
.7Q36
-7.80

RIEDEL

<5340
.5317
,5206
112
05007
L4888
L4788
L4678
L4605
L4521
LU616
L0311
.3883
3763
,3608
3424
3334
3235
,7828
7779
,8018

ERROR

200
-, 31
=i,15
-’91
=49
-.52
=,66
-, 89
"-QZS
12
=, 29
= 47
1.26
087
1,26
2,23
2,66
3.57
36
»,12
s2l

TEM RED

JRBA2
8882
L8980
L9059
9142
9232
«9303
9376
9422
L9472
« 9531
.9586
9768
.7808
9852
9896
.9914
<9931
«9351
2442
4986

AA



N=PROPANOL DATA FROM LITERATURE

TEMP

80,00

90,00
100,00
110,00
120,00
130,00
140,00
150,00
160,00
170,00
180,00
190,00
200,00
210,00
220400
230,00
240,08
250,00
260,00
263,15
263,50

EXP DEN

07520

27425

27325
27220
o 7110
16995
06875
6740
26600
06450
26285
o110
«5920
5715
25488
25230
04920
14525
e 3905
23450
03380

o 1571
0 7450
0 7325
07197
o TUBS
6929
«6789
26hH3
26491
6332
26165
+ 5988
«5799
«5594
29569
25115
s 4814
v 4u3s
a 3810
03311
23153

RACKETT ERROR

'.‘68
~,33
2« 00
32
63
.94
1,25
1,44
1.65
1,82
1.91
1,99
2,04

2411

2.11
2e20
Celb
1.99
2443
4,04
6s71

RIEDEL

7564
L7446
7325
,7201
7073
L6941
6804
,6663
, 6515
6360
,6197
L6024
5839
5638
5416
,5164
L4862
L4479
¢ 3830
. 3296
3126

ERROR

-.Sq
-, 28

200

27

52

o 77
1,03
1.15
1,39
1,39
1,40
1.37
1,35
.26
1.27
1,17
1,03
1,92
4,47
T.51

TEM RED

. 6578
L6764
6951
21137
7323
L7510
. 1696
.7882
L8068
. 8255
Budl
8627
.8813
29000
9186
29372
29560
9745
.9931
9990
9996

€L



ACETIC ACID DATA FROM LITERATURE wax

TEMP

20,00

30,00

40,00

50,00

60,00

70,00

80400

90,00
100200
110,00
120400
130,090
140,00
150,00
160,00
170,00
180,00
190,00
200,00
210,00
220,00
230,00
240,00
250,00
260,00
270,00
280,00
290,00
300,00
310,00

EXP DEN

1,049%
1,03%92
10284
1,0175
120060
29948
29835
19718
¢ 9599
29483
29362
09091
B963
28829
28694
28555
18413
«B26S
WR109
e 7941
27764
« 7571
7364
271306
26900
06629
v63534
« 5950
v5423

RACKETT

1,0491
1,09%59
10225
1,0090
09952
«9H13
9072
09529
09384
« 9236
» 7085
« 8932
08776
08616
« 8452
+ 8285
«8113
279456
« 1753
7564
0 1567
e 7161
6916
eb718
264TY
p6211
D922
05595
09209
04707

ERRUR

«00
.52
57
284
1,07
1,35
1.65
1,94
224
2.61
2+95
3,28
3,47
3,87
Q.26
4,71
S5.17
Se67
by,20
6,73
T+23
T«76
8,26
8,78
9,28
9,98
10,67
11,67
12,46
13,21

RIEDEL

1,0491
1,0379
1,0264
1,0148
1,0031
L9911
,9789
L9664
,9538
,9408
,9276
L9141
29002
,8860
8713
,B8562
LBU06
,8245
WB0O77
.7902
W7718
, 1525
27320
L7101
6865
6606
W6317
5983
5579
D035

ERROR

000
13
0 19
226
229
37
W47
’55
W64
.79
92
1,02
98
1.15
1,31
1,52
1.74
2,00
2,28
2456

2.81

3,08
3,31
3,57
3,80
4,26
“'71
5.54
6,23
7,15

TEM RED

L4929
,5097
.5265
J5433
.5602
,5770
.5938
.6106
6274
L6442
0610
L6778
L6947
L7115
.7283
L7451
L7619
ALY
.7955
L8124
,B292
L8460
.8628
8796
,B964
.9132
.9301
L9469
.9637
L9805

"L



WATER DATA FROM LITERATURE**x

TEMP

000
10,01
26,68
3779
S4,46
65257
B2+23
93,34

111,12
122,23
137,79
148,90
166,68
177.79
193,34
204446
222423
233,34
248,90
260,00
277,79
288,90
304,46

*XkPROGRAM END#x%

EXP DEN

299856
09986
29955
+9919
09848
219790
09691
29617
29488
09400

09268

29169
«8994
2+ 8884
«8715
2 B58Y4
18218
28000
. 7832
07536
27333
«7021

RACKETT

1,0083
29986
W FH21Y
«9710
.9541
e 9u2h
e 9251
09132
8938
8R14
« 8637
«8508

" 28296

«8159
o 7962
e 7817
e 1577
'7ﬂ20
e 7191
o 71020
26729
« 6534
06239

ERRUR

=98

'00
1434
2910
3,12
3,72
4.50
5,04
5.79
6,23
6481
Te21
T.77
Be16
8,64
8,93
9,41
9,71

10411
10,36
10,71
10,89
11,13

RIEDEL

1,0076
L9986
,9834
L9731
,9575
,9468
.9306
,9195
29015
,8899
,B734
,8613
8414
,8285
.8100
,7963

W 1734

. 7585
7367
W7202
,6921
L6731
L6443

ERRUR

=90

200
1.21
1,89
2,78
3,29
3,97
4,38
4,99
5.33
S5.76
6,07
6,45
6,74
T.06
7,24
7.53
7470
7,92
8,04
Bel6
8,20
8,23

TEM RED

L4220
L4374
Lu632
L4804
.5061
,5233
L5490
5662
.5937
L6108
L6349
6520
L6795
L6966
JT207
L7378
L7653
.7825
.8065
.8237
.8511
.8683
.8923

‘6L



APPENDIX

o

COMPUTER RESULTS FOR LIQUID MIXTURES USING THE

JOFFE -~ ZUDKEVITCH METHOD

76,



00401
00103
00404

00405

00405
00408
00107
00140
00810
001y
00142

00113

00115
060113

00316
00316

00134

00134

00433

00490

L

2a

Ik
U

»

ok

e
0¥
10%

1w

2%
13y

{én
i%w
i
17
189

9w

20%

B

BIMENSION Tufa3thQC(P§fXﬁffzégPhGF€43v REF£83a3&Cs3 :
DYIAENSION ®DE23 50D Kﬁﬁ?;?ﬁﬂi?)a%LPH{E};Y&&BJyTKTLECEQBgVS(Z)

10 FORMAT(OFE, 1)

200 FUR%AT‘&Xyi?rfP')qX THBY FRAGY,2X o FEXP DEN?2X, PCALC DENY /2K, YERRD

IRV A, VERYT TEMPI 2%, *Q&N Ztﬁﬁ‘srX;'ALPHA‘;? TR MIX'/J
30 FORMAT(Z0R:) ; .
150 FORMATLV 2 //20R4077)

590 FORMAT I, 76 @ugﬂﬁpg&gﬁygf‘y?é 5‘3;@‘»{;%’& Q;Es{,%"‘b.hﬁx,?é,?ﬂx;?é Bs2Xs

LFRadyaX,trh b))
400 ?QQ%ﬁTKJ/*R%?WQvaﬁ“ ?%Q**’)
NO=2 ;

300 READ 30,TITLE |
WRAREAD COMPONINT CONSTA HTS#RACRIT TOMR,CRIT DEN NSITY,MOL: WET, REF DENSITY

REF TEWP. SLOPE LOF UMEGA V3 TROLINE

READ 10,(T0(x }fkﬂwCi B;XM (N3 RAURER g TRE @Q%ﬁpﬁhf\laﬁaﬁtNﬁ)

waDATA TEST

IFCTCOLIIBE0, 350,40
49 EYOm0 L0
PRXNT ibu;?fTai
PRINT 200 :

TLL



00140
pogaa
“00Lu%
00446
geL4y
00150
00154
0152
00153
00154
00155
60155
001548
064156
p04b0
00§65
001653
00570
00871
poy72
00473
00474
00474

00175

GOL76
26577
0200
. Ga200
goaey
0204
00203
00210
09211
0g2id
00213
S00214
00215

$0247

GO0
pezad

s

poaze

0§P$J

gg2a%

LEES
$0224
00223
D644
Q0244
00243
00244

aLe
2o

aze

24
25
2bw
27«
28w

29%
EULE

S

35k

3w
34w

354

LT

BT
38%
39
4o
LR L
42w
B3
44%
45%
Yen

LY L
4a#

L9
50%
S1w

G2%

B
S4w%
584
BEh%

574

BEw
Bow
L%

biw
b2

L3

ﬁ&’é'&f:
L%

phH

&7

68
59%

70%.
Tin

. ¢ AARCONSTANTS PREPARATION® A%

DO 50 JmisND
CRRRERHOR(JI/RHOCES) o
'TRR(J)B(TR&F(J)é273,1b}/(”ﬁfdﬁia73 15)
FACRL U=TRR{J)
XMUNSRRR=Y , Onl BEaF i"ni é?ia*rAC#*ii 673,03
XDENZQ,0BU6%FALCR%(1,3/3,0)
.WDP(J3aXNUM/xS:N _
ALRES , 80844, 9?3*%@*&3)
RROR2,384¢, E*akﬂ
QQaEHQRRHLﬁ{JQfRPR

g wAwADLAR VOLUME AT ABSILJTE ZERD#Aww

B VO(JIEXMA{S I /RO

CanxREAD DATARRADENSITY)HEIGHT FRACTIONoTEMPERATURS

$000 READ 10,RHO, XML, TERP
IF(RAOIZ00,300,80

€ a%wOLE FRACTION CA»CUQ\TIGNﬁ**'

S XMEE],0mXM1 1
vwczaacx 1/XM*(3)BJCX%i/XMA{1)¢XMa/XMN€aJ)
yM{2y=y, 0eYMLL] .
VozaYH(i)*VDCi)#?ﬁtﬁiﬁvotz) j,“'
XMAMaYMLLIAXAMWEL S aYM2 aawx.w( 2y

c**aMIXYLRr DENSITY AT ZEAD ABSOLUTE

TOUROMERMAMAYOM S
TARTENPS2T3,15
TONED L0
LLH%0,0

GaA*MIXTURE "ALPHA AND CRIT TEMPERATURE CALCULATION&##

DO L00 MeiNQ
CTReTAZ(TO{MI+273, 459
Y70, 8&7R}65:90990
83 TR=0.8 - . ;
89 Wn{”):w AIMYSL (M3 eI TReTRR{M)Y
ALPH{MYBE 80854 923%uD M)
ALMBEALMPALPH M) eV {M])
ﬁci?ﬂt*aéz?E@:5>%¥ﬁ{%3
$00 TOMeTOM4P :
iRP ?Af?un
FAL®RL 0= TRP
CARRRIEDEL EQUATION®w% .
RORERL 090G, 85%FACH{0, 8340, 3*%LH$v%&C®*(§ 0754 03
HQRM@E.3B*0‘ ZERALM
O RDOSRORERROM/RGRHM L
ﬁ ﬂ*ﬂrEQCPNé ERROR CALCULATION® %=
i RUIFEIRG Q“hﬁ&‘;ﬁhadiuﬁﬁg
g wuRESULTE PRINT DUTwus

PRINT S00, TEHP; XM1sRH0 ROC, PDIF, TCH,ROH, ALM TRR

) 50 TO 4000
‘380 PRINT 400
sToR
END

END OF COWPILATION: ~ NO DIAGNDSTICS.

RATE c42874

*8L



ETHANOL®WATER LITERATURE DATA%w

TEMP

10,00
20,400
25,00
30,00
40,400
10,00
20400
25,00
30,00
40,00
1000
20,00
25,00
30,00
40,400
10,00
20400
25,00

30,00

40,00

WGT FRAC EXP DEN CALC DEN ERROR

210090
e1000
21000
03000
«1000
28500
02500
8500
12500
s 2500
»5000
+5000
25000
+5000
5000
27500
27500
27500
07500
17500

‘#PROGRAM END®*

0978739
«9319
204
09787
9747
s 9A67
29617
29589
295614
09499
o 9216
09138

29099

09058
28975

o BbUY
.+ 8556
08913

o 8RT70Q
28384

,9878

29788

9743
29697

29605
29593
29503

29458

274143

97324
e9121

29031

2 89585

28939
28847

» 8623
08530
48482
+B43S5

.8338

.398
'.309

v, 625

w921
'1.“59
w764

wi 182

w{ 372
”1;550

wi B76
'”3;03&

i, 179
?1;246

-y 309
-l 425

ma202

w312

‘Q‘365

YT -¥
-y 508

GRIT TEMP' DEN ZEROD ALPHA TR MIX

61,84

641,84
641,84
641,84

644,84

632,49
sz.lq

632,19
632,19

' 632.tq
610,46

610,46

610,46

610,46
610446

576,455
576,455
576,55
576455
576,55

1.2182

{.2182
12182
1,2182
1.2182

121877
11877

1.4877
1.1877
1.1877

{1400
1,1400

141400

1e1400
101400
140961
1,0961
1409614
fa0964

1,0968.

7,1924
7,2846

73307
To3767
‘To4689

721920
7{2816
T3264

Te3712

7,4608
744910
77,2749
73168

73587

T,4425
721896
742643
73017

Te3394

T.64139

Y LYYS

W 4567

e Hb4YS

W U723
04879
HAT9
4637

w4716
94795

24983
#4638
oHB802

4884
4966

G530
SR
..5085

3174
e 5258

5634

YA



##TEST CASEwxETHY|, ETHERwETHANOL SYSTEM#w

TEMP

50,00

80,400
100400
140400
180,00
200400
210000

24858
24358
4858
24858
1 4858
14858

. 24888

+ 7280
06890
67190
26130

05340

$4740
«4250

27222
.6856
« 6594

26003

05250

W 4728

A369

WGT FRAC EXP DEN CALC DEN ERROR

-, 802
., 488

'“1,737{
#2,079
.1 .682

-, 254
2,806

CRIT TEMP: DEN ZERO ALPHA TR MIX

497,92

497,92
497,92
497,92
497,92
“97Q92
497,92

10263
11,0263

1,0263
1;0263?

10263

1,0263
1,0263

Te23814

703532
T.4298

725773

745773
745773
145773

YLY)
7092

o T494
08297
w9101
«9502
49703

"08



DUDECANE IN WEXADECANE EXPERIMENTAL DATARR

TEMP

17,20
31420
49,70
70200
89,70

i7.20

31420
£9470
70600
89,70

WGT FRAC EXP DEN CALC DEN

23609
03609
03609
03609
03609
» 6513
26513

26513

26513

-65&;

W 71664
07576

w7437

+7288
07156
2 7598

9 TH9S.

073614
7214
L7080

21654
271565

YY)

W 71313

7182

7584
7492
7369

w7232
«7095

ERRQR

"y 03&
™ 142

126
348
0 531

‘..’-Sl
"y 020
i)
o245
o235

CRIT.TEMP DEN ZERO ALPHA TR MIX

695,08

695,08

695,08
695,08
695,08
676,49
676,49
676,49

T6T6 4%
676;“9

2930¢
e9309
09309
29309
9309
07285
29285

49285
49285

¢9208

'7;5671

Te5459
7,5178
7
7

JUL77
L4379

4645
L4937

5220

o492
L4499
L4772
45072,
5364

*18



ACETIC ACID IN WATER LITERATURE DATA#AW.

TEMP

00
15,00
20400
30,00

200
15@00
20,00

30,00

1 00
15,00
20,00
30,00

2 00
‘5.00
20,400

»30.00

KGT FRAC

21000

01000
01000
01000
+3000
03000
23000
53000
25000
25000
05000
«5000
27500
+7500
27500
27500

EXP DEN CALC DEN ERRUR

1.0295
1,02%56
140246
1.0197
1.0839
1,0750
10729
1,054
§01349
1,1225
11207
1,1098
141953
11794
$.1769

1,1636

1,0229

1,0093

1.0047
29954
1.0362
1,0223
1.0176
j.0081
10474
1.0348
£,0299
f.0202
1,0635
1.0485
1,0434

1,0332

'.6“0

‘F1,591
w943
”2'380

QQQ 399

»lf 906
w5, 458
=3, 380
Q7.557
-8.098
w8 074

RARK KN

2.3.12.3 3]

ARRAKR

KRRRRN

CRIT TEMP DEN ZERD ALPHA

645,60

645,60

645,40
645,60
648434
644,33
641,314
641,34

635,17

635,17

635,17
633,47

622,41
622,414
622,414
622,414

1.2484.

1.2484
1o2484
$.2484

1e2667

1.2667
§02667
142667
1.2853

1.285%
1.285%
1'8855
1643099
1¢3°9q

123099

143099

7,0989

7,2354
7.2809

T.3719
7.0984"

T.225%

T.267%

743517
700877

7.2103

7.2478
T:3229
70,0962

Ta379%
7,2073
Te2689

TR MIX

4233
g 4463
FLELY!

a4TRY
4300
4537
U618

$ 84773

.a 4389
. w4730

24259
H49%
45Ty

. aU4630
4871

"Z8



HEXADECANE IN ISORROPANOL EXPERIMENTAL DATA#*a.

. TENP
17,20
34,20

49,70
70400

*7g30'

31,20
49,70

70,00

e 3404
e 3404
o 3404
23404
06160

46160
26160

06160

7310

07703
27438
07352

WTTT4
7665

$ 7515,

27339

2 7693
2 1353
v 7369
o 7156
7615
7494

o G1332.

7148

" WGT FRAC. EXP DEN CALL DEN ERRUR
' i, 494

wl 709

w2 206
2,664

"a.ost
w2219

'UEQQQS

u2'599

CRIT TEMP:

534,09
S34,05
534,05
534,05
572436
572436
572,36
872,36

peN ‘ZERO ALPHA TR MIX

1,0116

1,0416
f1o0116
140116
297176
29776
9776

09776

T U667
T.,5308

Tab6154
‘To708%

745023

745484
6093

7
Te6762

«3437

«5599

- ¢b045

(6425
5073
5347
5641

,5995

‘€8



"I80PROPANOL IN WATER LITERATURE DATA%wx

TEMP
+ 00
'20.00
30,00
00
20.00
30,00
200
20,00
3000
200
20200
30,00

WGT FRAC EXP DEN CALC DEN

01000
« 1000
21000
22500
$2500
22500
+5000
05000
5000
25000
5000
05000

IB56

29220
9794

9727
09415
09549
05224
09069
8390
B4

28464

8392

9973
9794

29703
09695

49518
9427

9236

9059

8968

29059

28968

ERROR

1,187

-, 263

.a926

w330

w084
ol 274
«133

-’113

wa240
6,854

7,027

6,869

CRIT TEMR DEN ZERO ALPHA TR MIX

642,82
642,82

642,82

634,66
634,66

615,24
615,21

Q15|21i

615,21
615,21

61512"

1.2184
1.,2184

142184

1,1881
104884
1,188%
1,1409
121409
11409

141409
1,1409

101409

T.107%

‘T«2918
‘Tal3842
Tel2l?

743049
743920
To1564
7,3258

Tebh106.

7431564

73258

T.4406

L4289

94560
.eb716

« 4304

.o l649

wH777
e U440
s 4765

L4928

4840
4765
4928

%8



ACETONITRILE IN ISOPROPANOL EXPERIMENTAL DATA #ww

TEMP

$17,20
31,20
49,70
70,00
17.20
‘33,20
49,70
70,00

WGT FRAC EXP DEN CALC DEN ERROR

22932
12932
02932

e2932

4927
24927
4927

q“927ﬂ

27864
o 7734

975350

73414
o 7TASY

27716
e 74526

L7313

» 7940
W 7762

o 71330
07942
27768
27572
27348

623

0371

o143

-, 150
2776
2673

642

0 4914

CRIT TEMP. DEN ZERO ALPHA TR MIX

533,45
523,15
523,15
531,46

531,46

531,44

1,0478

140478

10475
1.0412
1,0442

1o0482
10482

68,5261
8,5514
8,5848

8,6215

9.,4262
9.1228

9,1183
9.1135

£5550
5818

6174

$6559
eS463
3727

#6075
L6457

*G8



METHANOL IN ACETONITRILE EXPERIMENTAL' DATA%#w.

TEMP

15,40
'25.00
40,30
504,40
15,49
25,00
25,00
40,30
50440
15,40
29,00
40,30
50,40

WGT FRAC EXP DEN CALC DEN

23363
03363
43363
» 33463
216502

06502

5502
026502
08502
28993

08993

»8993

8993

07910
o 7026

47688
» 7590

27952
075851
« 7854
07724
«7H4S
075960
2 7R53

07749

27659

07914
27817
27659

o 71555

27933
27833
» 7833
» 7669

7562

21954
27854

v 7683
27872

ERRQR:

. 053

,”.115

‘me383
», 456

n,239

g 229

".293.

‘”‘710
-, 704

", 067
»a 025

w, 856

»1,135

CRIT TEMP DEN ZERQ ALPHA TR MIX

8534419

334;‘9:
534,49
53“.19

523,41
523,414
523,41
523,41

515,94
515,94

515,94
515494

140371

1,037¢
1,037%
1.037%
1,048%
1.0484%
140488
104814
1404814
1,0569
10569
140569
1,0569

9,2356

9,8334

9.,2294

9522651

8,3816
8,4093

B,409%
B,4540

8,4826

747895
7.8388
749167
75668

¢5402

25584
25868

26051
99543
25696
. 956986
.95989%:
#6176
«9593

¢5779
6075
«6265

*98



HEXADECANE IN ISORPROPANOL EXPERIMENTAL DATA®*w

TEMP

17,20
31,20
49,70
70,400
{7420
31,20
49,70
70,00

WGT FRAC. EXP DEN CALC DEN ERROR

L3404
o 3404
« 3404
03404
06169
216460
06160

06160

o 71310
27703
27538
» 7382
w7774

47665
07515,

$ 7339

07693

2 1555
v 71369
7156
27618

W T494
07332
27148

il 494

wi 509

'2.2“5

w2, 664
320051

2,249
w2 4443
»2,599

CRIT TEMP: DEN ZERO ALPHA TR MIX

534,08

534405

534,05
534,05
572,36

572436
572,36
372,36

120116
1,0116

10116

1.0116

9776

5778

9774
97T

Tolbh7

Tab154
Ta708%
145023
‘Te5484

706093

Te6762

«5437

3699

96043
6425

«3073
5347

5641
s5995

"L8



APPENDIZX

o

SAMPLE CALCULATION FOR THE

JOFFE ~ ZUDKEVITCH METHOD

FOR LIQUID MIXTURES

88.



89.

SAMPLE CALCULATION

Saturated Liquid Density of Acetonitrile in Isopropanol Solution.

Given: Concentration = 29.32 wgt 7 Acetonitrile

]

Temperature 70.00C

Critiéal Constants from Literature5

Temp (°C) Pres (Atm) Density (g/cc)
Acetonitrile 274.7 47.7 0.231
Isopropancl 235.0 53.0 0.273

Reference Density (g/cc)
Acetonitrile 0.7857 @ 20.0°C

Isopropanol 0.7855 @ 20.0°C

Calculation Step #1 - Mixture Reduced Temperature

"By Kay's Rule:
n
Tem = z xi Tei
t
Since %3 is component mole fraction,
Xacet = 0.2932 wgt fraction = 0.3757 mole fraction

Xigo = 0.7068 wgt fraction = 0.6243 mole fraction

Sot Tep = (0.3757)(274.7 + 273.15) + (0.6243)(235.0 + 273.15)
= 523.06 OK = 249.9°C
and Ty = I = 70.0 + 273.15
Tem 523.06

0.6560



Calculation Step #2 - Mixture Density of Absolute Zero.

For Acetonitrile:

/z9rref = fref - 0.7857 - 34013

/‘/9<: 0.231

Trref = Tref _ 20.0 -+ 273.15 . 0.5351
Tec 274.7 + 273.15

90.

(et - Orref-1.0-0.85(1-Tppror)=1.6916 (1-Trror)1/3

/ 0.9846 (1-Tyrar)1/3

0.9109

Cx.ref
%
/A)

VO

5.808 + 4.923 90 ref = 10.2924

2.38 + 0.2 ref = 4.4385
/(7r° ref
?‘eref
(-]
Womel //o

For Isopropanol:

1.0253 g/cc

1]
[

/z)rref = 2.8773
Trref = 0.5769
gb ref = 0.3336
X ref = 74503
= 3.8701

rr
o
/‘9 1.0565 g/cc

VO

il

56.895 cc/gmole

For the mixture:

O .
Von = (B, e + (XVO) i, = 50.5617 cc/gmole

mixture molecular weight is 52.95

So: /cfm = 52.95/50.5617 = 1.0472 g/cc

41.05/1.0253 = 40.037 cc/gmole



91.

Calculation Step #3 - Third Parameter

For Acetonitrile:

s;/ 0.8674 From the Joffe-Zudkevitch Equation for the Temperature
of Interest

X

[

5.808 + 4.923 ¢/ = 10.086

This procedure assumes availability of pure component data in
the temperature range under investigation. If not available, the
subsequent steps would be followed employing the third parameter

value calculated at the reference state.

For Isopropanol:

¢= 0.3900
X =7.728

By Kay's Rule, X, = 8.614

Calculation Step #4 - Riedel Equation

/0 = 1.0 + 0.85(1-T.) + (0.53 + 0.2 )(-1,)1/3 = 2.8705

0
=2.38 + 0.2 n = 4.103

/ﬂ /Orm(7£_.) 2.8705 L. 0372 = 0.7326 g/cc

Experimental Dens1ty = 0.7341 g/cc or 0.20% error

(Data obtained by actual measurement in Part II of the present work.)
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